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Cytokines are proteins secreted by cells that play an important role in
the activation and regulation of other cells and tissues during inflammation
and immune responses. Although well described in several mammalian
species, the role of cytokines and other related proteins is poorly
understood in avian species. Recent advances in avian genetics and
immunology have begun to allow the exploration of cytokines in health
and disease. Cytokines may be classified in a number of ways, but may
be conveniently arranged into four broad groups on the basis of their
function. Proinflammatory cytokines such as interleukin-6 and interleukin-
1B play a role in mediating inflammation during disease or injury. Thl
cytokines, including interleukin-12 and interferon-y, are involved in the
induction of cell-mediated immunity, whereas Th2 cytokines such as
interleukin-4 are involved in the induction of humoral immunity. The final
group Th3 or Tr cytokines play a role in regulation of immunity. The role
of various cytokines in infectious and non-infectious diseases of chickens
and turkeys is now being investigated. Although there are only a few
reliable ELISAs or bioassays developed for avian cytokines, the use of
molecular techniques, and in particular quantitative RT-PCR (Tagman) has
allowed investigation of cytokine responses in a number of diseases
including salmonellosis, coccidiosis and autoimmune thyroiditis. In addition
the use of recombinant cytokines as therapeutic agents or as vaccine
adjuvants is now being explored.

INTRODUCTION

Cytokines are proteins or peptides secreted by cells that play a key
role in immune and inflammatory responses through the activation and
regulation of other cells and tissues. Their role in mammals is well defined,
with a vast number of publications describing the structure of cytokines
and their role in health and disease. In contrast, avian cytokines have
been poorly defined, both in terms of structure and function. However,
in recent years advances in avian immunology and genetics have lead to
the discovery of a range of cytokines mainly in the chicken, but also in
the turkey and other avian species. Although only relatively few
recombinant cytokines or monoclonal antibodies against avian cytokines
have yet been produced, the availability of new technologies such as
real-time quantitative PCR allow the quantification of expression of
messenger RNA from cytokine genes without the need for protein or
antibody. This has opened up a large area of possibilities to determine
cytokine levels in disease giving increased understanding of the
mechanisms of both pathogenesis and immunity.

Cytokines also have enormous potential in the control of infectious
disease in poultry. Their use as novel therapeutic agents in disease has
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begun to be explored. Cytokines may also have the
potential to act as vaccine adjuvants that may specifically
activate the immune system to produce effective
protection. In this review we will discuss the structure
and functions of cytokines, the main types of cytokines
so far found in the chicken and their potential as
adjuvants or therapeutic agents. We will also address
some of the work that is determining the role of
cytokines in the pathogenesis of infectious diseases such
as salmonellosis and in other diseases such as
autoimmune thyroiditis.

The main function of cytokines is in the activation
and regulation of the cells of immune system. Cytokines
are produced by a wide variety of cell types, though the
type of cytokines produced varies enormously depending
on the cell’s function. For instance, epithelial cells may
produce cytokines involved in the generation of
inflammation, the so-called proinflammatory cytokines
such as interleukin-6 (IL-6) or IL-8, whereas macrophages
may produce both proinflammatory cytokines and
cytokines involved in the activation and regulation of T
helper lymphocytes (Th) in the development of an
adaptive immune response. All cytokines act through
receptors on the surface of the target cells, which may
lead to the activation or downregulation of the cell’s
activity. Cytokines have been classified into a number
of groups based on their activity and the cells they are
produced by or act upon. These groups include
interleukins (IL), interferons (IFN), tumour necrosis factors
(TNF), transforming growth factors (TGF), migratory
inhibitory factors and the smaller chemokines. However,
there is a considerable overlap between each of these
categories. The names are often based on a particular
property of cytokines, e.g. TNF was named for its ability
to act upon tumours, and do not always reflect the
pleiotropic effects of many cytokines. It is also possible
to broadly categorise cytokines on their activity and this
may be more beneficial in understanding the nature of
their general activity. Table 1 shows the currently known

Table 1 - Currently described chicken cytokines classified on basis

of function.
Functional classification Described chicken cytokines
Pro-inflammatory IL-1B, IL-6, IL-8
Thl IFN-y, IL-2, IL-18
Th2 None described
Th3/Trl TGF-B
Others IFN-a, IFN-B, IL-15, IL-16, chemokines
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chicken cytokines classified according to their properties.
In this review, we will describe the currently known
cytokines of chickens and other avian species, their
structure, function and roles they play in disease
processes. We will also outline their potential use in
therapy or as vaccine adjuvants.

PROINFLAMMATORY CYTOKINES
IL-1B

IL-1B in mammals is produced by a range of cells
following stimulation, particularly by microbes or
microbial products (Dinarello, 1998). The mature
form of IL-13 has a molecular weight of 17 kDa and
is formed from a 31 kDa precursor through the
action of specific cellular proteases such as the
interleukin 1a converting enzyme (ICE or caspase
1), which has also been implicated in mediating
programmed cell death or apoptosis. Two receptors
(IL-1R, and IL-1R) and an accessory protein (IL-1R-
AcP) have been described in mammals. Binding of
IL-13 to the receptors leads to signal transduction
through the hydrolysis of GTP and the activation of
MAP kinases. The biological activity of IL-1p3 is highly
inflammatory, with its main function being to
activate the immune system in an acute phase
response. IL-1f3 activates a range of cells including
macrophages and T lymphocytes that may thus lead
to production of other cytokines and chemaokines.
However, as a consequence IL-1[3 leads to fever,
hence its historical name ‘endogenous pyrogen’.
Under some circumstances its toxicity may lead to severe
complications such as septic shock following bacterial
infections in man.

