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Abstract
CD4 T cells play an important role in the initiation and maintenance of
inflammation in numerous inflammatory diseases. Rheumatoid arthritis (RA) is
one such autoimmune inflammatory condition where inflammation of the joint
occurs. CD4 T cells are one of the key cells in RA pathogenesis due to their
ability to activate or influence other cells in the joint including B cells,
macrophages and osteoclasts, which collectively lead to joint destruction. The
recruitment and function of CD4 T cells at inflamed tissues has been studied
extensively. However, the signals that regulate CD4 T cell accumulation and
persistence at peripheral inflamed sites are poorly understood.
In this study, a novel in vivo model of inflammation was designed in the murine
ear pinnae to study the signals which regulate CD4 T helper 1 (Th1) cell
persistence at inflamed tissues. Congenically marked, in vitro polarised CD4 Th1
cells were adoptively transferred directly into inflamed or non-inflamed ear
pinnae and their persistence and survival were studied using flow cytometry.
Higher numbers of CD4 Th1 cells were found at the inflamed as compared to the
non-inflamed site.
Intravital microscopy was used to further study the behaviour of these cells. Th1
cells were found to be more mobile in inflamed compared to non-inflamed ear
pinna. To investigate the molecular mechanism of this, either the ear pinnae or
the T cells themselves were manipulated. Introducing cognate antigen at the
inflamed site did not alter the number of recovered T cells, nor did the T cells
proliferate at the site.
Next, the survival of persistent CD4 Th1 cells was examined by investigating
their expression of active caspases. Lower proportion of Th1 cells recovered
from inflamed tissues were found to express active caspases compared to those
from a non-inflamed site. Together these data suggest that local T cell
activation is not required for persistence but rather, the increase in T cells at
inflamed sites may be due to a combination of persistence and survival signals.
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The sphingolipid sphingosine-1-phosphate (S1P) has been implicated in driving
both egress of T cells out of secondary lymphoid organs and their survival. To
investigate whether S1P affects Th1 cell persistence and/or survival at inflamed
tissues, Th1 cells were treated with S1PR agonists or antagonists, prior to
transfer. Fewer Th1 cells were recovered from the inflammatory site of mice
injected with antagonist treated cells. Additionally, S1PR agonism was sufficient
to induce Th1 cell persistence at non-inflamed tissues.
A trend towards increased expression of active caspases was also found in S1PR
antagonist treated T cells recovered from inflamed ear pinnae compared to
untreated controls. Finally, elevated levels of the S1P metabolising enzyme,
SPHK1, was found in human RA joints compared to OA joints.
In sum, I propose a novel function for S1P and its receptors in regulating the
persistence of activated CD4 Th1 cells at inflamed tissue sites. Moreover,
targeting S1P and its receptors at peripheral inflamed tissues could provide a
novel target for the development of more effective anti-inflammatory
therapeutics.
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COX

Cyclooxygenase

cPLA2

Cytosolic phospholipase A2

CTLA-4

Cytotoxic-T-lymphocyte associated protein-4

DAB

3,3’ – Diaminobenzidine

DAMP

Danger associated molecular pattern

DC

Dendritic cell

DISC

Death-inducing signaling complex

DNA

Deoxyribonucleic acid

DR

Death receptor

DSS

Dextran sodium sulphate

DTH

Delayed type hypersensitivity
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ECM

Extra-cellular matrix

ELISA

Enzyme-linked immunosorbent assay

ER

Endoplasmic reticulum

ESL

E-selectin ligand

FACS

Fluorescence-activated cell sorting

FASL

FAS ligand

FLICA

Fluorescent inhibitor of caspases

Fox

Forkhead box

G-CSF

Granulocyte-colony stimulating factor

GFP

Green fluorescent protein

GlyCAM

Glycosylation-dependent cell adhesion molecule

GM-CSF

Granulocyte macrophage-colony stimulating factor

GPCR

G-protein coupled receptor

HDL

High-densty lipoprotein

HEV

High endothelial venule

HIV

Human immuno-deficiency virus

HLA

Human leukocyte antigen

HMGB1

High mobility group box 1

HSV

Herpes simplex virus
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IBD

Inflammatory bowel disease

ICAM

Intercellular adhesion molecule

ID

Intradermal

IFN

Interferon

Ig

Immunoglobulin

IL

Interleukin

ILC

Innate lymphoid cell

IMID

Immune-mediated inflammatory diseases

KLF

Kruppel-like factor

LEC

Lymphatic endothelial cell

LFA-1

Lymphocyte function-associated antigen 1

LN

Lymph node

LPS

Lipopolysaccharide

M-CSF

Macrophage-colony stimulating factor

MACS

Magnetic-activated cell sorting

MADCAM

Mucosal vascular addressin cell-adhesion molecule

MEST

Mouse ear swelling test

MHC

Major histocompatibility class

MS

Multiple sclerosis
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MTX

Methotrexate

NET

Neutrophil extracellular trap

NF-kB

Nuclear factor-kB

NK

Natural killer

NLR

NOD-like receptor

NOD

Nucleotide oligomerisation domain

NOS

Nitric oxide synthase

OA

Osteoarthritis

Ova

Ovalbumin

PAF

Platelet activating factor

PAMP

Pathogen associated molecular pattern

PBS

Phosphate buffered saline

PCD

Programmed cell death

PCR

Polymerase chain reaction

PDGF

Platelet-derived growth factor

PG

Prostaglandin

PKC

Protein kinase C

PMA

Phopbol-myristate acetate

PMN

Polymorphonuclear leukocyte
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PRR

Pattern recognition receptor

PSGL

P-selectin glycoprotein ligand

PTX

Pertussis toxin

PUMA

p53-upregulated modulator of apoptosis

PUVA

Psolarin and ultraviolet A

qRT-PCR

Quantitative-reverse transcription PCR

RA

Rheumatoid arthritis

RBC

Red blood cell

RF

Rheumatoid factor

RIPK

Receptor-interacting protein kinase

RLR

RIG-I like receptor

RNA

Ribonucleic acid

RORg

RAR-related orphan receptor gamma

ROS

Reactive oxygen species

RPMI

Rosswell park memorial institute medium

RT

Room temperature

S1P

Sphingosine-1-phosphate

SD

Standard deviation

SEM

Standard error of mean
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siRNA

Small-interfering RNA

SLE

Systemic lupus erythematosus

SLO

Secondary lymphoid organ

SMase

Sphingomyelinase

SPHK

Sphingosine kinase

SPNS

Spinster homolog

STAT

Signal transducer and activator of transcription

T-PER

Tissue-protein extraction reagent

T1D

Type-1-diabetes

TBST

Tris-buffered saline+tween

TCR

T cell receptor

Tg

Transgenic

TGF-b

Transforming growth factor-b

TLO

Tertiary lymphoid organ

TLR

Toll-like receptor

TNF

Tumour necrosis factor

TRAIL

TNF-related apoptosis inducing ligand

VEGF

Vascular-endothelial growth factor

YFP

Yellow fluorescent protein
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1 Introduction

1.1 Overview
Immune-mediated inflammatory diseases (IMID) are one of the primary causes of
significant morbidity and mortality in the western world. The term IMID is used
to describe a group of diseases that share common inflammatory pathways. They
include diseases such as rheumatoid arthritis (RA), psoriasis and multiple
sclerosis (MS) amongst others (1).
IMIDs affect 5-7% of the population (2). They exhibit linked genetic
susceptibilities which play a crucial role in disease development. Moreover,
environmental precipitants such as smoking, infection and trauma are also
shared. Commonly, individual patients present with multiple IMIDs (3).
The aetiology of most IMIDs is unknown, however, dysregulated cytokine
networks have been identified as central to disease pathogenesis (4). CD4 T
lymphocytes, often considered the orchestrator of immune responses play
essential roles in the regulation of these cytokine networks at inflamed sites (5).
These T cells accumulate in large numbers at effected tissues. Indeed, T cell
accumulation is considered a molecular hallmark of multiple IMIDs (6-8).
Recent studies have investigated CD4 T cell activation, function, migration and
death at peripheral inflamed tissues in an effort to understand their roles in
disease pathogenesis (9-11). Processes involved in the trafficking of CD4 T cells
to and from diseased tissues offers an attractive avenue for the development of
novel anti-inflammatory therapeutics.
As part of this, recruitment of T cells to inflamed tissues has been extensively
studied (12-17). Tissue persistence of these cells, however, remains a critical
but poorly studied area of research. Considering the destructive influence of
persistent CD4 T cells at tissues, targeting them remains a prime candidate for
the development of new therapies.
This research project was undertaken with the aim to identify novel signals
regulating pathogenic CD4 T cell persistence at inflamed tissues. This
introduction will review the fundamental scientific knowledge which underlies
the immunological basis of CD4 T cell persistence at peripheral inflamed tissues.
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1.2 Inflammation
Inflammation is a complex and protective biological response of tissues to
infection, injury or other harmful stimuli (18). Upon stimulation, tissues
commence a cascade of events including vascular alteration, inflammatory
mediator release and immune cell activation/infiltration. Through these
mechanisms, inflammation aids in the clearance of the initial stimulus and
restores homeostasis (19).

1.2.1 History of inflammation research
Aspects of inflammation were discovered as far back as 5th century BC. The
Greek philosopher Hippocrates described inflammation as an essential
component of wound healing. He also introduced the term edema or swelling,
which is commonly associated with inflammation. Around 30 BC, Celsus, a
Roman encyclopaedist described four of the five cardinal signs of inflammation.
The Latin terms calor (heat), dolor (pain), rubor (redness) and tumor (swelling)
are still in use today to describe inflammation. Virchow, a German pathologist,
later added the fifth, loss of function (20).
The 18th and 19th centuries saw the advent of empirical research and with that
the cellular and molecular details of inflammation began to emerge. Hunter,
first described angiogenesis in wound healing in the late 18th century. Dutrochet
described white blood cell adhesion and Cohnheim demonstrated changes in
blood vessels including vascular leakage. Metchnikoff and Ehrlich, often
considered the founders of immunology, demonstrated white blood cell
(leukocyte) accumulation in inflamed tissues. Metchnikoff also described
phagocytes and phagocytosis (21).
Technological advancements in the 20th and 21st centuries allowed for rapid
progress in inflammation research. The application of genetic and molecular
biology approaches in immunology led to the discovery of inflammatory
mediators. Cytokines, chemokines, cell adhesion molecules and some of their in
vivo functions were elucidated using these powerful tools (18). Despite such
progress, treatments for many inflammatory diseases remain mostly disease
modifying rather than curative. Moreover, molecular mechanisms underlying
25

multiple inflammatory diseases are as yet unclear. Hence there exists an unmet
need for fundamental inflammation research. In the following sections, the
current understanding of inflammation is reviewed.

1.2.2 Acute inflammation
Acute inflammation is triggered by infection or tissue damage. Pathogen
associated molecular patterns (PAMPs) or danger associated molecular patterns
(DAMPs) released by pathogens or damaged cells respectively are then
recognised by innate immune cells (22). PAMPs are a set of conserved molecular
patterns expressed on microbes (23, 24). One of the best known PAMPs is
bacterial lipopolysaccharide (LPS) found on gram-negative bacteria. DAMPs are
signals released by cells upon breakdown of homeostasis such as cell death (2527). Some of the best-known DAMPs include nucleic acids (DNA/RNA) and high
mobility group box 1 (HMGB1) proteins (28). These molecules carry out crucial
functions in intact cells, but act as danger signals upon release from necrotic
cells (28).
PAMPs and DAMPs are recognised by pattern recognition receptors (PRRs) on
tissue resident innate immune cells (29). PRRs include Toll-like receptors (TLRs),
NOD (nucleotide-binding oligomerisation-domain binding protein)-like receptors
(NLRs) and RIG-I like receptors (RLRs) (29). LPS and HMGB1 both trigger TLR4
and TLR2 respectively whereas RLRs recognise various nucleic acids (29-31). The
recognition of PAMPs/DAMPs by PRRs leads to the production of inflammatory
mediators such as cytokines, chemokines, adhesion molecules and lipid
mediators (29).
Inflammatory mediators elicit local inflammatory exudates. Vascular
permeability is increased, allowing selective entry of leukocytes, red blood cells
(RBCs) and plasma proteins into inflamed tissues (32). Selectivity is conferred by
modulation of gap junction space and adhesion molecule expression on vascular
endothelial cells (33). Adhesion molecules interact with their receptors on
leukocytes leading to extravasation (34, 35). Chemokines released at inflamed
tissues, also aid tissue entry of vascular leukocytes by engaging their chemokine
receptors (35, 36).

26

Neutrophils, which are polymorphonuclear leukocytes (PMNs), make up the
majority of early leukocyte populations in inflamed tissues (37). Upon entry,
neutrophils undergo activation either by direct interaction with the pathogen or
by the local inflammatory cytokine milieu produced by tissue resident cells.
Neutrophils engage targets by releasing toxic molecules such as reactive oxygen
and nitrogen species (ROS), (NOS), proteinases, elastases and cathepsins (38).
While highly potent, these molecules also cause significant off-target damage,
often leading to the general pain associated with inflammation (39).
At the end of a neutrophil response, monocytes and macrophages are recruited
(40). This is marked by a change of lipid mediator composition at the inflamed
tissue. Pro-inflammatory prostaglandins are replaced by anti-inflammatory
lipoxins. This drives the resolution phase of inflammation mediated by
monocytes and macrophages (41). Monocytes remove apoptotic/necrotic cell
debris and begin the tissue remodelling process (42). Macrophages carry out
further tissue repairs and produce amongst others, two potent anti-inflammatory
mediators transforming growth factor-b (TGF-b) and interleukin -10 (IL-10) (43,
44). Together these processes reduce inflammation and restore tissue
homeostasis (45, 46).

1.2.3 Acute inflammatory diseases
The most common form of acute inflammation is resolving bacterial/viral
infection or local tissue damage/wounds. In these cases, the process of acute
inflammation restores tissue homeostasis (47). However, acute respiratory
distress syndrome (ARDS) and sepsis are examples of non-resolving acute
inflammatory diseases.
1.2.3.1 Acute respiratory distress syndrome
ARDS is characterised by the sustained accumulation of PMNs within alveolar
compartments of the lung (48). ARDS occurs in adults usually after traumatic
injury or bacterial pneumonia (49, 50). In infants, ARDS is most common
following premature birth (51). Although mechanisms for ARDS development is
poorly understood, fluids from ARDS lungs demonstrate hallmarks of aberrant
acute inflammation (52). Bronchoalveolar fluids from ARDS patients contain
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large numbers of PMNs, fibrin and complement components which are discussed
in the “mediators of inflammation” section of this introduction. Collectively,
this causes severely restricted gas exchange in the lungs. The majority of ARDS
patients die of acute respiratory failure. Some patients resolve disease
completely, while others suffer from pulmonary fibrosis (53). No effective
therapy for ARDS exists. Patients are only provided with mechanical ventilation
and fluids to help them recover (54).
1.2.3.2 Sepsis
Sepsis occurs primarily in immunocompromised individuals. It is most commonly
triggered by bacterial infection of the lungs, although infections of other organs,
both viral and bacterial can also cause sepsis (55). Like ARDS, mortality rates
following sepsis are high. In sepsis, patient blood plasma contains large amounts
of pro-inflammatory mediators such as tumour necrosis factor a (TNFa),
interleukin-1 (IL-1) and IL-6 (56, 57). Cytokines are discussed in the “cytokines”
section of this chapter.
Moreover, vascular endothelium express high levels of adhesion molecules as do
infiltrating leukocytes (58). The complement and coagulation cascades are
activated and tissue macrophages show excessively activated phenotypes (59).
Overall, sepsis is a systemically dysregulated acute immune response. Like ARDS,
causes of sepsis are unknown and no effective therapy exists.

1.2.4 Chronic inflammation
Chronic inflammation ensues once acute inflammation fails to eliminate
pathogenesis (60). Lymphocytes, plasma cells and macrophages replace the
primarily monocytic/neutrophilic infiltrates at acutely inflamed tissues (61). If
these cells fail to control pathogenesis, persistent, long term, inflammation
develops, potentially leading to the formation of tertiary lymphoid organs (TLOs)
or granulomas (62). Triggers for chronic inflammation include persistent
bacterial/viral infections, autoimmunity and foreign bodies (63-65).
The chronic inflammatory response to each individual trigger can be diverse.
Whereas an anti-bacterial response in the lung might attract a certain subset of
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leukocytes and lymphocytes, an autoimmune inflammatory skin lesion could be
targeted by an entirely different subset of immune cells (66). Finally, foreign
bodies as well as some pathogens often trigger granulomatous inflammation due
to unsuccessful phagocytosis by macrophages (67).

1.2.5 Chronic inflammatory diseases
1.2.5.1 Psoriasis
Psoriasis is an autoimmune inflammatory skin disease characterised by epidermal
keratinocyte hyperplasia (68). This aberrant proliferation of skin cells is
mediated by accumulation of specific subtypes of inflammatory T helper 17 cells
(Th17), macrophages and dendritic cells (DCs) (69-71). These cells produce proinflammatory cytokines such as IL-1, IL-6, TNFa, IL-17 and IL-22 which
perpetuate disease pathogenesis (72).
Causes of psoriasis remain incompletely understood. However, there is a genetic
association of psoriasis with T cells and MHC-II expressing cells (73). Treatments
for psoriasis include immunosuppressants such as methotrexate (74). More
severe psoriasis is often treated with biologics such as anti-TNFa (infliximab)
(75). However, as with most chronic inflammatory disease, there are currently
no drugs that cure the disease.
1.2.5.2 Rheumatoid arthritis
Rheumatoid arthritis (RA) is a chronic systemic autoimmune inflammatory
disease. It primarily manifests in the small joints of the hands and feet. In RA,
synovial membranes of the joint are inflamed. Persistent inflammation leads to
significant bone and cartilage damage which is mediated in part by dysregulated
osteoclast proliferation (76).
Like psoriasis, the aetiology of RA is yet to be established. However, certain
human leukocyte antigen (HLA) genes are negatively implicated (77, 78). These
genes are critical in regulating antigen presentation to T cells (79). Moreover,
co-stimulation molecules such as CD28 and CD40 as well as lymphocyte
activation associated gene PTPN22 are also negatively implicated (80). Hence,
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activated adaptive immune cells and their products play a key role in RA
pathophysiology.
One of the hallmarks of RA is the presence of autoantibodies against the Fc
portion of IgG known as rheumatoid factor (RF) in patient blood plasma (81, 82).
Autoantibodies against citrullinated peptides (ACPAs) are another diagnostic
marker for RA (83). While RF and ACPA implicate B/plasma cells in RA
pathogenesis, aberrant accumulation of subsets of CD4 T cells such as Th1 and
Th17 cells are also observed at RA synovia (84). Moreover, therapies targeted
against T cell co-stimulation are effective in diminishing synovial inflammation
(85, 86). Evidence suggests that synovial T cells contribute to disease by
producing pro-inflammatory cytokines IFNg and IL-17 (87-89).
Pro-inflammatory cytokines in general contribute significantly to RA
pathophysiology. IL-1, IL-6 and TNFa produced by innate immune cells play
major roles in disease progression (90). This is highlighted by the fact that the
most effective therapy for RA targets TNFa (91). Despite its efficacy, not all
patients respond to TNFa therapies.
Hence, there exists an unmet need for the development of novel antiinflammatory therapeutics. Targeting master regulatory cells of cytokine
networks, such as the CD4 T cell could provide new avenues for drug
development.
Relevance of this section to thesis aims:
•

Accumulation of leukocytes, and in particular T cells, is central to the
pathogenesis of multiple inflammatory diseases as discussed in this
section

•

Our knowledge of the signals regulating T cell accumulation in inflamed
tissues remains incomplete

•

Discovery of novel signals of T cell accumulation at inflamed tissues
could aid in the development of novel and more effective therapies for
IMIDs
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1.3 Mediators of inflammation
PAMPs and DAMPs are inducers of inflammation. Recognition of PAMPs and DAMPs
by cells results in complex signalling cascades leading to the production of
diverse classes of inflammatory mediators (92). These mediators have numerous
effects including increasing vascular permeability. Furthermore, many regulate
leukocyte recruitment (93, 94). Inflammatory mediators can be divided into
seven groups based on their function: Vasoactive amines and peptides,
complement components, proteolytic enzymes, cytokines, chemokines, cell
adhesion molecules (CAMs) and lipid mediators (61, 95). A brief overview of
inflammatory mediators will be provided in this section with emphasis on
cytokines, chemokines and lipid mediators.

1.3.1 Vasoactive amines and peptides
Histamine and serotonin are vasoactive amines. They are the products of
platelet and mast cell degranulation (96, 97). Vasoactive amines regulate
vascular permeability (98). This is mediated by context dependent dilation or
constriction of blood vessels by histamine and serotonin (99).
In addition, vasoactive peptides also play a critical role in controlling
vasodilation. This family of small peptides is strongly regulated by the
coagulation cascade protein Factor XII also known as Hageman factor (100-102).
Factor XII processes and activates inactive compounds in extracellular fluids such
as kinin and other fibrin degradation products (103, 104). These activated
peptides then either act directly on the vasculature or trigger histamine and
serotonin release by mast cells and platelets (105, 106). Factor XII importantly,
controls the production of another peptide, Bradikynin (107). Bradikynin on top
of being a vasodilator is a potent pro-algesic (108).

1.3.2 Complement components
Complement proteins C3a, C4a and C5a are produced in response to
inflammatory stimuli (109, 110). This group of proteins are together known as
anaphylotoxins (110). They are potent inducers of mast cell degranulation.
Furthermore, anaphylotoxins promote granulocyte recruitment to inflamed
tissues (111).
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1.3.3 Proteolytic enzymes
Matrix metalloproteinases, elastin and cathepsins form a few of the multitude of
proteolytic enzymes that mediate inflammation. These proteins function at all
stages of inflammation. They facilitate leukocyte migration at inflamed tissues
as well as aid in tissue remodelling and repair at the end of an inflammatory
response (112, 113).

1.3.4 Cytokines
Cytokines are a family of small proteins important in cell-cell communication.
They are key mediators of both acute and chronic inflammation. At inflamed
tissues, cytokines are produced by a host of cells including endothelial cells,
macrophages and neutrophils (114). At chronic sites of inflammation, such as RA
joints, cytokines produced by osteoclasts and T cells also have critical
implications for disease pathogenesis (90). Cytokines can be divided into three
groups based on their function: Growth/survival factors, inflammatory cytokines
and regulatory cytokines. These have been summarised in Table 1.
Group

Members

Target Cell(s)

IL-2

B and T cells

Effect(s)
Proliferation
and activation
Haematopoietic
precursor

IL-3

Stem cells

proliferation
and
differentiation

Growth Factors

B, T cell
IL-4

B, T cells and
macrophages

proliferation
and enhances
MHC II
expression
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Proliferation
and
IL-5

Eosinophils, B cells

maturation,
stimulates IgA
and IgM
production
B, T cell

IL-7

B and T cells

growth and
survival factor
Differentiation

IL-9

T cells

and
proliferation
IgE class

IL-13

B cells and

switching and

monocytes

MHC class II
expression
NK cell
development

IL-15

NK and T cells

and
maturation,
memory T cell
maintenance
NK cell

IL-21

NK and T cells

proliferation
and T cell
differentiation

G-CSF

Bone marrow stem

Granulocyte

cells

production
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Granulocyte,
GM-CSF

Stem cells

monocyte,
eosinophil
differentiation
Monocyte

M-CSF

Stem cells

activation and
differentiation
Pyrogenic,
proliferation

IL-1a

Various cell types

and
differentiation
of cells
Cell

IL-1b

Various cell types

proliferation,
differentiation
and apoptosis

IL-6
Inflammatory

B cells and plasma

Differentiation,

cells

IgG production

Cytokines

Differentiation,
IL-11

B cells

induction of
acute phase
proteins
Pro-

Keratinocytes,
IL-17

fibroblasts and
macrophages

inflammatory
cytokine
production and
cell
proliferation
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T and NK cell
IL-18

NK and T cells

differentiation
and
proliferation
Eosinophil
proliferation

IL-25

Eosinophils and T

and regulation

cells

of T helper 17
cell cytokine
production
Pro-

IL-23

T cells

inflammatory T
cell
differentiation
Cell
proliferation
and

IL-31

Various cell types

homeostasis,
recruitment of
leukocytes to
inflamed sites
Stimulates pro-

IL-33

Mast cells, ILCs and

inflammatory

T cells

type 2 cytokine
secretion
DC, T cell

IL-36

DCs and T cells

activation and
proinflammatory
cytokine
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production
Phagocytosis,
TNFa

Macrophages

endotoxic
shock

Type I IFNs

Various cell types

Anti-viral
Macrophage
activation,

IFNg

Various cell types

phagocytosis,
increased MHC
I and II
expression
Inhibits
cytokine
production and

IL-10

B cells, macrophages

cellular
activation,
antiinflammatory
T and NK cell

IL-12

NK and T cells

Regulatory

activation and
regulation

Cytokines
IL-19

Various cell types

IL-20

Various cell types

IL-22

Epithelial cells,
hepatocytes and

Antiinflammatory
Antiinflammatory
Host defence
at mucosal
surfaces and
36

keratinocytes

tissue repair
Wound healing,

IL-24

Various cell types

cell survival
and
proliferation
Anti-

IL-26

Various cell types

inflammatory,
bactericidal
Promotes
regulatory cell

IL-27

T cells

type
differentiation
and IL-10
production

IL-28

IL-29

IL-35

Keratinocytes and
melanocytes
Keratinocytes and
melanocytes

Various cell types

Anti-viral

Anti-viral

Antiinflammatory
Inhibit cell

TGF-b

Various cell types

proliferation,
promote wound
healing

Table 1 Cytokines, their Targets and Effects
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Cytokines can have distinct and often antagonistic effects on cells. This is in part
due to the diverse nature of cytokine receptors and their overlapping
intracellular signalling pathways (114). The most targeted pro-inflammatory
cytokines in inflammatory diseases include tumour necrosis factor a (TNFa),
interleukin-1 (IL-1) family and interleukin-6 (IL-6) (114). Interestingly, these
cytokines signal through structurally conserved type I cytokine receptors unlike
most other cytokine receptors, which are structurally divergent (114, 115).
1.3.4.1 TNFa
TNFa is one of the most important cytokines in inflammation and immune
regulation. Primary producers of TNFa are macrophages, although various other
cell types also produce it at different stages of an inflammatory response (115).
TNFa activates the production of other cytokines and acute phase proteins by
various cells (115). It also promotes expression and activation of adhesion
molecules which allow cell trafficking into inflamed tissues (116, 117). TNFa has
roles in promoting cell survival, proliferation and apoptosis at inflamed tissues
(115). Moreover, TNFa has roles in maintaining endothelial function and lipid
metabolism (118, 119). Inhibiting TNFa using monoclonal antibodies has proven
efficacious in multiple inflammatory diseases such as RA and psoriasis (1). This
further signifies the central role of TNFa in mediating inflammation.
1.3.4.2 IL-1 family
The IL-1 family of cytokines includes 11 members (120). The most potent proinflammatory cytokines of this family are IL-1a and IL-1b (121). Production of
these cytokines occurs downstream of PRRs triggered by PAMPs/DAMPs (122,
123). IL-1 is produced by numerous cells including, but not limited to,
macrophages, monocytes and DCs (124). IL-1 is an endogenous pyrogen and is
potently anti-viral (123, 125). Like TNFa, IL-1 promotes production of other
cytokines and acute phase proteins (126). Likewise, IL-1 receptor antagonists
such as anakinra and canakinumab are used therapeutically in multiple
inflammatory disorders including RA and Muckle-Wells syndrome respectively
(127-130).
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1.3.4.3 IL-6
IL-6 is another potent inflammatory cytokine. Unlike TNF and IL-1, IL-6 is
produced by a wider variety of cells including endothelial cells, bone marrow
cells and fibroblasts as well as monocytes and macrophages (131). IL-6 is
important in regulating haematopoiesis (132). IL-6 also controls adaptive
immune responses by skewing T cell activation towards T helper 17 and
inhibiting T regulatory cell phenotypes (133, 134). Similar to IL-1 and TNF, IL-6
plays an important role in the acute phase response (135, 136). Finally,
monoclonal antibodies targeting IL-6 are also in use to treat RA and juvenile
idiopathic arthritis (137, 138). Efficacy in other inflammatory diseases is
currently being evaluated (139).
1.3.4.4 Cytokines in inflammatory diseases
Aberrant cytokine signalling contributes to disease pathogenesis in many
inflammatory disorders (140). IL-1, IL-6 and TNFa levels are elevated in RA, type
1 diabetes (T1D), psoriasis and systemic lupus erythematosus (SLE) (141-145). In
RA, TNFa plays a key role in triggering local inflammation and chemokine
expression (146, 147). Downstream of TNFa, lipid mediators and adhesion
molecule expression is dysregulated. This leads to tissue oedema and immune
cell infiltration (148). Although, understood to a lesser extent, IL-1 and IL-6 play
similar roles in inflammatory disorders. The efficacy of targeting these
inflammatory cytokines as therapeutics provides strong evidence for their role in
inflammatory disease pathogenesis (1).

1.3.5 Chemokines
Chemokines, also known as chemotactic cytokines, are primary regulators of
cellular migration. Pro-inflammatory chemokines produced at inflamed tissues
attract leukocytes (149). An elegant example of this is the chemokine induced
expression of b2 integrin-lymphocyte function-associated antigen (LFA-1) in
leukocytes. This promotes the arrest, rolling, diapedesis and extravasation of
leukocytes from the vasculature into inflamed tissues (150). Although,
chemokines are named and described for their chemotactic functions, they also
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carry out a myriad of other functions. Chemokines have been noted for their role
in haematopoiesis, angiogenesis and cell survival (151).
1.3.5.1 Chemokine characterisation
Chemokines are characterised by the presence of three or four conserved
cysteine residues. They are subdivided into four groups based on their Nterminal cysteine group positioning. The four groups are called C-C, C-X-C, C,
and C-X3-C chemokines (152). The majority of chemokines belong to the C-X-C
and C-C groups of chemokines (153). Chemokines can also be functionally
divided into inflammatory or homeostatic, although a few perform dual roles
(150). Table 2 contains a list of the chemokines, their receptors and their main
function.
1.3.5.2 Chemokine receptors
Chemokines signal by binding to a family of seven transmembrane helix family of
receptors (7TM) known as G-protein coupled receptors (GPCRs) (154, 155).
Expression of chemokine receptors (CKRs) is temporally and spatially variable on
a wide variety of cell types (155). Tissue specific leukocyte entry and exit is in
part controlled by this variability in chemokine and CKR expression. Moreover,
chemokines play a critical role in adhesion molecule expression which also
regulate selective tissue entry/exit of leukocytes (36).
To complicate matters further, CKRs bind their ligands with promiscuity (156).
Promiscuity amongst CKRs is thought to be an evolutionary adaptation to allow
redundancy in the system (157). In contrast, knocking out certain CKRs in
animals leads to embryonic lethality. This demonstrates the fundamental
importance of some chemokines in the developmental process (158). To date, 20
signalling CKRs have been described (159). Interestingly, four atypical
chemokine receptors (ACKRs) have also been described. These receptors are
incapable of binding to GPCRs and are therefore considered chemokine
scavengers (160). ACKRs are important in dampening immune responses by
removing chemokines from the surrounding environment (114).
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1.3.5.3 Chemokines in inflammatory diseases
Like cytokines, elevated chemokine and CKR levels contribute to pathogenesis of
many inflammatory disorders. CXCL8, the prototypical inflammatory chemokine,
is elevated in RA synovial fluid as well as in the colons of ulcerative colitis
patients (161, 162). T cell recruitment into inflamed RA synovia is also
associated with elevated levels of CCL2,3 and 5 (10). In psoriasis, the CKR CXCR3
is responsible for the infiltration of pathogenic T cells into psoriatic lesions and
contributing to disease pathogenesis (163). Despite strong evidence of the role
of chemokines in perpetuating inflammatory disorders, no chemokine mediated
anti-inflammatory therapeutics currently exist. In part, this is due to the
difficulty in targeting individual chemokines/CKRs due to their promiscuity
(164). Multiple chemokine/CKR targeted therapeutics are, however, currently in
clinical trials (164).
Group

Chemokine

Receptor

Main Function

CC

CCL1

CCR8,11

Th2 cell and Treg
trafficking

CCL2

CCR2

Inflammatory
monocyte
trafficking

CCL3

CCR1,5

Macrophage and
NK cell migration

CCL4

CCR5
T cell–DC

CCL5

CCR1,3,4,5

interactions

CCL6

CCR1,2,3

Myeloid cell
differentiation,
CNS homeostasis

CCL7

CCR1,2,3

Monocyte
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mobilization
CCL8

CCR1,2,5,8,11

Th2 response, skin
homing

CCL9

CCR1

DC migration,
Osteoclast

CCL10

CCR1

activation

CCL11

CCR3

Eosinophil and
basophil migration

CCL12

CCR2

Inflammatory
monocyte
trafficking

CCL13

CCR1,2,3,11

Th2 response

CCL14

CCR1

Monocyte
activation,

CCL15

CCR1,3

Monocyte and
Neutrophil

CCL16

CCR1

chemotaxis

CCL17

CCR4

Th2 responses,
Th2 cell
migration, Treg
lung and skin
homing

CCL18

CCR6,8

Th2 response,
marker of
alternatively
activated
macrophages, skin
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homing
CCL19

CCR7,11

T cell and DC
homing to LN

CCL20

CCR6

Th17 responses, B
cell and DC
homing to gutassociated
lymphoid tissue

CCL21

CCR7,11

T cell and DC
homing to LN

CCL22

CCR4

Th2 response, Th2
cell migration,
Treg migration

CCL23

CCR1

Unknown

CCL24

CCR3

Eosinophil and
basophil migration

CCL25

CCR9,11

T cell homing to
gut, thymocyte
migration

CCL26

CCR3

Eosinophil and
basophil migration

CCL27

CCR2,3,1

T cell homing to
skin

CCL28

CCR3,10

T cell and IgA
plasma cell
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homing to mucosa
CXC

CXCL1

CXCR2

Neutrophil
trafficking

CXCL2

CXCR2

CXCL3

CXCR2

CXCL4

CXCR3

Procoagulant

CXCL5

CXCR1,2

Neutrophil
trafficking

CXCL6

CXCR1,2

CXCL7

CXCR2

CXCL8

CXCR1,2

CXCL9

CXCR3

Th1 response,
Th1, CD8, NK cell

CXCL10

CXCR3

CXCL11

CXCR3

CXCL12

CXCR4,7

trafficking

Bone marrow
homing

CXCL13

CXCR3,5

B cell and Tfh
positioning LN

CXCL14

CXCR4

Macrophage skin
homing (human)

CXCL15

Unknown

Unknown
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CXCL16

CXCR6

NKT and ILC
migration and
survival

CXCL17

CXCR8

Monocyte/DC
chemoattractant

C

XCL1

XCR1

Cross-presentation
by CD8+ DCs

CX3C

XCL2

XCR1

CX3CL1

CX3CR1

NK, monocyte,
and T cell
migration

Table 2 Chemokines, Receptors and Functions

1.3.6 Cell adhesion molecules (CAMs)
Cell adhesion molecules are cell surface proteins that allow cells to “adhere” to
other cells or extracellular matrix (ECM). CAMs further enable entry and exit of
leukocytes to/from circulation into tissues. There are four families of CAMs.
They include the Immunoglobulin (Ig) superfamily CAMs, cadherins, integrins and
selectins (165).
Inflammatory insult leads to the upregulation of CAMs such as intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), Eselectin and P-selectin on vascular endothelial cells (166, 167). Likewise,
activated leukocytes express ligands such as the integrins aLb2 (LFA-1) and a4b1
(VLA-4) which bind to ICAM-1 and VCAM-1 respectively (168). Leukocytes also
express E-selectin ligand-1 (ESL-1) and P-selectin glycoprotein ligand-1 (PSGL-1)
which interact with E and P-selectins respectively (169).
Expression of CAMs are temporally and spatially co-ordinated during
inflammation to enable leukocyte rolling, adhesion and diapedesis into tissues.
Moreover, specific CAMs such as the integrins aEb7 (CD103), a1b1 (VLA-1) and
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a2b1 (VLA-2) enable leukocyte retention at inflamed tissues (170). Clinically
efficacious anti-inflammatory drugs such as Natalizumab currently target
integrins a4b1 and a4b7 in multiple sclerosis and Chron’s disease. Moreover,
drugs targeting the integrin aEb7 are also undergoing trials in MS and IBD,
further highlighting the importance of CAMs in regulating inflammation (171).

1.3.7 Lipid mediators
Historically, two classes of lipid mediators have been described: eicosanoids and
platelet activating factors (PAFs) (172). Both mediators are generated by the
degradation of cell membrane phospholipids. The enzyme phospholipase A2
breaks down phosphatidylcholine on cell membranes into two components:
arachidonic acid and lysophosphatidic acid. These form the precursors of the
two classes of lipid mediators respectively (172).
1.3.7.1 Eicosanoids
Eicosanoids are generated when arachidonic acid is metabolised either by
cyclooxygenase enzymes to form thromboxanes and prostaglandins.
Alternatively, arachidonic acid can also be metabolised by lipoxygenase enzymes
to generate leukotrienes and lipoxins. Interestingly, the two subgroups of
eicosanoids have opposing effects. Prostaglandins and thromboxanes are
pyrogenic, hyperalgesic and cause vasodilation. Hence, they are potently proinflammatory. In contrast, leukotrienes and lipoxins promote tissue repair and
resolution of inflammation. Therefore, they are anti-inflammatory (173).
1.3.7.2 Platelet activating factors
PAFs on the other hand are generated from the other component of
phosphatidylcholine metabolism: lysophosphatidic acid. Lysophosphatidic acid is
acetylated to generate PAFs. PAF was originally described as a single
phosphoglycerylether molecule. More recently however, PAFs are seen as a
family of ether like molecules that carry out similar functions. PAFs bind to and
signal through PAF receptors (PAFRs) which are GPCRs, like CKRs. It is
unsurprising, therefore, that PAFs contribute to vascular permeability
regulation, leukocyte recruitment and platelet activation, functions that
chemokines are also accredited with (173).
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1.3.8 Sphingolipids: A new family of lipid mediators
While Eicosanoids and PAFs are classical lipid mediators, sphingolipids have
recently been identified as a new class of inflammatory lipid mediators.
Sphingolipids are a class of lipids that are characterised by their eighteen-carbon
amino-alcohol backbones (174). This backbone is shared amongst all members of
the family and modification to this structure gives rise to the diverse family of
sphingolipids. Sphingolipids are generated by the metabolism of sphingomyelin
which is another component of the cell membrane (175).
1.3.8.1 Sphingolipid metabolism: the sphingomyelin cycle
The breakdown of sphingomyelin is regulated by enzymes known as
sphingomyelinase (SMase), this pathway is summarised in Figure 1.3.1 (176).
There are three different isoforms of SMase: Acid SMase, neutral SMase and
secretory SMase. Acid SMase are found in acidic intracellular lysosomes. Neutral
SMase are cell membrane bound and are ubiquitously expressed in mammalian
cells. Secretory SMase is found in the Golgi secretory pathway (174, 177).
SMase isoforms are activated by a variety of stimuli including growth factors,
inflammatory cytokines and cell stress (178-180). Activated SMase breakdown
sphingomyelin to ceramide (177, 181). Ceramide is then either phosphorylated
to make ceramide 1-phosphate (C1P) or broken down by ceramidase to make
sphingosine (182, 183). Sphingosine itself can then be phosphorylated by either
of two sphingosine kinases (SPHK1 or SPHK2) to make sphingosine 1-phosphate
(S1P) (184, 185). S1P is then dephosphorylated by sphingosine phosphatase or
degraded completely by S1P lyase (186, 187). Finally, sphingomyelin is resynthesised from sphingosine to ceramide by ceramide synthase and then
ceramide to sphingomyelin by sphingomyelin synthase (188, 189).
Sphingolipid formation and degradation are intimately connected as
demonstrated in Figure 1.3.1. It is therefore unsurprising that their functions can
also be reciprocal. For example, increased ceramide results in a concomitant
decrease in S1P and is associated with increased cellular apoptosis. In contrast
increased S1P and a concomitant decrease in ceramide is associated with
increased survival (190). Hence, ceramide is considered a pro-apoptotic
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molecule whereas S1P is considered anti-apoptotic (191). Despite this intimate
connection, sphingolipids are produced at varied locations in different cell
types. They can also be functionally distinct. In this section, the three best
studied sphingolipids ceramide, C1P and S1P will be explored with a detailed
assessment of S1P.

Figure 1.3.1 The sphingomyelin cycle
Diagram adapted from (192)

1.3.8.2 Ceramide
Ceramide typically forms 16-24 carbon long fatty acid chains that are strongly
hydrophobic physiologically (193). It is usually synthesised at mitochondrial
membranes due to the activity of the SMase breaking down sphingomyelin at
such locations (194). Ceramide regulates a wide variety of signalling pathways
via interaction with protein kinases and phosphatases (193). Studies have shown
that ceramide forms lipid raft like structures at the cell membrane to promote
signalling complex formation (195). Moreover, some proteins have ceramide
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binding domains such as protein kinase C (PKC) (196). Ceramide is thought to
regulate PKC mediated signalling by directly binding to PKC (196).
1.3.8.3 Ceramide in inflammation
Ceramide production is often regulated by TNF in inflammatory tissues (197).
TNF mediated ceramide can activate the pleiotropic transcription factor nuclear
factor-kB (NF-kB) (198, 199). NF-kB are a family of transcription factors that
control the expression of many inflammatory cytokines, chemokines and lipid
mediators (199, 200). These include the classical pro-inflammatory cytokines IL1b, IL-6 and IL-8 (199). NF-kB also induces the expression of inflammatory lipid
mediator cyclooxygenase 2 (COX-2) enzyme which subsequently triggers the
expression of prostaglandin E2 (PGE-2) (201). Ceramide can also upregulate the
transcription factor CCAAT/enhancer binding proteins (c/EBP) (202). Like NF-kB,
c/EBP can also induce the production of inflammatory cytokines such as TNF and
IL-1b (203).
1.3.8.4 Ceramide 1-phosphate
C1P is primarily found in the cytoplasm or localised in the perinuclear space
(204). The intracellular localisation allows C1P to play important roles in
regulating intracellular signalling pathways. C1P has been shown to regulate the
eicosanoid metabolism pathway (204).
1.3.8.5 C1P in inflammation
C1P is the least studied member of the sphingolipid family. Indeed, since the
discovery of the ceramide kinase enzyme, many functions ascribed to ceramide
have been re-assigned as functions of C1P (205). C1P was found to directly
interact with Ca2+ dependent phospholipid binding domain on cytosolic
phospholipase A2 (cPLA2) (206). This resulted in the production of PGE-2 and its
downstream effects (207). Moreover, C1P was found to cause mast cell
degranulation in a Ca2+ dependent manner (208). Inhibiting ceramide kinase was
found to reverse this effect (209).
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1.3.8.6 Sphingosine 1-phosphate
S1P is the most widely studied member of the sphingolipid family. S1P is
produced by one of two enzymes SPHK1 or SPHK2 (210). Both enzymes are either
found in the cytosol or bound to the nuclear membrane (211). S1P can have both
autocrine and paracrine effects on cells (205). Intracellular S1P can regulate
calcium response pathways via modulation of phospholipase C/inositol 1,4,5 triphosphate pathways (212). S1P also affects cell proliferation and survival by
regulating B cell lymphoma-2 (Bcl-2) family members (213, 214).
Paracrine effects are possible due to the extracellular export of S1P by ATPbinding cassette (ABC) or spinster homolog 2 (Spns2) transporters (215, 216).
Blood plasma constitutively carries high levels of S1P (217). This S1P is produced
by vascular endothelial cells, RBCs or platelets which are the most potent
producers of S1P (217). S1P concentrations are typically very low in interstitial
fluids. Therefore, S1P forms a strictly regulated gradient in mammalian systems
(217). This gradient is critical for the regulation of leukocyte migration and will
be explored in further detail in the “T cell trafficking” section of this thesis
(218).
Paracrine functions of S1P is mediated via five S1P receptors (S1PR1-S1PR5)
(219-221). These are all 7TM GPCRs. The S1P GPCRs can couple to multiple
different heterotrimeric G proteins and thus they can signal through multiple
signalling pathways (212). Once S1PRs are ligand bound and signalling has
occurred, S1PRs are internalised. Internalised S1PRs either undergo lysosomal
degradation or are recycled back to the cell surface (212, 222, 223). Like
chemokines, temporal and spatial expression of S1PRs are critical in determining
the responses the ligand elicits on the target cell (205, 224). In homeostatic
conditions, S1PR1-S1PR3 are widely expressed in various tissues and cell types
(225). S1PR4 expression is restricted primarily to lymphoid and haematopoietic
cells while S1PR5 is mainly found in the brain and the skin (226-229).
S1P is constitutively expressed in almost all mammalian cell types as part of the
plasma membrane turnover (230). However, under inflammatory conditions,
multiple stimuli upregulate S1P production. TNF-a, TGF-b and growth factors
including platelet derived growth factor (PDGF) and vascular endothelial growth
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factor (VEGF) have so far been identified to positively regulate S1P production
(231). All of these factors increase S1P production by regulating SPHK1
expression levels (231).
In contrast, very little is known about external factors that downregulate S1P
levels at the end of inflammatory events. It is known that phosphatases and
ceramidases play an important role in regulating levels of S1P (174). However,
external regulation of phosphatase and ceramidase enzymes in the sphingolipid
metabolism pathway (Figure 1.3.1) has not been yet been demonstrated (232).
Known negative regulators of S1P include DNA damage detection, high-density
lipoproteins (HDLs) and ceramide (231, 233-235). DNA damage downregulates
SPHK1 expression, thus directly abrogating S1P production (235). In contrast,
HDL regulates plasma S1P concentrations by controlling the extracellular
transport and bioavailability of S1P to other cells (236). Ceramide is a wellknown negative regulator of S1P (177, 190). Increased levels of intracellular
ceramide, itself regulated by exogenous stimuli such as FAS ligand and oxidative
stress, leads to increased S1P degradation and ceramide production (237).
Regulators of S1P and its functions are succinctly summarised in
Figure 1.3.2.

S1 P
S1 P
HDL

TNF- ⍺
Growth
Factors

TGF-β

DNA
Damage

Ceramide

Figure 1.3.2 Regulation of S1P
S1P levels are regulated by a variety of factors. Inflammatory cytokines and growth factors such as
TNF-a, TGF-b, VEGF and PDGF promote the production of S1P. In contrast, DNA damage, highdensity lipoproteins (HDLs) and ceramide negatively regulate S1P levels.
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1.3.8.7 S1P receptor modulators
Functional aspects of S1P signalling were elucidated in large parts by studying
the effect of S1PR modulators. These include S1PR pan agonists and S1PR pan
antagonists as well as selective agonists and antagonists for individual S1P
receptors. Here three S1PR modulators will be described very briefly.
The best known S1PR modulator is FTY720. It is derived from a fungal protein
and is a functional antagonist of S1PR1,3,4 and 5 (238). FTY720 binding with
S1PRs causes receptor internalisation and their subsequent degradation (222).
Essentially this makes the cell insensitive to S1P signals mediated via any of the
aforementioned receptors. FTY720 has also been clinically approved for use in
MS which is an autoimmune neuro-inflammatory disease (238). S1PR1 antagonism
is believed to cause the arrest of auto-reactive T cells at SLOs (239). This results
in a reduction of pathogenic T cell migration to the central nervous system,
leading to disease abrogation (238).
W146 is an S1PR1 selective antagonist. It is a synthetically derived small
molecule inhibitor. W146 binds to and blocks S1PR1 mediated signalling (240).
Finally, SEW2871 is an S1PR1 selective agonist. It is also a synthetically derived
small molecule inhibitor. SEW2871 binding to S1PR1 causes receptor
internalisation and signalling followed by receptor recycling to the cell surface
(223, 241). Unlike FTY720, neither of these drugs have been approved in the
clinic. They have primarily been used as research tools to elucidate functions of
S1P and S1PRs (240, 241).
S1PR modulators were primarily used in lymphocyte migration studies. T cell
trafficking section of this thesis describes some of these studies.
1.3.8.8 S1P in inflammation
S1P is rapidly emerging as a critical mediator of inflammation. The primary role
of S1P in inflammation control is to regulate the trafficking of immune cells to
and from inflamed tissues (242). S1P controls the dwell time and egress of
activated lymphocytes from SLOs (243). Modulating S1PR signalling via FTY720
was found to induce tissue retention of CD4 T cells in mice (244). The same
study reported that increased S1P levels at inflamed tissues reduce T cell egress
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from such sites (244). Impaired T cell egress from inflamed peripheral tissues has
been associated with exacerbation of inflammation (245). Thus, S1P controls the
adaptive immune response to an inflammatory insult.
Likewise, S1P regulates migration and endocytosis of DCs as well as the
recruitment and chemotaxis of macrophages to inflamed tissues (246, 247). S1P
further effects monocyte activation and monocyte mediated TNFa production
(248). S1P, therefore also plays a key role in innate immune responses to
inflammatory insults.
S1P also regulates mast cell mediated inflammatory responses. Ligand binding to
mast cell IgE receptors leads to S1P production in a SPHK2 mediated manner
(249, 250). Animals with abrogated SPHK2 expression have reduced mast cell
degranulation, cytokine and eicosanoid production (251, 252). S1P produced by
mast cells is also transported out of the cell to elicit autocrine and paracrine
effects (253). Mast cells express both S1PR1 and S1PR2. S1P binding to mast cell
S1PR1 leads to mast cell migration. In contrast, S1P binding to mast cell S1PR2
leads to mast cell degranulation (224).
1.3.8.9 S1P in airway inflammation
Mast cells are key contributors to airway inflammation (254). Therefore, it is
unsurprising that S1P levels were found to be elevated in the bronchoalveolar
lavage of asthmatics, which is an airway inflammatory disease (255). In mouse
models of airway inflammation, FTY720 administration was found to reduce Th1
and Th2 cell infiltration in the airway and the animals had abrogated disease
pathogenesis (256, 257). Inhibition of SPHK1 was also shown to reduce airway
inflammation as well as S1P concentration in bronchoalveolar lavage (258).
S1P is involved in regulating TNF mediated responses in L929 fibroblasts and
A549 lung epithelial cells. In these cell lines, SPHK1 was found to regulate TNF
mediated COX-2 and PGE2 production (259). Similarly, in LPS stimulated
macrophages, SPHK1 was found to regulate COX-2 production (260). S1P was also
found to directly stimulate arachidonic acid production in A549 lung epithelial
cells (261).
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1.3.8.10

S1P in autoimmune inflammatory diseases

Inflammatory bowel diseases (IBD) incorporate ulcerative colitis and Crohn’s
diseases. These are both inflammatory diseases of the intestinal mucosa (262).
Disease pathogenesis is usually mediated by dysregulated production of
inflammatory cytokines and dysregulated T cell infiltration (262, 263). In animal
models of colitis, FTY720 administration was found to significantly dampen
intestinal inflammation. This was associated with an FTY720 mediated decrease
in inflammatory cytokine production and a concomitant increase in regulatory
cytokine production (264). In another study with SPHK1-/- animals, intestinal
inflammation was found to be significantly reduced compared to wild type
animals treated with an inflammatory chemical (DSS) (265). Finally, animals with
colitis treated with oral SPHK1 inhibitors showed substantially reduced intestinal
inflammation and inflammatory cytokine production (266).
A role for S1P has also been suggested in RA pathophysiology. S1P levels were
elevated in RA joints compared to osteoarthritic (OA) joints (267). Moreover,
SPHK1 and SPHK2 expression was found to be increased in RA synovial tissues
(268, 269). Most interestingly, in a mouse model of joint inflammation, inhibiting
SPHK1 was found to reduce disease severity, articular inflammation and joint
damage (270, 271).
On top of this, S1P plays a key role in lymphocyte trafficking (272). Many
inflammatory diseases have dysregulated lymphocyte trafficking patterns (273276). Therefore, one of the primary mechanism of S1P action in inflammatory
diseases is by regulating lymphocyte trafficking (277). This will be explored in
greater detail in the “T cell trafficking” section.
Relevance of this section to thesis aims:
•

T cell activation, trafficking and function is regulated by inflammatory
mediators

•

S1P and chemokines in particular, are critical for T cell trafficking
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•

Are there novel chemokine pathways that influence T cell persistence at
inflamed tissues?

