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Abstract

Poxviruses are large DNA viruses that replicate in the cytoplasm, and encode numerous
host immune modulating factors. The parapoxvirus, orf virus (ORFV) is a zoonotic
pathogen that causes pustular dermatitis in sheep, goats and humans. The fact that ORFV
can repeatedly infect its host may be explained by the discovery of several secreted
immunomodulators. One of the secreted viral proteins is a chemokine binding protein
(CBP) that shares low homology with the type II poxvirus CBPs. These viral CBPs have
no known mammalian homologue and are unique in their ability to specifically bind CC
chemokines with high affinity. The inflammatory CC chemokines play a role in
recruiting monocytes and dendritic cells to the site of infection during innate immunity,
and constitutive CC chemokines are required for the migration of dendritic cells to the
lymph nodes to initiate the adaptive immune response. This study examined the ability of
ORFV CBP to block chemokine gradients formed during innate and adaptive immune
responses.
In this study, the ability of ORFV CBP to bind murine inflammatory and constitutive CC
chemokines was assessed using murine models. The immune responses in mice are well
characterised and murine reagents are readily available allowing detailed analysis of both
in vitro and in vivo studies. CBP bound murine chemokines CCL2, CCL3, CCL5,
CCL19, and CCL21 with high affinity by surface plasmon resonance studies. The
inflammatory chemokines CCL2, CCL3 and CCL5 are produced during damage and
inflammation in epithelial tissues, and are involved in recruiting antigen-presenting cells
to the site of acute inflammation. Transwell migration assays were used to determine
optimal amounts of these chemokines required to induce migration of monocytes and
immature dendritic cells. Monocytes and dendritic cells migrated in maximal numbers in
response to between 12.5 – 50 ng/ml of inflammatory chemokines. In the presence of
increasing amounts of CBP, the chemokine-induced migration of monocytes and
dendritic cells was inhibited in a dose dependent manner. A molar ratio of chemokine to
CBP of 1:4 reduced the CCL2-, CCL3-, and CCL5-induced migration of monocytes and
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immature dendritic cells to background levels. The chemotactic ability of CCL19 and
CCL21 for mature dendritic cells was also assessed using transwell migration assays.
CCL19 and CCL21 were used at 12.5 ng/ml to induce maximal migration of mature
dendritic cells. A molar ratio of chemokine to CBP of 1:4 completely inhibited CCL19induced migration of mature dendritic cells. CBP bound murine CCL21 with
comparatively lower binding affinity and hence a higher chemokine to CBP ratio of 1:32
was required to reduce chemotaxis to background levels. Further functional assays
utilized murine models to study the effects of CBP on cellular trafficking in vivo.
The administration of lipopolysaccharide (LPS) in skin results in a highly localised
inflammation with increased expression of the inflammatory chemokines CCL2, CCL3,
and CCL5. The ability of CBP to bind these inflammatory chemokines in vivo and hence
block the recruitment of monocytes and dendritic cells was assessed using a skin
inflammation model. CBP inhibited the recruitment of Gr-1+/CD11b+ monocytes and
CD11c+/MHC-II+ dendritic cells to the skin, but had no effect on Gr-1+/CD11bneutrophil recruitment at 24 h post administration of LPS. This suggests that CBP can
inhibit the recruitment of specific immune cells by targeting inflammatory CC
chemokines. The ability of CBP to bind constitutive chemokines CCL19 and CCL21 was
assessed by the intradermal administration of ex vivo CpG-pulsed CCR7+ dendritic cells
in the skin. The migration of antigen-pulsed dendritic cells from the skin to the draining
lymph node was inhibited in the presence of CBP, with complete inhibition of migration
observed when 1 µg of CBP was used. To assess the consequences of reduced numbers of
draining dendritic cells, the activation of T cells at the lymph node was measured. The
presence of CBP in the skin inhibited the proliferation of adoptively transferred OT-II
CD4+ and OT-I CD8+ T cells in the draining inguinal lymph nodes in response to
ovalbumin-pulsed dendritic cells. The results suggest that CBP can bind the constitutive
chemokines in vivo to inhibit the migration of mature dendritic cells from the skin to the
draining lymph nodes and hinders the initiation of the adaptive immune response.
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The observations using mouse models strongly suggest that ORFV CBP will bind the
inflammatory and constitutive CC chemokines during viral infection and prevent the
formation of a chemokine gradient, thus delaying the recruitment of immune cells to the
site of infection, and the migration of antigen presenting cells to the draining lymph
nodes. This will delay both the innate and adaptive immune response of the host allowing
the successful replication and survival of ORFV.
The results of the study highlight the importance of chemokines in the induction of host
immunity and complement the growing body of data regarding viral manipulation of the
host chemokine network. The functional study of ORFV CBP adds to the increasing
repertoire of host immune modulators encoded by poxviruses.
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1.1

Poxviridae

1.1.1

Poxviruses

Members of the Poxviridae are divided into two broad families, the invertebrate-specific
Entomopoxvirinae and the mammalian Chordopoxvirinae. Mammalian poxviruses are
some of the most virulent viruses that exist. The most infamous example is human
smallpox with mortality rates of approximately 30 %, or 96 % for a more virulent
haemorrhagic form of the disease (Constantin et al. 2003). Since its eradication, other
poxviruses have been identified that share similarities to smallpox; including ectromelia
virus, monkeypoxvirus, and myxoma virus (Stanford et al. 2007). Ectromelia virus is
murine-specific with pustular lesions similar in appearance to smallpox (Esteban and
Buller, 2005). An emerging zoonotic poxvirus that causes sporadic outbreaks in Central
and West Africa is monkeypoxvirus. This is of concern as individuals vaccinated against
smallpox have a degree of protection against monkeypox (Hutin et al. 2001). The rabbitspecific myxoma virus causes myxomatosis resulting in death within 30 days of infection
(Sobey et al. 1970). Not all poxviruses have such high case fatality rates but they do
share commonalities. All poxviruses in general have a narrow host range and
characteristic skin lesions. The viruses are further divided into subfamilies based on the
host species (Figure 1.1).
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Orthopoxvirus
Parapoxvirus
Avipoxvirus
Chordopoxvirinae

Capripoxvirus
Leporipoxvirus
Suipoxvirus

Poxviridae

Molluscipoxvirus
Yatapoxvirus
Alphaentomopoxvirus
Entomopoxvirinae

Betaentomopoxvirus
Gammaentomopoxvirus

Figure 1.1

Classification of poxviruses into families and subfamilies.

Poxviruses are enveloped double stranded DNA viruses with non-segmented linear
genomes ranging from 130 to 360 kbp. It has become clear with molecular genetic
analyses that all poxviruses encode a diverse array of accessory factors that manipulate
host physiology process and modulate the host immune response. Along the linear
genome, conserved genes are found in the centre, whereas the variable genes are located
at the terminal ends. The ends of the variable region contain inverted terminal repeats that
encode specific host virulence factors to aid virus replication. The poxviruses replicate
exclusively in the cytoplasm.

The replication cycle of poxviruses are initiated by the attachment of the infectious virion
to the host cell, and the process is summarised as a schematic in Figure 1.2. The fusion of
the virus membrane with the plasma membrane of the host cell allows the release of the
virus core into the cytoplasm. The core contains transcription factors that are divided into
the early, intermediate and late classes, whereby the genes in the latter classes are
dependent upon proteins expressed by the previous class.
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EEV

Viral immune
modulators

Viral factories
Early mRNA

Nucleus
IMV
Trans-Golgi or
endosomal wrapping
IEV
Actin fibres
CEV

EEV

Figure 1.2
The replication cycle of poxviruses, typified by the orthopoxvirus, vaccinia virus. After
attachment to cell membrane, and release of viral core, the early gene proteins are expressed and secreted,
followed by uncoating of the viral DNA and replication in cytoplasmic viral factories. The intracellular mature
virions (IMV) released from these factories are carried along mictrotubules to the Golgi and endosomal
network, where they are wrapped in additional membranes to form intracellular enveloped virus (IEV). The
IEV is exocytosed out the of the cell by initial attachment to cell membrane, forming cell-associated
enveloped virus (CEV), followed by the generation of actin tail filaments under the membrane and eventual
release in paracellular space as extracellular enveloped virus (EEV). Adapted from Smith G. L., (2007).
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The early genes include proteins such as intermediate transcription factors, DNA
synthesis enzymes, and immune-modulating factors, and are transcribed without the use
of host transcription factors. The intermediate genes encode late transcription factors and
utilises host machinery, but are not as numerous as the early and late genes. The late
genes encode proteins required for viral assembly, release, and proteins that further
regulate the host immune system.

After the expression of the early viral proteins, the virus core is uncoated, and DNA
replication is initiated. The replication of the linear viral DNA results in concatemeric
replicative intermediates that are resolved into monomeric DNA by the products of late
gene expression. These include specific nucleases and resolvases, and DNA
topoisomerase I. The monomeric DNA is then packaged into virus particles known as
immature virus (IV), which undergo condensation and cleavage of capsid proteins in
order to mature to intracellular mature virions (IMV). The IMV are then surrounded by
the trans-Golgi or endosomal membranes on route to the plasma membrane and are
released as extracellular enveloped viruses (EEV). Both the IMV and the EEV are
infectious forms of poxviruses, although the EEV requires an additional membrane
attachment step prior to IMV viral core injection into host cells.

Once poxviruses establish infection, the host immune response consists of an early
inflammatory response leading to the development of a T helper type 1 (TH1) response
required for viral clearance. There are a number of stages where viral modulation can be
effective in delaying or subverting the host immune response. The immune modulators
encoded by poxviruses can function at the intracellular level or can be secreted to
influence the microenvironment around the virus lesion (Table 1.1).
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Table 1.1
Virulence factors of poxviruses (Nazarian S. H. and G. McFadden, 2007).
IFN interferon; IL interleukin, TNF tumour necrosis factor, MHC major histocompatibility complex

Virulence factors

Role in pathogenesis

Secreted immune modulators
B18R (vaccinia virus)

Shares homology with IFN-receptor and binds the type I interferons,
IFN-α, β, δ, and ω.

B8R (vaccinia virus)

Binds the type II interferons, IFN-γ from different mammalian

M-T7 (myxoma virus)

species.

B15R (vaccinia virus)

IL-1 receptor homologue that binds with high specificity to and

E191 (ectv)

prevents activation of IL-1β

B14R (cpxv)
IL-18 binding proteins

Conserved gene amongst the Chordopoxvirinae, encodes a highly
specific IL-18 antagonist that does not share similarities to the
cytokine receptor.

T2 and CRM proteins

Binds host TNF cytokines. The T2 family of proteins share
homology with the TNF receptors and specifically bind TNF,
whereas the CRM proteins can also inhibit both TNF and LTα.

Chemokine binding proteins

A range of poxviruses encodes low and high affinity chemokine
binding proteins, chemokine mimics or chemokine receptor mimics.

A41L and GIF (orf virus)

Multiple cytokine binding proteins.

IL-10 homologue

Encoded by proxviruses to inhibit pro-inflammatory signalling.

Serp-1

Poxviruses encode functions serpins that inhibit the functions of

Spi-3

plasminogen activator, plasmin, thrombin, and urokinase.

VCP

Virally secreted proteins that binds host complement proteins,

IMP (coxpoxvirus)

mainly C3b and C4b to prevent the formation of MAC

Intracellular factors
M153R (myxoma virus)

Downregulation of intracellular signalling via suppression of MHC-I

A39R (vaccinia virus)

A semophorin homologue that may have a role in angiogenesis and
inhibition of neutrophil and dendritic cell function

CrmA

Poxviruses can prevent the induction of apoptosis by targeting

M11L and F1L

cytoplasmic caspases and proteins in the mitochondria

PKR and OAS/RnaseL

Inhibits protein synthesis and promotes mRNA degradation

E3L and K3L

Inhibits the transcription factors required for IFN secretion
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The type species of Poxviridae is vaccinia virus, an orthopoxvirus from the
Chordopoxvirinae subfamily that causes acute localised infectious lesions leading to
systemic dissemination. Unlike most other poxviruses, vaccinia has a broad host range,
and its natural host is unknown (Symons et al. 1995). Some viruses in the
Chordopoxvirinae subfamily are zoonotic pathogens, with limited or no ability for
human-to-human transmission. These include the orthopoxviruses, cowpoxvirus and
monkeypoxvirus; the molluscipoxvirus, molluscum contagiosum; and the parapoxviruses,
pseudocowpoxvirus and orf virus.

The family of parapoxviruses differ from orthopoxviruses in a number of ways. They
have a high G and C content, averaging more than 60 % compared to the 30 % found in
orthopoxviruses (Wittek et al. 1979). Unlike the orthopoxviruses, the parapoxviruses
primarily infect the epithelium and oral mucosa of susceptible animals without systemic
dissemination of disease. Furthermore, the mortality rates due to parapoxvirus infections
are low despite high rates of recurring infections. The subfamily of parapoxviruses
include bovine popular stomatitis virus, pseudocowpox virus, parapoxvirus of red deer in
New Zealand, and the type species of the genus is orf virus.

1.1.2

Orf Virus

The orf virus (ORFV) virions are ovoid in shape, approximately 260 nm along the long
axis and 160 nm along the short axis. The virus when viewed under the electron
microscope has characteristic ‘ball of yarn’ morphology due to the tubule-like structures
in the capsule that wind spirally around the inner amorphous core (Figure 1.3).

Orf virus is distributed worldwide in countries with domestic or wild small ruminants
(Delhon et al. 2004). The virus infects replicating keratinocytes and causes pustular
dermatitis in sheep and goats, and the disease is transmissible to humans. Orf virus enters
through abrasions in the skin and spreads quickly from animal to animal through direct
contact or via shed scabs.
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In sheep, the orf lesions appear around the mouth of lambs and the nares of ewes, a
combination that is detrimental to the growth of lambs. A milder form of naturally
occurring oral orf infection has been reported which does not affect the growth of lambs
(McElroy M. C. and H. F. Bassett, 2007). Pustular dermatitis caused by orf virus is
characterised by the formation of highly proliferative lesions, which develop from
erythema to papule stage, and then eventually crust over to form scabs (Figure 1.3).
The developmental progress of the lesions is divided into six stages (Table 1.2), and the
time for resolution of a primary infection is within 3 to 5 weeks in a normal host.
Secondary infection with orf has less severe lesions and the disease resolves faster (Haig
et al. 1996). In humans, the lesions occur mainly in the hands after handling infected
animals, though occurrence of facial lesions has also been reported (Lederman et al.
2007). Orf lesions in immunocompromised individuals appear tumour-like and require
treatment in order to regress (Scagliarini et al. 2007).

A

B

C

Figure 1.3
Orf virus particles with characteristic “ball of yarn” morphology (A), and the lesions as
seen in sheep (B) and human (C).
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Table 1.2.

Stages of orf virus infection (summarised from Fleming and Mercer, 2007)

Stage

Description

Maculopapular

Vacuolisation of the cells of the upper epidermis

Target

Lesion has red centre surrounded by white ring, which in turn

Days
1 -7
7 to 14

is surrounded by red halo of inflammation
Acute

Epidermis disappeared, dilated hair follicles with pycnotic cells

14 to 21

Regenerative

Epithelium regeneration

21 to 28

Papilloma

Raised epidermal lesion with projections of epidermis

28 to 35

extending down to dermis
Regressive

Skin returns to normal thickness and appearance without

> 35 days

scarring

Histological analysis of primary orf lesions revealed epidermal hyperplasia with
cytopathic degeneration and presence of rete ridges (Savory et al. 2000). In contrast to
primary infection, the secondary lesions have fewer rete ridges and hyperplasia of the
epidermis and contain less replicating virus (Haig et al. 2002). During both primary and
secondary infection, the dermis showed enhanced vascularisation and contained high
numbers of infiltrating inflammatory cells (Savory et al. 2000, Haig et al. 2002).

The inflammatory cells were present in a layer under the infected epidermal cells, and
consisted of neutrophils, dendritic cells, T and B lymphocytes, and basophils (Jenkinson
et al. 1990, 1991, 1992?). The neutrophils peaked at days 1 and 4 post infection. The
MHC-II+ dendritic cells were present as a dense layer in the dermis, underlying the
regenerating epidermis. There were significantly more CD4+ T cells than CD8+ T cells,
and their presence was restricted to the papillary dermis. In contrast, the CD8+ T cells and
γδ T cells were seen throughout the lesion. The B lymphocytes were found in the
reticular dermis under the epithelium. Studies of cellular influx in the draining lymph
nodes were also measured during orf infection by cannulating the afferent and efferent
lymph ducts. It was shown that lymphocytes and dendritic cell populations in the lymph
nodes peaked at days 4 and 12 post infection, and that CD4+ T cells were the most
abundant cell type (Haig et al. 1996). Selective depletion of CD4+ or CD8+ T cells in
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sheep prior to orf infection showed greater persistence of lesions in the absence of CD4+
T cells (Lloyd et al. 2000). Another study determined that the serine protease secretingCD8+ T cells are important in reinfection and are seen as early as 6 days post infection
(Haig et al. 1996). Lloyd et al. (2000) also noted that sheep with higher titres of orf
specific-antibody showed faster resolution of lesions even when CD4+ T cells were
depleted. This does not correlate with other studies where it was found that humoral
immunity does not confer protective against orf infection. Previous studies have shown
that neither antibodies from colostrum (Mercer et al. 1994) nor serum (Aynaud, 1923)
protect naïve animals against orf infection.

The cytokine analysis of cells collected from the draining lymph nodes showed increased
production of granulocyte-macrophage colony stimulating factor (GM-CSF), interleukin
(IL)-1, CXCL8, IL-12, and interferon-γ (IFN-γ) at days 4 and 12 post infection, which
correlated to the biphasic peaks of dendritic cells, CD4+ T cells, and CD8+ T cells (Haig
et al. 2002). Protein mRNA studies of skin lesions show an increase in local production
of TNF-α during primary infection, and IFN-γ during secondary infection (Anderson et
al. 2001). The secretion of IFN-γ by infiltrating lymphocytes appears to be important in
re-infection. When cyclosporin-A treated sheep were infected with orf virus, the lesions
were more severe and correlated with decreased IFN-γ and IL-2 expression in the skin
(Haig et al. 1996). Analysis of the lymph fluid from the afferent lymph revealed that the
cytokines produced at the site of infection included GM-CSF, IL-1, IL-2, IFN-γ and the
chemokine CXCL8 (Haig et al. 1996). The authors noted that the biphasic peak was only
apparent with IL-1, the other cytokines and chemokine were only detected on day 12 post
infection. Taken together, the cellular and the cytokine profiles during primary and
secondary infections suggest that the host immune response to orf virus is a TH1 type
response.

Orf virus infection in sheep results in the production of a normal antiviral and
inflammatory immune response. Despite this, orf virus can repeatedly infect, replicate
and escape its host before an effective immune response can be mounted. The
considerable genetic variation even between strains of orf virus suggests that there are
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escape mutants that allows for orf infecting previously infected animals. However, orf
virus also encodes a range of immune modulating factors that may inhibit specific host
immune responses allowing repeated reinfection.

Orf virus genome consists of 138 kbp, with a predicted 132 genes, and a 64 % G + C
content (Wittek et al. 1978) and has 131 putative genes, of which 89 are conserved in
Chordopoxvirinae (Smith G. L. pg 23, 2007). The conserved genes lie within the central
region of the genome whereas the genes that are unique to orf virus lie predominantly
within the terminal regions of the genome and encode virulence factors. The virulence
factors of orf virus are divided into two groups, the intracellular factors that function to
optimise viral replication inside the cells, and the secreted factors, which exert their
effects by altering the extracellular environment of the host.

The intracellular factors include an interferon resistance gene, anti-apoptotic proteins,
ankyrin repeat and F-box-like proteins, and a unique NF-κB inhibitor. The interferonresistance gene in orf virus shares 31 % identity and 57 % homology to the vaccinia E3L
gene. Like the vaccinia E3L, the orf virus homologue binds dsRNA, and in ovine cell
experiments prevents the auto-phosphorylation of dsRNA-dependent IFN inducible
protein kinase (PKR). In addition, expression of orf virus E3L in Semliki forest virus
protects it from the effects of IFN-α. The anti-apoptotic protein of orf virus include a Bcl2 protein termed ORFV-125 that can inhibit UV-induced DNA fragmentation, as well as
cytochrome C release and caspase activation, leading to inhibition of apoptosis (Westphal
et al. 2007). Orf virus encodes five proteins with an ankyrin repeat motif, and all of these
have a functional F-box domain in the C terminus. Cellular proteins with ankyrin repeat
sequences are known to mediate protein-protein interactions, and may interact with the
ubiquitin-proteasome system to either regulate cell cycle, or anti-viral or cellular stress
response (Sonnberg et al. 2008). The viral protein ORFV-024 was recently shown to
function as a NF-κB inhibitor which downregulated the expression of proinflammatory
genes in host cells but had no obvious effect on disease progression in sheep (Diel et al.
2010).
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The second set of immune modulators are secreted from virus infected cells during the
early stages of infection, and include an IL-10 homologue, a vascular endothelial growth
factor (VEGF) homologue, a dual specific GM-CSF and IL-2 binding protein (GIF), and
a chemokine binding protein (CBP). The ORFV IL-10 has been shown to inhibit mast
cell proliferation and degranulation, and inhibit the maturation and migration of human
and murine immature dendritic cells in vitro (Imlach et al. 2002, Lateef et al. 2003). The
recruitment and migration of murine dendritic cells in vivo is also altered in the presence
of ORFV IL-10 (Bennet J, unpublished). The IL-10 knockout virus induced less severe
lesions in sheep compared to the wild-type virus (Fleming et al. 2007). Orf virus VEGF,
also known as VEGF-E, shares between 20 % to 40 % homology with mammalian VEGF
proteins and signals only through receptor 1 and not 2 of the VEGF receptors (Wise et al.
1999). This allows the virus to maintain the angiogenic and proliferative activities of
VEGF while dampening the immune cell recruitment to the site of viral infection (lyn’s
paper, with marie?). The GIF protein specifically binds only the ovine GM-CSF and IL-2
and is expressed as an intermediate-late viral gene (Deane et al. 2000). GIF can be
detected in afferent lymph nodes following infection with orf virus and is associated with
a decreased level of GM-CSF in the lymph nodes (Deane et al. 2000). GIF may also
serve to inhibit the recruitment and proliferation of T cells at the site of infection by
binding to IL-2, an autologous T-cell growth factor and activator. The origin of GIF
protein is unclear at present, as it is structurally similar to ORFV chemokine-binding
protein but also includes sequences from the host type-I cytokine receptors (McInnes et
al. 2005). The orf virus CBP belongs to the type II family of poxvirus chemokine binding
proteins and binds human CC and C chemokines with high affinity and inhibits calcium
flux in human monocytic cell line in response to human chemokines (Seet et al. 2003).

Like the poxvirus immune-modulators, the virulence factors of orf virus have evolved to
dampen the innate inflammatory response of the host (Haig et al. 1996). Moreover, the
virulence factors of orf virus counteract the host proteins and immune cells specific to the
epidermis, which allows for the study of skin immunology.
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1.2

Skin and the immune system

1.2.1

Inflammation in the skin

The skin is the major organ of the integumentary system, which serves to protect the
body from external factors. When the skin barrier is breached, the innate immune
responses are activated, leading to the development of localised acute inflammation.
Acute inflammation is characterised by rapid onset and short duration, with limited
specificity towards an allergen or pathogenic antigen.

Most pathogens share distinct protein sequences that are conserved due to their
importance in either survival or pathogenecity. These conserved sequences are
collectively known as pathogen-associated molecular patterns (PAMPs) and do not share
homology to mammalian proteins. The PAMPs include bacterial lipopolysaccharide
protein (LPS), unmethylated DNA sequences (CpG motifs), mannans from yeasts, and
viral dsRNA. The mammalian receptors that have evolved to recognise these sequences
are pattern-recognition receptors (PRRs), and are present as intracellular, membranebound, or secreted proteins. The PRRs found in skin include the Toll-like receptors
(TLR), retinoic-acid inducible gene (RIG)-I like receptors, and nucleotide-binding
oligomerization domain (NOD)-like receptors (Yokota et al. 2010).

The Toll-like receptors are a family of transmembrane proteins with extracellular leucinerich repeats and cytoplasmic IL-1 receptor-like domain, which activates the NF-κB
pathway to initiate translation of genes encoding pro-inflammatory cytokines and
chemokines (Pivarcsi et al. 2003, Köllisch et al. 2005). The RIG-I like receptors bind
viral RNA transcripts and activate the NF-κB and interferon regulatory factor (IRF)-3
pathways (Kitamura et al. 2007). The NOD-like receptors are pleiotropic cytoplasmic
proteins that bind bacterial peptidoglycan, activate NF-κB genes, and induce apoptosis
(Inohara N., and G. Nuňez, 2003). The precise activation of the IRF-3 and NF-κB genes
is controlled by the specificity of the various PRRs for distinct ligands. For example,
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binding to bacterial ligands via TLR 4 leads to production of IFN-γ, and binding of viral
dsRNA to TLR 3 results in secretion of IFN-α and -β. Therefore, the invading pathogen is
responsible for the exact array of cytokines secreted by the skin, and hence determines
the types of immune cells recruited into the skin. The skin is divided into the epidermal
and dermal layers, and further characterised by the dominant cell type present at each
strata (Figure 1.4). The epidermis contains keratinocytes and Langerhan cells whereas the
dermis has resident immune cells, consisting of fibroblasts, macrophages, granulocytes,
and leukocytes (Figure 1.4).

Figure 1.4
Anatomy of the dermal and epidermal layers of skin. The types of immune cells that are
recruited to the skin from blood in response to mechanical trauma, infection and inflammation are indicated
in the dermis. Figure from Nestle et al., (2009) originally published in Nature Reviews Immunology.
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In damaged skin, the keratinocytes encode and rapidly secrete a range of cytokines that
aids the development of an acute inflammatory response. These cytokines are divided
into proinflammatory cytokines and chemokines, growth and colony stimulating factors,
immunomodulatory factors, and interferons.

The proinflammatory cytokines include IL-1α, IL-6 and TNF-α (Liles and van Voorhis,
1995, Chazov et al. 2007, Schwacha et al. 2010). The cytokines IL-1α and IL-6 are
endogenous pyrogens that exert their effects locally by activating the vascular
endothelium, and systemically by producing acute phase proteins (Meager 1999). TNF-α
is a pleiotropic cytokine that acts on a variety of skin cells. Presence of TNF-α results in
the production of prostaglandins, nitric oxide and platelet activating factor (PAF) by skin
cells, which are responsible for vasodilatation. TNF-α also activates endothelial cells to
upregulate the expression of adhesion molecules and selectins.

The haematopoietic growth factors that are secreted by endothelial cells and fibroblasts in
response to TNF-α include granulocyte colony stimulating factor (G-CSF), GM-CSF,
macrophage colony stimulating factor (M-CSF), and platelet-derived growth factor
(PDGF) (Tracey and Cerami, 1994). The keratinocytes also secrete TGF-α and VEGF,
which promote angiogenesis during inflammation (Liles and van Voorhis, 1995, Baker
2006). The growth factors cause the proliferation of dermal skin cells and the activation
Langerhan cells. They also recruit and stimulate the development of various progenitor
immune cells into neutrophils, monocytes or dendritic cells in the periphery.

The immunomodulatory factors secreted by keratinocytes can further activate the
recruited leukocytes. In addition to the constitutively expressed IL-7, IL-12, IL-15, and
IL-18, keratinocytes upregulate the production of IL-4, IL-10, IL-13, and IL-17 in
response to allergens, viral antigens and interferons. Keratinocytes constitutively express
IFN-κ in a membrane-associated form, and can secrete IFN-α and IFN-β in response to
viral stimulus (Buontempo et al. 2006). IFN-β upregulates IFN-γ and IL-12 secretion
whereas IFN-κ induces production of TNF-α and IL-10 by monocytes and dendritic cells
(Nadelli et al. 2002).
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The synergistic effects of these proinflammatory cytokines, growth and colony
stimulating factors, immunomodulatory factors, and interferons result in vasodilation and
increased expression of integrins and adhesion molecules on endothelial cells of the
blood vessels, allowing blood-derived immune cells to enter the site of inflammation via
paracellular or transcellular migration (Petrie et al. 2008). The extravasation process is
characterised by rolling adhesion and tethering of leukocytes, followed by diapedesis and
migration into tissues (Figure 1.5).

Rolling adhesion

Tethering

Diapedesis and migration
LFA-1

L-selectin
ICAM-1

chemokines

CCR
E selectin
P selectin

PECAM-1
JAM

Chemokine gradient

Figure 1.5
Process of leukocyte adhesion and migration through endothelial walls and basement
membrane towards a gradient of chemokines secreted in tissue. Adapted from Garrido-Urbani et al. (2008).
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The adhesion and tethering process is aided by the increased expression of selectins and
integrins, both by the activated endothelium and the recruited leukocytes. The
endothelium only expresses P-selectin and E-selectin upon TNF-α and IL-1 stimulation,
whereas the leukocytes constitutively express L-selectin. E-selectin, P-selectin, and
intercellular adhesion molecule (ICAM)-1 on endothelial cells binds L-selectin, CD162,
and lymphocyte function associated antigen (LFA)-1 on leukocytes, respectively (Walter
and Issekutz 1997, Meager A., 1999). LFA-1, an integrin constitutively expressed on
leukocytes can only bind its ligands once conformational changes occur that activate
specific binding sites (Meager A., 1999). These changes are induced in part by cytokines
and chemokines. Chemokines bound to glycosaminoglycan residues on the endothelial
cells activate leukocyte integrins promoting stronger attachment and faster diapedesis
through the endothelium (Cinamon et al. 2001).

The process of diapedesis also involves binding to adhesion molecules and integrins
expressed at the intracellular junctions. The expression of junction adhesion molecules
(JAM), platelet-endothelial cell adhesion molecules (PECAM-1), and CD99 are also
increased along the endothelium underlying the inflamed tissue to facilitate leukocyte
trafficking. Before the migrating leukocytes can enter tissue, the basement membrane
needs to be degraded, and this is achieved by the increased expression of matrix
metalloproteinases (MMP)-3 and MMP-9 during inflammation (Han et al. 2001,
Vermaelen et al. 2003). Once in the inflamed skin tissue, the leukocytes are recruited to
the site of damaged keratinocytes by a gradient of chemokines.
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1.2.2

Proinflammatory chemokines

Chemokines are a group of small molecular weight proteins (6 to 12 kDa) with a
characteristic structure of three antiparallel β-pleated sheets, and an alpha helix at the Cterminus. The N-terminus contains cysteine residues, which are used to categorise the
chemokines into four groups, C (γ), CC (β), CXC (α), and CX3C (δ), whereby X denotes
the presence of additional amino acids between the cysteines. All chemokines, except the
C-chemokine, have two additional cysteines that are important for the tertiary structure.
The third cysteine is in the loop region between β sheets 1 and 2, and the fourth cysteine
is found just prior to the α-helix at the C-terminus (Figure 1.6).

C-terminus

C-terminus

C
N-terminus

C
N-terminus

C C
C

C X C
C

Figure 1.6
Schematic representation of the disulphide bonds between the N-terminus cysteine
residues and the third and fourth cysteines in the CC and CXC chemokine groups, creating a fold known as
the Greek-key structure. Adapted from M. J. Frederick, and G. L. Clayman (2001).

The majority of the known chemokines fall into either the CXC or the CC groups. The
chemotactic ability of the CXC family of chemokines to attract neutrophils, granulocytes,
and endothelial cells is dependent on the presence of a glutamate-leucine-arginine (ELR)
motif at the N-terminus. The ELR motif also renders an angiogenic function to the CXC
chemokines (Rollins B. J., 1997). The non-ELR CXC chemokines often have an antiangiogenic function. The CC chemokines generally recruit dendritic cells, monocytes,
and T and B lymphocytes. They are either constitutively expressed in lymphoid organs or
are upregulated following inflammatory stimuli.
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The proinflammatory chemokines produced in the skin include CXCL8, CXCL10, CCL2,
CCL5 (keratinocytes and endothelial cells) and CXCL1, CXCL8, CCL2, CCL3, CCL4
(fibroblasts) (Mielke et al. 1990, Mascia et al. 2003, Chazov et al. 2007, Schwacha et al.
2010). The endothelial cells also upregulate the expression of the membrane-bound
CX3CL1 (previously known as fractalkine) during inflammation, which serves to arrest
leukocytes under physiological flow to initiate their transendothelial migration (Schulz et
al. 2007).

The migrating cells follow a gradient of chemokines in the inflamed skin. The formation
of a gradient is dependent on low affinity interactions of proinflammatory chemokines
with distinct glycosaminoglycan (GAG) domains in the extracellular matrix of the skin
tissue. In addition to preserving the high concentration of chemokines in the local
environment, the interaction of the chemokines with GAGs may protect the chemokines
from proteolytic degradation (Lau et al. 2004). For some chemokines, the GAG-binding
site overlaps their receptor-binding site (Lau et al. 2004), indicating that gradient
formation will be disrupted when chemokines bind their cognate receptors on recruited
leukocytes.