In the chicken a cDNA encoding the chicken
homologue of mammalian IL-13 was recently cloned
by expression screening (Weining et al., 1998).
Lipopolysaccharide (LPS) was used to stimulate HD11
cells (Beug et al., 1979), a chicken macrophage cell line,
and resulted in the secretion of a substance with IL-1-
like bioactivity (Weining et al., 1998). Screening of a
cDNA library constructed from RNA from the LPS-
activated HD11 cells identified a sequence encoding a
polypeptide with 25% similarity to human IL-1[3. Further
study of the predicted polypeptide suggested that this
was in fact the chicken homologue of mammalian IL-
1B. Chicken IL-1[3 has a similar gene structure (five exons
and four introns in the coding region of the gene) to
mammalian homologues, and overall, the gene is
approximately ¥ the size of mammalian IL-13 genes
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and maps to one end of chromosome 2 (Kaiser et al.,
2001). The chicken type-I IL-1 receptor (IL-1R) (Guida
et al.,, 1992) has 60% amino acid (aa) identity with
human and mouse IL-1R,, with the intracellular
component most highly conserved, suggesting that the
downstream signaling pathway is likely to be similar.
Klasing and Peng (2001) expressed the ligand-binding
domain of the chicken IL-1R (soluble (s) IL-1R) in yeast,
and then raised polyclonal antisera to the recombinant
in rabbits. The antisera neutralized the IL-1-like activity
produced in the media of LPS-stimulated HD11 cells.

IL-18 production would be expected in many avian
infections where a pro-inflammatory response occurs,
as is the case with mammalian models of infection. This
has been shown in protozoal infections of chickens
where expression of IL-13 mRNA in the gut has been
shown to increase 80-fold seven days after Eimeria
tenella infection, through the use of a quantitative RT-
PCR technique (Laurent et al., 2001). An increase, but
to a lesser degree, was also found following E. maxima
infection. Infection models have also been used to
determine activity following viral and bacterial infections
in the chicken (Heggen et al., 2000; Kaiser et al., 2000).
IL-1 activity was increased in macrophage supernatants
from birds suffering from poult enteritis and mortality
syndrome (PEMS) (Heggen et al., 2000). Conversely,
following Salmonella enterica invasion in an in vitro cell
culture system, IL-13 mRNA expression was generally
decreased (Kaiser et al., 2000). However, it should be
noted that IL-13 mMRNA levels do not necessarily reflect
release of biologically active protein.

IL-6 and IL-6 family

IL-6 is a multifunctional cytokine produced by a
number of cell types and is involved in acute-phase
responses, immune regulation and haematopoesis
(Hirano, 1998). In mammals, production of IL-6
following infection or other challenges induces acute
phase proteins such as serum amyloid A, C-reactive
protein (CRP) and a_ -antitrypsin as part of an
inflammatory response (Hirano, 1998). IL-6 has many
effects on the immune system, including activation of
B and T lymphocytes, and plays an important role in
haematopoesis including the induction of macrophage
production and development, acting synergistically with
granulocyte-macrophage colony stimulating factor (GM-
CSF). Mammalian IL-6 is a glycoprotein with a molecular
mass between 21 to 28 kDa. The receptor is formed
from an 80 kDa IL-6 binding protein (a chain) and gp130
(B chain), a 130 kDa signal transducer. The gp130
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subunit is a common subunit amongst other cytokine
receptors, such as those for IL-11 and ciliary neurotrophic
factor (CNTF), that together form the IL-6 family. Binding
to the receptor leads to signal transduction via the JAK-
STAT signal transduction pathway. The Janus (JAK) family
of tyrosine kinases associate with and phosphorylate
the gp130 subunit leading to activation of the signal
transducer and activator of transcription (STAT) proteins.
These act through several signal pathways that may lead
to activation of the various functions of IL-6.

In the chicken a section of IL-6-like cDNA was
identified in an expressed sequence tag (EST) library.
ESTs are short DNA sequences (200-500 bp) of
expressed genes and are useful tools in identifying
specific genes. Chickens were orally treated with the
synthetic immune modifier S-28463, which, in
mammals, strongly induces expression of IFN-a, tumour
necrosis factor (TNF), IL-1, IL-8 and IL-6 (Tomai et al.,
1995) and the spleens were used to isolate expressed
MRNA. cDNA sequences were produced from the
MRNA, one of which encoded a predicted protein with
35% aa identity with human IL-6 (Schneider et al.,
2001). Recombinant chicken IL-6 induced proliferation
of the IL-6-dependent murine hybridoma cell line 7TD1,
and when injected into chickens, itinduced an increase
in serum corticosterone levels indicating induction of
acute phase activity. Further investigation of the IL-6
gene in the chicken has revealed a similar structure to
that found in mammals (Kaiser et al., 2001).

IL-6 activity has been found in several infectious
diseases of chickens. IL-6 is produced during both murine
and chicken Eimeria infections (Lynagh et al., 2000),
and IL-6 activity, similarly to IL-1, was increased in
macrophage supernatants from birds suffering from
PEMS (Heggen et al., 2000). Interestingly the induction
of an IL-6 response may play a major role in the nature
of the response to different serovars of Salmonella
enterica in chickens (Kaiser et al., 2000). Invasion of
chicken cells by serovars S. Typhimurium or S. Enteritidis
results in an 8-fold increase of IL-6 mMRNA determined
by gquantitative RT-PCR. Such activity in vivo would
induce a strong inflammatory and immune response,
limiting these serovars mainly to the gut and preventing
development of systemic disease. In contrast, invasion
by the avian specific serovar S. Gallinarum, does not
lead to an increase of IL-6 mRNA. This would result in
little or no inflammation or induction of an immune
response, allowing invasion to take place almost by
‘stealth’, subsequently allowing development of the
systemic disease fowl typhoid.