•

Does S1P also control egress or persistence of T cells at peripheral
inflamed tissues?

•

S1P targeted drugs (FTY720) are already approved for use in MS. Could
targeting S1P prove an effective therapeutic in other inflammatory
diseases?
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1.4 Innate and adaptive immunity in inflammation control
The inflammatory response is initiated once host cells are activated by infection
or injury. A specialised family of innate immune cells known as antigen
presenting cells (APCs) such as DCs pick up fragments of pathogen or damaged
tissue and migrate to downstream draining lymph nodes. Present in the lymph
nodes are naïve cells of the adaptive immune system (T lymphocytes).
Professional APCs process and present these epitopes known as antigens on MHC
II to these T cells (278, 279).
T and B cells (another adaptive lymphocyte), express unique receptors which are
specific for a single antigen. Once, an APC carrying that antigen, encounters a T
cell, the lymphocyte undergoes activation and clonal proliferation (279). In
contrast, B cells primarily sense soluble antigen directly using their B cell
receptor (BCR) (280). B cells can also however, be activated by APCs carrying
antigen (281).
Activated or effector T cells exit the lymph node and home to inflamed tissues
to carry out effector functions (276, 282). Effector B cells in contrast, produce
class switched and affinity matured antibodies which are carried in blood plasma
to inflamed tissue sites (283). The majority of effector T/B cells undergo
apoptotic cell death at the end of a response (284). A few of these cells
however, become memory T/B cells and persist long term in the host (285).
These long-lasting memory cells remain primed for rapid response in the case of
a secondary infection by the same pathogen (285).
While the functions of these cells are strictly regulated, in many inflammatory
diseases functional regulation is altered or lost leading to pathogenesis (279). In
this section, the contribution of some of these innate and adaptive immune cells
at inflamed tissues will be explored.

1.4.1 Neutrophils
Neutrophils form the immune system’s primary line of defence. They constitute
the largest proportion of leukocytes in the mammalian immune system (286). In
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homeostatic conditions, neutrophils circulate in a resting state which ensures
that toxic neutrophilic granules are locked away (287). Pathogenic insult or
injury, leads to rapid neutrophil priming, recruitment and activation (288).
Neutrophil priming occurs either by encountering PAMPs/DAMPs directly or via
cytokine mediated manner. This leads to rapid upregulation of cell surface
adhesion molecules which allows neutrophils to extravasate into tissues (288).
Once in tissue, neutrophils migrate towards the pathogenic insult by sensing
chemokine gradients such as CXCL8 (289).
At an infected site, neutrophils can release antimicrobial peptides (AMPs),
phagocytose or form neutrophil extracellular traps (NETs) to kill the pathogen
(290-292). AMPs are small proteins that kill pathogens by forming pores in their
membranes (293). Phagocytosed pathogens are killed by ROS found inside
neutrophil intracellular phagosomes (294). NETs consist of a meshwork of
chromatin fibres that are dotted with immobilised microbicidal molecules
derived from neutrophil granules. NETs function by trapping and immobilising
pathogens followed by their degradation by the microbicidal granules (295).
Neutrophils are also adept at producing pro-inflammatory cytokines including
TNFa, IL-1b, IL-6 and lipid mediators (296, 297). This stimulates other cells such
as endothelial cells and macrophages to carry out their effector function (298,
299).
1.4.1.1 Role of neutrophils in inflammatory disease
Neutrophils play a critical and positive role in acute infectious inflammation.
Indeed, in human diseases of reduced blood neutrophils (severe congenital
neutropenia), a lack of neutrophil recruitment to infected tissues leads to severe
immunodeficiency (300). Likewise, in animal models of acute infection, systemic
neutrophil depletion increased disease severity (301). However, the role of
neutrophils in chronic inflammatory diseases remains controversial.
1.4.1.2 Neutrophils in psoriasis
One of the hallmarks of psoriasis is neutrophil accumulation in inflamed dermis
and epidermis of the skin (302). This leads to the formation of psoriatic lesions
(302). Here, neutrophils get stuck in a positive feedback loop. Activated
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neutrophils produce inflammatory cytokines, chemokines and other mediators
which activate local macrophages and keratinocytes (303, 304). These cells
produce more neutrophil chemoattractants and activators or undergo hyper
proliferation (303, 305).
The importance of neutrophils in maintaining psoriasis has been highlighted in
animal studies where neutrophil depletion was found to alleviate symptoms in
flaky skin mice (306). Moreover, pan selectin inhibitors, which reduced
neutrophil recruitment to inflamed skin were found to be efficacious in murine
models of psoriatic skin inflammation as well as in human psoriasis (307, 308).
Finally, current anti-psoriatic therapies exert their effects, at least in part,
through neutrophils (309).
1.4.1.3 Neutrophils in RA
The most abundant immune cell found in RA synovial fluid are neutrophils (310).
Moreover, neutrophils are found in large numbers in the pannus/cartilage
interface where most joint destruction occurs (311). Here, aggregated
immunoglobulins activate neutrophil degranulation which leads to the
production of ROS (311). Increased ROS production mediated oxidative stress and
inflammatory cytokine production is directly implicated in RA pathogenesis
(312).
Mouse models of joint inflammation implicate neutrophils in disease further.
K/BxN mice develop symmetrical joint swelling, pannus formation, synovial
hyperplasia and cartilage destruction. Serum transfer from K/BxN mice to other
mice leads to similar joint inflammation. Neutrophil depleted mice however,
develop no diseases pathogenesis upon serum transfer. In this model, the
inflammatory lipid mediator leukotriene B4 (LTB4) has been identified as the key
arthritogenic molecule (313).
In Antigen induced arthritis (AIA) and collagen induced arthritis (CIA), blocking
neutrophil recruitment via CXCR1/2 or complement C5a receptor blockade
abrogated joint pathology respectively (314). Lastly, as in psoriasis, first line RA
therapy methotrexate (MTX) reduces neutrophil chemotaxis and ROS production.
MTX also increases neutrophil apoptosis (315).
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1.4.2 Macrophages
The term macrophage translates as “big eaters” in Greek. Metchnikoff was the
first person to describe the macrophage based on its primary function: eating or
phagocytosis (316). Since discovery, macrophages were found to be much more
heterogeneous with functions as diverse as metabolism control, wound healing,
infection control and bone remodelling (317). Macrophages are found in almost
all tissues of an adult mammal (318). Mouse macrophages are usually identified
by their cell surface expression of CD64 and/or F4-80 along with CD11b in mice
and CD11b and CD68 in humans (317, 319, 320).
Despite significant research, macrophage development remains a topic of
debate. The most accepted system of macrophage ontogeny defines
macrophages as the most mature form of mononuclear phagocytes (monocytes)
(321). Monocytes originate in the bone marrow and circulate in the vascular
system. Some migrate into tissues and mature into tissue resident macrophages.
Others are recruited rapidly upon tissue damage and mature into activated “M1”
or alternatively activated “M2” macrophages based on the type of insult and
local cytokine environment (321, 322).
Inflammatory M1 macrophages are best known for their role in
pathogen/apoptotic cell uptake and killing through nitric oxides. These
macrophages also activate adaptive immune responses by presenting antigen to
naïve T and B cells after migration to SLOs. In contrast, M2 macrophages are
accredited with anti-parasitic and regulatory functions (323). A third group of
macrophages have recently been identified as wound healing macrophages. They
promote tissue repair (324).
M1 Macrophages are the primary producers of pro-inflammatory cytokines TNFa,
IL-1b and IL-6 amongst a myriad of other pro-inflammatory cytokines. Through
these mechanisms macrophages control acute inflammatory insults. In contrast,
M2 macrophages are potent producers of the anti-inflammatory cytokines TGFb
and IL-10 which dampen immune responses (325). Dysregulation of macrophage
activation and their mediators play key roles in development and persistence of
many inflammatory diseases (326).
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1.4.2.1 Macrophages in psoriasis
The role of monocytes and macrophages in psoriatic inflammation is not well
characterised. However, enrichment of inflammatory M1 macrophages have been
identified in human psoriatic lesions (327). These macrophages were also found
in other human inflammatory skin diseases such as atopic dermatitis (328). In
two different mouse models of psoriasis-like disease, depletion of macrophages
expressing F4-80 and CD11b were found to resolve skin inflammation (70, 329).
In another model, polarisation of inflammatory macrophages to an M2 phenotype
was found to abrogate allergic skin inflammation. In the absence of M2
macrophages however, inflammation persisted (330). Interestingly, despite
psoriasis being a disease of non-resolving skin inflammation, to date, no studies
have investigated a role for wound healing macrophages in regulating psoriasis.
These studies suggest that a skewed macrophage phenotype at inflamed skin
contributes to disease pathogenesis.
1.4.2.2 Macrophages in RA
Macrophages play a very important role in RA pathogenesis. They are the
primary producers of joint destructive pro-inflammatory cytokines (331). These
cytokines activate chondrocytes and osteoclasts leading to cartilage damage and
bone erosion (332). Macrophage numbers in the synovial lining can be used as a
predictive biomarker for disease severity (333). Indeed, the hallmark of early RA
is macrophage accumulation at synovial lining (334).
Disease flares in RA strongly correlate with increased M1 macrophage
enrichment in the joint. In contrast, quiescent phases of disease display an
increase in M2 macrophages in the synovium (335). At an inflamed joint,
macrophages have been shown to induce angiogenesis and hypoxia (336, 337).
Macrophage growth factors granulocyte colony stimulating factor (G-CSF),
macrophage colony stimulating factor (M-CSF) and granulocyte/macrophage
colony stimulating factor (GM-CSF) are also found abundantly in inflamed joint
tissues (335).
Critically, most clinically effective biologics were shown to reduce macrophage
trafficking to joints (338). Finally, in multiple models of inflammatory joint
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diseases in mice as well as human trials, systemic depletion of macrophages
using agents such as liposomal clodronate abrogated joint inflammation (339).
These studies suggest that macrophages play a key role in mediating local joint
pathology in RA.

1.4.3 Dendritic cells
Dendritic cells (DCs) are professional antigen presenting cells of the innate
immune system. Their primary role is to shape adaptive immune responses by
the activation of T and B cells (340, 341). DCs were first described by Steinman
and Cohn as cells possessing dendritic morphology (342, 343). Like macrophages,
DCs are found in almost all mammalian tissues. DCs are identified by their cell
surface expression of CD11c and MHC II molecules (340).
Subsets of DCs are often defined by combinations of additional cell surface
receptor expression including CD11b, CD103, CD207 and CD8a. CD103 DCs are
often described as migratory tissue DCs. They are the primary cell type that
activate T and B cells in the SLOs. In contrast, CD8a DCs are known for their
ability to cross present antigen to CD8 T cells. CD207 expressing DCs are also
known as Langerhans cells. One of their specialised functions include the
induction of regulatory T cell differentiation. Functional differences between
subsets remain controversial however, primarily due to the plastic nature of
DCs. Dendritic cell ontogeny and function is exhaustively reviewed by Merad et
al. and should be read for more in depth information (340).
DCs develop in the bone marrow from either the common myeloid progenitor
(CMP) or the common lymphoid progenitor (CLP) (344). These differentiated but
immature, DCs constantly sense their surroundings and either rest at tissue sites
or circulate in the vasculature (340). Once DCs encounter pathogenic stimuli,
usually through their PRRs, they undergo maturation which includes both
phenotypic and morphological changes. Mature DCs process and present antigen
on peptide:MHC complexes (341). They also express co-stimulatory molecules
CD80/CD86 and CKR CCR7 (345, 346). They further produce pro-inflammatory
cytokines which direct T cell polarisation (347, 348). These combined changes
allow DCs to migrate to SLOs and present antigen to T and B cells.
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DCs play a critical role in inflammation control by selectively driving T cell
responses. DC activating stimuli as well as location allow DCs to imprint tissue
homing signature on T cells (349). Furthermore, DC mediated co-stimulation and
cytokines are the primary regulators of Th1/Th2/Th17/Treg differentiation
(350). It is therefore unsurprising that DCs have a central role in inflammatory
disease pathogenesis.
1.4.3.1 Dendritic cells in psoriasis
DC mediated activation of adaptive immune responses occur at very early stages
of psoriasis (351). Since this breach of tolerance phase occurs prior to clinical
manifestations, it is difficult to study and thus poorly understood in all human
inflammatory diseases. Nonetheless, roles for skin resident dermal DCs and
recruited plasmacytoid DCs (pDCs) have been described in maintaining psoriatic
inflammation (351, 352). Psoriatic lesions display the presence of both Th1 and
Th17 cells at different phases of disease (353, 354). This is believed to be
mediated by the local cytokine environment in which DCs are activated prior to
T cell activation (71). Moreover, the local inflammatory environment favours the
skewing of Th17 responses with abundant presence of IL-23, IL-12 and TNF (72).
DCs in psoriatic lesions also contribute to inflammation by their cytokine
production. pDCs are primary producers of type I IFNs in psoriasis which acts on
dermal DCs to stimulate their production of IL-12 (355). Moreover, DCs produce
TNF and IL-1b to add to the local inflammatory microenvironment (356). Local
DC-T cell interactions in ectopic lymphoid tissue like aggregates further support
T cell activation and persistence in psoriatic plaques (357). This is particularly
important since studies in mice have suggested that local populations of tissue
resident DCs and memory T cells alone can initiate disease (358).
Lastly, multiple effective therapeutics in psoriasis are found to disrupt DC-T cell
interactions. Psolarin and ultraviolet A (PUVA) treatment reduces chronic plaque
psoriasis by depleting lesional DCs and epidermal T cells (359). Efalizumab is a
monoclonal antibody targeting LFA-1 on DCs. Efalizumab disrupts interaction of
DCs with intercellular adhesion molecule-1 (ICAM-1) expressing T cells. This
results in disease abrogation via decreased numbers of CD11c+ DCs in lesions
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(360). Finally, alefacept, a fusion protein that depletes CD2 expressing DCs and
T cells, is also effective in psoriasis (361).
1.4.3.2 Dendritic cells in RA
DCs play a very similar role in RA as in psoriasis. DCs are important in breach of
tolerance and disease initiation as demonstrated in multiple animal studies (362364). Inflamed synovial microenvironment allows activated DCs to constantly
prime polarised and inflammatory Th1/Th17 cells which maintain pathogenesis
(365, 366). DCs themselves contribute to joint destruction by producing proinflammatory cytokines in synovial tissue (367). Finally, as in psoriasis, DCs play
a key role in the formation of ectopic lymphoid aggregates near the synovium
which maintains chronic disease (368).
RA therapies reduce disease severity rather than cure disease. Anti-TNF and
abatacept are two examples that act by inhibiting DC and T cell functions (369,
370). One avenue of research being explored in RA include engineering DCs to
tolerise activated T cells or drive regulatory instead of inflammatory T cell
polarisation pathways. If successful, this avenue has the potential to yield a cure
for multiple inflammatory diseases (371, 372).

1.4.4 B cells
B cells are adaptive immune cells of the lymphoid lineage whose primary
function is the production of antibodies. B cells develop and mature in the bone
marrow. Here, they undergo selection and training processes which allow them
to discriminate self-antigen from foreign antigen. B cells express cell surface
receptors called the B cell receptor (BCR). They use this receptor to detect
antigen both during maturation and during a pathogenic insult (373).
Once mature, B cells travel to SLOs where they remain until they encounter
their cognate antigen. Antigen recognition through the BCR activates B cells to
undergo clonal proliferation and produce antibodies. B cells are also professional
APCs and potent cytokine producers. Certain types of antigens known as T-cell
dependent antigens, require help from T cells to activate B cells. In these cases,
T and B cells specific for the same antigen meet in designated areas of SLOs. In
this area, known as the germinal centre, specialised CD4 T cells known as
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follicular T helper cells (Tfh) provide co-stimulation and cytokine mediated
signals to B cells (373).
These signals allow B cells to undergo proliferation, affinity maturation and
somatic hypermutation to produce affinity matured and class switched
antibodies. Some B cells become long lived plasma cells which constantly
produce low levels of antibodies. Memory B cells are also produced. These cells
enter circulation and constantly survey the periphery to provide a rapid response
to secondary insult from the same pathogen (373).
B cells and their products are involved in the initiation and maintenance of
multiple inflammatory diseases. The function of B cells in psoriasis and RA are
briefly explored in the next sections:
1.4.4.1 B cells in psoriasis
The role of B cells in psoriatic inflammation remains controversial. In human
studies, CD19+ B cell levels were found to be elevated in human psoriatic lesions
(374). Moreover, increased levels of the cytokine IL-21 was found in psoriatic
lesions. IL-21 is produced by Tfh cells to activate B cells in the germinal centre.
This suggests a role for B cells in the formation of ectopic lymphoid tissues (375,
376). Interestingly, B cells were found to produce IL-10 in psoriatic lesions,
suggesting they may play an anti-inflammatory role (377).
This was supported when depletion of CD20+ B cells by Rituximab therapy in RA
or SLE patients was found to cause psoriatic inflammation in genetically nonsusceptible people (378). Animal studies further support this finding. CD19
deficient animals were found to have increased skin inflammation in an
imiquimod-driven model of psoriatic inflammation (377). This was directly
associated with the depletion of IL-10 producing B10 B cells. Adoptive transfer of
these cells ameliorated disease (377). However, no antibody mediated pathways
have been investigated in the pathogenesis of psoriasis. Hence, while B cells may
play a role in psoriasis, they do not seem to be a major contributor to disease
pathogenesis.

64

1.4.4.2 B cells in RA
B cells play a more prominent role in RA disease pathogenesis. In animal models
of RA, B cell deficiency was found to abrogate disease (379, 380). B cells are
thought to contribute to RA pathogenesis primarily by the production of
autoantibodies. Autoantibodies against citrullinated peptides (ACPA), type II
collagen (CII) and Fc portion of IgG known as rheumatoid factor (RF) are all
major indicators of RA (381). Moreover, antibodies to CII has a direct effect on
joint pathology by modifying collagen fibril synthesis (382, 383). Antibodies
recognising CII also form immune complexes in the joint activating multiple proinflammatory pathways including complement activation and cytokine
production by innate cells (384).
Evidence indicates that B cells may play a role in antigen presentation to T cells
in the synovium. ACPA specific B cells have recently been found to be enriched
in RA joints (385). Likewise, large presence of citrullinated peptides in RA joints
has also been reported (386). This leads to the possibility that B cells might be
interacting with ACPA specific T cells in the synovial environment, contributing
to pathology (368). Rituximab therapy was also found to be efficacious in RA
suggesting a prominent role for B cells in disease pathogenesis (387).

1.4.5 T cells
T cells are adaptive immune cells of the lymphoid lineage. T cells develop in the
bone marrow and later migrate and mature in the thymus. Here they diverge
into two separate lineages, CD4 and CD8. T cells express unique receptors on
their cell surface named the T cell receptor (TCR). The TCR comprises of an a
and a b chain. T cells also express CD3 and either CD4 or CD8 co-receptors (388).
During thymic development, random gene rearrangement events allows each T
cell to express a unique TCR. The TCR recognises a single peptide antigen in the
context of self MHC molecules. This system allows for T cells to recognise up to
1018 unique antigen specificities. T cells also undergo selection processes in the
thymus which eliminate highly self-reactive cells. Despite this, some selfreactive T cells remain and in many cases, are partly responsible for the onset of
autoimmunity (388).
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Once educated, naïve T cells circulate through the blood and lymphatics and
SLOs (389). This process only stops once the T cell encounters its cognate
antigen. Upon recognition of antigen, and co-stimulation signals from the APC, T
cells undergo clonal proliferation and maturation (390). These effector T cells
then migrate to inflamed or infected tissues where they carry out their effector
functions (12, 391-393).
Finally, upon pathogen clearance, the majority of effector T cells undergo
apoptosis (284). A small minority of cells however, undergo transcriptional
changes and become long lived memory cells (5).
In this section, the various cell types will be briefly explored with a focus on CD4
T cells and their role in mediating inflammatory diseases.
1.4.5.1 CD8 T cells
CD8 T cells are known as cytotoxic T cells. They regulate immune responses by
killing damaged, infected or cancerous cells. Naïve CD8 T cells recognise antigen
in the context of MHC I presentation by APCs. This recognition leads to clonal
proliferation of CD8 T cells. These cells then migrate to tissue sites where they
recognise their cognate antigen again on MHC I molecules which are expressed
on all nucleated cells. Recognition triggers CD8 T cells to kill by forming pores
using perforin and releasing toxic granzyme molecules inside the target cell
(388).
1.4.5.2 CD4 T cells
CD4 T cells are often known as master regulators of the immune system. They
primarily regulate immune responses via cytokine production (394). Upon
antigen recognition via MHCII presentation by APCs, naïve CD4 T cells
differentiate into one of five major subsets (395-399). The differentiation of T
cells into subsets is regulated by cytokines in the immediate environment,
usually produced by the APC (400). Table 3 below summarises the T cell subsets,
cytokines needed for their differentiation, key transcription factors, CKR
expression and effector cytokines. Proliferated CD4 T cells migrate to infected
or inflamed tissues where they produce their effector cytokines. Subsets of
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effector T cells also preferentially express sets of CKRs which allow them to
home to specific tissue sites (14, 393, 401).

Key cytokines
required for
differentiation

Transcription
factor required
for differentiation

Cytokine
profile

Chemokine
receptor
expression

Th1

IL-18
IL-12

T-bet
STAT4

IFNγ
TNFa

CCR5, CXCR3

Th2

IL-4
IL-2

GATA3
STAT6

IL-4
IL-5
IL-13

CCR4, CCR3

Th17

TGF-β
IL-6
IL-21

RORγT
STAT3

IL-17
IL-22

CCR6

Tfh

IL-6
IL-21

Bcl6
STAT3

IL-21

CXCR5

Treg

TGF-β

Foxp3

TGF-β
IL-10

CCR4,5,6,8

T cell
subset

Table 3 CD4 T cell subsets

1.4.5.3 Memory T cells
Memory T cells (CD4 or CD8) either remain at tissue sites or circulate through
the vasculature, tissues and SLOs (5). This allows memory cells to come into
rapid contact with recurring pathogens (402). However, unlike naïve T cells
which require multiple signals for activation and proliferation, memory T cells
have a much lower threshold of activation (403). Upon activation, memory T
cells carry out their effector functions both more quickly and with a greater
magnitude (404). In the case of CD8 memory T cells, this usually leads to faster
and more effective cytotoxicity (405). CD4 memory T cells rapidly produce large
quantities of their effector cytokines (404).
Like CD4 T cells, subclasses of memory T cells also exist (5). Memory T cells are
subdivided based on their migration patterns. Tissue resting memory cells are
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aptly termed tissue resident memory cells (Trm cells) while, circulating memory
cells in SLOs or tissues are known as central memory T cells (Tcm cells) or
effector memory T cells respectively (Tem cells). These cells are defined by
their cell surface receptor expression (5). Table 4 summarises the memory cell
subsets, their transcriptional profile and cell surface marker expression.

Memory cell subset

Cell surface marker
expression

Tissue resident
memory T-cells
(Trm)

CD103+, CD69+

Effector memory Tcells (Tem)

CD62L lo, CCR7 lo

Central memory Tcells (Tcm)

CD62L hi, CCR7+

Tissue location

Non-circulating, resident in
peripheral tissues

Circulating and found in both
SLOs and in peripheral tissues

Found primarily at SLOs,
mobilised upon infection

Table 4 Memory T cell subsets

1.4.5.4 Role of CD4 T cells in infection and inflammatory disease
CD4 T cells carry out critical functions in the control of infection and
inflammation. Tfh cells provide help to B cells to produce class switched
antibodies which directly aid in infection control (399). Th1 cell production of
IFNg primes macrophages for increased phagocytosis, increased pathogen killing
and increased antigen presentation (325). IFNg also has anti-viral effects by
reducing viral replication and activating NK cells which are potent killers of
virally infected cells (406).
Th2 cells on the other hand help in parasitic infection control. Th2 cytokines, IL4, IL-5 and IL-13 activate basophils, eosinophils and mast cells. They carry out
multiple functions such as degranulation which are anti-parasitic. Finally, Tregs
are potent producers of the anti-inflammatory cytokines IL-10 and TGFb. These
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cytokines dampen immune responses by reducing inflammatory mediator
production as well as activating pro-resolving pathways (407).
While CD4 T cells are crucial in controlling infection and inflammation,
dysregulation of CD4 T cell function causes some of the most debilitating and
difficult to treat inflammatory conditions. Various functions of CD4 T cell subsets
have been implicated in chronic inflammatory diseases.
1.4.5.5 CD4 T cells in Psoriasis
Psoriasis is an autoimmune inflammatory disease of the skin. Psoriatic lesions
demonstrate significant hyperplasia of keratinocytes (68). For this reason,
psoriasis was initially considered a disease of skin cell dysfunction. However,
genetic analysis of psoriatic patients soon implicated adaptive immune cells and
specifically CD4 T cells (73).
Subsequently, subsets of CD4 T cells were found to accumulate in psoriatic skin
lesions (7, 408). Moreover, Th1 and Th17 cell cytokines IFNg and IL-17 levels
were found to be elevated in both psoriatic lesions as well as in peripheral blood
of psoriasis patients (353, 354). Interestingly, IFNg was shown to increase Th17
cell migration into murine inflamed skin lesions (409). Th17 cell cytokines IL-23
and IL-21 were found to directly cause keratinocyte hyperplasia (410). This
provided key evidence that psoriasis was mediated by a combination of Th1 and
Th17 cells.
Further evidence in the role of CD4 T cells in psoriasis pathogenesis comes from
studying the efficacy of psoriasis therapeutics. T cell co-stimulation blocker
anti-CTLA4 Ig is efficacious in psoriasis (411). Recently developed monoclonal
antibody against the adhesion molecule LFA-1 was also highly successful. This
antibody interferes with T cell-DC interactions but also stops effector T cell
migration into psoriatic lesions (1, 360).
1.4.5.6 CD4 T cells in RA
RA is an autoimmune disease characterised by articular destruction. However,
joint destruction occurs months or even years downstream of the breakdown of
immunological tolerance. It is this critical event, that leads to the development
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of auto-reactive CD4 T cells which ultimately orchestrate RA pathogenesis (363)
. Large numbers of CD4 T cells accumulate at RA synovial tissues throughout
disease (84).
Moreover, in multiple mouse inflammatory joint disease models, CD4 T cells are
essential for disease initiation, progression and pathogenesis (412, 413).
Likewise, CD4 T cell depletion using multiple mechanisms abrogated joint
pathology in mice (414, 415). In humans, CD4 T cell co-stimulation blockade was
also found to be efficacious (370). Therefore, evidence strongly implicates CD4 T
cells in RA pathology.
Unlike infectious diseases where homogeneous CD4 T cell subsets often regulate
disease; multiple T cell subsets are implicated in RA pathophysiology at different
disease stages (416). Analysis of early RA joints demonstrates an abundance of
Th2 and Th17 cytokines. Established disease joints however demonstrate
aggregates of IFNg producing Th1 cells (417). These T cell cytokines enable
constant activation of tissue resident macrophages, stromal cells, osteoblasts
and chondrocytes leading ultimately to joint destruction (90).
While accumulation of T cells at inflamed tissues is not unusual, RA joints
exhibit large numbers of non-joint specific T cells such as influenza specific T
cells (418). Moreover, a joint homing chemokine profile has not been identified.
Some studies have implicated type I IFNs in aiding T cell persistence via
decreased apoptosis at RA joints (419, 420). Others have identified the
chemokines CXCL12/CXCR4 as important in T cell retention (84, 421).
Psoriasis and RA are two examples of inflammatory diseases where trafficking of
T cells remains a critical but poorly studied area. Considering the destructive
influence of effector T cells in these tissues, targeting T cell trafficking
pathways remains an attractive area for anti-inflammatory therapeutics. This
project aims to use reductionist models to elucidate mechanisms of T cell
persistence at inflamed tissues. In the next section, an overview of current
understanding of T cell trafficking will be explored.
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Relevance of this section to thesis aims:
•

CD4 T cells play critical regulatory role in inflammatory disease
pathogenesis

•

Do innate immune cells at inflamed sites directly or indirectly influence
the persistence of activated CD4 T cells?

•

Do APCs influence the persistence of CD4 T cells at inflamed sites?

•

Does the activation status of the T cell influence its persistence at
inflamed sites?
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1.5 T cell trafficking
In a naïve host, only a few thousand T cells are specific for a given antigen
(422). Naïve T cells therefore, constantly circulate through SLOs using blood and
lymphatic vasculature to encounter its cognate antigen (389). Upon antigen
encounter, effector T cells proliferate and migrate out of SLOs and enter
inflamed tissues (390). Here, they carry out their effector function and either
egress back into circulation or undergo apoptosis. In the long term, some cells
also develop into memory cells (403).
The processes of naïve circulation, activation, effector cell LN egress, tissue
entry, apoptosis and tissue egress are strictly controlled. In this section, these
aspects of T cell trafficking will be explored in the context of inflammation.

1.5.1 Naïve T cell circulation
Naïve lymphocyte recirculation between blood and SLOs was first demonstrated
as far back as the 1960s (423). Circulating naïve T cells express CD62L, a lymph
node homing molecule (424). CD62L interacts with glycosylation-dependent cell
adhesion molecule-1 (GlyCAM-1) expressed by cells of the high endothelial
venules of SLOs (424). This interaction enables T cells to enter LNs through high
endothelial venules (HEVs). Naïve T cells express high levels of the CKR CCR7,
which is often considered a LN homing CKR (424). Upon LN entry, CCL19/21
levels guide T cell motility, migration and positioning (425, 426). These naïve T
cells spend 6-12 hours surveying a LN for antigen. If no antigen is detected,
naïve T cells migrate through cortical or medullary sinuses of the LN and exit
through efferent lymphatic vessels (427, 428).
T cell exit from LNs is regulated by S1PR1 and its ligand S1P (239, 243).
Lymphatic endothelial cells (LECs) produce S1P in efferent lymphatic vessels
(429). T cells expressing S1PR1 migrate towards increased S1P gradients in LECs
which guides them out of the LN (430). In most cases, these T cells travel to the
downstream draining lymph node and carry out the same process, eventually
exiting back into the bloodstream.
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1.5.2 T cell activation and effector cell LN egress
Along with CCR7, naïve T cells also express high levels of S1PR1 (431). Upon LN
entry and survey, if a T cell detects their cognate antigen, some immediate
changes take effect to alter its migration pattern. T cells upregulate CD69, a
cell surface C-type lectin protein (432). CD69 is a negative regulator of S1PR1
(433). Therefore, activated T cells rapidly downmodulate their S1PR1 expression
(434). This ensures increased T cell dwell time in LNs to allow them to undergo
clonal proliferation. These T cells also express increased levels of CCR7 to
further aid LN retention (243). Sustained CCR7 signals however, desensitise the
CKR (435).
At this stage, the now effector T cells are ready for LN exit. They rapidly
upregulate S1PR1 on their cell surface and downregulate CCR7 (243). This
releases T cells from a retention phenotype to an egress phenotype. These T
cells start randomly moving in the LN until they encounter a lymphatic sinus
where they can sense S1P (436, 437). This promotes egress of effector T cells
from LNs. Studies using the S1PR1 functional antagonist FTY720, demonstrated
that T cells “log jam” at lymphatic sinuses and fail to exit LNs in the absence of
S1P signals (272, 438, 439). S1P concentration is low in LNs, gradually increases
in lymphatic vessels and is greatest in blood vessels (430, 440). Effector T cells
use this gradient to circulate between SLOs and vasculature (430).

1.5.3 Effector T cell tissue entry
Effector T cells display tissue tropism (441). Tropism refers to the tendency of a
T cell to preferentially migrate to a particular tissue site for example, the skin
over others such as the gut. This tissue tropism is determined by selective
expression of tissue homing receptors upon T cell activation (13, 15, 349). Which
tissue-homing receptors are expressed on T cells are determined by the
environment of the lymph node where they were activated. Moreover, the
location of the migratory DCs which activates the T cell also plays a role in
determining T cell tissue tropism (441).
Tissue homing receptors primarily include cell adhesion molecules and CKRs
(441). In humans, two such adhesion molecules, integrin a4b7 and cutaneous
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leukocyte antigen (CLA), have been found to direct effector T cells to the gut
and the skin respectively (13, 15, 16, 442). Inflamed vascular endothelium
adjacent to these tissue sites express elevated levels of mucosal vascular
addressin cell-adhesion molecule 1 (MADCAM-1) and E-selectin or P-selectin
which are ligands for a4b7 and CLA respectively (13, 15, 16, 442).
Chemokines and CKRs are likewise necessary for T cell tissue tropism to the gut
and skin. a4b7 expressing T cells also selectively express the CKR CCR9 (443).
CCL25, the ligand for CCR9 is expressed almost exclusively in the small intestinal
lamina propria (17). Similarly, CKRs CCR4 and CCR10 are considered skin homing
(444, 445). Most CLA expressing CD4 T cells also express CCR4 (445). Moreover,
CCR4 ligand CCL27 is exclusively expressed by skin resident keratinocytes (14,
444). Similar to adhesion molecules, chemokines are upregulated at inflamed
tissues, allowing tissue specific effector T cell entry into the affected tissue.
Therefore, adhesion molecules and CKRs synergistically regulate effector T cell
tissue entry at inflamed sites.
It is however, important to note, that many tissue specific effector T cells can
be found at other tissue locations such as the lung or the brain (446). The tissue
“post-code” system is therefore not absolute. Additionally, inflamed tissues are
generally a permeable environment for circulating leukocytes (149). As such,
many non-specific effector and even naïve T cells can be found at profoundly
inflamed tissues (447, 448).

1.5.4 Tissue egress
Effector and memory CD4 and CD8 T cells produce cytokines and kill infected
cells at inflamed tissues respectively (449). At the end of an effector response, T
cells leave inflamed tissues via afferent lymphatics into tissue draining LNs (450,
451). Failed exit of effector T cells has been associated with persistent tissue
inflammation (245). A couple of studies have identified CCR7/CCL21 as well as
S1PR1/S1P as regulators of T cell tissue exit (244, 452).
Brown et al. demonstrated that fewer CCR7-/- T cells exited tissues compared to
wild type cells in acute but not chronic inflammation (453). Additionally, CCR7-/-
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T cells persisted at acutely inflamed lungs, epithelial tissues and skin (452, 454,
455).
Overexpression of S1PR1 on CD8 T cells was found to increase their tissue exit
from multiple tissues including lungs, kidney, skin and salivary gland (456).
Furthermore, CD69 deficient CD8 T cells failed to persist at HSV infected skin
tissue. When these same cells were treated with an S1PR1 agonist however,
their skin retention was restored (433). In contrast, two studies on CD4 T cells
demonstrated that at acutely inflamed tissues, S1PR1 signals were responsible
for reduced T cell egress from tissue sites (244). At chronically inflamed tissues
however, S1PR1 and S1P was found to once again promote T cell tissue egress
(453).

1.5.5 T cell death
Following tissue egress or indeed while still in tissue, most effector T cells
undergo programmed cell death (PCD) (284). PCD can be triggered via one of
three mechanisms: Autophagy, necroptosis or apoptosis.
1.5.5.1 Autophagy
Macroautophagy (referred to as autophagy) is a catabolic cellular process that is
important in protein and intracellular organelle turnover as well as cytoplasmic
renewal (457). Autophagy occurs in autophagosomes which are double
membraned vesicles with cytoplasmic material inside. Autophagy is regulated by
a host of autophagy related genes (ATG) (457).
In T cells, autophagy has been reported to promote both apoptosis and survival
(458). Two recent studies have demonstrated that effector CD4 T cells undergo
cell death via autophagy in the absence of FADD, caspase-8 or Irgm-1 proteins
(459, 460). In contrast, decreased number of thymocytes and peripheral T cells
were found in ATG5-/- mice. Furthermore, increased numbers of ATG5-/- T cells
underwent apoptosis on TCR stimulation than WT T cells (461). Inhibition of
autophagy in effector Th2 cells was also found to increase T cell death (462).
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1.5.5.2 Necroptosis
Necroptosis is a programmed form of necrosis (463). It shares characteristics
with both necrosis (unprogrammed cell death) and apoptosis. Necroptotic cells
undergo nuclear condensation and organelle swelling like necrotic cells.
However, the programmable nature of this death makes it similar to apoptosis.
Molecular characterisation of necroptosis identified the use of two proteins
receptor-interacting protein kinase 1 and 3 (RIPK1, RIPK3) as the hallmark of
necroptotic cell death (464).
Evidence for necroptosis in T cells is minimal. One study by Ch’en et al.
demonstrated that caspase-8 deficient effector T cells undergo cell death using
RIPK1 and RIPK3 mediated pathways. Moreover, they displayed typical
necroptotic morphology (465). More recently, another study by Kesarwani et al.
found that tumour specific CD8 T cells undergo TCR stimulation mediated
necroptosis. Pre-treating T cells with necroptosis inhibitors increased CD8 T cell
tumour persistence (466).
1.5.5.3 Apoptosis
Apoptotic cell death is the best studied and most common form of effector T cell
death. Apoptotic cell death can occur using multiple mechanisms which can be
largely divided between extrinsic apoptotic pathways and intrinsic apoptotic
pathways (284). T cells undergo activated cell autonomous death (ACAD) which
occurs in the absence of survival signals by the intrinsic apoptotic pathway
(467). Activation induced cell death (AICD) may also be triggered in effector
cells with TCR restimultation in the absence of secondary signals (468). This is
mediated by the extrinsic apoptotic pathway.
A set of proteins, often termed “the executioners of death” are caspases.
Caspases are produced by cells as inactive zymogens that must be activated for
effector function (469). There are two classes of caspases: initiator caspases
(caspases 1,2,4,5,8,9,10, 11 and 12) and effector caspases (caspases 3,6,7 and
14) (470, 471). Initiator caspases undergo activation by external stimuli and form
large multi-protein complexes where effector caspases are activated. Effector
caspases disrupt various cellular processes such as actin polymerization and
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nuclear lamin formation. This causes the characteristic chromatin condensation
and nuclear shrinkage (470, 471). Figure 1.5.1 provides a simple overview of
both the intrinsic death pathway.
1.5.5.3.1 Extrinsic apoptotic pathway
Extrinsic pathway signals emanate from extracellular signals. These include TNF,
CD95L or FAS ligand (FASL) and TNF-related apoptosis inducing ligand (TRAIL).
They interact with their respective death receptors which include TNFR1, CD95
or FAS, TRAILR1 and TRAILR2 (468, 472, 473). Death receptor triggering results
in the formation of death-inducing signalling complex (DISC). In the case of
FASL-FAS pathway, complex molecular interactions in the DISC results in the
activation of initiator caspases 8 and 10 (474, 475). These caspases then activate
effector caspases 3,6 and 7 which initiate apoptosis (284, 476).
Alternatively, caspase 8 can also activate the pro-apoptotic functions of the
mitochondria by cleaving the BCL-2 (B cell melanoma-2) family protein BID (BH3
interacting domain-death agonist) to tBID (truncated BID). tBID causes the
aggregation of pro-apoptotic proteins BAX (BCL-2 associated X protein) or BAK
(BCL-2 antagonist/killer) to the mitochondria. This causes the release of
cytochrome c from the mitochondria. Cytochrome c directs the formation of
another death complex known as the apoptosome. In this complex, molecular
interactions result in the activation of caspase 9. Caspase 9 then activates
effector caspases 3,6 and 7 which initiates apoptosis (284, 476, 477).
AICD is an example of extrinsic cell death in T cells. AICD is triggered in T cells
by the ligation of FASL, TNFR1 and TRAILR. Most activated T cells express these
receptors after undergoing several rounds of clonal proliferation (284).
Interestingly however, T regulatory cells are resistant to FASL mediated
apoptosis (478).
1.5.5.3.2 Intrinsic apoptotic pathway
The intrinsic pathway of apoptosis is triggered by a myriad of stimuli including
TCR stimulation, DNA damage and cytokine deprivation. These stimuli instigate
the permeabilisation of the mitochondrial membrane which results in the release
of cytochrome c (479). Cytochrome c, in conjunction with APAF1, (apoptotic77

protease-activating factor 1) found in the cytoplasm, form the apoptosome.
Apoptosome formation results in activation of caspase 9 and the downstream
activation of caspases 3,6 and 7 as stated previously (471).
ACAD is an example of intrinsic cell death in T cells. Activated T cells deprived
of cytokines, produce BCL-2 family members BIM (BCL-2 interacting mediator of
cell death) and PUMA (p53-upregulated modulator of apoptosis). These are both
pro-apoptotic molecules that bind to, and inhibit anti-apoptotic molecules BCL-2
and BCL-XL. BCL-2 and BCL-XL themselves inhibit accumulation of pro-apoptotic
BAX or BAK to the mitochondria, thus maintaining mitochondrial membrane
integrity. Once BCL-2 and BCL-XL are inhibited however, BAX or BAK actively
accumulate at the mitochondria and induce the release of cytochrome c and its
downstream effects (284, 476).

Figure 1.5.1 The intrinsic apoptotic pathway
Diagram adapted from Life and death in peripheral T cells (284)

1.5.6 T cell retention
To enable effector T cells to carry out their functions, they must persist at
tissue sites following their recruitment and prior to their egress or death. This
phenomenon is referred to as their retention. Retention of T cells remains,
arguably, the least understood area of the T cell trafficking pathway. Current
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models suggest that retention of T cells at tissue sites is mediated by a
combination of three factors. T cells respond to positive cues which keep them
at inflamed tissues (9, 170, 421, 480, 481). In addition, T cells downregulate
egress receptors slowing down their exit (244, 245, 432, 433, 453). Finally, T
cells alter their metabolic programming to enable prolonged survival (482, 483).
One of the earliest identified retention signals for T cells was the TCR-Peptide
MHC interaction. APCs at sites of infection/inflammation interact with effector T
cells with cognate antigen/TCR, forcing their arrest and accumulation at
peripheral tissues (392).
Another positive retention cue is the cytokine TGF-b. TGF-b stimulates the
expression of the integrin aEb7, also known as CD103, on CD8 and CD4 T cells
(484). This enables CD8 and CD4 Trm cells to bind to E-cadherin expressed by
epithelial cells, leading to their retention in peripheral tissues including skin,
small intestine and brain (485-488). Likewise, CD25+ FoxP3+ regulatory CD4 T
cells also express CD103 for their retention at peripheral tissues (481).
Multiple chemokine-chemokine receptor pairings have also been found to
provide tissue retention signals to T cells. CX3CL1 was found to be necessary for
the retention of effector CD4 T cells in the skin in a model of atopic dermatitis
(480). In human rheumatoid synovium, CXCL12 and CXCR4 interactions have
been described as crucial for the retention and accumulation of T cells (421).
Chemokines have also been found to increase the survival of T cells at peripheral
inflamed tissues. Indeed, CXCL12 was found to increase the survival of tumour
infiltrating T cells as well as increase their chemotaxis (489, 490). Likewise, IL15 is necessary for the survival and retention of CD8 Trm cells at peripheral
tissues (491). Expression of the aryl hydrocarbon receptor (AHR) has also been
implicated in aiding survival mediated persistence of T cells at tissue sites (492).
Recently, TRM cells have also been found to alter their metabolic programming
and depend on fatty acid uptake and metabolism for their survival and
persistence in tissues (483).
Egress of T cells out of tissues is regulated by the receptors CCR7 and S1PR1 as
discussed previously (239, 451, 452). The expression of both S1PR1 and CCR7 is
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under the regulation of the transcription factor KLF2 (450, 456, 485). Moreover,
CD69 is another molecule which regulates the expression of S1PR1 (433, 434).
Both CD8 TRM cells and CD4 TRM cells have been found to express high levels of
CD69 and low levels of KLF2 (456, 493). Indeed, while long term tissue resident
cells may need increased chemotactic cues as well as decreased egress cues, a
reduction in egress cues alone could be enough to increase the dwell time of
early effector T cell populations. This would enable pathogen elimination
without causing long term inflammation induced tissue damage. The dynamic
regulation of S1PR1 and CCR7 expression makes them the perfect molecules to
facilitate early retention of T cells in tissues.
Epithelial cells
Increased tissue
retention
Increased tissue
retention

E-cadherin

CD103

CX

3C
R1

CXCR4

KLF2

pMHC-II

T Cell
TCR

CD69
IL-15R

Dendritic
Cell

AhR
Arrow Key

CCR7
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regulation
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regulation
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reduce tissue egress

Figure 1.5.2 Regulation of T cell retention at peripheral tissues
T cell retention is regulated by positive retention cues which include TCR-pMHC, CD103 and
chemokines. T cells also receive specialised survival signals such as IL-15, AhR ligands and fatty
acids which enables their prolonged survival in tissues. Finally, T cells downregulate egress
receptors CCR7 and S1PR1. S1PR1 and CCR7 expression is regulated by KLF2. CD69 is also a
negative regulator of S1PR1 expression.

Relevance of this section to thesis aims:
•

T cell persistence at inflamed tissues could be regulated at multiple
checkpoints of the T cell trafficking pathway
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•

Is activated T cell persistence due to decreased egress or increased
retention signals at inflamed tissues?

•

Could increased activated T cell persistence be linked with their improved
survival at inflamed tissues?

•

Could the behavioural patterns of activated T cells at inflamed sites
influence their persistence? i.e. their interaction with other immune cells
or the availability of localised soluble mediators.
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1.6 Aims of the project
Effector CD4 T cells accumulate at inflamed tissues in large numbers. As
demonstrated in psoriasis and RA, accumulated CD4 T cells contribute to disease
pathology. Moreover, removal of these cells from such sites abrogates disease.
Increased T cell accumulation can be controlled at multiple points of the T cell
trafficking pathway. Most studies have targeted T cell activation, inhibiting LN
egress as well as inhibiting tissue entry of effector CD4 T cells.
In contrast, little is known about effector T cells after entry at inflamed
peripheral tissues. Signals that allow CD4 T cells to persist at inflamed tissues
are poorly understood. Likewise, few studies have investigated regulation of
effector T cell egress from inflamed tissue sites.
This study aims to identify novel mechanisms of CD4 T cell persistence at
inflamed tissues. Understanding these mechanisms will permit improved
targeting of CD4 T cell mediated therapies at inflamed tissues. To achieve these
goals, the aims in the project were set out as follows:
1. Establish a model inflamed tissue where effector CD4 T cells persist.
2. Identify which signals promote CD4 T cell persistence at inflamed tissue.
3. Identify the effect these signals have on CD4 T cell behaviour.
4. Identify whether similar control mechanisms exist in established human
inflammatory disease.
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2 Materials and Methods

2.1 Animals
All animals were housed at the University of Glasgow central research facility in
accordance with UK home office guidelines. Animals were caged appropriately
and allowed food and water ad libitum. All procedures undertaken were
approved under Prof. Paul Garside’s home office project license (60/4368).
During this project, five different strains of animals were used:

2.1.1 C57BL/6
Male C57BL/6 mice were purchased from Harlan laboratories UK (currently
ENVIGO) at 6 weeks of age. Mice were rested for 7 days upon arrival prior to
commencement of any procedures. All C57BL/6 mice were used within the ages
of 6-10 weeks as recipients in adoptive transfer experiments.

2.1.2 CD45.1 OT-II
CD45.1 OT-II T cell receptor (TCR) transgenic (Tg) mice (494) were bred in
house. Most T cells in OT-II mice express a TCR which exclusively recognises
ovalbumin (OVA) peptide 323-339. OT-II mice in my lab also express CD45.1 on
all leukocytes. CD45 is a pan-leukocyte tyrosine phosphatase. There are two
alleles of CD45, CD45.1 and CD45.2 They are both functionally identical. This
enables the identification of cells transferred from a donor to a host with
different congenic backgrounds (i.e. transfer cells from an OT-II CD45.1 host to a
C57BL/6 CD45.2 donor) by flow cytometry. T cells from male OT-II mice were
used between 6-10 weeks of age as donors for polarisation and adoptive transfer
experiments.

2.1.3 hCD2DsRed x CD45.1 OT-II (OT-II DsRed)
hCD2DsRed mice were originally gifted by D Kioussis and A Patel, National
Institute of Medical Research, London and bred in house at the University of
Glasgow (495). hCD2DsRed mice have a DsRed fluorescent reporter tag attached
to the CD2 promoter. This allows T cells to fluoresce red when excited with
554nm wavelength of light. Some NK cells and lymphoid tissue inducer (LTi) cells
also express DsRed in these animals. hCD2DsRed mice were crossed with CD45.1
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OT-II mice to make OT-II DsRed mice. This ensured that most DsRed T cells also
expressed a TCR specific for ovalbumin peptide 323-339 as described above.

2.1.4 LysMGFP
LysMGFP mice (496) were originally gifted by Sussan Noursargh, William Harvey
Research Institute, London, and bred in house at the University of Glasgow.
LysMGFP mice have a green fluorescent protein (GFP) tag attached to mouse
lysozyme M protein. Monocytes, neutrophils and some macrophages in these
mice express GFP. LysMGFP mice were used as recipients for some intravital
microscopy experiments.

2.1.5 CD11cYFP
CD11cYFP mice (497) were bred in house and used as recipients for intravital
microscopy experiments. These mice have a yellow fluorescent protein (YFP) tag
attached to the CD11c protein. This enables most dendritic cells and some
macrophages and monocytes to fluoresce yellow when excited with 500nm
wavelength of light. CD11cYFP mice were used as recipients for some intravital
microscopy experiments.

2.2 Induction of inflammation
2.2.1 LPS model
Animals were first anaesthetised by isoflurane inhalation prior to LPS injection.
Inflammation was then induced by intradermal injection of 10µg of bacterial
lipopolysaccharide (LPS) from Escherichia coli (E.coli) strain 0111:B4 (SigmaAldrich) in a final volume of 10µl in sterile phosphate buffered saline
(PBS)(Gibco). Intradermal injection was carried out in the ear pinnae of mice to
allow the development of an inflamed tissue site in the mouse skin.