All chemokines bind and signal through the family of seven-transmembrane domain, Gprotein linked receptors (GPR). The high affinity interaction between chemokines and
their receptors is often promiscuous, as members of the same group of chemokines can
bind and signal through multiple receptors in the same family. The receptors and ligands
for the chemokine groups are catalogued in Table 1.3.
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Table 1.3

The chemokine receptors and their ligands.

Adapted from Rollins B. J., 1997, Cook et al. 2004, Douglas et al. 2002, Charo et al. 2006, Willimann et al. 1998, Dorner
et al. 1997, Kelner G. et al. 1994, Bahar et al. 2008, Matzer et al. 2004, Charo and Ransohoff, 2006

Receptor

Expression of receptors

Ligands

Secretion of ligands

Monocytes, neutrophils, NK

CXCL8

Damaged skin cells, activated

CXC
CXCR1

cells
CXCR2

phagocytes

Neutrophils, monocytes,

CXCL-1, -2, -3, -

Damaged skin cells, activated

endothelial cells, NK cells

5, -6, and -8

neutrophils and macrophages

TH1 cells, NK cells, and B cell

CXCL-9, -10,

subset, mesangial cells

and -11

Endothelial cells, neoplastic

CXCL-4, -9, -10,

cells

and -11

CXCR4

Monocytes, neutrophils,

CXCL12

(constitutive)

eosinophils, basophils, dendritic

Stromal cells in bone marrow

cells, T cells, B cells, NK cells,

and epithelium cells

CXCR3A

CXCR3B

Important in embryogenesis.

neurons
CXCR5

Follicular helper T cells, B cells

CXCL13

(constitutive)
CXCR6

Stromal cells in B follicular
regions of lymph nodes

CD8+ T cell, memory CD4+ T

CXCL16

cells, NK cells

Membrane-bound to
macrophages and dendritic cells

C
XCR1

T cells, NK cells

XCL1, XCL2

Activated CD8+ T cells

Macrophages, endothelial cells,

CX3CL1

Endothelial cells

CX3C
CX3CR1

smooth muscle cells

20

Receptor

Expression of receptors

Ligands

Monocytes, immature dendritic

CCL-3, -5, -7,

cell, T cells, NK cells, basophils

and -14

Monocytes, immature dendritic

CCL-2, -7, -8, -

cells, T cells, NK cells,

13, and -16

Secretion of ligands

CC
CCR1

CCR2

basophils. Neutrophils during
inflammation only
CCR3

Eosinophils, Basophils, Mast

CCL-5, -7, -8, -

cells, TH2 cells, platelets

11, -13, and -15

CCR4

Mature dendritic cells,

CCL-17, and -22

(constitutive)

macrophages, basophils, TH2

Keratinocytes in inflamed skin
conditions

memory cells, NK cells
CCR5

CCR6

Monocytes, immature dendritic

CCL-3, -4, -5, -

cells, TH1 cells, NK cells

11, -14, and -16

Immature dendritic cells,

CCL-20

regulatory and memory T cells,
B cells
CCR7

Mature dendritic cells, naïve T

CCL-19 and

Stromal cells in lymph nodes,

(constitutive)

cells, B cells

CCL-21

appendix, GI tract. Mature
dendritic cells secrete CCL19.

CCR8

CCR9

Monocytes, dendritic cells,

CCL-1, -17, -22,

NK cells, TH2 cells

and -23

TH1 and TH2 cells,

CCL-25

Thymus and small intestine

CCL-27, and -28

Cells in the gut mucosa

+

(constitutive)

IgA plasma cells

CCR10

Immature dendritic cells, TH1

(constitutive)

cells
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Following receptor binding the chemokine-receptor complex is internalised, calcium is
released, and kinases are activated leading to gene transcription of proteins required for
cellular activation and motility (Figure 1.7). The intracellular G-protein has subunits α
(divided into αi, αs, and αq), β, and γ, which are bound to guanosine diphosphate (GDP) in
the resting state. Activation of the receptor leads to Gα binding guanosine triphosphate
(GTP) and dissociating from the complex, which in turn initiates different intracellular
signalling pathways. In general, the Gαs subunit activates and the Gαi subunit inhibits the
adenyl cyclase pathways, where as the Gαq subunit signals via phospholipase C. The
activation of Gαi, but not G12/13, is inhibited by pertusis toxin, and this method is used to
characterise G-proteins involvement in cellular chemotaxis (Neves et al. 2002, Shan et al.
2006).

Figure 1.7
Intracellular pathways that are activated following chemokine binding to CC receptors 1 to
8. Figure sourced from David C and Y. H. Wong (2003).
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The process of cellular migration begins with polarisation of the cell, whereby the cell
responds to a chemotactic signal by forming distinct leading and trailing edges (Palecek
et al., 1997). The leading edge is responsible for the forward momentum of the cell,
whereas the trailing edge supplies the passive resistance required to redistribute cellular
load to accommodate a change in directional migration (Munevar et al., 2001). The
proteins involved in the formation of the leading edge belong to the Rho GTPase family
(subgroup of the Ras family) and the Par complex. The interaction between
chemoattractants and G-protein coupled receptors results in localised activation of
atypical protein kinase C (PKC) and phosphoinositide 3-kinase (PI3K), which are
required for the production of phosphatidylinositol-3, 4, 5 triphosphate (IP3) at the
leading edge of the cell (Charest and Firtel, 2006). In turn, PI3K activates Rac-1 protein
that acts in concert with IP3 to initiate actin polymerisation (Janetopoulo and Firtel,
2008). The newly formed actin filaments at the leading edge of the cell are stabilised by
Par proteins and PKC (Petrie et al., 2009). At the trailing edge of the cell, an antagonist
of the Rac-1 protein, the RhoA protein activates enzymes required to cleave adhesion
focal points, such as adhesion molecules and integrins, allowing further protrusion at the
leading edge and encouraging overall directional migration of the cell (Kay et al., 2008,
Petrie et al., 2009). Thus, cell polarisation and formation of a leading edge is regulated by
intracellular feedback loops between the Rac-1 and RhoA proteins, and the recycling of
integrins on the cell surface (Bretscher, 2008).

Cellular movement in the direction of the leading edge relies on the formation of new
actin microtubules to form pseudopodia or lamellopodia (Kay et al., 2008). The
membrane in the pseudopodia expresses a higher concentration of integrins as well as Gprotein coupled receptors. The concentration of integrins and the binding affinity for their
respective ligands in the extracellular matrix determines the speed of cellular migration
(Palecek et al., 1997). The expression of G-protein coupled receptors allows sensing of
minute changes in the concentration gradient of the chemoattractant (Kay et al., 2008).
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Interaction of chemokines with G-protein coupled receptors also results in the nuclear
translocation of proteins responsible for initiating gene transcription. The proteins PKC
and Rac-1 can also affect the expression of p38 mitogen-activated kinases, c-jun Nterminal kinases (JNK), and extracellular signal-regulated kinases (ERK), resulting in the
activation of a range of transcription factors (Figure 1.7). One of these factors, NF-κB
regulates the production of cytokines in the skin during inflammation (Stratis et al. 2006).
The NF-κB pathway also activates genes involved in the development, maturation, and
activation of the leukocytes recruited to the site of acute inflammation (Li and Verma,
2002).

The initial wave of cells recruited during acute inflammation follow a gradient of CXC
chemokines in the skin, and thus includes the phagocytes and granulocytes. The activated
neutrophils and macrophages secrete autocrine and paracrine cytokines as well as CC
chemokines to recruit NK cells, monocytes and dendritic cells to the site of inflammation
(Table 1.4). The activated NK cells induce apoptosis in virus-infected cells and secrete
IFNs. The monocytes recruited to the site of inflammation are a heterogeneous
population that serves distinct functions ranging from phagocytosis of foreign antigen
and apoptotic cell bodies, secretion of pro-inflammatory cytokines and chemokines, and
differentiation into dendritic cells (Robbins and Swirski, 2010). In skin, the
differentiation of monocytes into dendritic cells occurs in the presence of inflammatory
chemokines and colony stimulating factors produced by the fibroblasts (de la Rosa G et
al. 2003). The cross-linking of CCR5 receptors on monocytes, and the presence of GMCSF in the periphery aids the transformation to a dendritic cell phenotype (Nimura et al.
2006).

The dendritic cells are professional antigen presenting cells (APC) that sample and
process antigen in the periphery and migrate to the lymph nodes to activate naïve T cells,
thus bridging the gap between the innate and adaptive immune responses in the skin
(Steinman R. M., 1991).
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Table 1.4

Cells of the innate immune system involved in acute inflammation in the skin.

Sourced from Liles and van Voorhis, 1995, Johnson et al. 1999, Matzer et al. 2004, Johnson et al. 2006, Matsushima et
al. 2004, Zella et al. 1998, Zella et al. 1999, Sallusto et al. 1999

Cells

Chemokines secreted

Cytokines secreted

Cellular effects of
cytokines and
chemokines

Tissue resident

TNF-α, IL-1α, IL-1β,

Activates surrounding

macrophages

IL-6, IL-10, IL-12,

skin cells. Promote

IFN-α, IFN-β

development of TH1 or
TH2 response at the
draining lymph nodes

Neutrophils

TNF-α, IL-1α, IL-6

Induces secretion of
CC chemokines by
healthy skin cells

Mast cells

CCL1, CCL3, CCL5
secreted when activated
via TLR

Basophils
Eosinophils

CCL5

NK cells

IFN-α, IFN-β, IFN-γ

Anti-viral effects,
activates monocytes

Monocytes
Dendritic cells

CCL3, CCL4, CCL9,

IL-1β, IL-1RA, TNF-α,

Phagocytosis of

CCL1, CCL6, CCL12,

IL-12, p40, IL-6, IL-2

antigen, migration to

MIF, CXCL1 and

LN, antigen

CXCL10

presentation to naïve T
cells

25

1.2.3

Induction of the adaptive immune response

Dendritic cells are derived from a plasmacytoid or a myeloid lineage. The plasmacytoid
dendritic cells have been characterised mainly from blood and secondary lymphoid
organs (ref). During inflammation, the plasmacytoid dendritic cells traffic directly to the
lymph nodes rather than to the site of inflammation and secrete IFN-α to cross-prime
cytotoxic T cells (Yoneyama et al. 2005). The data on the antigen presenting ability of
plasmacytoid dendritic cells is conflicting (Villadangos and Young, 2008, Pascale et al.
2008). Three types of myeloid, or conventional dendritic cells have been defined in the
skin, and include epidermal Langerhan cells, dermal dendritic cells, and a newly
discovered group of langerin (CD207)-positive dendritic cells in the dermis (Heath and
Carbone, 2009). All three subsets are found in normal skin under homeostatic conditions,
and are capable of migrating to the lymph nodes upon antigen stimulation. Studies of
their function at the lymph nodes have yielded conflicting data. Langerhan cells,
identified by expression of CD207 marker, were traditionally thought to initiate the
adaptive immune response due to their presence in draining lymph nodes (Henri et al.
2001), but recent data suggests that they are not involved in priming T cells during viral
infection (Allan et al. 2003). The dermal dendritic cells express CD11b+ and are CD207-,
and are thought to be involved in TH2 immunity with limited ability for crosspresentation (Bedoui et al. 2009). The CD207-positive dendritic cells in the dermis
express CD103, and have an increased capacity for cross-presentation of antigen during
skin infection (Bedoui et al. 2009, Henri et al. 2009). Another type of dendritic cell that
is recruited to skin during inflammation is the blood-derived, monocyte-differentiated
effector cells that can uptake antigen in the periphery, cross-prime T cells, and also play a
role in memory cell activation during secondary infections (Wakim et al. 2008, Eidsmo et
al. 2009, Segura et al. 2009).

The recruited immature dendritic cells express the chemokine receptors CCR1, CCR2,
CCR5, CCR6, CXCR1, and CXCR4 (Cyster J. G., 1999), and migrate towards
chemokine gradients along endothelial vessels and in tissue (Lin et al. 2000). The
immature dendritic cells entering the site of inflammation have a high capacity to uptake
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antigen via endocytosis, macropinocytosis or phagocytosis, and degrade them into
peptides. Subsets of dendritic cells express various combinations of TLR-1, -2, -3, -4, -5,
-6, -8, and -9, which are downregulated in response to inflammatory stimuli (Tschoep et
al. 2003). The activation of these TLR leads to the transcription of NFκB-regulated
genes, as well as the IFN-inducible genes (Foti et al. 2004). The products of these genes
include an array of inflammatory cytokines and chemokines that are secreted within
minutes to hours of pathogen encounter (Table 1.4).

Concomitantly with cytokine and chemokine production, immature dendritic cells upload
the degraded antigen onto major histocompatibility (MHC)-I or MHC-II receptors on the
cell surface (Howard C. J. and J. C. Hope, 2000). This allows the dendritic cells to cross
present both exogenous and endogenous antigen. Expression of the MHC receptors also
results in an increase in the expression of CD40, ICAM-1, and the co-stimulatory
molecules CD80 and CD86 that are required for naïve T cell activation. This change in
dendritic cell phenotype is recognised as their maturation process (Inaba et al. 1994).

The mature dendritic cells lose the ability to phagocytose antigen and they exhibit a
different chemokine receptor profile from their immature counterparts. The expression of
CCR1, CCR2, CCR3, and CCR5 is downregulated, whereas expression of CXCR4 and
CCR8 is enhanced and CCR7 is upregulated (Oppenheim et al. 2002, Humrich et al.
2005). The upregulation of CCR7 is directly triggered by activation of the TLRs on
immature dendritic cells (Shi et al. 2004). Several studies have shown that entry into the
lymph nodes is dependent on expression of the CCR7 receptor, which binds the
constitutive CC chemokines found in the lymph nodes (Kellermann et al. 1999, Saeki et
al. 1999, Ohl et al. 2004, Randolph et al. 2005).
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The lymph nodes consist of an inner medulla region surrounded by the cortex. The cortex
in turn is covered by a fibrous capsule, which turns inwards to form trabeculae. The B
cells are found in the follicular region in the medulla, whereas the T cells reside in the
paracortex (Figure 1.6). Numerous afferent lymph vessels from the skin allow the
drainage of cells and molecules into the subcapsular space of the lymph nodes. The
drained lymph fluid then enters the cortical sinuses, which traverse the cortex before
draining into the medulla as medullary sinuses. Eventually multiple sinuses converge to
form the single efferent vessel that exits at the hilum (Figure 1.8).

Afferent vessel
Follicles
Subcapsular space

Cortex

Medulla
Trabeculae

Efferent vessel

Figure 1.8
Anatomy of the lymph node. The afferent lymph vessels carry APC and foreign antigen
from the periphery to the lymph node. The T cells are found in the paracortex and the B cells reside in the
follicular region. The dividing B cells form new germinal centres within the follicles. Figure from Santogene?
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The T and B lymphocytes constantly travel between the blood and lymphatics, and their
entry to the lymph nodes is controlled by high endothelial venules (HEV). The
lymphocytes roll onto the luminal surface of the HEV, adhere to glycocalyx-bound
chemokines, and migrate into the lymph node parenchyma (Gretz et al. 2000). The
lymphocytes are directed to the T and B cell zones within the lymph node by the
expression of specific constitutive chemokines. Chemokines constitutively expressed in
lymph nodes include CXCL12, CXCL13, CCL19 and CCL21. The chemokines CXCL12
and CXCL13 are expressed by stromal cells in the follicular region and play a role in
homeostatic circulation of B and T helper cells through the lymphatics (Yoshino et al.
2003 – paper says that steady state migration of DC from skin may not involve CCL21CCR7 as plt/plt mice still have steady state migration but are defective in active
migration upon LPS stimulation). The constitutive chemokine CCL19 is found in the Tcell rich areas, whereas CCL21 is expressed on the HEV of lymph nodes (Hromas et al.
1997, Martín-Fontecha et al. 2003).

Interactions between the CCR7 on mature dendritic cells and CCL21 allow the cells to
traverse the HEV to enter the lymph node. Exposure to CCL21 increases the expression
of the integrin LFA-1 on dendritic cells, which may allow adhesion and transmigration
through the HEV (Eich et al. 2010) through formation of lamellipodia (Miles et al. 2008).
The continued expression of CCR7 ensures that the mature dendritic cells now navigate
towards CCL19 in the T-cell rich area in the subcapsular sinoids of the lymph node.
During inflammation, the expression of both CCL21 and CCL19 is enhanced (refs). Mice
that lack genes for CCL19 and CCL21 (plt/plt) have defective homing of dendritic cells
and T cells to lymph nodes (Luther et al. 2000), and injection of CCL19 restores T-cell
homing function (Baekkevold et al. 2001).

In humans CCL21 is produced by the stromal cells in the lymph node and secreted out to
the venules. In mice, the cells in the HEV produce and express CCL21 locally, and unlike
its human counterpart; the murine CCL21 can bind CXCR3 (Soto et al. 1998, Jenh et al.
1999). In mice, this protein exists in two distinct forms; CCL21a is present in lymphoid
tissues, and CCL21b is found in non-lymphoid organs. Functional tests using transgenic
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mice have shown that overexpression of both forms can form lymph node-like structure
in the pancreas, indicating that the structural layout of the lymph nodes, in part, may be
due to the expression of CCL21 (Chen et al. 2002). Furthermore, the CCR7-knockout
transgenic mice do not exhibit T-cell specific areas in their lymph nodes indicating the
importance of CCR7 to lymph node homing (Warnock et al. 2000).

Unlike interactions involving the inflammatory chemokines, the expression of CCR7 is
not down regulated upon interaction with its ligands, allowing dendritic cells to survive
longer in their mature state without undergoing apoptosis (Sallusto et al. 1999, SánchezSánchez et al. 2006). Furthermore, the two constitutive CC chemokines have different
effects on dendritic cells. The mature dendritic cells respond to CCL19 by extending their
dendritic processes, which prolong interactions with T cells in the lymph nodes (Mempel
et al. 2004). The exposure to CCL21 enhances chemotaxis of mature dendritic cells but
does not result in any morphological change (Yanagawa Y. and K. Onoé 2002). This
indicates that CCL19 and CCL21 trigger different intracellular pathways via the CCR7
receptor and may involve Gαq proteins (Shi et al. 2007).
Upon entry into the lymph nodes, mature dendritic cells further upregulate MHC
molecules and secrete IL-2 and CCL19 to attract naïve CD4+ and CD8+ T cells (Foti et al.
2004, Sanchez-Sanchez et al. 2006). Secretion of further chemokines by the antigen
presenting cells may be required as T cells upregulate chemokine receptors CXCR4 and
CCR5 at the immunological synapses formed between the two cells (Molon et al. 2005).
The duration of contact between dendritic cells and T cells tend to vary between different
in vitro experimental procedures, however the sequence of events that lead to T cell
activation is consistent (Hommel and Kyewski, 2003). There is a proposed three-step
model for interaction of T cells with dendritic cells in the lymph nodes, whereby initial
contact is limited to short interactions, followed by a prolonged contact phase where T
cells secrete autocrine factors. This leads to the final step, whereby the activated T cells
undergo clonal proliferation and demonstrate increased motility (Mempel et al. 2004).
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The activated T cell effector functions include TH1, TH2, TH17, T-memory and Tregulatory immune responses (Martín-Fontecha et al. 2009, Novak et al. 2010). The TH1
response favours cell-mediated immunity and is required for clearance of intracellular
organisms. The TH2 phenotype is triggered by IL-4 and aids the development of humoral
immunity and parasite clearance (O’Garra 1998). The TH17 pathway is responsible for
maintenance of inflammation in a range of autoimmune conditions (Steinman 2007). The
Treg cells limit the activation of the immune system and prevent development of
autoimmune conditions (Locksley 2009). The memory T cells are required for faster
resolution of secondary infections, and are divided into central and effector memory cells
that have been described for both CD4+ and CD8+ T populations (Willinger et al. 2005,
Harrington et al. 2008). The factors that control the fate of the effector T cells include the
dosage of antigen, maturation state of the dendritic cells, and the cytokine and chemokine
environment in the lymph nodes (Hommel and Kyewski, 2003).

Once the T cells have differentiated into effector cells, they exit the lymph node via the
efferent lymph duct by upregulating the sphingosine-1-phosphate receptor. This receptor
is down regulated briefly in naïve T cells after antigen stimulation, allowing at least four
successive cell divisions post-activation in the lymph node (Sallusto F. and C. R. Mackay
2004). During clonal proliferation, the CCR7 receptor is downregulated and CCR5 is
expression is enhanced. Thus, the activated T cells can migrate out the lymph node and
follow a gradient of inflammatory chemokines to the site of inflammation (Bromley et al.
2000). The recruitment of T cells to the skin is dependent on interactions with E-selectin,
P-selectin and VLA-4 that are expressed on the endothelial cells (Issekutz and Issekutz,
2002). Once at the site of inflammation, the effector T cells help clear invading pathogen,
allowing inflamed skin to return to homeostatic conditions.

The end stage of inflammation is not a passive process as previously thought (Serhan et
al. 2007). The termination sequence resulting in the end of acute inflammation is
activated at the start of the inflammation cascade by the first wave of recruited immune
cells (Serhan and Savill, 2005). In addition to the cytokines and chemokines produced by
the damaged skin cells, lipid mediators, such as prostaglandin D2 and E2 are also
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produced. These signal the neutrophils to convert arachidonic acid mediators that
promote inflammation to lipoxins that have an anti-inflammatory function. The
dampening process includes inhibiting the diapedesis of further neutrophils, activating
the macrophages for clearance of dead neutrophils, and secretion of anti-inflammatory
factors such as resolvins and protectins. The macrophages also secrete TGF-β1 that can
inhibit TLR-signalling. The effector Treg cells also encode TLR on their cell surface,
however the interaction with its ligand delivers an inhibitory signal to Treg activation
(Serhan et al. 2007). Once phagocytes have cleared the TLR ligands, the Treg cells are
activated and they secrete IL-10, which plays a pivotal role in dampening the
inflammatory process.

The skin cells also have regulatory mechanisms to inhibit inflammation. Keratinocytes
also secrete IL-10, and an IL-1 receptor antagonist. Fibroblasts release leukaemia
inhibitory factor (LIF), which suppresses cellular differentiation and this may also be
used in down regulating local inflammation. The skin cells can also regulate the
concentration of chemokines at the site to inhibit further recruitment of immune cells.
Endothelial cells in skin express a highly promiscuous, and rapidly recycled chemokine
binding receptor, known as D6. The sole purpose of D6 is to bind the inflammatory CC
chemokines and internalise them for degradation, thus serving as a decoy receptor to
down regulate inflammation (Liberto et al. 2008). Thus, both the initiation and the
termination of inflammation in the skin is a complex process involving interactions
between various skin cells and the different immune cells recruited to the skin. Pathogens
capable of infecting the skin have to have multiple mechanisms for evading the host
immune response at various stages of inflammation.
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1.3

Viral manipulation of the host chemokine network

Large DNA viruses, like adenoviruses, herpesviruses and poxviruses, have developed a
range of methods to dampen the initial inflammatory response of the host. The host
chemokines are responsible for cellular trafficking to the site of infection, hence are
attractive targets for viral manipulation. The virus-encoded chemokine disrupters are
summarised in Table 1.5, and include homologues of chemokine receptors, analogues of
chemokines, and chemokine binding proteins (A.Lalani and G.Mcfadden 1997, Alcami
A. 2007).

The first group includes the chemokine receptor homologues. Initially, these were
identified in herpesviruses but a few poxvirus examples also exist. These receptors are
similar to host G-protein-7-transmembrane-coupled receptors and serve to mop up the
chemokines. The second group consists of viral chemokine homologues, which may act
in an agonist or antagonist fashion against host chemokines. These viral homologues
often have amino acid substitutions which make them bind with higher affinity to host
receptors, thus rendering the host chemokines ineffective. The third group includes the
large family of secreted chemokine binding proteins which to date have no known
mammalian homologues. These chemokine binding proteins are further classified into
various groups depending on the classes of chemokines they bind and whether they
occlude the GAG-binding or the receptor-binding site of the chemokine.
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Table 1.5

Viral modulators of the host chemokine network

Virus

Secreted factor

Ligands

Mammalian
homologue

Receptor homologues
Herpesviruses
Herpesvirus Saimiri

ECRF3

CXCL-1, -7, -8

CXCR2

Human herpesvirus 6

U12, U51

CCL-2, -3, -5, CCL4,

CCR-1, -3, and -5

Human herpesvirus 7

U12, U51

CCL-19, -22

CCR4, CCR7

Human herpesvirus 8

ORF 74

CXC chemokines

CXCR2

Equine herpesvirus

E1

CCL11

CCR3

Human CMV

US27, US28,

CCL-2, -3, -4, -5, -7,

CCR1 and CX3CR1

UL33, UL78

CX3CL1

M33

CCL-2, CCL-5

K2R

Similar to US28 from CMV. Not characterised

Murine CMV

Not known

Poxviruses
Swinepox virus

further.
Capripoxvirus

Q2/3L

Similar to US28 from CMV. Not characterised
further.

Chemokine homologues/antagonists
Herpesviruses
HHV6

U83, U22

CCR-1, -2, -4, -5, -6, -8

CCL-2 like

agonist
HHV8

vMIP-I

CCR8 agonist

vMIP-II

CCR-3, -5, -10 and

I-309-like

CXCR4 antagonist
Murine CMV

HJ1

Poxviruses
Molluscum contagiosum

MC148

CCR8 antagonist

Human only
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Virus

Secreted factor

Ligands

Mammalian
homologue

Secreted chemokine binding proteins
Herpesviruses
Murine γherpesvirus 68

M3

C, CC, selective CXC,

None

and CX3C chemokines
Poxviruses
Myxoma virus

M-T1

IFN-γ (rabbit specific),

None

C, CC, CXC
chemokines
Myxoma virus

M-T7

CC chemokines

None

Vaccinia virus

35kDa

CC chemokines

None

Vaccinia virus

A41

GAG-binding domains

None

of specific CC
chemokines
Cowpoxvirus

vCCI (p35)

CC chemokines

None

Ectromelia virus

E136

GAG-binding domain of

unknown

CC and CXC
chemokines
Rabbitpox virus

A41

GAG-binding domain of

unknown

CC and CXC
chemokines

Source U51 and U12 from Milne et al. 2000. M3 data from van Berkel et al. 2000, and Alexander-Brett et al. 2007.
cowpoxvirus data from Carfi et al. 1999. Myxoma data from Lalani A. S., and G. McFadden 1997. HSV from Rollins B. J.,
1997. HH7 data from Tadagaki et al. 2007. HHV6 data from Lusso P., 2006. equine herpesvirus from Camarda et al.
1999. Receptor homologue review from Rosenkilde et al. 2002. Murine CMV M33 CCL2 data from Froberg et al. 2006.
HHV8 vMIP from Luttichau et al (2001), and Dairaghi et al. 1999. HHV8 from Kledal et al 1997. MC148 from Luttichau et
al (2001). An ortholog of A41 from ectromelia virus (Ruiz-Argüello 2008). Burns et al. 2002 vCCI data
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The type-I CBP (also known as the T1/35kDa proteins) bind the GAG-binding domain of
the CC and/or CXC chemokines with low affinity and disrupts gradient formation
(A.Lalani and G.Mcfadden 1997). Without a chemokine gradient, the immune cells are
not recruited to the site of infection. The A41 CBP, encoded by all strains of vaccinia,
disrupts GAG-binding of select CC chemokines but has no effect on chemokine-induced
chemotaxis (Bahar et al. 2008). The A41L gene is encoded by all known orthopoxviruses
but is superfluous for viral replication. The deletion of A41 from vaccinia attenuates the
virus and results in faster clearance by host immune system (Clark et al. 2006). The M3
protein from γ-herpesvirus appears to the sole protein capable of binding the GAG and
receptor binding domains of all four classes of chemokines, thereby disrupting both
gradient formation and the functional activity of chemokines (van Berkel et al. 2000,
Alexander-Brett and Fremont, 2007). An M3-deletion mutant used in a murine model of
acute meningitis showed reduced herpesvirus titres compared to the wild type, indicating
the role of chemokines in anti-viral immunity (van Berkel et al. 2002). In contrast to M3,
the recently characterised CBP from pseudorabies virus, a herpesvirus that infects pigs,
only disrupts the receptor-binding domain and does not affect the GAG interactions of C,
CC and CXC chemokines (Viejo-Borbolla et al. 2010).

The type-II CBPs (CBP-II) bind an area of CC chemokines that overlaps the high affinity
binding site to G-protein coupled receptor, thus functions by inhibiting chemokineinduced recruitment of cells (Beck et al. 2001). The viral CBPs can inhibit cellular
recruitment and inhibit inflammation in various animal models. Vaccinia virus CBP can
reduce eotaxin-induced eosinophilia in guinea pigs, and cowpoxvirus CBP can inhibit
bronchospasm and cellular infiltration in a murine asthma model (Seet et al. 2003).
Infusion of M-T7 protein from myxoma virus after angioplasty injury in both rabbits and
rats resulted in decreased monocyte infiltration post surgery (Liu et al. 2000).
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The CBP-II from orthopoxviruses share 81 to 99 % identity to each other, whereas the
leporipoxvirus CBP-II are less similar with 70 % shared identity at the amino acid level
(Graham et al. 1997). The positions of the eight cysteine residues in the CBP-II from
poxviruses indicate that the overall structural of the viral proteins are conserved. The
cowpoxvirus type II CBP structure consists of two short α helices and two parallel βsheets (β-sheets I and II) that form a β sandwich structure. The protein has a negatively
charged surface within β-sheet II that contains a region of relatively conserved residues
found amongst other type II CBPs (Seet and McFadden 2002). Comparisons between the
CBP-II from different viral subfamilies show decreased sequence identity (40 %)
indicating convergent evolution due to pressures exerted on the viruses from host
chemokines (Graham et al. 1997, Berkel et al. 2000).

1.3.1

Orf virus chemokine binding protein

Orf virus CBP is encoded at the inverted terminal repeats of the genome, and has been
isolated from the NZ2 and NZ7 strains of orf virus. The ORFVNZ2 CBP gene is 861
nucleotides with a predicted polypeptide of 286 amino acids and molecular weight of
31.182 kDa. The ORFVNZ7 CBP has 27 nucleotides more than NZ2 with a nucleotide
identity of 87.3 % and amino acid identity of 78 %. The ORFVNZ7 CBP protein is 295
amino acids long with a molecular weight of 32.193 kDa (Seet et al. 2003). Both viral
CBP are produced during the early stage of infection
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ORFV CBPs are unique in the sense that they share 12 – 18 % identity with the
T1/35kDa family of poxvirus CBPs and only contain six of the eight structural cysteines
(Figure 1.9). Both NZ2 and NZ7 strains of CBP are 19 – 21 % identical to ORFV GIF
(Seet et al. 2003). It is noteworthy that GIF contains eight cysteine residues, however
only six correspond to the conserved residues amongst other poxvirus CBPs (Figure 1.9).
This may indicate that GIF and CBP evolved from the same ancestral protein or that they
are a result of gene duplication events early in parapoxvirus evolution (Seet et al. 2003).
The specificity of GIF to ovine cytokines indicates that the gene was adapted after orf
virus evolved to infect sheep. In contrast to the specificity of GIF, ORFV CBP binds
human chemokines with high affinity.

Previous surface plasmon resonance studies with human chemokines determined that
ORFV CBP bound C and CC chemokines with equally high affinity (Seet et al. 2003).
This result was unexpected as the type-II CBPs of poxviruses exclusively bind CC
chemokines, and do not interact with C, CXC or CX3C chemokines (Burns et al. 2002).
Functional assays showed inhibition of calcium flux in ThP-1 cells in response to CC
chemokines in the presence of ORFV CBP (Seet et al. 2003). Further mutagenesis studies
with various forms of human CCL-2 confirmed that ORFV CBP, like the other poxviral
CBPs bound residues on the chemokine that occluded the G-protein receptor-binding site
(Seet et al. 2003).
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ORFV-NZ2
ORFV-NZ7
ORFV-GIF
Myxoma
Cowpox
Vaccinia
Variola
Pseudocowpoxvirus

MKA-VLLLALLGAFTNAAPLLESQ-RSNSEEKANFCSTHNDEVYARFRLQMRVGVRHSPL
MKA-VLLLALLGAFTNAAPLLSNQ-RLGSAEEEKFCSTHHDKVYARFWLQMRVGVRHSSL
-------MACLRVFLAVLALCGSVHSAQWIGERDFCTAHAQDVFARLQVWMRIDRNVT-A
-----------MKRLCVLFACLAA----TLATKGICRQGEDVRYMGIDVVAKITKRTTGS
--MKQIVLACICLAAVAIPTSLQQ----SFSSSSSCTEEENKHHMGIDVIIKVTKQDQ----------------MHVPASLQQ----SSSSSSSCTEEENKHHMGIDVIIKVTKQDQ--MKQYIVLACMCLAAAAMPASLQQ----SSSS---CTEEENKHYMGIDVIIKVTKQDQ-MRAFVLLLALVGAFAHAVPMREHYGNPDSAEKQKFCLTHNTEMYAKFRLYMRIQVRHSPM
*
. : : :: .