A further member of the IL-6 family of cytokines has
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been described in birds — growth promoting activity
(GPA), which is thought to be equivalent to CNTF
(Koshlukova et al., 1996). Cultured chick ciliary ganglion
neurons possess receptors capable of binding both GPA
and human CNTF, but GPA is up to five times more
potent than human CNTF in promoting chick neuronal
survival (Koshlukova et al., 1996).

IL-8 and chemokines

IL-8 is a member of a group of small structurally
related cytokines that have chemotactic activity for
specific leukocyte types and are termed chemokines
(Wuyts et al., 1998). In humans there are two main
subfamilies of cytokines: CXC chemokines that attract
neutrophils and CC chemokines which attract
lymphocytes, monocytes, eosinophils and basophils but
not neutrophils. IL-8 is a CXC chemokine produced by
a wide range of cell types including epithelial and
endothelial cells. IL-8 was initially described as neurophil
activating factor, which clearly describes its activity.
Human IL-8 is initially formed as a 99 aa protein including
a 22 aa signal sequence that is cleaved to give rise to a
77 aa active form. It would appear that the primary
function of IL-8 is to recruit and activate neutrophils in
response to infection. However, IL-8 activity plays a major
role in the pathogenesis of several human diseases
including rheumatoid arthritis where IL-8 may act to
attract neutrophils into the synovial space of a joint and
lead to cartilage damage and destruction. It also appears
that Salmonella may induce production of IL-8 by gut
epithelium in mammalian models of gastroenteritis
(reviewed by Wallis & Galyov, 2000). These leads to an
influx of neutrophils that damage the epithelium
allowing bacteria to enter, and as a consequence cause
tissue damage and fluid secretion leading to diarrhoea.

In the chicken a number of CXC and CC chemokines
have been identified (Kaiser et al., 1999; Hughes &
Bumstead, 2000, Hughes et al., 2001). As in man, the
CXC chemokine genes of the chicken are clustered on
chromosome 4 (Kaiser et al., 1999; Hughes & Bumstead,
2000). The chicken chemokine IL8/CAF appears to be
the equivalent of mammalian IL-8 in the chicken.
Originally termed 9E3/CEF4, this chemokine was the
first non-mammalian cytokine cDNA to be cloned
(Bedard et al., 1987: Sugano et al., 1987). The protein
encoded by this cDNA has 51% aa identity with human
IL-8 (Barker et al., 1993) and 45% identity with human
GRO-a (Stoeckle and Barker, 1990). All three cytokines
are members of the same ELR* CXC chemokine
subfamily, and as such could be expected to be involved

4

Avian Cytokines in Health and Disease

in angiogenesis. Consistent with this, 9E3/CEF4 has been
shown to play a role in wound healing (Martins-Green
etal., 1991), and can initiate the wound-healing cascade
in vivo (Martins-Green & Feugate, 1998). It is also
chemotactic for chicken peripheral blood mononuclear
cells and mitogenic for fibroblasts (Barker et al., 1993).
Based on these biological activities, 9E3/CEF4 was
variously described as the chicken homologue of IL-8
(Barker et al., 1993) or GRO-a (Martins-Green et al.,
1991; 1992). However, more recently it was proposed
that this chemokine be called the chicken chemotactic
and angiogenic factor (CAF) (Martins-Green and
Feugate, 1998).

At the gene level, CAF corresponds almost exactly
to that of human IL-8 and differs from those of other
known mammalian CXC chemokine genes, including
GRO-a (Kaiser et al., 1999). A number of potential
regulatory sequences similar to those found in the
human IL-8 promoter, but not in the human GRO-a
promoter, have also been identified in the CAF promoter.
This evidence suggested that it is the avian orthologue
of IL-8 (Kaiser et al., 1999), but on balance, in terms of
its biological activity is best described as CAF, although
it may still represent the chicken equivalent of
mammalian IL-8. Marek’s Disease Virus has been shown
to encode a CXC chemokine, which has been described
in the literature as an IL-8 homologue (vIL-8) (Parcells
etal., 2001). Although the viral CXC chemokine (vCXC)
has high aa identity with human IL-8 and chicken IL-8/
CAF, there are several important differences between it
and known IL-8s which suggest it should by considered
to be a vCXC, but not as a vIL-8.

As yet relatively little is known of the role of IL-8/
CAF and other chemokines in avian disease. As in
mammals, it has been reported that S. Typhimurium
infection produces an influx of heterophils
(polymorphonuclear cells) into the gut of chickens
(Henderson et al., 1999). This would suggest that
Salmonella invasion in the chicken may induce
production of chicken IL-8 which mediates the
heterophil influx. Initial experiments using in vitro
models seem to confirm this with S. Typhimurium
invasion of chicken cells leading to an increase in the
levels of chicken IL-8/CAF mRNA (Lazzerine, Kaiser &
Wigley, unpublished observations).