2.2.2 Chronic inflammatory model – using inert polybeads
The beads model is akin to a delayed type (DTH) inflammation in mouse ear
pinnae. To achieve this, mice were injected subcutaneously with OVA emulsified
in complete Freund’s adjuvant (CFA). 100µg of a OVA/CFA was injected
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subcutaneously into the scruff of mice in a final volume of 100µl in PBS.
Following a rest period of 7-9 days, 25µg of OVA conjugated to polystyrene
beads was injected intradermally into the ear pinnae of anaesthetised mice in a
final volume of 10µl in PBS.

2.2.3 Preparation of Beads
Polybeads (Polysciences Inc.) were made up using the standard manufacturers
guidelines. Briefly, 500µl of beads (2.6% w/v) (12.5mg) were washed twice in
polylink wash buffer then resuspended in 0.17ml polylink coupling buffer. 20µl of
a 200mg/ml EDAC solution was then added to the coupling buffer and beads mix.
Subsequently, 2mg of OVA made up in 1ml of PBS was added to the same tube
incubated overnight at room temperature (RT) in a shaker. The next day, the
beads were washed twice, making sure to collect and store the supernatant for
free protein measurement. The beads were finally resuspended in 0.4ml of
storage buffer and stored at 4º C until required. The supernatant was measured
for free protein using a nanodrop and the total protein bound to the beads was
calculated accordingly.

2.3 T cell polarisation
2.3.1 Tissue harvesting
OT-II and C57BL/6 mice were euthanised by cervical dislocation or CO2
administration. Lymph nodes (OT-II) and spleen (OT-II and C57BL/6) were
collected in PBS and stored on ice at all times. Tissues from OT-II mice and
C57BL/6 mice were used for T cell isolation and antigen presenting cell (APC)
fraction preparation respectively.

2.3.2 Tissue processing
Collected tissue was prepared into a single cell suspension by disrupting them
through a 40µm sieve (Greiner Bio-One) using the rubbery side of the plunger of
a 3ml syringe (BD Biosciences) in 1ml of PBS. The cells were washed through
using sterile PBS and collected in a 50ml falcon tube (Corning). Cells were then
centrifuged at 400x G for 5 minutes at 4°C to form a pellet. The supernatant was
poured off and the pellet resuspended in either 1ml/10 LNs MACS buffer (1% FCS,
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2mM EDTA in HBSS) or 0.5ml/spleen red blood cell (RBC) lysis buffer
(eBioscience).
Splenocytes were incubated at 4°C for 2 mins before washing thoroughly with
PBS. The splenocytes were then resuspended in 5ml of complete RPMI (cRPMI)
(10% FCS, 5% Pen/Strep, 5% L-glutamine) and stored at 4ºC for later use.

2.3.3 CD4 T cell isolation
CD4 T cells were isolated by negative selection from single cell suspension of the
LNs and spleens from OT-II mice. To do this, a CD4 isolation kit was used from
STEMCELL technologies (Vancouver, Canada) according to their guidelines.
Briefly, cells were transferred from 50ml falcon to a 5ml polystyrene tube
(Corning). 50µl of rat serum (STEMCELL technologies) was added to the tube per
ml of cell suspension. Subsequently, 50µl of the isolation antibody cocktail was
added to the tube per ml of cell suspension and incubated for 10 minutes at RT.
Next, 75µl of RapidSphere beads were added per ml of cell suspension and mixed
thoroughly before incubating at RT for 2.5 mins. These magnetic beads bind to
all cells with antibody bound to them. The tube was then topped up to 2.5, 5 or
10ml based on the number of LNs harvested with MACS buffer. The tube was
then inserted into a Big Easy magnet and incubated at RT for 2.5 minutes
allowing beads bound cells to separate from untouched CD4 T cells. Finally, the
magnet was inverted rapidly with the tube inside to allow the unbound CD4 T
cells to flow out into a 50ml falcon tube.

2.3.4 APC fraction preparation
The beads bound cells from the CD4 T cell isolation were washed and mixed in
with the splenocytes prepared earlier in cRPMI and centrifuged and resuspended
in 10mls of cRPMI (APC fraction). 500µl of Mitomycin C (Sigma-Aldrich) prepared
at 1mg/ml with sterile PBS was then added to the APC fraction and all cells
incubated for 1hr at 37°C with intermittent mixing. Mitomycin C interferes with
DNA, RNA and protein synthesis and therefore restricts APC proliferation or
cytokine production. Mitomycin C treated APCs were then washed 3 times in
cRPMI before using them for T cell polarisation.
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2.3.5 CD4 T cell polarisation
Isolated T cells were cultured with mitomycin C treated APCs at a ratio of
0.5x106 T cells:2.5x106 APC ratio in cRPMI. These cells were cultured in Th1
polarising conditions. For Th1 polarisation, cultured cells were supplemented
with 1µg/ml Ova Peptide323-339 (Sigma-Aldrich), 2-4µg/ml anti-IL4 (BioXcell) and
10ng/ml IL-12 (R&D systems). Cells were cultured in a T25 flask in 50ml volume
for 3 days at 37°C and 5% CO2.

2.4 T cell treatments
For some experiments, CD4 T cells were treated with certain compounds before
their adoptive transfer. Polarised CD4 T cells were treated with Pertussis Toxin
(100ng/ml) (Sigma-Aldrich), FTY720 (Sigma-Aldrich) (0.5µg/ml), SEW2871 (R&D
Systems) (5µg/ml), W146 (R&D Systems) (5µg/ml) or vehicle for 60 mins
(Pertussis Toxin) or 90 mins in cRPMI at 37°C and 5% CO2. Once treated, T cells
were washed thoroughly in PBS three times. The cells were then resuspended in
PBS in preparation for adoptive transfer.

2.5 T cell fluorescent labelling
For proliferation experiments, T cells were fluorescently labelled before
adoptive transfer. After polarisation, T cells were incubated with cell tracker
blue (Thermo-Fischer scientific) at 5µM for 15 mins at 37° C in PBS. The cells
were shaken at 5 min intervals. Following staining, the dye was quenched by
mixing with 1/5 volume of FCS and incubating for 5 mins. The cells were then
washed in cRPMI twice to remove any excess dye and resuspended in PBS for
adoptive transfer.

2.6 T cell adoptive transfer
T cells were adoptively transferred intradermally into inflamed or non-inflamed
ear pinnae. This transfer was carried out for subsequent enumeration of cells by
flow cytometry or imaging by intravital microscopy.
For flow cytometry enumeration, polarised cell culture was washed and
resuspended in MACS buffer in a 5ml polystyrene tube in a total volume of 588

10ml. The tube was then placed in the Big Easy magnet for 2.5 mins to remove
all beads. The beads free cell suspension was poured into a 50ml falcon and
resuspended in a known volume of sterile PBS and counted. 2-3x106 cells were
then adoptively transferred into mouse ears.
For intravital microscopy, similar steps were carried out, however, a much lower
number of cells, 2-300x103 were transferred in very small volume (2-4µl) at
shallow depths in the ear pinnae. This facilitated the visualisation of cells with
an intravital microscope.

2.7 Tissue digestion for flow cytometry
Mouse ears and superficial cervical draining lymph nodes were harvested into
empty 6 well plates or submerged in PBS respectively. The ears were then cut
into small pieces and digested using 2mg/ml Collagenase IV (Sigma-Aldrich),
2mg/ml hyaluronidase (Sigma-Aldrich) and 100 Units/ml DNase I (Invitrogen)
prepared in PBS (Gibco) and incubated at 37ºC for 40 min at 180 RPM in a
rotating incubator in a total volume of 2 ml. Following incubation, a single cell
suspension of the ears was prepared with a gentleMACS dissociator (Miltenyi
Biotec) using a gentleMACS C tube (Miltenyi Biotec). The cells were then counted
using a haemocytometer and dead cells were excluded via trypan blue staining.
Samples were stained for flow cytometry as described in section 2.8.
Draining lymph nodes and spleens were disrupted into a single cell suspension in
a petri dish between two pieces of 40µm nitex. The cells were then counted and
stained for flow cytometry using antibodies as described in section 2.8.

2.8 Flow cytometry
Multiple types of flow cytometry staining were undertaken as part of this
project. These included extracellular, intracellular and FLICA staining:

2.8.1 Extracellular staining
Single cell suspensions of cells were added to a 96 well round bottomed plate.
The cells were incubated with a fixable viability dye (eBioscience) diluted in PBS
for 20 mins at 4ºC. The cells were subsequently incubated with FC block (24G2
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grown in house and mouse serum) for 20 mins at RT. Flow cytometry antibodies
were then added at the appropriate concentration (section 2.8.6) and the cells
were incubated for a further 20 mins at RT. Finally, cells were washed in FACS
buffer and transferred through 40µm nitex into polystyrene FACS tubes. The
samples were acquired on a Macsquant analyser (Miltenyi Biotec).

2.8.2 Intracellular staining
Intracellular staining was carried out following staining with extracellular
antibodies using the BD bioscience intracellular staining kit. Samples were fixed
and permeabilised using the fixation/permeabilisation buffer, incubated at RT
for 30 mins, then washed using a perm/wash buffer. Intracellular antibodies
were diluted in perm/wash buffer and then added to the samples. Samples were
incubated at RT for 45 mins. The cells were then washed, transferred through
nitex and acquired as stated previously.

2.8.3 FLICA staining
Cell death was assayed using a fluorescent inhibitor of caspase assay kit (FLICA)
(Life technologies). After extracellular staining, samples were resuspended in
100µl cRPMI, then incubated with FLICA reagent diluted in PBS. Cells were
cultured for 60 mins at 37°C with 5% CO2. The cells were then washed,
transferred through nitex and acquired as stated previously.

2.8.4 Data analysis
Flow cytometry data was analysed using Flowjo (Treestar) version 10.0 and
graphs were plotted on Graphpad PRISM for statistical analysis.

2.8.5 Gating strategy
Representative flow cytometry gating strategies are outlined below for mouse
ear tissue and lymph nodes. All subsequent analyses were carried out on the
gated transferred OT-II CD4 T cells.
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Figure 2.8.1 Gating strategy for the analysis of transferred CD4 T cells in ear pinnae
Cells were first selected based on their forward and side scatter. Doublets were excluded by using
FSC-A and FSC-H. Dead cells were then excluded and immune cells were identified based on their
expression of CD45. Finally, transferred OT-II T cells were identified by selecting for the cells
expressing both CD45.1, Va2 and CD4. Total cell numbers were determined by back calculating
from these plots.

2.8.5.2 Selection of transferred OT-II T cells
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Transferred

CD4

Figure 2.8.2 Gating strategy for the selection of transferred OT-II T cells
Transferred cells were identified by their expression of CD45.1, CD4 and/or Va2. Gates for
transferred cells were set on samples from animal tissue where no OT-II T cells were transferred.
This enabled the clear identification of transferred OT-II T cells.
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Figure 2.8.3 Gating strategy for the analysis of transferred CD4 T cells in lymph nodes
Cells were first selected based on their forward and side scatter. Doublets were excluded by using
FSC-A and FSC-H. Dead cells were then excluded and immune cells were identified based on their
expression of CD45. Finally, transferred OT-II T cells were identified by selecting for the cells
expressing both CD45.1, Va2 and CD4. Total cell numbers were determined by back calculating
from these plots.

2.8.6 Antibody list
Cells analysed using flow cytometry studies were co-stained with the following
antibodies in various combinations and conjugated to various fluorophores:
Antibody

Clone

Dilution

Company

CD45.1

A20

1/200

eBioscience

CD4

RM4-5

1/400

eBioscience

Va2

B20.1

1/200

BD bioscience

MHC II

M5/114.15.2

1/800

eBioscience

CD64

X54-5/7.1

1/200

Biolegend
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CD8a

53-6.7

1/200

eBioscience

CD103

M290

1/200

BD horizon

Ly6G

1A8

1/200

BD bioscience

CD69

H1.2F3

1/200

BD bioscience

S1PR1

713412

5µl/sample

RnD systems

IFNg

XMG1.2

1/200

Biolegend

CD44

IM7

1/200

eBioscience

CCR4

2G12

2µl/sample

Biolegend

CCR5

HM-CCR5

1/200

Biolegend

CX3CR1

SA011F11

1/400

Biolegend

Table 5 List of antibodies used for flow cytometry
Table details information about the antibody target proteins, clones, dilutions used at and the
companies from which they were purchased.

2.9 Chemokine array
The chemokine array was carried out using a chemokine profiler kit (RnD
systems). Mouse ear tissue was digested according to section 2.7 and then
counted. Cells were lysed in recommended lysis buffer with complete ultra mini
protease inhibitors (Roche). Once added, cells were lysed for 30 mins in a
shaking incubator at 4ºC. After lysis, cells were centrifuged and the supernatants
were extracted for further processing.
Blots from the kit were activated and blocked and cell lysate samples were
prepared with buffers from the kit as described in the manual. A detection
antibody cocktail was added to the samples and incubated for 1 hour at RT.
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The activation/blocking buffer was aspirated from the blots and
antibody+sample mix were added to 2 separate blots on the plate provided in
the kit. The blots were then incubated overnight on a rocking shaker at 4ºC.
Next, membranes were washed 3 times in the wash buffer provided for 10 mins
each on a rocking platform at RT. Streptavidin-HRP was prepared according to
the manual and added to the blots and incubated for 30mins at RT in a rocker.
The membranes were then washed 3x as before and then carefully blot dried.
They were then placed on plastic sheets and 1 ml of chemi reagent mix was
added per blot as described in the manual. Another piece of plastic was placed
on top and air bubbles ironed out. The blots were then incubated with the chemi
reagent mix for 1 min. The blots were dried by very gently blotting blue roll on
them. The top was then covered with another plastic sheet and imaged on a CDigit blot scanner (LI-COR bioscience) machine. Different exposure times were
used to get the optimum image.
The blot images were subsequently analysed using HLImage++ software. This
software can differentiate the intensity of the dots and normalise it to give
value for each chemokine assayed.

2.10 Intravital microscopy
2.10.1

Animal preparation

Animals were anaesthetised using 10mg/kg ketaset mix administered intraperitoneally and maintained with low volume isoflurane inhalation using a gas
mask. The ear was immobilised on a stand using veterinary grade glue and the
core temperature of the animal maintained at 37ºC using a heat mat.

2.10.2

Imaging

Microscopy was carried out using a Zeiss LSM 7MP system equipped with 20×/1.0
NA water-immersion objective lens (Zeiss UK, Cambridge, UK) and a tunable
Titanium: sapphire solid- state two-photon excitation source (Chameleon Ultra
II; Coherent Laser Group, Glasgow, UK) and optical parametric oscillator (OPO;
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Coherent Laser Group). Videos were acquired in 15-30 min intervals at an X-Y
pixel resolution of 512x512 with 1.5µm increments in Z stack.

2.10.3

Image analysis

Videos were analysed in Volocity version 6 after correction for tissue drift using
second harmonic as the anchor. Individual cells were defined as objects and
tracked manually in 3D. The generated values were used to calculate the
velocity, meandering index and displacement of T cells.

2.11 Enzyme Linked Immunosorbent Assay (ELISA)
ELISAs were performed on excised mouse ear tissue to determine the
concentration of cytokines and chemokines. Prior to performing the ELISA, tissue
was processed and protein concentration was measured via the bicinchoninic
acid (BCA) assay.

2.11.1

Tissue processing

Mouse ears were collected and cut into small pieces in a 1.5ml eppendorf in 200500µl of tissue protein extraction reagent (T-PER) (Thermo Fisher scientific) in
the presence of protease inhibitors complete ultra mini (Roche). Once cut, the
tissue was homogenised by a motorised mortar and pestle into a fine mix. The
eppendorfs were then centrifuged at 10,000x G for 5 mins. The supernatants
were then collected and stored at -80ºC for further analysis.

2.11.2

BCA assay

BCA assays were performed to determine protein concentration of ear
homogenates. This enabled normalisation of ELISAs by loading the same amount
of protein sample in each well for ELISA measurement. To perform the BCA assay
an assay kit was used from BIO-RAD laboratories following the manufacturer’s
guidelines. Briefly, a 1mg/ml BSA was prepared in water as a stock solution. The
BCA solution was diluted 1 in 5 as instructed in distilled water (BCA mix). A 6
point, 1:2 serial dilution of the BSA stock solution was made using the BCA mix,
ranging from 12µg/ml to 2µg/ml in a 96 well plate in duplicate. These samples
are used to generate a standard curve. 1µl of each homogenate sample was then
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added to 1ml of the BCA mix. Duplicates of this sample was added to wells in the
96 well plate. The plate was then read in sunrise ELISA reader (Tecan) to
determine the optical density of the samples.
Using the standard curve, the protein concentration of each homogenate sample
was determined and normalised appropriately for future ELISAs.

2.11.3

CCL5 ELISA

The CCL5 ELISA kit was purchased from RnD technologies as a duoset ELISA kit.
Manufacturer’s guidelines were followed to perform the ELISA. Briefly, diluted
capture antibody was coated on a 96 well microtiter plate and incubated
overnight at RT. The plates were then washed 3 times and blot dried thoroughly.
The plates were then blocked for non-specific binding by incubating with
reagent diluent for 1 hour at RT. Plates were washed and dried again and
appropriately diluted samples or standards were added to the appropriate wells.
The plates were sealed with a plate sealer and incubated at RT for 2 hours.
The plates were once again washed and dried before adding appropriately
diluted detection antibody. The plates were then sealed again and incubated at
RT for 2 hours. The plates were once again washed and dried and appropriately
diluted streptavidin-HRP was added to each well and incubated in the dark for
20 mins at RT. Following a further washing and drying step, substrate solution
was added to each well and the plate incubated in the dark for 20mins at RT.
Finally, the reaction was stopped by adding a stop solution to each well.
The colour development was quantified using a sunrise ELISA reader (Tecan) at
450nm with wavelength correction at 540nm.

2.11.4

IL-7 and FASL ELISA

IL-7 and FASL ELISAs were carried out using quantikine ELISA kits from RnD
technologies. Manufacturer’s guidelines were followed to perform the ELISA.
Briefly, 50µl of assay diluent was added to each well along with 50µl of
appropriately diluted sample, standard or control. The plate was sealed and
incubated for 2 hours at RT on a plate shaker. Wells were washed using the

96

provided wash buffer 5 times and the plate thoroughly blot dried. 100µl of
provided conjugate was added to each well. The plates were sealed and
incubated for 2 hours at RT on a plate shaker. The plate was washed and dried
as before and 100µl of substrate solution was added to each well and incubated
at RT for 30 mins in the dark. Finally, 100µl of stop solution was added to each
well.
Colour development was quantified using a sunrise ELISA reader (Tecan) at
450nm with wavelength correction at 540nm.

2.11.5

TNF ELISA

Mouse TNF OptELA ELISA kit was purchased from BD bioscience. Manufacturer’s
guidelines were followed to perform the ELISA. Briefly, a 96 well microtiter
plate was coated with 100µl of capture antibody, sealed and incubated overnight
at 4ºC. Wells were washed 3 times with recommended wash buffer and blot
dried thoroughly the next morning. The plates were then blocked with 200µl of
assay diluent and incubated at RT for 1 hour. After another round of washing and
drying, 100µl of appropriately diluted standard, sample or control was added
into appropriate wells. The plate was sealed and incubated at RT for 1 hour. The
plates were washed and dried again and 100µl of working detector reagent
(detection antibody + streptavidin-HRP) was added to each well. The plate was
sealed and incubated in the dark for 1 hour at RT. The plates were washed and
dried as before and 100µl of substrate solution was added to each well and
incubated at RT for 30 mins in the dark. 50µl of stop solution was added to each
well to stop the reaction.
The colour development was quantified using a sunrise ELISA reader (Tecan) at
450nm with wavelength correction at 570nm.
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2.12 Mouse tissue histology and fluorescence
microscopy
2.12.1

Tissue harvesting and processing

Mouse ears were collected and fixed in neutral buffered formalin between two
pieces of filter paper ensuring the tissue remained flat to keep its structure. The
tissue was then embedded in paraffin and cut using a cryotome at 10µm thick
sections and embedded on superfrost plus glass slides. The slides were stored at
4ºC until further processing.

2.12.2

Staining for fluorescence microscopy

Stored tissue was first deparaffinised by submerging in xylene and then hydrated
through decreasing grades of alcohol and into water. After washing twice in Trisbuffered saline + 0.05% tween (TBST), peroxidase activity was blocked by
submerging slides in 0.5% hydrogen peroxide in methanol for 30 mins at RT. The
antigens were then retrieved by boiling the slides in antigen retrieval buffer
(abcam) for 8 mins. The sections were washed twice in TBST and blocked with
2.5% horse serum for 30 mins at RT. The tissue was further blocked with an
avidin/biotin kit (Vector Labs) for 30 mins at RT. Rabbit polyclonal anti-SPHK1
(2.5ug/ml) (abcam) or rabbit IgG (2.5ug/ml) (abcam) was then added to the
sections and incubated overnight in a dehumidified chamber at 4ºC. The sections
were subsequently washed and stained with anti-rabbit biotin (1-200) (Vector
Labs) for 30 mins. The sections were finally stained with Streptavidin-PE (1-200)
(Vector Labs) and mounted with prolong gold anti-fade mountant with DAPI.

2.12.3

Imaging and analysis

Slides were imaged using cell observer SD (Zeiss). Ear sections from individual
animals were imaged using a tile scan and analysed using Imagej software (NIH).
Three equally sized areas were randomly selected per section and the number of
total and SPHK1+ cells manually counted, and percentages determined.
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2.12.4

Histology staining

For histology staining, ear section slides were deparaffinised and hydrated as
before. The sections were then dipped in haematoxylin and washed in running
water. The sections were then dipped in eosin, dehydrated through graded
alcohols and xylene and mounted with DPX mounting media. The slides were
then allowed to dry overnight.

2.12.5

Imaging of histology sections

Stained sections were imaged using an Olympus BX 41 microscope attached with
a DP 25 camera with axiovision software at 10X or 20X.

2.13 Human tissue immunohistochemistry
2.13.1

Patient samples

Synovial tissue specimens were obtained from RA and OA patients at the time of
arthroscopic biopsy or total joint replacement surgeries at Glasgow Royal
Infirmary (Glasgow, U.K.). All RA and OA patients fulfilled the diagnostic
criteria for RA and OA classification respectively, and written consent form was
obtained from all subjects. All procedures received Ethics Approval (West of
Scotland Research Ethical Committee Approval: 11/S0704/7). Collected tissue
was preserved in 10% formalin, embedded in paraffin and cut using a cryotome
at 5µm thick sections.

2.13.2

Immunohistochemical staining

Collected tissue was deparaffinised by xylene submersion and hydrated through
decreasing grades of alcohol and into water. The sections were washed twice in
TBST and the peroxidase activity was blocked by submerging in 0.5% hydrogen
peroxide in methanol for 30 mins. The antigens were then retrieved by boiling
the slides in antigen retrieval buffer (abcam) for 8 mins. The sections were then
blocked with 2.5% horse serum for 30mins at RT. The tissue was then further
blocked with an avidin/biotin kit (Vector Labs) for 30 mins at RT. 200µl of Rabbit
polyclonal anti-SPHK1 (2.5ug/ml) (abcam) or Rabbit IgG (2.5ug/ml) (abcam) was
then added to the sections and incubated overnight in a dehumidified chamber
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at 4oC. The sections were subsequently washed and stained with anti-rabbit
biotin (1:200) (Vector Labs) in 2.5% horse and human serum for 30 mins at RT.
Sections were washed again and avidin/biotin complex (Vector Labs) was added
and incubated for 30 mins. Finally, the sections were washed and dried before
3,3’ – diaminobenzidine (DAB) (Vector Labs) was added to the sections. The
sections were allowed to develop for 2 mins before washing, dehydration and
mounting in DPX mountant solution.

2.14 Statistical analysis
All data shown were analysed using Graphpad Prism version 6. Error bars
represent standard error of mean (SEM). One-way ANOVA statistical analysis
tests (more than 2 groups), Mann-Whitney test (2 groups) or Student’s T-test (2
groups) were carried out for all the data shown with Tukey’s multiple
comparison tests (ANOVA only) to compare the differences between groups. *
Denotes p values of <0.05, ** p<0.01 *** p<0.001. **** p<0.0001. Blank or n.s.
denotes not significant.
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3 Establishment of a model inflamed site to test
CD4 T cell persistence in mouse ear pinnae

3.1 Introduction
CD4 T cells play a critical role in the initiation, maintenance and resolution of
inflammation in numerous diseases. Immunological dogma dictates that antigen
specific CD4 T cells proliferate and migrate to inflamed tissues. These T cells
then carry out their effector function. Most effector T cells subsequently
undergo apoptosis, while some turn into memory cells (284).
Evidence from several inflammatory conditions demonstrate that activated T
cells may also accumulate at inflamed tissues (7, 9, 84, 421, 498). Accumulation
of CD4 T cells at inflamed tissues is associated with increased disease
pathogenesis (245). The migration, persistence, survival, proliferation, retention
and egress of T cells are therefore key checkpoints in controlling T cell numbers
at inflamed tissues. A loss of regulation of these signals may lead to aberrant
and long-term accumulation of T cells at such sites.

3.1.1 Migration and Accumulation
There have been numerous studies, using various models to identify and
understand migration and accumulation signals of T cells at non-lymphoid
tissues. Some of the earlier studies identified a critical role for selectins in
effector T cell entry into inflamed tissues (499). Analysis of endothelial cells on
inflamed skin has revealed abundant expression of P- and E-selectin.
Furthermore, Th1 cells were found to express their ligands P-selectin
glycoprotein ligand 1 (PSGL-1). These discoveries together suggested that
selectin mediated mechanisms were critical for migration of T cells to inflamed
skin (12).
Later, a plethora of chemokines were identified that guided migration of specific
subsets of CD4 T cells (Th1 vs. Th2) to home to particular tissues (393). Analysis
of Th1 associated diseases such as RA and MS revealed an important role for the
Th1 chemokine receptors CCR5, CXCR3 and their ligands in effector T cell
accumulation in affected tissues (401, 500). In contrast, Th2 cells were found to
preferentially express a different set of chemokine receptors. CCR3, CCR4, CCR8
and CXCR4 were all identified as Th2 guiding chemokines (393, 501, 502). The
interaction between CCR3 on Th2 cells and its ligand Eotaxin (CCL11) was
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further identified as crucial in the migration and accumulation of these cells in
the allergic airway (503, 504).
Teleologically, the idea that the migration and accumulation of antigen specific
T cells to inflamed tissues is initiated and maintained by cognate antigen and
local tissue signature was attractive to many in the field. Hence their
importance was investigated in several studies. Using a localised subcutaneous
IFA injection and antigen specific T cell adoptive transfer model, Reinhardt et
al. demonstrated that effector CD4 T cells preferentially home to, and
accumulate in, antigen depot sites (392).
Other studies identified that T cells primed in skin draining lymph nodes were
preferentially recalled to the infected skin site. In contrast, T cells that were
primed in the Peyer’s patches returned to the gut to carry out their effector
function (505, 506). More recently, there has been a focus on the role of
integrins in tissue homing of T cells. Conrad et al. elegantly demonstrated that
the integrin a1b1 was crucial for the accumulation of Th1 cells in a psoriasis
model of skin inflammation (7). Furthermore, another study found a critical role
for aV integrins in mediating CD4 T cell motility at inflamed tissues by multiphoton microscopy (391). Finally, the integrin CD11a was shown to be critical in
regulating CD8 T cell accumulation in an adipose tissue inflammation model
(507).

3.1.2 Survival, Proliferation and Egress
On top of increased migration and accumulation in inflamed tissues, studies have
also suggested that inflamed tissues may provide local survival, proliferation and
reduced egress signals to activated T cells (9, 244, 508). This increases their
tissue dwell time, effector response time and perhaps their likelihood to develop
into Tissue resident memory T cells (Trm).
One study found that T cells in the RA synovium were less susceptible to
apoptotic cell death and this increased survival was mediated by T cell
interaction with fibroblasts in an integrin-ligand mediated manner (419). Piling
et al. also demonstrated that T cells at chronically inflamed tissues receive
survival cues from stromal cells via interferon b (420).
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The local proliferation of effector CD4 T cells was demonstrated in a DTH model
of inflammation. Here effector T cell accumulation was largely associated with
tissue proliferation and decreased egress from local inflamed tissue which was
mediated by CCR7 (9). Gomez et al. demonstrated in another study that
disrupting CCR7 mediated egress of T cells from inflamed tissues led to
aggravated local tissue inflammation (245). Lastly, the signalling sphingolipid
S1P was found to cause tissue retention of naïve T cells at inflamed tissue sites
in an integrin mediated manner (244).

3.1.3 Aims of this chapter
These elegant studies clearly demonstrate that accumulation of T cells at
inflamed tissues is a multi-step process, regulated by several redundant factors.
The studies also however, highlight the difficulty in separating one factor from
another. For instance, do the chemokine receptors that signal migration of T
cells into inflamed tissues also cause their long-term retention? Additionally,
chemokines such as CCR7, that are responsible for tissue egress may further act
as retention signals by desensitizing or downregulating their receptors.
The activation and polarisation state of the T cell likewise, may have a major
role in their mechanism of retention. Chemokine receptors are differentially
expressed on distinctive T cell subsets. Thus, one may expect early inflamed
tissues to recruit and retain Th1 or Th2 cells but later on attract regulatory T
cells to help resolve the inflammation.
In this chapter, a novel tissue adoptive transfer model was established to
differentiate migration, persistence, retention and egress signals of CD4 Th1
cells at inflamed tissue sites. This model was utilised in subsequent chapters, to
specifically identify new signals which cause prolonged persistence of CD4 Th1
cells.
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3.2 Results
3.2.1 Cellular profile of inflamed vs. non-inflamed ear pinnae
An easily manipulatable inflamed tissue was required to study the fundamental
mechanisms of CD4 T cell persistence. Requirements for such a site included
non-invasive access to the tissue, allowing simple manipulations of the site such
as the application of inflammatory stimuli and adoptive transfer of cells. For
enumeration purposes, the tissue had to be relatively simple to process for both
flow cytometric analysis and intravital microscopy.
Furthermore, the model had to be relatively short to negate both the
recirculation of transferred cells and the effects of endogenous T cell
recruitment to such sites. Acknowledging this, LPS, an endotoxin from the gramnegative bacteria E.coli was injected intradermally (ID) in the ear pinnae of
mice to elicit acute inflammation.
ID LPS administration in the skin leads to rapid oedematous lesion formation,
increased vascular permeability followed by haemorrhagic necrosis within the
space of 24 hours (509). LPS also activates TLR 4 which induces transcription of
MyD88. This leads to production of inflammatory mediators such as TNFa and IL1b (510).
To establish that LPS administration induced skin inflammation in mouse ear
pinnae, LPS or saline was injected ID into the ear pinnae of mice. 24 hours later
the animals were euthanised and their ears were assessed for inflammatory
changes (Figure 3.2.1A). LPS challenged ear pinnae underwent significantly
increased swelling compared to PBS challenged ears, suggesting oedema
formation (Figure 3.2.1B). Visually, LPS inflamed ears developed red
colouration, signifying an increase in local vascular permeability and perhaps
haemorrhage of blood vessels and red blood cell infiltration (Figure 3.2.1C).
Finally, histology was performed on LPS inflamed and saline mouse ears by
sectioning them and staining them with haematoxylin and eosin. Haematoxylin
typically stains cell nuclei with a blue colouration. Eosin is a non-specific protein
stain, and it often stains red blood cells pink or red (511). LPS inflamed ears
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displayed substantial infiltration of red blood cells and an overall increase in
cellularity. The increase in ear pinnae thickness was also evident in LPS
administered ears (Figure 3.2.1C).
While histology and morphology are important in determining the state of a
tissue, flow cytometry allows for a more rigorous approach in understanding the
cellular changes that take place at the inflamed mouse skin. Moreover, it was
important to determine the cellular composition of the inflamed skin to
speculate and target potential signals that may influence CD4 T cell persistence.
Hence, to determine the cellular changes that take place at LPS inflamed skin,
mice were injected with LPS or saline ID as before. 24 hours later, the animals
were euthanised and their ears collected and processed for flow cytometry.
Inflamed ears were found to contain significantly reduced percentage of
macrophages and CD8a DCs without affecting their total number (Figure
3.2.2A,B). This decrease in percentage could be due to the influx of other cells
such as CD103 DCs and neutrophils. Significant increases were found in both the
percentage and total numbers of these cells at inflamed tissues (Figure
3.2.2B,C).
In summary, the data demonstrates that 24 hours post LPS administration, the
mouse ear has undergone significant changes in its morphology and cellular
content, suggesting the tissue has undergone a profound inflammatory response.
The data also suggests that using LPS as an inflammatory stimulus in the mouse
skin may be suitable to model an inflamed site to study molecular signals
provided to T cells at inflamed tissues to cause their persistence.
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Figure 3.2.1 Inflamed tissues undergo substantial cellular and morphological changes
Ear thickness of age matched C57BL/6 mice at 6 weeks of age were measured prior to challenge
with LPS (10µg/10µl) or PBS in their right ear pinnae. 24 hours later, the ears were measured
again. Animals were then, euthanised and their ears harvested, photographed and processed for
histology. The tissue was then stained with haematoxylin and eosin and mounted in DPX medium
before imaging using a standard light microscope. Images shown are representative of 1
experiment with 5 animals per group. Image magnification: 20x. Scale bar in image shows 200µm.
Error bars in graph represent SEM. Statistical differences between groups were determined by
carrying out an unpaired Student’s T-test in Graphpad PRISM. * denotes a p value of <0.05, **
<0.01. *** <0.001 and **** <0.0001 (A) Schematic of inflamed ear pinnae model. (B) Graph
demonstrates change in ear thickness 24h after LPS or PBS administration compared with
thickness measured prior to substance administration (time zero). (C) Representative photograph
and H&E stained sections of LPS and PBS challenged ear pinnae.
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Figure 3.2.2 Increased numbers of APCs and neutrophils are found at inflamed tissue sites
Age matched C57BL/6 mice were challenged with 10µg/10µl of LPS or 10ul of PBS in their right
ear pinnae. 24 hours later, animals were euthanised and their ears were harvested, processed and
stained for FACS. Data is representative of 2 independent experiments with 4 animals in each
group. FACS plots were pre-gated on live CD45+ lymphocytes. Error bars represent standard error
of mean. Statistical differences were determined by carrying out an unpaired Student’s T test in
Graphpad prism. * denotes a p value of <0.05, ** <0.01. *** <0.001 and **** <0.0001

3.2.2 Detectable populations of T cells can be recovered from
mouse ears and dLNs following adoptive transfer
Upon establishing the potent inflammatory environment created by the
administration of LPS in mouse ear pinnae, it was necessary to optimise both the
dose of LPS as well as the number of T cells to transfer into the tissue. This was
critical to reduce the use of reagents, animals and severity of the procedure.
To test the recovery of T cells from ear skin and draining lymph nodes, 0.5, 1 or
3 million in vitro polarised CD4 Th1 cells were adoptively transferred ID in the
ear pinnae of mice. 24 hours later, the animals were euthanised and their ears
and draining lymph nodes were harvested and the proportion of transferred cells
recovered were enumerated by flow cytometry (Figure 3.2.3).
Populations of transferred T cells, signified by their co-expression of CD45.1 and
Va2 were observed in all three groups (Figure 3.2.3A). The best recovery of cells
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was observed in the 3 million cell group with up to 44.5% of CD4 T cells
representing transferred cells from the ear pinnae and up to 0.30% in the
draining lymph node. Likewise, there was a lower, but modest recovery of
transferred cells in the 1 million group with up to 10.8% of CD4 T cells
representing transferred cells from the ear pinnae and 0.11% in the dLN. The
populations recovered from the 0.5 million group however was quite modest
from both the ear pinnae and dLN (4.41% and 0.078% respectively) (Figure
3.2.3A).
Next, it was important to check whether higher doses of LPS improved recovery
of T cells from the ear tissue or dLN. To test this, mouse ear pinnae were
challenged with either 10µg or 20µg of LPS. 24 hours later, 3 million CD4 Th1
cells were adoptively transferred ID into the ear pinnae. 24 hours after that, the
animals were euthanised and their ear pinnae and dLN were harvested and the
number of T cells recovered from the tissues enumerated by flow cytometry.
No significant differences were observed in the recovery of transferred CD4 Th1
cells from mouse ears treated with either 10µg or 20µg of LPS. Moreover, the
recovery of transferred cells from the draining lymph node was also not affected
(Figure 3.2.3B)
Hence, 10µg of LPS and greater than 1 million T cells per animal was chosen as
the optimal conditions to test CD4 Th1 cell persistence. These values are used
henceforth in all experiments in this thesis.
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Figure 3.2.3 Transferring between 1 and 3.0e6 cells allows recovery of detectable population
of CD4 Th1 cells from tissues and no difference in T cell recovery is observed between 10
and 20ug LPS administration
A: 0, 0.5, 1 or 3.0e6 polarised CD4 Th1 cells were adoptively transferred into the ear pinnae of age
matched C57BL/6 mice. 24 hours later, animals were euthanised and their ears and dLN were
harvested, processed and stained for FACS. Cells were stained with a viability dye followed by
fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2. Lymphocytes were initially
gated on live CD45+, CD4+ cells and subsequently analysed for their expression of CD45.1 and
Va2. FACS plots show representative examples from one experiment with 3 animals in each group.
B: Age matched C57BL/6 mice were challenged with 10 or 20µg of LPS in their ear pinnae. 24
hours later 3.0e6 CD4 Th1 cells were adoptively transferred into their right ear pinnae. 24 hours
later, animals were euthanised and their ears and draining lymph nodes were harvested,
processed and stained for FACS as above. Graphs show combined data from 1 experiment with 4
(LPS 20µG) or 5 (LPS 10µG) animals in each group. Statistical differences were determined by
carrying out an unpaired student’s T-test. N.s. denotes not significant.
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3.2.3 Greater number of CD4 Th1 cells are recovered from
inflamed tissue sites
Accumulation of CD4 T cells at inflamed tissues has been documented in
numerous inflammatory diseases (84, 408, 498, 512-514). However,
accumulation of T cells comprises of distinct steps including recruitment,
persistence, retention and egress of cells to/from inflamed sites. While studies
have been undertaken to address each of these steps, persistence specific
signals for CD4 T cells at inflamed tissues are poorly studied.
Hence, an intradermal tissue adoptive transfer model was designed to
specifically address the question of T cell persistence at inflamed tissues. To do
this, animals were injected with LPS intradermally in their ear pinnae. Following
the development of inflammation, activated CD4 Th1 cells were adoptively
transferred directly into the inflamed tissue. Direct injection of T cells negated
confounding recruitment signals.
Th1 cells were used since activated rather than naïve T cells are usually found at
inflamed tissues (515). Moreover, Th1 rather than Th2 or 17 cells have been
documented to persist at inflamed RA tissues (417). Therefore, OT-II CD4 T cells
were polarised to Th1 phenotype by culturing them in the presence of ovalbumin
peptide (323-339), IL-12 and anti-IL-4 antibody in the presence of mitomycin C
treated splenocytes to act as antigen presenting cells.
OT-II mice have a transgenic TCR which specifically recognises ovalbumin at
peptides 323-339 (494). The majority of the CD4 T cells in OT-II mice carry this
transgenic TCR. Mitomycin C cross links DNA and causes cell cycle arrest of
splenocytes (516). While this allows antigen presentation, it stops splenocytes
from proliferating. IL-12 promotes naïve CD4 T cells to polarise to a Th1
phenotype. Finally, anti-IL-4 antibody was used to ensure a pure population of
Th1 cells were present post culture.
Activated T cells were assessed for their polarisation into a Th1 phenotype prior
to adoptive transfer. Th1 cells were treated with phorbol-myristate acetate
(PMA) and Ionomycin in the presence of brefeldin A. PMA is an activator of
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protein kinase C (PKC) and Ionomycin is a calcium ionophore (517). Brefeldin A is
a Golgi transport inhibitor (518). Together, these compounds increase the
production of cytokines (PMA/Ionomycin) and allows their intracellular detection
(brefeldin A) by flow cytometry (519).
Expression of CD44 and IFNg by polarised T cells was assessed to ensure that CD4
T cells were of the Th1 phenotype. CD44 is a cell surface glycoprotein and cell
adhesion molecule that is often associated with antigen experienced and
activated CD4 T cells (520). IFNg is a cytokine that is classically associated with
Th1 cell polarisation (521). T cells in the presence or absence of stimulation
were universally found to express CD44. However as expected, only
PMA/Ionomycin treated cells demonstrated a substantial production of IFNg
(Figure 3.2.4). The data therefore demonstrates, that the polarisation protocol
has produced a pool of activated and antigen specific CD4 Th1 cells.
Untreated

PMA/Ionomycin
Treated

88.1%

CD44

2.11%

IFN-Gamma

Figure 3.2.4 Most polarised Th1 cells express CD44 and produce IFNg
CD4 T cells were isolated from the lymph nodes and spleens of CD45.1 OT-II mice using a
STEMCELL technologies CD4 T cell isolation kit. The cells were then cultured with IL-12, anti-IL-4
and ovalbumin peptide323-339 in the presence of mitomycin C treated splenocytes for 72 hours at
37°C with 5% CO2. Thereafter, cells were stimulated with or without PMA and Ionomycin with
brefeldin A for 4 hours. The cells were subsequently stained with fluorescently labelled antibodies
against CD4, CD44 and intracellular IFNγ for FACS. Cells were initially gated on live CD4+
lymphocytes and subsequently analysed for their expression of IFNγ and CD44. Number shows the
percentage of plotted cells in top right-hand quadrant. The plots shown are representative of 3
independent experiments.
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Next, these polarised Th1 cells were adoptively transferred intradermally into an
LPS inflamed or saline treated ear pinnae. The animals were allowed to rest for
12 or 24 hours before they were euthanised and their ear tissue and draining
lymph nodes were harvested, assessed and enumerated at both of these time
points.
Significantly greater proportions and numbers of transferred Th1 cells were
recovered from inflamed ear pinnae when compared to non-inflamed ear pinnae,
12 hours after their transfer (Figure 3.2.5A). However, no significant differences
were found in the transferred T cell numbers between the ear draining lymph
nodes of inflamed or resting ears 12 hours after CD4 Th1 cell transfer (Figure
3.2.5B). Although a trend towards decreased number of Th1 cells in the draining
lymph nodes of inflamed ears was observed, this did not reach significance
(Figure 3.2.5).
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Figure 3.2.5 Greater Numbers of CD4 Th1 cells are recovered from inflamed tissues 12
hours after adoptive transfer
Age matched C57BL/6 mice were challenged with LPS (10µg/10µl) or PBS (10µl) in their right ear
pinnae. 24 hours later 2.0e6 polarised CD4 Th1 cells were transferred into the same ear pinna. 12
hours after that animals were euthanised and their right ear pinna (A) and draining lymph nodes (B)
were harvested, processed and stained for FACS. Cells were stained with a viability dye followed
by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2. Lymphocytes were
initially gated on live CD45+, CD4+ cells and subsequently analysed for their expression of CD45.1
and Va2. Percentages are representative of 2 independent experiments with 11 (PBS) or 7 (LPS)
animals in each group. Number graphs are combined data from 2 independent experiments with 11
(PBS) or 7 (LPS) animals per group. Error bars represent standard error of mean. Statistical
differences were determined by carrying out a Mann-Whitney test in Graphpad prism. * denotes a p
value of <0.05, ** <0.01. n.s. denotes not significant.

At 24 hours post transfer, significantly greater proportions and numbers of
transferred T cells were again recovered from inflamed ears compared to resting
ears (Figure 3.2.6A). Likewise, mimicking the 12 hour results, no differences
were observed in the number of transferred T cells recovered from the draining
lymph nodes of inflamed ear pinnae compared to resting ear pinnae (Figure
3.2.6B). A similar trend of decreased transferred T cell recovery from inflamed
ear draining lymph nodes was observed.
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In all, the data indicates that LPS inflammation generates signals which cause
persistence of CD4 Th1 cells early after insult in mouse skin tissues. Increased T
cell persistence however, is not due to reduced egress of cells to ear draining
lymph nodes.
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Figure 3.2.6 Greater Numbers of CD4 Th1 cells are recovered from inflamed tissues 24
hours after adoptive transfer
Age matched C57BL/6 mice were challenged with LPS (10µg/10µl) or PBS (10µl) in their right ear
pinnae. 24 hours later 5.0e6 polarised CD4 Th1 cells were transferred into the same ear pinna. 24
hours after that animals were euthanised and their right ear pinna (A) and draining lymph nodes (B)
were harvested, processed and stained for FACS. Cells were stained with a viability dye followed
by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2. Lymphocytes were
initially gated on live CD45+, CD4+ cells and subsequently analysed for their expression of CD45.1
and Va2. FACS plots and percentage plots are representative of 3 independent experiments with
12 animals in each group. Number graphs are combined data from 3 independent experiments with
12 animals per group. Error bars represent standard error of mean. Statistical differences were
determined by carrying out a Mann-Whitney test in Graphpad prism. ** <0.01. n.s. denotes not
significant.
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3.2.4 Transferred T cells do not circulate within 24 hours
Earlier in this chapter it was stated that one of the requirements for a model to
study T cell persistence was to minimise T cell circulation. This was important
because systemic circulation of ID transferred T cells would complicate the
enumeration of persistent T cells. The number of T cells recovered from the
inflamed tissue, in that case, may represent cells that had left the tissue and
returned prior to their enumeration.
To investigate whether circulation of T cells occurred in this model, mice were
challenged with PBS or LPS in their right ear pinnae. 24 hours later 2 million CD4
Th1 cells were transferred into the same ear pinnae. 24 hours following the
transfer, the animals were euthanised and their left ear pinnae (contra-lateral
to the injected ear) as well as their spleen were harvested and enumerated by
flow cytometry.
No transferred cells were recovered from the contralateral ear of either the PBS
or LPS challenged ear pinnae (Figure 3.2.7A). Likewise, no transferred T cells
were detectable in the spleen of either PBS or LPS challenged ear pinnae (Figure
3.2.7B). These data indicate that 24 hours after ID adoptive transfer of T cells in
the ear pinnae, cells do not undergo systemic circulation.

Figure 3.2.7 Few transferred T cells are recovered from peripheral tissues of mice within 24
hours of adoptive transfer
Age matched C57BL/6 mice were challenged with LPS (10µg/10µl) or PBS (10µl) in their right ear
pinnae. 24 hours later 2.0e6 polarised CD4 Th1 cells were transferred into the same ear pinna. 24
hours after that animals were euthanised and their right ear pinna (A) and draining lymph nodes (B)
were harvested, processed and stained for FACS. Cells were stained with a viability dye followed
by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2. Lymphocytes were
initially gated on live CD45+, CD4+ cells and subsequently analysed for their expression of CD45.1
and Va2. FACS plots are representative of 1 experiment with 4 animals in each group.
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3.2.5 T cells recovered from inflamed tissues are functionally
distinct from those at resting sites
Following the finding that activated CD4 T cells persist at LPS inflamed ear
pinnae, it was necessary to perform some functional and phenotypic analysis of
the recovered cells. One of the primary functions of activated CD4 T cells at
inflamed tissues is to produce effector cytokines (449). As discussed previously,
Th1 cells produce IFNg. Therefore, to assess the function of persisting CD4 T
cells, their IFNg production was measured.
Polarised Th1 cells were transferred into LPS or saline treated ear pinnae. 24
hours later animals were euthanised and their ears and draining lymph nodes
were harvested. After tissue processing, single cell suspensions were cultured in
the presence of a cell stimulation cocktail containing PMA/Ionomycin and
brefeldin A for 4 hours, following which cells were stained for extra and
intracellular flow cytometry. A very small percentage of transferred Th1 cells
recovered from inflamed tissues produced IFNg when compared to those
recovered from non-inflamed tissues (Figure 3.2.8A). In the draining lymph
nodes however, no differences were observed between the two groups (Figure
3.2.8B).
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Figure 3.2.8 Significantly lower proportion of CD4 Th1 cells produce IFNg at inflamed tissue
site
Age matched C57BL/6 mice were challenged with LPS or PBS in their right ear pinnae. 24 hours
later 2.0e6 polarised CD4 Th1 cells were transferred into the same ear pinna. 24 hours after that
animals were euthanised and their right ear pinna (A) and draining lymph nodes (B) were
harvested, processed and stained for extra and intracellular FACS. Cells were stained with a
viability dye followed by fluorescently labelled antibodies against CD45, CD4, CD45.1 and IFNg.
Lymphocytes were initially gated on live CD45+, CD4+, CD45.1+ cells and subsequently analysed
for their expression of IFNg. Data shown is from one experiment with 5 animals in each group.
Error bars represent standard error of mean. Statistical differences were determined by carrying
out an unpaired Student’s T-test in Graphpad prism. * denotes a p value of <0.05, n.s. denotes not
significant.