58
58
52
45
52
39
50
60

ORFV-NZ2
ORFV-NZ7
ORFV-GIF
Myxoma
Cowpox
Vaccinia
Variola
Pseudocowpoxvirus

YTPSNMCMLDIEDSVEDIEESTE-------KEYASTATGEAAG----------VNVSVAL
YAPSNMCMMDIEDSTVDIEGSTETEDSTVEKEYTSAATGDANG----------VNVSVAL
ADNSSACALAIETPPSNFDAD---------------VYVAAAG----------INVSVSA
DTPCQGLRTTIESAYTEDENEDDGATGTEQPDDLSEEYEYDENDESFLTGFVIGSTYHTI
-TPTN--DKICQSVTEVTE----------SEDESEEVVKGDP------------TTYYTV
-TPTN--DKICQSVTEITESESDPDPEVESEDDSTSVEDVDPP-----------TTYYSI
-TPTN--DKICQSVTEITESESDP--EVESEDDSTSVEDVDPP-----------TTYYSI
YEPSNMCMLDLETSRLDTDDLSM-------------AKFEANG----------INGSIAL
.
:
:
.
:

101
108
87
105
87
85
94
97

ORFV-NZ2
ORFV-NZ7
ORFV-GIF
Myxoma
Cowpox
Vaccinia
Variola
Pseudocowpoxvirus

VGEGVSIPFSYIGLG----FNPSLEDSYLYVNVSSRAPWVKQTSDLSANGGWG------I
MGEGVSIPLSYIGLG----FNPLLKDGYLYVNVSSRAPWDQQTLDLSANDGWG------I
INCGFFNMRQVET-------TYNTARRQMYVYMDSWDPWVIDDPQPLFSQEYENETLPYL
VGGGLSVTFGFTGCPTVKAISEHVKGRHVYVRLSSDAPWRDT--NPVSMNRTE------A
VGGGLTMDFGFTKCPKISSISEYSDGNTVNARLSSVSPGQGK--DSPAITREE------A
IGGGLRMNFGFTKCPQIKSISESADGNTVNARLSSVSPGQGK--DSPAITHEE------A
IGGGLRMNFGFTKCPQIKSISESANGNAVNARLSSVPPGQGK--DSPAITRAE------A
IGEDVSIPFSYIGVG----FNPLLSR-YVYVNVSSWSPWDQLTAELTSYDFWG------L
:. ..
.
: . :.* *
:

151
158
140
157
139
137
146
146

ORFV-NZ2
ORFV-NZ7
ORFV-GIF
Myxoma
Cowpox
Vaccinia
Variola
Pseudocowpoxvirus

KQVLEKELLAIQIGCDNQKFPEEPTTT-PPSPVTTTLS-STTPDLNEENTENTPTTTGAS
KQVLEKEILAIQIGCDNQKFPEEPTTTQPPSPVTTTLSPTTTLNPNNENTDTTPTPTGAS
LEVLELARLYIRVGCTVPGEQPFEVIPGIDYP----------------HTGMEFLQHVLR
LALLDTCEVSVDIKCSRVNVTE--------------------------TTYGTAALVPRI
LSMIKDCEMSINIKCSEEEKDS--------------------------NIKTHPVLGSNI
LAMIKDCEVSIDIRCSEEEKDS--------------------------DIKTHPVLGSNI
LAMIKDCELSIDIRCSEEEKDS--------------------------DIQTHPVLESNI
RQILAKERLIIQLGCDHQKFPEEPTPRTTPAPQTTPEEELEEED-YEYYDELKPTPPNIY
::
: : : *

209
218
184
191
173
171
180
205

ORFV-NZ2
ORFV-NZ7
ORFV-GIF
Myxoma
Cowpox
Vaccinia
Variola
Pseudocowpoxvirus

VDRKRNPADIDFSLLVDPRCVTSVDLHVELRDACIDYKQESPLSLKG--KYGDGELVKKE
VDGKRNPDDIDFSLIVDPRCVTSVNLHFEIKDACMDYKQESPLSLKG--KYGDGELVKEE
PNRRFAPAKLHMDLEVDHRCVSAVHVKAFLQDACSARKARTPLYFAGHGCNHPDRRPKNP
TQATR-RSHIIGSTLVDTECVKSLDITVQVGEMCK---RTSDLSARDSLKVKNGKLLE-SHKKVSYEDIIGSTIVDTKCVKNLEISVRIGDMCK---ESSELEVKDGFKYVDGSASEDA
SHKKVSYEDIIGSTIVDTKCVKNLEFSVRIGDMCK---ESSELEVKDGFKYVDGSASEGA
SHKKVSYEDIIGSTIVDTKCVKNLEFSVRIGDMCK---ESSDLEVKDGFKYVDGSVSEGV
VDRKRNPGELDFSLLADSRCIESVDLYVELKDACINYRHTSPLRLKG--EHNNGEAVRKE
.
.: . .* .*: :..
: : *
: *
.
.
.

267
276
244
245
230
228
237
263

ORFV-NZ2
ORFV-NZ7
ORFV-GIF
Myxoma
Cowpox
Vaccinia
Variola
Pseudocowpoxvirus

IKDVGKNHNMCSLNLNPGN-IKDVGKNHNMCSLNLNPGH-VPRPQHVSSPISRKCSMQTAR
-DDILVLRTPTLKACN----ADDTSLINSAKLIACV----TDDTSLIDSTKLKACV----TDDTSLIDSTKLKSCV----IKTLTDSHTICSMNMNPYDK.

286
295
265
260
246
244
253
283

Figure 1.9
Sequence alignment of ORFV CBP with the secreted poxvirus chemokine binding
proteins. The amino acids are colour-coded to indicate basic residues (MAGENTA), acidic residues (BLUE),
hydrophobic and aromatic residues (RED), and residues with hydroxyl chains (GREEN). Exact identity is
indicated by *, whereas substitutions are denoted by : (conserved) or . (semi-conserved). Figure from
generated using Clustal-W 2.0.12 multiple sequence alignment.
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1.4

Hypothesis

The hypothesis is that orf virus chemokine binding protein will bind CC and C
chemokines during viral infection and prevent the formation of a chemokine gradient,
thus delaying the recruitment of immune cells to the site of infection, and the migration
of antigen presenting cells to the draining lymph nodes (Figure 1.10). This will delay
both the innate and adaptive immune response of the host allowing the successful
replication and survival of orf virus.

Figure 1.10
Hypothesis of ORFV CBP intervention during viral infection. The damaged keratinocytes
will release inflammatory chemokines to recruit inflammatory cells, including antigen presenting cells to the
site of infection. The recruited dendritic cells will mature after phagocytosis of virus antigen, and migrate to
the draining lymph nodes via a gradient of constitutive chemokines. At the lymph node, the dendritic cells
will activate naïve T cells into effector cells, which are recruited back to the skin to clear the infection. By
targeting both the inflammatory and constitutive CC chemokines, ORFV CBP can dampen both the innate
and the adaptive immune response of the host.
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1.5

Aims of study

The aim of this project was to characterize the functional effects of ORFV CBP using
murine models. The following questions were addressed in this study:

a. Does ORFV CBP bind murine inflammatory and constitutive CC
chemokines?
b. Can ORFV CBP inhibit chemokine-induced cellular migration of murine
cells?
c. Does ORFV CBP inhibit inflammatory chemokine induced cellular
recruitment in vivo?
d. Does ORFV CBP inhibit migration of mature dendritic cells in response to
constitutive chemokines in vivo?
e. Is T cell activation in response to antigen-pulsed dendritic cell reduced as
a consequence of impaired dendritic cell migration?
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2.1

Production of chemokine binding protein

2.1.1 Protein expression

OVNZ2 and OVNZ7 CBP-FLAG were stably expressed in an episomal form in EpsteinBarr virus nuclear antigen (EBNA)-293 cells under hygromycin selection and clonal
purification. The EBNA-293 cells were cultured in Dulbecco’s modified Eagles
medium (DMEM; Sigma-Aldrich) with 10 % foetal calf serum (FCS; Invitrogen) until
50 % confluent and transfected in serum-free medium (1.5 ml DMEM, 15 µg plasmid
DNA and 21 µl FuGENE®6 (Roche)) with the APEX-3 plasmid containing either the
OVNZ2 CBP-FLAG (OV11; originally generated by Olivia Hayes; (Seet et al. 2000))
or the OVNZ7 CBP-FLAG (original DNA designation?; generated by Catherine
McCaughan). The transfected cells were left for 2 days before adding selection
medium. The cells were selected for plasmid expression for 10 days in culture with
medium changes every 2 days. The transformed cells were then selected by clonal
purification performed with serially diluted cells in a MultiwellTM 96-well tissue
culture plate. Wells with single cells were left to incubate until confluent. The cells
were then collected and transferred to MultiwellTM 6-well tissue culture plates and
allowed to grow to confluency in selection medium. The resulting supernatant was
collected for protein expression analysis using western blot with an anti-FLAG
antibody. Cells with the highest protein production were stored at -80°C in 90 % FCS
containing 10 % dimethyl sulfoxide (DMSO, source).

2.1.2 Protein purification

Supernatant from 3-day-old transformed EBNA-293 cell cultures were collected,
centrifuged and filtered to remove cellular debris, and stored at -80°C until required.
Supernatants were processed in 400 ml lots, and thawed in a 25°C water bath. The
supernatants were incubated with anti-FLAG M2 agarose affinity gel (Sigma; 0.5 ml)
at 4°C with rotation overnight. The mix was then centrifuged to pellet the agarose gel,
and the supernatant was removed. The supernatant was refrozen at -80°C for repeat
purifications. The agarose gel was resuspended in 20 ml tris-buffered saline and

passed through a Poly-Prep® chromatography column (Bio-Rad). The columm was
washed three times, each with ice-cold 15 ml TBS with 0.02 % Tween-20 (TBS-T)
and the FLAG-tagged CBP was eluted by addition of FLAG peptide (100ug/ml,
Sigma). The eluted proteins were buffer exchanged into sterile PBS using a
centrifugal concentrator (Centricon YM-10; Millipore), and stored at -80°C until
required.

2.1.3 SDS-PAGE analysis

A standard 12 % acrylamide gel was cast using the Mini-Protean 3-gel system (BioRad) and used to resolve the purified proteins. The proteins were diluted in 1:1 ratio
of reducing sample buffer and boiled for 5 minutes. The samples were loaded onto the
gel and resolved at 100 volts for 1 hour.

The gels were immersed in Coomassie blue stain and left overnight at room
temperature on orbital shaker in a sealed container. The next morning, the gels were
washed in 10 ml of destaining solution to remove excess stain, and left for 2 to 3
hours in fresh destaining solution at room temperature on the orbital shaker. Gels
were photographed and band density analysed by Quantity OneTM software (BioRad).

For western blot analysis, the SDS-PAGE gels were incubated for 10 minutes in cold
transfer buffer before being assembled for protein transfer. The gel was placed on top
of 3 filter layers resting onto a sponge layer, with the nitrocellulose membrane
directly on top of the gel. Three more layers of filter paper were placed on top of the
nitrocellulose membrane before the final sponge layer. The transfer apparatus was
gently pressed to remove air bubbles and was placed in the Mini-Protean tank which
was filled with cold transfer buffer and run at 100 V for one hour. The membrane was
then placed overnight at 4°C in blocking buffer. The membrane was washed thrice,
each for 10-minute in TBS with 0.05 % Tween 20 (TBS-T), and incubated with 0.033
% anti-FLAG peroxidase (HRP) antibody (Sigma) in TBS-T for 1 h at room
temperature to detect FLAG-tagged proteins. The membrane was washed 3 times,
each for 5 mins with TBS-T before being developed with Super Signal® West Pic

Chemoluminescence Solution (Thermoscientific) for 5 min. The membrane was
photographed using the Chemi-Doc XRS machine and analysed using the Quantity
OneTM software (Bio-Rad).

2.2

Animals

Male and female mice aged 6 to 12 weeks were obtained from the Hercus Taieri
Animal Resource Unit at the University of Otago, and kept in a specific-pathogen free
(SPF) containment facility at the Department of Microbiology and Immunology. The
animals had access to food, water and recreational equipment ad libertum. Ethics
approval to use mice was obtained from the University of Otago Animal Ethics
Committee. The AEC numbers allowing murine studies were as follows:

•

C57BL/6 mice and eGFP-BL/6 mice:

AEC 76/05

•

C57BL/6 mice as recipients for eGFP-BL/6 cells:

AEC 49/07

•

OT-I and OT-II for tissue donation:

AEC ET 10/06

•

C57BL/6 mice as recipients for OT-I and OT-II cells:

AEC 16/07

2.3

Antibodies

The following antibodies and their isotypes were used in chemotaxis assays, cell
characterisation by flow cytometry and immunohistological staining.
Table 2.1

Rat anti-mouse primary antibodies from BD Pharmingen.

Antibody

Label

Clone

Isotype

CD11b

Biotin

M1/70

IgG2b, κ

CD40

PE

3/23

IgG2a, κ

CD86

PE

GL1

IgG2a, κ

I-A/I-E

PE

M5/114.15.2

IgG2b, κ

CD195 (CCR5)

PE

C34-3448

IgG2c, κ

Table 2.2

Hamster anti-mouse antibodies from BD Pharmingen.

Antibody

Label

Clone

Isotype

CD11c

APC

HL3

IgG1, λ2

CD11c

PE

HL3

IgG1, λ2

CD54

PE

3E2

IgG1, κ

CD80

PE

16-10A1

IgG2, κ

Table 2.3

Secondary antibodies from BD Pharmingen.

Antibody

Label

Clone

Isotype

Goat anti-rat

APC

Polyclonal

Goat IgG

Streptavidin

PE

Streptomyces avidinii

Table 2.4

Rat anti-mouse primary antibodies obtained from R & D Systems.

Antibody

Label

Clone

Isotype

CD11b

APC

M1/70

IgG2b

Ly6C (Gr-1)

APC

RB6-8C5

IgG2b

CCR7

None

4B12

IgG2a

2.4

Cytokines and chemokines

Recombinant murine GM-CSF was obtained from R & D Systems, reconstituted
according to the manufacturer’s instructions and stored in aliquots at –80°C. Murine
GM-CSF supernatant was obtained from transfected X63 murine myeloma cell line
(Zal T et al. 1994). Murine recombinant M-CSF supernatant was collected from L929
cells. Both cell lines were a gift from Dr. Alex McLellan. The X63 and L929 cells
were split to 1x106 cells per ml in 15 mls of media and allowed to grow for 2 days or
until 90% confluent. The supernatant was collected, centrifuged to pellet residual
cellular debris, filtered through a 2um pore filter and stored at –80°C until required.
Both the X63 and L929 supernatants were used at a final concentration of 10% in cell
culture media.

The following human (h) and murine (m) E.coli-derived chemokines were purchased
from R&D Systems and reconstituted in PBS and stored at -80°C until required:

Table 2.5

List of human and murine chemokines.

Chemokine

Product code

Predicted
Molecular Mass

hCCL2

279-MC-50

8.7 kDa

hCCL19

361-MI-025

8.8 kDa

hCCL21

366-6C-025

12 kDa

hCXCL8

208-IL-010

8 kDa

mCCL2

479-JE-50

8.5 kDa

mCCL3

450-MA-050

7.8 kDa

mCCL5

478-MR-025

7.9 kDa

mCCL19

440-M3-025

9.4 kDa

mCCL21

457-6C-025

12 kDa

mXCL1

483-LT-025

10 kDa

2.5

Generation of murine bone marrow derived dendritic cells

Monocytes and dendritic cells used for chemotaxis assays and in vivo dendritic cell
migration studies were generated from murine bone marrow. Bone marrow from the
femurs and tibias of C57Bl/6 and eGFP-C57/Bl/6 mice was extracted as described in
Faulkner et al. (2000). Briefly, the bones were excised and kept in sterile Dulbecco’s
phosphate buffered saline (DPBS; source) with 5 % FCS on ice. The ends of the
bones were snipped and bone marrow was flushed out with a 3 ml syringe with a 25gauge needle using sterile DPBS. The cells were collected and centrifuged at 250 g
for 7 mins at 18°C. The red blood cells were lysed by incubating in warm ammonium
chloride for two minutes and washed twice in DPBS with 5 % FCS to remove red cell
debris and ammonium chloride solution. The resulting viable white blood cells were
counted in PBS with 0.25 % trypan blue using a haemocytometer and used for
culturing dendritic cells and monocytes.

To generate dendritic cells, bone marrow cells were suspended at a concentration of 2
x 106 cells/ml in complete DMEM(DC). Day 0 bone marrow cells were cultured in 5
ml media per well of a MultiwellTM 6-well tissue culture plate (BD) and incubated at
37°C with 10 % CO2 for 3 days. On day 3, the dendritic cells were fed by replacing 3
ml of the supernatant with fresh medium. On day 5, the non-adherent grape-like
clusters of cells were harvested by pipetting and used in assays as immature dendritic
cells. To obtain mature dendritic cells, day 5 cells were harvested, reseeded at a
concentration of 1 x 106 cells per ml in a MultiwellTM 24-well tissue culture plate, and
incubated overnight with 5 ug/ml CpG-ODN 1826 (GeneWorks) in 1 ml complete
DMEM medium.

To generate monocytes, the bone marrow cells were suspended at a concentration of
1.5 x 106 cells/ml in complete DMEM(M). Day 0 bone marrow cells were cultured in
5 ml media per well of a MultiwellTM 6 well plate and incubated at 37°C with 10 %
CO2 for 3 days. On day 3, monocytes were fed by replacing 3 ml of the supernatant
with fresh medium. The adherent day 5 monocytes were used in transwell migration
assays.

2.6

Flow cytometric analysis

Dendritic cells and monocytes were harvested into 15 ml Falcon tubes and washed
twice in FACS buffer. The cells were diluted to 0.5 x 106 cells/ml and aliquoted into
FACS tubes (Quality Scientific Plastics). Antibodies with their respective isotype
controls were used at a 1/200 concentration and incubated in the dark, on ice for 30 to
60 mins. Cells were washed twice in FACS buffer to remove excess antibodies and
resuspended in a final volume of 250 µl and kept in the dark on ice until analysed. If
flow cytometric analysis was delayed, the cells were fixed overnight (in the dark at
4°C) with FACS buffer with 1 % paraformaldehyde (source).

The antibody fluorescence was detected using a BD FACScalibur instrument. The
APC-conjugated antibodies were detected with an excitation wavelength of 650 nm
and emission wavelength of 660 nM on the FL4 channel. Antibodies that were PEconjugated were detected with an excitation wavelength of 480/565 nm and an
emission wavelength of 578 nm on the FL2 channel. The dot plot was used to analyse
the cell population for external dimensions of the cells using forward scatter (FSC; xaxis) and intracellular density of the cells using side scatter (SSC; y-axis). Histograms
were used to analyse cell surface marker expression by calculating the mean
fluorescence intensity (MFI) and the percentage of total positive population. The
isotype controls were used to exclude non-specific antibody binding. All analysis of
flow cytometry data was performed using CellQuest ProTM software (BD) and
FlowJoTM software.

2.7

Statistical analysis

Data from each group in all the experiments was handled separately and analysed for
variance using one factor ANOVA. In vitro transwell experiments were analysed
using Tukeys test. In vivo data from murine models were analysed using the Student’s
t-test for paired and unpaired samples. For histological studies, the images were
analysed using ImageJ, and the enumerated cells were plotted onto a histogram using
Excel software. MegaStat was used to calculate variances between the sample groups.
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3.1

Aims

The primary aim of this study was to examine the binding specificity and affinity of
ORFV CBP for murine chemokines using surface plasmon resonance.

3.2

Introduction

Protein to protein binding interactions can be studied through a variety of techniques.
These techniques include protein affinity chromatography, affinity blotting
(immunoblotting), immunoprecipitation, and cross-linking methods, whereby the
proteins of interest are usually labelled with tags, fluorescent markers or radioactive
isotopes (Phizicky and Fields, 1995). A more recent method of studying protein-toprotein interactions involves the use of surface plasmon resonance (SPR) technology,
which allows for analysis of molecular interactions in real-time without pre-labelling
the proteins (Homola J., 2003).

Liedburg et al. (1983) demonstrated that surface plasmon technology could be
effectively combined with biosensors to show the binding between human γ-globulin
and an anti-human antibody. Within a few years, the technology was further refined
and was available for commercial use as BIAcore.

The technology itself is based on the refractive and reflective properties of light. As
light passes through glass (high refractive index) into water (low refractive index),
some of the light is reflected in the interface between the two mediums. At a certain
point, known as the critical angle (θc), there is total reflection of the light beam
(Figure 3.1a).
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Some of this reflected light is lost if there is a metal film at the interface of the two
refractive mediums (Figure 3.1a.i). The lost light in this case causes the electrons
(plasmon) in the metal film to oscillate (Englebienne et al. 2003). This oscillation, or
resonance, of surface plasmons can be maximised by increasing the angle at which
light is reflected onto the metal, which is known as the surface plasmon angle (θspr).
There is also a decrease in the intensity of reflected light when surface plasmons are
excited, and this directly correlates to the amount of energy consumed by the
generation of the surface plasmon wave. This wave generates an electrical field that
travels into the aqueous solution (Figure 3.1a.ii).

Changing the constituents of the aqueous solution alters the refractive index, for
example water has a lower refractive index compared to a protein solution. The
change in refractive index translates to a change in the surface plasmon angle, which
is measured by a photo detector array (Homola J., 2003). BIAcore measures this
change in terms of resonance or response units (RU). One RU is equivalent to a shift
of 10-4 degrees in the surface plasmon angle, and approximately 1000 RU is indicative
of the presence of 1 ng/mm2 of protein in the aqueous medium (van de Merwe, 2000).

In BIAcore, the two refractive mediums are enclosed within a flow cell, and four flow
cells are contained within a BIAcore sensor chip. Each flow cell is composed of a
glass base coated with gold film, and covered with a carboxymethylated dextran,
where the protein of interest is bound or coupled. The coupled protein is termed
ligand and it’s binding partner, known as the analyte is suspended in an aqueous
solution (running buffer) over the flow cells. As the analyte binds the ligand, there is
an increase in refractive index, which is measured as a change in resonance units over
time. The resulting plot is known as a sensorgram (Figure 3.1b).
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A
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B

Schematic representation of the principle behind surface plasmon resonance
Figure 3.1
technology. (A) Light that passes through glass into water at an angle of incidence can be completely
reflected at the critical angle (θc). Presence of a metal film in between the glass and water, allows for
some of the light to be converted to electrical energy causing surface plasmons of the metal to resonate
(i), generating an electrical wave that passes into the aqueous solution (ii). As a result of this energy
loss, the intensity of the reflected light (dashed arrow) will be decreased. The intensity of the reflected
light also depends on the refractive index of the aqueous solution next to the metal, as this determines
how far the electrical wave will be able to travel. The distance travelled by the electrical wave, usually
300nm, determines the outer limit of the detection spectra of molecules in the aqueous solution by the
biosensor array (B) A sensorgram showing a typical association and dissociation curve with schematic
inserts indicating analyte-ligand binding at various stages of the BIAcore assay. The immobilised ligand
(Y) is exposed to the analyte diluted in running buffer. As the analyte (Y) starts binding the ligand
(association), there is an upward spike in the sensorgram that levels off as the reaction between the
analyte and ligand reaches equilibrium. When the analyte injection is stopped, some of the bound
analyte washes away in running buffer (dissociation). A separate solution is injected to remove the
remaining analyte from the ligand (regeneration) to allow the sensorgram to return to baseline levels
(dashed line). The sensorgram diagram was sourced from www.astbury.leeds.ac.uk.
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In the sensorgram, the interactions between the analyte and the ligand are divided into
three phases named association, dissociation and regeneration (Figure 3.1b). The early
stage of analyte-ligand binding constitutes the positive gradient of the association
curve (Ka, Kon). Once equilibrium is reached, the analyte injection is stopped and
there is spontaneous dissociation, as shown by a negative gradient in the sensorgram
(Kd, Koff). The rates of association and dissociation are primarily dependent on the
affinity of the analyte to the ligand. The other factors that determine the binding
between the analyte and the ligand include the concentration and duration of the
analyte injected over the flow cells, and the flow rate of the running buffer
(McDonnell J. M., 2001). Following the dissociation phase, the ligand surface is
washed with the regeneration solution to break the bonds between the analyte and the
ligand, and thus remove any bound analyte. The sensorgram also contains information
pertaining to the concentration of the analyte and the kinetics of interaction between
the analyte and the ligand (Figure 3.1b). Altering the concentration of the analyte
results in changes in the slope of the association curve. The kinetics of the interaction
is dependent on the detection of the complex formed between the ligand (L) and the
analyte (A), where x units of A and y units of L is required to form the complex AL
(Miller J. R. 2003):
AxLy = xA + yL

The dissociation constant (KD) therefore is determined by dividing the concentration
of the complex [AL] by the concentrations of the ligand [L] and analyte [A]:

[A]x [L]y
KD =
[AxLy]

Kinetic measurements using BIAcore depends on the analyte binding the ligand in a
monovalent manner. Using a 1:1 binding ratio and the known concentrations of the
ligand and the analyte, it is possible to determine the KD of the binding reaction
measured in the units M, using either the pre-programmed Langmuir model or the
Mass Transport model.
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The main impediment to kinetic analysis in experiments involving low molecular
weight proteins is mass transport limitation. During the association phase, the analyte
will bind, detach and rebind the ligand, until the reaction reaches equilibrium, where
the rate of association is the same as the rate of dissociation. The dissociation phase
should theoretically contain only the analytes dissociating from the ligand. In reality,
however, some re-binding also occurs, and this is known as mass transport limitation.
Mass transport is affected by the flow of analyte over the ligand surface, and also by
the concentration of the ligand. Hence, the artefacts generated by mass transport can
be limited by increasing the flow rate during kinetic reactions, and by decreasing the
concentration of immobilised ligand (Rich and Myszka, 2000).

This study immobilised ORFV CBP as the ligand over a sensor chip and determined
the binding interaction with a range of both inflammatory and constitutive murine
chemokines (analytes). As chemokines are small molecular weight proteins, the
analysis of binding data took into account mass transport limitations.

3.3

Methods

The surface of a CM-5 chip was immobilized with approximately 350 to 400 response
units (RU; pg/mm2) of OVNZ2 CBP by standard amine coupling using a Biacore 2000
instrument.

The coupled OVNZ2 CBP was exposed to chemokines at a flow rate of 100 µl per
minute in HBS-EP running buffer, at concentrations ranging from 3 nM to 300 nM for
the duration of 60 seconds. The concentration series of the analyte were injected in a
random manner rather than sequentially to ensure that the binding of the each
concentration of analyte remained the same at different time points of the experiment,
indicating no alteration in the amount of immobilised ligand. To test that the ligand
was immobilised at the same concentration, the hCCL2 positive control was used
before and after the analyte concentration series. Chemokines were allowed to
dissociate for 200 seconds before the surface was regenerated using a mixture of ionic
and acidic solutions.
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All experiments were performed at 25°C, as fluctuations in temperature not only
affects ligand and analyte interactions, but also changes the angle of the surface
plasmon resonance (θspr) which translates as changes in RU (Homola J., 2003). There
was a blank flow cell retained as a reference point to determine non-specific binding
of the analyte to the dextran matrix. This reference point was subtracted from the
sensorgram before further analysis of binding data (Rich and Myszka, 2000).

The data was analysed using BIAevaluation 3.1 software. Of the eight or ten graphs
generated in triplicate for each concentration of murine chemokine, five or six data
points that spanned between 2 to 4 orders of magnitude of KD were analysed for
binding affinity (van de Merwe, 2000). The data points were selected based on
replicate quality and their proximity to the previous data point. Often the lowest and
the highest data points were excluded, the former due to mass transport limitation and
the latter due to ligand saturation. Each data point was entered into the BIAevaluation
software, and the all curves were transformed along the y-axis to subtract the blank
reference control before being analysed for binding affinity using the 1:1 protocol for
binding with mass transfer. This resulted in a computer-generated model of best fit for
the curves, and gave a KD value as well as Chi2 value. The model was accepted if the
Chi2 value was close to 1.
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3.4

Results

3.4.1 Preliminary experiments

Investigation of the binding specificity and affinity of CBP for murine chemokines
was determined by surface plasmon resonance. For this study, ORFV NZ2 CBP and
ORFV NZ7 CBP were expressed as recombinant proteins with a FLAG tag sequence
fused to the C-terminus. The viral FLAG-CBPs were purified from the supernatants of
stably transfected EBNA-293 cells under hygromycin-B selection by affinity
chromatography using anti-FLAG beads.

To quantify and determine the purity of the viral CBPs, dilutions of ORFV NZ2 CBP
and ORFV NZ7 CBP were separated electrophoretically by SDS-PAGE against known
concentrations of carbonic anhydrase (CA). Figure 3.2 shows the expected positions
of the viral CBPs and that NZ2 is present as both a monomer and a dimer, whereas
NZ7 is predominant as a monomer. The natural form of ORFV NZ2 CBP in solution
has been established to be a homodimer (Counago et al. unpublished). The western
blot confirms the presence of the FLAG-tag on the viral CBPs.

The two methods of immobilising ligand onto a sensor chip are direct and indirect
coupling. Direct coupling involves conferring a positive charge to the existing groups
in the ligand to ensure binding to the dextran matrix. The activated groups in the
ligand can include amines, thiols, or aldehydes, all of which can covalently bind a
carboxymethyl dextran surface. The advantage of direct coupling is that it can be used
for any pure protein. The disadvantage is that the covalently coupled protein cannot
be orientated, and thus may obstruct the analyte-binding site, and may lead to only
partial analyte removal during regeneration (van der Merwe, 2000). Indirect coupling
uses a monoclonal antibody generated to a unique binding site on the ligand. This
antibody is covalently bound to the dextran surface, which is then used to capture
ligand.
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Figure 3.2
The resolution of ORFVNZ2 CBP and ORFVNZ7 CBP in SDS-PAGE gels. Lanes x-x
correspond to CA used as a standard at concentrations of 1000 ng (lane 1), 500 ng (lane 2), 250 ng
(lane 3), with ORFVNZ2 CBP shown in lanes 4 to 6, and ORFVNZ7 CBP shown in lanes x. The western
blot (C) of the same gel shows that the contaminating lower molecular bands co-purified with the viral
CBPs do not stain with anti-FLAG. Molecular markers are indicated in kDa.
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In both direct and indirect coupling, ligand immobilisation requires the optimisation
of both the concentration of the ligand and the pH of the coupling solution. The pH
for ligand coupling is generally between 3.5 and the pI of the protein.

The approach used in this study was the direct amine-coupling method of ligand
immobilisation. Previous studies by Seet et al. (2003) showed that this method was
successful in immobilising ORFVNZ2 CBP onto a CM5 chip, as analysed by BIAcoreX machine. However, this method did not result in the immobilisation of ORFVNZ7
CBP (Seet et al. personal communication). In this study, binding conditions had to be
optimised to suit a CM5 chip used in a BIAcore 2000 instrument. Initial binding tests
utilised CBP at a concentrations of 250 ng/ml, 500 ng/ml, and 1 µg/ml tested at pH
conditions of 4.0, 4.5, 5.0 and 5.5 (Figure 3.3). All CBP dilutions were performed in
coupling buffer (10mM NaOAc), which gave the protein an overall positive charge.

The concentration and pH that gave the best binding for ORFVNZ2 CBP, as indicated
by a positive gradient, was 1 µg/ml at pH 4.0, respectively (Figure 3.3c). Attempts to
immobilise ORFVNZ7 CBP using various concentrations and buffer compositions
resulted in a range of problems including limited binding at lower pH than
recommended and denaturing of bound protein. ORFVNZ7 CBP only immobilised at a
concentration of 1 µg/ml in acetate buffer with pH 3.0 (Figure 3.4). The prolonged
exposure to low pH denatured the protein rendering it unable to bind analytes. This
was similar to the technical issues encountered by Seet et al. (personal
communication). Further experiments were only performed using the immobilised
ORFVNZ2 CBP.
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Comparison of immobilisation experiments using various concentrations of ORFVNZ2
Figure 3.3
CBP at different pH ranges. ORFV CBP was diluted to 250ng (A), 500ng (B) and 1ug (C), and all
concentrations were tested at pH 4.0, 4.5, 5.2 and 5.5. A steep positive gradient indicates binding of
protein to the carboxymethylated surface and this is shown in (C) at a pH of 4.0. Sensorgrams were
generated using BIAevaluation 3.1 software.
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Figure 3.4
Immobilisation experiments using ORFVNZ7 CBP at different pH ranges. CBP was
diluted to 1 µg was tested at pH 4.0, 3.5, and 3.0. A steep positive gradient indicates binding of protein
to the carboxymethylated surface as indicated at pH 3.0. Sensorgram was generated using
BIAevaluation 3.1 software.