Th1, Th2 AND Th3 CYTOKINES
In mammals T helper lymphocytes are classified by

the cytokines they produce. Th1l cells produce cytokines
such as IL-2 and IFN-ythat lead primarily to the activation
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of macrophages and the development of a cell-mediated
immune response. Th2 cells produce IL-4, IL-5 and IL-
10 that lead to the development of an antibody or
humoral response. Th3 cells mainly produce
transforming growth factor-3 (TGF-B) in response to
antigen. Their function is less clear, but they appear to
play a role in the development of mucosal immune
responses. However in birds, this paradigm is not as
clear. Although both Th1 and Th3 cytokines have been
described, there is, as yet, no clear description of any
avian Th2 cytokine. It would, however, seem unlikely
that Th2 cytokines do not occur in birds as their immune
system behaves broadly as that of mammals and many
infections such as Salmonella result in strong humoral
responses (Wigley et al., 2001).

IL-2

Mammalian IL-2 is a 15.5 kDa glycoprotein produced
mainly by activated T cells (Thl) and acts mainly to
promote T cell growth, but also activates macrophages
and affects B cell growth (Gaffen et al., 1998). The IL-2
receptor is a multi-molecular complex consisting of a,3
and y subunits. Binding of IL-2 to the receptor leads to
phosphorylation and signalling through the JAK-STAT
pathway as is the case for IL-6.

In birds, both chicken and turkey IL-2 have been
described (Sundick & Gill-Dixon, 1997; Lawson et al.,
2000). The chicken IL-2 ¢cDNA was cloned via
expression screening for T cell proliferative activity. It
encodes a predicted protein of 143 aa, with a signal
sequence of 22 aa and a mature protein of 121 aa
(Sundick & Gill-Dixon, 1997). The predicted protein has
almost equal identity with mammalian IL-2 as
mammalian IL-15 (e.g. 24.5% and 23.8% identity with
bovine IL-2 and IL-15 respectively). However, unlike
mammalian IL-2, but like mammalian IL-15, the
predicted chicken protein has four conserved cysteines
that form two intrachain disulphide bonds (Rothwell
et al., 2001a). The cDNA was only definitively shown
to encode chicken IL-2 when the gene structure,
promoter structure and genetic location, chromosome
4, were determined (Kaiser & Mariani, 1999). Like
mammals, glycosylation is not required for the
bioactivity of recombinant chicken IL-2 (Stepaniak et al.,
1999). Endogenous IL-2 occurs in vitro as a monomer
of 14.2 kDa and is secreted by splenocytes within 4
hours of ConA stimulation (Stepaniak et al., 1999).
Turkey IL-2 has fairly low identity with chicken IL-2 at
the aa level (less than 70%) but has a very similar
promoter and cross-reacts in IL-2 functional bioassays
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(Lawson et al., 2000; Rothwell et al., 2001b).
Functionally, recombinant chicken IL-2 activates yd T cells
(Choi et al., 2000). In an experimental Eimeria infection
high levels of both yd T cells and expression of IL-2 MRNA
were found in the gut of chickens (Choi et al., 2000).

Recently established EST databases (Abdrakhmanov
et al., 2000; Tirunagaru et al., 2000) contain sequences
that resemble the y chain of the mammalian IL-2 receptor.

Several anti-chicken IL-2 mAb have now been
produced which neutralise the biological effects of
chicken IL-2 (Miyamoto et al., 2001; Rothwell et al.,
2001b).

IL-18

IL-18 in mammals is a factor that induces
production of IFN-y (Okamura et al., 1995). It is
produced at high levels in the liver by macrophages
and Kupffer cells leading to induction of IFN-y and a
Thl-type response. It is an important cytokine in the
initiation of cell-mediated immune responses. Human
IL-18 is a 22.3 kDa 192 aa precursor protein that is
cleaved, like IL-1, to form a mature active protein of
18.3 kDa and 157 aa.

The EST databases contain a partial cDNA for chicken
IL-18. This cDNA was cloned in full and expressed by
Schneider et al. (2000). The predicted protein is 198 aa
in length and has approximately 30% aa identity with
mammalian IL-18s, though the mature form appears to
be slightly longer than mammalian IL-18 at 169 aa. A
bioassay using a recombinant form of the 169 aa protein
has shown induction of IFN-y by stimulated chicken
splenocytes indicating it has the same activity as
mammalian IL-18. The gene for chicken IL-18 is only
a quarter the length of its human equivalent (Kaiser
et al., 2001). Turkey IL-18 is remarkably similar to
chicken IL-18 (Kaiser, 2002), with 96.4% aa identity.
The fowlpox virus genome has recently been
sequenced and contains a number of sequences that
predict immune-evasion proteins (Afonso et al.,
2000). Amongst these is an IL-18 binding protein.
This would be an effective evasion strategy for
intracellular pathogens as it would inhibit the
development of a Thl response and hence less
effective cell-mediated immunity to clear virally
infected cells.

IFN-y

Interferons were so named due to their anti-viral
properties. In mammals they consist of two classes:



Wigley P, Kaiser P

Type | interferons (IFN-a and IFN-B) that have well-
defined anti-viral activity, and Type Il interferon or IFN-y
which plays a vital role in macrophage activation and
modulation of the immune system, in addition to its
anti-viral activity (De Maeyer & De Maeyer-Guignard,
1998). Type | interferons will be discussed later. In
mammals IFN-y is produced primarily by T lymphocytes
(Th1) and natural killer cells leading to activation of
macrophage antimicrobial activity, an increase in the
processing of antigen and the increased expression of
Major Histocompatibility Complex (MHC) Class Il
molecules on macrophages and other cells. IFN-y is
also involved in class switching of immunoglobulins.
Human IFN-yis a 143 aa monomer encoded by a single
gene on chromosome 12. Glycosylation of the protein
varies as a result of to two separate N-glycosylation
sites leading to 20 and 25 kDa forms. The IFN-y
receptor (IFN-yR) consists of a 90 kDa cell surface
receptor formed by a homodimer of a chains. The
functional receptor also requires a 3 chain, though
induction of MHC class Il molecules can be achieved
through the B chain alone. Binding of IFN-y to the
receptor leads to signal transduction though the JAK-
STAT pathways described previously.