Additionally, activated T cells express CD69. CD69 is a C-Type lectin receptor
which has often been associated with early lymphocyte activation (522). CD69
expression is also associated with Trm cells (523). Thus, expression of CD69 by
Th1 cells was assessed both before and after transfer.
Before transfer, typically greater than 95% of the CD4 T cells in culture were
found to express CD69 (Figure 3.2.9A). However, 24 hours after transfer, only
around half the cells were expressing CD69 (Figure 3.2.9A). No differences were
observed in CD69 expression between inflamed and non-inflamed ears (Figure
3.2.9B).
In contrast, significantly lower proportion of Th1 cells recovered from lymph
nodes draining inflamed ears expressed CD69 when compared to cells recovered
from resting draining lymph nodes (Figure 3.2.9B). Altogether, the data indicates
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that persisting Th1 cells differ in their cytokine potential at inflamed vs. resting
tissue sites. Furthermore, differences in CD69 expression may also play a role in
the persistence or drainage of T cells to/from inflamed tissues.
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Figure 3.2.9 CD4 Th1 cells express CD69 in vitro but no difference was observed in T cell
CD69 expression ex vivo between inflamed and resting tissues
A: CD4 T cells were isolated from the lymph nodes and spleens of CD45.1 OT-II mice using a
STEMCELL technologies CD4 T cell isolation kit. The cells were then cultured with IL-12, anti-IL-4
and ovalbumin peptide323-339 in the presence of mitomycin C treated splenocytes for 72 hours at
37°C with 5% CO2. The cells were subsequently stained with fluorescently labelled antibodies
against CD4 and CD69 for FACS. Cells were initially gated on single, lymphocytes and
subsequently gated for their expression of CD69 and CD4. The plot shown is representative of 3
independent experiments.
B,C: Age matched C57BL/6 mice were challenged with LPS or PBS in their right ear pinnae. 24
hours later 2.0e6 polarised CD4 Th1 cells were transferred into the same ear pinna. 24 hours after
that animals were euthanised and their right ear pinna (B) and draining lymph nodes (C) were
harvested, processed and stained for FACS. Cells were stained with a viability dye followed by
fluorescently labelled antibodies against CD45, CD4, CD45.1 and CD69. Lymphocytes were
initially gated on live CD45+, CD4+, CD45.1+ cells and subsequently analysed for their expression
of CD69. Data shown is combined from 4 experiments with 22 animals in each group. Error bars
represent standard error of mean. Statistical differences were determined by carrying out a MannWhitney test in Graphpad prism. ** denotes a p value of <0.01, n.s. denotes not significant.
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3.2.6 Naïve CD4 T cells are retained at inflamed tissue sites
T cells differ significantly in their form and function based on their activation
and polarisation status. This allows naïve T cells to traffic through secondary
lymphoid organs and re-circulate in the blood stream (389). It also allows
effector T cells to traffic to target tissues (12, 14). Therefore, testing whether
naïve T cells also persist at inflamed skin could provide clues as to the
mechanism of effector T cell persistence.
To test this, congenically labelled naïve T cells were transferred into ear pinnae
treated with LPS or saline 24 hours previously. 24 hours after the transfer of
cells, animals were euthanised and their ears and draining lymph nodes, which
drain the ear, were analysed to enumerate the persistence and drainage of
transferred cells.
Significantly greater proportion and number of transferred CD4 T cells were
recovered from inflamed ear pinnae compared to non-inflamed ear pinnae
(Figure 3.2.10A). Additionally, the draining lymph nodes of inflamed ear pinnae
contained significantly lower number of transferred T cells than the draining
lymph node of the resting ear (Figure 3.2.10B).
Together these data indicate that LPS inflamed skin tissues cause the retention
rather than persistence of naïve T cells.
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Figure 3.2.10 Greater Number of naïve CD4 T cells are recovered from inflamed tissues 24
hours after adoptive transfer
Age matched C57BL/6 mice were challenged with LPS or PBS in their right ear pinnae. 24 hours
later 2.0e6 freshly isolated CD4 T cells from OT-II mice were transferred into the same ear pinna.
24 hours after that animals were euthanised and their right ear pinna (A) and draining lymph nodes
(B) were harvested, processed and stained for FACS. Cells were stained with a viability dye
followed by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2. Lymphocytes
were initially gated on live CD45+, CD4+ cells and subsequently analysed for their expression of
CD45.1 and Va2. Data is representative of 1 independent experiment with 5 animals in each
group. Error bars represent standard error of mean. Statistical differences were determined by
carrying out a Mann-Whitney test in Graphpad prism. * denotes a p value of <0.05, ** <0.01.
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3.2.7 Polarisation state of CD4 T cells does not alter their
persistence at inflamed tissues
The migration and retention of T cells at peripheral tissues is often dictated by
their specific expression profile of chemokines and cell adhesion molecules (14,
36, 393, 502). Th1 cells are known to express chemokines such as CCR5 and 9
while Th2 cells predominantly express CCR3 and 4, guiding them to peripheral
tissue sites (393, 502). Moreover, polarisation of T cells also influences their
death and survival mechanisms (483, 524, 525). Hence, understanding whether
the polarisation state of the cell contributes to their persistence in the tissue
could enlighten a path towards understanding the mechanism of Th1 cell
persistence at inflamed tissues.
To investigate this, OT-II T cells were activated with ovalbumin peptide in the
absence of an IL-12 polarising signal to generate non-polarised but activated T
cells (referred to as Th0 cells henceforth). These cells were then adoptively
transferred ID into LPS or PBS challenged ear pinnae as before. 24 hours later,
the animals were euthanised and their tissues were harvested and enumerated
by flow cytometry.
Greater numbers of CD4 Th0 cells were recovered from LPS inflamed ear pinnae
compared to resting tissues (Figure 3.2.11A). However, there were no
differences observed in the proportion of transferred cells recovered from the
tissue. Furthermore, no differences were observed in either the proportion or
the number of transferred cells in the ear draining lymph nodes (Figure 3.2.11B).
It is important to note that the total number transferred cells recovered from
peripheral tissues and draining lymph nodes were far lower than the ones
recovered from experiments where either Th1 or naïve cells were transferred.
Altogether, the data indicates that polarisation state of the T cell may play a
role in the persistence of T cells at inflamed tissues.
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Figure 3.2.11 Greater number, but not proportion of Th0 cells are recovered from inflamed
peripheral tissues
Age matched C57BL/6 mice were challenged with LPS (10µg/10µl) or PBS (10µl) in their right ear
pinnae. 24 hours later 3.0e6 polarised CD4 Th0 cells were transferred into the same ear pinna. 24
hours after that animals were euthanised and their right ear pinna (A) and draining lymph nodes (B)
were harvested, processed and stained for FACS. Cells were stained with a viability dye followed
by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2. Lymphocytes were
initially gated on live CD45+, CD4+ cells and subsequently analysed for their expression of CD45.1
and Va2. FACS plots and percentage plots are representative of 2 independent experiments with 9
animals in each group. Number graphs are combined data from 2 independent experiments with 9
animals per group. Error bars represent standard error of mean. Statistical differences were
determined by carrying out a Mann-Whitney test in Graphpad prism. ** <0.01. n.s. denotes not
significant.
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3.2.8 Type of inflammation plays a role in T cell persistence
Chronically inflamed tissues often differ from acute sites of inflammation.
Chronic inflammation is not only defined by its period of persistence but also by
the involvement of adaptive immune cells (61). Crucially, most human
inflammatory diseases are examples of chronically inflamed tissues such as an RA
joint and a psoriatic skin lesion (1).
Previous studies have demonstrated differential regulation of cellular
accumulation based on the inflammatory stimuli (244, 453). Thus, a model of
persistent T cell mediated skin inflammation was designed to investigate this
question. In this model, animals were immunised subcutaneously with ovalbumin
emulsified in CFA. CFA consists of heat killed mycobacterial particles. It is a
potent activator of immune responses. The emulsified solution forms a
granulomatous depot at the site of challenge which drives persistent antigen
presentation and antigen specific T/B cell activation in the draining lymph nodes
(526).
7 days post immunisation, animals were challenged with PBS, inert polybeads or
polybeads conjugated with ovalbumin intra-dermally in the ear pinnae. The
beads were designed to persist at the site of injection for a prolonged period of
time. Persistent antigen at peripheral tissues is known to elicit delayed type
hypersensitivity responses in previously immunised hosts (9).
Ear inflammation was allowed to persist for 9 days. Inflammation was measured
by a mouse ear swelling test (MEST) throughout the period of inflammation.
Mouse ear thickness was found to be significantly increased in animals
challenged with ovalbumin conjugated beads compared to beads alone or PBS
challenged animals (Figure 3.2.12A).
CD4 Th1 cells were then adoptively transferred ID in the previously challenged
ear pinnae. 24 hours after transfer, animals were euthanised and their ear
pinnae and draining lymph nodes were harvested and stained for flow cytometric
analysis. No significant differences were observed in the proportion or number of
transferred cells recovered from either the resting compared to the inflamed ear
pinnae (Figure 3.2.12B).
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Interestingly however, significantly greater proportion and number of
transferred T cells were recovered from the draining lymph node of mice
challenged in the ear pinnae with ovalbumin conjugated beads compared with
either beads alone or PBS (Figure 3.2.12C).
Finally, differences in the number of endogenous CD4 T cells were enumerated
to determine whether T cell mediated inflammation had taken place.
Significantly greater numbers of endogenous CD4 T cells were recovered from
the ear pinnae of animals challenged with ovalbumin conjugated beads
compared to either beads alone or PBS. No significant differences were observed
in the number of endogenous CD4 T cells between the groups in the draining
lymph nodes (Figure 3.2.12D).
These data demonstrate that T cell persistence at inflamed tissues is dependent
on the type of inflammation. While acute bacterial inflammation promotes
persistence of Th1 cells, chronic hypersensitive inflammation does not.
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Figure 3.2.12 CD4 Th1 cells do not persist at chronically inflamed tissues
Age matched C57BL/6 mice were challenged with Ovalbumin emulsified in CFA (100µg/100µl)
subcutaneously. 7 days later, PBS, beads alone or ovalbumin conjugated beads were injected
intradermally in their right ear pinna. Ear swelling was measured using digital callipers over the
next 9 days (A). 2.0e6 CD4 Th1 cells were then adoptively transferred into the same ear pinnae. 24
hours later, animals were euthanised and their ear pinnae or draining lymph nodes were harvested,
analysed by flow cytometry and the number of transferred (B,C) or endogenous (D) CD4 T cells
enumerated. Cells were stained with a viability dye followed by fluorescently labelled antibodies
against CD45, CD4, CD45.1 and Va2. Lymphocytes were initially gated on live CD45+, CD4+ cells
and subsequently analysed for their expression of CD45.1 and Va2. Representative FACS plots
are shown from 1 of 2 independent experiments. Graphs show combined data from 2 independent
experiments with 10 animals per group. Error bars represent standard deviation. Statistical
differences were determined by carrying out a One-way ANOVA and Tukey’s multiple comparisons
test in Graphpad PRISM. * denotes a p value of <0.05.
126

3.2.9 Cellular profile of chronically inflamed tissues
The interesting finding that Th1 cells did not persist in antigen mediated delayed
type hypersensitivity inflamed tissue led to the hypothesis that LPS inflamed and
DTH inflamed tissues were different from each other. Thus, the myeloid cell
profile of the chronically inflamed tissue was also characterised.
Mice were challenged subcutaneously with Ova emulsified in CFA. 7 days later,
PBS or ovalbumin conjugated beads were injected intradermally to induce
inflammation. 9 days later, OT-II Th1 cells were transferred into these same
ears.
Mice injected with Ova-beads had significantly greater numbers of macrophages,
CD103 DCs, CD11b DCs, CD8a DCs and neutrophils compared to PBS challenged
mice. No differences were observed in the proportions of macrophages or CD8a
DCs but reduced proportions of CD103 and CD11b DCs were found at ova-beads
challenged ears compared to PBS challenged ears. The proportion of neutrophils
were also substantially increased in Ova-beads challenged ears. These data
indicate that antigen-mediated chronic DTH inflammation causes significant
infiltration of multiple myeloid cell populations (Figure 3.2.13).
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Figure 3.2.13 Chronically inflamed tissues have increased proportions and numbers of
APCs and neutrophils compared to non-inflamed tissues
Age matched C57BL/6 mice were challenged with Ovalbumin emulsified in CFA (100µg/100µl)
subcutaneously. 7 days later, PBS or ovalbumin conjugated beads (Ova-beads) were injected
intradermally in their right ear pinna. 9 days later, animals were euthanised and their ears were
harvested, processed and stained for FACS. Data is representative of 2 independent experiments
with 4 animals in each group. FACS plots were pre-gated on live CD45+ lymphocytes. Error bars
represent standard error of mean. Statistical differences were determined by carrying out an
unpaired Student’s T test in Graphpad prism. * denotes a p value of <0.05, ** <0.01. *** <0.001 and
**** <0.0001. n.s. denotes not significant.
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3.3 Discussion
Immune cell trafficking to and from inflamed tissues is a critical process for the
mammalian immune system. It enables CD4 T cells to be at the right place at the
right time. Naïve T cells circulate through SLOs until they encounter their
cognate antigen (389). In contrast, effector T cells migrate from SLOs to
inflamed peripheral tissues, upon activation (276). Once at inflamed tissues, CD4
T cells can help clear pathogen and resolve inflammation. However, in chronic
inflammatory diseases, CD4 T cells can accumulate at affected tissues (7, 84,
421). This can prolong and exacerbate inflammation, leading to tissue damage.
In this chapter, an inflamed tissue model was developed to study effector CD4 T
cell persistence. Understanding T cell persistence may allow us to develop
therapies which reduce inflammation in chronic diseases or increase persistence
in vaccine settings.

3.3.1 LPS elicits substantial tissue inflammation
To set up a short-term tissue inflammation model, LPS was administered
intradermally in the ear pinnae of mice. LPS was chosen as an inflammatory
stimuli due to its ability to induce rapid acute inflammation (527). Rapid
inflammation was necessary to enable the study of early stages of inflammatory
responses.
LPS injection in the ear pinnae caused significant ear swelling 24 hours after
administration. In addition, histology showed that inflamed ear pinnae had
significant RBC extravasation into the tissue. Both of these findings are
supported by previous studies and confirmed that LPS caused early and
significant inflammation in mouse skin.
LPS administration also caused substantial cellular changes. Significantly greater
numbers of neutrophils and CD103+ DCs were found in inflamed ear pinnae.
Neutrophil influx into early inflamed tissues is well documented (527). Early
neutrophil influx is guided by the chemokine CXCL8 (528, 529). LPS mediated
upregulation of CXCL8 production has been reported in multiple studies (530,
531). Likewise, the recruitment of CD103+ DCs into inflamed or damaged tissues
at early time points is well documented in the literature (532).
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In sum, injection of LPS in the mouse ear pinnae caused a significant
development of inflammation, 24 hours post administration. This model tissue
site may form a suitable site to study the persistence of CD4 T cell persistence.

3.3.2 Tissue inflammation promotes T cell persistence
To develop a model of T cell persistence at the newly designed inflamed tissue,
polarised CD4 Th1 cells were adoptively transferred intradermally into the pretreated ear pinnae. Direct transfer of cells into the inflamed tissue was a key
point in the design of the model and played a significant role in the choice of
tissue site. Direct transfer enabled me to exclude compounding recruitment
signals. Hence, any effects observed would be as a direct result of signals which
the cells received following their artificial recruitment into the tissue. The ear
pinnae was a suitable site for such adoptive transfers (244). Likewise, Th1 cells
were chosen due to their reported accumulation at, and role in, early stages of
tissue inflammatory diseases such as RA and psoriasis (7, 66, 69, 413).
A greater proportion and number of transferred cells were recovered from
inflamed ear pinnae compared to resting ear pinnae, 12 and 24 hours after T cell
transfer. In contrast, no differences were observed in the numbers of
transferred cells at lymph nodes draining the inflamed or resting ear pinnae.
While these results established that greater numbers of T cells remained at
inflamed tissues, they also confirmed that this was not due to decreased T cell
egress to draining lymph nodes. This is a key point as previous studies have
demonstrated a role for CCR7 in controlling T cell accumulation at inflamed
tissues by regulating their tissue egress (451, 452). Hence, my model indicates
that mechanisms other than CCR7 mediated retention also play a role in the
regulation of peripheral T cell accumulation.

3.3.3 T cells at inflamed tissues are functionally distinct
Transferred T cells recovered from resting or inflamed tissues were analysed for
their production of IFNg. A significantly greater proportion of T cells recovered
from resting tissues were found to produce IFNg, compared to T cells from
inflamed tissues. This finding was surprising since effector T cells normally carry
out their function at inflamed tissues (441). IFNg plays a critical role in
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activating macrophages to induce pathogen killing (533, 534). In contrast, IFNg
can increase pathogenesis in chronic inflammatory diseases by aberrant and
prolonged activation of innate immune cells which in turn causes tissue damage
(535).
One explanation for this could be, that Th1 cells were artificially placed in a
tissue site where they did not receive the correct signals. Therefore, their
production of IFNg was not a directed response. Studies have previously shown
that CD4 T cells undergoing AICD often produce large amounts of IFNg. Moreover,
studies have also reported the necessity of IFNg for the induction of apoptosis
(536, 537). This suggests that IFNg producing Th1 cells at non-inflamed tissues
may be undergoing apoptosis.
T cell expression of CD69, an early lymphocyte activation marker was also
analysed prior to transfer and after recovery from tissues. CD69 has previously
been described as a lectin that promotes memory T cell persistence and
retention in peripheral tissues (523). Almost all Th1 cells were found to be CD69
positive prior to transfer. Following recovery from tissue however, no
differences were observed in the proportion of T cells expressing CD69. This
result suggests that the activation state of the T cell may dictate the mechanism
of its persistence. I.e. effector T cells use a different signal for tissue
persistence than naïve or memory T cells.

3.3.4 Activation state of T cell and inflammatory stimuli affects T
cell persistence
T cells differ significantly in their function and receptor expression based on
their state of activation (538, 539). Naïve T cells express high levels of CCR7 to
enable them to home to SLOs (345). Effector T cells in contrast express tissue
specific CKRs such as CCR5 (Th1) or CCR4 (Th2) (393, 401, 504). This enables
them to traffic to inflamed or infected tissues. To understand whether
persistence of T cells at LPS inflamed tissue was subtype specific, naïve T cells
or T cells stimulated with peptide alone (Th0) were transferred into inflamed or
resting ear pinnae. Greater numbers of naïve and Th0 T cells were recovered
from inflamed tissues compared to resting tissues, phenocopying the Th1
experiments. In contrast to the Th1 experiments, reduced number of transferred
131

naïve T cells were recovered from inflamed dLNs compared to resting ones. No
differences were observed in the recovery of Th0 cells between resting and
inflamed dLNs. This result indicated that naïve T cell persistence at inflamed
tissues was due to decreased egress to draining lymph nodes, unlike Th1 and Th0
cell persistence. Studies by Debes et al. and Bromley et al. have previously
indicated a role for CCR7 in controlling T cell retention at peripheral tissues
(451, 452). Naïve and effector T cells have different CCR7 expression profiles.
Thus, changes in CCR7 ligand CCL19/21 at inflamed tissues could differentially
regulate naïve and effector T cell retention.
Inflamed tissues also differ significantly in terms of their morphology and
cellular content. Whereas acute inflammation is driven primarily by innate
immune cells and their cytokines, chronic inflammation is often driven by
adaptive immune cells (61). Hence, I tested whether Th1 cells persist in a
longer-term inflammation mediated by adaptive immune cells. No differences
were found in the tissue persistence of Th1 cells at inflamed or resting tissues.
Intriguingly, however, a greater proportion and number of OT-II cells were
recovered from draining lymph nodes of chronically inflamed ears. This could be
due to one of two reasons: Inflammation was induced using ova attached to
polybeads, hence it was an antigen mediated system. Antigen could have
drained to the local draining lymph node where ova specific transferred OT-II
Th1 cells accumulated in response to antigen. Antigen specific T cell
accumulation is well documented (9).
Alternatively, T cell egress at chronically inflamed tissues could be controlled
differently to that of acutely inflamed tissues. This idea was explored by Brown
et al. who demonstrated that T cell exit from acute and chronically inflamed
tissues are differentially regulated (453). The study demonstrated that CCR7
plays an important role in T cell egress from acute but not chronically inflamed
tissues. Thus, the authors suggested that other mechanisms may play a role in
regulating T cell egress at chronic tissues. Investigating whether Th1 cells persist
at chronically inflamed sites with a non-antigen specific inflammation, i.e. BSAspecific T cells or inflammation induced by non-ova antigen, may reveal which
mechanism might be at play here.
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I also investigated the myeloid cell population in the Ova-beads inflamed tissue
to check whether differences in myeloid cells could explain the lack of T cell
persistence in this model. Despite a significantly prolonged inflammatory time
point and a different type of insult, the myeloid compartment looked similar
between LPS injected and Ova-beads injected tissues. The only difference
observed was the increased number of CD64+ macrophages in the ova-beads
tissues. Further investigations with a macrophage depleted ova-beads inflamed
tissue could reveal whether they have a role in reducing T cell numbers at
inflamed tissues.
In conclusion, a model inflamed tissue site was developed in this chapter where
CD4 Th1 cells persist. In the next chapter, both the tissue site and the cells are
manipulated to dissect the signals which cause Th1 cell persistence at LPS
inflamed tissue sites.
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4 Investigating the signals which cause CD4 T cell
persistence at inflamed tissues

4.1 Introduction
T cell entry into tissue sites is predominantly controlled by the varied expression
of chemokines and cell adhesion molecules (CAMs) such as selectins and integrins
(540). Once at a tissue site however, the signals which result in T cell
persistence is not only regulated by the varied expression of chemokines and
CAMs, but also antigen bearing APCs (541-545). Together, these molecules
regulate the entry, movement and exit of leukocytes to, within and from
inflamed tissues (149).
Inflamed tissues further differ in their expression of survival and apoptotic
signals. These include varied expression of death signals as well as cytokines and
chemokines which promote and/or suppress cell survival and proliferation (525,
546). Naturally, survival, proliferation and death signals also have an impact on
tissue behaviour and exit of persistent leukocytes.
In this introduction, these distinctive yet complementary processes are briefly
explored as potential mechanisms of T cell persistence. Evidence in the
literature is explored in context of the observed phenotype of T cell persistence
at inflamed tissues as described in the previous chapter.

4.1.1 Antigen mediated T cell persistence
Naïve T cells circulate through secondary lymphoid organs. Here, they encounter
antigen bearing APCs. The interaction between an antigen bearing APC and its
cognate T cell results in arrest and persistence of the T cell in the SLO (545,
547). It is believed this reduction in T cell velocity enables appropriate scanning
and subsequent activation of T cells (548).
At inflamed peripheral tissues, effector T cells likewise interact with antigen
bearing APCs (549). A study by Reinhardt et al. demonstrated that this
interaction also results in the increase of T cell persistence at the inflamed
tissue site. However, unlike in the SLO, where antigen encounter results in T cell
proliferation, no such proliferation was observed following antigen encounter at
tissue site (392).
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The exact mechanism of antigen mediated peripheral T cell persistence is not
well understood. One possibility is that MHC-TCR interactions are sufficient to
retain T cells, however, due to the low affinity of this interaction, it is unlikely
to be true (550). The more attractive idea is that antigen encounter induces
increased adhesion molecule expression on T cells, resulting in their increased
persistence. Two studies by Andreasen et al. and Ray et al. report high
expression of integrins on T cells at peripherally inflamed tissues, suggesting
that this could be true (551-553).

4.1.2 Control of T cell apoptosis
Naïve T cells encounter antigen followed by their activation and clonal
proliferation at SLOs (390). Effector T cells subsequently migrate to inflamed
tissues to carry out their effector function (441). The final stage of an immune
response is the contraction and memory phase. Here, the majority of activated
and effector T cells undergo apoptotic cell death at tissue sites or develop into
long lasting memory cells (403).
Apoptotic cell death occurs via one of two pathways. Cell extrinsic pathways
such as AICD or cell intrinsic pathways including, ACAD (284). Cellular apoptosis
in both cases is primarily executed by proteolytic enzymes known as caspases
(469). Caspases are initially produced as inactive zymogens. Later, these
caspases undergo proteolytic processing leading to their activation and
ultimately, to cell death (469).
Caspase activation is a complex and multi-step process. Essentially, receptor
triggering leads to a signalling cascade followed by the formation of a caspase
initiation complex (554). In this complex, precursor initiator caspases are
activated. These initiator caspases then activate effector caspases including,
caspase-3, caspase-6 and caspase-7 (554).
Effector caspases interfere with actin and nuclear lamins which maintain cell
and nuclear morphology respectively. This leads to nuclear shrinkage, blebbing,
cell fragmentation and the formation of apoptotic bodies (470, 471). Apoptotic
cells further express extracellular phosphatidyl serine which triggers their
phagocytosis by professional phagocytes (555).
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4.1.3 Extrinsic and intrinsic executioners of death at inflamed
tissues
AICD on activated T cells is triggered by ligation of cell surface death receptors.
Ligands include TNF, FASL and TRAIL. Activated T cells express TNFR1, FAS,
TRAILR1/TRAILR2 and death receptors (DR) 3 and 6 to interact with these ligands
(284). Some, or all of these ligands have been found across multiple inflamed
tissues (546).
Controversially, some of these death signals also generate pro-survival effects on
T cells. TNF-a was found to interfere with FAS signalling and increase T cell
survival (508). Moreover, DR3 signalling directly increased T cell accumulation
and resistance to apoptosis (556, 557)
ACAD, in contrast is initiated by TCR stimulation, DNA damage, ER stress and
cytokine deprivation (467). Previous studies have demonstrated that TCR
stimulation of activated T cells, without co-stimulatory signals, leads to
increased apoptosis (524). Moreover, lack of cytokines such as IL-2, IL-4 and IL-7
substantially increased T cell apoptosis (525).
Interestingly, increased levels of IL-7 has been reported in multiple inflamed
tissues including RA joints (558, 559). This suggests that T cell accumulation at
inflamed sites might in part be regulated by decreased T cell apoptosis.

4.1.4 Chemokines as regulators of T cell survival, apoptosis and
chemotaxis
Chemokines are chemotactic cytokines whose main function is controlling
cellular migration (151). Chemokines also regulate cell proliferation, apoptosis
and survival (560, 561). Chemokines signal through a multitude of G-protein
coupled receptors known as chemokine receptors (154, 155). The differential
effects of chemokines on cells is a consequence of distinct temporal and spatial
expression of chemokine receptors (155). Moreover, chemokines display
promiscuity for their receptors. This further enhances their functional repertoire
(157).
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Effector T cells home to inflamed tissues, guided by chemokines (36).
Additionally, differentially polarised T cells display distinct chemokine receptor
expression (393, 502). Migration of Th1 cells to inflamed tissues is mediated by a
myriad of inflammatory chemokines. CCR4, CCR5, CCR9, CXCR3, CXCR4 and
CX3CR1 are but a few of the Th1 chemokine receptors responsible for migration
to inflamed tissues (393, 502).
Additionally, signalling through some of these chemokine receptors has aided
cell survival or apoptosis. CCL5-CCR5 interactions were found to increase
apoptosis of human T cell lines via the ACAD pathway (562). CCL5 was found to
aid survival of human macrophages (563, 564). In contrast, CXCL12-CXCR4 signals
were initially described as anti-apoptotic in neurons but were later found to be
pro-apoptotic in effector CD4 T cells (565, 566).
CCL19/21 binding to CCR7 can also trigger effector T cell apoptosis in SLOs
(567). In contrast, in vitro studies, revealed that CCR7 signals can aid survival of
CD4 T cells (568). Exact mechanisms of antagonistic effects of chemokine ligands
and receptors have not been elucidated. Receptor promiscuity and specific
inflammatory settings may explain some of the observed discrepancies.

4.1.5 Aims of this chapter
This introduction highlights that T cell accumulation at tissue sites is regulated
by multiple overlapping factors. Cytokines, chemokines, survival and apoptotic
factors are intricately intertwined in this process.
Greater numbers of transferred CD4 Th1 cells were recovered from the inflamed
skin model established in the previous chapter. The aim for this chapter was to
identify the signals which enable Th1 cells to persist at inflamed tissues
compared to non-inflamed tissues.
As part of this, cytokine, chemokine and pro-apoptotic factor production at
tissue sites were compared. Furthermore, chemokine receptor and pro-apoptotic
molecule expression on Th1 cells were investigated. Together, the data in this
chapter aims to identify novel signals which cause CD4 T cell persistence at
inflamed tissue sites.
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4.2 Results
4.2.1 Cognate antigen does not alter the persistence of CD4 Th1
cells at inflamed tissues
Migrational arrest and prolonged persistence of antigen specific T cells in
response to cognate antigen on APCs is well documented. Studies have
demonstrated that both naïve and effector T cells undergo antigen mediated
arrest at SLOs and peripheral tissues (541-545).
Hence, investigations were undertaken to determine whether cognate antigen
mediated interactions altered the persistence of Th1 cells at LPS inflamed
peripheral tissues. Mouse ears were inflamed by the administration of LPS in the
presence or absence of heat-aggregated ovalbumin (HAO). HAO rather than
soluble ovalbumin was used to ensure prolonged localised persistence of
ovalbumin at the tissue site.
In vitro polarised OT-II Th1 cells specific for ovalbumin were then transferred ID
into the inflamed or resting ear pinnae, 24 hours after induction of
inflammation. The animals were then allowed to rest for a further 24 hours prior
to their euthanasia. Treated ear pinnae and their downstream draining lymph
nodes were harvested and processed for flow cytometric analysis.
Significantly greater numbers, but not proportion of transferred cells were
recovered from LPS inflamed ear pinnae compared to resting ear pinnae as seen
in previous experiments. HAO administration at inflamed ears did not further
increase Th1 cell persistence. However, number of cells recovered from
inflamed, HAO treated ear pinnae were not significantly higher than those
recovered from resting ear pinnae. HAO administration at non-inflamed ear
pinnae resulted in no significant changes in transferred T cell recovery (Figure
4.2.1A).
Likewise, HAO administration did not alter the recovery of T cells from draining
lymph nodes draining either inflamed or resting ear pinnae. No significant
differences were observed in either the proportions or numbers of recovered OTII T cells from draining lymph nodes between any groups (Figure 4.2.1B). In
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summary, these data suggest that at acute LPS inflamed peripheral tissues,
presence of cognate antigen does not alter T cell persistence.
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Figure 4.2.1 Cognate antigen does not alter the persistence of CD4 Th1 cells at LPS
inflamed peripheral tissues
Age matched C57BL/6 mice were challenged with LPS (10µg/10µl) or PBS (10µl) in their right ear
pinnae with or without HAO (20µg/10µl). 24 hours later 5.0e6 polarised CD4 Th1 cells were
transferred into the same ear pinna. 24 hours after that animals were euthanised and their right ear
pinna (A) and draining lymph nodes (B) were harvested, processed and stained for FACS. Cells
were stained with a viability dye followed by fluorescently labelled antibodies against CD45, CD4
and CD45.1. Lymphocytes were initially gated on live CD45 cells and subsequently analysed for
their expression of CD4 and CD45.1. FACS plots are representative of 2 independent experiments
with ³ 3 animals in each group. Percentage and number graphs are combined data from 2
independent experiments with 8 animals per group. Error bars represent standard error of mean.
Statistical differences were determined by carrying out a One-way ANOVA and Tukey’s multiple
comparison’s test in Graphpad prism. * <0.05.
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4.2.2 CD4 Th1 cells exhibit altered behaviour at inflamed tissues
Intravital multiphoton microscopy allows for imaging and analysis of cellular
behaviour deep within tissues of living animals (569). Analysing parameters such
as velocity, displacement and interaction of cells within tissue can illuminate
novel behavioural mechanisms of T cell persistence at inflamed sites.
To study such behaviours, fluorescent reporter animals were necessary. Th1 cells
were polarised from OT-II mice that expressed an endogenous DsRed fluorescent
protein within their T cells. These T cells were then transferred into LPS or
saline treated ears of CD11cYFP mice. CD11cYFP mice endogenously express the
fluorescent protein YFP within CD11c+ cells, which is classically expressed on
dendritic cells (497).
The second harmonic signal (blue) demarcates tissue structural complexes, such
as collagen. It is often useful for the identification of landmarks within tissues
such as lymphatic or blood vessels which are hollow and do not generate second
harmonic signals.
To understand the initial behaviours that may result in T cell persistence 24hours post transfer, animals were imaged for 4-5 hours after T cell transfer.
Animals were anaesthetised and restrained on a temperature-controlled stage
and time-series movies of cells in the ear were acquired.
OT-II T cells displayed limited motility in resting ear pinnae with low velocity
and displacement. In contrast, OT-II T cells in inflamed ears demonstrated
higher motility as well as increased displacement rate (Figure 4.2.2A-D). Movies
and still images further confirm that T cells were localised in similar locations
either within or near collagen fibres in tissues (Figure 4.2.2E,F)(Video 1,2). The
increased motility and displacement of T cells at inflamed ears are similar to
that of T cells in LNs (570). This suggests that T cells at inflamed tissues are not
restricted by tissue matrix. Highly motile behaviour also indicates the lack of
cellular interactions. Consequently, no direct and prolonged interactions were
observed with DCs. In contrast, the immobile Th1 cells at the saline treated ear
pinnae looked similar to cells undergoing apoptosis (571). This suggested that
the T cells were undergoing apoptotic death at non-inflamed sites.
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Figure 4.2.2 CD4 Th1 cells travel greater distances at a greater velocity in inflamed tissues
compared to resting sites
CD11cYFP mice were challenged with either PBS or LPS. 24 hours later, ~2.0e3 polarised Th1
cells expressing DsRed were transferred into the injection site at a shallow depth, in a small
volume. The animals were allowed to rest for 4-5 hours before the ears were imaged using a Zeiss
LSM 7MP microscope. Images were acquired using a 20x/1.0NA water immersion objective lens.
Images were then analysed using volocity software and DsRed positive cells were individually
tracked manually, generating their velocity and displacement rates. (A,B) X-Y plots show the
distance of T cell tracks and are representative plots from 1 of 3 individual mice per treatment
group. (C,D) Velocity and displacement graphs show combined values from 3 individual mice per
group. (E,F) Representative stills from 1 of 3 individual mice per treatment group, illustrating
distance travelled by T cells from time zero, indicated by arrows. Each data point represents a
DsRed T cell and bars represent mean. In the movies, green cells = CD11c+ cells, blue = second
harmonic signal and red cells = CD4 Th1 cells. Arrows demarcate the position of the same T cell at
different time points, indicating their movement or lack thereof. Statistical differences between
groups were assessed by carrying out a Mann-Whtiney test using Graphpad Prism *** denotes p
value of < 0.001 and **** < 0.0001.
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4.2.3 CD4 Th1 cells survive better at inflamed tissues
My observation of greater Th1 cell recovery from inflamed ear tissue, without a
concomitant decrease in the dLN, suggested that T cell proliferation or survival
might be taking place at inflamed tissues. At non-inflamed tissues however, T
cells were immobile and produced increased IFNg. Decreased motility as well as
increased IFNg production have both been previously associated with apoptotic T
cells (536, 571). Therefore, the survival and proliferation of Th1 cells in ear
tissue was evaluated.
To assess cellular proliferation, T cells were labelled with cell tracker blue. Cell
tracker blue is a fluorescent dye that is equally divided into daughter cells upon
cell division. Subsequent enumeration of cells within each fluorescent peak
determined the proportion of proliferating cells.
To evaluate apoptosis, T cells recovered ex vivo from ear tissue were cultured in
the presence of a fluorescent inhibitor of caspases (FLICA) molecule. The FLICA
molecule undergoes an enzymatic reaction when it is covalently bound to any
active caspase 3 or 7. Apoptotic cells express caspases 3 and 7, accordingly
FLICA labels apoptotic cells with a green colour (fluorescein) (572, 573).
Assessment of the proportion of FLICA bound cells enabled the enumeration of
cells at early stages of apoptosis.
Polarised OT-II Th1 cells labelled with cell tracker blue were thus transferred
into LPS inflamed or saline treated mouse ears. 24 hours later, the animals were
euthanised and their ears were harvested and processed. Single cell suspensions
of cells were stained with flow cytometry antibodies and then cultured with the
FLICA reagent for 1 hour. Subsequently, cell survival and proliferation were
assessed.
A significantly greater proportion of Th1 cells recovered from non-inflamed
tissues were found to express FLICA compared to cells recovered from inflamed
tissues (Figure 4.2.3A,B). In contrast, Th1 cells did not undergo any proliferation
at either the inflamed or non-inflamed tissue site (Figure 4.2.3C). Together,
these data suggest that increased survival signals at inflamed tissues regulate
the persistence of Th1 cells.
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Figure 4.2.3 Fewer CD4 Th1 cells undergo apoptotic death at inflamed tissues but no
differences are observed in T cell proliferation at tissue sites
Age matched C57BL/6 mice at 6 weeks of age were challenged with LPS (1µg/10µl) or PBS in their
right ear pinnae. 24 hours later 2.0e6 OT-II TH1 cells were labelled with cell tracker blue and
transferred into the animals’ same ear pinnae. 24 hours after the transfer, mice were euthanised
and their ears were harvested, processed and stained for FACS. Cells were stained with a viability
dye followed by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2.
Lymphocytes were initially gated on live CD45+, CD4+, CD45.1+, Va2+ cells and the expression of
active caspase 3 and 7 was analysed by measuring their expression of FLICA by incubating cells
using a FLICA kit (life technologies). FLICA FACS plots are representative of 3 independent
experiments, Cell tracker blue is representative of 2 experiments. FLICA graph shows combined
data from 3 independent experiments with 10 animals in PBS and 11 animals in LPS groups. Error
bars represent SEM. Statistical differences between groups were assessed by carrying out an
unpaired Student’s T test using Graphpad Prism ** denotes p value of <0.001.
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4.2.4 Increased survival of Th1 cells is not mediated by
differences in IL-7, TNFa or FAS-Ligand expression at tissue
site
Greater recovery of T cells at tissue sites might be regulated by increased
survival signals or decreased apoptotic signals. TNFa and IL-7 are proinflammatory cytokines abundantly present at inflamed tissues (558, 574).
Studies have suggested a role for TNFa in rescuing T cells from apoptotic death
at inflamed tissues (508). Likewise, studies have reported IL-7 as a survival
signal for T cells at inflamed sites (525).
In contrast, FASL is a transmembrane protein of the TNF family that induces
caspase mediated apoptosis. FASL is found in both transmembrane and soluble
forms. Interaction of FASL with its receptor FAS on T cells leads to cell death
(575). Previous reports have suggested increased FASL expression at TLR 4agonist mediated inflamed tissues (576).
To assess whether TNFa, IL-7 or FASL expression is differentially regulated at
inflamed tissues, LPS or saline treated mouse ears were harvested 24 hours post
challenge. The ear tissue was homogenised, proteins extracted and
concentration measured. Enzyme-linked immunosorbent assays (ELISA) were
carried out by loading equal amount of protein for each animal and determining
expression levels of the cytokines and FASL.
No significant differences were observed in the production of IL-7 or TNFa
between inflamed or resting tissues (Figure 4.2.4A,B). Likewise, no difference
was observed in FASL expression between tissues (Figure 4.2.4C). In summary,
these data suggest that survival of Th1 cells at inflamed tissues is not directly
mediated by differences in TNFa, IL-7 or FASL expression. However, this does
not rule out the possibility that signals at inflamed tissues makes cells more
sensitive to signals from these proteins.
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Figure 4.2.4 Survival of Th1 cells is not mediated by differences in IL-7, FASL or TNFa
Age matched C57BL/6 mice were treated with LPS or PBS in their right ear pinnae. 24 hours later,
animals were euthanised and their ears were harvested. The tissue was then homogenised in
tissue protein extraction buffer (T-PER) using a tissue homogeniser. The protein concentration was
measured using a standard BCA assay. Equal amounts of protein were then loaded into wells in
duplicate. Concentration of cytokines and FASL was measured against a standard curve by
following manufacturers’ guidelines as described in materials and methods. IL-7 and FASL ELISAs
were quantikine ELISA kits from R&D systems and TNF ELISA was a Mouse TNF ELISA set from
BD Biosciences. Graphs show data from one experiment with 4 (TNF) or 5 (IL-7 &FAS-L) animals
per group. Error bars represent SEM. Statistical differences between groups were assessed by
carrying out an unpaired Student’s T test in Graphpad PRISM. n.s. denotes not significant.

146

4.2.5 CCL5 is upregulated at inflamed tissues
Another potential source of T cell survival signals are chemokines. As discussed
in section 4.1.4, multiple chemokines have been reported to function in
promoting T cell survival. Since no direct differences were found in cell
survival/apoptotic signals, chemokine expression at tissues and chemokine
receptor expression on Th1 cells were examined.
To evaluate chemokine expression levels, a proteome profiler array was
undertaken. This is a multiplex antibody based protein array that simultaneously
detects the expression of 25 different chemokines. They included CCL21,
CX3CL1, CXCL12, CCL4 and CCL5 among others. For chemokine receptor
expression on T cells, polarised OT-II Th1 cells were stained with anti- CCR4,
CCR5 and CX3CR1 antibodies. These chemokine receptors and ligands have been
associated with Th1 cell migration and survival in various studies (14, 393, 502,
513).
To assess chemokine expression at tissue sites, mouse ear pinnae were injected
with PBS or saline. 24 hours later, animals were euthanised and their ears were
harvested, processed and tissue lysates extracted. The lysates were then mixed
with detection antibodies and incubated with a membrane pre-coated with
capture antibodies.
Finally, the blot was developed using a chemiluminescent reagent to give spots
in duplicate for each chemokine assayed. Mean pixel density of these spots were
evaluated and relative differences between inflamed and resting ears was
established. The graph displays fold change in mean pixel density of Inflamed
ears compared to resting ears. Overall, 13 chemokines were upregulated and 12
downregulated at LPS inflamed mouse ears (Figure 4.2.5A). Only CCL5
underwent a greater than 1-fold increase and was therefore considered
substantial (Figure 4.2.5A).
Polarised OT-II Th1 cells were also assessed for their expression of CCR4, CCR5
and CX3CR1. Almost all Th1 cells were found to express CCR5 (Figure 4.2.5B). A
large majority of Th1 cells were also found to express CCR4 (Figure 4.2.5B). In

147

contrast, only a small population of polarised Th1 cells were found to express
CX3CR1 (Figure 4.2.5B).
Since CCL5 was substantially upregulated and its cognate receptor CCR5 was
expressed in all polarised T cells, a further CCL5 ELISA was carried out. This was
to confirm whether CCL5 upregulation was statistically significant. CCL5 was
found to be significantly upregulated at inflamed tissues (Figure 4.2.5C). In
combination, the data suggests that CCL5-CCR5 interactions may play a role in
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Figure 4.2.5 CCL5 is increased at inflamed tissues
Age matched C57BL/6 mice at 6 weeks of age were challenged with LPS or PBS in their right ear
pinnae. 24 hours later, animals were euthanised and their ears harvested and tissue lysates
prepared. The lysates were then blotted using a proteome profiler mouse chemokine array kit (A).
Fold change was calculated by normalising the pixel density according to proteome profiler array kit
instructions and then subtracting pixel density of PBS group values from LPS group values and
dividing by the PBS value ((PBS-LPS)/PBS). For flow cytometry, polarised and negatively selected
Th1 cells were stained with or without anti-mouse CCR5, CCR4 and CX3CR1 antibodies. Cells are
pre-gated on CD4+ Lymphocytes. (B). CCL5 ELISA was carried out on protein extracted from LPS
or PBS treated ear pinnae. The protein concentration was measured using a standard BCA assay.
Equal amounts of protein were loaded into wells in duplicate and concentration of CCL5 was
measured against a standard curve using standard manufacturers’ guidelines as described in
materials and methods. CCL5 ELISA was a duoset ELISA kit from R&D systems (C). Proteome
profiler data shown is from 1 experiment with 5 animals per group. CCL5 ELISA is data from 1
experiment with 5 animals per group and the FACS plots are representative data from 2
independent experiments. Error bars represent SEM. Statistical differences between groups were
assessed by carrying out an unpaired Student’s T test using Graphpad Prism * denotes p value of
<0.05
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4.2.6 G-protein coupled receptor signalling mediates Th1 cell
persistence at inflamed sites
G-protein coupled receptors (GPCRs) are a family of seven transmembrane helix
proteins that are critical in cell signalling. Chemokine receptors are GPCRs.
Chemokines, signalling through GPCRs have been shown to upregulate both proapoptotic and anti-apoptotic factors in cells (562-564). Chemokines are also
more classically known for their role in cellular trafficking (155).
To disrupt GPCR signalling, polarised Th1 cells were treated with pertussis toxin
prior to transfer. Pertussis toxin (PTX) is an exotoxin produced by Bordetella
pertussis (577). Upon binding the GPCR, PTX is internalised where it catalyses
the ADP-rybosylation of the ai subunits of the G protein. This rybosylation
prevents G-proteins from associating with GPCRs at the cell surface, disrupting
intracellular signalling (578).
PTX or vehicle treated Th1 cells were transferred into LPS or saline treated
mouse ear pinnae. 24 hours after transfer, the animals were euthanised and
their ears and dLNs were harvested, stained for flow cytometry and numbers of
transferred cells enumerated (Figure 4.2.6A).
PTX treatment did not alter the number of T cells recovered from resting tissue
sites. In contrast, PTX treatment significantly reduced the number of cells
recovered from inflamed tissues (Figure 4.2.6B). PTX treatment however, did
not alter the number of transferred cells recovered from the draining lymph
nodes of either inflamed or resting ear pinnae (Figure 4.2.6C). These data
suggest that GPCR signalling is essential for Th1 cell persistence at inflamed
tissues.
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Figure 4.2.6 Fewer Th1 cells are recovered from inflamed sites after PTX treatment
Age matched C57BL/6 mice at 6 weeks of age were challenged with LPS or PBS in their right ear
pinnae. 24 hours later 2.0e6 pertussis toxin (100ng/ml) or vehicle treated OT-II TH1 cells were
transferred into the same ear pinnae of animals. 24 hours after the transfer, mice were euthanised
and their ears and dLN were harvested, processed and stained for FACS. Cells were stained with a
viability dye followed by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2.
Lymphocytes were initially gated on live CD45+, CD4+ cells and subsequently analysed for their
expression of CD45.1 and Va2. FACS plots are representative of 3 independent experiments.
Graphs show combined data from 3 independent experiments with 9 ( PBS and PBS+PTx) or 7
(LPS and LPS+FTY720) animals per group. Error bars represent SEM. Statistical differences
between groups were assessed by carrying out a One-way ANOVA and Tukey’s multiple
comparisons test using Graphpad Prism **** denotes p value <0.0001.
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4.3 Discussion
Effector T cell death is a critical step in the regulation of an immune response.
It enables the dampening of inflammation and restoration of tissue homeostasis
(579). At inflamed tissues several factors including cytokines, lipid mediators
and chemokines regulate the decision for T cell survival or death (580-582). In
chronically inflamed tissues however, these factors are dysregulated. This leads
to prolonged persistence of T cells which drives local inflammation and tissue
destruction (419, 583). In this chapter, the factors that maintain the persistence
of Th1 cells at inflamed tissues were investigated.

4.3.1 T cell persistence is not antigen mediated
Previous studies have suggested that antigen-bearing APC and cognate T cell
interactions play a role in central and peripheral T cell persistence (541-545).
Hence, whether the presence of cognate antigen altered T cell persistence in
the LPS inflamed tissue model was investigated. The results suggested that
presence of cognate antigen at the tissue site does not alter T cell persistence.
While this result contradicts previous studies, it is in some ways unsurprising. In
my model system, animals were not previously primed for a specific antigen as
done by Reinhardt et al. and Rosenbaum et al (392, 549). Moreover, while HAO
was injected intradermally, its persistence in tissue for 24 hours was not
determined. Therefore, whether cognate antigen was present at the tissue site
at the time of T cell transfer and beyond cannot be confirmed.
To overcome these technical limitations and address this question more
comprehensively, animals could be primed with OVA in the presence of an
adjuvant 7 days prior to induction of localised ear inflammation by LPS and HAO
followed by intradermal T cell transfer. Presence of OVA at the tissue site should
also be confirmed by fluorescent labelling.

4.3.2 T cell motility is mediated by soluble factors
Intravital microscopy of adoptively transferred Th1 cells demonstrated that they
were more motile at inflamed tissues compared to resting tissues. This finding is
supported by studies which demonstrate that T cells have increased motility at
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inflamed tissues (391). This pattern of motility is known as a Lévy walk (584). A
Lévy walk allows effector T cells to efficiently scan a peripheral tissue site to
find their target cell/area (584, 585).
Multiple factors are responsible for regulating T cell behaviour at tissues
including intrinsic programming, physical and chemical guidance cues (391, 585).
Intriguingly, soluble mediators have been shown to increase T cell motility
rather than provide directional movement in vivo (425). This could suggest that
the increased motility observed in our studies are due to increased soluble
mediators at inflamed tissues. This hypothesis is further explored in the next
chapter.
Finally, a study by the Bousso group demonstrated that apoptotic T cells lose
their motility prior to caspase 3 expression and death (571). This finding strongly
suggests that the non-motile Th1 cells observed in resting tissues were
undergoing apoptotic death. Ultimately though, it is difficult to conclude that
Th1 cells at the non-inflamed tissues are apoptotic without in vivo reporter of
apoptosis.

4.3.3 Th1 cell persistence is regulated by inhibition of apoptosis
at inflamed tissues
Decreased motility of T cells at non-inflamed tissues was an indication that they
were undergoing apoptotic death. To confirm this, an ex vivo caspase assay was
carried out. The assay demonstrated that greater number of transferred T cells
at resting tissues were indeed expressing active caspases compared to T cells at
inflamed tissues.
Effector T cells are pre-programmed to undergo apoptosis (586). However, at
inflamed tissues several anti-apoptotic signals have been shown to prolong
effector T cell survival (587). Elevated levels of the cytokine IL-7 has been
reported in RA synovial fluid (581, 588). Moreover, TNF, a cytokine commonly
elevated in multiple inflammatory disorders can have both pro and antiapoptotic effects on T cells (508, 589). FASL ligation to FAS is a common
mechanism for induction of T cell death at peripheral tissues (590).
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Levels of these death/survival cytokines were assayed to determine whether
they were responsible for T cell persistence at LPS inflamed tissues. No
differences were observed in the levels of any of these cytokines 24hours after
LPS administration. The 24-hour time point investigated may account for the
discrepancies between my findings and previous studies.
Copeland et al. demonstrated that TNFa levels peaked in mouse blood plasma 4
hours after systemic endotoxin administration (527). In another study by Calil et
al., TNFa levels peaked in mouse paws 3 hours after local LPS administration
(510). In contrast, induction of acute inflammation in mouse lungs was found to
cause a peak in TNFa levels 24 hours post local carrageenan administration
(591). These studies demonstrate that TNFa levels at inflamed tissues is
regulated by both the inflammatory stimuli as well as the tissue location. LPS
mediated TNFa production most likely peaks very early following stimuli (510,
527).
Similarly, FASL levels were found to be elevated 3 days after a virus induced
acute inflammatory response in murine vaginal tissue (592). Analyses targeting
the expression of IL-7 at acutely inflamed tissues have not been undertaken.
However, IL-7 is believed to be an early mediator of inflammation in RA (593).

4.3.4 Chemokines as potential regulators of T cell death
Chemokines are another class of mediators that have roles in cell survival and
migration. CXCL12-CXCR4 interactions have previously been reported to
modulate T cell survival (84, 566). CCL5 has also been reported in promoting and
inhibiting cellular apoptosis (562-564). Moreover, spatial and temporal changes
in chemokine ligand expression is well documented during inflammatory
responses (155). A chemokine array was performed to analyse relative
differences in chemokine ligand expression. Surprisingly, only CCL5 levels were
substantially altered 24 hours after LPS administration.
Similar to the cytokine levels, chemokine expression found was a snapshot of the
24-hour time point. Multiple studies reveal a substantial increase in CXCL8 levels
after LPS challenge which was not observed in our case (594). Analysing
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chemokine expression by other methods such as RNA-seq might provide more
robust results.