Further experiments were performed on a new sensor chip, where flow cell 1 was
used as blank control and flow cell 2 had CBP immobilised using an automated
BIAcore wizard program.

The surfaces were activated with a 1:1 solution of N-hydroxylsuccinimide (NHS) and
N-ethyl-N-dimethylaminopropylcarbodiimide (EDC), which created negatively
charged reactive succimide esters on the dextran surface. ORFV CBP, diluted to 1
µg/ml in coupling buffer was injected repeatedly in 5 ul or 10 ul amounts until the
final protein concentration was approximately 400 RU (Figure 3.5). The surface was
then deactivated with 1 M ethanolamine (pH 8.5), which blocked the remaining
activated carboxymethyl groups. This resulted in some loss of protein from the
surface. The protein that is washed away in the deactivating solution is usually
denatured and has not been covalently linked to the dextran.

The blank flow cells were activated and deactivated without any ORFV CBP
immobilisation. The coupled chips were wrapped in parafilm and stored at 4°C
overnight (dry storage) prior to analyte binding assays.
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Figure 3.5
The immobilisation of CBP onto a CM5 sensor chip using a BIAcore wizard program. (A) Surface testing to determine how much ligand is to be injected. (B)
Cleaning the dextran surface with sodium hydroxide. (C) Activation of the dextran surface by 1:1 EDC/NHS. (D) Series of 5 – 10 ul injections of 1ug/ml ORFV CBP, until
desired RU was reached. (E) Deactivation of the surface by 1M ethanolamine (pH 8.5), giving a final immobilised protein level of 423.7 RU. Sensorgram was generated using
BIAevaluation 3.1 software.
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The initial analytes tested on the CBP surface were human CCL2 and human CXCL8.
The human CCL2 chemokine was shown by Seet et al. (2003) to bind to CBP with
fast Ka and low Kd, with an overall affinity of 0.186 nM, and thus was chosen as a
positive control. The human CXCL8 chemokine did not bind CBP (Seet et al. 2003)
and was used as a negative control. The chemokines were diluted in running buffer to
50 nM, and injected over the immobilised CBP at a flow rate of 100 µl/min for the
duration of 60 seconds at 25°C. Any unbound chemokine was washed away with
running buffer for the duration of 200s. Figure 3.6 shows the sensorgrams generated
from hCCL2 (A) and hCXCL8 (B) binding.

During hCCL2 injection over the immobilised CBP, a steep positive gradient is
generated which indicates fast association (Ka). At the end of the injection phase,
hCCL2 dissociates slowly, as shown by the lack of a steep negative gradient (Kd),
indicating binding interactions between hCCL2 and CBP. In the case of hCXCL8, the
dissociation is rapid with the sensorgram values returning to baseline almost
immediately, indicating no binding between the two proteins. The bound hCCL2 was
allowed to dissociate in running buffer but even after 500 seconds, the sensorgram did
not return to baseline levels, indicating that there were still bound hCCL2 present on
the CBP surface and an extra regeneration step would be required for complete
dissociation.

Regeneration is achieved by breaking the non-covalent bonds between the analyte and
the ligand using either ionic or acidic solutions. The regeneration solutions are divided
into 4 categories; divalent cation chelator (e.g. 20 nM EDTA), high ionic strength
(e.g. 1 M NaCl), low pH (e.g. glycine with 100 mM HCl, pH 2.5), and high pH (e.g.
50 mM NaOH). At times a combination of two different solutions are required to
achieve total regeneration (van der Merwe, 2000). Previous BIAcore experiments
(Seet et al. 2003) used 10 mM sodium acetate (pH 4.0) as a regeneration solution.
This was used successfully with human CCL2 to return the sensorgram to baseline
values, indicating complete loss of additional protein from the CBP surface. There
was no need to regenerate the surface after human CXCL8 assays, as there was no
complex formation between the chemokine and the CBP.
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Figure 3.6
The interaction of immobilisation CBP with human chemokines. (A) 50nM of human
CCL2 and (B) 50nM of human CXCL8 were injected at a flow rate of 100 µl/min for duration of 60
seconds. The start and end of the chemokine injection is indicated by dashed and solid arrows,
respectively. The cycle was repeated twice and overlaid sensorgrams from 2 separate injections are
shown. Any bound chemokine was allowed to dissociate in running buffer. The spikes in the hCCL2
sensorgram (circled) are artefacts caused by air bubbles. Sensorgrams were obtained using the
BIAevaluation (3.1) software.
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After regeneration, kinetic studies were performed using hCCL2. Human CCL2 was
diluted to 1, 3, 9, 18, 27, 50, and 70 nM and allowed to bind CBP (Figure 3.7). Each
concentration of chemokine was injected over the CBP surface in triplicate, with
regeneration and stabilisation steps in between each replicate. The stabilisation step
involves washing of the ligand surface with running buffer prior to the next injection
of chemokine.

From the sensorgram, the four highest concentrations (in triplicate) were chosen for
kinetic binding analysis using a global fitting model with mass transport (Seet et al.
2003). The areas of Kon and Koff were selected manually. Generally, the entire area of
the Kon was selected after ignoring the noise at the start and end of the injection time.
If the association phase occurred within 1-2 seconds, the rate of association could not
be accurately calculated. Using “global fitting” under the simultaneous analysis of the
association and dissociation phase of multiple curves obtained by varying analyte
concentrations, allows for a stringent testing of the accuracy of the acquired KD value
(van de Merwe, 2000). The software also calculated a Chi2 value of the global fitting
curves to indicate the validity of the fitted curves. A final KD value of 0.05 nM was
obtained which is in the same binding range as the value of 0.18 nM obtained using
the BIAcore X instrument (Seet et al. 2003).

In summary, ORFV CBP was successfully immobilised onto a CM5 sensor chip with
binding conditions optimised using human CCL2 as a positive control and human
CXCL8 as a negative control, and effectively regenerated to allow further binding of
chemokines. The kinetic analysis performed with human CCL2 showed high affinity
binding across the range of concentrations tested (Figure 3.7). The surface could now
be used to assess binding specificity and affinity of murine chemokines.
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Human CCL2 concentration series
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Figure 3.7
Sensorgram of immobilised ORFV CBP binding human CCL2. The CCL2 was injected over the immobilised ORFV CBP at the concentrations indicated
above. Each concentration was assayed in triplicate, but only a single representative curve is shown for clarity. The bound CCL2 is shown as the increase in response units
(RU) over time (s). Binding affinity calculations were made using global fitting analysis of the curves obtained with the four highest concentrations (in triplicate) with
spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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3.4.2 Binding affinity of murine chemokines to ORFVNZ2 CBP

Murine chemokines share a high degree of similarity with the human chemokines (Fig
3.8), and cross-react with the same G-protein coupled receptors using in vitro and in
vivo assays (Liu et al. 2000, Kollet et al. 2001). The mCCL2 binds and signals
through both hCCR2 and mCCR2 (Sarafi et al. 1997), and transgenic mice expressing
hCCL2 in their lungs retain the ability to recruit monocytes (Gunn et al. 1997). More
importantly, mutational studies showed that the residues on hCCL2 critical for
binding vaccinia virus CBP are conserved in murine CCL2 (Seet et al. 2001).

Murine chemokines were initially tested for binding specificity at a concentration of
50 mM. A series of three injections were performed for the duration of 60 seconds to
ensure that binding reached equilibrium, and a range of regeneration solutions were
tested to ensure the complete loss of bound chemokine from the CBP surface. Once
the regeneration conditions were optimised, kinetic studies were performed.

For kinetic studies, six to ten different concentrations of each chemokine were used.
The chemokines were injected sequentially over the same CBP surface in triplicate,
each for the duration of 60 s. The concentrations chosen were to allow for a selection
of binding curves for kinetic analysis, and were injected in a random manner. The
regeneration solutions used for the murine chemokines included 10 mM NaOAc, 50
mM glycine/100 mM NaCl, 10 mM NaOH, 15 mM NaOH, and 1 mM MgCl2 without
glycine. A stabilisation step was used in between each injection of chemokine.

The sensorgrams shown in Figures 3.9 to 3.16 were generated using the
BIAevaluation 3.1 software and contain one only replicate at each of the
concentrations used for kinetic analysis.
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hCCL2
mCCL2

MKVSAALLCLLLIAATFIPQGLAQPDAINAPVTCCYNFTNRKISVQRLASYRRITSSKCP 60
MQVPVMLLGLLFTVAGWSIHVLAQPDAVNAPLTCCYSFTSKMIPMSRLESYKRITSSRCP 60
*:*.. ** **: .* : : ******:***:****.**.: *.:.** **:*****:**

hCCL2
mCCL2

KEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQ 93
KEAVVFVTKLKREVCADPKKEWVQTYIKNLDRN 93
****:* * : :*:*****::*** :.:**::

hCCL3
mCCL3

MQVSTAALAVLLCTMALCNQ-FSASLAADTPTACCFSYTSRQIPQNFIADYFETSSQCSK 59
MKVSTTALAVLLCTMTLCNQVFSAPYGADTPTACCFSY-SRKIPRQFIVDYFETSSLCSQ 59
*:***:*********:**** ***. .*********** **:**::**.******* **:

hCCL3
mCCL3

PGVIFLTKRSRQVCADPSEEWVQKYVSDLELSA 92
PGVIFLTKRNRQICADSKETWVQEYITDLELNA 92
*********.**:***..* ***:*::****.*

hCCL5
mCCL5

MKVSAAALAVILIATALCAPASASPYSSDTTPCCFAYIARPLPRAHIKEYFYTSGKCSNP 60
MKISAAALTIILTAAALCTPAPASPYGSDTTPCCFAYLSLALPRAHVKEYFYTSSKCSNL 60
**:*****::** *:***:**.****.**********:: .*****:*******.****

hCCL5
mCCL5

AVVFVTRKNRQVCANPEKKWVREYINSLEMS 91
AVVFVTRRNRQVCANPEKKWVQEYINYLEMS 91
*******:*************:**** ****

hCCL19
mCCL19

----MALLLALSLLVLWTSPAPTLSGTNDAEDCCLSVTQKPIPGYIVRNFHYLLIKDGCR 56
MAPRVTPLLAFSLLVLWTFPAPTLGGANDAEDCCLSVTQRPIPGNIVKAFRYLLNEDGCR 60
:: ***:******* *****.*:************:**** **: *:*** :****

hCCL19
mCCL19

VPAVVFTTLRGRQLCAPPDQPWVERIIQRLQRTSAKMK----RRSS-- 98
VPAVVFTTLRGYQLCAPPDQPWVDRIIRRLKKSSAKNKGNSTRRSPVS 108
*********** ***********:***:**:::*** *
***.

hCCL21
mCCL21

MAQSLALSLLILVLAFGIPRTQGSDGGAQDCCLKYSQRKIPAKVVRSYRKQEPSLGCSIP 60
MAQMMTLSLLSLVLALCIPWTQGSDGGGQDCCLKYSQKKIPYSIVRGYRKQEPSLGCPIP 60
*** ::**** ****: ** *******.*********:*** .:**.**********.**

hCCL21
mCCL21

AILFLPRKRSQAELCADPKELWVQQLMQHLDKTPSPQKPAQGCRKDRGASKTGKKGKGSK 120
AILFLPRKHSKPELCANPEEGWVQNLMRRLDQPPAPGKQSPGCRKNRGTSKSGKKGKGSK 120
********:*:.****:*:* ***:**::**:.*:* * : ****:**:**:********

hCCL21
mCCL21

GCKRTERSQTPKGP 134
GCKRTEQTQPSRG- 133
******::*..:*

Figure 3.8
The alignment of human and murine CCL2, CCL3, CCL5, CCL19, and CCL21
protein sequences. The amino acids are colour-coded to indicate basic residues (MAGENTA), acidic
residues (BLUE), hydrophobic and aromatic residues (RED), and residues with hydroxyl chains (GREEN).
Exact identity is indicated by *, whereas substitutions are denoted by : (conserved) or . (semiconserved). Figure from generated using Clustal-W 2.0.12 multiple sequence alignment.
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Murine CCL2 concentration series
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Figure 3.9
Sensorgram of immobilised CBP binding murine CCL2. The CCL2 was diluted to 3, 6, 12, 25, 50, 75, 100, 150, and 200 nM concentrations in running buffer.
Each concentration was injected in triplicate over the immobilised CBP at a flow rate of 100 µl/min for the duration of 60 sec. The surface was regenerated with 10 mM NaOAc
(pH 4.0), followed by running buffer, both for 20 sec at a flow rate of 50 µl/min. The bound CCL2 is shown as the increase in response units (RU) over time (s). A stabilisation
time of 60 sec was used after regeneration and prior to the next injection of the chemokine concentration. The five concentrations shown above were chosen for affinity
analysis. The binding affinity was calculated with triplicate curves of each concentration but only a single representative curve is shown for clarity. Binding affinity calculations
were made using global fitting analysis with spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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Murine CCL3 concentration series
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Figure 3.10
Sensorgram of immobilised CBP binding murine CCL3. The bound CCL3 is shown as the increase in response units (RU) over time (s). The chemokine was
diluted to 25, 50, 75, 100, 110, 120, 130, 140, 150, and 200 nM concentrations in running buffer. Each concentration was injected in triplicate over the immobilised CBP at a
flow rate of 100 µl/min for the duration of 60 sec. The surface was regenerated with a two 12-sec injections of 50 mM glycine/100 mM NaCl (pH 3.0) at a flow rate of 50 µl/min.
A stabilisation time of 60 sec was used after regeneration and prior to the next injection of the chemokine concentration. The curves from 5 highest concentrations were chosen
for affinity analysis. The binding affinity was calculated with triplicate curves of each concentration but only a single representative curve is shown for clarity. Binding affinity
calculations were made using global fitting analysis with spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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Murine CCL5 concentration series
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Figure 3.11
Sensorgram of immobilised CBP binding murine CCL5. The bound CCL5 is shown as the increase in response units (RU) over time (s). The chemokine was
diluted to 3, 7, 12.5, 25, 50, 60, 70, 80, 90, 100, and 110 nM concentrations in running buffer. Each concentration was injected in triplicate over the immobilised CBP at a flow
rate of 100 µl/min for the duration of 60 sec. The surface was regenerated with two 12-sec injections of 50 mM glycine/100 mM NaCl (pH 3.0), both at a flow rate of 100 µl/min.
A stabilisation time of 120 sec was used after regeneration and prior to the next injection of the chemokine concentration. The five concentrations shown above were chosen
for affinity analysis. The binding affinity was calculated with triplicate curves of each concentration but only a single representative curve is shown for clarity. Binding affinity
calculations were made using global fitting analysis with spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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Murine XCL1 concentration series
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Figure 3.12
Sensorgram of immobilised CBP binding murine XCL1. The bound XCL1 is shown as the increase in response units (RU) over time (s). The chemokine was
diluted to 5, 7, 12, 25, 50, 75, 100, 110 and 150 nM concentrations in running buffer. Each concentration was injected in triplicate over the immobilised ORFV CBP at a flow
rate of 100 µl/min for the duration of 60 sec. The surface was regenerated with a 4-sec injection of 10 mM NaOH (pH 9.0), followed by a 6-sec injection of running buffer, both
at a flow rate of 100 µl/min. A stabilisation time of 120 sec was used after regeneration and prior to the next injection of the chemokine concentration. The six concentrations
shown above were chosen for affinity analysis. The binding affinity was calculated with triplicate curves of each concentration but only a single representative curve is shown
for clarity. Binding affinity calculations were made using global fitting analysis with spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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Human CCL19 concentration series
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Figure 3.13
Sensorgram of immobilised CBP binding human CCL19. The bound CCL19 is shown as the increase in response units (RU) over time (s). The chemokine
was diluted to 3, 7, 12.5, 25, 50, 75, 100, 150, 200, and 300 nM concentrations in running buffer. Each concentration was injected in triplicate over the immobilised ORFV CBP
at a flow rate of 100 µl/min for the duration of 60 sec. The surface was regenerated with 1 mM MgCl2 without glycine (pH 4.0), followed by running buffer at a flow rate of 50
µl/min. A stabilisation time of 60 sec was used after regeneration and prior to the next injection of the chemokine concentration. The five concentrations shown above were
chosen for affinity analysis. The binding affinity was calculated with triplicate curves of each concentration but only a single representative curve is shown for clarity. Binding
affinity calculations were made using global fitting analysis with spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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Murine CCL19 concentration series
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Figure 3.14
Sensorgram of immobilised CBP binding murine CCL19. The bound CCL19 is shown as the increase in response units (RU) over time (s). The chemokine
was diluted to 3, 7, 12.5, 25, 50, 75, 100, 110, 120, and 150 nM concentrations in running buffer. Each concentration was injected in triplicate over the immobilised CBP at a
flow rate of 100 µl/min for the duration of 60 sec. The surface was regenerated with a 1 mM MgCl2 without glycine (pH 4.0), followed by running buffer at a flow rate of 50
µl/min. A stabilisation time of 60 sec was used after regeneration and prior to the next injection of the chemokine concentration. The five concentrations shown above were
chosen for affinity analysis. The binding affinity was calculated with triplicate curves of each concentration but only a single representative curve is shown for clarity. Binding
affinity calculations were made using global fitting analysis with spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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Human CCL21 concentration series
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Figure 3.15
Sensorgram of immobilised CBP binding human CCL21. The bound CCL21 is shown as the increase in response units (RU) over time (s). The chemokine
was diluted to 5, 12.5, 25, 33, 50, 75, 100, and 120 nM concentrations in running buffer. Each concentration was injected in triplicate over the immobilised CBP at a flow rate of
100 µl/min for the duration of 60 sec. The surface was regenerated with a 5-sec injection of 15 mM NaOH (ph 9.0) , followed by a 6-sec injection of running buffer at a flow rate
of 100 µl/min. A stabilisation time of 120 sec was used after regeneration and prior to the next injection of the chemokine concentration. The six concentrations shown above
were chosen for affinity analysis. The binding affinity was calculated with triplicate curves of each concentration but only a single representative curve is shown for clarity.
Binding affinity calculations were made using global fitting analysis with spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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Murine CCL21 concentration series
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Figure 3.16
Sensorgram of immobilised CBP binding murine CCL21. The bound CCL21 is shown as the increase in response units (RU) over time (s). The chemokine
was diluted to 3, 7, 12, 25, 50, 75, 100, 110, 120, and 150 nM concentrations in running buffer. Each concentration was injected in triplicate over the immobilised CBP at a flow
rate of 100 µl/min for the duration of 60 sec. The surface was regenerated with two injections (12 sec and 6 sec) of 50 mM glycine/100 mM NaCl (pH 3.0) both at a flow rate of
50 µl/min. A stabilisation time of 60 sec was used after regeneration and prior to the next injection of the chemokine concentration. The six concentrations shown above were
chosen for affinity analysis. The binding affinity was calculated with triplicate curves of each concentration but only a single representative curve is shown for clarity. Binding
affinity calculations were made using global fitting analysis with spontaneous fitting of Kon and Koff, using the BIAevaluation 3.1 software.
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Kinetic analysis showed that ORFVNZ2 CBP bound murine C and CC chemokines
with high affinity with KD values in the nM range (Table 3.1). The binding affinity of
ORFVNZ2 CBP to the murine constitutive chemokines CCL19 and CCL21 was lower
than that observed for the human constitutive chemokines. In addition, the binding
affinity for CCL21 was lower than the KD value observed for human and murine
CCL19. Overall, viral CBP bound murine chemokines with lower affinity compared
to binding human chemokines.

Table 3.1
Kinetics data for the binding of ORFVNZ2 CBP to human and murine chemokines.
Columns indicate the association and dissociation rates for the chemokines and the calculated binding
affinity using the 1:1 mass transfer model in BIAevaluation software.

Kon (x 107)

Koff (x 10-3)

M-1.s-1

s-1

hCCL2

6.2 ± 0.01

0.346 ± 0.6

0.056

mCCL2

1.02 ± 0.34

4.15 ± 0.86

0.406

mCCL3

0.183 ± 0.018

0.255 ± 0.059

0.14

mCCL5

0.798 ± 0.026

0.242 ± 0.085

0.03

mXCL1

0.00183 ± 0.00002

0.0103 ± 0.003

0.561

mCCL21

0.0235 ± 0.0011

16.7 ± 0.99

7.13

hCCL21

0.086 ± 0.0072

14.7 ± 0.87

1.71

mCCL19

0.136 ± 0.003

0.034 ± 0.005

0.025

hCCL19

0.363 ± 0.004

0.0557 ± 0.0014

0.015

Chemokines

KD (nM)
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3.5

Discussion

The initial aim of this study was to determine the binding specificity and affinity of
ORFVNZ2 CBP and ORFVNZ7 CBP for murine C and CC chemokines using surface
plasmon resonance studies. The direct amine coupling method was used to immobilise
ORFVNZ2 CBP to a CM5 sensor chip at a pH of 4.0 in 10mM NaOAc coupling buffer.
However, attempts to immobilise ORFVNZ7 CBP under the same conditions were
unsuccessful. ORFVNZ7 CBP did bind directly to the CM5 dextran surface when the
pH was 3.0. However the resulting bound protein did not result in a sufficient increase
in RU to indicate adequate immobilisation, and a single test run with human CCL2
did not result in any binding. This may have been due to insufficient immobilisation
or may indicate that the protein had denatured at the lower pH. Similar results were
obtained by Seet et al. (2003) whereby ORFVNZ7 CBP did not immobilise
successfully under various pH values and buffer types tested (personal
communication). Other direct methods of immobilisation include thiol and aldehyde
coupling. Both require pre-treatment with agents that create free cysteine residues or
aldehydes in glycosylated proteins but these are also likely to alter the structure of
ORFVNZ7 CBP and hence may affect binding ability. An alternative is indirect
coupling by immobilising anti-FLAG antibody and capturing the FLAG-tagged
ORFVNZ7 CBP on the sensor chip. The indirect coupling method has been
successfully used to capture antibodies in the correct orientation to study binding
kinetics (from table in SPR manual – find original refs). The indirect coupling method
is also used for proteins that are biotinylated or tagged with oligo-histidines, which
are bound by sensor chips coated with streptavidin and nickel-nitrilotriacetic acid,
respectively. The indirect coupling method of immobilisation was not pursued with
ORFVNZ7 CBP due to the requirement of large amounts of both antibodies and viral
protein. An added hurdle would involve optimising regeneration solutions that only
removed the bound chemokine, without detaching the FLAG-tagged CBP, or resulting
in the denaturing of the anti-FLAG antibody. Further kinetic studies were performed
only with ORFVNZ2 CBP.
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Previous kinetics studies using surface plasmon resonance analyses showed that
ORFVNZ2 CBP bound human C and inflammatory CC chemokines with high affinity.
Seet et al. (2003) immobilised ORFVNZ2 CBP at a density of 400 RU on a CM5
sensor chip, and analysed binding affinity using Biacore X machine. The binding was
characterised by fast Ka and slow Kd, indicating high affinity interactions. The KD
values of 0.598 nM, 0.186, and 0.03 nM were obtained for XCL1, CCL2, and CCL3,
respectively (Seet et al. 2003). These values are comparable to the binding affinity of
ORFVNZ2 CBP for murine C and CC chemokines calculated in this study. The highest
binding affinity for inflammatory chemokines in this study was observed for mCCL5,
which was not assayed by Seet et al. (2003). This study is also the first to report the
binding affinity of ORFVNZ2 CBP to human and murine constitutive chemokines. As
expected, ORFVNZ2 CBP bound human constitutive chemokines with higher affinity
than its murine counterparts. In addition, the binding affinity to CCL19 was in the
lower KD range than CCL21, indicating higher affinity interactions.
The high affinity binding between ORFVNZ2 CBP and murine chemokines observed in
this study ranges from 0.01 to 7 nM, and is similar to the KD values obtained for other
viral CBP using various protein-protein interaction assay techniques. These are
summarised in Table 3.2 and shows only the C and CC chemokines relevant to this
study. The early binding specificity and affinity studies were performed on
supernatants from wild type virus or CBP-deletion mutant infected cells.
Radiolabelled chemokines were used in immunoprecipitation studies to initially
identify poxvirus chemokine-binding proteins (Graham et al. 1997, Alcami et al.
1998). By using a radiolabelled chemokine with mid-range binding affinity,
competitive binding studies were performed to determine binding specificity to a
range of mammalian C, CC, and CXC chemokines (Graham et al. 1997, Smith and
Alcami, 2000, van Berkel et al. 2000). When higher sensitivity and throughput are
required, the scintillation proximity assay is used. This method also used radiolabelled
chemokines but the emission of the radioactive decay is measured as light (ref).
Bryant et al. (2003) used this method to demonstrate that equine, bovine, rangiferine,
caprine and corvine herpesvirus glycoprotein G proteins bound both 125I-CCL3 and
125

I-CXCL8.
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Table 3.2.
Comparison of KD values obtained using kinetic studies of viral CBPs and human and
murine chemokines. ++ indicates positive binding without kinetic analysis, — indicates no binding. SPR:
surface plasmon resonance.

Viral CBP
γ-herpesvirus M3

Pseudorabies virus

Equine herpesvirus 1

Chemokine
hCCL5

KD (nM)

Immunoprecipitation with

van Berkel et al.

mXCL1

9.3

125

(2000)

mCCL3

6.4

hCCL5

8.4

hXCL1

15.5

hXCL1

17.6

hXCL1

28

Bovine herpesvirus 5

hXCL1

38.5

Vaccinia virus A41L

hCCL21

116

mCCL21

118

mXCL1

Cowpoxvirus p32

Cowpoxvirus p32

Variola p35

hCCL2

(2010)
Scintillation proximity
assay with

125

SPR kinetic analysis

Bahar et al. (2008)

15.1

Immunoprecipitation with

Alcami et al. (1998)

125

0.103

hCCL5

7.2

hXCL1

—

mCCL2

0.037

Immunoprecipitation with

mCCL3

0.083

125

hCCL2

++

Qualitative SPR assay

hCCL3

++

using capture antibody

hCCL5

++

mCCL2

1.0

73

mCCL5

I-CCL3

Smith et al. (1997)

I-CCL2

Immunoprecipitation with
I-CCL2

Immunoprecipitation with
125

mCCL3

Bryant et al. (2003)

I-CXCL1

hCCL3

hCCL5

Viejo-Borbolla et al.

12 119

M-T1
Ectromelia virus CBP

I-CCL5

SPR kinetic analysis

125

Myxoma virus

Reference

9.4

Bovine herpesvirus 1

Vaccinia virus CBP

Assay Method

Graham et al. (1997)

I-CCL5

++

Immunoprecipitation with

Smith and Alcami,

++

125

(2000)

I-CCL3 and

125

I-CCL5

In both immunoprecipitation methods, the binding affinity is calculated by Scatchard
analysis. A Scatchard plot linearises binding data obtained at equilibrium by plotting
bound radiolabelled chemokine on the x-axis and the proportion of free radiolabelled
chemokine on the y-axis. The resulting slope gives the negative reciprocal of KD
(Motulsky and Christopoulos, 2003). The earliest SPR study performed by Smith et
al. (1997) was qualitative and showed positive binding between cowpoxvirus CBP
and human inflammatory CC chemokines CCL2, CCL3, and CCL5.
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The inflammatory CC and CXC chemokines were the focus of study in the majority
of the binding affinity studies of viral CBPs. There is limited kinetic data regarding
the ability of poxvirus and herpesvirus CBPs to bind constitutive CC chemokines. The
binding affinity between the glycosylated vaccinia virus A41L and CCL21 were 118
nM and 116 nM for human and murine chemokines, respectively (Bahar et al. 2008).
It is interesting to note that the non-glycosylated A41L is four-fold more potent at
binding mCCL21 (KD 25 nM). The authors concluded that the lower affinity binding
is sufficient to disrupt gradient formation by CBPs that occlude the GAG-binding
region of chemokines. Vaccinia also encodes a CBP that binds the region overlapping
the receptor-binding site of chemokines and this interaction is likely to be of a higher
affinity (Bahar et al. 2008). This is indicated by previous studies that showed that
hCCL21, mCCL21, and hCCL19 displaced 125I-CCL4 bound to vaccinia CBP in
competition binding studies, indicating higher affinity interactions (Burns et al. 2002).
It is more likely that poxviruses like vaccinia, that cause systemic infections will bind
constitutive chemokines with higher affinity than observed for ORFVNZ2 CBP. This
view is supported by studies of other viruses that cause persistent or latent infections.
The chemokine binding protein, M3 from murine γ-herpesvirus inhibited CCL19 and
CCL21 induced chemotaxis both in vitro and in vivo (Jensen et al. 2003). The simian
immunodeficiency virus disrupts CCL21-induced dendritic cell trafficking in vivo
(Choi et al. 2003), and hepatitis C virus-encoded E2 renders dendritic cells
unresponsive to CCL21 (Nattermann et al. 2006).

Direct comparisons cannot be made between the binding affinities of ORFVNZ2 CBP
to the other viral CBPs as the assay methods used to determine KD was distinct in
each case. Despite the variations in KD values, most of the CC chemokines bound
viral CBPs with higher affinities than their mammalian receptors (2 - 10 nM; Kelvin
et al. 1993). An exception is the KD of 73 nM obtained for M-T1 interaction with
human 125I-CCL2 (Graham et al. 1997). Myxoma virus is species-specific and it is
likely that M-T1 would bind leporid chemokines with higher affinity than human
chemokines. It is also difficult to compare in vitro molecular binding affinity data to
interactions that may occur in vivo during viral pathogenesis. Smith et al. (1997)
showed that cowpoxvirus CBP bound murine 125I-CCL2 at a KD 0.03 nM which was
ten-fold lower than the binding affinity of mCCL2 to CCR2 on human ThP-1 cells
(KD 0.3 nM). It was not determined if the amount of cowpoxvirus CBP used
34

correlated to levels produced during virus infection. Investigations have shown
physiological levels of CBP are effective in blocking the interaction of chemokines
with their cognate receptors. Supernatants from cells transfected with Lister strain
vaccinia virus, cowpoxvirus, camelpoxvirus and rabbitpox virus, were effective in
blocking 125I-CCL3 and 125I-CCL5 from binding their cognate receptors on U937 cells
(Alcami et al. 1998). Similar results were obtained from studies with ectromelia virus
CBP (Smith and Alcami, 2000). Neither of these studies quantified the amount of
CBP produced during viral infection in cell culture.

Orf virus-infected cells secrete 60 to 120 ng/ml of CBP into the supernatant over a 2
to 5 day culture (Fleming, unpublished). Moreover, the binding affinity data obtained
in this study for murine CCL2, CCL3 and CCL5 suggests that ORFVNZ2 CBP will
likely outcompete their cognate murine receptors. The binding affinities of the murine
CC constitutive chemokines to CCR7 are not known. Studies of human CCR7transfected cell lines have shown KD in the 100 pM range for both CCL19 and CCL21
(Sullivan et al. 1999) though it is not known if this is physiologically relevant.

The ability to bind murine chemokines with high affinity allows the use of murine cell
lines and murine in vivo models to further characterise the functions of ORFV CBP.

35

Chapter 4
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4.1

Aims

Surface plasmon resonance analysis showed that ORFVNZ2 CBP binds various murine
inflammatory and constitutive chemokines with high affinity. The aim of this part of
the study was to investigate the effects of CBP on chemokine-induced migration of
murine cells in chemotaxis assays.

4.2

Introduction

The ability of cells to migrate forms the basis of many physiological functions
including embryonic development, wound healing, and immunity (Petrie et al. 2009).
Cellular migration is also responsible for several pathological conditions, such as
chronic inflammatory diseases, vascular abnormalities and metastasis of cancer cells
(Janetopoulos and Firtel 2008).

Cellular movement in vivo is composed of both a directional migration (chemotaxis)
and an increase in the speed of movement (chemokinesis). In vitro migration assays
should ideally mimic in vivo cellular movement. In the 1950s, Harris defined key
principles of an ideal cell migration assay, which is characterised by the following:


The assay must allow cells to move freely both towards and away from a given
stimulus without allowing for passive movement of cells towards the stimulus



The chemotactic agent, if soluble, must be localised and the concentration
gradient must be controlled



The assay must accommodate the ability to differentiate between chemokinesis
and chemotaxis



The experimental design must abate or minimise sampling errors

The most commonly used chemotaxis assay is a transwell migration system (Frow et
al. 2004). The original transwell migration assay was designed by Boyden (1962) to
demonstrate the migration of rabbit polymorphonuclear leukocytes in response to
ovalbumin.

The modern transwell migration assays utilise membrane inserts that fit into existing
cell culture plates to create wells with upper and lower chambers. The cells of interest
are placed in the upper chamber and the chemoattractant is titrated in the lower
chamber (Figure 4.1). The pore size of the dividing membrane is selected to account
for the size and type of cell being assayed.