The cDNA for chicken IFN-y encodes a predicted
protein of 164 aa (a signal peptide of 19 aa and a mature
protein of 145 aa), with two potential N-glycosylation
sites and an estimated MW for the mature protein of
16.8 kDa (Digby & Lowenthal, 1995). It has 32% identity
at the aa level with human IFN-y. The chicken IFN-y
gene has similar organization to its human equivalent,
being a single copy gene with similar intron and exon
structure, and maps to chicken chromosome 1 (Kaiser
et al., 1998b; Guttenbach et al., 2000).

The coding sequences of IFN-y from four other
galliforms (guinea fowl, ring-necked pheasant, Japanese
quail and turkey) were recently determined (Kaiser
et al., 1998a). The coding regions of IFN-y are highly
conserved amongst the galliforms (93.5-96.7% and
87.8-97.6% at the nucleotide and aa levels respectively).
This high degree of overall identity at the predicted
primary aa sequence level of the protein, including the
deduced IFN-y receptor-binding motifs, suggested that
IFN-y may be cross-reactive among these species. This
has since been shown to be the case for turkey and
chicken IFN-y (Lawson et al., 2001).

The c¢cDNA for duck IFN-y has 80% nucleotide
identity and 67% predicted aa identity with chicken
IFN-y (Huang et al., 2001). Comparative protein
modelling suggested that the predicted three-
dimensional structures of chicken and duck IFN-ywere
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similar, and subsequent experiments with recombinant
proteins showed that the two proteins were
functionally cross-reactive (Huang et al., 2001).

As with mammalian IFN-y, native chicken IFN-y has
potent macrophage activating factor activity that is
heat- and pH-labile (Lowenthal et al., 1995).
Recombinant chicken IFN-y expressed from E. coli or
COS cells were poor antiviral agents but strongly
stimulated NO secretion and expression of MHC class
Il in macrophages (Weining et al., 1996). However,
baculovirus-derived recombinant chicken IFN-y, as
well as stimulating macrophages, also had antiviral
activity (Lambrecht et al., 1999), and thus is probably
a more suitable recombinant for studies into the
function of avian IFN-y. Again similarly to mammals,
chicken type | and type Il IFN act synergistically
(Sekellick et al., 1998), both in terms of antiviral
activity and in their ability to activate macrophages.

Anti-chicken IFN-y mAb have been produced
following gene-gun immunisation of mice, and used
to develop a quantitative capture ELISA specific for
chicken IFN-y (Lambrecht et al., 2000). One of these
mAb, 1E12, neutralises the biological effects of both
chicken (Lambrecht et al., 2000) and turkey IFN-y
(Lawson et al., 2001).

TGF-B

TGF-B was initially described in mammals on the basis
of its ability to transform the phenotype of fibroblast
cell lines and was thought to play a role in malignant
transformation and the development of tumours
(reviewed in Derynck & Choy, 1998). Subsequently it
has been found that TGF-B has a large range of
biological activities in the immune response and in
development. In the immune system TGF-3 plays an
important role in the development of T lymphocytes
and has important anti-inflammatory activity. Three
forms of TGF-B (TGF-B, TGF-B, and TGF-f3;) are found
in mammals. The active, mature form of TGF-Bisa 112
aa monomer, though heterodimeric and homodimeric
forms of unknown function are also found.

As in mammals, three forms of TGF-B have been
cloned from chickens: TGF-B, (equivalent to mammalian
TGF-B,) (Burt & Jakowlew, 1992), TGF-§3, (Jakowlew
etal., 1990) and TGF-$3, (Jakowlew et al., 1988), which
have 80%, 96-99% and 97-99% aa identity respectively
with their mammalian homologues. The expression of
TGF-B in the chicken thymus may regulate the ability of
immature thymocytes to progress through the cell cycle
and differentiate into mature CD3* (a receptor found
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on T lymphocytes) thymocytes (Mukamoto and Kodama,
2000). TGF-B, mRNA expression has been shown to
increase in the caecal tonsils, spleen and duodenum
following E. acervulina infection (Choi et al., 1999a),
presumably as part of an anti-inflammatory response.

OTHER CYTOKINES
Type | IFN

In mammals the type | interferons, IFN-a and IFN-{3,
have anti-viral activity and lead to increased expression
of MHC class | molecules (reviewed in De Maeyer & De
Maeyer-Guignard, 1998). Both IFN-a and IFN-3 consist
of a 166 aa monomer in humans and share a common
590 aa, 66 kDa receptor. Interferons activate a range
of anti-viral mechanisms including the enzyme
oligoadenylate synthetase that leads to the activation
of endonucleases that digest viral genomes, the protein
kinase PKR which inhibits viral transcription and
translation and cytoplasmic Mx proteins which also have
anti-viral activity. IFN-a and IFN-[3 also increase expression
of MHC class | molecules. Expression of foreign viral
antigen in conjunction with MHC class | mark the virally
infected cells as targets for cytotoxic T lymphocytes. Type
I IFN may also activate both macrophages and natural
killer (NK) cells. Additionally interferons have effects on
tumour cells. Proliferation of both normal and tumour
cells is reduced by Type | interferons as they act to slow
down the cell cycle, oncogene expression is altered and
differentiation of tumour cells may also be increased.