4.3.5 GPCR signals are necessary for Th1 cell persistence
Chemokine receptors are GPCRs (154, 155). To analyse whether T cell
persistence was mediated via chemokines, Th1 cells were treated with pertussis
toxin prior to their adoptive transfer. Pertussis toxin inhibits GPCR signalling
(577, 578, 595). Lower numbers of PTX treated cells were recovered from
inflamed tissues than untreated cells from inflamed tissues. This result clearly
demonstrated that T cell persistence was directly mediated by GPCR signals.
This finding contradicts with multiple studies which have demonstrated that PTX
treatment of T cells resulted in their accumulation at peripheral tissues rather
than their disappearance (448, 596). This phenomenon is thought to be CCR7
mediated as CCL19/21 guide T cell egress from peripheral tissues (451, 452). The
inflammation state as well as T cell polarisation differs in my experiments from
these studies and this may account for the observed discrepancy.
The Bromley et al. study examined the egress of Th2 cells from lungs with the
use of CCR7 overexpression transgenic model system. Using this system they
demonstrated that Th2 cells require CCR7 to leave the lungs and accumulate in
the mediastinal lymph nodes, 36 hours after intratracheal instillation. In
contrast, Debes et al. adoptively transferred naïve T cells treated with or
without pertussis toxin intradermally into mouse footpad. They demonstrated
that PTX inhibited naïve T cell egress from the footpad and that this egress was
CCR7 mediated. My studies investigated the migration of Th1 cells from an
acutely inflamed mouse skin tissue. Hence, both my cell polarisation state and
tissue site and state were different from these two studies (451, 452).
Other studies have suggested roles for S1PRs in regulating T cell accumulation
and egress from peripheral tissues (244). S1PRs are also GPCRs which are PTX
sensitive. In the next chapter, the role S1P plays in T cell persistence is
investigated.
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5 Sphingosine-1-Phosphate regulates Th1 cell
persistence at inflamed tissues

5.1 Introduction
Sphingosine-1-phosphate (S1P) is a bioactive lysosphingolipid. Sphingosine, the
precursor to S1P is produced by the sequential degradation of cell membrane
glycosphingolipids and sphingomyelin to make ceramide (176, 597). Ceramide is
then hydrolysed to sphingosine which is phosphorylated by one of two kinases
SPHK1 and SPHK2 to produce S1P (598). Studies have shown that SPHK-/- leads to
embryonic lethality in mice emphasising the physiological importance of S1P
(599).
S1P is primarily produced in intracellular lysosomes of RBCs, platelets and
endothelial cells (600-603). Subsequently, it is either used/degraded
intracellularly or transported out of the cell (604-607). Five S1P receptors have
been identified to date (S1PR1-5) (226). These are all high-affinity GPCRs (226).
The varied cellular expression and signalling of each individual receptor yields
the pleiotropic and antagonistic effects of S1P (226).

5.1.1 Heterogeneous roles of S1P
S1P plays an important role in vascular maintenance. Signalling via S1P receptors
1-3 co-operatively regulates vascular angiogenesis during embryogenesis (608,
609). The intra-extracellular S1P transporter spns2 is also critical in this process
(608). Postnatally, S1P regulates vascular integrity. This was demonstrated when
mice lacking plasma S1P exhibited vascular leakage under homeostatic
conditions (610).
Interestingly, systemic pertussis toxin administration in wild type mice induced
similar vascular leakage. Treatment with S1PR1 agonists restored vascular
integrity (610). Finally, S1P regulates vascular smooth muscle tone. Signalling via
S1PR2 was found to be crucial in maintaining smooth muscle contractility (611,
612).
S1P is likewise crucial in embryonic neurogenesis. It was found that defects in
either S1P biosynthesis or S1PR1 led to neural tube closure and thus embryonic
lethality (599). In adult nervous systems, multiple S1PRs are expressed across
several cell types including neurons and microglia. Roles for S1P has been
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described in neurotransmitter release, microglial proliferation and pain
pathophysiology (613-616).
In contrast S1P plays a negative role in cancer. S1P metabolism is dysregulated
in several tumours (617). Furthermore, S1P was found to promote tumour
angiogenesis, proliferation, aid in metastasis and invasion as well as resist
tumour cell death (617-622). Cancer therefore, is a hallmark of the pleiotropic
and antagonistic effects of S1P on its targets.

5.1.2 S1P in cell survival and apoptosis
Many studies have investigated the role S1P plays in regulating cellular survival
and apoptosis. One study in human hepatic fibroblasts found that S1P induced
apoptosis in a receptor independent manner while increasing survival in a
receptor dependent manner (623). Likewise, a few studies have suggested that
ceramide, an intracellular pre-cursor to S1P induces pro-apoptotic signals.
In contrast, S1P itself is pro-survival (624). The mechanism for S1P mediated
survival remained elusive until recently, when Rutherford et al. demonstrated
that S1P suppresses the pro-apoptotic molecule bim and promotes upregulation
of pro-survival Mcl-1 in lung fibroblasts to aid in cell survival (625).
Very recently, Mendoza et al. demonstrated for the first time, a role for S1P in
regulating T cell survival. They found that knocking out the intra-extracellular
S1P transporter SPNS2 led to increased death of naïve T cells. They further
demonstrated that S1PR1 KO animals also had an increased number of apoptotic
naïve T cells in LNs. Finally, they elegantly demonstrated that S1PR1 is essential
for the maintenance of mitochondrial integrity in naïve T cells (626).
Whether these varying mechanisms of S1P mediated cell survival are spatially
and temporally conserved across cell types remains to be determined.

5.1.3 S1P is a key regulator of cellular trafficking
S1P levels across organ systems is strictly regulated in homeostatic conditions.
Micromolar and nanomolar levels of S1P are found in the blood and lymphatic
vasculature respectively. In contrast, interstitial fluid has either undetectable or
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sub-nanomolar levels of S1P (217). The maintenance of this gradient is critical,
as cells vary their S1PR expression to traffic between organs and vasculature
(205, 224). T and B cells sense the S1P gradient via S1PR1 to traffic between
SLOs and circulation (218). Likewise, S1P gradients regulate NK cell and
haematopoietic stem cell mobilisation via S1PR5 and S1PR1 respectively,
between the bone marrow and the circulation (627).
T cell trafficking is an elegant example of how S1P, S1PR1 and its regulators are
critical in inflammatory conditions. Naïve T cells in SLOs express high levels of
S1PR1 and high levels of CCR7 (424, 431). This leads to T cell retention due to
increased gradients of CCL19/21 interacting with CCR7 in SLOs (425, 426).
Antigen exposure increases CD69 expression on T cells (432). CD69 is a negative
regulator of S1PR1. Multiple studies have shown that CD69 directly interacts
with, and downregulates S1PR1 expression on cell surface. This downregulation
of S1PR1 allows T cells to dwell in SLOs while undergoing clonal expansion (432434).
Once fully activated, effector T cells downregulate CCR7 and upregulate S1PR1
(243). T cells expressing S1PR1 migrate towards higher S1P gradients in efferent
lymphatic vessels, eventually leading to their egress to peripheral tissues (436,
437). The S1PR1 expression profile of T cells in tissues is not well defined.
KLF2 is a transcription factor that regulates S1PR1 expression on T cells (628).
High levels of KLF2 has been associated with high S1PR1 expression (456).
Studies have found that early effector cells at tissue sites are KLF2 high, but
over time KLF2 expression is lost (629).
Furthermore, several studies have suggested that inflamed tissues have elevated
S1P levels. Ledgerwood et al. found that S1P levels were significantly increased
at alloantigen or adenovirus inflamed mouse skin (244). Increased S1P levels
were reported in joints of CIA mice as well as in the synovial fluid of RA patients
(271, 630).
Interestingly, Ledgerwood et al. demonstrated that migration of CD4 T cells
across lymphatic, but not blood endothelium was inhibited from inflamed mouse
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skin, regulated by S1PR1 (244). Thus, S1P-S1PR1 signalling regulates lymphocyte
trafficking in homeostatic and inflammatory conditions.

5.1.4 S1P in cytoskeletal rearrangement
Cells use cytoskeletal machinery such as actin and myosin to migrate (631). It is
therefore unsurprising that S1P elicits most of its physiological effects via
regulation of the cytoskeleton. S1PR signalling directly activates the RHO family
of GTPases which regulate actin and myosin assembly (632). This has been shown
to have varying effects on distinct cell types.
In endothelial cells, S1P was found to enhance chemotaxis and regulate vascular
barrier integrity mediated via cytoskeletal rearrangements (633, 634). S1P
mediated control of vascular smooth muscle tone is also facilitated via Rhokinase activation (611, 635).
In neuronal cells, S1P modulates neuronal outgrowth by controlling RAC
activation and thus neuron morphology (636). In contrast, S1P potently inhibits
melanoma cell migration by preventing actin nucleation and pseudopod
formation (637). In glioblastoma cells however, S1P promotes tumour cell
migration and metastasis mediated via distinct S1PR and Rho GTPase activation
(638).
Finally, the molecular mechanisms of S1P mediated immune cell migration is
poorly understood (632). In human DCs, S1P was found to enhance chemotaxis by
increasing actin polymerisation (639). S1P robustly stimulates NK cell motility in
a PI3-kinase dependent manner (640). In contrast, S1P was found to inhibit mast
cell migration (641).

5.1.5 Modulators of S1PRs
S1P is difficult to detect in vivo (430). Moreover, a S1P blocking antibody was
only made available recently (642). Therefore, functions of S1P have primarily
been elucidated by studying the effects pharmacological modulators elicit on
S1PRs. FTY720 was the first described S1PR modulator (438). It was later
discovered that FTY720 was a functional antagonist of S1PR1,3,4 and 5 but had
no effect on S1PR2 (222).
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Later, receptor selective agonists and antagonists were synthesised. These
included FTY720-P, an S1PR1,3,4 and 5 agonist, SEW2871, an S1PR1 selective
agonist and W146, an S1PR1 selective antagonist (223, 240, 643). All of these
S1PR modulators have played key roles in the current understanding of S1P
biology.

5.1.6 Aims of this chapter
Greater recovery of CD4 Th1 cells from inflamed tissues was found to be GPCR
sensitive (chapter 4). S1PRs are members of the GPCR family and regulators of T
cell survival and trafficking. The aims for this chapter were to investigate
whether S1PR signalling was responsible for the observed T cell persistence
phenotype at inflamed tissues.
S1P signalling also modulates cell survival and behaviour. Therefore, whether
S1PR signalling modulated Th1 cell behaviour and survival was also investigated.
Finally, a human inflammatory disease was investigated for the presence of
elevated S1P levels, which may contribute to T cell persistence at inflamed
tissues.
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5.2

Results

5.2.1 S1PR signalling is critical for Th1 cell persistence
S1P is a pleiotropic signalling sphingolipid (644). It plays diverse roles in cellular
communication. Studies have reported a role for S1P in regulating T cell
trafficking and survival (243, 626). Interestingly, S1P receptors are also GPCRs,
and sensitive to pertussis toxin mediated signalling disruption (219-221). Hence,
to identify whether S1PR signalling contributes to the persistence of effector
Th1 cells at inflamed tissues, T cells were treated with an S1PR pan functional
antagonist, FTY720.
FTY720 or vehicle treated Th1 cells were transferred into inflamed or resting ear
pinnae. 24 hours later, animals were euthanised and their ears and dLNs were
harvested, stained for flow cytometry and the transferred cells enumerated.
Just like PTX treatment, significantly lower numbers of cells were recovered
from inflamed tissues following pre-treatment with FTY720 (Figure 5.2.1A).
FTY720 treatment did not alter the number of cells recovered from non-inflamed
tissues (Figure 5.2.1A). No differences were observed between the draining
lymph nodes of inflamed or resting ear pinnae irrespective of FTY720 treatment
(Figure 5.2.1B). In sum, these data suggest that persistence of Th1 cells at
inflamed tissues is mediated by PTX sensitive S1PR signalling.
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Figure 5.2.1 Fewer Th1 cells are found at inflamed sites after FTY720 treatment
Age matched C57BL/6 mice at 6 weeks of age were challenged with LPS or PBS in their right ear
pinnae. 24 hours later 2.0e6 FTY720 or vehicle treated OT-II Th1 cells were transferred into the
same ear pinnae of animals. 24 hours after the transfer, mice were euthanised and their ears (A,B)
and dLN (C) were harvested, processed and stained for FACS. Cells were stained with a viability
dye followed by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2.
Lymphocytes were initially gated on live CD45+, CD4+ cells and subsequently analysed for their
expression of CD45.1 and Va2. FACS plots are representative of 3 independent experiments.
Graphs show combined data from 2 independent experiments of 11 or 9 (LPS) animals per group.
Error bars represent SEM. Statistical differences between groups were assessed by carrying out a
One-way ANOVA and Tukey’s multiple comparisons test using Graphpad Prism *** denotes p
value of < 0.001 and **** < 0.0001. n.s. denotes not significant.
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5.2.2 S1PR signalling regulates T cell behaviour at inflamed
tissues
S1P has roles in cytoskeletal rearrangement in various cell types including
immune cells (632). S1P regulates RHO GTPases via S1PR signalling (632). RHO
GTPases are critical in actin and myosin assembly which regulates cellular
motility (631). In the previous chapter Th1 cells were found to be more motile at
inflamed tissues.
To investigate whether S1PR signalling was regulating this behaviour, FTY720 or
vehicle treated Th1 cells were transferred into LPS inflamed ear pinnae of
LysMGFP mice. Similar to the experiments in (Figure 4.2.2) Th1 cells were
transferred in a small volume at shallow depths to keep tissue localisation of the
T cells as consistent as possible. LysMGFP mice have a GFP tag associated with
the lysozyme gene (496). This labels neutrophils in these mice, bright green in
colour. Monocytes and macrophages also express a lower intensity of GFP.
4-5 hours later, animals were anaesthetised and restrained on a temperature
controlled stage. The ear of the animal was then imaged and time-series movies
were captured (video 3, 4).
The movies were analysed and CD4 T cells tracked to assess their velocity and
displacement (Figure 5.2.2A, B). FTY720 treated Th1 cells had substantially
reduced velocity compared to vehicle treated cells at inflamed sites (Figure
5.2.2C). Arrows in the still images and videos demonstrate reduced movement of
T cells when treated with FTY720 compared to vehicle treatment. The videos
and still images also demonstrate T cells travelling within or near collagen fibre
networks (Figure 5.2.2 E,F)(video 3,4), suggesting similar tissue localisation of T
cells compared to T cells in (Figure 4.2.2). Hence, the behaviour of FTY720
treated T cells was similar to T cells at resting tissues. FTY720 treated Th1 cells
also exhibited decreased displacement (Figure 5.2.2D), however this was to a
lesser extent than cells at resting tissues (Figure 4.2.2). This suggests that
factors other than an S1P signal may also contribute to the overall behaviour of
T cells leading to their persistence.
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Figure 5.2.2 FTY720 treated Th1 cells travel reduced distances and at a lower velocity
compared to untreated cells at inflamed tissues
LysMGFP mice were challenged with either PBS or LPS. 24 hours later, ~2.0e3 polarised Th1 cells
treated with or without FTY720 expressing DsRed were transferred into the injection site at a
shallow depth, in a small volume. The animals were rested for 4-5 hours before the ears were
imaged by a Zeiss LSM 7MP microscope. Images were acquired using a 20x/1.0NA water
immersion objective lens. Images were then analysed using volocity software and DsRed positive
cells were manually tracked individually, generating their velocity and displacement rates. (A,B) XY plots show distance of T cell tracks and are representative plots from 1 of 3 individual mice per
treatment group. (C,D) Velocity and displacement graphs show combined values from 3 individual
mice. (E,F) Representative stills from 1 of 3 individual mice per treatment group, illustrating
distance travelled by T cells from time zero, indicated by arrows. Each data point on graphs (C,D)
represents a DsRed T cell and bars represent mean. In the movies, green cells = LysM+ cells
(neutrophils/monocytes), blue = second harmonic signal and red cells = CD4 Th1 cells. Arrows
demarcate the position of the same T cell at different time points, indicating their movement or lack
thereof. Statistical differences between groups were assessed by carrying out a Mann-Whtiney test
using Graphpad Prism * denotes p value of <0.05 and **** < 0.0001.
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5.2.3 S1P mediated Th1 cell survival at inflamed tissues remains
inconclusive
The effect of S1P on naïve T cell survival at SLOs has only very recently been
determined by Mendoza et al. as discussed in section 5.1.2. However, a role for
S1P in supporting effector T cell survival at inflamed tissues has not been
studied.
Hence, to assess whether S1P was increasing Th1 cell survival at inflamed
tissues, S1PR signalling was disrupted via FTY720 and Th1 cell survival assayed.
FTY720 or vehicle treated Th1 cells were transferred into inflamed or resting ear
pinnae. 24 hours later, animals were euthanised and their ears and dLNs were
harvested, stained with flow cytometry antibodies and incubated with the FLICA
reagent for an hour. The cells were then analysed and the proportion of OT-II
cells that expressed active caspases 3 and 7 was determined via positive FLICA
staining (Figure 5.2.3A).
A trend to fewer apoptotic cells were found in T cells recovered from inflamed
compared with non-inflamed tissues (Figure 5.2.3B), contradicting the results in
Figure 4.2.3. Furthermore, FTY720 treatment somewhat reversed Th1 cell
survival at inflamed tissues without reaching statistical significance (Figure
5.2.3B). Taken together, this data remains inconclusive, due to it directly
contradicting the results of section 4.2.3 which will be discussed further in the
discussion of this chapter below.
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Figure 5.2.3 Increased number of T cells at inflamed tissues is not due to increased survival
mediated via S1P receptors
Age matched C57BL/6 mice at 6 weeks of age were challenged with LPS or PBS in their right ear
pinnae. 24 hours later 2.0e6 OT-II Th1 cells treated with or without FTY720 were transferred into
the same ear pinnae of animals. 24 hours later, mice were euthanised and their ears were
harvested, processed and stained for FACS. Cells were stained with a viability dye followed by
fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2. Lymphocytes were initially
gated on live CD45+, CD4+, CD45.1+, Va2+ cells and the expression of active caspase 3 and 7
was analysed by measuring their expression of FLICA by incubating cells using a FLICA kit (life
technologies). FACS plots are representative of 3 independent experiments. Graphs show
combined data from 2 independent experiments of 7 or 6 (LPS+FTY720) animals per group. Error
bars represent SEM. Statistical differences between groups were assessed by carrying out a Oneway ANOVA and Tukey’s multiple comparisons test using Graphpad Prism. n.s. denotes not
significant.
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5.2.4 S1P signal is necessary and sufficient for CD4 Th1 cell
persistence at inflamed tissues
To date, five S1P receptors have been identified (S1PR1-5) (226). The specific
role of S1P is determined by the cellular and temporal expression of these S1PRs
(205, 224). S1PR signalling has resulted in effects as distinct as cellular
proliferation, death, migration, retention and egress (644). These effects have
been observed in diverse cell types including immune cells, neurons, tumour
cells and endothelial cells (644). Likewise, the S1P analogue FTY720, used in
previous studies has distinct effects on multiple S1PRs (438).
To determine whether S1PR1 specific agonism was responsible for Th1 cell
persistence at inflamed tissues, S1PR1 selective agonist or antagonist were used.
Prior to transfer, Th1 polarised OT-II T cells were treated with either W146,
SEW2871 or vehicle. W146 is a S1PR1 selective antagonist (240). SEW2871 is a
S1PR1 selective agonist (223). Treated cells were transferred into inflamed or
resting ear pinnae. 24 hours later, the animals were euthanised and their ears
and dLNs were harvested, stained for flow cytometry and the transferred cells
enumerated (Figure 5.2.4A).
Significantly lower numbers of Th1 cells were recovered from inflamed tissues
when pre-treated with W146 just as with FTY720 (Figure 5.2.4B). W146
treatment however, did not affect Th1 cell recovery from non-inflamed tissues
(Figure 5.2.4B). In contrast, agonism of S1PR1 via SEW2871 treatment resulted in
a significant increase of Th1 cell recovery from non-inflamed tissues compared
to vehicle treated cells (Figure 5.2.4B).
Surprisingly however, no significant increase was observed at inflamed tissues
when T cells were pre-treated with SEW2871 compared with vehicle treated
cells at resting sites (Figure 5.2.4B). As in previous experiments, no significant
differences were observed between the lymph nodes draining either inflamed or
resting ears, irrespective of T cell pre-treatment (Figure 5.2.4C). In sum, these
data demonstrate that S1PR1 specific signals were responsible for T cell
persistence at inflamed tissues. Moreover, they suggest that FTY720 was acting
as an antagonist of S1PR1 in previous experiments.
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Figure 5.2.4 S1PR1 selective agonism results in increased CD4 Th1 cell recovery from
tissue sites
Age matched C57BL/6 mice at 6 weeks of age were challenged with LPS or PBS in their right ear
pinnae. 24 hours later 2.0e6 SEW2871, W146 or vehicle treated OT-II Th1 cells were transferred
into the same ear pinnae of animals. 24 hours later, mice were euthanised and their ears and dLN
were harvested, processed and stained for FACS. Cells were stained with a viability dye followed
by fluorescently labelled antibodies against CD45, CD4, CD45.1 and Va2. Lymphocytes were
initially gated on live CD45+, CD4+ cells and subsequently analysed for their expression of CD45.1
and Va2. FACS plots are representative of 3 independent experiments. Graphs show combined
data from 2 independent experiments of 6 (LPS, LPS+ SEW2871, PBS+ SEW2871, PBS+W146)
or 7 (PBS, LPS+ W146) animals per group. Statistical differences between groups were assessed
by carrying out a One-way ANOVA and Tukey’s multiple comparisons test using Graphpad Prism
*** denotes p value of <0.001, ** and **** < 0.0001. n.s. denotes not significant.

5.2.5 Th1 cells express S1PR1 prior to transfer but downregulate
it at inflamed tissues
S1PR1 expression on T cells is dynamic and temporally regulated. Naïve T cells in
circulation express little surface S1PR1, but are S1PR1hi once in SLOs (389).
Early effector T cells are S1PR1hi but down modulate its expression once at
tissue sites for a few days (629). Measuring surface S1PR1 expression is
challenging. Sub nano molar levels of S1P causes receptor internalisation and
degradation of S1PR1 (212, 222, 223).
Indeed, local S1P gradient dynamics have been elucidated by measuring cell
surface expression of S1PR1 (431, 440, 602). Previous data suggested that signals
through S1PR1 were responsible for Th1 cell persistence at inflamed tissues.
Thus, it was important to examine the relative expression of S1PR1 on Th1 cells
both in vitro and ex vivo.
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To determine whether Th1 cells expressed S1PR1 in vitro, polarised OT-II T cells
were stained with anti-S1PR1 antibody and analysed on a flow cytometer.
Roughly a quarter of Th1 cells were found to express surface S1PR1 (Figure
5.2.5A). Intracellular staining with the same S1PR1 antibody revealed that a
large majority of cells expressed S1PR1 intracellularly (Figure 5.2.5B).
Next, ex vivo surface and intracellular expression of S1PR1 by Th1 cells
recovered from ear tissue was assessed. Polarised OT-II Th1 cells were
transferred into inflamed or resting mouse ear pinnae. 24 hours later, ear tissue
was harvested, stained for flow cytometry and cell surface and intracellular
S1PR1 expression determined. No surface S1PR1 expression was detected from
tissue recovered Th1 cells, possibly due to digestion (Figure 5.2.5C). Intriguingly
however, Th1 cells were found to have reduced intracellular S1PR1 expression at
inflamed ear tissues compared to T cells at resting tissues (Figure 5.2.5D,E). In
sum these data suggest that Th1 cells express S1PR1 at transfer and are
therefore responsive to S1P signals. Moreover, a reduced intracellular expression
at inflamed ears may be attributed to increased S1P and thus increased S1PR1
degradation at the site.
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Figure 5.2.5 Th1 cells express S1PR1 before transfer but downregulate it at inflamed tissues
CD4 T cells were isolated from the lymph nodes and spleens of CD45.1 OT-II mice using a
STEMCELL technologies CD4 T cell isolation kit. The cells were then cultured with IL-12, anti-IL-4
and ovalbumin peptide323-339 in the presence of mitomycin C treated splenocytes for 72 hours at
37°C with 5% CO2. Thereafter, cells were stained with anti-CD4 with or without anti-S1PR1
antibodies (A). Cells were then fixed and permeabilised with a BD cytofix/perm kit and stained with
or without anti-S1PR1 antibody (B). Animals were treated with LPS or saline in their ear pinnae
before 2.0e6 CD4 Th1 cells were transferred into the ear pinnae. 24 hours later animals were
euthanised and their ears harvested and stained for flow cytometry with a cocktail of antibodies
including anti-CD4 and anti-S1PR1 extracellularly (C). In another experiment, cells were fixed and
permeabilised using a BD cytofix/perm kit and stained with anti-S1PR1 antibody intracellularly
(D,E). In vitro experiments were pre-gated on live, single lymphocytes and are representative of 2
independent experiments. Ex vivo plots are pre-gated on live, single CD45+ lymphocytes and are
representative of two (C) or one experiment (D,E) respectively with 5 animals in each group.
Statistical differences were determined by carrying out an unpaired Student’s T test. Error bars
represent SEM. * denotes P value of <0.05.
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5.2.6 Inflamed tissues express increased levels of SPHK1, the
enzyme that generates S1P
Sphingolipids are difficult to measure reliably. Due to a critical role for S1P in
membrane sphingolipid metabolism, intracellular S1P is abundantly produced by
various cell types. This makes even mass spectrometry results difficult to
interpret (430). Instead, kinases that either help produce or degrade S1P are
often used to measure tissue S1P levels (645). Sphingosine kinase 1 (SPHK1) and
sphingosine kinase 2 (SPHK2) are the final two kinases responsible for
metabolising sphingosine into sphingosine-1-phosphate (210).
To measure S1P levels at inflamed tissues, animals were treated with LPS or
saline in their ear pinnae to induce inflammation. 24 hours later, animals were
euthanised and their ears harvested and fixed in neutral buffered formalin. The
tissue was subsequently sectioned into 10µm thick sections and stained with
human and mouse cross reactive anti-SPHK1 or isotype control antibodies.
Secondary and tertiary antibodies were used to add fluorescent tags to the
tissues to allow visualisation on a fluorescent microscope.
The images were then analysed and the number of total cells and cells
expressing SPHK1 manually counted in three randomly selected areas per section
using ImageJ software. The percentages of cells expressing SPHK1 were then
calculated. A significantly greater proportion of cells at inflamed tissues were
found to express SPHK1 (Figure 5.2.6A, B). These data suggest that increased
S1P may be produced at inflamed ear pinnae. Taken together with the T cell
persistence data, there is strong evidence suggesting that dysregulated S1P
production at inflamed tissues contributes to increased CD4 Th1 cell persistence
at such sites.
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Figure 5.2.6 Inflamed mouse ears contain a significantly greater number of cells expressing
SPHK1
Age matched C57BL/6 animals were injected with LPS or saline in their ear pinnae. 24 hours later,
animals were euthanised, ears harvested and fixed in neutral buffered formalin. Ear tissue was
mounted in paraffin and cut into 10um thick sections. The cut sections were mounted on a slide
and stained with rabbit anti human/mouse-SPHK1 or rabbit IgG (Isotype control). Sections were
then stained with anti-rabbit biotin, followed by streptavidin-PE. Sections were mounted in prolong
gold with DAPI and imaged on a spinning disk confocal microscope. Images were acquired using
uniform settings at similar locations. Images were acquired at 20x magnification. Error bar shows
20um. Three uniform areas were randomly selected in each tile section for quantification. Number
of SPHK1 positive dots were manually counted using imagej software. Images are representative
from one experiment with 5 animals per group. 2 randomly selected sections were quantified from
serially sectioned mouse ears. Error bars represent SEM. Statistical differences were analysed by
carrying out an unpaired Student’s T test. **** denotes P value of <0.0001.
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Molecular pathways are difficult to study in human disease settings. Therefore,
aspects from animal models of inflammation need to be tested in humans to
elucidate whether similar mechanisms may be present in human disease
settings. Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory
condition where human joint synovia are inflamed (76). One of the hallmarks of
RA is the accumulation of large numbers of CD4 T cells in synovial tissues (84).
The role of S1P in regulating accumulation of T cells at human RA joints remains
unexplored.
To assess whether S1P is increased at RA joints, a collaborative project was
undertaken with Dr. Aziza Elmesmari and Prof. Iain McInnes, rheumatologists at
Gartnavel hospital, Glasgow. SPHK1 levels were measured in biopsies from RA
patients or OA patients. OA is a form of less-inflammatory arthritis, often
associated with age related degeneration of joint cartilage. Furthermore,
minimal accumulation of CD4 T cells have been observed in primary OA (646).
Biopsy sections were fixed in formalin and cut into 5µm thick sections before
staining with the same anti-SPHK1 antibody. Using appropriate secondary,
tertiary antibodies and Diaminobenzidine (DAB), colour was developed in
positively stained areas for visualisation on a light microscope fitted with a
camera module.
The images were then semi-quantified by Dr. Aziza Elmesmari. Three
representative fields per slide were selected and graded on a scale of 0-4 by two
blinded observers on two independent occasions. The scores were later
combined and statistical analysis performed to determine differences between
groups. Blinded observers consistently scored RA tissues higher for their
expression of SPHK1 compared to OA tissues (Figure 5.2.7A,B). These data
indicate that inflamed RA synovial tissues may produce increased S1P. Keeping
previous conclusions in mind, increased S1P levels in synovial tissues may
contribute to CD4 T cell accumulation in RA.
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Figure 5.2.7 Human RA joints express increased SPHK1
Human RA or OA biopsy samples were fixed and embedded in paraffin. 5µm thick sections were
cut and mounted on slides. The slides were then stained with anti-human/mouse SPHK1 or rabbit
IgG (Isotype control). Appropriate biotinylated secondary antibody and an ABC kit were used for
colour development before DAB was used to form positive brown deposits. Sections were imaged
on a light microscope with a camera attachment. Images were scored on a scale of 0-4 by two
blinded observers on two independent occasions. 0 = no staining, 1 = 0-25%, 2 = 25-50%, 3 = 5075%, 4= 75%-100% staining. Image is representative of 4 independent biopsy samples. Synovial
lining layer (SLL), sub lining layer (SUL) and vascular endothelial layers (VEL) of tissue were
scored individually and a kruskal wallis test was used to calculate statistical differences between
OA and RA in each layer. The data was then combined in graph above. Error bars represent SEM.
* denotes P value <0.05.
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5.3 Discussion
Sphingosine-1-phosphate is a pleiotropic sphingolipid responsible for numerous
cellular processes including survival, proliferation and migration (176). S1PRs are
GPCRs and sensitive to PTX mediated inhibition of signalling (647). In this
chapter, the role of S1PR signals in the persistence of CD4 Th1 cells was
investigated.

5.3.1 S1PR1 signals are necessary and sufficient for Th1 cell
persistence at inflamed tissues
Following on from the last chapter where T cell persistence was found to be
pertussis toxin sensitive, the role of S1PRs, another PTX sensitive GPCR was
examined. Th1 cells were treated with either FTY720, W146 or SEW2871 prior to
their adoptive transfer into inflamed or resting tissue sites. These are S1PR pan
antagonist, S1PR1 specific antagonist and agonist respectively.
Lower numbers of Th1 cells were recovered from inflamed tissues when treated
with S1PR antagonists, phenocopying the pertussis toxin treatment experiments.
These results suggested that the pertussis toxin sensitive persistence of T cells is
mediated via S1PR1 signals. These results contradict a study by Ledgerwood et
al. where naïve T cells treated with FTY720 were found to undergo reduced
egress to draining lymph nodes from peripheral tissue sites (244). The authors
suggested that the lower number of T cell recovery from draining lymph nodes
suggested tissue retention mediated via FTY720. Ledgerwood et al. also
demonstrate that S1P treated T cells failed to migrate to lymph nodes but rather
are retained at tissue sites.
The difference in the polarisation state of my T cells (activated Th1 in my
experiments versus naïve T cells in Ledgerwood et al. experiments) as well as
their trafficking from inflamed rather than resting tissues could explain the
differences observed. It is also important to note that Ledgerwood et al. did not
enumerate the number of T cells at the tissue site but rather inferred their
presence by enumerating the draining lymph nodes. In contrast, I have
enumerated both the tissue site and the draining lymph nodes. I believe that this
demonstrates a more robust experimental approach. Finally, FTY720 is a
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functional antagonist of S1PRs. The Ledgerwood study in contrast, suggests it
may be functioning as an agonist. This makes their results difficult to interpret,
since FTY720s function as an S1PR pan functional antagonist is well documented
(222, 438, 439, 643).
Another study by Brown et al. demonstrated that Th1 cell egress from
chronically inflamed tissues is mediated via S1P signals (453). Systemic FTY720
treatment of animals prior to adoptive transfer of T cells at tissue sites reduced
the subsequent recovery from tissue draining lymph nodes 12 hours after
adoptive transfer. This study once again differs from my experiments in several
key methods. Systemic FTY720 treatment of animals can have effects on
multiple cell types and therefore the effect on T cell egress could be indirect.
Moreover, chronically inflamed tissues may differ significantly from acutely
inflamed tissues, both in their cellular and molecular contents (61). Thus, S1P
levels may be different depending on the type of inflammatory stimulus used.
Indeed, as shown in chapter 1, my investigations using a DTH inflammatory
model failed to demonstrate Th1 cell persistence. This may suggest that S1P
mediated T cell persistence is inflammation specific. Thus, it would be
informative to identify the mechanism(s) of S1P gradient dysregulation at
inflamed tissues.

5.3.2 S1PR1 signals may regulate T cell survival
Since LPS inflammation mediated T cell persistence was found to increase cell
survival at the tissue, similar investigations were undertaken to determine
whether S1PR1 signals were regulating T cell survival directly. Intravital
microscopy revealed a marked decrease in T cell motility at inflamed tissue
following FTY720 treatment, indicating that they may be undergoing apoptosis.
S1P mediated cellular motility has been explored in some studies. As mentioned
previously, S1P was found to increase NK cell motility as well as DC chemotaxis
(639, 640). In contrast S1P signals were found to inhibit mast cell migration
(641). In contrast, S1PR1 deficiency was found to reduce CD8 T cell velocity in
lymph nodes (648). S1PR agonism via FTY720-P was also found to reduce CD4 T
cell motility in explanted lymph nodes (645). Due to the conflicting nature of
these studies, it remains uncertain whether S1P’s effects on cellular motility is
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differential based on the tissue type and/or the cell polarisation state. These
results are confounded by the fact that S1P acts both as a survival and migration
signal (239, 626). Dissecting these two pathways may indeed reveal the role
differential cellular motility plays in regulating survival or migration.
Active caspase expression was also measured on FTY720 treated T cells.
However, the results proved inconclusive due to no survival phenotype observed
in vehicle treated T cells at inflamed tissues as found previously. One reason for
this could be the prolonged tissue processing necessary for the FTY720 treated
set of experiments due to the increased number of experimental groups.
A role for S1P in regulating cell survival has been widely studied in various cell
types (623-626). Studies into the molecular mechanisms revealed that inhibition
of caspase activation played a key role (625, 626). Hence it was rational to
undertake a caspase assay.
Despite my inconclusive results, a very recent study by Mendoza et al. elegantly
demonstrated for the first time that naïve T cells require S1PR1 signals to
maintain mitochondrial integrity and thus survival (626). They measured levels
of several mitochondrial proteins in S1PR1 deficient T cells and found them to be
lower than their S1PR1 sufficient controls. Moreover, Mendoza et al. performed
RNA-seq analysis on the T cells to demonstrate differential expression of survival
and apoptotic genes in S1PR1 deficient T cells. The differences observed in this
study were small and thus suggest that a different assay for Th1 cell survival at
tissues such as RNA-seq may have revealed significant differences in my case.

5.3.3 S1P levels are dysregulated at inflamed tissues
S1P levels are low in peripheral tissue fluids and high in blood and lymphatic
vessels (217). Therefore, increased levels of S1P in my inflamed tissue model
may further indicate its role in supporting early Th1 cell survival in tissues. S1P
however is difficult to measure. S1P mRNA is constitutively expressed due to its
role in membrane sphingolipid synthesis pathway. Intracellular S1P is also made
by almost all cells making mass spec results difficult to interpret (430).
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The final step of the S1P synthesis pathway involves the phosphorylation of
sphingosine to S1P by either SPHK1 or SPHK2 (210). Multiple studies have
demonstrated that SPHK1 regulates inflammatory S1P production whereas SPHK2
seems to control homeostatic S1P production (649). Hence, SPHK1 expression
was analysed by immunofluorescent microscopy in LPS inflamed mouse ears. The
results demonstrated that a significantly greater proportion of cells expressed
SPHK1 in inflamed mouse tissues compared to resting ones.
Interestingly, a lot of the SPHK1 expressing cells were not nucleated. Paired
with histology results, where large regions of blood vessel haemorrhage and
blood components were found in tissue, this result strongly suggests that
increased SPHK1 expression was due to blood borne cellular infiltration. Red
blood cells and platelets are the most potent producers of S1P (217). Likewise,
increased vascular leakage at inflamed tissues is well documented (61). Thus, I
propose that LPS inflammation causes increased vascular leakage resulting in
increased local S1P levels. This increased local S1P regulates the survival and/or
migration of T cells at inflamed tissues. Future studies, either inhibiting vascular
leakage or transferring activated platelets to produce S1P at local tissue could
be used in lieu of LPS to confirm this hypothesis.
Another way to enumerate relative differences in S1P levels is measuring the
expression levels of S1PR1 on T cells (431, 440, 602). This method relies on the
exquisite sub-nanomolar sensitivity of S1P to S1PR1. T cells exposed to very low
concentrations of S1P potently downmodulate their receptor expression (440).
One caveat to this method however, is that the differentiation state of the cell
may also alter the S1PR1 expression (430). Nonetheless, relative differences
between S1PR1 expression levels were investigated in transferred Th1 cells at
inflamed versus resting tissues. Ex vivo staining of extracellular S1PR1 expression
proved inconclusive possibly due to tissue digestion processes. However,
intracellular staining demonstrated Th1 cells at inflamed tissues expressed lower
S1PR1 levels, suggesting a relative increase in local tissue S1P level.
Finally, studies by various groups have demonstrated that acutely inflamed
mouse skin and gut have increased local S1P levels (244, 645). S1P levels were
also elevated in human inflammatory diseases. Examination of bronchoalveolar
lavages from asthma patients revealed increased S1P concentrations compared
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to healthy controls (650). Synovial fluids of RA joints also contain elevated levels
of S1P compared to OA joints (267). These studies correlate well with my data
which demonstrates that human RA joints express elevated levels of SPHK1
compared to OA joints. Interestingly, most of these human inflamed tissues also
promote prolonged persistence of T cells. Inhibiting local T cell persistence by
local administration of S1PR1 antagonists may provide an interesting new
therapeutic approach in tissue inflammatory disease.
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6 General Discussion and Future Directions

6.1 General Discussion
Timely and efficient trafficking of T cells to and from inflamed tissues is a key
step in controlling an inflammatory response. It enables the movement of the
appropriate subsets of effector cells to inflamed tissues. Here, effector CD4 T
cells participate in pathogen clearance, tissue repair and memory formation
(276, 403). However, in chronic diseases multiple steps of the trafficking
pathway may be dysregulated. This causes pathogenic accumulation of CD4 T
cells at inflamed peripheral tissues (7, 84, 421, 513, 514).
In this thesis, the signals that affect the persistence of CD4 T cells at inflamed
tissues were investigated. A reductionist inflamed tissue model was designed to
study signals which cause tissue persistence rather than recruitment of CD4 T
cells. Increased understanding of these signals may allow novel therapeutic
intervention to diminish T cell accumulation in inflammatory peripheral tissue
diseases such as RA and psoriasis. In contrast, enhancing T cell persistence may
aid in the development of novel vaccine candidates by enhancing memory cell
formation for infectious diseases at the site of infection, such as in HIV (651).
My studies have identified that LPS inflammation in mouse ear tissue increases
local persistence of CD4 Th1 cells. Accumulation of T cells at inflamed tissues is
a well-documented phenomenon (7, 84, 421, 498, 513, 514, 553). A myriad of
studies have identified specific chemokines, CAMs, survival factors and lipid
mediators as regulators of T cell accumulation at peripheral tissues (84, 244,
421, 481, 525).
Some of the early studies identified a role for chemokines in the attraction and
accumulation of effector T cells at peripheral inflamed tissues. Campbell et al.
first described the role of CCR4 in the chemoattraction of T cells to cutaneous
sites of inflammation (14, 445). Likewise, Zabel et al. discovered the crucial role
of CCR9 in T cell trafficking to the intestine (652).
Chemokines however, not only act as migration cues but often have other
functions. For example, the chemokine receptor CXCR4 has been reported to
cause T cell accumulation in the rheumatoid synovium by both increased survival
and chemotaxis mechanisms (6, 84, 421). Th1 cells were found to chemotax
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towards RA synovial fluid. In addition, Vlahakis et al. found, in a separate study,
that CXCR4 signalling confers CD4 T cells resistant to apoptosis (561). Similarly,
CX3CL1-CX3CR1 interactions have been reported to induce both T cell survival
and retention in models of atopic dermatitis (480). Thus, accumulation of T
cells at inflamed tissues could be a combination of multiple factors such as
increased migration and increased survival, perhaps delivered by the same
molecule.
I further demonstrated that Th1 cells that persisted in the tissue neither
proliferated in situ nor migrated to the dLN at greater numbers than from
resting tissues. Interestingly, intravital microscopy revealed that T cells at
inflamed tissues remained highly motile while those at the resting tissue were
immotile. These findings led me to hypothesise that persistent T cells received
signals at inflamed tissues that rendered them resistant to apoptosis.
Caspase assays demonstrated that a lower proportion of T cells expressed active
caspases at inflamed tissues compared to T cells at resting tissues, supporting
my hypothesis. Akkoc et al. reported that IFNg high T cells from atopic
dermatitis patients expressed increased caspases and underwent apoptotic cell
death (536). They further found that these cells expressed increased FAS and
TNF receptors and that T cell death was mediated via FAS (536). In light of this
study as well as my caspase and microscopy results, the increased production of
IFNg by T cells at resting tissues found in (Figure 3.2.8) may suggest that T cells
were undergoing activation induced cell death.
Hence, levels of FAS ligand, TNF and IL-7 were measured at inflamed and resting
tissues. These molecules have all been identified to play a role in promoting T
cell death or survival (525, 527, 575, 589). However, no differences were
observed in their levels. This does not, however, rule out a role for these
compounds in T cell survival. It is plausible that T cells at inflamed tissues alter
their expression of FAS, TNF or IL-7 receptors, rendering them more or less
sensitive to the same level of signal. It would, therefore be important to
measure levels of receptor expression on T cells to definitively rule out a role
for these compounds in T cell survival at inflamed tissues.
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As discussed previously, chemokines could also mediate T cell survival at
inflamed tissues. Moreover, a recent study by Mendoza et al. demonstrated a
novel role for the lipid mediator S1P in supporting naïve T cell survival (626).
Since both chemokines and S1PRs signal through GPCRs, I inhibited GPCR
signalling by treating T cells with either pertussis toxin or FTY720 which are a
pan GPCR and a pan S1PR inhibitor respectively.
Treatment with either compound led to the disappearance of T cells from
inflamed tissues without affecting their numbers at resting tissues or dLNs. This
provided the first piece of evidence that S1P signalling was critical for Th1 cell
persistence at inflamed tissues. This result however, could be interpreted in
multiple ways.
Studies have demonstrated a role for CCR7 and S1PR1 in controlling the egress of
T cells from both SLOs and peripheral tissues (282). In SLOs, CCR7 and S1PR1
were found to have linked but antagonistic roles in controlling T cell egress.
Pham et al. demonstrated that CCR7 signals favour retention of naïve T cells
while S1PR1 signals favoured their egress via efferent lymphatics, in SLOs (243).
In peripheral tissues, both S1PR1 and CCR7 signals promote the egress of naïve T
cells via afferent lymphatics (453).
This suggests that disruption of pan GPCR signalling should lead to T cell
retention at peripheral tissues, whereas disruption of S1PR specific signalling
should be compensated by the presence of CCR7 signalling to enable T cell
egress. Indeed Brown et al. demonstrate these results when they found that
pertussis toxin treated splenocytes were retained at peripheral tissues following
adoptive transfer (453).
However, the balance of signals alters significantly during inflammation due to
changes in both receptor and ligand availability. Activated T cells downregulate
CCR7 and upregulate S1PR1 to allow their egress from SLOs (243). At inflamed
tissues, little is known about changes in receptor expression, however, increased
levels of S1P as well as CCL19/21 has been reported (244). This would suggest a
possible levelling of the S1P and chemokine gradient between inflamed tissues
and afferent lymphatics, enabling these signals to act as a temporary tissue
retention signal.
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Supporting this theory, Ledgerwood et al. demonstrated that S1P acts as a
retention signal for naïve T cells at acutely inflamed tissues (244). Likewise,
Brown et al. found T cell egress to be CCR7 dependent at acute but not
chronically inflamed tissues (453). Interestingly, they also found that S1P signals
promote T cell egress from chronically inflamed tissues, somewhat contradicting
the Ledgerwood study. The differential responses of T cells to S1P signals from
tissues suggests that expression of either S1PRs and/or S1P are dynamically
regulated based on the length and type of inflammation.
It is also plausible, that S1PR and S1P expression is spatially regulated. Studies
by Skon et al. found that S1PR1 signals were less important in tissue retention of
CD8 TRM cells in the intestinal epithelium compared to other non-lymphoid
tissues (456). Other studies highlighted the importance of the integrin CD103 in
the retention of these cells in the intestine (488). Thus, it is possible that CD103
also contributes to effector/memory T cell retention at peripheral tissues in
conjunction with CCR7 and S1PR1.
Ledgerwood et al. and Brown et al. interpret their data with the assumption that
S1P works as a chemotactic signal for T cells and that T cells migrate from an
area of low S1P concentration (peripheral tissues and LN) to an area of high S1P
concentration (blood and lymphatics). My studies find that signals through S1PR1
are necessary and sufficient to promote Th1 cell persistence at LPS inflamed
peripheral tissues. Some key experimental differences between my studies and
those by Ledgerwood et al. and Brown et al. could explain the discrepancies
observed. My experiments utilise Th1 cells and an LPS mediated inflamed tissue
while they use naïve T cells in adenovirus (Ledgerwood) or CFA (Brown)
inflammation.
In addition, both the studies only quantified the number of transferred cells that
migrate to the draining lymph node to elucidate what might be happening in the
tissue. I believe, this limits the interpretation of their data. However, in light of
these studies, it is difficult to definitively rule out a role for either chemokines
or S1P in having a role in retention of Th1 cells in my model, despite not
observing a difference in Th1 cell numbers in tissue draining lymph nodes.
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In addition to its chemotactic properties, S1P is well known for its anti-apoptotic
properties across multiple cell types but this has not been investigated for
effector T cells (190, 213, 268, 623, 625{Mendoza, 2017 #740, 626). Hence, I
hypothesised that increased effector T cell persistence at inflamed tissues was
due to an anti-apoptotic role played by S1P. While intravital microscopy data
supported my hypothesis, Th1 cells treated with FTY720 had demonstrably
reduced motility at inflamed tissues akin to apoptotic cells (571), caspase assays
did not reach significance, despite a strong trend towards increased apoptosis in
FTY720 treated group (Figure 5.2.3).
This result however, remains inconclusive, since the difference observed in
caspase expression between T cells transferred into resting or inflamed tissues in
previous experiments were not present in these experiments. As demonstrated
by Mendoza et al. measuring apoptosis of T cells can be tricky. They used
markers of mitochondrial integrity to identify a role for S1P in T cell survival
(626). Perhaps using an assay similar to this would generate more replicable
results.
Interestingly, while Mendoza et al. speculate the effect of S1P on naïve T cell
survival is direct, they do not rule out an indirect mechanism of S1P mediated T
cell survival. S1PR signalling has been shown to activate STAT3 which has roles in
the expression of Bcl-2 and Bcl-xl, both anti-apoptotic molecules (619, 653).
Moreover, IL-7/IL-7R signalling, the quintessential T cell survival signal, also
activates the Akt signalling pathway used by S1P signalling (654). This suggests a
potential synergy between IL-7 and S1P signals in facilitating T cell survival. This
may also be applicable to effector T cells which are somewhat sensitive to IL-7
signalling and in some cases use oxidative phosphorylation and the mitochondrial
pathway for their energy generation (482).
Another important factor to consider is the recent body of evidence that
suggests a role for FTY720 in inducing cellular apoptosis in a caspase
independent manner in multiple cell types (655). Although this has not yet been
investigated specifically in T cells, it is possible that FTY720 treatment is
working in a similar manner to induce apoptosis of T cells in my experiments.
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Finally, for S1P to elicit its effects on T cells at peripheral tissues, be that to
induce survival or chemotaxis or both, it has to be present at the tissue.
Measurement of S1P remains a challenge due to its constitutive intracellular
expression and role in cell membrane formation (430). Therefore, I measured
the expression of one of the enzymes that phosphorylates sphingosine to S1P,
SPHK1. Substantially increased SPHK1 expression at LPS inflamed mouse tissues
as well as human rheumatoid synovial tissues suggested that S1P levels may be
elevated at such sites. This is supported by mounting evidence that indicate S1P
levels are elevated at inflamed tissues.
Raised levels of S1P was found in the synovial fluid of RA patients (267).
Likewise, BAL fluid from asthma patients, intestinal IBD samples, and animal
models of intestinal inflammation all demonstrated increased S1P (255, 645).
Despite the growing evidence for a critical role for S1P in regulating inflamed
tissue immunopathology, little is known about how S1P levels are elevated at
peripheral tissues.
Studies have identified lymphatic and blood vessel endothelial cells as producers
of S1P. Moreover, RBCs and platelets also produce large quantities of S1P (236).
H&E staining of inflamed and resting mouse ears demonstrated significant
infiltration of blood derived products into inflamed tissues (Figure 3.2.1).
Moreover, SPHK1 staining was primarily found in anucleated cells at tissue sites,
with very little staining at resting tissues. This leads me to hypothesise that
increased S1P levels at acutely inflamed tissues could be a side effect of
vascular endothelial leakage. Interestingly, inflammation and in particular LPS is
a known inducer of vascular endothelial leakage and could suggest that the
effects observed in my model are applicable in other forms of tissue
inflammation.
To summarise, I believe my data suggest a novel role for S1P in regulating the
persistence of CD4 Th1 cells at peripheral inflamed tissues. The increase in
tissue S1P is derived from blood products which leak into LPS inflamed tissue
sites. Furthermore, S1P may regulate Th1 cell persistence by having a dual
effect of decreased egress as well as increased local survival. Finally, the effect
of S1P on Th1 cell survival may not be direct but mediated via secondary survival
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signals such as IL-7 or chemokines. This working hypothesis is summarised in
Figure 6.1.1 below.
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Figure 6.1.1 Working hypothesis on how S1P regulates Th1 cell persistence at inflamed
peripheral tissues
1. Inflammation induces vascular damage and leakage of blood products, including RBCs and
platelets. 2. Inflammatory stimuli such as LPS also induces activation of SPHKs in these cells,
generating large amounts of S1P. 3. RBCs and platelets express S1P transporters allowing
extracellular release of S1P. 4. This allows effector T cells to sense increased tissue S1P,
increasing their survival. 5. Elevated tissue S1P also eliminates the S1P gradient between tissue
sites and lymphatic and blood vasculature, reducing T cell egress. Together, these two factors
increase the persistence of effector T cells at acutely inflamed tissues.
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6.2 Future studies
6.2.1 Targeting chemokines and integrins in T cell persistence
The key finding of this thesis demonstrates that S1P plays a crucial role in the
persistence of CD4 Th1 cells at inflamed tissue sites. However, my studies in
section 4 suggest that chemokines could also play a role in T cell persistence. As
such, experiments modulating specific chemokine receptors on T cells or their
ligands at tissue sites could identify novel chemokine pathways that promote T
cell persistence at inflamed tissues.
Indeed, previous studies have demonstrated a role for CCR7 in promoting Th1
cell egress from tissues sites (451, 452). In contrast, APC derived CCL5 was
implicated in the retention of memory CD4 T cells at tissue sites (500). The
integrin CD103 was directly found to promote regulatory T cell retention in
inflamed skin tissue (450). Finally, the integrin VLA-1 was also found to promote
CD8 T cell retention in peripheral tissue sites (7, 552).
These studies highlight the multitude of signals which regulate T cell trafficking
at tissue sites. Moreover, they demonstrate that the tissue state and
differentiation status of the T cell dictates the mechanism of trafficking utilised
i.e. inflammatory chemokines, S1P, integrins and others. Developing a
comprehensive understanding of how these signals temporally and spatially
regulate T cell trafficking may allow for the development of timely and targeted
therapies to abrogate tissue inflammation.