Figure 4.1
Schematic of a transwell migration assay. A membrane insert divides the well into
upper and lower chambers. The chemoattractant is placed in the lower well, which diffuses into the
upper well. The cells in the upper well respond to the chemoattractant by directional movement towards
the lower chamber.

When the chemoattractant in the lower chamber disperses into the upper chamber, the
cells undergo intracellular changes as a result of receptor activation. This leads to the
polarisation of cells, where further receptors are upregulated at the leading edge of the
cell to encourage directional movement (Munevar et al. 2001). Active movement is a
result of tightly controlled rearrangement of actin filaments, and expression of cell
surface integrins to tether the moving cell (Palecek et al. 1997).

The transwell migration assay does not meet all the principles of an ideal system, but
it gives unidirectional information about cell movement as well as allows for high
throughput for screening of multiple compounds, allowing comparisons between cell
types and various chemoattractants in an individual assay.

4.3

Materials and Methods

The monocytes and dendritic cells used in this study were generated from C57BL/6
and eGFP-BL/6 mice as described in Chapter 2. The cells were used at the same stage
of differentiation with identical protocols for harvesting and enumerating cells prior to
use in transwell migration assays. All the assays included control wells with media
alone, or CBP alone. The media-only control determined the numbers of cells that
migrated in response to chemoattractants in FCS (Frow et al. 2004). Including CBPs
as control, allowed for analysis of any morphological changes the viral protein may
have on the cells, which were assessed during flow cytometry.
Monocytes and dendritic cells were used at a final concentration of 1 x 105 cells in
100 µl complete DMEM with 5 % FCS in the top chamber of a 24-well transwell plate
with 5 µm membranes (Costar). The murine chemokines were diluted in complete
DMEM with 5 % FCS and placed in the bottom chamber with or without viral CBPs,
in a total volume of 600 µl. The assay was incubated at 37°C in 10% CO2 for 90
minutes for dendritic cells (Sozzani et al 1995, 1998), and 180 minutes for monocytes
(Wang et al. 1993, Zella et al. 1998).

After the incubation period, the inserts were taken off and the cells that migrated
through the membrane into the bottom chamber were collected into FACS tubes and
enumerated by a 2-min aspiration cycle using the flow cytometer (Frow et al. 2004).
The cells that had adhered to the underside of the membrane were fixed in 0.5 %
glutaldehyde solution and enumerated by fluorescent microscopy (Sozzani et al. 1997,
Dieu-Nosjean et al. 1999, Vecchi et al. 1999). For each membrane, 4 high-powered
fields were photographed under 40 x objective and analysed using ImageJ™ software.

4.4

Results

4.4.1 Inhibition of monocyte migration by CBP

In this study, bone marrow cells from C57-BL/6 mice or eGFP-BL/6 mice were
utilised to generate monocytes in the presence of 10 % M-SCF. Cells cultured in the
presence of M-CSF, and used on day 5 of culture and were approximately 90%
monocytes (Figure 4.2a) as characterised by the presence of the CD11b marker
(Stratis et al. 2006). They expressed low levels of MHC-II on their cell surface as
indicated by mean fluorescence intensity of x (Figure 4.2b).
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Figure 4.2
Phenotype analysis of murine bone marrow derived monocytes. The levels of (A)
CD11b expression and (B) MHC-II expression are shown as histograms. Figures are from a single
sample and are representative of monocytes used in other experiments. Histograms were generated
using FlowJo software.

Initial experiments were performed to determine the optimal concentration of
inflammatory chemokines required to induce maximal cellular migration in a given
time. Monocytes express the CC chemokine receptors CCR2 (Brühl et al. 2007),
CCR1, CCR3, and CCR5 (Zella et al. 1999) and thus respond to the inflammatory
chemokines CCL2, CCL3 and CCL5. The optimal concentration of chemokines used
in this study was determined by the incubation of a known number of cells against a
titration of chemokines in transwell migration assays.
A total number of 105 monocytes were placed in the top chamber of a transwell
migration assay. The inflammatory chemokines CCL2, CCL3, and CCL5 were titrated
in doubling dilutions from 6.25 ng/ml to 200 ng/ml in the bottom chamber.

Monocytes migrated at optimal numbers when the chemokine concentrations were in
the range of 12.5 to 50 ng/ml for CCL2, CCL3 and CCL5 (Figure 4.3). The migration
of monocytes was inhibited at higher concentrations of chemokines. This is consistent
with published data (Falk et al. 1980, Frow et al. 2004), and is typically referred to as
bell-shaped dose response curve. In terms of total cell numbers, there were fewer cells
that had adhered to the underside of the membrane than found in the lower chamber.
The fold increase however, is higher for the membrane adherent cells as the
background levels of adherent cells were minimal compared to the flow through cell
numbers.
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Figure 4.3
Migration of monocytes in response to inflammatory chemokines. Cells (1 x 10 ) were
placed in the top chamber and chemokines as the concentrations indicated were added to the bottom
chamber of a chemotaxis assay. The assay was incubated for 3 h, after which the optimum chemokine
concentration for chemotaxis was determined by enumerating monocytes in the lower chamber by flow
cytometry (A) and counting monocytes that had adhered to the bottom of the membrane filter via
fluorescent microscopy (B). The data shown represents the combined values of 3 assays performed in
duplicate. Values represent mean + standard deviation.

After determining the optimal migratory concentration required for chemotaxis of
monocytes, the ORFV CBPs were tested for their ability to inhibit migration induced
by CCL2, CCL3, and CCL5. The viral CBPs were added with the chemokines in
increasing molar ratios from half the molar amount of chemokine to a four-fold
increase in molar ratio.

When CBP was present together with chemokines in the bottom chamber, there was a
dose-dependant reduction in the migration of monocytes (Figure 4.4). At the molar
ratio of chemokine to CBP of 1:0.5, there was an inhibition of monocyte migration to
the lower wells in response to all three chemokines tested using both enumeration
methods, though this was not statistically significant (p < 0.05). At the molar ratio of
chemokine to CBP of 1:1, there was significant inhibition of migration of the
monocytes for all three chemokines tested, with the only exception being the
inhibition of CCL2-induced monocyte migration by ORFVNZ2 CBP. The highest
inhibition was seen at a molar ratio of 1:4 for ORFV CBPs (p < 0.05). There was no
difference in the overall degree of inhibition seen with ORFVNZ2 CBP compared with
ORFVNZ7 CBP. More importantly, there was no induced migration of cells in
response to CBP alone in the lower chamber. In all experiments, the presence of CBPs
in the lower chamber reduced the background migration of monocytes, though this
was not statistically significant (p < 0.05).

There was no significant difference between the two enumeration methods employed.
The higher fold increase was again observed with the membrane adherent cells
compared to the flow through cells. Overall, the number of cells that either adhered to
the membrane or collected in the lower chamber differed between experiments but the
relative fold increase was consistent between the experimental repeats.

4.4.2 Inhibition of immature dendritic cell migration by CBP

Dendritic cells are identified predominantly by the expression of the surface integrin
CD11c (Steinman R. M., 1991). Immature dendritic cells also express low levels of
MHC-II and co-stimulatory molecules CD80 and CD86, as well as adhesion molecule
CD54 and CD40 (Inaba et al. 1994, Hao et al. 2006).

Immature dendritic cells were generated from the bone marrow of C57BL/6 and
eGFP-BL/6 mice in the presence of 5 % GM-CSF. On day 5 of culture, the immature
dendritic cells were harvested and identified using the CD11c marker. The gated
CD11c+ cells were phenotyped for the expression of MHC-II, CD80, CD86, CD54,
CD40, and the presence of the chemokine receptor CCR5 (Figure 4.5).

100

% of Max

80

60

40

44.1

29.4

54.3

20

0
100

101

102
MHC-II

103

104 10 0

10 1

10 2
CD 80

10 3

10 4 10 0

10 1

10 2
CD 86

10 3

10 4

10 3

10 4

100

% of Max

80

60
78.5

80.2

21.2

40

20

0
100

Figure 4.5

101

102
CD 54

103

104 10 0

10 1

10 2
CD 40

10 3

10 4 10 0

10 1

10 2
CCR 5

Characterisation of immature dendritic cells derived from bone marrow. Day 5

dendritic cells express MHC-II, CD40, CD54, CD80, CD86, and CCR5. The isotype controls are shown
in grey and percentage values are expressed in each histogram. Data is from a single culture of
dendritic cells. Histograms generated using FlowJo software.

Preliminary experiments were performed to determine the optimal concentration of
inflammatory chemokines required for migration of immature dendritic cells.
Previous in vitro studies with immature dendritic cells suggest that they respond to a
range of CC chemokines, including CCL3, CCL4, CCL5, CCL7, CCL13 and CCL22
(Vermaelen et al. 2003, de la Rosa et al. 2003).
In this study, the immature dendritic cells were used at a concentration of 105 cells in
the upper wells of the transwell migration assay. In the lower chamber, the
inflammatory chemokines CCL2, CCL3, and CCL5 were used in doubling
concentrations from 6.25 ng/ml to 200 ng/ml. The constitutive chemokine CCL19 was
used as a negative control, as migration to CCL19 requires the CCR7 receptor, which
is present only on mature dendritic cells. The assay was incubated for 90 minutes. The
adherent cells on the membrane were fixed and visualised using the fluorescent
microscope and the cells in the lower chamber were analysed via flow cytometry.

The dendritic cells migrated in maximum numbers to the bottom chamber when
CCL2, CCL3 and CCL5 were present at a concentration of 25 ng/ml (Figure 4.6a).
The highest migration was observed for CCL2 with a 7-fold increase above
background, followed by a 6-fold increase in response to CCL5 and approximately 5fold increase with CCL3 (Figure 4.6a). The adherent dendritic cells also responded in
optimal numbers to 25 ng/ml of all three chemokines (Figure 4.6b). However, the
maximum numbers of adherent dendritic cells was observed with CCL3 and CCL5
with almost a 14-fold increase above background, followed by a 6-fold increase with
CCL2. The migration response to CCL3 and CCL5 also had two peaks, one at 25
ng/ml and the other at 100 ng/ml, and was apparent with all three replicates of the
experiment (Figure 4.6b).
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Figure 4.6
Migration of immature dendritic cells in response to inflammatory chemokines. Cells (1
5
x 10 ) were placed in the top chamber and chemokines at the concentrations indicated were added to
the bottom chamber of a chemotaxis assay. The assay was incubated for 90 min. Immature dendritic
cells migrate to an optimal concentration of 25 ng/ml for all three chemokines, as determined for flowthrough cells by flow cytometry (A) and adherent cells by fluorescent microscopy (B). The data shown
represent the combined values of 3 assays performed in duplicate. Values represent mean +/- standard
deviation.

After determining the optimal migratory concentration required for chemotaxis of
monocytes, the ORFV CBPs were tested for their ability to inhibit migration induced
by CCL2, CCL3, and CCL5. The two viral proteins were titrated at the chemokine to
CBP ratio ranging from 1:0.5 to 1:4 in the lower chamber of transwell migration
assays.

The presence of increasing concentrations of ORFVNZ2 CBP and ORFVNZ7 CBP
resulted in an increase in the inhibition of immature dendritic cell migration to the
lower chamber of the transwell assays in response to CCL2, CCL3, and CCL5 (Figure
4.7). The inhibition of CCL2 and CCL5 induced migration was most pronounced with
significant difference even at chemokine:CBP ratios of 1:0.5, in both the adherent
(Figure 4.7a,c) and the flow through cells (Figure 4.7d, f) (p < 0.05). There was no
significant difference in the inhibition of ORFVNZ2 CBP when compared with
ORFVNZ7 CBP, even though ORFVNZ7 CBP appears to inhibit adherent cell migration
in response to CCL3 better than ORFVNZ2 CBP (p < 0.05, Figure 4.7b).
The main difference in dendritic cell migration was apparent in the enumeration
techniques employed. There were more adherent cells on the underside of the
membrane in response to CCL3 and CCL5, compared to CCL2. The numbers of flow
through cells in response to all the chemokines were relatively the same, ranging from
between 4 to 6-fold increase above background. There was a reduction in the
background migration of cells in response to ORFV CBP alone present in the lower
well, but as with the monocyte transwell data, this was not significant (p < 0.05
ANOVA and Tukeys test).

4.4.3 Inhibition of mature dendritic cell migration by CBP

Upon antigen uptake, dendritic cells mature and upregulate cell surface molecules
required for antigen presentation to T cells. These include an increase in the
expression of MHC-II and co-stimulatory molecules CD80 and CD86. The
inflammatory chemokine receptor CCR5 is downregulated and the constitutive
chemokine receptor CCR7 is upregulated (de la Rosa et al. 2003).

The immature dendritic cells generated from bone marrow of C57BL/6 mice were
treated with 5 µg / ml CpG to induce activation and maturation. Overnight incubation
with CpG resulted in upregulation of MHC-II, CD80 and CD86 (Figure 4.8). The
expression of CCR7 was also upregulated with a concomitant decrease in CCR5
expression, indicating a mature dendritic cell phenotype.
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Figure 4.8
Characterisation of dendritic cells derived from bone marrow. Day 5 dendritic cells
after overnight exposure to CpG, upregulate their cell surface expression of MHC-II and co-stimulatory
molecules CD80, and CD86. The chemokine receptor CCR5 is downregulated in mature dendritic cells
and CC7 is upregulated in response to CpG. The blue line in histograms denotes the immature dendritic
cells and the brown line denotes the mature phenotype. Isotype controls are shown in black. Percentage
values are expressed in each histogram.

Mature dendritic cells were used at a concentration of 105 cells in the upper wells of
the transwell migration assay. In the lower chamber, CCL19 and CCL21 were titrated
in concentrations ranging from 3 ng/ml to 100 ng/ml. The inflammatory chemokine
CCL2 was used as a negative control. The cells that migrated in response to the
chemokines into the lower chamber were collected after a 90-minute incubation and
enumerated using the flow cytometer.

A different optimisation curve was seen with the constitutive chemokines rather than
the typical bell-shaped dose response curve. At the lowest concentration of chemokine
(3 ng/ml), the mature dendritic cells migrated at a 3-fold increase above background.
With the higher concentration of chemokines, the migration levels did not reach above
a 4-fold increase. This resulted in a plateau-shaped curve, whereby large numbers of
cells migrated in response to even the smallest amount of chemokine, and there was
no peak migration with any particular dose of chemokine (Figure 4.9). The CpGpulsed mature dendritic cells did not migrate in response to CCL2 at any of the
concentrations tested (Figure 4.9).
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Figure 4.9
Migration of mature dendritic cells in response to constitutive chemokines. The
5
dendritic cells were matured by pulsing overnight with 5ug/ml CpG. The mature cells (1 x 10 ) were
placed in the top chamber and chemokines at the concentrations indicated were added to the bottom
chamber of a chemotaxis assay. Murine CCL2 was used as negative control. The assay was incubated
for 90 min and migrated cells were enumerated using flow cytometry. Data is representative of three
combined experiments, showing mean and standard deviation.

Since there was no optimal chemokine concentration at which the mature dendritic
cells migrated in higher numbers, the concentration of 12.5 ng/ml was chosen for
further experiments. Previous studies with mature dendritic cells in transwell assays
have shown effective migration of cells in response to CCL19 and CCL21 used at
concentrations of 4 ng/ml (Yanagawa Y and K Onoe, 2002), 10 ng/ml (Saeki et al.
1999), 100 ng/ml (Tschoep et al. 2003), and 250 ng/ml (Shi et al. 2004).

The viral proteins were initially used at chemokine to CBP molar ratios ranging from
1:0.5 to 1:4. The initial experiments revealed that CBP inhibited the migration of
CCL19-induced mature dendritic cells in a dose dependent manner (Figure 4.10a), but
had no discernable effect on CCL21-induced migration. The experiments with CCL21
were repeated with higher molar ratios of CBPs, ranging from 1:2 to 1: 32 (Figure
4.10b). There was minimal inhibition of CCL-21 induced mature dendritic cell
migration when CBP was present at 8 times the amount of chemokine but this was not
statistically significant (p < 0.05). In order to suppress migration of mature dendritic
cells in response to CCL21, viral CBPs were required in concentrations above 1:16,
with migration reduced to background levels at 1:32 molar ratio (Figure 4.10b).

A
Fold Increase

5

NZ2
NZ7

4
3

**

2

**

1

**

**

0
cells
only

CCL19

1:0.5

1:1

1:2

1:4

1:8

CBP
only

Molar ratio of CCL19 to CBP

Fold Increase

B

5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

NZ2
NZ7

* *

cells
only

CCL21

1:2

1:4

1:8

1:16

* *

1:32

CBP
only

Molar ratio of CCL21 to CBP

Figure 4.10
CBP inhibits migration of mature dendritic cells in response to constitutive
chemokines. The chemokines CCL19 (A) and CCL21 (B) were used at a concentration of 12.5 ng/ml.
CBP was added to give the molar ratios shown. Fold increase represents the migration of dendritic cells
above the cell only control. The data are shown as mean and standard deviation of 3 combined
experiments, each performed in duplicate. Results significantly different to CCL only are indicated by
asterisks (* p < 0.05; ANOVA, Tukey’s test).

4.5

Discussion

Transwell migration assays were performed to determine the ability of ORFV CBP to
inhibit murine chemokine-induced migration of monocytes and dendritic cells. The
optimal chemokine concentration at which peak migration occurred was distinct for
each chemokine and cell type.

In this study, it was found that monocytes and immature dendritic cells migrated in
response to various concentrations of murine inflammatory chemokines CCL2, CCL3
and CCL5, in the form of a bell-shaped dose response curve. This response pattern is
consistent with previous studies where the migration of immune cells decreased in
response to the highest concentrations of chemokine, most likely due to receptor
saturation and has been observed in transwell assay systems, as well as agarose and
collagen gel systems (Frow et al. 2004).

This study determined that monocytes migrated in optimal numbers to 50 ng/ml, 12.5
ng/ml, and 25 ng/ml of CCL2, CCL3, and CCL5, respectively. The migration of
immature dendritic cells was optimal at 25 ng/ml for all the chemokines tested.
Previous studies with monocytes have used a range of chemokine concentrations to
induce optimal migration as enumerated by flow cytometry; Zella et al. (1998, 1999)
used 100 ng/ml of CCL3 and 75 ng/ml CCL5 for transwell migration assays. Vaddi
and Newton (1994) calculated optimal concentrations of CCL2, CCL3 and CCL5 as
130 ng/ml, 80 ng/ml and 75 ng/ml, as determined by counting adherent cells on the
membrane. Previous studies with immature dendritic cell migration also show
differences in chemokine optimisation. The optimal migration of adherent immature
dendritic cell in response to CCL2, CCL3 and CCL5 were between 10 ng/ml and 100
ng/ml (Vecchi et al. 1999). Immature dendritic cells have also been shown to migrate
optimally to approximately 50 ng/ml of CCL3 and CCL5 as assayed by flow
cytometry (Lin et al. 2000).

The differences in the optimal chemokine concentrations observed in previous studies
can be attributed to the source and concentration of cells used in the transwell
migration assay. The MonoMac-6 cells are at a later stage of differentiation than
THP-1 monocytes and migrate more efficiently in response to 50 ng/ml CCL2, CCL3,
and CCL5 (Cross et al. 1997). The source and culture method of dendritic cells also
results in the expression of specific chemokine receptors (refs and examples).
Additional factors include the pore size of the membrane, the source of chemokines,
and the enumeration method for migrated cells (Frow et al. 2004). This study
enumerated adherent cells via fluorescent microscopy and flow-through cells via flow
cytometry.

The transwell migration assays in this study demonstrated that ORFVNZ2 CBP and
ORFVNZ7 CBP inhibited murine chemokine-induced migration of immune cells. The
migration of immature dendritic cells and monocytes in response to the chemokines
CCL2, CCL3 and CCL5 was inhibited in a dose dependent manner with increasing
concentrations of CBPs. When used at the highest ratio of chemokine to CBP of 1:4,
the concentration of ORFV CBPs ranged from 400 to 750 ng/ml (~ 6.25 to 12.0 pM)
of total protein. This is consistent with previously published work whereby migration
of human monocytes in response to 50 ng/ml CCL2 was inhibited in the presence of
between 500 to 1500 ng/ml cowpoxvirus CBP (Smith et al. 1997). The chemotaxis of
U937 cells in response to 100 pM 125I-CCL3 was also inhibited by 50 % and 95 % in
the presence of 10 to 50 pM of His-tagged vaccinia virus CBP, respectively (Alcami
et al. 1998). These values correspond well to in vivo studies, whereby eotaxin-induced
infiltration of eosinophils was inhibited in guinea pig skin in the presence of
increasing amounts of vaccinia virus CBP. The molar ratio of vaccinia virus CBP to
eotaxin that resulted in complete inhibition of eosinophil recruitment was 3:1, with 50
% inhibition observed at a ratio of 1:1 (Alcami et al. 1998)

These inhibition values correspond to the consistent 50 % reduction in the numbers of
migrating monocytes and dendritic cells observed when ORFV CBPs were used at a
chemokine:CBP ratio of 1:1. In all inflammatory chemokines tested in this study, a
chemokine to CBP ratio of 1:4 reduced migration to background levels. In addition,
the presence of CBP-alone inhibited background migration of cells, indicating that
soluble factors in the medium act as chemoattractants.

Mature dendritic cells pulsed overnight with CpG to upregulate CCR7, responded in
large numbers to even the smallest concentration of the constitutive chemokines
CCL19 and CCL21, and did not exhibit the bell-shaped response curve typically seen
with inflammatory chemokines. This response has been reported previously. Mature
cells from a splenic dendritic cell line were shown to migrate at similar levels to
CCL19 at concentrations between 0.16 ng/ml and 100 ng/ml, with a slight peak at 4
ng/ml (Yanagawa Y and K Onoe, 2002). A possible explanation as to why mature
dendritic cells do not show inhibition to high concentrations of constitutive
chemokines may lie in the levels of factors that determine migration speed. A study
that analysed the intracellular pathways involved in signalling of CCR7 and activation
of Gi protein, observed an increase in the proteins Rho and cofilin (Riol-Blanco et al.
2005). These proteins are involved in regulating the speed of cells that are already
undergoing chemotaxis. In vivo studies with T cells have shown that activation of the
CCR7 receptor leads to an increase in migratory speed allowing effective migration in
the lymph nodes (Okada T. and J. G. Cyster, 2007).

Interestingly, in this study there were substantial differences in the levels of CBP
required to inhibit CCL19 and CCL21 induced migration of mature dendritic cells. At
a chemokine to CBP ratio of 1:1, the migration of mature dendritic cells to CCL19
was significantly inhibited and the highest inhibition was observed when CBP was
present at four times the molar ratio of CCL19. In contrast, the inhibition of CCL21induced migration of mature dendritic cells required a much larger concentration of
ORFV CBP. The inhibition of migration was significant when CBP was present at 16
times the molar ratio of CCL21. This is consistent with the lower binding affinity of
ORFVNZ2 CBP to CCL21 as shown by surface plasmon resonance assays.
An alternative explanation for the apparent ineffective inhibition of CCL21-induced
migration of dendritic cells may lie in the ability of murine CCL21 to bind and signal
through both CCR7 and CXCR3 (Soto et al. 1998). At present, not much is known
about the binding sites for these two receptors but it is possible that they may be
identical, or they may overlap, or they may be distinct from each other. In the first two
instances, CBP bound to CCL21 may occlude the receptor-binding site and prevent
binding to both CCR7 and CXCR3 and thus inhibit migration more effectively. In the

latter instance, CBP will only hinder migration to CCR7 signalling but will not affect
CXCR3 activation. The levels of the CXCR3 receptor on dendritic cells were not
assayed in this study.

In summary, the high binding affinity of ORFV CBP to murine inflammatory and
constitutive chemokines is manifested in potent inhibition of chemokine-induced
migration of murine cells in in vitro chemotaxis assays. This allows for further
analysis of the viral CBPs using in vivo murine models.

Chapter 5

The effects of ORFV CBP on inflammatory cell recruitment in a
murine skin model
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5.1

Aims

ORFV CBP potently inhibits chemokine-induced migration of monocytes and
dendritic cells in vitro. A murine model of acute skin inflammation was developed in
order to test the effects of CBP on inflammatory cell recruitment in vivo.

5.2

Introduction

Although murine models have been utilised to study skin inflammatory conditions
such as atopic dermatitis and psoriasis (Homey et al. 2006), none of the existing
models met the required criteria to induce acute localised inflammation in murine
skin. Therefore, this murine skin inflammation model was developed by taking into
account the available research performed on related models of inflammation induced
in rodents.

Studies of inflammatory haemorrhagic lesions in mice and guinea pig skins showed
that single intradermal injections of LPS from different bacterial strains, resulted in
two distinct physiological reactions apparent at different times post-injection. At 12 h
the site of injection showed an increase in oedema, followed by haemorrhagic
necrosis at 24 to 48 h post LPS-administration (Ishikawa et al. 1991, Kanoe et al.
1995). Related models of LPS-induced inflammation in mice revealed the occurrence
of peak cellular infiltrates at two distinct time points, which correlate with the
physiological observations of oedema and haemorrhagic necrosis. An early influx of
neutrophils was observed in LPS-induced inflammation in the peritoneum (Miyazaki
et al. 2004, Kato et al. 2004), pleural cavity (Ajuebor et al.1999, Janardhan et al.
2006) and liver (Menezes et al. 2009). The numbers of infiltrating neutrophils
declined in the peritoneum by 12 to 24 h post administration of LPS (Kato et al.
2004). This is due partially to apoptosis of neutrophils (Ishikawa et al. 2005). The
recruited neutrophils also secrete pro-inflammatory cytokines that attract monocytes
and dendritic cells, which are found in large numbers at 24 to 48 h post administration
of LPS (Kato et al. 2004).

This turnover from a neutrophilic influx to a monocytic infiltrate is essential for
inflammation in tissues (Kato et al. 2004). In fact studies in neutropenic mice have
shown that the monocytic influx does not occur without prior neutrophil recruitment
(Maus et al. 2002, Jarnadhan et al. 2006). In general, the neutrophils are recruited by
ELR+ CXC chemokines, whereas monocyte and dendritic cell infiltration is regulated
by CC chemokines (Rollin B. J., 1997). The mouse genome does not encode an
ortholog of human or rat CXCL8 or its receptor CXCR1, which are required for
neutrophil recruitment and activation (Rovai et al. 1998, Ishikawa et al. 2005).
However, in vitro studies have shown that murine neutrophils encode CXCR2 and
migrate in response to CXCL2, which serves a similar function in mice as CXCL8
does in humans (Rollins 1997, Rovai et al. 1998). In addition, murine CXCL1,
CXCL5 and CCL3 have chemoattractant activity for neutrophils and are upregulated
in response to systemic administration of LPS (Rovai et al. 1998, Ramos et al. 2005).

Unlike the differences in the CXC chemokine profile, the murine CC chemokines
share a high degree of homology with the rat and human chemokines. The CC
chemokines responsible for the recruitment of monocytes and dendritic cells to the
site of inflammation include CCL2, CCL3 and CCL5 (Charo and Ransohoff, 2006).
In rat models, the intraperitoneal administration of LPS resulted in an increase in
mRNA encoding CCL2 and CCL5 (Haberstroh et al. 2002). In both, the murine
peritoneal model and the murine pleural model, the administration of LPS
significantly increased CCL2 protein (Ajuebor et al.1999, Penido et al. 2003).
Administration of LPS systemically also caused an increase in CCL2, CCL3, and
CCL5 mRNA expression (Kopydlowski et al. 1999).

In human skin, the cellular cascade during inflammation is initially dependent on
recognition of LPS by TLRs (Köllisch et al. 2005). This is followed by the local
production of cytokines such as TNF-α and IL-1β that leads to the secretion of proinflammatory CXC and CC chemokines (Charo and Ransohoff, 2006). The exact
cascade of chemokines involved in LPS-induced inflammation in rodent skin is less
well characterised (Reckless et al. 2001). Administration of low concentrations of
LPS in rat skin resulted in recruitment of neutrophils and CD14+ monocytes at 24 h
post injection, characterised by high levels of locally produced TNF-α and variable
levels of CCL2 (Reckless et al. 2001). This study also showed an inhibition of

recruitment of neutrophils and monocytes by a pan-chemokine inhibitor when injected
subcutaneously. The studies performed by Reckless et al. (2001) on rat skin formed
the basis of the murine skin inflammation model.

The inflammatory stimuli chosen for this murine model in this study was LPS as it
causes highly localised inflammation in skin (Kanoe et al. 1995). The immunological
response to LPS comprises an innate and an adaptive component and leads to a rapid
and transient TH1 type immune response, which shares similarities to the immune
response to orf virus. The effects of CBP were studied in the context of LPS-induced
acute inflammation in mouse skin leading to recruitment of neutrophils, monocytes
and dendritic cells.

5.3

Materials and methods

5.3.1 Extraction and adoptive transfer of eGFP+ bone marrow cells

The nucleated cells from the heterozygous transgenic eGFP+ mouse strain bred under
C57BL/6 background, express enhanced green fluorescent protein under the
cytomegalovirus-enhanced β-actin promoter (Eggert et al. 2003). Bone marrow was
extracted from eGFP transgenic donor mice using the procedure described in Chapter
2, and was kept in ice cold DPBS without FCS. The sex-matched recipient C57BL/6
mice (age 6 – 8 weeks) were administered 3 x 107 bone marrow cells in a 200 µl
volume via the tail vein.

5.3.2 Administration of intradermal injections

Twenty fours hours post adoptive transfer of the eGFP bone marrow cells, the
C57BL/6 mice received intradermal injections of DPBS, lipopolysaccharide (LPS;
E.coli derived, Sigma), LPS with CBP and CBP alone in the abdominal region. All
intradermal injections were administered in a 20 µl volume. The CBP was tested at
concentrations of 1 ug, 100 ng, 1 ng, and 0.01 ng. Evans blue dye (2ul of 1% solution
in sterile PBS) was mixed with each sample to visualize the rate of diffusion of
injected material through skin tissue.

5.3.3 Extraction of skin cells

A day post intradermal injections, animals were euthanised by carbon dioxide
inhalation and cervical dislocation, and the skin around the injection site was excised
and weighed prior to incubating in collagenase dispase (Roche Diagnostics) on the
37°C shaker for 3 hours. The excised skin after incubation had an opaque white
appearance and easily pushed through a (size)-pore strainer. The strainer was rinsed
with 3 ml cold FACS buffer and the isolated cells kept on ice. The cells were washed
in 10 ml cold FACS buffer at 250 g for 7 mins at 4°C. The supernatant, which
contained floating fatty debris, was discarded and the pellet was resuspended in 3 ml
cold FACS buffer. The cells were divided into three FACS tubes, and a 10 µl aliquot
was reserved for haemocytometer counting. The cells in the 3 tubes were centrifuged
at 250 g for 7 mins at 4°C to pellet the cells. After discarding the supernatant, the cells
were double-stained for cell surface expression of Gr-1/CD11b, CD11c/MHC-II, and
the respective isotype controls for 1 hour on ice in the dark. After incubation, the cells
were washed twice in 2 ml cold FACS buffer and resuspended in 200 µl cold FACS
buffer and stored on ice until analysed. Cells were analysed on the same day as they
were processed and the animals, skin samples, and isolated cells were kept on ice
through the entire procedure, except during collagenase-dispase digestion.

5.3.4 Flow cytometry analysis

All flow cytometry analyses were performed using a FACSCalibur (Becton
Dickinson), with 10, 000 events counted for each sample. Data from each sample was
normalized to the haemocytometer counts and the weight of the skin to determine
total cellular infiltration per site of injection. The data was analysed using
CellQuest™ (BD) software.

5.3.5 Histological methods

Skin samples taken from mice injected with PBS, LPS, LPS + 100 ng CBP and CBP
(without Evan’s blue dye) were processed for histological analysis. Sections were
placed into plastic cassettes (source) and submerged in zinc salt fixative solution
(0.1M Tris base buffer, 0.05% calcium acetate, 0.5% zinc acetate, 0.5% zinc chloride;
pH 7.4) for 6 hours initially followed by overnight incubation in fresh zinc salt
solution.