The first description of interferons in the chicken was
an antiviral activity in conditioned media from
chorioallantoic membranes which had been exposed
to inactivated influenza virus (Isaacs & Lindenmann,
1957), and subsequently purified by Lampson et al.
(1963) as a 20-34 kDa protein. Little further progress
was made in thirty years. Three genes encoding a 193
aa protein with 24% aa identity with mammalian IFN-a,
20% with mammalian IFN- and only 3% with
mammalian IFN-y, termed IFN1 were described in 1994
(Sekellick et al., 1994). A fourth gene encoding a
predicted gene product with 57% aa identity with
chicken IFN1was termed IFN2 (Sick et al., 1996). A
turkey IFN1 gene product with a predicted 82 % aa
identity to chicken IFN1 and a type | duck interferon
with 50% identity to chicken IFN1 and 61% identity to
IFN2 have also been described (Suresh et al., 1995;
Schultz et al., 1995). Differences, particularly in genetic
structure and organization, between chicken IFN1 and
IFN2 to mammalian IFN-a and IFN-f have led to
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differences of opinion as to whether they are true
equivalents and should be named as such. However,
IFN1 and IFN2 respond to inducers of Type 1 IFN in a
differential way, as do IFN-a and IFN-3 in mammals and
this, along with similarities in binding sites of the
promoter, has lead to the proposal that the
nomenclature should be IFN-a for IFN1 and IFN-$ for
IFN2 (Lowenthal et al., 2001). Both Type 1 and Type Il
interferons have been investigated as potential
therapeutics in poultry and will be discussed later.

IL-15

IL-15 in mammals is a T cell growth factor that has
‘IL-2-like’ activity stimulating the growth of T
lymphocytes, NK cells and intestinal epithelium (Kennedy
et al., 1998). Human IL-15 is a 114 aa monomer that
shares the IL-2R 3 and y chains along with a specific IL-
15R a chain to form the receptor complex. IL-15 induces
proliferation, cytokine production and cytotoxic activity
of both T cells and NK cells, and induces motility and
migration of T cells. In addition it stimulates proliferation
of a number of other cells including B lymphocytes and
intestinal epithelial cells. Unlike IL-2 it also stimulates
neutrophils, increasing their phagocytic activity.

A chicken IL-15 homologue was identified in the EST
libraries and was recently described (Lillehoj et al., 2001,
Mejri et al., 2001). The predicted protein has 187 aa
and contains a 63-66 aa signal peptide, markedly longer
than its mammalian homologues. The predicted MW
of the mature protein is 14.5 kDa encoded by a gene
containing six coding exons (Kaiser et al., 2001). There
is an earlier report in the literature describing the
molecular and functional characterisation of chicken IL-
15 (Choi et al., 1999b). Unfortunately, closer scrutiny
reveals that the cytokine described is in fact the
previously mentioned chicken IL-2.

Recently it has been proposed that IL-15 plays a major
role in driving spontaneous autoimmune thyroiditis in
obese strain (OS) chickens (Kaiser et al., 2002). OS
chickens are commonly used as an animal model for
the human autoimmune disease Hashimoto’s thyroiditis.
It is thought that the increased immune activity found
in OS chickens may be mediated by IL-15 and that IL-15
may be a factor driving lymphoid infiltration of the
thyroid, resulting in inflammation and damage.

IL-16

IL-16 has been described as a chemoattractant,
primarily for CD4 positive T cells, but also for other cells
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including monocytes and eosinophils (reviewed in
Antonysamy et al., 1998). Mammalian IL-16 is a 130 aa
protein that forms a tetramer. In humans high levels of
IL-16 are found in autoimmune diseases or allergic
conditions characterized by high numbers of CD4
positive cells. IL-16 also appears to play a major role in
the control of HIV replication in human CD4 positive
cells. The chicken EST libraries contain sequences that
resemble mammalian IL-16.

TNFs

TNFs are a family of cytokines that produce a range
of biological effects. TNF-a or cachetin is a primary
regulator of both the immune response and
inflammation (Zhang & Tracey, 1998). TNF-a is
produced by macrophages, T cells and NK cells and
causes both inflammation and endothelial activation.
Although TNF-4 is important in activation of immune
responses it is implicated in fever and in conditions
such as septic shock. TNF-3 or lymphotoxin is secreted
by CD4 T cells and is directly cytotoxic for some cell
types. TNF was first described as an anti-tumour
protein that induced necrosis in certain tumour types,
hence its nomenclature.

Although avian TNF has yet to be cloned, TNF-like
activity can be detected in the chicken. After infection
with Eimeria (Byrnes et al., 1993a; Zhang et al., 1995)
or Marek’s disease virus (Qureshi et al., 1990), release
of TNF from chicken macrophages can be detected
in cross-reactive mammalian cellular cytotoxicity
bioassays. Injection of chickens with such TNF-like
factors enhances weight loss due to Eimeria infection,
which is partially reversible by treatment with anti-
human TNF antisera (Zhang et al., 1995). Human
recombinant TNF has been shown to cross-react with
chicken cells (Leibovich et al., 1987; Butterwith &
Griffin, 1989).