6.2.2 Determining S1P mediated T cell survival
While my studies demonstrate that S1P promotes T cell persistence at inflamed
tissues, whether this persistence is due to retention or survival is difficult to
pinpoint. No differences were found in the numbers of transferred cells in
downstream draining lymph nodes or other peripheral organs. Furthermore, T
cells were not proliferating at inflamed tissues. This led me to hypothesise that
S1P promotes increased T cell survival at the tissue site. Flow cytometry based
caspase assays were inconclusive. However, the experiments were compounded
by the fact that prolonged processing of the cells ex vivo might affect cell
viability.
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One method to overcome this problem would be to use cells from a transgenic
caspase reporter mouse as used by Garrod et al. or by using recently developed
caspase probes as demonstrated by Qian et al. (571, 656). This would allow for
imaging of T cells in vivo and quantifying the number of apoptotic cells in S1P
receptor modulated animals (FTY720 treated) versus control animals (vehicle
treated). However, this could be difficult to accurately quantify as dead cells
may be cleared from the tissue site prior to imaging. Moreover, T cells may be
dying in lymphatic vessels while draining from tissue sites, making these cells
difficult to image.
Similarly, whole mounted or serially sectioned tissues could be stained with
antibodies against active caspases. This method has similar limitations to
studying apoptosis in vivo as mentioned previously.
Another way to test whether T cell disappearance at tissue sites was due to
apoptosis would be to transfer Bcl-2 transgenic T cells. These cells are resistant
to apoptosis (657). Thus, any differences in the number of T cells recovered
from inflamed vs resting tissue would not be due to apoptosis. This experiment
would definitively rule out a role for survival or death in regulating T cell
persistence.
Finally, apoptosis could also be assayed by studying the mitochondrial apoptotic
pathways. Mendoza et al. very recently discovered that S1P signals are
important for naïve T cell survival by studying mitochondrial proteins in S1PR1-/T cells in secondary lymphoid organs (626). Investigating similar mitochondrial
protein expression in my system could potentially illuminate whether S1P signals
aid activated Th1 cell survival at inflamed tissues in a similar manner.

6.2.3 Utilising S1PR1-/- T cells
In my experiments, pharmacological agents that target S1PRs were used to
modulate S1P signals in T cells. This was achieved by pre-treating activated T
cells in vitro with S1PR agonists/antagonists prior to their adoptive transfer. This
method allowed me to target T cell specific S1P signals and to further study the
effects of S1P on T cells specifically at peripheral tissue sites.
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The use of pharmacological agents, has some drawbacks. The effect of most of
these drugs have been studied in vivo and thus how they function in vitro is not
well known. The length of treatment time and dosage used in my experiments
were kept consistent with other published in vivo studies where these
pharmacological drugs were found to have an effect on T cells (244, 453).
However, no studies directly demonstrate how these treatment protocols
actually affect S1PR function. Thus, the mechanism of drug action is
inconclusive.
Moreover, the mode of action of FTY720 remains controversial. FTY720 has been
reported to have both agonistic and antagonistic effects on S1PRs (658-660).
Additionally, carryover of drugs cannot be ruled out, despite extensive washing
of cells post-treatment. Therefore, the effects observed in my experiments may
be due to indirect effects of pharmacological agents on tissue cells following
transfer.
Using S1PR1-/- T cells may provide a more robust system to address these
questions. However, using such methods poses further challenges for my system.
Animals with S1PR1-/- T cells have peripheral lymphopenia (661). Most T cells
accumulate in the thymus while some are found in peripheral lymph nodes.
While studies suggest that these T cells mature normally, a role for S1P has been
described in T cell activation and polarisation (662). Thus, it would be difficult
to differentiate whether effects observed in such a system would be due to
differences in T cell activation or due to S1PR1 mediated effects at tissue sites.
Small interfering RNA (siRNA) knockdown of S1PR1 following OT-II cell
polarisation could be used to address these issues (663).

6.2.4 Measuring S1P levels
SPHK1 levels were measured in this thesis as an analogue for S1P. However, S1P
levels are regulated not only via SPHKs but also via S1P lyases and phosphatases
(430). Additionally, S1P transporters play an important role in regulating levels
of extracellular tissue S1P (215, 216, 253, 607). Hence, direct measurement of
S1P remains a critical piece of missing evidence in this study.
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Substantially elevated levels of S1P has been reported in multiple inflamed
peripheral tissues including RA joints (synovial fluid), allergic and asthmatic
lungs (BAL), inflamed mouse peritoneum and skin (244, 246, 267, 650). Likewise,
SPHK levels were found to be elevated in multiple cancers (664). These studies
lend support to my hypothesis that increased S1P at locally inflamed tissue is
responsible for T cell persistence.
Measuring tissue S1P directly poses many challenges. Firstly, S1P is produced
abundantly intracellularly in almost all cell types due to its role in maintaining
cell membranes (430). Thus, mass spectrometry data, the gold standard in S1P
measurement, is unlikely to prove a reliable measurement of extracellular S1P.
A single S1P ELISA kit is available from echelon biosciences. However, the ELISA
sensitivity does not allow for detection at low levels at tissue sites.
Perhaps the best way to measure S1P levels at tissues with any confidence would
be to analyse mRNA levels of all the SPHKs, S1P lyases, phosphatases and
transporters by qRT-PCR. This analysis would develop a comprehensive picture of
S1P regulating proteins at tissue sites. Similar studies have been performed by
Karuppuchamy et al. with promising results in murine gut tissues (645).

6.2.5 Who produces S1P at inflamed tissues?
Once elevated levels of S1P can be confirmed, it would be interesting to
investigate what cell types are responsible for S1P production at inflamed
tissues. Platelets, RBCs and mast cells are potent producers of extracellular S1P
(217). Tissue histology of LPS inflamed mouse ears revealed significant blood
exudate in inflamed skin tissue (Figure 3.2.1A). This in itself could elevate levels
of tissue S1P, due to increased S1P levels in blood (665). Moreover, RBCs and
platelets in tissue could undergo further activation by their inflammatory
surroundings, elevating levels of tissue S1P.
Studies involving the transfer of activated platelets or RBCs into mouse ear
pinnae followed by transfer of T cells to investigate their persistence, could
confirm whether platelet or RBC mediated S1P is responsible for T cell
persistence. Likewise, challenging platelet depleted animals with LPS and then
transferring T cells into their ear pinnae could answer similar questions.
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6.3 Concluding remarks
In this study, persistence of CD4 T cells at inflamed tissues was demonstrated
using an LPS mediated skin inflammation and tissue adoptive transfer model.
Using this system, S1P was found to be responsible for the persistence of
activated Th1 cells at inflamed tissues. Moreover, signals through the S1PR1
were found to be both necessary and sufficient for persistence of CD4 T cells at
inflamed tissues.
Blocking S1PR signals significantly reduced T cell motility in vivo at inflamed
tissues. Finally, elevated levels of the S1P producing enzyme SPHK1 was found at
inflamed peripheral tissues. Together, my data suggests that increased T cell
persistence and motility is due to increased survival of T cells mediated via S1PR
signals.
This novel finding that S1P aids effector T cell persistence and, potentially,
survival at peripheral inflamed tissues could lead to the development of new
therapeutic interventions targeting peripheral tissue inflammatory diseases such
as RA and psoriasis.

192

7 References

193

1.
Kuek A, Hazleman BL, Ostor AJ. Immune-mediated inflammatory diseases
(IMIDs) and biologic therapy: a medical revolution. Postgrad Med J.
2007;83(978):251-60.
2.
Davidson A, Diamond B. Autoimmune diseases. N Engl J Med.
2001;345(5):340-50.
3.
Brophy S, Pavy S, Lewis P, Taylor G, Bradbury L, Robertson D, et al.
Inflammatory eye, skin, and bowel disease in spondyloarthritis: genetic,
phenotypic, and environmental factors. J Rheumatol. 2001;28(12):2667-73.
4.
El-Gabalawy H, Guenther LC, Bernstein CN. Epidemiology of immunemediated inflammatory diseases: incidence, prevalence, natural history, and
comorbidities. J Rheumatol Suppl. 2010;85:2-10.
5.
Jaigirdar SA, MacLeod MK. Development and Function of Protective and
Pathologic Memory CD4 T Cells. Front Immunol. 2015;6:456.
6.
Chung SH, Seki K, Choi BI, Kimura KB, Ito A, Fujikado N, et al. CXC
chemokine receptor 4 expressed in T cells plays an important role in the
development of collagen-induced arthritis. Arthritis Res Ther. 2010;12(5):R188.
7.
Conrad C, Boyman O, Tonel G, Tun-Kyi A, Laggner U, de Fougerolles A, et
al. Alpha1beta1 integrin is crucial for accumulation of epidermal T cells and the
development of psoriasis. Nat Med. 2007;13(7):836-42.
8.
Radulovic K, Rossini V, Manta C, Holzmann K, Kestler HA, Niess JH. The
early activation marker CD69 regulates the expression of chemokines and CD4 T
cell accumulation in intestine. PLoS One. 2013;8(6):e65413.
9.
Doebis C, Menning A, Neumann K, Ghani S, Schlawe K, Lauer U, et al.
Accumulation and local proliferation of antigen-specific CD4+ T cells in antigenbearing tissue. Immunol Cell Biol. 2011;89(4):566-72.
10.
Mellado M, Martinez-Munoz L, Cascio G, Lucas P, Pablos JL, RodriguezFrade JM. T Cell Migration in Rheumatoid Arthritis. Front Immunol. 2015;6:384.
11.
Shi Y, Feng Y, Kang J, Liu C, Li Z, Li D, et al. Critical regulation of CD4+ T
cell survival and autoimmunity by beta-arrestin 1. Nat Immunol. 2007;8(8):81724.
12.
Austrup F, Vestweber D, Borges E, Lohning M, Brauer R, Herz U, et al. Pand E-selectin mediate recruitment of T-helper-1 but not T-helper-2 cells into
inflammed tissues. Nature. 1997;385(6611):81-3.
13.
Picker LJ, Treer JR, Ferguson-Darnell B, Collins PA, Bergstresser PR,
Terstappen LW. Control of lymphocyte recirculation in man. II. Differential
regulation of the cutaneous lymphocyte-associated antigen, a tissue-selective
homing receptor for skin-homing T cells. J Immunol. 1993;150(3):1122-36.
14.
Reiss Y, Proudfoot AE, Power CA, Campbell JJ, Butcher EC. CC chemokine
receptor (CCR)4 and the CCR10 ligand cutaneous T cell-attracting chemokine
(CTACK) in lymphocyte trafficking to inflamed skin. J Exp Med.
2001;194(10):1541-7.
15.
Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song SY. Retinoic
acid imprints gut-homing specificity on T cells. Immunity. 2004;21(4):527-38.
16.
Hamann A, Andrew DP, Jablonski-Westrich D, Holzmann B, Butcher EC.
Role of alpha 4-integrins in lymphocyte homing to mucosal tissues in vivo. J
Immunol. 1994;152(7):3282-93.
17.
Svensson M, Marsal J, Ericsson A, Carramolino L, Broden T, Marquez G, et
al. CCL25 mediates the localization of recently activated CD8alphabeta(+)
lymphocytes to the small-intestinal mucosa. J Clin Invest. 2002;110(8):1113-21.
18.
Majno G, Joris I. Cells, tissues, and disease : principles of general
pathology. 2nd ed. New York ; Oxford: Oxford University Press; 2004. xxviii,
1005 p. p.
194

19.
Weiss U. Inflammation. Nature. 2008;454(7203):427.
20.
Rocha e Silva M. A brief survey of the history of inflammation. Agents
Actions. 1978;8(1-2):45-9.
21.
Granger DN, Senchenkova E. Historical Perspectives. Inflammation and
the Microcirculation. Integrated Systems Physiology—From Cell to Function. San
Rafael (CA)2010.
22.
Barton GM. A calculated response: control of inflammation by the innate
immune system. J Clin Invest. 2008;118(2):413-20.
23.
Janeway CA, Jr. Approaching the asymptote? Evolution and revolution in
immunology. Cold Spring Harb Symp Quant Biol. 1989;54 Pt 1:1-13.
24.
Akira S, Hemmi H. Recognition of pathogen-associated molecular patterns
by TLR family. Immunol Lett. 2003;85(2):85-95.
25.
Matzinger P. Tolerance, danger, and the extended family. Annu Rev
Immunol. 1994;12:991-1045.
26.
Bianchi ME. DAMPs, PAMPs and alarmins: all we need to know about
danger. J Leukoc Biol. 2007;81(1):1-5.
27.
Matzinger P. The danger model: a renewed sense of self. Science.
2002;296(5566):301-5.
28.
Jounai N, Kobiyama K, Takeshita F, Ishii KJ. Recognition of damageassociated molecular patterns related to nucleic acids during inflammation and
vaccination. Front Cell Infect Microbiol. 2012;2:168.
29.
Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate
immunity. Cell. 2006;124(4):783-801.
30.
Chow JC, Young DW, Golenbock DT, Christ WJ, Gusovsky F. Toll-like
receptor-4 mediates lipopolysaccharide-induced signal transduction. J Biol
Chem. 1999;274(16):10689-92.
31.
Yu M, Wang H, Ding A, Golenbock DT, Latz E, Czura CJ, et al. HMGB1
signals through toll-like receptor (TLR) 4 and TLR2. Shock. 2006;26(2):174-9.
32.
Wilhelm DL. Mechanisms responsible for increased vascular permeability
in acute inflammation. Agents Actions. 1973;3(5):297-306.
33.
Pober JS, Sessa WC. Evolving functions of endothelial cells in
inflammation. Nat Rev Immunol. 2007;7(10):803-15.
34.
Lorant DE, Patel KD, McIntyre TM, McEver RP, Prescott SM, Zimmerman
GA. Coexpression of GMP-140 and PAF by endothelium stimulated by histamine
or thrombin: a juxtacrine system for adhesion and activation of neutrophils. J
Cell Biol. 1991;115(1):223-34.
35.
Vestweber D. How leukocytes cross the vascular endothelium. Nat Rev
Immunol. 2015;15(11):692-704.
36.
Alon R, Shulman Z. Chemokine triggered integrin activation and actin
remodeling events guiding lymphocyte migration across vascular barriers. Exp
Cell Res. 2011;317(5):632-41.
37.
Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health
and inflammation. Nat Rev Immunol. 2013;13(3):159-75.
38.
Nathan C. Neutrophils and immunity: challenges and opportunities. Nat
Rev Immunol. 2006;6(3):173-82.
39.
Weiss SJ. Tissue destruction by neutrophils. N Engl J Med.
1989;320(6):365-76.
40.
Shi C, Pamer EG. Monocyte recruitment during infection and
inflammation. Nat Rev Immunol. 2011;11(11):762-74.
41.
Serhan CN, Savill J. Resolution of inflammation: the beginning programs
the end. Nat Immunol. 2005;6(12):1191-7.

195

42.
Arnold L, Henry A, Poron F, Baba-Amer Y, van Rooijen N, Plonquet A, et
al. Inflammatory monocytes recruited after skeletal muscle injury switch into
antiinflammatory macrophages to support myogenesis. J Exp Med.
2007;204(5):1057-69.
43.
Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM.
Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory
cytokine production through autocrine/paracrine mechanisms involving TGFbeta, PGE2, and PAF. J Clin Invest. 1998;101(4):890-8.
44.
Boonstra A, Rajsbaum R, Holman M, Marques R, Asselin-Paturel C, Pereira
JP, et al. Macrophages and myeloid dendritic cells, but not plasmacytoid
dendritic cells, produce IL-10 in response to MyD88- and TRIF-dependent TLR
signals, and TLR-independent signals. J Immunol. 2006;177(11):7551-8.
45.
Ogle ME, Segar CE, Sridhar S, Botchwey EA. Monocytes and macrophages
in tissue repair: Implications for immunoregenerative biomaterial design. Exp
Biol Med (Maywood). 2016;241(10):1084-97.
46.
Koh TJ, DiPietro LA. Inflammation and wound healing: the role of the
macrophage. Expert Rev Mol Med. 2011;13:e23.
47.
Kotas ME, Medzhitov R. Homeostasis, inflammation, and disease
susceptibility. Cell. 2015;160(5):816-27.
48.
Weiland JE, Davis WB, Holter JF, Mohammed JR, Dorinsky PM, Gadek JE.
Lung neutrophils in the adult respiratory distress syndrome. Clinical and
pathophysiologic significance. Am Rev Respir Dis. 1986;133(2):218-25.
49.
Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory distress
in adults. Lancet. 1967;2(7511):319-23.
50.
Niederman MS, Fein AM. Sepsis syndrome, the adult respiratory distress
syndrome, and nosocomial pneumonia. A common clinical sequence. Clin Chest
Med. 1990;11(4):633-56.
51.
Reuter S, Moser C, Baack M. Respiratory distress in the newborn. Pediatr
Rev. 2014;35(10):417-28; quiz 29.
52.
Pittet JF, Mackersie RC, Martin TR, Matthay MA. Biological markers of
acute lung injury: prognostic and pathogenetic significance. Am J Respir Crit
Care Med. 1997;155(4):1187-205.
53.
Fein AM, Calalang-Colucci MG. Acute lung injury and acute respiratory
distress syndrome in sepsis and septic shock. Crit Care Clin. 2000;16(2):289-317.
54.
Baron RM, Levy BD. Recent advances in understanding and treating ARDS.
F1000Res. 2016;5.
55.
Angus DC, van der Poll T. Severe sepsis and septic shock. N Engl J Med.
2013;369(9):840-51.
56.
Damas P, Canivet JL, de Groote D, Vrindts Y, Albert A, Franchimont P, et
al. Sepsis and serum cytokine concentrations. Crit Care Med. 1997;25(3):405-12.
57.
Blackwell TS, Christman JW. Sepsis and cytokines: current status. Br J
Anaesth. 1996;77(1):110-7.
58.
Bauer PR. Microvascular responses to sepsis: clinical significance.
Pathophysiology. 2002;8(3):141-8.
59.
van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. The
immunopathology of sepsis and potential therapeutic targets. Nat Rev Immunol.
2017;17(7):407-20.
60.
Lawrence T, Gilroy DW. Chronic inflammation: a failure of resolution? Int
J Exp Pathol. 2007;88(2):85-94.
61.
Medzhitov R. Origin and physiological roles of inflammation. Nature.
2008;454(7203):428-35.

196

62.
Drayton DL, Liao S, Mounzer RH, Ruddle NH. Lymphoid organ
development: from ontogeny to neogenesis. Nat Immunol. 2006;7(4):344-53.
63.
Monack DM, Mueller A, Falkow S. Persistent bacterial infections: the
interface of the pathogen and the host immune system. Nat Rev Microbiol.
2004;2(9):747-65.
64.
Abou-Raya S, Abou-Raya A, Naim A, Abuelkheir H. Chronic inflammatory
autoimmune disorders and atherosclerosis. Ann N Y Acad Sci. 2007;1107:56-67.
65.
Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to
biomaterials. Semin Immunol. 2008;20(2):86-100.
66.
Hirahara K, Nakayama T. CD4+ T-cell subsets in inflammatory diseases:
beyond the Th1/Th2 paradigm. Int Immunol. 2016;28(4):163-71.
67.
Williams GT, Williams WJ. Granulomatous inflammation--a review. J Clin
Pathol. 1983;36(7):723-33.
68.
Schon MP, Boehncke WH. Psoriasis. N Engl J Med. 2005;352(18):1899-912.
69.
Di Cesare A, Di Meglio P, Nestle FO. The IL-23/Th17 axis in the
immunopathogenesis of psoriasis. J Invest Dermatol. 2009;129(6):1339-50.
70.
Stratis A, Pasparakis M, Rupec RA, Markur D, Hartmann K, ScharffetterKochanek K, et al. Pathogenic role for skin macrophages in a mouse model of
keratinocyte-induced psoriasis-like skin inflammation. J Clin Invest.
2006;116(8):2094-104.
71.
Zaba LC, Fuentes-Duculan J, Eungdamrong NJ, Abello MV, Novitskaya I,
Pierson KC, et al. Psoriasis is characterized by accumulation of
immunostimulatory and Th1/Th17 cell-polarizing myeloid dendritic cells. J Invest
Dermatol. 2009;129(1):79-88.
72.
Baliwag J, Barnes DH, Johnston A. Cytokines in psoriasis. Cytokine.
2015;73(2):342-50.
73.
Liu Y, Krueger JG, Bowcock AM. Psoriasis: genetic associations and
immune system changes. Genes Immun. 2007;8(1):1-12.
74.
Warren RB, Chalmers RJ, Griffiths CE, Menter A. Methotrexate for
psoriasis in the era of biological therapy. Clin Exp Dermatol. 2008;33(5):551-4.
75.
Leman J, Burden A. Treatment of severe psoriasis with infliximab. Ther
Clin Risk Manag. 2008;4(6):1165-76.
76.
McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J
Med. 2011;365(23):2205-19.
77.
van der Helm-van Mil AH, Wesoly JZ, Huizinga TW. Understanding the
genetic contribution to rheumatoid arthritis. Curr Opin Rheumatol.
2005;17(3):299-304.
78.
Kurko J, Besenyei T, Laki J, Glant TT, Mikecz K, Szekanecz Z. Genetics of
rheumatoid arthritis - a comprehensive review. Clin Rev Allergy Immunol.
2013;45(2):170-9.
79.
Neefjes J, Jongsma ML, Paul P, Bakke O. Towards a systems understanding
of MHC class I and MHC class II antigen presentation. Nat Rev Immunol.
2011;11(12):823-36.
80.
Plenge RM, Padyukov L, Remmers EF, Purcell S, Lee AT, Karlson EW, et al.
Replication of putative candidate-gene associations with rheumatoid arthritis in
>4,000 samples from North America and Sweden: association of susceptibility
with PTPN22, CTLA4, and PADI4. Am J Hum Genet. 2005;77(6):1044-60.
81.
Waaler E. On the occurrence of a factor in human serum activating the
specific agglutintion of sheep blood corpuscles. 1939. APMIS. 2007;115(5):42238; discussion 39.

197

82.
Aletaha D, Alasti F, Smolen JS. Rheumatoid factor determines structural
progression of rheumatoid arthritis dependent and independent of disease
activity. Ann Rheum Dis. 2013;72(6):875-80.
83.
Dubucquoi S, Solau-Gervais E, Lefranc D, Marguerie L, Sibilia J, Goetz J,
et al. Evaluation of anti-citrullinated filaggrin antibodies as hallmarks for the
diagnosis of rheumatic diseases. Ann Rheum Dis. 2004;63(4):415-9.
84.
Nanki T, Hayashida K, El-Gabalawy HS, Suson S, Shi K, Girschick HJ, et al.
Stromal cell-derived factor-1-CXC chemokine receptor 4 interactions play a
central role in CD4+ T cell accumulation in rheumatoid arthritis synovium. J
Immunol. 2000;165(11):6590-8.
85.
Genovese MC, Becker JC, Schiff M, Luggen M, Sherrer Y, Kremer J, et al.
Abatacept for rheumatoid arthritis refractory to tumor necrosis factor alpha
inhibition. N Engl J Med. 2005;353(11):1114-23.
86.
Genovese MC, Schiff M, Luggen M, Becker JC, Aranda R, Teng J, et al.
Efficacy and safety of the selective co-stimulation modulator abatacept
following 2 years of treatment in patients with rheumatoid arthritis and an
inadequate response to anti-tumour necrosis factor therapy. Ann Rheum Dis.
2008;67(4):547-54.
87.
Lubberts E, Koenders MI, van den Berg WB. The role of T-cell interleukin17 in conducting destructive arthritis: lessons from animal models. Arthritis Res
Ther. 2005;7(1):29-37.
88.
Manoury-Schwartz B, Chiocchia G, Bessis N, Abehsira-Amar O, Batteux F,
Muller S, et al. High susceptibility to collagen-induced arthritis in mice lacking
IFN-gamma receptors. J Immunol. 1997;158(11):5501-6.
89.
Vermeire K, Heremans H, Vandeputte M, Huang S, Billiau A, Matthys P.
Accelerated collagen-induced arthritis in IFN-gamma receptor-deficient mice. J
Immunol. 1997;158(11):5507-13.
90.
McInnes IB, Schett G. Cytokines in the pathogenesis of rheumatoid
arthritis. Nat Rev Immunol. 2007;7(6):429-42.
91.
Statkute L, Ruderman EM. Novel TNF antagonists for the treatment of
rheumatoid arthritis. Expert Opin Investig Drugs. 2010;19(1):105-15.
92.
Mogensen TH. Pathogen recognition and inflammatory signaling in innate
immune defenses. Clin Microbiol Rev. 2009;22(2):240-73, Table of Contents.
93.
Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune
responses. Nat Immunol. 2004;5(10):987-95.
94.
Summers SA, Steinmetz OM, Ooi JD, Gan PY, O'Sullivan KM, Visvanathan K,
et al. Toll-like receptor 9 enhances nephritogenic immunity and glomerular
leukocyte recruitment, exacerbating experimental crescentic
glomerulonephritis. Am J Pathol. 2010;177(5):2234-44.
95.
Rankin JA. Biological mediators of acute inflammation. AACN Clin Issues.
2004;15(1):3-17.
96.
Schwartz LB, Lewis RA, Seldin D, Austen KF. Acid hydrolases and tryptase
from secretory granules of dispersed human lung mast cells. J Immunol.
1981;126(4):1290-4.
97.
Theoharides TC, Bondy PK, Tsakalos ND, Askenase PW. Differential release
of serotonin and histamine from mast cells. Nature. 1982;297(5863):229-31.
98.
Bottaro D, Shepro D, Peterson S, Hechtman HB. Serotonin,
norepinephrine, and histamine mediation of endothelial cell barrier function in
vitro. J Cell Physiol. 1986;128(2):189-94.
99.
Bove AA, Dewey JD. Effects of serotonin and histamine on proximal and
distal coronary vasculature in dogs: comparison with alpha-adrenergic
stimulation. Am J Cardiol. 1983;52(10):1333-9.
198

100. Ratnoff OD, Davie EW, Mallett DL. Studies on the action of Hageman
factor: evidence that activated Hageman factor in turn activates plasma
thromboplastin antecedent. J Clin Invest. 1961;40:803-19.
101. Kaplan AP, Austen KF. A prealbumin activator of prekallikrein. II.
Derivation of activators of prekallikrein from active Hageman factor by digestion
with plasmin. J Exp Med. 1971;133(4):696-712.
102. Webster ME, Atnoff OD. Role of Hageman factor in the activation of
vasodilator activity in human plasma. Nature. 1961;192:180-1.
103. Davie EW, Ratnoff OD. Waterfall Sequence for Intrinsic Blood Clotting.
Science. 1964;145(3638):1310-2.
104. Caen J, Wu Q. Hageman factor, platelets and polyphosphates: early
history and recent connection. J Thromb Haemost. 2010;8(8):1670-4.
105. Johnson AR, Erdos EG. Release of histamine from mast cells by vasoactive
peptides. Proc Soc Exp Biol Med. 1973;142(4):1252-6.
106. Waalkes TP, Weissbach H, Bozicevich J, Udenfriend S. Serotonin and
histamine release during anaphylaxis in the rabbit. J Clin Invest.
1957;36(7):1115-20.
107. Margolius HS. Tissue kallikreins structure, regulation, and participation in
mammalian physiology and disease. Clin Rev Allergy Immunol. 1998;16(4):33749.
108. Bautista DM, Jordt SE, Nikai T, Tsuruda PR, Read AJ, Poblete J, et al.
TRPA1 mediates the inflammatory actions of environmental irritants and
proalgesic agents. Cell. 2006;124(6):1269-82.
109. Vogt W, Damerau B, Luhmann B, Hesse D, Haller Y. Complement
activation in human lymph: modulation by the contact activation system and by
leukocytes. Int Arch Allergy Appl Immunol. 1986;79(4):423-33.
110. Markiewski MM, Lambris JD. The role of complement in inflammatory
diseases from behind the scenes into the spotlight. Am J Pathol.
2007;171(3):715-27.
111. Volanakis JE. The role of complement in innate and adaptive immunity.
Curr Top Microbiol Immunol. 2002;266:41-56.
112. Lerchenberger M, Uhl B, Stark K, Zuchtriegel G, Eckart A, Miller M, et al.
Matrix metalloproteinases modulate ameboid-like migration of neutrophils
through inflamed interstitial tissue. Blood. 2013;122(5):770-80.
113. Sinclair RD, Ryan TJ. Proteolytic enzymes in wound healing: the role of
enzymatic debridement. Australas J Dermatol. 1994;35(1):35-41.
114. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines:
At the crossroads of cell signalling and inflammatory disease. Biochim Biophys
Acta. 2014;1843(11):2563-82.
115. Parameswaran N, Patial S. Tumor necrosis factor-alpha signaling in
macrophages. Crit Rev Eukaryot Gene Expr. 2010;20(2):87-103.
116. Kim H, Hwang JS, Woo CH, Kim EY, Kim TH, Cho KJ, et al. TNF-alphainduced up-regulation of intercellular adhesion molecule-1 is regulated by a RacROS-dependent cascade in human airway epithelial cells. Exp Mol Med.
2008;40(2):167-75.
117. Smart SJ, Casale TB. TNF-alpha-induced transendothelial neutrophil
migration is IL-8 dependent. Am J Physiol. 1994;266(3 Pt 1):L238-45.
118. Picchi A, Gao X, Belmadani S, Potter BJ, Focardi M, Chilian WM, et al.
Tumor necrosis factor-alpha induces endothelial dysfunction in the prediabetic
metabolic syndrome. Circ Res. 2006;99(1):69-77.
119. Chen X, Xun K, Chen L, Wang Y. TNF-alpha, a potent lipid metabolism
regulator. Cell Biochem Funct. 2009;27(7):407-16.
199

120. Boraschi D, Lucchesi D, Hainzl S, Leitner M, Maier E, Mangelberger D, et
al. IL-37: a new anti-inflammatory cytokine of the IL-1 family. Eur Cytokine
Netw. 2011;22(3):127-47.
121. Garlanda C, Dinarello CA, Mantovani A. The interleukin-1 family: back to
the future. Immunity. 2013;39(6):1003-18.
122. Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate
receptors in infection and immunity. Immunity. 2011;34(5):637-50.
123. Brennan K, Bowie AG. Activation of host pattern recognition receptors by
viruses. Curr Opin Microbiol. 2010;13(4):503-7.
124. Arend WP, Palmer G, Gabay C. IL-1, IL-18, and IL-33 families of cytokines.
Immunol Rev. 2008;223:20-38.
125. Dinarello CA. Infection, fever, and exogenous and endogenous pyrogens:
some concepts have changed. J Endotoxin Res. 2004;10(4):201-22.
126. Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold
Spring Harb Perspect Biol. 2009;1(6):a001651.
127. Mertens M, Singh JA. Anakinra for rheumatoid arthritis. Cochrane
Database Syst Rev. 2009(1):CD005121.
128. Alten R, Gomez-Reino J, Durez P, Beaulieu A, Sebba A, Krammer G, et al.
Efficacy and safety of the human anti-IL-1beta monoclonal antibody
canakinumab in rheumatoid arthritis: results of a 12-week, Phase II, dose-finding
study. BMC Musculoskelet Disord. 2011;12:153.
129. Kuemmerle-Deschner JB, Tyrrell PN, Koetter I, Wittkowski H, Bialkowski
A, Tzaribachev N, et al. Efficacy and safety of anakinra therapy in pediatric and
adult patients with the autoinflammatory Muckle-Wells syndrome. Arthritis
Rheum. 2011;63(3):840-9.
130. Kuemmerle-Deschner JB, Wittkowski H, Tyrrell PN, Koetter I, Lohse P,
Ummenhofer K, et al. Treatment of Muckle-Wells syndrome: analysis of two IL-1blocking regimens. Arthritis Res Ther. 2013;15(3):R64.
131. Jucker M, Abts H, Li W, Schindler R, Merz H, Gunther A, et al. Expression
of interleukin-6 and interleukin-6 receptor in Hodgkin's disease. Blood.
1991;77(11):2413-8.
132. Kishimoto T. IL-6: from its discovery to clinical applications. Int Immunol.
2010;22(5):347-52.
133. Zhou L, Ivanov, II, Spolski R, Min R, Shenderov K, Egawa T, et al. IL-6
programs T(H)-17 cell differentiation by promoting sequential engagement of the
IL-21 and IL-23 pathways. Nat Immunol. 2007;8(9):967-74.
134. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and
regulatory T cells. Nature. 2006;441(7090):235-8.
135. Gauldie J, Richards C, Northemann W, Fey G, Baumann H. IFN beta
2/BSF2/IL-6 is the monocyte-derived HSF that regulates receptor-specific acute
phase gene regulation in hepatocytes. Ann N Y Acad Sci. 1989;557:46-58;
discussion -9.
136. Dinarello CA. Immunological and inflammatory functions of the
interleukin-1 family. Annu Rev Immunol. 2009;27:519-50.
137. Kim GW, Lee NR, Pi RH, Lim YS, Lee YM, Lee JM, et al. IL-6 inhibitors for
treatment of rheumatoid arthritis: past, present, and future. Arch Pharm Res.
2015;38(5):575-84.
138. Yokota S. Interleukin 6 as a therapeutic target in systemic-onset juvenile
idiopathic arthritis. Curr Opin Rheumatol. 2003;15(5):581-6.
139. Rossi JF, Lu ZY, Jourdan M, Klein B. Interleukin-6 as a therapeutic target.
Clin Cancer Res. 2015;21(6):1248-57.
200

140. Human Cytokines: Their Role in Disease and Therapy. BMJ.
1995;311(7020):1649.
141. Park JY, Pillinger MH. Interleukin-6 in the pathogenesis of rheumatoid
arthritis. Bull NYU Hosp Jt Dis. 2007;65 Suppl 1:S4-10.
142. Rosa JS, Flores RL, Oliver SR, Pontello AM, Zaldivar FP, Galassetti PR.
Sustained IL-1alpha, IL-4, and IL-6 elevations following correction of
hyperglycemia in children with type 1 diabetes mellitus. Pediatr Diabetes.
2008;9(1):9-16.
143. Portugal-Cohen M, Horev L, Ruffer C, Schlippe G, Voss W, Ma'or Z, et al.
Non-invasive skin biomarkers quantification of psoriasis and atopic dermatitis:
cytokines, antioxidants and psoriatic skin auto-fluorescence. Biomed
Pharmacother. 2012;66(4):293-9.
144. Brugos B, Vincze Z, Sipka S, Szegedi G, Zeher M. Serum and urinary
cytokine levels of SLE patients. Pharmazie. 2012;67(5):411-3.
145. Kawaguchi Y, Hara M, Wright TM. Endogenous IL-1alpha from systemic
sclerosis fibroblasts induces IL-6 and PDGF-A. J Clin Invest. 1999;103(9):1253-60.
146. Matsuno H, Yudoh K, Katayama R, Nakazawa F, Uzuki M, Sawai T, et al.
The role of TNF-alpha in the pathogenesis of inflammation and joint destruction
in rheumatoid arthritis (RA): a study using a human RA/SCID mouse chimera.
Rheumatology (Oxford). 2002;41(3):329-37.
147. Hachicha M, Rathanaswami P, Schall TJ, McColl SR. Production of
monocyte chemotactic protein-1 in human type B synoviocytes. Synergistic
effect of tumor necrosis factor alpha and interferon-gamma. Arthritis Rheum.
1993;36(1):26-34.
148. Roach DR, Bean AG, Demangel C, France MP, Briscoe H, Britton WJ. TNF
regulates chemokine induction essential for cell recruitment, granuloma
formation, and clearance of mycobacterial infection. J Immunol.
2002;168(9):4620-7.
149. Nourshargh S, Alon R. Leukocyte migration into inflamed tissues.
Immunity. 2014;41(5):694-707.
150. Constantin G, Majeed M, Giagulli C, Piccio L, Kim JY, Butcher EC, et al.
Chemokines trigger immediate beta2 integrin affinity and mobility changes:
differential regulation and roles in lymphocyte arrest under flow. Immunity.
2000;13(6):759-69.
151. Moser B, Wolf M, Walz A, Loetscher P. Chemokines: multiple levels of
leukocyte migration control. Trends Immunol. 2004;25(2):75-84.
152. Nomenclature IWSoC. Chemokine/chemokine receptor nomenclature.
Cytokine. 2003;21(1):48-9.
153. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines:
At the crossroads of cell signalling and inflammatory disease. Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research. 2014;1843(11):2563-82.
154. Bennett LD, Fox JM, Signoret N. Mechanisms regulating chemokine
receptor activity. Immunology. 2011;134(3):246-56.
155. Thelen M. Dancing to the tune of chemokines. Nat Immunol.
2001;2(2):129-34.
156. Neil SJ, Aasa-Chapman MM, Clapham PR, Nibbs RJ, McKnight A, Weiss RA.
The promiscuous CC chemokine receptor D6 is a functional coreceptor for
primary isolates of human immunodeficiency virus type 1 (HIV-1) and HIV-2 on
astrocytes. J Virol. 2005;79(15):9618-24.
157. Mantovani A. The chemokine system: redundancy for robust outputs.
Immunol Today. 1999;20(6):254-7.

201

158. Nagasawa T, Hirota S, Tachibana K, Takakura N, Nishikawa S, Kitamura Y,
et al. Defects of B-cell lymphopoiesis and bone-marrow myelopoiesis in mice
lacking the CXC chemokine PBSF/SDF-1. Nature. 1996;382(6592):635-8.
159. Nomiyama H, Osada N, Yoshie O. Systematic classification of vertebrate
chemokines based on conserved synteny and evolutionary history. Genes Cells.
2013;18(1):1-16.
160. Borroni EM, Bonecchi R. Shaping the gradient by nonchemotactic
chemokine receptors. Cell Adh Migr. 2009;3(2):146-7.
161. Seitz M, Dewald B, Ceska M, Gerber N, Baggiolini M. Interleukin-8 in
inflammatory rheumatic diseases: synovial fluid levels, relation to rheumatoid
factors, production by mononuclear cells, and effects of gold sodium thiomalate
and methotrexate. Rheumatol Int. 1992;12(4):159-64.
162. Mahida YR, Ceska M, Effenberger F, Kurlak L, Lindley I, Hawkey CJ.
Enhanced synthesis of neutrophil-activating peptide-1/interleukin-8 in active
ulcerative colitis. Clin Sci (Lond). 1992;82(3):273-5.
163. Chen SC, de Groot M, Kinsley D, Laverty M, McClanahan T, Arreaza M, et
al. Expression of chemokine receptor CXCR3 by lymphocytes and plasmacytoid
dendritic cells in human psoriatic lesions. Arch Dermatol Res. 2010;302(2):11323.
164. Proudfoot AE, Power CA, Schwarz MK. Anti-chemokine small molecule
drugs: a promising future? Expert Opin Investig Drugs. 2010;19(3):345-55.
165. Gonzalez-Amaro R, Sanchez-Madrid F. Cell adhesion molecules: selectins
and integrins. Crit Rev Immunol. 1999;19(5-6):389-429.
166. Henninger DD, Panes J, Eppihimer M, Russell J, Gerritsen M, Anderson DC,
et al. Cytokine-induced VCAM-1 and ICAM-1 expression in different organs of the
mouse. J Immunol. 1997;158(4):1825-32.
167. Barthel SR, Gavino JD, Descheny L, Dimitroff CJ. Targeting selectins and
selectin ligands in inflammation and cancer. Expert Opin Ther Targets.
2007;11(11):1473-91.
168. Chigaev A, Sklar LA. Aspects of VLA-4 and LFA-1 regulation that may
contribute to rolling and firm adhesion. Front Immunol. 2012;3:242.
169. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol.
2007;7(9):678-89.
170. Denucci CC, Mitchell JS, Shimizu Y. Integrin function in T-cell homing to
lymphoid and nonlymphoid sites: getting there and staying there. Crit Rev
Immunol. 2009;29(2):87-109.
171. Ley K, Rivera-Nieves J, Sandborn WJ, Shattil S. Integrin-based
therapeutics: biological basis, clinical use and new drugs. Nat Rev Drug Discov.
2016;15(3):173-83.
172. Christie PE, Henderson WR, Jr. Lipid inflammatory mediators:
leukotrienes, prostaglandins, platelet-activating factor. Clin Allergy Immunol.
2002;16:233-54.
173. Serhan CN, Haeggström JZ. Lipid Mediators in Acute Inflammation and
Resolution: Eicosanoids, PAF, Resolvins, and Protectins. In: Serhan CN, Gilroy
DW, Ward PA, editors. Fundamentals of Inflammation. Cambridge: Cambridge
University Press; 2010. p. 153-74.
174. Gault CR, Obeid LM, Hannun YA. An overview of sphingolipid metabolism:
from synthesis to breakdown. Adv Exp Med Biol. 2010;688:1-23.
175. Sabourdy F, Kedjouar B, Sorli SC, Colie S, Milhas D, Salma Y, et al.
Functions of sphingolipid metabolism in mammals--lessons from genetic defects.
Biochim Biophys Acta. 2008;1781(4):145-83.
202

176. Spiegel S, Milstien S. Sphingosine-1-phosphate: an enigmatic signalling
lipid. Nat Rev Mol Cell Biol. 2003;4(5):397-407.
177. Marchesini N, Hannun YA. Acid and neutral sphingomyelinases: roles and
mechanisms of regulation. Biochem Cell Biol. 2004;82(1):27-44.
178. Wong ML, Xie B, Beatini N, Phu P, Marathe S, Johns A, et al. Acute
systemic inflammation up-regulates secretory sphingomyelinase in vivo: a
possible link between inflammatory cytokines and atherogenesis. Proc Natl Acad
Sci U S A. 2000;97(15):8681-6.
179. Coroneos E, Martinez M, McKenna S, Kester M. Differential regulation of
sphingomyelinase and ceramidase activities by growth factors and cytokines.
Implications for cellular proliferation and differentiation. J Biol Chem.
1995;270(40):23305-9.
180. Hernandez OM, Discher DJ, Bishopric NH, Webster KA. Rapid activation of
neutral sphingomyelinase by hypoxia-reoxygenation of cardiac myocytes. Circ
Res. 2000;86(2):198-204.
181. Riboni L, Prinetti A, Bassi R, Tettamanti G. Formation of bioactive
sphingoid molecules from exogenous sphingomyelin in primary cultures of
neurons and astrocytes. FEBS Lett. 1994;352(3):323-6.
182. Riboni L, Bassi R, Caminiti A, Prinetti A, Viani P, Tettamanti G. Metabolic
fate of exogenous sphingosine in neuroblastoma neuro2A cells. Dose-dependence
and biological effects. Ann N Y Acad Sci. 1998;845:46-56.
183. Sugiura M, Kono K, Liu H, Shimizugawa T, Minekura H, Spiegel S, et al.
Ceramide kinase, a novel lipid kinase. Molecular cloning and functional
characterization. J Biol Chem. 2002;277(26):23294-300.
184. Johnson KR, Becker KP, Facchinetti MM, Hannun YA, Obeid LM. PKCdependent activation of sphingosine kinase 1 and translocation to the plasma
membrane. Extracellular release of sphingosine-1-phosphate induced by phorbol
12-myristate 13-acetate (PMA). J Biol Chem. 2002;277(38):35257-62.
185. Maceyka M, Sankala H, Hait NC, Le Stunff H, Liu H, Toman R, et al. SphK1
and SphK2, sphingosine kinase isoenzymes with opposing functions in
sphingolipid metabolism. J Biol Chem. 2005;280(44):37118-29.
186. Pyne S, Long JS, Ktistakis NT, Pyne NJ. Lipid phosphate phosphatases and
lipid phosphate signalling. Biochem Soc Trans. 2005;33(Pt 6):1370-4.
187. Mechtcheriakova D, Wlachos A, Sobanov J, Kopp T, Reuschel R, Bornancin
F, et al. Sphingosine 1-phosphate phosphatase 2 is induced during inflammatory
responses. Cell Signal. 2007;19(4):748-60.
188. Smith ER, Merrill AH, Jr. Differential roles of de novo sphingolipid
biosynthesis and turnover in the "burst" of free sphingosine and sphinganine, and
their 1-phosphates and N-acyl-derivatives, that occurs upon changing the
medium of cells in culture. J Biol Chem. 1995;270(32):18749-58.
189. Luberto C, Hannun YA. Sphingomyelin synthase, a potential regulator of
intracellular levels of ceramide and diacylglycerol during SV40 transformation.
Does sphingomyelin synthase account for the putative phosphatidylcholinespecific phospholipase C? J Biol Chem. 1998;273(23):14550-9.
190. Baran Y, Salas A, Senkal CE, Gunduz U, Bielawski J, Obeid LM, et al.
Alterations of ceramide/sphingosine 1-phosphate rheostat involved in the
regulation of resistance to imatinib-induced apoptosis in K562 human chronic
myeloid leukemia cells. J Biol Chem. 2007;282(15):10922-34.
191. Zheng W, Kollmeyer J, Symolon H, Momin A, Munter E, Wang E, et al.
Ceramides and other bioactive sphingolipid backbones in health and disease:
lipidomic analysis, metabolism and roles in membrane structure, dynamics,
signaling and autophagy. Biochim Biophys Acta. 2006;1758(12):1864-84.
203

192. Romero-Guevara R, Cencetti F, Donati C, Bruni P. Sphingosine 1phosphate signaling pathway in inner ear biology. New therapeutic strategies for
hearing loss? Front Aging Neurosci. 2015;7:60.
193. Morad SA, Cabot MC. Ceramide-orchestrated signalling in cancer cells. Nat
Rev Cancer. 2013;13(1):51-65.
194. Bionda C, Portoukalian J, Schmitt D, Rodriguez-Lafrasse C, Ardail D.
Subcellular compartmentalization of ceramide metabolism: MAM (mitochondriaassociated membrane) and/or mitochondria? Biochem J. 2004;382(Pt 2):527-33.
195. Silva LC, Futerman AH, Prieto M. Lipid raft composition modulates
sphingomyelinase activity and ceramide-induced membrane physical alterations.
Biophys J. 2009;96(8):3210-22.
196. Wang G, Silva J, Krishnamurthy K, Tran E, Condie BG, Bieberich E. Direct
binding to ceramide activates protein kinase Czeta before the formation of a
pro-apoptotic complex with PAR-4 in differentiating stem cells. J Biol Chem.
2005;280(28):26415-24.
197. Martinez TN, Chen X, Bandyopadhyay S, Merrill AH, Tansey MG. Ceramide
sphingolipid signaling mediates Tumor Necrosis Factor (TNF)-dependent toxicity
via caspase signaling in dopaminergic neurons. Mol Neurodegener. 2012;7:45.
198. Betts JC, Agranoff AB, Nabel GJ, Shayman JA. Dissociation of endogenous
cellular ceramide from NF-kappa B activation. J Biol Chem. 1994;269(11):8455-8.
199. Tak PP, Firestein GS. NF-kappaB: a key role in inflammatory diseases. J
Clin Invest. 2001;107(1):7-11.
200. Ackerman WEt, Summerfield TL, Vandre DD, Robinson JM, Kniss DA.
Nuclear factor-kappa B regulates inducible prostaglandin E synthase expression
in human amnion mesenchymal cells. Biol Reprod. 2008;78(1):68-76.
201. Nakao S, Ogtata Y, Shimizu E, Yamazaki M, Furuyama S, Sugiya H. Tumor
necrosis factor alpha (TNF-alpha)-induced prostaglandin E2 release is mediated
by the activation of cyclooxygenase-2 (COX-2) transcription via NFkappaB in
human gingival fibroblasts. Mol Cell Biochem. 2002;238(1-2):11-8.
202. Giltiay NV, Karakashian AA, Alimov AP, Ligthle S, Nikolova-Karakashian
MN. Ceramide- and ERK-dependent pathway for the activation of
CCAAT/enhancer binding protein by interleukin-1beta in hepatocytes. J Lipid
Res. 2005;46(11):2497-505.
203. Poli V. The role of C/EBP isoforms in the control of inflammatory and
native immunity functions. J Biol Chem. 1998;273(45):29279-82.
204. Simanshu DK, Kamlekar RK, Wijesinghe DS, Zou X, Zhai X, Mishra SK, et al.
Non-vesicular trafficking by a ceramide-1-phosphate transfer protein regulates
eicosanoids. Nature. 2013;500(7463):463-7.
205. Nixon GF. Sphingolipids in inflammation: pathological implications and
potential therapeutic targets. Br J Pharmacol. 2009;158(4):982-93.
206. Subramanian P, Stahelin RV, Szulc Z, Bielawska A, Cho W, Chalfant CE.
Ceramide 1-phosphate acts as a positive allosteric activator of group IVA
cytosolic phospholipase A2 alpha and enhances the interaction of the enzyme
with phosphatidylcholine. J Biol Chem. 2005;280(18):17601-7.
207. Pettus BJ, Bielawska A, Spiegel S, Roddy P, Hannun YA, Chalfant CE.
Ceramide kinase mediates cytokine- and calcium ionophore-induced arachidonic
acid release. J Biol Chem. 2003;278(40):38206-13.
208. Mitsutake S, Kim TJ, Inagaki Y, Kato M, Yamashita T, Igarashi Y. Ceramide
kinase is a mediator of calcium-dependent degranulation in mast cells. J Biol
Chem. 2004;279(17):17570-7.