The following day the tissue cassettes were taken to the Histological Services Unit at
the University of Otago for tissue processing. The cassettes were incubated in 70 %
ethanol for 30 mins before processing to paraffin wax using the automated protocol
outlined in Appendix x using (what) machine. Tissues were placed in warm liquid
paraffin wax in small wax moulds at the correct orientation and allowed to solidify on
the 4°C cooling block. Tissues were left overnight to dry completely. Prior to
sectioning tissue samples, wax blocks were placed in the -20°C freezer for 30 minutes
to harden the wax. Excess wax was trimmed using the microtome (source) and new
blades (size and source) were used to cut 5 µm sections. Six adjacent 5 µm sections
were taken from 3 separate points, each 45 µm apart in the tissue sample. The sections
were placed in ethanol (check %) at room temperature for 1 min before being
transferred to a 30°C water bath. Sections were then placed into Superfrost Plus
(source; for normal stains) and Histobond (source; for immunostaining) glass slides
and dried overnight in the 37°C incubator. Prior to staining the sections were dewaxed and rehydrated using the automated protocol in Appendix y. Slides were kept
in distilled water until stained with either haematoxylin and eosin, or peroxidase, and

immunostained with CD11b and CD11c. Sections were stained with H & E using the
(what) machine using the automated protocol in Appendix z. Slides were allowed to
dry at room temperature before coverslips were mounted using DPX solution (% and
source) at (volume) per slide. For peroxidase staining, slides were tapped dry to
remove excess water and 50 µl of DAB solution (DAB tablet, urea and H2O2 tablet,
0.07 % nickel chloride) was applied over each section and incubated at room
temperature for 30 mins (modified from Gilbert et al. 1993). The slides were washed
twice in 10 ml distilled water and counter stained with Meyer’s haematoxylin for 1
minute. The slides were washed in running distilled water for 2 mins and incubated in
Scott’s tap water for 6 seconds. Slides were again washed in running distilled water,
allowed to dry at room temperature before being mounted using DPX.

For antigen retrieval prior to immunostaining, slides were immersed in Tris-HCl-urea
(0.05 M Tris, 5 % urea; pH 9.5 with 10 M NaOH) and microwaved twice, each for the
duration of 5 minutes (Shi et al., 2001). Slides were washed in running distilled water
for 5 mins and equilibrated in TBS (0.05 M Tris, 0.15 M NaCl; pH 7.6) for 30
minutes. Excess binding sites were blocked with TBS + 5 % FCS for 30 mins at room
temperature. Biotin-labelled primary antibody (CD11b; source, and CD11c; source)
was used at a concentration of 1/50 diluted in antibody diluent (TBS + 1 % BSA + 0.01
% triton-X (filtered)). Fifty µl of the primary antibody solution was used per tissue
section and incubated in a humidified chamber overnight at 4°C. Sections were
washed 3 times in 10 ml TBS, each for the duration of 5 minutes. The secondary
antibody, StrepALEXA-488 (source) was used at a concentration of 1/200, and
incubated at room temperature in a humidified chamber in the dark, at 50 µl per slide,
for 60 minutes. Slides were again washed three times in 10 ml TBS and stained for 15
mins at room temperature in a dark humidified chamber with DAPI (source; 20 ul per
slide of concentration). Slides were then washed three times with 10 ml TBS and wetmounted with slow-fade gold (source; 4 µl per slide of concentration). Slides were
kept at 4°C in the dark until analysed via fluorescent microscopy.

All stained sections were viewed under 40 x objective lens and 10 high-powered field
images were taken in sequence along the length of the skin section. The presence of
peroxidase positive granules were confirmed using 100 x objective.

5.4

Results

5.4.1 LPS-induced inflammation in mouse skin

Bacterial LPS, derived from Escherichia coli was injected via the intradermal route
into the shaved abdominal skin of mice to initiate the acute inflammatory process.

In the first instance, LPS was used at 1 µg per injection site and its effects on cellular
recruitment examined over a 48 h period. The concentration of LPS was based on
previous studies that induced inflammation in murine ears (Belkaid et al. 1996, Chen
et al. 2004). Each mouse received two intradermal injections, one with LPS and the
other a PBS control, on either side of the lower abdomen. The mice were sacrificed at
4, 16, 24, and 48 h post administration and the skin around the injection site was
excised and weighed. The skin was then digested with collagenase/dispase and
undigested skin and fur were removed by straining to yield individual cells. The
isolated cells were then labelled for monocytes and dendritic cells and analysed using
flow cytometry. The monocytes in this instance were identified as cells co-expressing
the Gr-1 and the CD11b cell surface markers (Brühl et al. 2007). The dendritic cells
were identified as cells with CD11c and MHC-II on the cell surface. In addition, the
Gr-1+/CD11b- cells were designated to be neutrophils (Maus et al. 2002).

Dot plots were generated to quantify the cell numbers expressing either one or both
cell surface makers in response to PBS or LPS. Cells that expressed both markers
were observed in the upper right quadrant of the dot plot and these were counted
positive for Gr-1+/CD11b+ or CD11c+/MHC-II+. An example of monocyte and
dendritic cell recruitment at 24 h post-administration of LPS is shown in Figure 5.1.
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Figure 5.1.
Recruitment of inflammatory immune cells in murine skin in response to PBS and LPS
at 24 h post administration. Mice were given intradermal injections in the abdomen consisting of either
PBS or 1µg/ml LPS (in a 20µl volume). Twenty-four hours later, mice were euthanised and the skin
around injection site was excised. Cells were isolated by digesting skin with collagenase and dispase,
+
+
+
+
stained for Gr-1 /CD11b (monocytes) and CD11c /MHC-II (dendritic cells) and analysed by flow
cytometry. The dot plots were generated using FlowJo. Monocytes or dendritic cells are shown in the
upper right quadrant. Data shown is from a single mouse and is representative of a group of 4 mice.

The total numbers of monocytes and dendritic cells recruited to skin over a 48 h
period is shown in Figure 5.2. At all time points post-administration, there were more
cells recruited to the skin in response to LPS than PBS. The response to PBS was
similar at all times post-injection, though the background response to PBS was higher
for monocytes than dendritic cells. This can be attributed to the presence of cells that
expressed the Gr-1+ marker but were negative for CD11b+ expression. These cells are
seen in the lower right quadrants of the monocyte dot-plots in Figure 5.1. The
maximal difference between the numbers of both monocytes and dendritic cells in
response to LPS compared to PBS, occurred at 24 h post injection (Figure 5.2).

The effects of injecting various amounts of LPS into skin were then examined at 24 h
post treatment. The recruitment of monocytes and dendritic cells into the skin showed
a dose dependent increase in response to increasing amounts of LPS. One microgram
of LPS resulted in the highest influx of dendritic cells and monocytes (Figure 5.3).

These experiments established the optimal amount of LPS to inject into the skin for
the inflammation model and the optimal time post-LPS injection at which maximal
recruitment of monocytes and dendritic cells were observed.
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Figure 5.2.
Recruitment of inflammatory immune cells in murine skin in response to LPS at
various time points. Monocyte (A) and dendritic cell (B) recruitment was induced in the abdominal skin
by intradermal injection of 1µg/ml LPS (in a 20µl volume). PBS was used as control. Mice were
euthanised post LPS treatment and the skin at the site of injection excised. Cells were isolated by
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digesting skin with collagenase and dispase, stained for Gr-1 /CD11b (monocytes) and CD11c /MHC+
II (dendritic cells) and analysed by flow cytometry. Data is representative of mean and standard
deviation of 3 combined experiments of two mice per group at the times shown.
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Figure 5.3.
Recruitment of inflammatory immune cells in murine skin in response to various
+
+
concentrations of LPS at 24 h post injection. The recruitment of CD11b /Gr-1 monocytes (A) and
+
+
CD11c /MHC-II dendritic cells (B) was induced in the abdominal skin by intradermal injection of 3
different amounts of LPS (in a 20ul volume). PBS was used as control. Mice were euthanised post LPS
treatment and the skin at the site of injection excised. Cells were isolated by digesting skin with
+
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+
+
collagenase and dispase, stained for Gr-1 /CD11b and CD11c /MHC-II and analysed by flow
cytometry. Data is representative of mean and standard deviation of 3 combined experiments each with
2 mice per group.

5.4.2 Inhibition of monocyte and dendritic cell recruitment by CBP

The maximal infiltration of monocytes and dendritic cells in response to LPS occurred
at 24 h post administration. This also correlated with physiological signs of
inflammation, whereby the site of injection was swollen, and the blood vasculature in
the area was more pronounced. Hence the 24 h time point was chosen to test the effect
of ORFV CBP on cellular recruitment during acute inflammation.

Each mouse received 4 intradermal injections in the abdominal region comprising
PBS, LPS, LPS with CBP, and CBP alone. In order to identify the site of injection in
subsequent experiments, Evans blue dye was included in the injection. The dye
diffused to some extent in the skin over time but the sites of injection did not overlap
(Figure 5.4c). In addition to the skin around the injection site, a separate piece of skin,
from the upper abdomen of each mouse was taken as untreated control to determine
the presence of dendritic cells and monocytes in normal skin not subjected to
mechanical trauma caused by a needle stick injury (Figure 5.4b).
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Figure 5.4.

CBP
LPS

Sites of intradermal injection in mice 24 h post administration with Evans blue dye.

The blue dye is apparent on the outside of the skin (A) but is better visualised once the skin is peeled
back (B). The sites of injection did not overlap at 24 h post administration (C). The blue dyed areas of
skin were excised using a scalpel and weighed prior to enzymatic digestion to isolate individual cells.
The untreated skin control was excised from the area indicated by a white circle in (B).

Next to examine the effects of CBP on cell recruitment, various amounts of CBP were
co-injected with LPS. CBP was used at concentrations of 0.01 ng, 1 ng, and 100 ng
per injection site. Twenty-four hours later, the mice from the three groups were
sacrificed, skin processed, and samples analysed as detailed above. The results from
ORFVNZ2 CBP and ORFVNZ7 CBP are shown in Figures 5.5 and 5.6, respectively.
The injection of 1 µg LPS resulted in at least a five- to six-fold increase in the
numbers of both the monocytes and dendritic cells compared to the PBS controls
(Figure 5.5 and 5.6). However, the PBS alone caused some trauma as can be seen by
comparing PBS with the untreated control.

Co-injection of 0.01 ng of ORFVNZ2 CBP (Figure 5.4) or ORFVNZ7 CBP (Figure 5.5)
with LPS had little to no effect in the numbers of infiltrating monocytes and dendritic
cells. With 1 ng of ORFVNZ2 CBP or ORFVNZ7 CBP, the numbers of immune cells
recruited to the site of inflammation was reduced to 30 % to 50 % of the total
numbers recruited in response to LPS alone. With the highest concentration of
ORFVNZ2 CBP or ORFVNZ7 CBP, the cellular infiltration was comparable to PBS
control levels, and this also correlated with a lack of visual signs of inflammation at
the site of injection. The injections of CBP alone did not result in significantly higher
cell recruitment compared to the PBS control, indicating that the viral protein is not
an adjuvant. Both the ORFVNZ2 CBP and ORFVNZ7 CBP were equally effective in
inhibiting the recruitment of monocytes and dendritic cells to the site of LPS-induced
inflammation in a dose-dependent manner.
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Figure 5.5.
ORFVNZ2 CBP inhibits LPS-induced recruitment of inflammatory monocytes and
dendritic cells within skin. Mice were injected in the dermis of the abdomen with 1 ug LPS with or without
CBP. PBS and CBP-only were included as controls. At 24 h post injection, the skin around the injection
site was excised, and collagenase-dispase digested. The single cell suspensions were analysed for
+
+
+
+
markers (A) Gr-1 /CD11b monocytes, and (B) CD11c /MHC-II dendritic cells by flow cytometry. The
data is representative of mean and standard deviation of 3 combined experiments, each with 3 mice per
group. * indicates p < 0.01, ANOVA, student’s paired t test.
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Figure 5.6.
ORFVNZ7 CBP inhibits LPS-induced recruitment of inflammatory monocytes and
dendritic cells within skin. Mice were injected in the dermis of the abdomen with 1 ug LPS with or without
CBP. PBS and CBP only were included as controls. At 24 h post injection, the skin around the injection
site was excised, and collagenase-dispase digested. The single cell suspensions were analysed for
+
+
+
+
markers (A) Gr-1 /CD11b monocytes, and (B) CD11c /MHC-II dendritic cells by flow cytometry. The
data is representative of mean and standard deviation of 2 combined experiments, each with 3 mice per
group. * indicates p < 0.01, ANOVA, student’s paired t test.

5.4.3 Inhibition of blood-derived monocyte and dendritic cell recruitment by
CBP

In order to determine if the dendritic cells and monocytes recruited to the skin were
from precursors in the skin itself or were blood-derived, bone marrow cells from
eGFP+ mice were injected intravenously prior to intradermal injections of LPS. The
eGFP+ stem cells when used in transplant models show stable integration within host
tissues, including bone marrow and skin for up to 10 weeks (Fathke et al. 2004).
Furthermore, host cells that may scavenge apoptotic eGFP+ cells do not exhibit
fluorescence and this abates the occurence of false positives (Eggert et al. 2003).
These cells are useful for in vivo analysis, as live cells maintain their fluorescence and
are easily distinguished from the non-fluorescent host cells.

Each mouse received four intradermal injections as described previously, consisting
of PBS, CBP, LPS, and LPS with varying concentrations of CBP. The skin from
around the injection site was processed as described previously and cells stained for
monocytes and dendritic cells and analysed using flow cytometry. In addition, the
proportion of cells expressing the eGFP+ markers was enumerated (Figure 5.7a). The
population of eGFP+ cells form a distinct fluorescent group that can be isolated by
gating. Analysis of the gated population for Gr-1+/CD11b+ and CD11c+/MHC-II+
shows the proportion of recruited monocytes and dendritic cells that are from the
eGFP+ donor cells (Figure 5.7.b).

Co-injection of ORFVNZ2 CBP (Figure 5.8) and ORFVNZ7 CBP (Figure 5.9) with LPS
resulted in a dose dependent reduction in the numbers of eGFP-positive monocytes
and dendritic cells recruited to the site of inflammation. Out of the total responding
monocytes at 24 h post injection, almost 35 % were eGFP-positive. This percentage
ranged from 33 to 50 % with the dendritic cells, indicating that the recruited cells
were partly blood derived.
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Figure 5.7.

Analysis of the eGFP+ cells recruited to the skin in response to PBS and LPS. (A)

Flow cytometer dot plot showing the eGFP+ cells in untreated, PBS-injected and LPS-injected skin.
These eGFP-positive cells were gated and further analysed for the expression of Gr-1+/CD11b+ and
CD11c+/MHC-II+, with their respective isotype controls. An example of the dot plots generated by the
analysis of LPS-injected skin is shown (B). Data were generated using FlowJo and are from a single
mouse in a group of three mice.
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Figure 5.8.
ORFVNZ2 CBP inhibits LPS-induced recruitment of blood-derived inflammatory
monocytes and dendritic cells within skin. The bone marrow cells from eGFP+ mice were administered
intravenously into recipient mice. Twenty-four hours later, the recipients were injected in the dermis of
their abdomen with 1 ug LPS with or without CBP. PBS and CBP only were included as controls. A
further 24 h later, the skin from around the injection site was excised and digested in collagenase+
+
+
+
dispase. The resulting cells were stained for Gr-1 /CD11b monocytes (A), and CD11c /MHC-II
dendritic cells (B). The data are representative of mean and standard deviation of 2 combined
experiments, each with 3 mice per group. * indicates p < 0.01, ANOVA, Student’s paired t test.
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Figure 5.9.
ORFVNZ7 CBP inhibits LPS-induced recruitment of blood-derived inflammatory
monocytes and dendritic cells within skin. The bone marrow cells from eGFP+ mice were administered
intravenously into recipient mice. Twenty-four hours later, the recipients were injected in the dermis of
their abdomen with 1 ug LPS with or without CBP. PBS and CBP only were included as controls. A
further 24 h later, skin from around the injection site was excised and digested in collagenase-dispase.
+
+
+
+
The resulting cells were stained for Gr-1 /CD11b monocytes (A), and CD11c /MHC-II dendritic cells
(B). The data are representative of mean and 1 SD of 2 combined experiments, each with 3 mice per
group. * indicates p < 0.01, ANOVA, student’s paired t test.

5.4.4 The effects of CBP on the recruitment of granulocytes
Skin samples were also analysed for infiltrating cells that displayed only the Gr-1+
marker. These cells were most likely neutrophils, as the anti-Gr-1 antibody is used to
induce neutropenia in mice (Maus et al. 2002). The Gr-1+ neutrophils in humans are
recruited primarily by CXC chemokines that are not bound by ORFV CBP (Seet et al.
2003).

In some murine models of inflammation, neutrophils express the CC chemokine
receptors CCR1 and CCR2. These cells are recruited prior to monocytes at the site of
chemokine or inflammatory stimuli (Johnston et al. 1999, Maus et al. 2002). In
murine skin, the optimal recruitment time for neutrophils is 6 h post LPSadministration but it is not known if they remain in the skin at 24 h (Zhou et al. 1996).
In the murine model utilised in this study, there were Gr-1+ cells present in the skin at
24 h post injection of LPS, though the total numbers were fewer than dendritic cells,
indicating a decline from peak accumulation. More importantly, the Gr-1+ population
of cells remained the same with increasing doses of CBP when compared to the LPS
positive control (Figure 5.10). There was no statistical difference between the
numbers of Gr-1+ cells present in skin in response to LPS alone or to LPS with CBP
(p < 0.05, ANOVA, Tukeys test). This indicates that neither ORFVNZ2 CBP nor
ORFVNZ7 CBP can effectively inhibit the recruitment of Gr-1+ only cells in response
to LPS at 24 h post injection.
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Figure 5.10.
Infiltration of Gr-1 /CD11b granulocytes after LPS administration. Mice were injected
in the dermis of the abdomen with 1 ug LPS with or without ORFVNZ2 CBP (A) and ORFVNZ7 CBP (B) at
concentrations indicated. At 24h post injection, excised skin from around the injection site was
collagenase-dispase digested and stained for the Gr-1 marker. The cells were analysed using flow
+
cytometry and Gr-1 /CD11b cells were counted using CellQuest software. The data are representative
of mean and standard deviation of 3 combined experiments, each with 3 mice per group.

5.4.5 Histological analysis of the effects of CBP on inflammatory cell
recruitment

Histological analysis was carried out to confirm the inhibitory effects of the highest
concentration of CBP on monocytes and dendritic cell recruitment in the murine skin
model. Mice were given intradermal injections of PBS, CBP, LPS and LPS with 100
ng CBP. Skin from around the injection sites were excised and fixed overnight in zinc
salt fixative prior to embedment in paraffin wax. Sections were sliced from the skin
blocks and stained using haematoxylin and eosin (H &E) to visualise leukocytes, and
were immunostained to detect cells expressing the CD11b and CD11c markers.
Sections were also stained with peroxidase (DAB) to identify any activated
neutrophils that may be present at 24 h post injection of LPS.

The H&E stain of LPS-injected skin showed a thickened dermal layer infiltrated with
leukocytes (Figure 5.11a). At higher magnification, these leukocytes have a uniform
nucleus and a pale-blue staining cytoplasm, which resemble monocytes or activated
lymphocytes rather than granulocytes. Adjacent sections were also stained with
antibodies to CD11b and CD11c, and both antibodies were detected using ALEXA488. Immunohistological staining for CD11b shows an accumulation of these cells in
large numbers in the LPS sample, with fewer cells infiltrating in response to PBS and
CBP (Figure 5.11 b). The CD11c+ cells were overall fewer in number compared with
the CD11b+ cells, though their expression in the LPS sample was also increased
(Figure 5.11c). The DAB staining for peroxidase granules showed the presence of
neutrophils in the LPS sections (Figure 5.11d). In the sections where CBP was coadministered with LPS, there was reduced dermal thickening and cellular influx as
demonstrated by the H & E stain and the immunohistological stains for CD11b and
CD11c (Figure 5.11 a, b, c). The neutrophil infiltration in the presence of CBP was
similar to the LPS sample (Figure 5.11d). The cellular infiltrates from 10 samples
were enumerated under 40 x magnification and the results are shown in Figure 5.12.

This verifies and supports the data obtained from flow cytometry analysis, that CBP
reduces monocyte and dendritic cell recruitment to the site of LPS-induced
inflammation, but has no effect on neutrophil trafficking at 24 h post-administration.

(B) CD11b
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(D) Peroxidase
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(A) H & E

Figure 5.11.
Histological analyses. The C57Bl/6 mice were injected in the abdominal skin with 1ug
LPS with or without 100ng CBP. Twenty-four hours later, mice were euthanised and skin sections were
excised. Sections were fixed in zinc salt fixative and embedded in paraffin wax. Adjacent sections were
sliced and analysed for leukocytes, monocytes, dendritic cells, and neutrophils using (A) H & E staining,
+
(B) CD11b immunostaining, (C) CD11c+ immunostaining, and (D) peroxidase staining, respectively.
Data shown is representative of 10 samples analysed under 40x magnification.
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Figure 5.12.
Quantitation of the cells present in the histological analyses of murine skin for the
presence of leukocytes 24 h post injection of LPS. The histograms represent the mean and standard
+
deviation of (A) total leukocytes, (B) CD11b monocytes, (C) CD11c+ dendritic cells, and (D)
peroxidase-positive neutrophils counted in 10 high-powered fields (40x magnification). The cell types
counted are shown in inserts.

5.5

Discussion

Orf virus causes acute pustular dermatitis characterised by highly localised
inflammation and a defined progression of events leading from the development of
innate to adaptive immunity. The host response to orf virus consists of both humoral
and cellular immune response, though the latter is required to viral clearance.
Administration of LPS in the skin leads to a Th1 immune response characterised by
localised inflammation and the rapid secretion of proinflammatory cytokines and
chemokines. A model of acute skin inflammation is relevant to further characterise
the functional effect of ORFV CBP in the context of a localised in vivo infection.

Since the primary aim of this study was to determine the effect of CBP on cellular
recruitment during acute inflammation, intradermal injections of LPS was used to
induce a natural cascade of chemokines in murine skin. The levels and types of CC
and CXC chemokines induced by LPS in the model were not analysed.
Administration of LPS in the skin resulted in the recruitment of Gr-1+/CD11b+
monocytes and CD11c+/MHC-II+ dendritic cells. To determine if the recruited
monocytes and dendritic cells were blood derived, eGFP+ bone marrow cells were
administered 24 hr prior to LPS stimulation and 48 hr prior to excision of skin. The 48
h time point is sufficient for the eGFP progenitor cells to differentiate into monocytes
and dendritic cells. In wound-healing experiments, eGFP-dendritic cells were present
in the skin at 48 h post-injection of bone marrow cells (Badiavas et al. 2003). Missing
ref – Pat’s group looked at eGFP cells that turn into Langerhan cells in skin after IV
of bone marrow. The percentage of monocytes and dendritic cells that were eGFP+
were approximately 35 % and 33 - 50 %, respectively. The higher percentage of
eGFP+/CD11c+ dendritic cells could be attributed to monocyte differentiation.
Monocytes that express Gr-1+ and migrate to inflamed tissue in response to CCL2 are
capable of differentiating into CD11c+ dendritic cells (Serbina et al. 2006). Previous
in vitro studies have also shown that monocytes differentiate into dendritic cells
within 48 h post stimulation. The stimulatory signals included cross-linked CCR5
receptors (Nimura et al. 2006), exposure to GM-CSF (Nikolic et al. 2003), and TNFα, IL-1β, and prostaglandin E2 (Dauer et al. 2003). All of these signals are likely to be
present in the skin following LPS administration.

Co-administration of ORFVNZ2 CBP or ORFVNZ7 CBP with LPS resulted in a dose
dependent decrease of both the eGFP+ and non-eGFP+ monocyte and dendritic cell
populations in the skin. The recruitment of Gr-1+/CD11b- neutrophils was not altered
in the presence of either ORFVNZ2 CBP or ORFVNZ7 CBP, indicating that viral CBP
does not affect the chemokines responsible for neutrophil recruitment at 24 h in
murine skin. The lack of binding to hCXC chemokines (Seet et al. 2003), which
recruit neutrophils, is consistent with these findings. The recruitment of monocytes,
dendritic cells and neutrophils in response to LPS at 24 hr was confirmed by
immunohistochemical analysis of skin sections.

Histological analysis of the skin showed an infiltration of leukocytes in response to
LPS. Skin injected with LPS also had greater numbers of infiltrating CD11b+
monocytes and CD11c+ dendritic cells. Peroxidase staining for activated neutrophil
granules revealed the presence of low numbers of neutrophils at 24 h post LPS
treatment. This is consistent with previous studies. Neutrophil influx into skin is
known to be optimal at 6 h post LPS-treatment (Zhou et al. 1996) and the numbers
decline by 24 h due to apoptosis in the presence of LPS (Mitazaki et al. 2004). The
section of skin co-injected with ORFVNZ2 CBP looked similar in appearance to the
PBS-control injected skin with very few leukocytes and a normal dermis. This
indicates the potency of orf virus CBP in inhibiting chemokine-induced recruitment of
immune cells in skin. The highest inhibition was observed with 100 ng of CBP
whereby the recruitment of monocytes and dendritic cells was reduced to background
levels. This amount corresponds to the physiological levels of CBP purified from orf
virus infected cells, which ranges from 60 – 120 ng/ml over a 2 – 5 day culture period
(Fleming, unpublished).

The potency of ORFV CBPs reported in this murine model is similar to amounts of
poxviral CBP used in previous studies. Purified vaccinia virus CBP in animal models
have shown a decrease in cellular infiltrate to a range of inflammatory mediators. In
murine lungs, eosinophils recruitment in response to eotaxin and OVA was inhibited
in the presence of 10 pmol vaccinia virus CBP (Penido et al. 2001). The infiltration of
γδ T lymphocytes in response to pleural LPS stimulation was also inhibited by 50 %
in the presence of 10 pmol vaccinia virus CBP (Penido et al. 2001). The vaccinia

virus CBP also failed to inhibit neutrophil influx in lungs at 4 h post administration of
LPS and this is indicative of the type II CBPs that do not bind CXC chemokines
(Penido et al. 2001). A more recent study of an air-pouch acute inflammation model
used Gr-1+ marker to identify neutrophils and further showed that vaccinia virus CBP
had no effect of CXC-induced recruitment (Buatois et al. 2010).

This is the first study to report the ability of viral CBPs to inhibit recruitment of
inflammatory monocytes and dendritic cells in a murine skin model. The advantages
of using a murine skin model included the ability to easily isolate, identify and
quantify the infiltrating cells at distinct time points of inflammation. However, the
smaller sample size limited the range of cell types that could be tested. In conclusion,
ORFVNZ2 CBP and ORFVNZ7 CBP are equally effective at inhibiting the recruitment
of monocytes and dendritic cells in a murine model of LPS-induced acute
inflammation.
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6.1

Aims

Previously in this study, ORFV CBP was shown to bind both the murine CCL19 and
CCL21 using surface plasmon resonance assay. It was also shown to inhibit
chemokine-induced migration of mature dendritic cells using transwell assays in vitro.
The aim of this section was to develop murine models to study the effects of ORFV
CBP on the movement of mature dendritic cells from the skin to the peripheral lymph
nodes and its effects on T cell activation by ex vivo antigen-loaded dendritic cells.

6.2

Introduction

There are a number of ways to label dendritic cells for in vivo tracking, including
radiolabels (Issekutz T. B., 1995) and fluorescent dyes (Mempel et al. 2004).
However, the availability of transgenic eGFP-BL/6 mice has reduced the need for ex
vivo labelling (Fathke et al. 2004). Previous studies with eGFP+ dendritic cells have
shown that they maintain their auto fluorescence in vitro during culture and are as
effective as radio-labelled dendritic cells in tracking experiments in vivo both when
injected subcutaneously and intradermally (Eggert et al. 2003). In addition, host cells
that ingest apoptotic eGFP cells do not fluorescence, which reduces the occurrence of
false positive results.

The length of time taken by dendritic cells to traffic to the lymph nodes in murine
models depends on the route and site of administration. Several studies have shown
that injected cells drain to the closest lymph node within a day of administration.
Eggert et al. (2003) showed that administration of eGFP+ dendritic cells via the
intradermal route in mice thighs led to migration of these cells to the T-cell areas of
the inguinal lymph nodes at 25 h post injection. In another experiment, red fluorescent
dendritic cells injected into the footpads of mice homed to the HEV and T cell areas
of the popliteal lymph nodes within 20 h of injection (Mempel et al. 2004). A more
recent study utilising intra vital imaging using Q-dots showed that dendritic cells

injected into the footpads of mice reached the nearby popliteal node at 24 h and the
more distant inguinal lymph node at 48 h (Noh et al. 2008).

Once at the draining lymph nodes, the mature dendritic cells activate antigen-specific
T cells resulting in the initiation of the adaptive immune response (Mempel et al.
2004). The study of T cells in vivo requires the ability to identify the antigen-specific
proliferative response. To this end, T cells from transgenic OT-I and OT-II mice were
used, which only respond to specific OVA peptide sequences (Mempel et al. 2004,
Met et al. 2003). In order to identify the adoptively transferred T cells, they were
labelled with the dye carboxyfluorescein diacetate succinimidyl ester (CFDA-SE).
Once inside the cells, this dye is converted to the fluorescent carboxyfluorescein
succinimidyl ester (CFSE) that forms covalent bonds with intracellular molecules
(Packard et al. 2008). Since CFSE is uniformly distributed, the intensity of the
fluorescent material halves with each successive cell division, enabling the study of in
vivo clonal proliferation (Hommel and Kyewski, 2003, Hao et al. 2006, Hollenbaugh
and Dutton, 2006). Previous studies with adoptively transferred CFSE-labelled T cells
showed that they form clusters with antigen-bearing dendritic cells in the lymph nodes
within 24 h of administration. However, active division of T cells takes place a further
30 – 48 h later (Hommel and Kyewski, 2003). This information was used to develop
an assay to investigate the effect of CBP on antigen-specific T cell activation.

6.3

Materials and Methods

6.3.1 Animals

The eGFP-BL/6 and C57BL/6 mice used for the dendritic cell migration study were
approved for use under AEC permit 76/05 by the University of Otago. For the T cell
activation study, OT-I and OT-II mice (a gift from Sarah Hook, School of Pharmacy,
University of Otago) were used as donor mice under AEC permit ET 10/06. These
mice have α and β T cell receptors (TCR) that respond to particular peptides of the
hen egg ovalbumin molecule (OVA). In the case of OT-I mice, the CD8+ T cells
respond to the peptide 257 – 264 (SIINFEKL) presented in the context of H-2Kb
whereas the OT-II mice have CD4+ T cells that respond to the ovalbumin peptide 323
– 339 in the context of I-Ab (MHC-II) (JAX® mice database). The transgenic mice
were identified by screening blood samples for the presence of the Vβ chain of TCR
on the CD8+ or the CD4+ T cells. The OT-I mice were phenotyped as positive for Vα2
whereas the OT-II mice stained positive for Vβ5.1 expression on the T cells.

6.3.2 Isolation, labelling and adoptive transfer of transgenic T cells
The transgenic CD4+ and CD8+ T cells were obtained from the spleens and inguinal
lymph nodes of the OT-II and OT-I mice, respectively. The harvested spleen were
macerated in sterile ice-cold DPBS with 5 % BSA (source), and filtered over a 70 µm
strainer into a 15 ml falcon tube. The isolated cells were pelleted via centrifugation at
300g for 5 mins and incubated for 2 min in ammonium chloride to lyse the red blood
cells. The resulting red cell debris and excess ammonium chloride was removed by
washing by centrifugation with 10 ml DBPS with 5% FCS. The inguinal lymph nodes
were harvested under a dissection microscope to remove fatty deposits around the
nodes and kept in ice cold DPBS with 5 % BSA. The nodes were cut open using a 27gauge needle (source) and 2 ml of collagenase (concentration) was added to the cells
and incubated for 20 minutes in the 37°C shaker. The digested lymph node cells were
passed through a (size) strainer and the resulting single cell suspension was combined
with the isolated splenic cells. For CD8+ T cell isolation, the combined white blood
cells were incubated at 4°C for 20 mins with the following antibodies coupled to

magnetic beads: anti-murine CD4+ (source and concentration), MHC-II (source and
concentration), B220 (source and concentration)) in MACS buffer (constituents,
source and amount). The CD8+ T cells were isolated via negative selection using
AutoMacs (machine specs). The transgenic T cells were incubated with CFSE (1/8000
final concentration – what ng or nM amount?) for 8 mins in PBS at room temperature.
The labelled cells were washed twice in 10 ml PBS and resuspended at a
concentration of 2.5 x 107 cells/ml and kept on ice in the dark. The labelled transgenic
T cells were injected in a 200-µl volume into the tail vein of recipient C57BL/6 mice.

6.3.3 Generation of mature dendritic cells

Dendritic cells were generated from bone marrow cells from either the eGFP-BL/6
mice (dendritic cell migration studies) or the C57BL/6 mice (T cell activation studies)
as described previously. For the dendritic cell migration studies, the day 5 immature
dendritic cells were pulsed overnight with either 10 µg/ml LPS, 5 µg/ml of CpG or x
ng/ml of anti-CD40 antibody (source). For the T cell activation studies, the day 6
immature dendritic cells were harvested in complete DMEM and resuspended at a
concentration of 5x107 cell/ml in 1 ml medium in a 24 well tissue culture plate and
either loaded with SIINFEKL (source, stock 5.4 mg/ml) for 3 hours or pulsed
overnight with OVA (source, stock concentration). The mature dendritic cells were
harvested into 15 ml falcon tubes and washed twice in 10 ml PBS, and re-counted to
ensure the concentration remained at 5x107 cell/ml. The cells were kept on ice until
required for in vivo administration.