Other cytokines, chemokines and factors

In addition to the cytokines described previously,
several other growth and colony stimulating factors
(CSF) have been described in the chicken, as have IL-
3-like activity and Migration Inhibitory Factor-like
activity. As described earlier in the section describing
IL-8, a number of chicken CC and CXC chemokines
have also been cloned. Among the growth factors
described are seven fibroblast growth factors (FGF):
FGF-1, FGF-2, FGF-3, FGF-4, FGF-8, FGF-18 and FGF-
19 (Borja et al., 1993; Niswander et al., 1994; Han,
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1995; Mahmood et al., 1995; Vogel et al., 1996;
Ohuchi et al., 2000; Ladher et al., 2000), with
between 67% and 90% aa identity with their
mammalian homologues. Chicken platelet-derived
growth factor (PDGF) cDNA has also been cloned and
shows 90% homology with its human equivalent
(Horiuchi et al., 2001). Chicken thrombocytes appear
to express only low levels of PDGF mRNA. However,
following stimulation with factors involved in
haemostasis and wound healing, thrombin and Type
1 collagen, levels of PDGF mRNA increase suggesting
that it may play a role in the healing process. Chicken
myelomonocytic growth factor (MGF), necessary for
the survival and growth of normal and transformed
avian myeloid precursor cells (Leutz et al., 1984; Metz
et al., 1991) and stem cell factor (SCF) have been
cloned in both the chicken, and also SCF in Japanese
guail (Zhou et al., 1993; Petitte & Kulik, 1996). Other
factors with CSF activity have been observed, but their
specific identity remains unknown. For example,
serum CSF activity is detectable during and
immediately after coccidial infection in chickens
(Byrnes et al., 1993b), and stromal cell lines secrete
factors that induce the proliferation and
differentiation of precursor cells in embryonic and
haematopoietic tissues (Obranovich & Boyd, 1996;
Siatskas et al., 1996). Kogut et al. (1997)
demonstrated the presence of a G-CSF-like factor in
lymphokines (ILK) from T cells of birds immunized
against Salmonella enteritidis by Western blot using
a goat anti-human G-CSF polyclonal antisera.
Pretreatment of the ILK with the antisera totally
abolished its G-CSF-like activity.

MEASURING AVIAN CYTOKINES

Determining the levels of human and murine
cytokines is relatively easy as there are numbers of
commercially available systems, particularly ELISAs, for
many cytokines. Perhaps not surprisingly there is only
one such commercial product currently available for
avian cytokines (an IFN-y ELISA). In addition the relative
lack of reliable antibodies to avian cytokines makes
development of immunoassays difficult. The
development of molecular techniques and in particular
reverse transcriptase PCR (RT-PCR) has allowed cytokine
production to be detected without the requirement for
the protein, just the cDNA. The recent development of
qguantitative RT-PCR now allows cytokines to be
quantified in chicken. Current methods are briefly
described below.
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ELISA and monoclonal antibodies

ELISA measurement of cytokines would be the ideal
choice for most laboratories as they are simple to
perform, need little specialized equipment and are
relatively inexpensive. However, as described previously
there are few reliable antibodies available. Monoclonal
antibodies (mAbs) to IFN-y and IL-2 have been
produced. The IL-2 mAbs specifically recognise and
neutralise chicken IL-2 activity and another panel of
mADbs can neutralise chicken IL-2 and one of these,
with a rabbit polyclonal antisera against chicken IL-2,
has been used to develop a capture ELISA (Miyamoto
et al., 2001). Anti-chicken IFN-y mAb have been
produced following gene-gun immunisation of mice,
and used to develop a quantitative capture ELISA
specific for chicken IFN-y (Lambrecht et al., 2000). One
of these mAb, 1E12, neutralises the biological effects
of both chicken (Lambrecht et al., 2000) and turkey
IFN-y (Lawson et al., 2001).

Bioassays

Bioassays are assays that determine the biological
activity of a factor, in this case cytokines. Reliable
bioassays have been developed for chicken IL-6 and
IFN-y (van Snick et al., 1986; Lowenthal et al., 1995).
The IL-6 bioassay relies on the cross-reactivity of chicken
IL-6 with murine IL-6 to maintain the growth of an IL-6-
dependent cell line, 7TD1, a mouse hybridoma B cell
line. 7TD1 cells are cultured in the presence of the test
sample and tritiated thymidine. After six hours of
incubation proliferation of the cells is measured by
determining the levels of tritiated thymidine
incorporated through use of a 3 counter. Levels of
IL-6 are determined through comparison to a
standard curve of proliferation determined through
7TD1 cells incubated with recombinant mouse IL-6.
The IFN-y bioassay relies on determining the
stimulation of the HD11 chicken macrophage cell
line (Beug et al., 1979) to produce nitric oxide. The
levels of nitric oxide can be easily measured through
the Griess assay. The test sample is incubated with
the HD11 cells for 24 or 48 hours. The higher the
level of IFN-y-like activity in the sample, the greater
the stimulation of the HD11 cells to produce nitric
oxide. Levels are compared with a negative control
of unstimulated cells and positive controls stimulated
with E. coli LPS. Both assays have been used
successfully to determine stimulation of chicken cells
with Salmonella (Kaiser et al., 2000). However, both
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methods are time consuming and technically difficult
requiring cell culture and, in particular, the IL-6
bioassay requires the use of radioisotopes.