204

209. Kim JW, Inagaki Y, Mitsutake S, Maezawa N, Katsumura S, Ryu YW, et al.
Suppression of mast cell degranulation by a novel ceramide kinase inhibitor, the
F-12509A olefin isomer K1. Biochim Biophys Acta. 2005;1738(1-3):82-90.
210. Alemany R, van Koppen CJ, Danneberg K, Ter Braak M, Meyer Zu
Heringdorf D. Regulation and functional roles of sphingosine kinases. Naunyn
Schmiedebergs Arch Pharmacol. 2007;374(5-6):413-28.
211. Venkataraman K, Thangada S, Michaud J, Oo ML, Ai Y, Lee YM, et al.
Extracellular export of sphingosine kinase-1a contributes to the vascular S1P
gradient. Biochem J. 2006;397(3):461-71.
212. Windh RT, Lee MJ, Hla T, An S, Barr AJ, Manning DR. Differential coupling
of the sphingosine 1-phosphate receptors Edg-1, Edg-3, and H218/Edg-5 to the
G(i), G(q), and G(12) families of heterotrimeric G proteins. J Biol Chem.
1999;274(39):27351-8.
213. Goetzl EJ, Kong Y, Mei B. Lysophosphatidic acid and sphingosine 1phosphate protection of T cells from apoptosis in association with suppression of
Bax. J Immunol. 1999;162(4):2049-56.
214. Gomez-Munoz A, Waggoner DW, O'Brien L, Brindley DN. Interaction of
ceramides, sphingosine, and sphingosine 1-phosphate in regulating DNA synthesis
and phospholipase D activity. J Biol Chem. 1995;270(44):26318-25.
215. Kobayashi N, Kobayashi N, Yamaguchi A, Nishi T. Characterization of the
ATP-dependent sphingosine 1-phosphate transporter in rat erythrocytes. J Biol
Chem. 2009;284(32):21192-200.
216. Kawahara A, Nishi T, Hisano Y, Fukui H, Yamaguchi A, Mochizuki N. The
sphingolipid transporter spns2 functions in migration of zebrafish myocardial
precursors. Science. 2009;323(5913):524-7.
217. Hla T, Venkataraman K, Michaud J. The vascular S1P gradient-cellular
sources and biological significance. Biochim Biophys Acta. 2008;1781(9):477-82.
218. Rosen H, Goetzl EJ. Sphingosine 1-phosphate and its receptors: an
autocrine and paracrine network. Nat Rev Immunol. 2005;5(7):560-70.
219. Hla T, Maciag T. An abundant transcript induced in differentiating human
endothelial cells encodes a polypeptide with structural similarities to G-proteincoupled receptors. J Biol Chem. 1990;265(16):9308-13.
220. Lee MJ, Van Brocklyn JR, Thangada S, Liu CH, Hand AR, Menzeleev R, et
al. Sphingosine-1-phosphate as a ligand for the G protein-coupled receptor EDG1. Science. 1998;279(5356):1552-5.
221. Pyne S, Pyne N. Sphingosine 1-phosphate signalling via the endothelial
differentiation gene family of G-protein-coupled receptors. Pharmacol Ther.
2000;88(2):115-31.
222. Graler MH, Goetzl EJ. The immunosuppressant FTY720 down-regulates
sphingosine 1-phosphate G-protein-coupled receptors. FASEB J. 2004;18(3):5513.
223. Jo E, Sanna MG, Gonzalez-Cabrera PJ, Thangada S, Tigyi G, Osborne DA,
et al. S1P1-selective in vivo-active agonists from high-throughput screening: offthe-shelf chemical probes of receptor interactions, signaling, and fate. Chem
Biol. 2005;12(6):703-15.
224. Jolly PS, Bektas M, Olivera A, Gonzalez-Espinosa C, Proia RL, Rivera J, et
al. Transactivation of sphingosine-1-phosphate receptors by FcepsilonRI
triggering is required for normal mast cell degranulation and chemotaxis. J Exp
Med. 2004;199(7):959-70.
225. Chun J, Hla T, Lynch KR, Spiegel S, Moolenaar WH. International Union of
Basic and Clinical Pharmacology. LXXVIII. Lysophospholipid receptor
nomenclature. Pharmacol Rev. 2010;62(4):579-87.
205

226. Blaho VA, Hla T. An update on the biology of sphingosine 1-phosphate
receptors. J Lipid Res. 2014;55(8):1596-608.
227. Golfier S, Kondo S, Schulze T, Takeuchi T, Vassileva G, Achtman AH, et al.
Shaping of terminal megakaryocyte differentiation and proplatelet development
by sphingosine-1-phosphate receptor S1P4. FASEB J. 2010;24(12):4701-10.
228. Group CCHW. Meta-analysis of rare and common exome chip variants
identifies S1PR4 and other loci influencing blood cell traits. Nat Genet.
2016;48(8):867-76.
229. Meyer zu Heringdorf D, Jakobs KH. Lysophospholipid receptors: signalling,
pharmacology and regulation by lysophospholipid metabolism. Biochim Biophys
Acta. 2007;1768(4):923-40.
230. Pitson SM, Moretti PA, Zebol JR, Xia P, Gamble JR, Vadas MA, et al.
Expression of a catalytically inactive sphingosine kinase mutant blocks agonistinduced sphingosine kinase activation. A dominant-negative sphingosine kinase. J
Biol Chem. 2000;275(43):33945-50.
231. Gandy KA, Obeid LM. Regulation of the sphingosine kinase/sphingosine 1phosphate pathway. Handb Exp Pharmacol. 2013(216):275-303.
232. Kolesnick RN, Kronke M. Regulation of ceramide production and apoptosis.
Annu Rev Physiol. 1998;60:643-65.
233. Barr RK, Lynn HE, Moretti PA, Khew-Goodall Y, Pitson SM. Deactivation of
sphingosine kinase 1 by protein phosphatase 2A. J Biol Chem.
2008;283(50):34994-5002.
234. Wilkerson BA, Grass GD, Wing SB, Argraves WS, Argraves KM. Sphingosine
1-phosphate (S1P) carrier-dependent regulation of endothelial barrier: high
density lipoprotein (HDL)-S1P prolongs endothelial barrier enhancement as
compared with albumin-S1P via effects on levels, trafficking, and signaling of
S1P1. J Biol Chem. 2012;287(53):44645-53.
235. Taha TA, Osta W, Kozhaya L, Bielawski J, Johnson KR, Gillanders WE, et
al. Down-regulation of sphingosine kinase-1 by DNA damage: dependence on
proteases and p53. J Biol Chem. 2004;279(19):20546-54.
236. Ksiazek M, Chacinska M, Chabowski A, Baranowski M. Sources,
metabolism, and regulation of circulating sphingosine-1-phosphate. J Lipid Res.
2015;56(7):1271-81.
237. Kitatani K, Idkowiak-Baldys J, Hannun YA. The sphingolipid salvage
pathway in ceramide metabolism and signaling. Cell Signal. 2008;20(6):1010-8.
238. Chiba K, Adachi K. Sphingosine 1-phosphate receptor 1 as a useful target
for treatment of multiple sclerosis. Pharmaceuticals (Basel). 2012;5(5):514-28.
239. Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, et al.
Lymphocyte egress from thymus and peripheral lymphoid organs is dependent on
S1P receptor 1. Nature. 2004;427(6972):355-60.
240. Tarrason G, Auli M, Mustafa S, Dolgachev V, Domenech MT, Prats N, et al.
The sphingosine-1-phosphate receptor-1 antagonist, W146, causes early and
short-lasting peripheral blood lymphopenia in mice. Int Immunopharmacol.
2011;11(11):1773-9.
241. Dong J, Wang H, Wu G, Zhao J, Zhang L, Zuo L, et al. Oral treatment with
SEW2871, a sphingosine-1-phosphate type 1 receptor agonist, ameliorates
experimental colitis in interleukin-10 gene deficient mice. Clin Exp Immunol.
2014;177(1):94-101.
242. Spiegel S, Milstien S. The outs and the ins of sphingosine-1-phosphate in
immunity. Nat Rev Immunol. 2011;11(6):403-15.

206

243. Pham TH, Okada T, Matloubian M, Lo CG, Cyster JG. S1P1 receptor
signaling overrides retention mediated by G alpha i-coupled receptors to
promote T cell egress. Immunity. 2008;28(1):122-33.
244. Ledgerwood LG, Lal G, Zhang N, Garin A, Esses SJ, Ginhoux F, et al. The
sphingosine 1-phosphate receptor 1 causes tissue retention by inhibiting the
entry of peripheral tissue T lymphocytes into afferent lymphatics. Nat Immunol.
2008;9(1):42-53.
245. Gomez D, Diehl MC, Crosby EJ, Weinkopff T, Debes GF. Effector T Cell
Egress via Afferent Lymph Modulates Local Tissue Inflammation. J Immunol.
2015;195(8):3531-6.
246. Keul P, Lucke S, von Wnuck Lipinski K, Bode C, Graler M, Heusch G, et al.
Sphingosine-1-phosphate receptor 3 promotes recruitment of
monocyte/macrophages in inflammation and atherosclerosis. Circ Res.
2011;108(3):314-23.
247. Maeda Y, Matsuyuki H, Shimano K, Kataoka H, Sugahara K, Chiba K.
Migration of CD4 T cells and dendritic cells toward sphingosine 1-phosphate (S1P)
is mediated by different receptor subtypes: S1P regulates the functions of
murine mature dendritic cells via S1P receptor type 3. J Immunol.
2007;178(6):3437-46.
248. Lewis ND, Haxhinasto SA, Anderson SM, Stefanopoulos DE, Fogal SE,
Adusumalli P, et al. Circulating monocytes are reduced by sphingosine-1phosphate receptor modulators independently of S1P3. J Immunol.
2013;190(7):3533-40.
249. Choi OH, Kim JH, Kinet JP. Calcium mobilization via sphingosine kinase in
signalling by the Fc epsilon RI antigen receptor. Nature. 1996;380(6575):634-6.
250. Prieschl EE, Csonga R, Novotny V, Kikuchi GE, Baumruker T. The balance
between sphingosine and sphingosine-1-phosphate is decisive for mast cell
activation after Fc epsilon receptor I triggering. J Exp Med. 1999;190(1):1-8.
251. Olivera A, Mizugishi K, Tikhonova A, Ciaccia L, Odom S, Proia RL, et al.
The sphingosine kinase-sphingosine-1-phosphate axis is a determinant of mast
cell function and anaphylaxis. Immunity. 2007;26(3):287-97.
252. Olivera A, Urtz N, Mizugishi K, Yamashita Y, Gilfillan AM, Furumoto Y, et
al. IgE-dependent activation of sphingosine kinases 1 and 2 and secretion of
sphingosine 1-phosphate requires Fyn kinase and contributes to mast cell
responses. J Biol Chem. 2006;281(5):2515-25.
253. Mitra P, Oskeritzian CA, Payne SG, Beaven MA, Milstien S, Spiegel S. Role
of ABCC1 in export of sphingosine-1-phosphate from mast cells. Proc Natl Acad
Sci U S A. 2006;103(44):16394-9.
254. Hart PH. Regulation of the inflammatory response in asthma by mast cell
products. Immunol Cell Biol. 2001;79(2):149-53.
255. Ammit AJ, Hastie AT, Edsall LC, Hoffman RK, Amrani Y, Krymskaya VP, et
al. Sphingosine 1-phosphate modulates human airway smooth muscle cell
functions that promote inflammation and airway remodeling in asthma. FASEB J.
2001;15(7):1212-4.
256. Sawicka E, Zuany-Amorim C, Manlius C, Trifilieff A, Brinkmann V, Kemeny
DM, et al. Inhibition of Th1- and Th2-mediated airway inflammation by the
sphingosine 1-phosphate receptor agonist FTY720. J Immunol.
2003;171(11):6206-14.
257. Idzko M, Hammad H, van Nimwegen M, Kool M, Muller T, Soullie T, et al.
Local application of FTY720 to the lung abrogates experimental asthma by
altering dendritic cell function. J Clin Invest. 2006;116(11):2935-44.

207

258. Nishiuma T, Nishimura Y, Okada T, Kuramoto E, Kotani Y, Jahangeer S, et
al. Inhalation of sphingosine kinase inhibitor attenuates airway inflammation in
asthmatic mouse model. Am J Physiol Lung Cell Mol Physiol. 2008;294(6):L108593.
259. Pettus BJ, Bielawski J, Porcelli AM, Reames DL, Johnson KR, Morrow J, et
al. The sphingosine kinase 1/sphingosine-1-phosphate pathway mediates COX-2
induction and PGE2 production in response to TNF-alpha. FASEB J.
2003;17(11):1411-21.
260. Hammad SM, Crellin HG, Wu BX, Melton J, Anelli V, Obeid LM. Dual and
distinct roles for sphingosine kinase 1 and sphingosine 1 phosphate in the
response to inflammatory stimuli in RAW macrophages. Prostaglandins Other
Lipid Mediat. 2008;85(3-4):107-14.
261. Chen LY, Woszczek G, Nagineni S, Logun C, Shelhamer JH. Cytosolic
phospholipase A2alpha activation induced by S1P is mediated by the S1P3
receptor in lung epithelial cells. Am J Physiol Lung Cell Mol Physiol.
2008;295(2):L326-35.
262. Braegger CP, MacDonald TT. Immune mechanisms in chronic inflammatory
bowel disease. Ann Allergy. 1994;72(2):135-41.
263. Maloy KJ, Powrie F. Regulatory T cells in the control of immune
pathology. Nat Immunol. 2001;2(9):816-22.
264. Daniel C, Sartory N, Zahn N, Geisslinger G, Radeke HH, Stein JM. FTY720
ameliorates Th1-mediated colitis in mice by directly affecting the functional
activity of CD4+CD25+ regulatory T cells. J Immunol. 2007;178(4):2458-68.
265. Snider AJ, Kawamori T, Bradshaw SG, Orr KA, Gilkeson GS, Hannun YA, et
al. A role for sphingosine kinase 1 in dextran sulfate sodium-induced colitis.
FASEB J. 2009;23(1):143-52.
266. Maines LW, Fitzpatrick LR, French KJ, Zhuang Y, Xia Z, Keller SN, et al.
Suppression of ulcerative colitis in mice by orally available inhibitors of
sphingosine kinase. Dig Dis Sci. 2008;53(4):997-1012.
267. Kitano M, Hla T, Sekiguchi M, Kawahito Y, Yoshimura R, Miyazawa K, et al.
Sphingosine 1-phosphate/sphingosine 1-phosphate receptor 1 signaling in
rheumatoid synovium: regulation of synovial proliferation and inflammatory gene
expression. Arthritis Rheum. 2006;54(3):742-53.
268. Pi X, Tan SY, Hayes M, Xiao L, Shayman JA, Ling S, et al. Sphingosine
kinase 1-mediated inhibition of Fas death signaling in rheumatoid arthritis B
lymphoblastoid cells. Arthritis Rheum. 2006;54(3):754-64.
269. Kamada K, Arita N, Tsubaki T, Takubo N, Fujino T, Soga Y, et al.
Expression of sphingosine kinase 2 in synovial fibroblasts of rheumatoid arthritis
contributing to apoptosis by a sphingosine analogue, FTY720. Pathol Int.
2009;59(6):382-9.
270. Baker DA, Barth J, Chang R, Obeid LM, Gilkeson GS. Genetic sphingosine
kinase 1 deficiency significantly decreases synovial inflammation and joint
erosions in murine TNF-alpha-induced arthritis. J Immunol. 2010;185(4):2570-9.
271. Lai WQ, Irwan AW, Goh HH, Melendez AJ, McInnes IB, Leung BP. Distinct
roles of sphingosine kinase 1 and 2 in murine collagen-induced arthritis. J
Immunol. 2009;183(3):2097-103.
272. Mandala S, Hajdu R, Bergstrom J, Quackenbush E, Xie J, Milligan J, et al.
Alteration of lymphocyte trafficking by sphingosine-1-phosphate receptor
agonists. Science. 2002;296(5566):346-9.
273. Allocca M, Fiorino G, Vermeire S, Reinisch W, Cataldi F, Danese S.
Blockade of lymphocyte trafficking in inflammatory bowel diseases therapy:

208

importance of specificity of endothelial target. Expert Rev Clin Immunol.
2014;10(7):885-95.
274. Koboziev I, Karlsson F, Grisham MB. Gut-associated lymphoid tissue, T cell
trafficking, and chronic intestinal inflammation. Ann N Y Acad Sci. 2010;1207
Suppl 1:E86-93.
275. Takeshita Y, Ransohoff RM. Inflammatory cell trafficking across the bloodbrain barrier: chemokine regulation and in vitro models. Immunol Rev.
2012;248(1):228-39.
276. Hamann A, Syrbe U. T-cell trafficking into sites of inflammation.
Rheumatology (Oxford). 2000;39(7):696-9.
277. Chi H. Sphingosine-1-phosphate and immune regulation: trafficking and
beyond. Trends Pharmacol Sci. 2011;32(1):16-24.
278. Savina A, Amigorena S. Phagocytosis and antigen presentation in dendritic
cells. Immunol Rev. 2007;219:143-56.
279. Karp CL. Links between Innate and Adaptive Immunity. In: Serhan CN,
Gilroy DW, Ward PA, editors. Fundamentals of Inflammation. Cambridge:
Cambridge University Press; 2010. p. 28-38.
280. Pape KA, Catron DM, Itano AA, Jenkins MK. The humoral immune response
is initiated in lymph nodes by B cells that acquire soluble antigen directly in the
follicles. Immunity. 2007;26(4):491-502.
281. Gray D, Kumararatne DS, Lortan J, Khan M, MacLennan IC. Relation of
intra-splenic migration of marginal zone B cells to antigen localization on
follicular dendritic cells. Immunology. 1984;52(4):659-69.
282. Baeyens A, Fang V, Chen C, Schwab SR. Exit Strategies: S1P Signaling and
T Cell Migration. Trends Immunol. 2015;36(12):778-87.
283. Murphy K, Weaver C, Mowat A, Berg L, Chaplin DD, Janeway CA, et al.
Janeway's immunobiology. 9th edition. ed. xx, 904 pages p.
284. Krammer PH, Arnold R, Lavrik IN. Life and death in peripheral T cells. Nat
Rev Immunol. 2007;7(7):532-42.
285. Vitetta ES, Berton MT, Burger C, Kepron M, Lee WT, Yin XM. Memory B
and T cells. Annu Rev Immunol. 1991;9:193-217.
286. Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER.
Neutrophil kinetics in health and disease. Trends Immunol. 2010;31(8):318-24.
287. Wright HL, Moots RJ, Bucknall RC, Edwards SW. Neutrophil function in
inflammation and inflammatory diseases. Rheumatology (Oxford).
2010;49(9):1618-31.
288. Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of
neutrophils. Annu Rev Pathol. 2014;9:181-218.
289. Ribeiro RA, Flores CA, Cunha FQ, Ferreira SH. IL-8 causes in vivo
neutrophil migration by a cell-dependent mechanism. Immunology.
1991;73(4):472-7.
290. Aarbiou J, Tjabringa GS, Verhoosel RM, Ninaber DK, White SR, Peltenburg
LT, et al. Mechanisms of cell death induced by the neutrophil antimicrobial
peptides alpha-defensins and LL-37. Inflamm Res. 2006;55(3):119-27.
291. Lee WL, Harrison RE, Grinstein S. Phagocytosis by neutrophils. Microbes
Infect. 2003;5(14):1299-306.
292. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science. 2004;303(5663):15325.
293. Bahar AA, Ren D. Antimicrobial peptides. Pharmaceuticals (Basel).
2013;6(12):1543-75.

209

294. Nordenfelt P, Tapper H. Phagosome dynamics during phagocytosis by
neutrophils. J Leukoc Biol. 2011;90(2):271-84.
295. Kaplan MJ, Radic M. Neutrophil extracellular traps: double-edged swords
of innate immunity. J Immunol. 2012;189(6):2689-95.
296. Weissmann G, Smolen JE, Korchak HM. Release of inflammatory mediators
from stimulated neutrophils. N Engl J Med. 1980;303(1):27-34.
297. Sadik CD, Kim ND, Luster AD. Neutrophils cascading their way to
inflammation. Trends Immunol. 2011;32(10):452-60.
298. Peterson MW, Walter ME, Nygaard SD. Effect of neutrophil mediators on
epithelial permeability. Am J Respir Cell Mol Biol. 1995;13(6):719-27.
299. DiStasi MR, Ley K. Opening the flood-gates: how neutrophil-endothelial
interactions regulate permeability. Trends Immunol. 2009;30(11):547-56.
300. Donadieu J, Fenneteau O, Beaupain B, Mahlaoui N, Chantelot CB.
Congenital neutropenia: diagnosis, molecular bases and patient management.
Orphanet J Rare Dis. 2011;6:26.
301. Bliss SK, Gavrilescu LC, Alcaraz A, Denkers EY. Neutrophil depletion
during Toxoplasma gondii infection leads to impaired immunity and lethal
systemic pathology. Infect Immun. 2001;69(8):4898-905.
302. van de Kerkhof PC, Chang A. Migration of polymorphonuclear leukocytes
in psoriasis. Skin Pharmacol. 1989;2(3):138-54.
303. Terui T, Ozawa M, Tagami H. Role of neutrophils in induction of acute
inflammation in T-cell-mediated immune dermatosis, psoriasis: a neutrophilassociated inflammation-boosting loop. Exp Dermatol. 2000;9(1):1-10.
304. Tecchio C, Micheletti A, Cassatella MA. Neutrophil-derived cytokines:
facts beyond expression. Front Immunol. 2014;5:508.
305. Schon MP, Broekaert SM, Erpenbeck L. Sexy again: the renaissance of
neutrophils in psoriasis. Exp Dermatol. 2017;26(4):305-11.
306. Schon M, Denzer D, Kubitza RC, Ruzicka T, Schon MP. Critical role of
neutrophils for the generation of psoriasiform skin lesions in flaky skin mice. J
Invest Dermatol. 2000;114(5):976-83.
307. Schon MP, Krahn T, Schon M, Rodriguez ML, Antonicek H, Schultz JE, et al.
Efomycine M, a new specific inhibitor of selectin, impairs leukocyte adhesion
and alleviates cutaneous inflammation. Nat Med. 2002;8(4):366-72.
308. Friedrich M, Bock D, Philipp S, Ludwig N, Sabat R, Wolk K, et al. Panselectin antagonism improves psoriasis manifestation in mice and man. Arch
Dermatol Res. 2006;297(8):345-51.
309. Muller S, Behnen M, Bieber K, Moller S, Hellberg L, Witte M, et al.
Dimethylfumarate Impairs Neutrophil Functions. J Invest Dermatol.
2016;136(1):117-26.
310. Kitsis E, Weissmann G. The role of the neutrophil in rheumatoid arthritis.
Clin Orthop Relat Res. 1991(265):63-72.
311. Wright HL, Moots RJ, Edwards SW. The multifactorial role of neutrophils
in rheumatoid arthritis. Nat Rev Rheumatol. 2014;10(10):593-601.
312. Mateen S, Moin S, Khan AQ, Zafar A, Fatima N. Increased Reactive Oxygen
Species Formation and Oxidative Stress in Rheumatoid Arthritis. PLoS One.
2016;11(4):e0152925.
313. Chen M, Lam BK, Luster AD, Zarini S, Murphy RC, Bair AM, et al. Joint
tissues amplify inflammation and alter their invasive behavior via leukotriene B4
in experimental inflammatory arthritis. J Immunol. 2010;185(9):5503-11.
314. Sadik CD, Kim ND, Iwakura Y, Luster AD. Neutrophils orchestrate their
own recruitment in murine arthritis through C5aR and FcgammaR signaling. Proc
Natl Acad Sci U S A. 2012;109(46):E3177-85.
210

315. Weinmann P, Moura RA, Caetano-Lopes JR, Pereira PA, Canhao H, Queiroz
MV, et al. Delayed neutrophil apoptosis in very early rheumatoid arthritis
patients is abrogated by methotrexate therapy. Clin Exp Rheumatol.
2007;25(6):885-7.
316. Metschnikoff E. Ueber den Kampf der Zellen gegen Erysipel-kokken. Archiv
für pathologische Anatomie und Physiologie und für klinische Medicin. February,
1887;107(2):209-49.
317. Gordon S, Pluddemann A, Martinez Estrada F. Macrophage heterogeneity
in tissues: phenotypic diversity and functions. Immunol Rev. 2014;262(1):36-55.
318. Morris L, Graham CF, Gordon S. Macrophages in haemopoietic and other
tissues of the developing mouse detected by the monoclonal antibody F4/80.
Development. 1991;112(2):517-26.
319. Tamoutounour S, Guilliams M, Montanana Sanchis F, Liu H, Terhorst D,
Malosse C, et al. Origins and functional specialization of macrophages and of
conventional and monocyte-derived dendritic cells in mouse skin. Immunity.
2013;39(5):925-38.
320. Ginhoux F, Jung S. Monocytes and macrophages: developmental pathways
and tissue homeostasis. Nat Rev Immunol. 2014;14(6):392-404.
321. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development,
homeostasis and disease. Nature. 2013;496(7446):445-55.
322. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K.
Development of monocytes, macrophages, and dendritic cells. Science.
2010;327(5966):656-61.
323. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 2014;6:13.
324. Brancato SK, Albina JE. Wound macrophages as key regulators of repair:
origin, phenotype, and function. Am J Pathol. 2011;178(1):19-25.
325. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages
and the Th1/Th2 paradigm. J Immunol. 2000;164(12):6166-73.
326. Liu YC, Zou XB, Chai YF, Yao YM. Macrophage polarization in inflammatory
diseases. Int J Biol Sci. 2014;10(5):520-9.
327. Fuentes-Duculan J, Suarez-Farinas M, Zaba LC, Nograles KE, Pierson KC,
Mitsui H, et al. A subpopulation of CD163-positive macrophages is classically
activated in psoriasis. J Invest Dermatol. 2010;130(10):2412-22.
328. Vestergaard C, Just H, Baumgartner Nielsen J, Thestrup-Pedersen K,
Deleuran M. Expression of CCR2 on monocytes and macrophages in chronically
inflamed skin in atopic dermatitis and psoriasis. Acta Derm Venereol.
2004;84(5):353-8.
329. Ward NL, Loyd CM, Wolfram JA, Diaconu D, Michaels CM, McCormick TS.
Depletion of antigen-presenting cells by clodronate liposomes reverses the
psoriatic skin phenotype in KC-Tie2 mice. Br J Dermatol. 2011;164(4):750-8.
330. Egawa M, Mukai K, Yoshikawa S, Iki M, Mukaida N, Kawano Y, et al.
Inflammatory monocytes recruited to allergic skin acquire an anti-inflammatory
M2 phenotype via basophil-derived interleukin-4. Immunity. 2013;38(3):570-80.
331. Burmester GR, Stuhlmuller B, Keyszer G, Kinne RW. Mononuclear
phagocytes and rheumatoid synovitis. Mastermind or workhorse in arthritis?
Arthritis Rheum. 1997;40(1):5-18.
332. Kinne RW, Brauer R, Stuhlmuller B, Palombo-Kinne E, Burmester GR.
Macrophages in rheumatoid arthritis. Arthritis Res. 2000;2(3):189-202.
333. Haringman JJ, Gerlag DM, Zwinderman AH, Smeets TJ, Kraan MC, Baeten
D, et al. Synovial tissue macrophages: a sensitive biomarker for response to

211

treatment in patients with rheumatoid arthritis. Ann Rheum Dis. 2005;64(6):8348.
334. Udalova IA, Mantovani A, Feldmann M. Macrophage heterogeneity in the
context of rheumatoid arthritis. Nat Rev Rheumatol. 2016;12(8):472-85.
335. Laria A, Lurati A, Marrazza M, Mazzocchi D, Re KA, Scarpellini M. The
macrophages in rheumatic diseases. J Inflamm Res. 2016;9:1-11.
336. Maruotti N, Annese T, Cantatore FP, Ribatti D. Macrophages and
angiogenesis in rheumatic diseases. Vasc Cell. 2013;5(1):11.
337. Murdoch C, Muthana M, Lewis CE. Hypoxia regulates macrophage functions
in inflammation. J Immunol. 2005;175(10):6257-63.
338. Taylor PC, Peters AM, Paleolog E, Chapman PT, Elliott MJ, McCloskey R, et
al. Reduction of chemokine levels and leukocyte traffic to joints by tumor
necrosis factor alpha blockade in patients with rheumatoid arthritis. Arthritis
Rheum. 2000;43(1):38-47.
339. Li J, Hsu HC, Mountz JD. Managing macrophages in rheumatoid arthritis by
reform or removal. Curr Rheumatol Rep. 2012;14(5):445-54.
340. Merad M, Sathe P, Helft J, Miller J, Mortha A. The dendritic cell lineage:
ontogeny and function of dendritic cells and their subsets in the steady state and
the inflamed setting. Annu Rev Immunol. 2013;31:563-604.
341. Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature. 1998;392(6673):245-52.
342. Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral
lymphoid organs of mice. I. Morphology, quantitation, tissue distribution. J Exp
Med. 1973;137(5):1142-62.
343. Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral
lymphoid organs of mice. II. Functional properties in vitro. J Exp Med.
1974;139(2):380-97.
344. Kondo M, Wagers AJ, Manz MG, Prohaska SS, Scherer DC, Beilhack GF, et
al. Biology of hematopoietic stem cells and progenitors: implications for clinical
application. Annu Rev Immunol. 2003;21:759-806.
345. Forster R, Schubel A, Breitfeld D, Kremmer E, Renner-Muller I, Wolf E, et
al. CCR7 coordinates the primary immune response by establishing functional
microenvironments in secondary lymphoid organs. Cell. 1999;99(1):23-33.
346. Sioud M, Floisand Y. TLR agonists induce the differentiation of human
bone marrow CD34+ progenitors into CD11c+ CD80/86+ DC capable of inducing a
Th1-type response. Eur J Immunol. 2007;37(10):2834-46.
347. Maldonado-Lopez R, De Smedt T, Michel P, Godfroid J, Pajak B, Heirman
C, et al. CD8alpha+ and CD8alpha- subclasses of dendritic cells direct the
development of distinct T helper cells in vivo. J Exp Med. 1999;189(3):587-92.
348. Farrand KJ, Dickgreber N, Stoitzner P, Ronchese F, Petersen TR, Hermans
IF. Langerin+ CD8alpha+ dendritic cells are critical for cross-priming and IL-12
production in response to systemic antigens. J Immunol. 2009;183(12):7732-42.
349. Johansson-Lindbom B, Svensson M, Pabst O, Palmqvist C, Marquez G,
Forster R, et al. Functional specialization of gut CD103+ dendritic cells in the
regulation of tissue-selective T cell homing. J Exp Med. 2005;202(8):1063-73.
350. Sallusto F, Lanzavecchia A. The instructive role of dendritic cells on T-cell
responses. Arthritis Research & Therapy. 2002;4(3):S127.
351. Lande R, Gregorio J, Facchinetti V, Chatterjee B, Wang YH, Homey B, et
al. Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial
peptide. Nature. 2007;449(7162):564-9.

212

352. Nestle FO, Turka LA, Nickoloff BJ. Characterization of dermal dendritic
cells in psoriasis. Autostimulation of T lymphocytes and induction of Th1 type
cytokines. J Clin Invest. 1994;94(1):202-9.
353. Austin LM, Ozawa M, Kikuchi T, Walters IB, Krueger JG. The majority of
epidermal T cells in Psoriasis vulgaris lesions can produce type 1 cytokines,
interferon-gamma, interleukin-2, and tumor necrosis factor-alpha, defining TC1
(cytotoxic T lymphocyte) and TH1 effector populations: a type 1 differentiation
bias is also measured in circulating blood T cells in psoriatic patients. J Invest
Dermatol. 1999;113(5):752-9.
354. Lowes MA, Kikuchi T, Fuentes-Duculan J, Cardinale I, Zaba LC, Haider AS,
et al. Psoriasis vulgaris lesions contain discrete populations of Th1 and Th17 T
cells. J Invest Dermatol. 2008;128(5):1207-11.
355. Kumar V, Sharma A. Neutrophils: Cinderella of innate immune system. Int
Immunopharmacol. 2010;10(11):1325-34.
356. Haniffa M, Gunawan M, Jardine L. Human skin dendritic cells in health and
disease. J Dermatol Sci. 2015;77(2):85-92.
357. Egawa G, Kabashima K. Skin as a peripheral lymphoid organ: revisiting the
concept of skin-associated lymphoid tissues. J Invest Dermatol.
2011;131(11):2178-85.
358. Boyman O, Conrad C, Tonel G, Gilliet M, Nestle FO. The pathogenic role
of tissue-resident immune cells in psoriasis. Trends Immunol. 2007;28(2):51-7.
359. Baker BS, Swain AF, Griffiths CE, Leonard JN, Fry L, Valdimarsson H.
Epidermal T lymphocytes and dendritic cells in chronic plaque psoriasis: the
effects of PUVA treatment. Clin Exp Immunol. 1985;61(3):526-34.
360. Lowes MA, Chamian F, Abello MV, Fuentes-Duculan J, Lin SL, Nussbaum R,
et al. Increase in TNF-alpha and inducible nitric oxide synthase-expressing
dendritic cells in psoriasis and reduction with efalizumab (anti-CD11a). Proc Natl
Acad Sci U S A. 2005;102(52):19057-62.
361. Chamian F, Lowes MA, Lin SL, Lee E, Kikuchi T, Gilleaudeau P, et al.
Alefacept reduces infiltrating T cells, activated dendritic cells, and
inflammatory genes in psoriasis vulgaris. Proc Natl Acad Sci U S A.
2005;102(6):2075-80.
362. Jongbloed SL, Benson RA, Nickdel MB, Garside P, McInnes IB, Brewer JM.
Plasmacytoid dendritic cells regulate breach of self-tolerance in autoimmune
arthritis. J Immunol. 2009;182(2):963-8.
363. Benson RA, Patakas A, Conigliaro P, Rush CM, Garside P, McInnes IB, et al.
Identifying the cells breaching self-tolerance in autoimmunity. J Immunol.
2010;184(11):6378-85.
364. Hopp AK, Rupp A, Lukacs-Kornek V. Self-antigen presentation by dendritic
cells in autoimmunity. Front Immunol. 2014;5:55.
365. Leung BP, Conacher M, Hunter D, McInnes IB, Liew FY, Brewer JM. A novel
dendritic cell-induced model of erosive inflammatory arthritis: distinct roles for
dendritic cells in T cell activation and induction of local inflammation. J
Immunol. 2002;169(12):7071-7.
366. Moret FM, Hack CE, van der Wurff-Jacobs KM, de Jager W, Radstake TR,
Lafeber FP, et al. Intra-articular CD1c-expressing myeloid dendritic cells from
rheumatoid arthritis patients express a unique set of T cell-attracting
chemokines and spontaneously induce Th1, Th17 and Th2 cell activity. Arthritis
Res Ther. 2013;15(5):R155.
367. Lutzky V, Hannawi S, Thomas R. Cells of the synovium in rheumatoid
arthritis. Dendritic cells. Arthritis Res Ther. 2007;9(4):219.

213

368. Humby F, Bombardieri M, Manzo A, Kelly S, Blades MC, Kirkham B, et al.
Ectopic lymphoid structures support ongoing production of class-switched
autoantibodies in rheumatoid synovium. PLoS Med. 2009;6(1):e1.
369. van Lieshout AW, Barrera P, Smeets RL, Pesman GJ, van Riel PL, van den
Berg WB, et al. Inhibition of TNF alpha during maturation of dendritic cells
results in the development of semi-mature cells: a potential mechanism for the
beneficial effects of TNF alpha blockade in rheumatoid arthritis. Ann Rheum Dis.
2005;64(3):408-14.
370. Kremer JM, Westhovens R, Leon M, Di Giorgio E, Alten R, Steinfeld S, et
al. Treatment of rheumatoid arthritis by selective inhibition of T-cell activation
with fusion protein CTLA4Ig. N Engl J Med. 2003;349(20):1907-15.
371. Dhodapkar MV, Steinman RM, Krasovsky J, Munz C, Bhardwaj N. Antigenspecific inhibition of effector T cell function in humans after injection of
immature dendritic cells. J Exp Med. 2001;193(2):233-8.
372. Bell GM, Anderson AE, Diboll J, Reece R, Eltherington O, Harry RA, et al.
Autologous tolerogenic dendritic cells for rheumatoid and inflammatory arthritis.
Ann Rheum Dis. 2017;76(1):227-34.
373. Hoffman W, Lakkis FG, Chalasani G. B Cells, Antibodies, and More. Clin J
Am Soc Nephrol. 2016;11(1):137-54.
374. Lu J, Ding Y, Yi X, Zheng J. CD19+ B cell subsets in the peripheral blood
and skin lesions of psoriasis patients and their correlations with disease severity.
Braz J Med Biol Res. 2016;49(9):e5374.
375. Caruso R, Botti E, Sarra M, Esposito M, Stolfi C, Diluvio L, et al.
Involvement of interleukin-21 in the epidermal hyperplasia of psoriasis. Nat Med.
2009;15(9):1013-5.
376. Botti E, Spallone G, Caruso R, Monteleone G, Chimenti S, Costanzo A.
Psoriasis, from pathogenesis to therapeutic strategies: IL-21 as a novel potential
therapeutic target. Curr Pharm Biotechnol. 2012;13(10):1861-7.
377. Yanaba K, Kamata M, Ishiura N, Shibata S, Asano Y, Tada Y, et al.
Regulatory B cells suppress imiquimod-induced, psoriasis-like skin inflammation.
J Leukoc Biol. 2013;94(4):563-73.
378. Dass S, Vital EM, Emery P. Development of psoriasis after B cell depletion
with rituximab. Arthritis Rheum. 2007;56(8):2715-8.
379. Yanaba K, Hamaguchi Y, Venturi GM, Steeber DA, St Clair EW, Tedder TF.
B cell depletion delays collagen-induced arthritis in mice: arthritis induction
requires synergy between humoral and cell-mediated immunity. J Immunol.
2007;179(2):1369-80.
380. Dunussi-Joannopoulos K, Hancock GE, Kunz A, Hegen M, Zhou XX,
Sheppard BJ, et al. B-cell depletion inhibits arthritis in a collagen-induced
arthritis (CIA) model, but does not adversely affect humoral responses in a
respiratory syncytial virus (RSV) vaccination model. Blood. 2005;106(7):2235-43.
381. Song YW, Kang EH. Autoantibodies in rheumatoid arthritis: rheumatoid
factors and anticitrullinated protein antibodies. QJM. 2010;103(3):139-46.
382. Crombie DE, Turer M, Zuasti BB, Wood B, McNaughton D, Nandakumar KS,
et al. Destructive effects of murine arthritogenic antibodies to type II collagen
on cartilage explants in vitro. Arthritis Res Ther. 2005;7(5):R927-37.
383. Gray RE, Seng N, Mackay IR, Rowley MJ. Measurement of antibodies to
collagen II by inhibition of collagen fibril formation in vitro. J Immunol Methods.
2004;285(1):55-61.
384. Manivel VA, Sohrabian A, Wick MC, Mullazehi M, Hakansson LD, Ronnelid J.
Anti-type II collagen immune complex-induced granulocyte reactivity is

214

associated with joint erosions in RA patients with anti-collagen antibodies.
Arthritis Res Ther. 2015;17:8.
385. Amara K, Steen J, Murray F, Morbach H, Fernandez-Rodriguez BM, Joshua
V, et al. Monoclonal IgG antibodies generated from joint-derived B cells of RA
patients have a strong bias toward citrullinated autoantigen recognition. J Exp
Med. 2013;210(3):445-55.
386. Pruijn GJ, Wiik A, van Venrooij WJ. The use of citrullinated peptides and
proteins for the diagnosis of rheumatoid arthritis. Arthritis Res Ther.
2010;12(1):203.
387. Mok CC. Rituximab for the treatment of rheumatoid arthritis: an update.
Drug Des Devel Ther. 2013;8:87-100.
388. Janeway CA, Jr. Immunobiology. 5th ed2001.
389. Cose S. T-cell migration: a naive paradigm? Immunology. 2007;120(1):1-7.
390. Itano AA, Jenkins MK. Antigen presentation to naive CD4 T cells in the
lymph node. Nat Immunol. 2003;4(8):733-9.
391. Overstreet MG, Gaylo A, Angermann BR, Hughson A, Hyun YM, Lambert K,
et al. Inflammation-induced interstitial migration of effector CD4(+) T cells is
dependent on integrin alphaV. Nat Immunol. 2013;14(9):949-58.
392. Reinhardt RL, Bullard DC, Weaver CT, Jenkins MK. Preferential
accumulation of antigen-specific effector CD4 T cells at an antigen injection site
involves CD62E-dependent migration but not local proliferation. J Exp Med.
2003;197(6):751-62.
393. Sallusto F, Lenig D, Mackay CR, Lanzavecchia A. Flexible programs of
chemokine receptor expression on human polarized T helper 1 and 2
lymphocytes. J Exp Med. 1998;187(6):875-83.
394. Kronin V, Hochrein H, Shortman K, Kelso A. Regulation of T cell cytokine
production by dendritic cells. Immunol Cell Biol. 2000;78(3):214-23.
395. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types
of murine helper T cell clone. I. Definition according to profiles of lymphokine
activities and secreted proteins. J Immunol. 1986;136(7):2348-57.
396. Killar L, MacDonald G, West J, Woods A, Bottomly K. Cloned, Ia-restricted
T cells that do not produce interleukin 4(IL 4)/B cell stimulatory factor 1(BSF-1)
fail to help antigen-specific B cells. J Immunol. 1987;138(6):1674-9.
397. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, et al. A distinct
lineage of CD4 T cells regulates tissue inflammation by producing interleukin 17.
Nat Immunol. 2005;6(11):1133-41.
398. Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion of
peripheral CD4+CD25- naive T cells to CD4+CD25+ regulatory T cells by TGF-beta
induction of transcription factor Foxp3. J Exp Med. 2003;198(12):1875-86.
399. Reinhardt RL, Liang HE, Locksley RM. Cytokine-secreting follicular T cells
shape the antibody repertoire. Nat Immunol. 2009;10(4):385-93.
400. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell
populations (*). Annu Rev Immunol. 2010;28:445-89.
401. Qin S, Rottman JB, Myers P, Kassam N, Weinblatt M, Loetscher M, et al.
The chemokine receptors CXCR3 and CCR5 mark subsets of T cells associated
with certain inflammatory reactions. J Clin Invest. 1998;101(4):746-54.
402. London CA, Lodge MP, Abbas AK. Functional responses and costimulator
dependence of memory CD4+ T cells. J Immunol. 2000;164(1):265-72.
403. MacLeod MK, Kappler JW, Marrack P. Memory CD4 T cells: generation,
reactivation and re-assignment. Immunology. 2010;130(1):10-5.

215

404. Rogers PR, Dubey C, Swain SL. Qualitative changes accompany memory T
cell generation: faster, more effective responses at lower doses of antigen. J
Immunol. 2000;164(5):2338-46.
405. Harty JT, Badovinac VP. Shaping and reshaping CD8+ T-cell memory. Nat
Rev Immunol. 2008;8(2):107-19.
406. Chesler DA, Reiss CS. The role of IFN-gamma in immune responses to viral
infections of the central nervous system. Cytokine Growth Factor Rev.
2002;13(6):441-54.
407. Anthony RM, Rutitzky LI, Urban JF, Jr., Stadecker MJ, Gause WC.
Protective immune mechanisms in helminth infection. Nat Rev Immunol.
2007;7(12):975-87.
408. Liu L, Abken H, Pfohler C, Rappl G, Tilgen W, Reinhold U. Accumulation of
CD4+CD7- T cells in inflammatory skin lesions: evidence for preferential
adhesion to vascular endothelial cells. Clin Exp Immunol. 2000;121(1):94-9.
409. Kryczek I, Bruce AT, Gudjonsson JE, Johnston A, Aphale A, Vatan L, et al.
Induction of IL-17+ T cell trafficking and development by IFN-gamma:
mechanism and pathological relevance in psoriasis. J Immunol.
2008;181(7):4733-41.
410. Fitch E, Harper E, Skorcheva I, Kurtz SE, Blauvelt A. Pathophysiology of
psoriasis: recent advances on IL-23 and Th17 cytokines. Curr Rheumatol Rep.
2007;9(6):461-7.
411. Abrams JR, Lebwohl MG, Guzzo CA, Jegasothy BV, Goldfarb MT, Goffe BS,
et al. CTLA4Ig-mediated blockade of T-cell costimulation in patients with
psoriasis vulgaris. J Clin Invest. 1999;103(9):1243-52.
412. Kadowaki KM, Matsuno H, Tsuji H, Tunru I. CD4+ T cells from collageninduced arthritic mice are essential to transfer arthritis into severe combined
immunodeficient mice. Clin Exp Immunol. 1994;97(2):212-8.
413. Alzabin S, Williams RO. Effector T cells in rheumatoid arthritis: lessons
from animal models. FEBS Lett. 2011;585(23):3649-59.
414. Taurog JD, Sandberg GP, Mahowald ML. The cellular basis of adjuvant
arthritis. II. Characterization of the cells mediating passive transfer. Cell
Immunol. 1983;80(1):198-204.
415. Van den Broek MF, Van de Langerijt LG, Van Bruggen MC, Billingham ME,
Van den Berg WB. Treatment of rats with monoclonal anti-CD4 induces long-term
resistance to streptococcal cell wall-induced arthritis. Eur J Immunol.
1992;22(1):57-61.
416. Gizinski AM, Fox DA. T cell subsets and their role in the pathogenesis of
rheumatic disease. Curr Opin Rheumatol. 2014;26(2):204-10.
417. Chen J, Li J, Gao H, Wang C, Luo J, Lv Z, et al. Comprehensive evaluation
of different T-helper cell subsets differentiation and function in rheumatoid
arthritis. J Biomed Biotechnol. 2012;2012:535361.
418. Tan LC, Mowat AG, Fazou C, Rostron T, Roskell H, Dunbar PR, et al.
Specificity of T cells in synovial fluid: high frequencies of CD8(+) T cells that are
specific for certain viral epitopes. Arthritis Res. 2000;2(2):154-64.
419. Salmon M, Scheel-Toellner D, Huissoon AP, Pilling D, Shamsadeen N, Hyde
H, et al. Inhibition of T cell apoptosis in the rheumatoid synovium. J Clin Invest.
1997;99(3):439-46.
420. Pilling D, Akbar AN, Girdlestone J, Orteu CH, Borthwick NJ, Amft N, et al.
Interferon-beta mediates stromal cell rescue of T cells from apoptosis. Eur J
Immunol. 1999;29(3):1041-50.
421. Buckley CD, Amft N, Bradfield PF, Pilling D, Ross E, Arenzana-Seisdedos F,
et al. Persistent induction of the chemokine receptor CXCR4 by TGF-beta 1 on
216

synovial T cells contributes to their accumulation within the rheumatoid
synovium. J Immunol. 2000;165(6):3423-9.
422. Blattman JN, Antia R, Sourdive DJ, Wang X, Kaech SM, Murali-Krishna K,
et al. Estimating the precursor frequency of naive antigen-specific CD8 T cells. J
Exp Med. 2002;195(5):657-64.
423. Gowans JL, Knight EJ. The Route of Re-Circulation of Lymphocytes in the
Rat. Proc R Soc Lond B Biol Sci. 1964;159:257-82.
424. Warnock RA, Askari S, Butcher EC, von Andrian UH. Molecular mechanisms
of lymphocyte homing to peripheral lymph nodes. J Exp Med. 1998;187(2):20516.
425. Worbs T, Mempel TR, Bolter J, von Andrian UH, Forster R. CCR7 ligands
stimulate the intranodal motility of T lymphocytes in vivo. J Exp Med.
2007;204(3):489-95.
426. Krummel MF, Bartumeus F, Gerard A. T cell migration, search strategies
and mechanisms. Nat Rev Immunol. 2016;16(3):193-201.
427. Tomura M, Yoshida N, Tanaka J, Karasawa S, Miwa Y, Miyawaki A, et al.
Monitoring cellular movement in vivo with photoconvertible fluorescence protein
"Kaede" transgenic mice. Proc Natl Acad Sci U S A. 2008;105(31):10871-6.
428. Girard JP, Moussion C, Forster R. HEVs, lymphatics and homeostatic
immune cell trafficking in lymph nodes. Nat Rev Immunol. 2012;12(11):762-73.
429. Pham TH, Baluk P, Xu Y, Grigorova I, Bankovich AJ, Pappu R, et al.
Lymphatic endothelial cell sphingosine kinase activity is required for lymphocyte
egress and lymphatic patterning. J Exp Med. 2010;207(1):17-27.
430. Cyster JG, Schwab SR. Sphingosine-1-phosphate and lymphocyte egress
from lymphoid organs. Annu Rev Immunol. 2012;30:69-94.
431. Lo CG, Xu Y, Proia RL, Cyster JG. Cyclical modulation of sphingosine-1phosphate receptor 1 surface expression during lymphocyte recirculation and
relationship to lymphoid organ transit. J Exp Med. 2005;201(2):291-301.
432. Shiow LR, Rosen DB, Brdickova N, Xu Y, An J, Lanier LL, et al. CD69 acts
downstream of interferon-alpha/beta to inhibit S1P1 and lymphocyte egress
from lymphoid organs. Nature. 2006;440(7083):540-4.
433. Mackay LK, Braun A, Macleod BL, Collins N, Tebartz C, Bedoui S, et al.
Cutting edge: CD69 interference with sphingosine-1-phosphate receptor function
regulates peripheral T cell retention. J Immunol. 2015;194(5):2059-63.
434. Bankovich AJ, Shiow LR, Cyster JG. CD69 suppresses sphingosine 1phosophate receptor-1 (S1P1) function through interaction with membrane helix
4. J Biol Chem. 2010;285(29):22328-37.
435. Kohout TA, Nicholas SL, Perry SJ, Reinhart G, Junger S, Struthers RS.
Differential desensitization, receptor phosphorylation, beta-arrestin
recruitment, and ERK1/2 activation by the two endogenous ligands for the CC
chemokine receptor 7. J Biol Chem. 2004;279(22):23214-22.
436. Grigorova IL, Schwab SR, Phan TG, Pham TH, Okada T, Cyster JG. Cortical
sinus probing, S1P1-dependent entry and flow-based capture of egressing T cells.
Nat Immunol. 2009;10(1):58-65.
437. Wei SH, Rosen H, Matheu MP, Sanna MG, Wang SK, Jo E, et al. Sphingosine
1-phosphate type 1 receptor agonism inhibits transendothelial migration of
medullary T cells to lymphatic sinuses. Nat Immunol. 2005;6(12):1228-35.
438. Chiba K, Yanagawa Y, Masubuchi Y, Kataoka H, Kawaguchi T, Ohtsuki M,
et al. FTY720, a novel immunosuppressant, induces sequestration of circulating
mature lymphocytes by acceleration of lymphocyte homing in rats. I. FTY720
selectively decreases the number of circulating mature lymphocytes by
acceleration of lymphocyte homing. J Immunol. 1998;160(10):5037-44.
217