6.3.4 Intradermal administration of dendritic cells
The mature dendritic cell suspension, at a concentration of 5 x 107 cells/ml in sterile
PBS was transferred to 7 eppendorf tubes (1.5 ml, source) with 1 ml in each, all kept
on ice. ORFVNZ2 and ORFVNZ7 CBP were diluted in separate eppendorf tubes to give
final concentrations of 1 µg, 100 ng, and 1 ng in 1ml of dendritic cell suspension. The
CBPs were added to the dendritic cells immediately prior to injection. The dendritic
cells were administered in a 20 µl volume, resulting in a total of 106 injected cells,

using a 0.3 gauge insulin syringe (source) into the lower abdomen at the junction of
the hind legs of recipient C57Bl/6 mice. Each mouse received two injections, one on
either side of the abdomen.

6.3.5 Extraction of inguinal lymph nodes

For the dendritic cell migration studies, the draining inguinal nodes were harvested at
24 h post injection. For the T cell activation studies, the inguinal lymph nodes were
harvested at 48 h post injection of mature dendritic cells. The nodes were harvested
under a dissection microscope, weighed immediately, and transferred into ice cold
DPBS with 5 % BSA. The nodes were kept separate and were incised, digested, and
strained as described above. The resulting single cell suspension was counted using
the haemocytometer and aliquoted into FACS tubes. For the dendritic cell migration
studies, the lymph node cells were stained for 30 mins at 4°C with APC-conjugated
anti-CD11c antibody and the respective isotype control. After antibody staining, cells
were washed twice, each by centrifuging for 5 mins at 300 g with 3 ml FACS buffer.
For the T cell activation studies, the washed lymph node cells were aliquoted in 300
µl volumes to FACS tubes.

6.3.6 Flow cytometry analysis

For the dendritic cell migration studies, 200 000 cells were enumerated from each
lymph node sample and analysed for the presence of the CD11c marker (FL4 channel)
and eGFP marker (FL1 channel) to identify the donor eGFP+ dendritic cells
(eGFP+/CD11c+) and host dendritic cells (eGFP-/CD11c+). For the T cell activation
studies, dot plots were gated for CFSE-positive cells under the FL1 channel. Live
gating was used to acquire either 800, 000 or 1, 000, 000 counts of only the CFSEpositive cells, and both a FL-1 dot plot and histogram were used to determine the
percentage of T cells that had undergone proliferation. The flow cytometry data was
analysed using CellQuestPROTM and FlowJoTM softwares.

6.4

Results

6.4.1 ORFV CBP blocks migration of dendritic cells to the draining lymph
nodes

The first part of the study was to determine whether CBP could block the migration of
mature dendritic cells injected into the skin to the draining lymph node. The migratory
capability of the dendritic cells were determined by cellular analysis of the draining
inguinal lymph nodes at 24 h post injection. The inguinal lymph nodes were used, as
this was the closest draining lymph node from the site of injection. The experiment
protocol is summarised as a schematic in Figure 6.1.
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Figure 6.1.
Schematic of the experimental design for the murine model of migration of mature
dendritic cells from the skin to the draining lymph nodes. Dendritic cells were generated from the bone
+
marrow of eGFP mice, and at day 5 of culture were pulsed overnight with antigen. The antigen-pulsed
mature dendritic cells were washed and administered via intradermal injections to the lower abdomen of
mice. Twenty-four hours later, the draining inguinal lymph nodes were harvested from mice and
collagenase digested to achieve single cell suspension. The cells were analysed using flow cytometry
+
for the presence of eGFP dendritic cells.

Preliminary experiments were performed to optimise numbers of injected dendritic
cells. Dendritic cells were generated from bone marrows of eGFP-BL/6 mice and at
day 5 of culture were pulsed overnight with LPS (Nikolic et al. 2003, Stutte et al.
2010). The mature dendritic cells were injected at various concentrations in the skin at
the base region of where the hind legs meet the abdomen. Each mouse received a total
of two injections, one of unpulsed immature dendritic cells and the other of LPSpulsed mature dendritic cells. Twenty-four hours later, the skin around the injection
site and the inguinal lymph nodes were harvested and analysed for the presence of
eGFP+ dendritic cells.

Analysis of the injection site showed that the unpulsed dendritic cells were retained in
the skin and dendritic cells pulsed with LPS migrated out of the skin (Figure 6.2a).
The unpulsed dendritic cells were retained at the site of injection in a dose-dependent
manner, with the highest numbers present in the skin when 106 cells were
administered. The LPS-pulsed dendritic cells were present in the skin in lowest
numbers when injected at a concentration of 106 cells (Figure 6.2a).

This correlated with the data obtained from the analysis of the draining inguinal
lymph nodes. There was an increase in the numbers of LPS-pulsed dendritic cells that
migrated to the lymph nodes with increasing concentrations of cells injected in the
skin. The highest numbers of LPS-pulsed dendritic cells were isolated from the lymph
nodes when 106 cells were injected in the skin (Figure 6.2b). At this concentration, the
eGFP+ cells formed a distinct population in the lymph nodes that exhibited high
fluorescence under the FL1 channel (Figure 6.3).

Further experiments of dendritic cell migration from the skin to the lymph nodes were
carried out with 106 dendritic cells per injection site.
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Figure 6.2.

LPS-pulsed dendritic cell migration to the lymph nodes in vivo. Bone marrow derived

dendritic cells from eGFP donors with or without overnight exposure to 10 µg/ml LPS, were administered
intradermally at the concentrations stated (total numbers per 20 µl volume). Twenty-four hours later, the
skin around the injection site (A) and the draining inguinal lymph nodes (B) were harvested and
collagenase-dispase digested. The single cell suspensions were analysed by flow cytometry for
+

+

dendritic cells expressing eGFP / CD11c . Each bar represents the mean + SD of 3 mice, and is
representative of 3 separate experiments.
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LPS-pulsed dendritic cell migration to the lymph nodes in vivo. Bone marrow derived

dendritic cells from eGFP donors with or without overnight exposure to 10 µg / ml LPS, were
administered intradermally at the concentrations stated (total numbers per 20 µl volume). Twenty-four
hours later, the inguinal lymph nodes were harvested and analysed using flow cytometry for the
presence of eGFP+ cells. The whole cell population from a single lymph node is shown in (A). The
population of eGFP+ cells with their high fluorescence forms a distinct group as shown in the dot plots
(B).

The next variable that was examined was the maturation signal used to activate
dendritic cells. A range of maturation signals, including LPS, CpG, poly I:C, TNF-α
and anti-CD40 (Harizi et al. 2010) are routinely used for in vitro activation, and
dendritic cells pulsed with these reagents are known to undergo maturation and
migrate in response to CCL19 and CCL21 (Sozzani et al 1999, Vecchi et al. 1999,
Tschoep et al. 2003).

This study compared mature dendritic cells pulsed with LPS, CpG or anti-CD40 to
determine which signals resulted in maximal migration of cells from the skin to the
draining lymph nodes. In addition, immature dendritic cells were co-injected with
LPS to determine the difference between the migratory ability of in vivo-matured and
ex vivo-matured dendritic cells to lymph nodes. The draining inguinal lymph nodes
were harvested at 24, 48, and 72 h post injection and collagenase-digested. The single
cell suspensions were then stained with CD11c and MHC-II to identify dendritic cells
and analysed using flow cytometry.

Figure 6.4a shows the total CD11c population in the lymph nodes comprised of host
and eGFP+ dendritic cells. In mice that did not receive any injections (untreated) the
levels of dendritic cells remained the same over the three-day period in the lymph
node. Injections of PBS raised the numbers of host dendritic cells slightly at the 24 h
time point. Administration of LPS resulted in greater numbers of dendritic cells at the
lymph node at both 24 and 48 h post injection. The highest numbers of mature
dendritic cells were recovered at 24 h post injection when the immature dendritic cells
were co-injected with LPS (DC and LPS), allowing maturation of the dendritic cells
in vivo.
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Figure 6.4.
Pulsed dendritic cells migrate to the lymph node in vivo. Bone marrow derived
dendritic cells from eGFP donors were pulsed with the maturation signals anti-CD40, CpG, and LPS and
administered intradermally. The experimental controls included normal skin, PBS, and unpulsed
dendritic cells. An additional control consisting of LPS alone, and unpulsed dendritic cells co-injected
with LPS, was used to determine the difference between ex vivo and in vivo activated dendritic cell
migration. The draining inguinal lymph nodes were harvested at 24, 48 or 72 hours post injection.
+
+
Lymph node single cell suspensions were analysed flow cytometrically for total host CD11c /MHC-II
+
+
+
cells (A) or only the migrated eGFP / CD11c /MHC-II cells (B). Each bar represents the mean + SD of
3 mice, and is representative of 3 separate experiments.

The ex vivo eGFP+ dendritic cells that were pulsed with CpG (DC + CpG), LPS (DC
+ LPS), and anti-CD40 (DC + antiCD40) prior to intradermal administration, showed
varying levels of migration to lymph nodes (Figure 6.4b). The CpG-matured dendritic
cells migrated in higher numbers to the draining lymph nodes compared to the LPSactivated dendritic cells (Figure 6.4b). The detection of dendritic cells treated with
anti-CD40 was maximal at 48 h post injection.

Based on these results, the migration of dendritic cells to the lymph nodes was
regarded as optimal at 24 h post administration. The maturation signal that achieved
maximal migration of dendritic cells treated ex vivo was CpG, and was used for
further experiments.
After eGFP+ dendritic cells were pulsed overnight with CpG, they were co-injected
with CBP in the lower abdomen of recipient mice. The skin at the site of injection and
the draining inguinal lymph node was harvested at 24 h post administration, weighed
and collagenase-digested. The single cell suspension was enumerated using the
haemocytometer and phenotyped for the expression of CD11c+. After flow cytometry
analysis, each data point was standardised to its corresponding haemocytometer count
and weight of individual tissue sample to determine the total numbers of dendritic
cells per skin or lymph node.
Figure 6.5a is a summary of the total CD11c+ cells, comprising host and eGFP+
dendritic cells in the inguinal lymph nodes at 24 h post injection. The untreated
control showed that there were CD11c+ dendritic cells present in the inguinal lymph
nodes of a healthy mouse that had not undergone any manipulation. The control
injections included PBS and CpG administered without dendritic cells. There was an
increase in the numbers of host dendritic cells in the lymph node in response to the
PBS and CpG injections, but the numbers did not vary significantly compared to each
other and to background levels of dendritic cells found in the untreated control (p <
0.01 ANOVA; Figure 6.5a).
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Analysis of the total dendritic cell population in the inguinal lymph nodes post
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administration of ex-vivo matured dendritic cells. The eGFP dendritic cells were pulsed overnight with
6

CpG and injected at a concentration of 10 cells in a 20ul volume with or without 1ug of ORFV CBP.
Twenty-four hours later, the draining lymph nodes were harvested and analysed for the presence of
CD11c+ cells. The histogram values represent the mean and standard deviation of 3 combined
experiments, each with 3 mice per group. p < 0.01; ANOVA, Student’s paired t test.

The administration of ex-vivo CpG-matured dendritic cells (DC + CpG) in skin
resulted in an increase in the total number of CD11c+ dendritic cells in the inguinal
lymph nodes when compared with unpulsed dendritic cell control (DC; Figure 6.5a).
The levels of unpulsed dendritic cells that accumulated in the lymph nodes were
similar to the PBS control. Co-administration of either ORFVNZ2 CBP or ORFVNZ7
CBP with the CpG-pulsed dendritic cells in the skin resulted in accumulation of
significantly fewer CD11c+ cells in the lymph nodes (p < 0.01 ANOVA, Students
paired t test). The total CD11c+ cells migrating to the lymph nodes in the presence of
CBP was reduced to background levels (Figure 6.5a).
Analysis of the eGFP+ marker allowed for differentiation of the injected dendritic
cells from the host dendritic cells. The CpG-pulsed eGFP+ dendritic cells injected in
the skin migrated in higher numbers to the lymph node compared to the unpulsed
dendritic cells (Figure 6.5b). When ORFV CBP was co-administered with the CpGpulsed dendritic cells in the skin, the migration of these cells to the lymph node was
significantly reduced by 75 % (p < 0.01, ANOVA, Students paired t test). This
reduction in migrating cell numbers was observed with both ORFVNZ2 CBP and
ORFVNZ7 CBP and there was no significant difference in inhibition between the two
viral CBPs (Figure 6.5b). The co-injection of viral CBP with the unpulsed dendritic
cells did not have an effect on the migratory ability of this immature population of
cells, showing that CBP does not act as a maturation signal.
The analysis of the site of injection in the skin showed that the un-pulsed eGFP+
dendritic cells were retained in the skin (Figure 6.6). Concurrent with the higher
numbers of the CpG- pulsed dendritic cells migrating to the lymph nodes; the
numbers remaining at the site of injection were reduced when compared to the
unpulsed control. ORFVNZ2 CBP and ORFVNZ7 CBP co-injected with CpG-matured
dendritic cells retained these cells at the site of injection (Figure 6.6). The numbers of
cells retained in the skin with the viral CBPs was significantly higher than the number
of CpG-pulsed dendritic cells (p < 0.001, ANOVA, Students paired t test).
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Figure 6.6.
+
6
The eGFP dendritic cells were pulsed overnight with CpG and injected at a concentration of 10 cells in
a 20ul volume with or without 1ug of ORFV CBP. Twenty-four hours later, the skin around the injection
+
+
+
site was harvested and analysed for eGFP /CD11c cells. The histograms show total numbers of eGFP
dendritic cells that are retained in the skin. Values represent the mean and standard deviation of 3
combined experiments, each with 3 mice per group. p < 0.01; ANOVA, Student’s paired t test; compared
to the DC+CpG value.

Further experiments were performed to determine whether varying the amount of
viral CBP co-injected in the skin with mature dendritic cells affected their migration
to the lymph node. The CpG-matured dendritic cells were injected intradermally as
described previously with various amounts of ORFV CBPs. The draining inguinal
lymph nodes were harvested at 24 h post injection and analysed for the presence of
both the total CD11c+ population and the eGFP+ / CD11c+ population of dendritic
cells.

In the presence of 1 ng of either NZ2 or NZ7 CBP (Figure 6.7), the CpG-pulsed
dendritic cells migrated to the lymph nodes in numbers comparable to the positive
control. When the concentration of the viral CBPs was increased to 100 ng, the
migration of the CpG-matured dendritic cells was significantly inhibited by 30 %
(ORFVNZ7 CBP) to 50 % (ORFVNZ2 CBP) (p<0.05; ANOVA, Student’s paired t test).
The effect of CBP on dendritic cell migration was dose dependent. The maximal
inhibition was observed when CBPs were used at 1 µg for both the NZ2 and the NZ7
strains (Figure 6.7).
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Figure 6.7.
Inhibition of mature dendritic cell migration by ORFV CBP. The eGFP dendritic cells
6
were pulsed overnight with CpG and injected at 10 cells in a 20ul volume with or without ORFVNZ2 CBP
(light grey bars) or ORFVNZ7 CBP (dark grey bars). Forty-eight hours later, the draining lymph nodes
+
were harvested and analysed for the presence of CD11c cells. The histograms show numbers of total
+
+
CD11c cells (A) and eGFP dendritic cells (B). Data represents the mean and standard deviation of 3
combined experiments, each with 3 mice per group. p < 0.05; ANOVA, Student’s paired t test.

6.4.2 ORFV CBP blocks T cell activation at the draining lymph node

A second murine model was developed to assess the whether the reduced ability of
the migratory dendritic cells in the presence of viral CBPs also affected the activation
of T cells in draining lymph nodes.

The T cells were isolated from the spleens and inguinal lymph nodes of transgenic
OT-I and OT-II mouse strains and adoptively transferred to C57BL/6 recipients.
These naïve T cells transit through the lymphatics of mice and are activated in the
lymph nodes upon presentation of the OVA-specific peptide sequences by dendritic
cells (Mempel et al. 2004, Met et al. 2003).

Preliminary experiments were performed to test the viability of the adoptive T cell
model. The CD8+ T cells from the spleen and inguinal lymph nodes of Vα2-positive
mice were purified using negative selection. Approximately 9 x 108 white blood cells
were harvested from the combined spleen and lymph nodes, and after removal of cells
expressing MHC-II, B220, and CD4, the remaining population contained
approximately 12 x 107 cells (13% of total white blood cells). This population almost
uniformly stained positive for the CD8+ marker and was > 95 % pure as assessed by
flow cytometry. After CFSE labelling, approximately 6 x 107 cells were recovered.
The cells were diluted to 2.5 x 107 cells / ml in PBS, and injected in a 200 µl volume
into the tail veins of recipient C57BL/6 mice. A day later, the mice received
subcutaneous injections of either PBS (control), or OVA (257 – 264) peptide (SIINFEKL)
antigen suspended in Freund’s incomplete adjuvant. A further 48 h later the inguinal
lymph nodes were harvested and analysed by flow cytometry.
CD8+ T cells isolated from the lymph nodes of mice that received PBS showed a
highly fluorescent group of undivided CFSE-labelled T cells (Figure 6.8a). The lymph
nodes from mice that received SIINFEKL showed actively dividing T cells, indicated
in the dot plot as several distinct groups of cells with differing fluorescent intensities
(Figure 6.8b). The percentage of T cells undergoing division in the lymph nodes was
92 % (Figure 6.8c).
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Proliferation of CD8 T cells in response to subcutaneous administration of antigen.
Mice were injected with PBS or 25 µg / ml SIINFEKL (in incomplete Freund’s adjuvant) in a 100 µl
volume at the base of the tail. The draining inguinal lymph nodes were harvested 48 h post injection and
analysed using the flow cytometer for the presence of CFSE-labelled cells. Flow cytometer dot plots
showing undivided CFSE-labelled T cells in response to PBS injection (A), and dividing T cells in
response to 25 ug / ml SIINFEKL (B). The histogram (C) indicates the percentage and number of
division cycles of CFSE-labelled T cells. The flow cytometer plots are representative of data from one
mouse. The experiment was performed with 3 mice per group and repeated twice. The dot plots and
histogram was generated using the CellQuest software.

For the purpose of this study, the OVA antigen needed to be delivered by dendritic
cells administered in the skin. Further experiments were performed to optimise the
amount of antigen-pulsed dendritic cells that would result in a similar level of
activation as the subcutaneously injected SIINFEKL. This study utilised ex vivo
generated dendritic cells antigen-pulsed overnight with OVA (Hao et al. 2006) or
antigen-loaded for 3 hours with a SIINFEKL (Clarke et al. 2000, Met et al. 2003).
The pulsed dendritic cells were then washed and injected into the skin of mice. Only
viable mature dendritic cells with specific antigen would result in activation of
adoptively transferred T cells in lymph nodes. The experiment is described as a

in vitro

in vivo

schematic in Figure 6.9.
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Figure 6.9.
Schematic of the experimental design for the murine model of T cell activation in the
lymph node in response to antigen carried by the mature dendritic cells from the skin. The transgenic T
cells from OT-I or OT-II mice were labelled with CFSE and injected intravenously into recipient C57BL/6
mice. Twenty-four hours later, ex vivo generated dendritic cells from C57BL/6 mice were injected via the
intradermal route into the lower abdomen of mice. These dendritic cells were either pulsed overnight
with OVA or pulsed for three hours with SIINFEKL prior to intradermal administration. A further 48 h
later, the draining inguinal lymph nodes were harvested, collagenase digested and the single cell
suspension was analysed via flow cytometry. The proliferation of T cells was determined by the intensity
of the CFSE dye, which halves with each successive cell division.

T cells from OT-I and OT-II mice were isolated as described previously. There was
no purification step for cells from OT-II mice, as the total CD4+ T cells in their spleen
and lymph nodes are four-fold higher than the CD4+ T cells in its parent C57Bl/6
mouse strain (JAX® mouse database). The ratio of CD4+ to CD8+ T cells in a normal
C57BL/6 mouse is 2:1 (Myrick et al. 2002). The isolated T cells were labelled with
CFSE and adoptively transferred into recipient mice. C57BL/6 mice that were
transfused with transgenic CD8+ T cells received intradermal injections of 106
dendritic cells pulsed for 3 h with three different concentrations of SIINFEKL. Mice
that were transfused with CD4+ T cells from OT-II mice, received intradermal
injections of 106 dendritic cells pulsed overnight with three different concentrations of
OVA. Both groups received two injections, one on either side of the lower abdomen.

Pulsed dendritic cells were analysed for cell surface expression of markers to
determine their state of maturation prior to administration in vivo (Figure 6.10).
Dendritic cells loaded with SIINFEKL (Figure 6.10a) or pulsed with OVA (Figure
6.10b) had increased expression of MHC-II and the costimulatory molecules CD80
and CD86. The chemokine receptor CCR5 was downregulated and the expression of
CCR7 was enhanced when compared with unpulsed dendritic cells. This phenotype is
consistent with mature dendritic cells.
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Cell surface marker expression after pulsing dendritic cells with ovalbumin peptide or

protein. Histograms indicate the changes in the mean fluorescence intensities of cell surface markers on
dendritic cells in response to (A) pulsing for 3 hours with SIINFEKL and (B) pulsing overnight with OVA.
Values are from one experiment. The phenotypic analysis was performed prior to each in vivo
experiment and is representative of three experiments each using SIINFEKL and OVA.

The draining inguinal lymph nodes of mice that received intradermal injections of
SIINFEKL-pulsed dendritic cells showed proliferation of the CFSE-labelled CD8+ T
cells. The dendritic cells pulsed with SIINFEKL at final concentrations of 2.5, 5, and
25 µg/ml per 106 cells resulted in the active proliferation of T cells by 30 %, 75 %,
and 60 % (averaged values) respectively (Figure 6.11).

The draining inguinal lymph nodes of mice that received intradermal injections of
OVA-pulsed dendritic cells showed proliferation of the CFSE-labelled CD4+ T cells.
The dendritic cells were pulsed overnight with 5, 50, or 100 µg/ml of OVA. Figure
6.12 shows that approximately 55 % of the CD4+ T cells in the draining lymph node
proliferated in response to dendritic cells pulsed with 100 µg / ml OVA. The percent
proliferation decreased to 30 % and 15 % when the concentration of OVA was
reduced to 50 µg/ml and 5 µg/ml, respectively.

For further experiments, the dendritic cells were pulsed with 5 µg/ml of SIINFEKL
and 100 µg/ml of OVA.
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Figure 6.11.
Proliferation of OT-I CD8 T cells in response to various concentrations of SIINFEKL-pulsed dendritic cells. Mice were injected with PBS or dendritic cells
pulsed for 3 hours with various concentrations of SIINFEKL in a 20 ul volume in the lower abdomen. The draining inguinal lymph nodes were harvested 48 h post injection and
analysed using the flow cytometer for the presence of CFSE-labelled cells. Flow cytometer dot plots show actively dividing CFSE-labelled T cells in response to dendritic cells
-1
-1
-1
pulsed with 25 ug.ml , 5 ug.ml , 2.5 ug.ml SIINFEKL or administration of DC alone. The corresponding histograms show the percentage proliferation values. The flow
cytometer plots are from one mouse and is representative of experiments performed twice, each with 3 mice per group.
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Figure 6.12.
Proliferation of OT-II CD4 T cells in lymph nodes following administration of ovalbumin-pulsed dendritic cells. Mice were given injections of 10 dendritic cells
in a 20 ul volume in the lower abdomen. The dendritic cells were pulsed overnight with 100 ug/ml, 50 ug/ml, and 5ug/ml of OVA. Forty-eight hours later, the draining lymph
nodes were harvested and analysed using flow cytometry for the presence of CFSE-labelled CD4+ T cells. The dot plots and corresponding histograms shown are from
individual mice. The data is representative of experiments performed twice, each with 3 mice per group.

As there was no significant difference in inhibition of mature dendritic cell migration
from the skin to the lymph node between the two viral CBPs, only the ORFVNZ2 CBP
was chosen for further study.
The CFSE-labelled OT-I CD8+ T cells or OT-II CD4+ T cells were adoptively
transferred into recipient C57BL/6 mice as described previously. The dendritic cells
were pulsed with either 5 µg/ml of SIINFEKL or 100 µg/ml of OVA, and CBP was
added immediately prior to intradermal injection at total concentrations of 1 ng, 100
ng and 1 µg in a volume not exceeding 20 µl. Mice were injected at the intersection
between the lower abdomen and the hind leg as described above. At 48 h post
injection, the inguinal lymph nodes were harvested, collagenase digested and analysed
using flow cytometry.

The analysis showed that CBP resulted in reduced T cell proliferation at the lymph
node. In the presence of 100 ng of ORFVNZ2 CBP, the proliferation of both OT-I
CD8+ T cells (Figure 6.13) and OT-II CD4+ T cells (Figure 6.14) was reduced to
approximately 30 to 50 %. The most significant decrease was noted with the highest
amount of CBP, where proliferation was reduced to background levels for both
SIINFEKL and OVA-pulsed dendritic cells. The decrease in proliferation of T cells at
1 ng of CBP compared with the SIINFEKL (Figure 6.13) or OVA (Figure 6.14) was
not statistically significant (p < 0.05, ANOVA, Students paired t test). In both groups,
the minimal T cell proliferation in response to unpulsed dendritic cells was equivalent
to T cell proliferation where unpulsed dendritic cells were co-injected with CBP
indicating that viral CBP does not act as an antigen in this model.
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Figure 6.13.
Inhibition of proliferation of OT-I CD8 T cells by ORFVNZ2 CBP. Mice were given
intradermal injections of dendritic cells pulsed for 3 h with 5 ug SIINFEKL with or without ORFV CBP at
the concentrations indicated. Forty-eight hours later the inguinal lymph nodes were harvested and CFSE
labelled cells were detected using flow cytometry. The percentage of proliferating cells were analysed
using CellQuest software. Data is representative of mean and standard deviation of 3 combined
experiments each with three mice per group. p < 0.05; ANOVA, Student’s paired t test.
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Figure 6.14.
Inhibition of proliferation of OT-II CD4 T cells by ORFVNZ2 CBP. Mice were given
intradermal injections of dendritic cells pulsed overnight with 100 ug ovalbumin with or without ORFV
CBP at the concentrations indicated. Forty-eight hours later the inguinal lymph nodes were harvested
and CFSE labelled cells were detected using flow cytometry. The percentage of proliferating cells was
analysed using CellQuest software. Data is representative of mean and standard deviation of 3
combined experiments each with three mice per group. p < 0.05; ANOVA, Student’s paired t test.

6.5

Discussion

The adaptive immune response is initiated when mature dendritic cells migrate to the
lymph node to activate naïve T cells. This process is partially controlled by the
expression of constitutive chemokines. CCL21 is expressed through the lymphatics
and at the HEV to facilitate trafficking of mature dendritic cells expressing CCR7. In
the paracortex of the lymph nodes, CCL19 aids the interactions of mature dendritic
cells with T cells. This study aimed to characterise the effects of ORFV CBP on
dendritic cell migration to the lymph nodes, and the subsequent activation of T cells.

In this study, mature dendritic cells were shown to migrate to the inguinal lymph node
within 24 h when administered in the skin. When dendritic cells were injected in the
skin at 104, 105 and 106 cells in a 20 µl volume, the percentages of cells that migrated
to the inguinal lymph nodes were 0.4 %, 0.6 % and 1 %, respectively. The optimal
numbers of dendritic cells were detected in the draining lymph nodes when the skin
was injected with 106 cells. The loss of dendritic cells may be attributable to death at
the injection site or damage during transit to the lymph nodes. This correlates with
previously published studies. When 2 x 106 dendritic cells were injected into the foot
pads of mice, only 3 % was recovered from the draining lymph node (MartínFontecha et al. 2003). Another study injected mature dendritic cells into ear pinnae
and recovered 9 % of total injected cells in the auricular lymph nodes (Nair et al.
2003). Nair et al. (2003) also showed that mature dendritic cells injected via the
intradermal route in human thighs migrated to the inguinal lymph nodes at 0.5 – 2 %
efficiency.

The migration efficiency in this study was further influenced by the maturation signal
used to activate dendritic cells. Dendritic cells that were matured with LPS in vitro did
not migrate as effectively as when LPS was present in vivo. The highest level of
migration was observed when immature cells were co-injected with LPS, allowing in
vivo maturation of dendritic cells in the context of inflammation. This has been
reported by other researchers. Subcutaneously administered murine dendritic cells
migrated in higher numbers to the lymph nodes when pro-inflammatory cytokines
were pre-injected. This ten-fold increase in migration efficiency was attributed to the

increase of CCL21 along the lymphatics and was more prominent with lower numbers
of injected dendritic cells (Martín-Fontecha et al. 2003). Nair et al. (2003) observed
that use of adjuvant that creates a localised inflammatory environment, increased the
migration of immature dendritic cells in vivo in human patients.

The in vitro maturation signal that resulted in maximal migration of dendritic cells to
the lymph nodes was CpG and this was used for further assays. (Refs that use CpG) A
higher proportion of CpG-pulsed eGFP+ dendritic cells injected intradermally
migrated to the draining lymph nodes, whereas the majority of the unpulsed eGFP+
dendritic cells were retained in the skin. There was an increase in the host CD11c+
cells in the lymph nodes with the intradermal administration of mature eGFP+
dendritic cells and this can be attributed to a number of factors. The administration of
intradermal injections disrupts the skin resulting in secretion of inflammatory
cytokines and chemokines, which would recruit host immune cells to the site of
injection. The donor eGFP+ dendritic cells injected into the skin would also secrete
cytokines and chemokines to attract other cells to the site or en route to the draining
lymph node. Finally, the skin resident CD11+ cells, which comprises of Langerhans
cells, dermal dendritic cells, and CD103+ cells may also migrate to the lymph nodes.
Other groups have reported similar lymph node congestion that occurs after
administration of mature dendritic cells. Lindquist et al. (2004) also reported
enlargement of the inguinal lymph nodes post intradermal administration of LPSactivated yellow fluorescent protein labelled CD11+ dendritic cells. Martín-Fontecha
et al. (2003) noted that total lymph nodes cell numbers increased within a day of
mature dendritic cells injection in the footpads of mice. The increase was not
attributed to T cells as 24 h is not sufficient for activation and proliferation. The
authors concluded that lymph node congestion is more likely due to factors secreted
or initiated by mature dendritic cells that either prevented cells from leaving or
recruited more cells into the lymph nodes, though the exact mechanism is not
currently known.

In this study, approximately 1 % of the total injected eGFP+ dendritic cells migrated
to the inguinal lymph nodes, and resulted in an increase of total resident CD11c+ cells.
In lymph nodes draining skin, three distinct CD11c+ populations are observed,
comprised of lymph node resident CD8+ dendritic cells, and migrating Langerhan
cells and dermal dendritic cells (Ruedl et al. 2000). This study did not attempt to
differentiate between the different types of CD11c+ cells.
Despite the increase in host dendritic cells in this study, the number of eGFP+/CD11c+
cells recovered from the draining lymph node was consistently between 30 to 50 % of
total CD11c+ dendritic cells resident in the nodes, making this a suitable model to
study the migration of dendritic cells from the skin to the node. Other studies have
reported similar numbers of dendritic cells identified in the draining lymph nodes. A
day after contact allergen sensitization, the percentages of CD11c+ cells detected in
the lymph node consisted of nearly 70 % Langerhan cells (CD11chigh, CD40high) and
20 % dermal dendritic cells (CD11cint, CD40high) (Ruedl et al. 2000). The recent
development of transgenic mice with langerin promoter-driven eGFP has allowed the
study of host dendritic cell trafficking from the skin to the node. These mice have
eGFP+ Langerhans cells in the skin and CD8α+ dendritic cells in secondary lymphoid
organs. Twenty-four hours post-contact allergen sensitisation, 88 % of CD11c+ cells
in cutaneous lymph nodes were Langerin-positive eGFP+ cells and nearly 30 % were
eGFP- dermal dendritic cells (Kissenpfennig et al. 2005). Further characterisation of
lymph nodes draining skin in another transgenic mouse strain (eGFP expression at
Rosa26 locus) showed 6 distinct subsets of dendritic cells in steady state identified by
varying expressions of CD11b, CD11c, CD8α, eGFP and langerin (Jakubzick et al.
2008). Dendritic cells were identified by their dual expression of CD11c+/eGFP+ and
presence of fluorescent contact allergen. These cells constituted 17 % of total CD11c+
population in steady state in the lymph nodes draining skin, and the numbers
increased to 30 % after inflammation induced in the skin with contact allergen
(Jakubzick et al. 2008).

Having established that ex vivo CpG-matured dendritic cells migrated to the inguinal
nodes following intradermal administration into murine abdomen, the viral CBPs
were co-injected with the dendritic cells. In the presence of increasing amounts of
CBP, the migration of mature eGFP+/CD11c+ dendritic cells from the periphery to the

draining lymph nodes was inhibited in a dose dependent manner. The levels of
inhibition seen with ORFVNZ2 CBP and ORFVNZ7 CBP were similar with the highest
inhibition of migration when viral protein was used at 1 µg. At 100 ng of CBP, the
migration of eGFP+/CD11c+ dendritic cells was inhibited by approximately 65 %.
This is in contrast to the skin inflammation model, where recruitment of inflammatory
cells was completely prevented at 100 ng. It is possible that the significantly higher
amounts of CBP required to inhibit migration of mature dendritic cells could be
attributed to the lower affinity binding to CCL21. In addition to CCL21, the initial
trafficking from the tissue to lymphatic endothelium in vivo also involves the
chemokines CCL1 and CXCL12 (Alvarez et al. 2008). ORFVNZ2 CBP has previously
been shown to bind human CCL1 with a higher binding affinity compared to vaccinia
virus CBP, even though the KD value of 9.3 nM was indicative of lower affinity
binding compared to other human CC chemokines (Seet et al. 2003). It is not known
if ORFV CBP binds murine CCL1 or CXCL12 chemokines.

Concurrent with the inhibition of dendritic cell migration, there was also a decrease in
T cell activation as shown by the use of adoptively transferred T cells labelled with
CFSE. The brilliance of the CFSE material bleaches any other fluorescent signal
compromising the ability to analyse other cell types present in the small sample of
individual lymph node. However, the ability of CFSE to show actively dividing cells
in vivo surpasses this single disadvantage. The CFSE-labelled adoptively transferred
CD8+ and CD4+ T cells in the draining lymph nodes were activated by dendritic cells
pulsed ex vivo with either SIINFEKL or OVA. The dendritic cells were initially
optimised for the concentration of SIINFEKL and OVA that would result in
maximum T cell proliferation. Intradermal injections of dendritic cells pulsed with 5
µg SIINFEKL and 100 µg of OVA resulted in the proliferation of approximately 75 %
and 55 % of the adoptively transferred CD8+ and CD4+ T cells, respectively. Overall,
the percentage of T cells that proliferated in response to OVA was lower than the
activation achieved when using SIINFEKL. This correlates with previous data, where
dendritic cells loaded with SIINFEKL were shown to be more effective than OVApulsed dendritic cells in activating T cell responses (Met et al. 2003). Even after
effective processing of OVA, only a small portion of the processed peptides will
contain the three epitopes known to induce proliferation of the transgenic CD4+ T
cells (Robertson et al. 2000). In this study, it was noted that the highest percentage of

CD8+ T cell proliferation (92 %) was seen when SIINFEKL was injected
subcutaneously with incomplete Freund’s adjuvant. This model relies on the natural
development of host innate and adaptive immunity. The innate immune response
would result in an initial cascade of proinflammatory chemokines and cytokines at the
site of injection. The resulting inflammation would result in increased expression of
constitutive chemokines along the lymphatics and thus aid faster trafficking of antigen
presenting cells. The resident skin dendritic cells and recruited blood-derived
dendritic cells will traffick to the lymph node to present SIINFEKL to the host and
donor T cells to initiate the adaptive immune response. It is also likely that SIINFEKL
would drain to the lymph node and be presented by lymph node resident dendritic
cells. This model would better reflect T cell activation during inflammation as caused
by viral infections due to the progression from innate immunity to adaptive immunity.
However, it would be difficult to control the levels of inflammatory chemokines at the
skin, and the degree of upregulation of the constitutive chemokines along the
lymphatics. This is important as ORFV CBP was injected in the skin and would likely
be depleted by binding proinflammatory chemokines. Furthermore, it would be
difficult to ensure that viral CBP is present at the skin at day 3 post injection when T
cell proliferation responses are maximal in the lymph node. Hence, this model was not
utilised.

The drawback to the current model is that it only reflects the role of viral CBP on the
activation of a distinct group of T cells in response to specific antigen presented by
dendritic cells in the absence of host inflammation. The co-administration of
ORFVNZ2 CBP in the skin with the SIINFEKL- or OVA-pulsed dendritic cells
resulted in a dose-dependent inhibition of T cell proliferation at the draining lymph
node. The inhibition of antigen-specific activation of naïve T cells is likely due to the
impaired migration of the mature dendritic cells.

Neither murine model tracked the dispersal of CBP post injection in the skin. It is well
known that dyes injected into the skin or footpads of mice drain to the lymph nodes
within hours, and this experiment was used originally to define the areas drained by
specific lymph nodes (refs). Low molecular weight molecules and chemokines have
been shown to enter HEV from the subcapsular sinus but were excluded from the
cortical lymphocyte microenvironments (Gretz et al. 2000). Indirect evidence

suggests that injected material in the skin enters the lymph nodes through lymphatic
conduits, and thus it is presumed that ORFV CBP also drained to the lymph nodes.
However, this was not proven experimentally.

In summary, the murine models demonstrated that ORFV CBP inhibited the migration
of mature dendritic cells from the skin to the peripheral lymph nodes, and
subsequently prevented the activation of CD4+ and CD8+ T cells.
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The aim of this project was to characterise the functional effects of ORFV CBP using
murine models. The ability of ORFV CBP to bind murine chemokines and inhibit
chemokine-induced migration of immune cells was determined using surface plasmon
resonance and transwell migration assays, respectively. Further characterisation was
performed using in vivo models of skin inflammation, dendritic cell migration, and
activation of CD4+ and CD8+ T cells in the draining lymph nodes.

7.1

ORFV CBP binds murine chemokines and inhibits chemokine-induced
migration of immune cells

In this project, the CC inflammatory chemokines CCL2, CCL3 and CCL5 were chosen
for analysis, as these chemokines have been extensively characterised and shown to play
pivotal roles in a range of inflammatory models (reviewed by Charo and Ransohoff,
2006). Their role in inflammation has been confirmed using transgenic mice deficient in
the relevant chemokine or chemokine receptor. Mice that lack CCL2 or CCL3 have
defects in monocyte recruitment and IFN-γ secretion during inflammation (Charo and
Peters, 2003). The deletion of CCL2 also affects the expression of cytokines and
chemokines required to maintain the acute inflammatory response (Ferreira et al. 2005).
The CCL5-deficient mice recruit fewer monocytes and CD4+ T cells, and lack IFN-γ and
IL-2 secretion during early inflammation (Vesosky et al. 2010 ,Makino et al. 2002).
These observations suggest that CCL2, CCL3 and CCL5 are required for acute
inflammation in mice.

This study showed that ORFV CBP binds murine inflammatory chemokines CCL2,
CCL3, and CCL5 with KD values in the nM range. The high affinity interactions are
comparable to data obtained from other studies using poxvirus and herpesvirus CBPs
(refer to Table 3.2). In contrast to other type II CBP from poxviruses, ORFVNZ2 CBP was
shown to bind human XCL1 with high affinity (Seet et al. 2003). This study showed a
similar high affinity interaction with murine XCL1 although further assays were not

performed to confirm the functional relevance of this unique binding ability. This study is
also the first to report the binding affinity of ORFVNZ2 CBP to human and murine
constitutive chemokines, CCL19 and CCL21. The KD value obtained for human CCL19
was a 100-fold lower than human CCL21. A difference of more than 300-fold was
observed between the binding affinity for murine CCL19 and CCL21. The reduced
affinity for CCL21 may be attributed to the structure of the chemokine.

CCL21 is one of the few β-chemokines that possesses 6 cysteine residues. Four of the six
cysteines in CCL21 share disulfide-binding patterns with the other CC chemokines, but
the role of the additional cysteine pair is unclear. Mutational analyses have shown that
the extra pair of cysteines at the terminal ends may not be required for biological function
(Fernandez and Lolis, 2002). The functional residues in CCL21 are contained within 6
amino acids in the N-terminal region of the chemokine, the loss of which leads to
inability to bind and signal through CCR7 (Ott et al. 2006). The CCL19 and CCL21
chemokines only share about 25 % homology and the critical residues of Glu and Asp
required for activating the CCR7 receptor are found at different positions at the Nterminus of the two chemokines (Ott et al. 2006). The differences in receptor binding
domain between CCL19 and CCL21 may account for the reduced affinity binding as
ORFV CBP is likely to bind an overlapping region of the receptor-binding domain in the
CC chemokines as shown for human CCL2 binding (Seet et al. 2003). The residues on
CCL2 that binds vaccinia virus CBP are conserved amongst other CC chemokines,
including human CCL19 (Seet and McFadden, 2002). The residues on CC chemokines
important for binding to rabbitpox virus CBP have also been determined based on
structural binding studies with CCL4 (Zhang et al. 2006). Of particular interest is that
CCL21 has a neutral amino acid in a position where a positive residue is known to
increase binding affinity (Zhang et al. 2006).

The reduced binding affinity of ORFV CBP for CCL21 was also apparent in transwell
migration assays. A molar ratio of chemokine:CBP of 1:32 was required before migration
was reduced to background levels. This is in contrast to the chemokine:CBP ratio of 1:4
which was sufficient to completely inhibit chemokine-induced migration for the

constitutive chemokine CCL19 and the inflammatory CC chemokines. The transwell
migration assays in this study used optimal amounts of individual chemokines to induce
migration of monocytes and dendritic cells. The amount of chemokine used is likely to be
higher than what is required in vivo to recruit immune cells. The chemokine system in
vivo has a high degree of redundancy (Viola and Luster, 2008), which allows low levels
of locally produced chemokines to act synergistically to recruit various immune cells
(Rollins B.J., 1997). Consequently, low amounts of ORFV CBP may be sufficient to
inhibit CC chemokine-induced cellular recruitment in vivo.

7.2

ORFV CBP inhibits recruitment and migration of immune cells in vivo

The function of ORFV CBP during innate and adaptive immunity was determined using
three different murine models. The skin inflammation model was used to characterise the
effects of ORFV CBP on monocyte and dendritic cell recruitment to the periphery. The
migration model was used to examine the effects of ORFV CBP on mature dendritic cells
trafficking to draining lymph nodes. The final model studied the T cell proliferation
profile when ORFV CBP was present in the skin.

The skin inflammation model utilising LPS allowed for the formation of a natural
cascade of both CXC and CC chemokines leading to the recruitment of a range of
immune cells at various time points. In this model, only the influx of Gr-1+/CD11b+
monocytes and CD11c+/MHC-II+ dendritic cells were analysed at 24 hr post LPS
administration. In addition, the Gr-1+ (Ly6G) marker, in the absence of CD11b was used
to identify residual neutrophils. In recent years, other myeloid cells have been reported
that stain positive for Gr-1. These cells include myeloid suppressor monocytes
(Kusmartsev et al. 2000) and plasmacytoid dendritic cells (Nakano et al. 2001, Ferrero et
al. 2002). The Gr-1+/CD11b+ myeloid suppressor cells have been reported to suppress T
cell activation in murine models of cancer and parasitic infections (Yamamoto et al.
2008, Voisin et al. 2004). It is not currently known if the monocyte suppressor

populations are involved in dampening acute inflammation. The Gr-1+ plasmacytoid
dendritic cells secrete type I IFN in response to viral challenges or CpG oligonucleotides
(Ferrero et al. 2002) but do not respond to LPS or other bacterial products (AsselinPaturel et al. 2001). There is also some dispute about the presence of Gr-1 marker on
murine plasmacytoid dendritic cells, with one study claiming that anti-Gr-1 antibody
cross-reacts with Ly6C marker present in abundance on dendritic cells, and is not
indicative of presence of Ly6G (Asselin-Paturel et al. 2001). There is also evidence to
suggest that plasmacytoid dendritic cells do not respond to inflammatory chemokines;
however during cutaneous inflammation, these cells are recruited to the skin in response
to chemerin protein (Alvarez et al. 2008). The presence of plasmacytoid dendritic cells
and suppressor monocytes were not examined in the skin inflammation model used in
this study.

The migration of mature dendritic cells from the skin to the draining lymph nodes was
inhibited in the presence of ORFV CBP. The activation and proliferation of T cells was
also inhibited when ORFV CBP was present in the skin. The data suggests that the
inhibition of T cell proliferation is attributed to lack of dendritic cell migration to the
lymph nodes. Due to the in vitro pulsing of dendritic cells, and the specificity of the
antigen required to activate the OT-I and OT-II T cells, it is unlikely that free antigen
may have been taken up and presented by the lymph-node resident dendritic cells.
Another factor that was not examined in the T cell model was the possibility that ORFV
CBP could bind murine XCL1 in vivo. The role of XCL1 during poxvirus infections is
unclear at present, though previous human and murine studies indicate that XCL1 is
produced by activated CD8+ T cells, γδ resident epithelial T cells, and NK cells (Yoshida
et al. 1999) and serves to recruit B lympocytes, neutrophils, and recently activated
antigen-specific αβ T cells (Boismenu et al. 1996, Kurt et al. 2001), but not monocytes or
dendritic cells (Huang et al. 2001). Some subsets of natural killer cells also express
XCR1 receptor (Inngjerdingen et al. 2001). Dorner et al. (2002) showed that XCL1 acted
synergistically with CCL3, CCL4, CCL5, and IFNγ to induce a TH1 cytokine profile in
NK cells and CD8+ T cells. The data suggests that XCL1 plays a role in anti-viral innate
immunity and may aid adaptive immunity due to its ability to recruit recently activated T

cells (Kurt et al. 2001). It is likely that murine XCL1 was present locally in the murine
models utilised in this study but its effects were not characterised. A key aspect of the
adaptive immune response that was not characterised in this study was the migration of
activated T cells from the lymph nodes to the skin, which relies on the upregulation of
CCR5 on T cells (Bromley et al. 2000). Since ORFV CBP binds CCL5 with high affinity,
it is likely that the recruitment of T cells to the site of inflammation would be inhibited.

Despite their limitations, the murine models in this study allowed for the functional
characterisation of ORFV CBP in the context of innate and adaptive immunity. When the
data from this study is combined with the current knowledge of viral CBPs, a clearer
picture of the role of CBP during viral pathogenesis emerges.

7.3

Role of CBP during viral pathogenesis

Poxvirus CBP can bind human and murine chemokines, as well as bind other viral
chemokine analogues with high affinity (Burns et al. 2002), and various animal models
have been utilised to study the role of viral CBP in vivo. As the orthopoxvirus type
species, vaccinia virus CBP has been used in a diverse range of murine models both in
the context of natural virus infection and as an immune modulator in disease models.

The Western Reserve (WR) strain of vaccinia has a natural mutation in the CBP region
and hence does not encode a functional CBP protein. Murine infections with WR via the
intranasal or the intradermal routes resulted in excessive inflammatory response by the
host. The peak numbers of infiltrating macrophages and T cells coincided with maximal
expression of CCL2, CCL3, CCL11, CXCL1, and CXCL2/3 in the bronchoalveolar
lavage fluid (Reading and Smith, 2003). Reading et al. (2003) also inserted the CBP gene
from the Lister strain of vaccinia into the WR strain to study the difference in infection
profile in the presence of CBP. Using the intranasal model of infection, it was confirmed
that presence of viral CBP decreased the expression of host CCL2, CCL3 and CCL11

which resulted in recruitment of fewer cells to the lungs. Inexplicably however, the
presence of CBP also attenuated the virus, resulting in poor replication and dissemination
(Reading et al. 2003). It was proposed that this is likely due to the route of administration
of virus, as dissemination from the lungs may require the presence of inflammatory cells.
Furthermore, WR strain also does not contain a TNF-α receptor mimic encoded by Lister,
indicating that presence of pro-inflammatory cytokines may aid viral replication. Other
animal studies using poxviruses with CBP-deletion mutants have confirmed the increased
numbers of infiltrating cells at the site of infection but with contradictory effects on
overall disease progression. The intradermal injection of A41L-deleted vaccinia virus
results in more severe lesions and a decrease in virus titres, indicating that the host
immune system was better able to clear infection with a deletion mutant (Aylwin et al.
2001). Intradermal injection of CBP-deleted rabbitpox virus showed the greatest
difference in the presence of infiltrating leukocytes at day 3 post infection (Graham et al.
1997). Similar infection studies using M-T1-deletion mutant of myxoma virus resulted in
formation of larger lesions with increased recruitment of leukocytes to rabbit skin during
days 2 and 3 of infection (Lalani et al. 1999). In addition, comparison with wild type
virus showed that there was little or no difference between total viral titres obtained from
lesions, indicating that overall virus replication is not hindered by the loss of CBP. All
the studies postulated that inhibiting the recruitment of cells to the site of initial
recruitment was only a portion of the immune evasion strategy of poxviruses and that
other early expressed viral factors played a synchronised role in evading the host immune
response.

The role of viral CBP in inhibiting recruitment of specific immune cell types has also
been studied using animal disease models. Some models utilised an adenovirus vector to
ensure prolonged secretion of CBP over a period of several days. The murine γherpesvirus M3 protein was inserted into an adenoviral vector and used in an
experimental autoimmune encephalomyelitis model to show an inhibition of cellular
infiltrate into the brains of mice in response to chemokines (Millward et al. 2010). Mice
engineered to express M3 protein in their β-islets are resistant to streptozotocin-induced
diabetes, indicating that an influx of leukocytes may play a role in early onset of this

autoimmune condition (Martin et al. 2007). Transgenic mice expressing M3 in their
intestines also had decreased leukocyte recruitment to the gut (Shang et al. 2009). The
vaccinia virus CBP delivered systemically via an adenovirus vector also reduced
macrophage infiltration and vein graft artherosclerosis in apolipoprotein-E knockout mice
(Bursill et al. 2004, Ali et al. 2005). A modified, membrane-bound version of vaccinia
virus CBP showed enhanced chemokine-sequestering activity in peritoneum when
compared to the secreted form of CBP (Bursill et al. 2006). These data suggest a
therapeutic role for CBP supported by other disease models in which the purified form of
viral CBP was shown to inhibit cellular infiltration. In a murine model of arthritis, the
onset and severity of disease was reduced in the presence of 200 µg of vaccinia virus
CBP administered intravenously (Buatois et al. 2010). Administration of 1.7 pg/g of MT7 after balloon angioplasty in both rats and rabbits resulted in recruitment of fewer
macrophages at 4 and 24 hrs post injury, with the overall reduction of intimal hyperplasia
at day 28 post injury (Liu et al. 2000). M-T7 has more recently been shown to inhibit
plaque growth in a rat aortic transplant model (Bartee et al. 2009). The cowpoxvirus
CBP, when used at 50 µg, successfully reduced OVA-induced bronchial inflammation in
murine asthma model (Dabbagh et al. 2000). Evasin-4, a CBP specific for CCL11 and
CCL5, cloned from tick saliva can reduce the recruitment of eosinophils to the colon
when injected subcutaneously at 100 ng (Vieira et al. 2009). It is apparent from studies
that used purified CBP, that the amount of viral protein administered varies with the type
of disease model and the route of administration. Often the lack of availability of reagents
means that studies are performed with non-host species, which may require higher than
normal physiological concentrations of CBP. The results obtained can be extrapolated to
infection in host species based on the similarities in chemokine sequences and immune
responses.

It is interesting to note that poxviruses encode secreted chemokine binding proteins
specifically to bind the receptor binding-region of CC chemokines. The other viral CBPs
that disrupt the GAG-binding regions of chemokines display neither specificity nor high
affinity binding. It is likely that the secretion of CXC chemokines is beneficial to
poxvirus to aid inflammation, as shown by the attenuation of WR-vaccinia virus

(Reading et al. 2003). The presence of pro-inflammatory ELR+ CXC chemokines will
recruit neutrophils that may not pose a threat to virus survival. There is some evidence
that the induction of selective non-ELR+ CXC chemokines is downregulated by vaccinia
virus via an indirect mechanism. Studies with WR-vaccinia virus have shown that
expression of CXCL11, a non-ELR+ CXC chemokine is downregulated during infection
in mice, and consequently, the local production of CXCL11 leads to viral attenuation
(Hamilton et al. 2004). Other studies using recombinant vaccinia encoding CXCL9 and
CXCL10 have reported similar reduction in virus pathogenesis (Mahalingam et al. 2000).
These CXC-chemokines are upregulated in the presence of IFN-α, IFN-β, and/or IFN-γ
(Mahalingam et al. 2001) and vaccinia virus encodes a range of secreted and intracellular
modulators that target IFN expression pathways (Haga and Bowie, 2005). The studies
using CXCL11 utilised mRNA assays to detect the presence of chemokine, indicating
that the most likely viral protein responsible for inhibition at mRNA level is the viral
phosphatase VH1 (Hamilton et al. 2004). These CXC chemokines are targeted for
inhibition by the virus as they recruit and activate NK cells (Mahalingam et al. 2000).
They are also involved in T-cell-mediated anti-tumor immunity and have anti-angiogenic
properties during wound healing (Romagnani et al. 2004). These functions of the nonELR+ CXC chemokines would inhibit virus survival; hence poxviruses encode factors to
inhibit select functions of specific CXC chemokines. Years of evolutionary constraints
placed upon poxviruses by host immune systems has led to the development of highly
targeted host immunomodulators that simultaneously dampen specific aspects of the host
immune system that are detrimental to the virus whilst enhancing those features of host
immunity that aid viral replication and dissemination.

7.4

Relevance to orf infection in sheep

Orf virus infection in sheep results in pustular dermatitis with virus replication restricted
to the keratinocytes. Peak virus replication occurs at around day 6 post infection and
subsides by approximately day 15 (secondary infection) and day 30 (primary infection)
(Haig et al. 1997). In both primary and reinfection with orf, the maximal secretion of
viral immunomodulators would likely coincide with peak virus titres. The secreted
immunomodulators produced by orf will likely disseminate gradually into the dermal
layer via the interstitial fluids and play a role in the microenvironment of the skin.
Histological analysis of orf virus lesions in skin showed maximal infiltration of
neutrophils at day 2 post infection, and peak accumulation of dendritic cells, NK cells
and T and B cells at days 9 -15-post infection (Haig et al. 1996, 1997). There is a timedelay between neutrophils influx and dendritic cell recruitment of approximately 7 to 13
days. In humans the adaptive immune response takes approximately 6 to 8 days to
develop (more refs with skin needed). In murine models of inflammation, the neutrophil
to monocyte turnover that recruits dendritic cells to activate the adaptive immune
response occurs at 48 h post inflammatory stimulus (Kato et al. 2004). In orf lesions the
secondary influx of cells is contained in the dermal region underlying the infected
epidermis indicating that further infiltration of these immune cells into the virus-infected
tissue has been inhibited. One of the immunomodulators that may play a role in inhibiting
cellular recruitment is ORFV CBP.

This study characterised the function of ORFV CBP in murine models to elucidate its
role in orf virus pathogenesis. Orf virus may use CBP to bind a range of chemokines
important for immune cell trafficking and activation in the skin. Comparisons between
the binding affinity of CBP to human and murine chemokines show that it bound human
chemokines with higher affinity. As human and ovine CCL2 share 75 % identity at the
amino acid level (Dunphy et al. 2001), this indicates that CBP will bind ovine
chemokines with even higher affinity (Seet et al. 2003, Lateef et al. 2009).

The specificity of C and CC binding by CBP indicates that the secretion of other host
chemokines may be beneficial to orf virus pathogenesis. The presence of pro-angiogenic
ELR-containing CXC chemokines would likely promote viral growth in the replicating
keratinocytes and hence are not bound by CBP. The unique binding affinity of ORFV
CBP to XCL1 indicates that this C chemokine may be important in an anti-viral immune
response. Histological analysis of orf lesions show an influx of γδ CD8+, and CD4+ T
cells under the replicating keratinocytes (Jenkinson et al. 1992). There is also some
indication that XCL1 plays a key role in the activation of T cells, particularly in regard to
tumour immunity (Palena et al. 2003) and may be relevant to orf virus lesions. It is highly
likely that inhibiting XCL1 would aid orf virus pathogenesis through inhibition of NK
and T cell recruitment and activation. The role of NK cells in orf virus infection has not
been characterised, though it is likely that anti-viral cells of the innate immune response
would play a major role in limiting spread of disease during the early stages of infection.
The role of T cells in clearing orf virus infection has already been established, as shown
by persistence of orf lesions in CD4+ T cell-deprived sheep (Lloyd et al. 2000). Orf virus
further reduces host T cell activation via the secretion of another immune-modulator.
ORFV GIF is an intermediate-late viral protein that specifically binds ovine GM-CSF and
IL-2, and shares approximately 20 % identity with ORFV CBP (Seet et al. 2003). More
importantly, studies conducted in sheep have shown the presence of GIF in the afferent
lymph nodes (Deane et al. 2000), making it likely that CBP may also drain to the lymph
nodes and thus have an effect of constitutive chemokines. The reduced binding ability of
ORFV CBP for murine CCL21 may not translate to its host species. It is not known if
ovine CCL21 is similar to murine CCL21 in its ability to bind CXCR3. Interaction of
murine CXCR3 with the ligands CXCL9 and CXCL10 not only recruits NK cells and
activated T cells (Romagnani et al. 2004), it also results in an angiostatic response (Soto
et al. 1998, Sharma et al. 2003). Furthermore, the human endothelial cell-lines in S-phase
of mitosis express CXCR3 (Romagnani et al. 2004). Since effective replication of orf
virus is dependent on extensive vasculature at the site of infection, any protein that
exhibits an angiostatic property would be detrimental to viral pathogenesis. It is not
currently known if ovine CXCR3 is expressed on endothelial cells or if it has angiostatic
properties. The stronger binding affinity of CBP for the constitutive chemokine CCL19

may indicate the significance of inhibiting interactions between mature dendritic cells
and naïve T cells within the lymph nodes. The ability of ORFV CBP to block activated T
cell migration from the node to the skin to specific chemokines was not determined in
this study. The inflammatory chemokines present in the skin are also responsible for the
recruitment of activated T cells during adaptive immunity. During skin inflammation,
keratinocytes and endothelial cells also secrete CCL17 and CCL27 (Homey et al. 2006),
which play a role in recruiting recently activated or memory T cell to the skin (Dudda et
al. 2004). It is not known if ORFV CBP binds these chemokines.

Overall, the expression of the immune modulators by orf virus appears to target both the
innate and acquired immune responses. ORFV CBP binds both inflammatory and
constitutive chemokines with high affinity, which would allow the virus to limit the
influx of antigen presenting cells to the site of infection and inhibit their migration to the
lymph nodes, hence delaying the adaptive immune response.

7.5

Future directions

This study is the first to show that ORFV CBP can bind murine chemokines and hence
can be characterised in murine models. However, a more comprehensive study of the
binding partners of ORFV CBP is required, including homeostatic chemokines CCL17
and CCL27 that are upregulated during skin inflammation. It is also likely that orf virus
would inhibit non-ELR+ CXC chemokines that have potent anti-angiogenic properties in
skin.

The ability of ORFV CBP to bind XCL1 requires further study in the context of NK and
αβ T cell recruitment and γδ T cell activation at the skin. Mice deficient in γδ T cells are
unable to mount an effective IFN-γ response from NK cells during microbial infection,
indicating that NK activation is linked to γδ T cells (Kaufmann S. H. E., 1996). The
ability of ORFV CBP to bind murine chemokines makes it a promising candidate for

immunotherapy in conditions where an overexpression of CC chemokines causes disease.
The main impediment to using any viral protein is their potential immunogenecity. In
order to reduce the antigenecity of CBP, the amino acids critical for high affinity binding
to CC chemokines will need to be deduced. These residues can be expressed in the
context of IgG antibodies, creating anti-inflammatory molecules for specific CC
chemokines. It is also likely to engineer membrane bound forms of CBP to study the
effect of prolonged expression in chronic inflammatory conditions, such as rheumatoid
arthritis. The first steps towards using CBP in immunotherapy are already in progress.
The crystal structure of ORFV CBP has been resolved to 2.50 Å, and further studies are
underway to resolve the viral protein bound to specific chemokines (Counago et al.
2010).

The data from this study suggests that orf virus utilises CBP to block the host innate
response, as well as delay the adaptive immune response by blocking the trafficking of
immune cells. This proposed immune evasion strategy of orf virus requires confirmation
in a sheep model. A CBP-knockout orf virus has been shown to infect sheep as
successfully as the wild-type virus (Fleming, unpublished). Studies are underway to
characterise the changes in cellular infiltrate of the lesions infected with wild type and
mutant viruses.

7.6

Conclusion

Chemokines direct immune cell traffic during homeostatic and disease conditions and
poxviruses have evolved to bind chemokines with high affinity. Orf virus has evolved to
specifically infect keratinocytes and hence encodes a CBP that is unique amongst
poxviral CBPs. ORFV CBP binds C and CC inflammatory and constitutive chemokines
with high affinity and inhibits chemokine-induced migration of immune cells in both in
vitro and in vivo assays. During infection, the ORFV CBP likely works in conjunction
with the other immunomodulators to dampen the host immune response, allowing
effective virus replication and escape into the environment.
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A1.

Recipes

1.

SDS-PAGE gels

•

Stacking gel

Resolving gel

3%

12%

Distilled water

3.25

ml

3.00

ml

10 % SDS

0.05

ml

0.10

ml

1.5 M Tris-HCl (pH 8.8)

-

2.50

ml

1.0 M Tris-HCl (pH 6.8)

1.25

ml

-

Acrylamide-bis

0.50

ml

4.00

ml

50% glycerol

-

0.50

ml

TEMED

0.007

ml

0.01

ml

10 % ammonium persulfate

0.025

ml

0.05

ml

Tris-buffered saline (TBS)
10 mM Tris and 150 mN NaCl; pH to 7.6

•

Reducing sample buffer
13 % stacking buffer, 10 % glycerol, 2 % SDS, 0.03 % bromophenol blue, and
0.05 % β-mercaptoethanol

•

Coomassie blue stain
0.1 % Coomasie blue R-250, 40 % methanol, 10 % glacial acetic acid in milliQ
water

•

Destaining solution
50 % methanol, 10 % glacial acetic acid in milliQ water

•

Western blot transfer buffer
192 mM glycine, 25 mM Tris, and 20 % methanol

•

Blocking buffer
TBS with 5 % non-fat milk powder and 0.05 % Tween 20

2.

BIAcore reagents

•

HBS-EP (pH 7.4)
10 mM Hepes, 150 mM NaCl, 3 mM EDTA, 0.005 % polysorbate 20. Pass
through 0.22 um filter

3.

Cell culture Reagents, all filter-sterilised and stored at 4°C

•

Selection media for EBNA-293 cells
DMEM with 10 % FCS, 1 % PSK, and 100 µg/ml hygromycin B

•

Ammonium chloride solution (pH 7.2)
8.3 g/L NH4Cl, 1 g/L potassium hydrogen carbonate, 372 mg/L
ethylenediaminetetraacetic acid di-sodium salt (EDTA)

•

Complete DMEM for dendritic cells
DMEM supplemented with 11.6 g/L L-arginine, 3.6 g/L L-aspartate, 0.6 g/L folic
acid, 200 mM/L-glutamine, 0.1 mg/ml penicillin-streptomycin (10,000 units/ml
penicillin G sodium, 10,000 µg/ml streptomycin sulphate), 5.5 x 10-2 2mercaptoethanol, 5 % heat-inactivated FCS, and 20 ng/ml rmGM-CSF.

•

Complete DMEM for monocytes
DMEM media was supplemented with 10 % L929 supernatant containing M-CSF,
10 % heat-inactivated FCS, 0.1 mg/ml penicillin-streptomycin (10,000 units/ml
penicillin G sodium, 10,000 µg/ml streptomycin sulphate), 5.5 x 10-2 2mercaptoethanol.

•

FACS buffer
Non-sterile PBS with 0.1 % BSA, and 0.01 % sodium azide.

•

Scott’s tap water (pH 8.0)
2 g sodium bicarbonate, 20 g magnesium sulfate in 1 L tap water

Appendix 2

1.

Paraffin embedding of murine skin tissues used the following automated protocol:
Solution

2.

3.

Duration

Repeat

80% ethanol

45 mins

x1

95% ethanol

75 mins

x1

99% ethanol

75 mins

x3

isopropanol

90 mins

x2

1:1 isopropanol/xylene

90 mins

x1

xylene

90 mins

x2

paraffin wax (56-58°C)

105 min

x2

The murine sections were de-waxed and rehydrated using the automated protocol:
Solution

Duration

Repeat

Xylene

5 mins

x2

100% ethanol

2 mins

x1

100% I-propanol

2 mins

x1

90% I-propanol

2 mins

x1

75% I-propanol

2 mins

x1

Distilled water

20 mins

x1

The H & E stain automated protocol:
Solution

Duration

Harris haematoxylin

8 mins

Distilled water wash

1 min

0.2 % HCl in 70 % ethanol

0.5 min

Scott’s tap water

1 min

Distilled water wash

3 min

70 % ethanol

1 min

95 % ethanol

1 min

100 % ethanol

1 min

Alcoholic eosin Y (0.3%)

3 mins

100 % ethanol (3 x)

1 min
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