439. Yanagawa Y, Masubuchi Y, Chiba K. FTY720, a novel immunosuppressant,
induces sequestration of circulating mature lymphocytes by acceleration of
lymphocyte homing in rats, III. Increase in frequency of CD62L-positive T cells in
Peyer's patches by FTY720-induced lymphocyte homing. Immunology.
1998;95(4):591-4.
440. Schwab SR, Pereira JP, Matloubian M, Xu Y, Huang Y, Cyster JG.
Lymphocyte sequestration through S1P lyase inhibition and disruption of S1P
gradients. Science. 2005;309(5741):1735-9.
441. Agace WW. Tissue-tropic effector T cells: generation and targeting
opportunities. Nat Rev Immunol. 2006;6(9):682-92.
442. Berlin C, Berg EL, Briskin MJ, Andrew DP, Kilshaw PJ, Holzmann B, et al.
Alpha 4 beta 7 integrin mediates lymphocyte binding to the mucosal vascular
addressin MAdCAM-1. Cell. 1993;74(1):185-95.
443. Kunkel EJ, Campbell JJ, Haraldsen G, Pan J, Boisvert J, Roberts AI, et al.
Lymphocyte CC chemokine receptor 9 and epithelial thymus-expressed
chemokine (TECK) expression distinguish the small intestinal immune
compartment: Epithelial expression of tissue-specific chemokines as an
organizing principle in regional immunity. J Exp Med. 2000;192(5):761-8.
444. Homey B, Alenius H, Muller A, Soto H, Bowman EP, Yuan W, et al. CCL27CCR10 interactions regulate T cell-mediated skin inflammation. Nat Med.
2002;8(2):157-65.
445. Campbell JJ, Haraldsen G, Pan J, Rottman J, Qin S, Ponath P, et al. The
chemokine receptor CCR4 in vascular recognition by cutaneous but not intestinal
memory T cells. Nature. 1999;400(6746):776-80.
446. Masopust D, Vezys V, Usherwood EJ, Cauley LS, Olson S, Marzo AL, et al.
Activated primary and memory CD8 T cells migrate to nonlymphoid tissues
regardless of site of activation or tissue of origin. J Immunol. 2004;172(8):487582.
447. Chen AM, Khanna N, Stohlman SA, Bergmann CC. Virus-specific and
bystander CD8 T cells recruited during virus-induced encephalomyelitis. J Virol.
2005;79(8):4700-8.
448. Cose S, Brammer C, Khanna KM, Masopust D, Lefrancois L. Evidence that a
significant number of naive T cells enter non-lymphoid organs as part of a
normal migratory pathway. Eur J Immunol. 2006;36(6):1423-33.
449. Janeway CA Jr TP, Walport M. General properties of armed effector T
cells. Immunobiology. 5th ed2001.
450. Bromley SK, Yan S, Tomura M, Kanagawa O, Luster AD. Recirculating
memory T cells are a unique subset of CD4+ T cells with a distinct phenotype
and migratory pattern. J Immunol. 2013;190(3):970-6.
451. Debes GF, Arnold CN, Young AJ, Krautwald S, Lipp M, Hay JB, et al.
Chemokine receptor CCR7 required for T lymphocyte exit from peripheral
tissues. Nat Immunol. 2005;6(9):889-94.
452. Bromley SK, Thomas SY, Luster AD. Chemokine receptor CCR7 guides T
cell exit from peripheral tissues and entry into afferent lymphatics. Nat
Immunol. 2005;6(9):895-901.
453. Brown MN, Fintushel SR, Lee MH, Jennrich S, Geherin SA, Hay JB, et al.
Chemoattractant receptors and lymphocyte egress from extralymphoid tissue:
changing requirements during the course of inflammation. J Immunol.
2010;185(8):4873-82.
454. Menning A, Hopken UE, Siegmund K, Lipp M, Hamann A, Huehn J.
Distinctive role of CCR7 in migration and functional activity of naive- and
effector/memory-like Treg subsets. Eur J Immunol. 2007;37(6):1575-83.
218

455. Hopken UE, Wengner AM, Loddenkemper C, Stein H, Heimesaat MM, Rehm
A, et al. CCR7 deficiency causes ectopic lymphoid neogenesis and disturbed
mucosal tissue integrity. Blood. 2007;109(3):886-95.
456. Skon CN, Lee JY, Anderson KG, Masopust D, Hogquist KA, Jameson SC.
Transcriptional downregulation of S1pr1 is required for the establishment of
resident memory CD8+ T cells. Nat Immunol. 2013;14(12):1285-93.
457. Levine B, Klionsky DJ. Development by self-digestion: molecular
mechanisms and biological functions of autophagy. Dev Cell. 2004;6(4):463-77.
458. Kovacs JR, Li C, Yang Q, Li G, Garcia IG, Ju S, et al. Autophagy promotes
T-cell survival through degradation of proteins of the cell death machinery. Cell
Death Differ. 2012;19(1):144-52.
459. Feng CG, Zheng L, Jankovic D, Bafica A, Cannons JL, Watford WT, et al.
The immunity-related GTPase Irgm1 promotes the expansion of activated CD4+ T
cell populations by preventing interferon-gamma-induced cell death. Nat
Immunol. 2008;9(11):1279-87.
460. Bell BD, Leverrier S, Weist BM, Newton RH, Arechiga AF, Luhrs KA, et al.
FADD and caspase-8 control the outcome of autophagic signaling in proliferating
T cells. Proc Natl Acad Sci U S A. 2008;105(43):16677-82.
461. Pua HH, Dzhagalov I, Chuck M, Mizushima N, He YW. A critical role for the
autophagy gene Atg5 in T cell survival and proliferation. J Exp Med.
2007;204(1):25-31.
462. Li C, Capan E, Zhao Y, Zhao J, Stolz D, Watkins SC, et al. Autophagy is
induced in CD4+ T cells and important for the growth factor-withdrawal cell
death. J Immunol. 2006;177(8):5163-8.
463. Ch'en IL, Tsau JS, Molkentin JD, Komatsu M, Hedrick SM. Mechanisms of
necroptosis in T cells. J Exp Med. 2011;208(4):633-41.
464. Pasparakis M, Vandenabeele P. Necroptosis and its role in inflammation.
Nature. 2015;517(7534):311-20.
465. Ch'en IL, Beisner DR, Degterev A, Lynch C, Yuan J, Hoffmann A, et al.
Antigen-mediated T cell expansion regulated by parallel pathways of death. Proc
Natl Acad Sci U S A. 2008;105(45):17463-8.
466. Kesarwani P, Chakraborty P, Gudi R, Chatterjee S, Scurti G, Toth K, et al.
Blocking TCR restimulation induced necroptosis in adoptively transferred T cells
improves tumor control. Oncotarget. 2016;7(43):69371-83.
467. Hildeman DA, Zhu Y, Mitchell TC, Kappler J, Marrack P. Molecular
mechanisms of activated T cell death in vivo. Curr Opin Immunol.
2002;14(3):354-9.
468. Krammer PH. CD95's deadly mission in the immune system. Nature.
2000;407(6805):789-95.
469. Thornberry NA, Lazebnik Y. Caspases: enemies within. Science.
1998;281(5381):1312-6.
470. Igney FH, Krammer PH. Immune escape of tumors: apoptosis resistance
and tumor counterattack. J Leukoc Biol. 2002;71(6):907-20.
471. Lavrik IN, Golks A, Krammer PH. Caspases: pharmacological manipulation
of cell death. J Clin Invest. 2005;115(10):2665-72.
472. Ashkenazi A, Dixit VM. Death receptors: signaling and modulation.
Science. 1998;281(5381):1305-8.
473. Tartaglia LA, Ayres TM, Wong GH, Goeddel DV. A novel domain within the
55 kd TNF receptor signals cell death. Cell. 1993;74(5):845-53.
474. Sandu C, Morisawa G, Wegorzewska I, Huang T, Arechiga AF, Hill JM, et
al. FADD self-association is required for stable interaction with an activated
death receptor. Cell Death Differ. 2006;13(12):2052-61.
219

475. Kischkel FC, Hellbardt S, Behrmann I, Germer M, Pawlita M, Krammer PH,
et al. Cytotoxicity-dependent APO-1 (Fas/CD95)-associated proteins form a
death-inducing signaling complex (DISC) with the receptor. EMBO J.
1995;14(22):5579-88.
476. Scaffidi C, Fulda S, Srinivasan A, Friesen C, Li F, Tomaselli KJ, et al. Two
CD95 (APO-1/Fas) signaling pathways. EMBO J. 1998;17(6):1675-87.
477. Korsmeyer SJ, Wei MC, Saito M, Weiler S, Oh KJ, Schlesinger PH. Proapoptotic cascade activates BID, which oligomerizes BAK or BAX into pores that
result in the release of cytochrome c. Cell Death Differ. 2000;7(12):1166-73.
478. Fritzsching B, Oberle N, Pauly E, Geffers R, Buer J, Poschl J, et al. Naive
regulatory T cells: a novel subpopulation defined by resistance toward CD95Lmediated cell death. Blood. 2006;108(10):3371-8.
479. Kroemer G, Galluzzi L, Brenner C. Mitochondrial membrane
permeabilization in cell death. Physiol Rev. 2007;87(1):99-163.
480. Staumont-Salle D, Fleury S, Lazzari A, Molendi-Coste O, Hornez N,
Lavogiez C, et al. CX(3)CL1 (fractalkine) and its receptor CX(3)CR1 regulate
atopic dermatitis by controlling effector T cell retention in inflamed skin. J Exp
Med. 2014;211(6):1185-96.
481. Suffia I, Reckling SK, Salay G, Belkaid Y. A role for CD103 in the retention
of CD4+CD25+ Treg and control of Leishmania major infection. J Immunol.
2005;174(9):5444-55.
482. Almeida L, Lochner M, Berod L, Sparwasser T. Metabolic pathways in T
cell activation and lineage differentiation. Semin Immunol. 2016;28(5):514-24.
483. Pan Y, Tian T, Park CO, Lofftus SY, Mei S, Liu X, et al. Survival of tissueresident memory T cells requires exogenous lipid uptake and metabolism.
Nature. 2017;543(7644):252-6.
484. Zhang N, Bevan MJ. Transforming growth factor-beta signaling controls
the formation and maintenance of gut-resident memory T cells by regulating
migration and retention. Immunity. 2013;39(4):687-96.
485. Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML, et al. The
developmental pathway for CD103(+)CD8+ tissue-resident memory T cells of
skin. Nat Immunol. 2013;14(12):1294-301.
486. Casey KA, Fraser KA, Schenkel JM, Moran A, Abt MC, Beura LK, et al.
Antigen-independent differentiation and maintenance of effector-like resident
memory T cells in tissues. J Immunol. 2012;188(10):4866-75.
487. Wakim LM, Woodward-Davis A, Bevan MJ. Memory T cells persisting within
the brain after local infection show functional adaptations to their tissue of
residence. Proc Natl Acad Sci U S A. 2010;107(42):17872-9.
488. Schon MP, Arya A, Murphy EA, Adams CM, Strauch UG, Agace WW, et al.
Mucosal T lymphocyte numbers are selectively reduced in integrin alpha E
(CD103)-deficient mice. J Immunol. 1999;162(11):6641-9.
489. Borge M, Nannini PR, Morande PE, Jancic C, Bistmans A, Bezares RF, et al.
CXCL12 is a costimulator for CD4+ T cell activation and proliferation in chronic
lymphocytic leukemia patients. Cancer Immunol Immunother. 2013;62(1):113-24.
490. Vitiello L, Ferraro E, De Simone S, Gatta L, Feraco A, Racioppi L, et al.
CXCL12 prolongs naive CD4+ T lymphocytes survival via activation of PKA, CREB
and Bcl2 and BclXl up-regulation. Int J Cardiol. 2016;224:206-12.
491. Schenkel JM, Fraser KA, Masopust D. Cutting edge: resident memory CD8 T
cells occupy frontline niches in secondary lymphoid organs. J Immunol.
2014;192(7):2961-4.

220

492. Zaid A, Mackay LK, Rahimpour A, Braun A, Veldhoen M, Carbone FR, et al.
Persistence of skin-resident memory T cells within an epidermal niche. Proc Natl
Acad Sci U S A. 2014;111(14):5307-12.
493. Iijima N, Iwasaki A. T cell memory. A local macrophage chemokine
network sustains protective tissue-resident memory CD4 T cells. Science.
2014;346(6205):93-8.
494. Barnden MJ, Allison J, Heath WR, Carbone FR. Defective TCR expression in
transgenic mice constructed using cDNA-based alpha- and beta-chain genes
under the control of heterologous regulatory elements. Immunol Cell Biol.
1998;76(1):34-40.
495. Vintersten K, Monetti C, Gertsenstein M, Zhang P, Laszlo L, Biechele S, et
al. Mouse in red: red fluorescent protein expression in mouse ES cells, embryos,
and adult animals. Genesis. 2004;40(4):241-6.
496. Faust N, Varas F, Kelly LM, Heck S, Graf T. Insertion of enhanced green
fluorescent protein into the lysozyme gene creates mice with green fluorescent
granulocytes and macrophages. Blood. 2000;96(2):719-26.
497. Lindquist RL, Shakhar G, Dudziak D, Wardemann H, Eisenreich T, Dustin
ML, et al. Visualizing dendritic cell networks in vivo. Nat Immunol.
2004;5(12):1243-50.
498. Joncker NT, Helft J, Jacquet A, Premel V, Lantz O. Intratumor CD4 T-cell
accumulation requires stronger priming than for expansion and lymphokine
secretion. Cancer Res. 2006;66(10):5443-51.
499. von Andrian UH, Mackay CR. T-cell function and migration. Two sides of
the same coin. N Engl J Med. 2000;343(14):1020-34.
500. Collins N, Jiang X, Zaid A, Macleod BL, Li J, Park CO, et al. Skin CD4(+)
memory T cells exhibit combined cluster-mediated retention and equilibration
with the circulation. Nat Commun. 2016;7:11514.
501. Sallusto F, Mackay CR, Lanzavecchia A. Selective expression of the
eotaxin receptor CCR3 by human T helper 2 cells. Science. 1997;277(5334):20057.
502. Sallusto F, Lanzavecchia A, Mackay CR. Chemokines and chemokine
receptors in T-cell priming and Th1/Th2-mediated responses. Immunol Today.
1998;19(12):568-74.
503. Gutierrez-Ramos JC, Lloyd C, Gonzalo JA. Eotaxin: from an eosinophilic
chemokine to a major regulator of allergic reactions. Immunol Today.
1999;20(11):500-4.
504. Lloyd CM, Delaney T, Nguyen T, Tian J, Martinez AC, Coyle AJ, et al. CC
chemokine receptor (CCR)3/eotaxin is followed by CCR4/monocyte-derived
chemokine in mediating pulmonary T helper lymphocyte type 2 recruitment
after serial antigen challenge in vivo. J Exp Med. 2000;191(2):265-74.
505. Butcher EC, Picker LJ. Lymphocyte homing and homeostasis. Science.
1996;272(5258):60-6.
506. Kantele A, Zivny J, Hakkinen M, Elson CO, Mestecky J. Differential homing
commitments of antigen-specific T cells after oral or parenteral immunization in
humans. J Immunol. 1999;162(9):5173-7.
507. Jiang E, Perrard XD, Yang D, Khan IM, Perrard JL, Smith CW, et al.
Essential role of CD11a in CD8+ T-cell accumulation and activation in adipose
tissue. Arterioscler Thromb Vasc Biol. 2014;34(1):34-43.
508. Vella AT, McCormack JE, Linsley PS, Kappler JW, Marrack P.
Lipopolysaccharide interferes with the induction of peripheral T cell death.
Immunity. 1995;2(3):261-70.

221

509. Ishikawa Y, Kirikae T, Hirata M, Yoshida M, Haishima Y, Kondo S, et al.
Local skin response in mice induced by a single intradermal injection of bacterial
lipopolysaccharide and lipid A. Infect Immun. 1991;59(6):1954-60.
510. Calil IL, Zarpelon AC, Guerrero AT, Alves-Filho JC, Ferreira SH, Cunha FQ,
et al. Lipopolysaccharide induces inflammatory hyperalgesia triggering a
TLR4/MyD88-dependent cytokine cascade in the mice paw. PLoS One.
2014;9(3):e90013.
511. Fischer AH, Jacobson KA, Rose J, Zeller R. Hematoxylin and eosin staining
of tissue and cell sections. CSH Protoc. 2008;2008:pdb prot4986.
512. Kleinewietfeld M, Puentes F, Borsellino G, Battistini L, Rotzschke O, Falk
K. CCR6 expression defines regulatory effector/memory-like cells within the
CD25(+)CD4+ T-cell subset. Blood. 2005;105(7):2877-86.
513. Mikolajczyk TP, Nosalski R, Szczepaniak P, Budzyn K, Osmenda G, Skiba D,
et al. Role of chemokine RANTES in the regulation of perivascular inflammation,
T-cell accumulation, and vascular dysfunction in hypertension. FASEB J.
2016;30(5):1987-99.
514. Perez J, Brandon JA, Cohen DA, Jennings CD, Kaplan AM, Bryson JS.
Accumulation of CD4+ T cells in the colon of CsA-treated mice following
myeloablative conditioning and bone marrow transplantation. Am J Physiol
Gastrointest Liver Physiol. 2011;300(5):G843-52.
515. Nolz JC, Starbeck-Miller GR, Harty JT. Naive, effector and memory CD8 Tcell trafficking: parallels and distinctions. Immunotherapy. 2011;3(10):1223-33.
516. Cohen MM, Shaw MW. Effects of Mitomycin C on Human Chromosomes. J
Cell Biol. 1964;23:386-95.
517. Ai W, Li H, Song N, Li L, Chen H. Optimal method to stimulate cytokine
production and its use in immunotoxicity assessment. Int J Environ Res Public
Health. 2013;10(9):3834-42.
518. Helms JB, Rothman JE. Inhibition by brefeldin A of a Golgi membrane
enzyme that catalyses exchange of guanine nucleotide bound to ARF. Nature.
1992;360(6402):352-4.
519. Vicetti Miguel RD, Maryak SA, Cherpes TL. Brefeldin A, but not monensin,
enables flow cytometric detection of interleukin-4 within peripheral T cells
responding to ex vivo stimulation with Chlamydia trachomatis. J Immunol
Methods. 2012;384(1-2):191-5.
520. Goodison S, Urquidi V, Tarin D. CD44 cell adhesion molecules. Mol Pathol.
1999;52(4):189-96.
521. Romagnani S. Th1/Th2 cells. Inflamm Bowel Dis. 1999;5(4):285-94.
522. Ziegler SF, Ramsdell F, Alderson MR. The activation antigen CD69. Stem
Cells. 1994;12(5):456-65.
523. Schoenberger SP. CD69 guides CD4+ T cells to the seat of memory. Proc
Natl Acad Sci U S A. 2012;109(22):8358-9.
524. Van Parijs L, Ibraghimov A, Abbas AK. The roles of costimulation and Fas
in T cell apoptosis and peripheral tolerance. Immunity. 1996;4(3):321-8.
525. Vella AT, Dow S, Potter TA, Kappler J, Marrack P. Cytokine-induced
survival of activated T cells in vitro and in vivo. Proc Natl Acad Sci U S A.
1998;95(7):3810-5.
526. Billiau A, Matthys P. Modes of action of Freund's adjuvants in
experimental models of autoimmune diseases. J Leukoc Biol. 2001;70(6):849-60.
527. Copeland S, Warren HS, Lowry SF, Calvano SE, Remick D, Inflammation, et
al. Acute inflammatory response to endotoxin in mice and humans. Clin Diagn
Lab Immunol. 2005;12(1):60-7.

222

528. Walz A, Peveri P, Aschauer H, Baggiolini M. Purification and amino acid
sequencing of NAF, a novel neutrophil-activating factor produced by monocytes.
Biochem Biophys Res Commun. 1987;149(2):755-61.
529. de Oliveira S, Reyes-Aldasoro CC, Candel S, Renshaw SA, Mulero V, Calado
A. Cxcl8 (IL-8) mediates neutrophil recruitment and behavior in the zebrafish
inflammatory response. J Immunol. 2013;190(8):4349-59.
530. Levy E, Xanthou G, Petrakou E, Zacharioudaki V, Tsatsanis C, Fotopoulos
S, et al. Distinct roles of TLR4 and CD14 in LPS-induced inflammatory responses
of neonates. Pediatr Res. 2009;66(2):179-84.
531. Watari M, Watari H, Fujimoto T, Yamada H, Nishihira J, Strauss JF, et al.
Lipopolysaccharide induces interleukin-8 production by human cervical smooth
muscle cells. J Soc Gynecol Investig. 2003;10(2):110-7.
532. Farache J, Koren I, Milo I, Gurevich I, Kim KW, Zigmond E, et al. Luminal
bacteria recruit CD103+ dendritic cells into the intestinal epithelium to sample
bacterial antigens for presentation. Immunity. 2013;38(3):581-95.
533. Herbst S, Schaible UE, Schneider BE. Interferon gamma activated
macrophages kill mycobacteria by nitric oxide induced apoptosis. PLoS One.
2011;6(5):e19105.
534. Held TK, Weihua X, Yuan L, Kalvakolanu DV, Cross AS. Gamma interferon
augments macrophage activation by lipopolysaccharide by two distinct
mechanisms, at the signal transduction level and via an autocrine mechanism
involving tumor necrosis factor alpha and interleukin-1. Infect Immun.
1999;67(1):206-12.
535. Pollard KM, Cauvi DM, Toomey CB, Morris KV, Kono DH. Interferon-gamma
and systemic autoimmunity. Discov Med. 2013;16(87):123-31.
536. Akkoc T, de Koning PJ, Ruckert B, Barlan I, Akdis M, Akdis CA. Increased
activation-induced cell death of high IFN-gamma-producing T(H)1 cells as a
mechanism of T(H)2 predominance in atopic diseases. J Allergy Clin Immunol.
2008;121(3):652-8 e1.
537. Refaeli Y, Van Parijs L, Alexander SI, Abbas AK. Interferon gamma is
required for activation-induced death of T lymphocytes. J Exp Med.
2002;196(7):999-1005.
538. Berard M, Tough DF. Qualitative differences between naive and memory T
cells. Immunology. 2002;106(2):127-38.
539. Pennock ND, White JT, Cross EW, Cheney EE, Tamburini BA, Kedl RM. T
cell responses: naive to memory and everything in between. Adv Physiol Educ.
2013;37(4):273-83.
540. Mora JR, von Andrian UH. T-cell homing specificity and plasticity: new
concepts and future challenges. Trends Immunol. 2006;27(5):235-43.
541. Matheu MP, Beeton C, Garcia A, Chi V, Rangaraju S, Safrina O, et al.
Imaging of effector memory T cells during a delayed-type hypersensitivity
reaction and suppression by Kv1.3 channel block. Immunity. 2008;29(4):602-14.
542. Bartholomaus I, Kawakami N, Odoardi F, Schlager C, Miljkovic D, Ellwart
JW, et al. Effector T cell interactions with meningeal vascular structures in
nascent autoimmune CNS lesions. Nature. 2009;462(7269):94-8.
543. Kawakami N, Nagerl UV, Odoardi F, Bonhoeffer T, Wekerle H, Flugel A.
Live imaging of effector cell trafficking and autoantigen recognition within the
unfolding autoimmune encephalomyelitis lesion. J Exp Med. 2005;201(11):180514.
544. Stoll S, Delon J, Brotz TM, Germain RN. Dynamic imaging of T celldendritic cell interactions in lymph nodes. Science. 2002;296(5574):1873-6.

223

545. Bousso P, Robey E. Dynamics of CD8+ T cell priming by dendritic cells in
intact lymph nodes. Nat Immunol. 2003;4(6):579-85.
546. Wallach D, Kang TB, Kovalenko A. Concepts of tissue injury and cell death
in inflammation: a historical perspective. Nat Rev Immunol. 2014;14(1):51-9.
547. Mempel TR, Henrickson SE, Von Andrian UH. T-cell priming by dendritic
cells in lymph nodes occurs in three distinct phases. Nature.
2004;427(6970):154-9.
548. Miller MJ, Safrina O, Parker I, Cahalan MD. Imaging the single cell
dynamics of CD4+ T cell activation by dendritic cells in lymph nodes. J Exp Med.
2004;200(7):847-56.
549. Rosenbaum JT, Ronick MB, Song X, Choi D, Planck SR. T cell-antigenpresenting cell interactions visualized in vivo in a model of antigen-specific
inflammation. Clin Immunol. 2008;126(3):270-6.
550. Davis MM, Boniface JJ, Reich Z, Lyons D, Hampl J, Arden B, et al. Ligand
recognition by alpha beta T cell receptors. Annu Rev Immunol. 1998;16:523-44.
551. Andreasen SO, Thomsen AR, Koteliansky VE, Novobrantseva TI, Sprague
AG, de Fougerolles AR, et al. Expression and functional importance of collagenbinding integrins, alpha 1 beta 1 and alpha 2 beta 1, on virus-activated T cells. J
Immunol. 2003;171(6):2804-11.
552. Ray SJ, Franki SN, Pierce RH, Dimitrova S, Koteliansky V, Sprague AG, et
al. The collagen binding alpha1beta1 integrin VLA-1 regulates CD8 T cellmediated immune protection against heterologous influenza infection.
Immunity. 2004;20(2):167-79.
553. McLachlan JB, Jenkins MK. Migration and accumulation of effector CD4+ T
cells in nonlymphoid tissues. Proc Am Thorac Soc. 2007;4(5):439-42.
554. Logue SE, Martin SJ. Caspase activation cascades in apoptosis. Biochem
Soc Trans. 2008;36(Pt 1):1-9.
555. Fallman M, Gullberg M, Hellberg C, Andersson T. Complement receptormediated phagocytosis is associated with accumulation of phosphatidylcholinederived diglyceride in human neutrophils. Involvement of phospholipase D and
direct evidence for a positive feedback signal of protein kinase. J Biol Chem.
1992;267(4):2656-63.
556. Meylan F, Davidson TS, Kahle E, Kinder M, Acharya K, Jankovic D, et al.
The TNF-family receptor DR3 is essential for diverse T cell-mediated
inflammatory diseases. Immunity. 2008;29(1):79-89.
557. Wen L, Zhuang L, Luo X, Wei P. TL1A-induced NF-kappaB activation and cIAP2 production prevent DR3-mediated apoptosis in TF-1 cells. J Biol Chem.
2003;278(40):39251-8.
558. Hartgring SA, van Roon JA, Wenting-van Wijk M, Jacobs KM, Jahangier ZN,
Willis CR, et al. Elevated expression of interleukin-7 receptor in inflamed joints
mediates interleukin-7-induced immune activation in rheumatoid arthritis.
Arthritis Rheum. 2009;60(9):2595-605.
559. Pickens SR, Chamberlain ND, Volin MV, Pope RM, Talarico NE, Mandelin
AM, 2nd, et al. Characterization of interleukin-7 and interleukin-7 receptor in
the pathogenesis of rheumatoid arthritis. Arthritis Rheum. 2011;63(10):2884-93.
560. Garcia-Vicuna R, Gomez-Gaviro MV, Dominguez-Luis MJ, Pec MK,
Gonzalez-Alvaro I, Alvaro-Gracia JM, et al. CC and CXC chemokine receptors
mediate migration, proliferation, and matrix metalloproteinase production by
fibroblast-like synoviocytes from rheumatoid arthritis patients. Arthritis Rheum.
2004;50(12):3866-77.

224

561. Vlahakis SR, Villasis-Keever A, Gomez T, Vanegas M, Vlahakis N, Paya CV.
G protein-coupled chemokine receptors induce both survival and apoptotic
signaling pathways. J Immunol. 2002;169(10):5546-54.
562. Murooka TT, Wong MM, Rahbar R, Majchrzak-Kita B, Proudfoot AE, Fish
EN. CCL5-CCR5-mediated apoptosis in T cells: Requirement for
glycosaminoglycan binding and CCL5 aggregation. J Biol Chem.
2006;281(35):25184-94.
563. Tyner JW, Uchida O, Kajiwara N, Kim EY, Patel AC, O'Sullivan MP, et al.
CCL5-CCR5 interaction provides antiapoptotic signals for macrophage survival
during viral infection. Nat Med. 2005;11(11):1180-7.
564. Keophiphath M, Rouault C, Divoux A, Clement K, Lacasa D. CCL5 promotes
macrophage recruitment and survival in human adipose tissue. Arterioscler
Thromb Vasc Biol. 2010;30(1):39-45.
565. Zhu B, Xu D, Deng X, Chen Q, Huang Y, Peng H, et al. CXCL12 enhances
human neural progenitor cell survival through a CXCR7- and CXCR4-mediated
endocytotic signaling pathway. Stem Cells. 2012;30(11):2571-83.
566. Colamussi ML, Secchiero P, Gonelli A, Marchisio M, Zauli G, Capitani S.
Stromal derived factor-1 alpha (SDF-1 alpha) induces CD4+ T cell apoptosis via
the functional up-regulation of the Fas (CD95)/Fas ligand (CD95L) pathway. J
Leukoc Biol. 2001;69(2):263-70.
567. Yasuda T, Kuwabara T, Nakano H, Aritomi K, Onodera T, Lipp M, et al.
Chemokines CCL19 and CCL21 promote activation-induced cell death of antigenresponding T cells. Blood. 2007;109(2):449-56.
568. Li C-R, Lo DD. CCR7 Signaling Promotes T Cell Survival and Proliferation.
The FASEB Journal. 2008;22(2 Supplement):385.
569. Sumen C, Mempel TR, Mazo IB, von Andrian UH. Intravital microscopy:
visualizing immunity in context. Immunity. 2004;21(3):315-29.
570. Worbs T, Forster R. T cell migration dynamics within lymph nodes during
steady state: an overview of extracellular and intracellular factors influencing
the basal intranodal T cell motility. Curr Top Microbiol Immunol. 2009;334:71105.
571. Garrod KR, Moreau HD, Garcia Z, Lemaitre F, Bouvier I, Albert ML, et al.
Dissecting T cell contraction in vivo using a genetically encoded reporter of
apoptosis. Cell Rep. 2012;2(5):1438-47.
572. Gomez-Cabanas L, Delgado-Martin C, Lopez-Cotarelo P, Escribano-Diaz C,
Alonso CL, Riol-Blanco L, et al. Detecting apoptosis of leukocytes in mouse
lymph nodes. Nat Protoc. 2014;9(5):1102-12.
573. Garcia-Calvo M, Peterson EP, Leiting B, Ruel R, Nicholson DW, Thornberry
NA. Inhibition of human caspases by peptide-based and macromolecular
inhibitors. J Biol Chem. 1998;273(49):32608-13.
574. Tetta C, Camussi G, Modena V, Di Vittorio C, Baglioni C. Tumour necrosis
factor in serum and synovial fluid of patients with active and severe rheumatoid
arthritis. Ann Rheum Dis. 1990;49(9):665-7.
575. Waring P, Mullbacher A. Cell death induced by the Fas/Fas ligand pathway
and its role in pathology. Immunol Cell Biol. 1999;77(4):312-7.
576. Fernandes P, O'Donnell C, Lyons C, Keane J, Regan T, O'Brien S, et al.
Intestinal expression of Fas and Fas ligand is upregulated by bacterial signaling
through TLR4 and TLR5, with activation of Fas modulating intestinal TLRmediated inflammation. J Immunol. 2014;193(12):6103-13.
577. Carbonetti NH. Pertussis toxin and adenylate cyclase toxin: key virulence
factors of Bordetella pertussis and cell biology tools. Future Microbiol.
2010;5(3):455-69.
225

578. Plaut RD, Carbonetti NH. Retrograde transport of pertussis toxin in the
mammalian cell. Cell Microbiol. 2008;10(5):1130-9.
579. Mudter J, Neurath MF. Apoptosis of T cells and the control of
inflammatory bowel disease: therapeutic implications. Gut. 2007;56(2):293-303.
580. Mionnet C, Buatois V, Kanda A, Milcent V, Fleury S, Lair D, et al. CX3CR1
is required for airway inflammation by promoting T helper cell survival and
maintenance in inflamed lung. Nat Med. 2010;16(11):1305-12.
581. Chetoui N, Boisvert M, Gendron S, Aoudjit F. Interleukin-7 promotes the
survival of human CD4+ effector/memory T cells by up-regulating Bcl-2 proteins
and activating the JAK/STAT signalling pathway. Immunology. 2010;130(3):41826.
582. Takahashi HK, Cambiaghi TD, Luchessi AD, Hirabara SM, Vinolo MA,
Newsholme P, et al. Activation of survival and apoptotic signaling pathways in
lymphocytes exposed to palmitic acid. J Cell Physiol. 2012;227(1):339-50.
583. McInnes IB, Leung BP, Sturrock RD, Field M, Liew FY. Interleukin-15
mediates T cell-dependent regulation of tumor necrosis factor-alpha production
in rheumatoid arthritis. Nat Med. 1997;3(2):189-95.
584. Harris TH, Banigan EJ, Christian DA, Konradt C, Tait Wojno ED, Norose K,
et al. Generalized Levy walks and the role of chemokines in migration of
effector CD8+ T cells. Nature. 2012;486(7404):545-8.
585. Gaylo A, Schrock DC, Fernandes NR, Fowell DJ. T Cell Interstitial
Migration: Motility Cues from the Inflamed Tissue for Micro- and MacroPositioning. Front Immunol. 2016;7:428.
586. Badovinac VP, Porter BB, Harty JT. Programmed contraction of CD8(+) T
cells after infection. Nat Immunol. 2002;3(7):619-26.
587. Hildeman DA, Mitchell T, Kappler J, Marrack P. T cell apoptosis and
reactive oxygen species. J Clin Invest. 2003;111(5):575-81.
588. Harada S, Yamamura M, Okamoto H, Morita Y, Kawashima M, Aita T, et al.
Production of interleukin-7 and interleukin-15 by fibroblast-like synoviocytes
from patients with rheumatoid arthritis. Arthritis Rheum. 1999;42(7):1508-16.
589. Zheng L, Fisher G, Miller RE, Peschon J, Lynch DH, Lenardo MJ. Induction
of apoptosis in mature T cells by tumour necrosis factor. Nature.
1995;377(6547):348-51.
590. Sytwu HK, Liblau RS, McDevitt HO. The roles of Fas/APO-1 (CD95) and TNF
in antigen-induced programmed cell death in T cell receptor transgenic mice.
Immunity. 1996;5(1):17-30.
591. Mazzon E, Cuzzocrea S. Role of TNF-alpha in lung tight junction alteration
in mouse model of acute lung inflammation. Respir Res. 2007;8:75.
592. Krzyzowska M, Shestakov A, Eriksson K, Chiodi F. Role of Fas/FasL in
regulation of inflammation in vaginal tissue during HSV-2 infection. Cell Death
Dis. 2011;2:e132.
593. van Roon JA, Lafeber FP. Role of interleukin-7 in degenerative and
inflammatory joint diseases. Arthritis Res Ther. 2008;10(2):107.
594. Singer M, Sansonetti PJ. IL-8 Is a Key Chemokine Regulating Neutrophil
Recruitment in a New Mouse Model of <em>Shigella-</em>Induced Colitis. The
Journal of Immunology. 2004;173(6):4197-206.
595. Spangrude GJ, Sacchi F, Hill HR, Van Epps DE, Daynes RA. Inhibition of
lymphocyte and neutrophil chemotaxis by pertussis toxin. J Immunol.
1985;135(6):4135-43.
596. Chaffin KE, Perlmutter RM. A pertussis toxin-sensitive process controls
thymocyte emigration. Eur J Immunol. 1991;21(10):2565-73.

226

597. Hla T. Genomic insights into mediator lipidomics. Prostaglandins Other
Lipid Mediat. 2005;77(1-4):197-209.
598. Merrill AH, Jr. Sphingolipid and glycosphingolipid metabolic pathways in
the era of sphingolipidomics. Chem Rev. 2011;111(10):6387-422.
599. Mizugishi K, Yamashita T, Olivera A, Miller GF, Spiegel S, Proia RL.
Essential role for sphingosine kinases in neural and vascular development. Mol
Cell Biol. 2005;25(24):11113-21.
600. Kunkel GT, Maceyka M, Milstien S, Spiegel S. Targeting the sphingosine-1phosphate axis in cancer, inflammation and beyond. Nat Rev Drug Discov.
2013;12(9):688-702.
601. Venkataraman K, Lee YM, Michaud J, Thangada S, Ai Y, Bonkovsky HL, et
al. Vascular endothelium as a contributor of plasma sphingosine 1-phosphate.
Circ Res. 2008;102(6):669-76.
602. Pappu R, Schwab SR, Cornelissen I, Pereira JP, Regard JB, Xu Y, et al.
Promotion of lymphocyte egress into blood and lymph by distinct sources of
sphingosine-1-phosphate. Science. 2007;316(5822):295-8.
603. Yatomi Y, Ozaki Y, Ohmori T, Igarashi Y. Sphingosine 1-phosphate:
synthesis and release. Prostaglandins Other Lipid Mediat. 2001;64(1-4):107-22.
604. Le Stunff H, Giussani P, Maceyka M, Lepine S, Milstien S, Spiegel S.
Recycling of sphingosine is regulated by the concerted actions of sphingosine-1phosphate phosphohydrolase 1 and sphingosine kinase 2. J Biol Chem.
2007;282(47):34372-80.
605. Ogawa C, Kihara A, Gokoh M, Igarashi Y. Identification and
characterization of a novel human sphingosine-1-phosphate phosphohydrolase,
hSPP2. J Biol Chem. 2003;278(2):1268-72.
606. Zhou J, Saba JD. Identification of the first mammalian sphingosine
phosphate lyase gene and its functional expression in yeast. Biochem Biophys Res
Commun. 1998;242(3):502-7.
607. Hisano Y, Kobayashi N, Yamaguchi A, Nishi T. Mouse SPNS2 functions as a
sphingosine-1-phosphate transporter in vascular endothelial cells. PLoS One.
2012;7(6):e38941.
608. Mendelson K, Zygmunt T, Torres-Vazquez J, Evans T, Hla T. Sphingosine 1phosphate receptor signaling regulates proper embryonic vascular patterning. J
Biol Chem. 2013;288(4):2143-56.
609. Kono M, Mi Y, Liu Y, Sasaki T, Allende ML, Wu YP, et al. The sphingosine1-phosphate receptors S1P1, S1P2, and S1P3 function coordinately during
embryonic angiogenesis. J Biol Chem. 2004;279(28):29367-73.
610. Camerer E, Regard JB, Cornelissen I, Srinivasan Y, Duong DN, Palmer D, et
al. Sphingosine-1-phosphate in the plasma compartment regulates basal and
inflammation-induced vascular leak in mice. J Clin Invest. 2009;119(7):1871-9.
611. Ohmori T, Yatomi Y, Osada M, Kazama F, Takafuta T, Ikeda H, et al.
Sphingosine 1-phosphate induces contraction of coronary artery smooth muscle
cells via S1P2. Cardiovasc Res. 2003;58(1):170-7.
612. Lorenz JN, Arend LJ, Robitz R, Paul RJ, MacLennan AJ. Vascular
dysfunction in S1P2 sphingosine 1-phosphate receptor knockout mice. Am J
Physiol Regul Integr Comp Physiol. 2007;292(1):R440-6.
613. Chan JP, Hu Z, Sieburth D. Recruitment of sphingosine kinase to
presynaptic terminals by a conserved muscarinic signaling pathway promotes
neurotransmitter release. Genes Dev. 2012;26(10):1070-85.
614. Wu YP, Mizugishi K, Bektas M, Sandhoff R, Proia RL. Sphingosine kinase
1/S1P receptor signaling axis controls glial proliferation in mice with Sandhoff
disease. Hum Mol Genet. 2008;17(15):2257-64.
227

615. Camprubi-Robles M, Mair N, Andratsch M, Benetti C, Beroukas D, Rukwied
R, et al. Sphingosine-1-phosphate-induced nociceptor excitation and ongoing
pain behavior in mice and humans is largely mediated by S1P3 receptor. J
Neurosci. 2013;33(6):2582-92.
616. Welch SP, Sim-Selley LJ, Selley DE. Sphingosine-1-phosphate receptors as
emerging targets for treatment of pain. Biochem Pharmacol. 2012;84(12):155162.
617. Pyne NJ, Pyne S. Sphingosine 1-phosphate and cancer. Nat Rev Cancer.
2010;10(7):489-503.
618. Chae SS, Paik JH, Furneaux H, Hla T. Requirement for sphingosine 1phosphate receptor-1 in tumor angiogenesis demonstrated by in vivo RNA
interference. J Clin Invest. 2004;114(8):1082-9.
619. Lee H, Deng J, Kujawski M, Yang C, Liu Y, Herrmann A, et al. STAT3induced S1PR1 expression is crucial for persistent STAT3 activation in tumors.
Nat Med. 2010;16(12):1421-8.
620. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5):646-74.
621. Visentin B, Vekich JA, Sibbald BJ, Cavalli AL, Moreno KM, Matteo RG, et
al. Validation of an anti-sphingosine-1-phosphate antibody as a potential
therapeutic in reducing growth, invasion, and angiogenesis in multiple tumor
lineages. Cancer Cell. 2006;9(3):225-38.
622. Ponnusamy S, Selvam SP, Mehrotra S, Kawamori T, Snider AJ, Obeid LM,
et al. Communication between host organism and cancer cells is transduced by
systemic sphingosine kinase 1/sphingosine 1-phosphate signalling to regulate
tumour metastasis. EMBO Mol Med. 2012;4(8):761-75.
623. Davaille J, Li L, Mallat A, Lotersztajn S. Sphingosine 1-phosphate triggers
both apoptotic and survival signals for human hepatic myofibroblasts. J Biol
Chem. 2002;277(40):37323-30.
624. Hait NC, Oskeritzian CA, Paugh SW, Milstien S, Spiegel S. Sphingosine
kinases, sphingosine 1-phosphate, apoptosis and diseases. Biochim Biophys Acta.
2006;1758(12):2016-26.
625. Rutherford C, Childs S, Ohotski J, McGlynn L, Riddick M, MacFarlane S, et
al. Regulation of cell survival by sphingosine-1-phosphate receptor S1P1 via
reciprocal ERK-dependent suppression of Bim and PI-3-kinase/protein kinase Cmediated upregulation of Mcl-1. Cell Death Dis. 2013;4:e927.
626. Mendoza A, Fang V, Chen C, Serasinghe M, Verma A, Muller J, et al.
Lymphatic endothelial S1P promotes mitochondrial function and survival in naive
T cells. Nature. 2017;546(7656):158-61.
627. Walzer T, Chiossone L, Chaix J, Calver A, Carozzo C, Garrigue-Antar L, et
al. Natural killer cell trafficking in vivo requires a dedicated sphingosine 1phosphate receptor. Nat Immunol. 2007;8(12):1337-44.
628. Carlson CM, Endrizzi BT, Wu J, Ding X, Weinreich MA, Walsh ER, et al.
Kruppel-like factor 2 regulates thymocyte and T-cell migration. Nature.
2006;442(7100):299-302.
629. Zajac AJ, Harrington LE. Tissue-resident T cells lose their S1P1 exit visas.
Cell Mol Immunol. 2014;11(3):221-3.
630. Lai WQ, Irwan AW, Goh HH, Howe HS, Yu DT, Valle-Onate R, et al. Antiinflammatory effects of sphingosine kinase modulation in inflammatory arthritis.
J Immunol. 2008;181(11):8010-7.
631. Raftopoulou M, Hall A. Cell migration: Rho GTPases lead the way. Dev
Biol. 2004;265(1):23-32.

228

632. Donati C, Bruni P. Sphingosine 1-phosphate regulates cytoskeleton
dynamics: implications in its biological response. Biochim Biophys Acta.
2006;1758(12):2037-48.
633. Wang F, Van Brocklyn JR, Hobson JP, Movafagh S, Zukowska-Grojec Z,
Milstien S, et al. Sphingosine 1-phosphate stimulates cell migration through a
G(i)-coupled cell surface receptor. Potential involvement in angiogenesis. J Biol
Chem. 1999;274(50):35343-50.
634. English D, Kovala AT, Welch Z, Harvey KA, Siddiqui RA, Brindley DN, et al.
Induction of endothelial cell chemotaxis by sphingosine 1-phosphate and
stabilization of endothelial monolayer barrier function by lysophosphatidic acid,
potential mediators of hematopoietic angiogenesis. J Hematother Stem Cell Res.
1999;8(6):627-34.
635. Bischoff A, Czyborra P, Meyer Zu Heringdorf D, Jakobs KH, Michel MC.
Sphingosine-1-phosphate reduces rat renal and mesenteric blood flow in vivo in a
pertussis toxin-sensitive manner. Br J Pharmacol. 2000;130(8):1878-83.
636. Toman RE, Payne SG, Watterson KR, Maceyka M, Lee NH, Milstien S, et al.
Differential transactivation of sphingosine-1-phosphate receptors modulates
NGF-induced neurite extension. J Cell Biol. 2004;166(3):381-92.
637. Yamamura S, Sadahira Y, Ruan F, Hakomori S, Igarashi Y. Sphingosine-1phosphate inhibits actin nucleation and pseudopodium formation to control cell
motility of mouse melanoma cells. FEBS Lett. 1996;382(1-2):193-7.
638. Van Brocklyn JR, Young N, Roof R. Sphingosine-1-phosphate stimulates
motility and invasiveness of human glioblastoma multiforme cells. Cancer Lett.
2003;199(1):53-60.
639. Idzko M, Panther E, Corinti S, Morelli A, Ferrari D, Herouy Y, et al.
Sphingosine 1-phosphate induces chemotaxis of immature and modulates
cytokine-release in mature human dendritic cells for emergence of Th2 immune
responses. FASEB J. 2002;16(6):625-7.
640. Kveberg L, Bryceson Y, Inngjerdingen M, Rolstad B, Maghazachi AA.
Sphingosine 1 phosphate induces the chemotaxis of human natural killer cells.
Role for heterotrimeric G proteins and phosphoinositide 3 kinases. Eur J
Immunol. 2002;32(7):1856-64.
641. Yokoo E, Yatomi Y, Takafuta T, Osada M, Okamoto Y, Ozaki Y. Sphingosine
1-phosphate inhibits migration of RBL-2H3 cells via S1P2: cross-talk between
platelets and mast cells. J Biochem. 2004;135(6):673-81.
642. O'Brien N, Jones ST, Williams DG, Cunningham HB, Moreno K, Visentin B,
et al. Production and characterization of monoclonal anti-sphingosine-1phosphate antibodies. J Lipid Res. 2009;50(11):2245-57.
643. Brinkmann V, Davis MD, Heise CE, Albert R, Cottens S, Hof R, et al. The
immune modulator FTY720 targets sphingosine 1-phosphate receptors. J Biol
Chem. 2002;277(24):21453-7.
644. Watterson K, Sankala H, Milstien S, Spiegel S. Pleiotropic actions of
sphingosine-1-phosphate. Prog Lipid Res. 2003;42(4):344-57.
645. Karuppuchamy T, Behrens EH, Gonzalez-Cabrera P, Sarkisyan G, Gima L,
Boyer JD, et al. Sphingosine-1-phosphate receptor-1 (S1P1) is expressed by
lymphocytes, dendritic cells, and endothelium and modulated during
inflammatory bowel disease. Mucosal Immunol. 2017;10(1):162-71.
646. Li YS, Luo W, Zhu SA, Lei GH. T Cells in Osteoarthritis: Alterations and
Beyond. Front Immunol. 2017;8:356.
647. Okamoto H, Takuwa N, Gonda K, Okazaki H, Chang K, Yatomi Y, et al.
EDG1 is a functional sphingosine-1-phosphate receptor that is linked via a Gi/o
to multiple signaling pathways, including phospholipase C activation, Ca2+
229

mobilization, Ras-mitogen-activated protein kinase activation, and adenylate
cyclase inhibition. J Biol Chem. 1998;273(42):27104-10.
648. Benechet AP, Menon M, Xu D, Samji T, Maher L, Murooka TT, et al. T cellintrinsic S1PR1 regulates endogenous effector T-cell egress dynamics from lymph
nodes during infection. Proc Natl Acad Sci U S A. 2016;113(8):2182-7.
649. Baker DA, Eudaly J, Smith CD, Obeid LM, Gilkeson GS. Impact of
sphingosine kinase 2 deficiency on the development of TNF-alpha-induced
inflammatory arthritis. Rheumatol Int. 2013;33(10):2677-81.
650. Milara J, Navarro R, Juan G, Peiro T, Serrano A, Ramon M, et al.
Sphingosine-1-phosphate is increased in patients with idiopathic pulmonary
fibrosis and mediates epithelial to mesenchymal transition. Thorax.
2012;67(2):147-56.
651. Hansen SG, Vieville C, Whizin N, Coyne-Johnson L, Siess DC, Drummond
DD, et al. Effector memory T cell responses are associated with protection of
rhesus monkeys from mucosal simian immunodeficiency virus challenge. Nat
Med. 2009;15(3):293-9.
652. Zabel BA, Agace WW, Campbell JJ, Heath HM, Parent D, Roberts AI, et al.
Human G protein-coupled receptor GPR-9-6/CC chemokine receptor 9 is
selectively expressed on intestinal homing T lymphocytes, mucosal lymphocytes,
and thymocytes and is required for thymus-expressed chemokine-mediated
chemotaxis. J Exp Med. 1999;190(9):1241-56.
653. Al Zaid Siddiquee K, Turkson J. STAT3 as a target for inducing apoptosis in
solid and hematological tumors. Cell Res. 2008;18(2):254-67.
654. Johnson SE, Shah N, Bajer AA, LeBien TW. IL-7 activates the
phosphatidylinositol 3-kinase/AKT pathway in normal human thymocytes but not
normal human B cell precursors. J Immunol. 2008;180(12):8109-17.
655. Wallington-Beddoe CT, Hewson J, Bradstock KF, Bendall LJ. FTY720
produces caspase-independent cell death of acute lymphoblastic leukemia cells.
Autophagy. 2011;7(7):707-15.
656. Qian L, Zhang CW, Mao Y, Li L, Gao N, Lim KL, et al. Two-Photon
Enzymatic Probes Visualizing Sub-cellular/Deep-brain Caspase Activities in
Neurodegenerative Models. Sci Rep. 2016;6:26385.
657. Grayson JM, Zajac AJ, Altman JD, Ahmed R. Cutting edge: increased
expression of Bcl-2 in antigen-specific memory CD8+ T cells. J Immunol.
2000;164(8):3950-4.
658. Sawicka E, Dubois G, Jarai G, Edwards M, Thomas M, Nicholls A, et al. The
sphingosine 1-phosphate receptor agonist FTY720 differentially affects the
sequestration of CD4+/CD25+ T-regulatory cells and enhances their functional
activity. J Immunol. 2005;175(12):7973-80.
659. LaMontagne K, Littlewood-Evans A, Schnell C, O'Reilly T, Wyder L,
Sanchez T, et al. Antagonism of sphingosine-1-phosphate receptors by FTY720
inhibits angiogenesis and tumor vascularization. Cancer Res. 2006;66(1):221-31.
660. Quancard J, Bollbuck B, Janser P, Angst D, Berst F, Buehlmayer P, et al. A
potent and selective S1P(1) antagonist with efficacy in experimental
autoimmune encephalomyelitis. Chem Biol. 2012;19(9):1142-51.
661. Allende ML, Dreier JL, Mandala S, Proia RL. Expression of the sphingosine
1-phosphate receptor, S1P1, on T-cells controls thymic emigration. J Biol Chem.
2004;279(15):15396-401.
662. Garris CS, Blaho VA, Hla T, Han MH. Sphingosine-1-phosphate receptor 1
signalling in T cells: trafficking and beyond. Immunology. 2014;142(3):347-53.

230

663. Garris CS, Wu L, Acharya S, Arac A, Blaho VA, Huang Y, et al. Defective
sphingosine 1-phosphate receptor 1 (S1P1) phosphorylation exacerbates TH17mediated autoimmune neuroinflammation. Nat Immunol. 2013;14(11):1166-72.
664. Shida D, Takabe K, Kapitonov D, Milstien S, Spiegel S. Targeting SphK1 as
a new strategy against cancer. Curr Drug Targets. 2008;9(8):662-73.
665. Olivera A, Allende ML, Proia RL. Shaping the landscape: metabolic
regulation of S1P gradients. Biochim Biophys Acta. 2013;1831(1):193-202.

231