RT-PCR

The expression of mMRNA in cells or tissues can be
detected by RT-PCR. The mRNA transcript is converted
to a cDNA through the use of the enzyme reverse
transcriptase, the cDNA then being detected through the
use of conventional PCR. This is a qualitative method and
although it can be made semi-quantitative through
densitometry measurement of the PCR products on
electrophoresis gels, the technique has been vastly
improved by quantitative methods such as real-time RT-
PCR. This technology employs an initial reverse
transcriptase step, followed by PCR using fluorescent
oligonucleotide probes. The level of product produced
can be quantified by the fluorescence during each cycle.
Levels of mMRNA expressed can then be determined either
through relative quantification of RNA in comparison with
the mRNA levels of a constitutively expressed or
‘housekeeping’ gene such as 18S rRNA, GAPDH or (3-
actin, or through absolute determination using a standard
curve of a known quantity of RNA or DNA. In determining
cytokine levels in the chicken relative expression has been
most commonly used. In our Institute cytokine mRNA
levels have been determined using Tagman real-time
guantitative RT-PCR technology. This uses a system with
fluorescent reporter and quencher dyes at opposing ends
of the probe that fluoresce at different wavelengths. This
results in an equilibrium between the two fluorescent
dyes. During the PCR process the action of Tag polymerase
displaces the 5’ end of the fluorescent probe, which can
then be degraded by the 5’-3’ exonuclease activity of
Tag. This leads to the release of the fluorescent dye and
the quencher dye into solution. As they are no longer
held together by the probe the fluorescence of the
reporter can be detected at its optimum fluorescent
wavelength. A standard curve can be constructed through
the use of threshold (Ct) values, an arbitrary value of
fluorescence, and a dilution series of a standard RNA (an
RNA known to contain the mRNA of interest). The Ct
value is determined as the number of cycles required to
reach that level of fluorescence. Cytokine mRNA levels
can then be corrected with the Ct values from the
‘housekeeping gene’ (in our laboratory the 28S rRNA gene
is most commonly used) and the relevant standard curves.
This technique was used in studies of Salmonella invasion
of chicken cells (Kaiser et al., 2000). Levels of cytokine
and 28S mRNA were compared between infected and
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Table 2 — Experimental applications of avian cytokines as therapeutic agents or adjuvants.

Levels of disease reduced in experimental infection
when rIFN-a administered in drinking water

Adjuvant in NDV DNA vaccine delivered in fowlpox
vector. No clear effect.

Adjuvant in NDV DNA vaccine. Increased antibody titre
Administration of IFN increased antibody titres to

tetanus toxoid but not IBDV

Reduction of RSV-induced tumours

In ovo vaccination of IFN-y NDV DNA vaccine in
fowlpox vector. More rapid antibody response and
increased protection to NDV challenge

Increased immune response

In vitro inhibition of MDV replication and suppression
of MDV-encoded proteins in virally infected cells

No effect when administered as an adjuvant with TT
Administration with ILK inhibits Salmonella

colonization of the gut

Reference

Marcus et al., 1999

Karaca et al., 1998

Rautenschlein et al., 2000

Schijns et al., 2000

Plachy et al., 1999

Rautenschlein et al., 1999

Lowenthal et al., 1998

Heller et al., 1997

Schijns et al., 2000

Kogut et al., 1997

Cytokine Host species Infectious agent Comments

IFN-a Chicken Newcastle Disease
Virus (NDV)

IFN-a Chicken NDV

IFN-a Turkey NDV

IFN-a Chicken Tetanus toxoid (TT)
Infectious bursal disease
virus (IBDV)

IFN-a Chicken Rous Sarcoma Virus (RSV)

IFN-y Turkey NDV

IFN-y Chicken Sheep red blood cells

Type | & Il IFN | Chicken Marek’s disease virus
(MDV)

IL-1B Chicken Tetanus toxoid (TT)

Undefined Chicken Salmonella Enterica

immune Serovar Enteritidis

lymphokines

(ILK)

uninfected cells and differences in levels of cytokine
MRNA expression determined after correction with the
28S rRNA mRNA levels.

Although Tagman is a powerful technique to measure
expression of cytokine mRNA, or any other chicken gene,
it must be remembered that this may not necessarily
reflect protein levels. In the case of the Salmonella
infection studies it was possible to compare the IL-6
and IFN-y levels to bioassay activity, which correlated
extremely well. Additionally the cost of such technology
is very high, both in terms of equipment and
consumables such as the probes. It does, nevertheless,
represent a huge advance in our ability to study cytokines
in disease processes.

CYTOKINES AS THERAPEUTIC AGENTS AND A
VACCINE ADJUVANTS

Extensive experimental and clinical studies have been
made on the therapeutic use of cytokines in mammals
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in conditions ranging from infectious disease to cancer,
often with mixed results. In comparison their use in avian
species has been limited, though this is being
increasingly explored and is summarized in Table 2.

As can be seen in the table, the use of interferons as
adjuvants or therapeutics has been most widely
investigated, with some success. One particular
approach of interest is to incorporate the gene encoding
the cytokine of interest into a DNA vaccine or into a
viral or bacterial vaccine vector. For example, the
incorporation of IFN-y into a Newcastle Disease vaccine
carried in a fowlpox vector in turkeys (Rautenschlein
et al., 1999). This approach led to a more rapid onset
of antibody production and increased protection to
subsequent disease challenge. Such an approach may
also be effective in diseases such as fowl! typhoid. During
Salmonella enterica serovar Gallinarum infection,
survival within macrophages is crucial to disease
progression (Jones et al., 2001). Incorporation of IL-18
into an attenuated vaccine strain such as the 9R vaccine
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(Smith, 1956) could cause an increased Thl-type
response in turn leading to the production of IFN-y and
macrophage activation, with subsequent clearance of
Salmonella from macrophages. A possible problem with
such an approach is that interference from a protective
antibody response may occur, reducing the long-term
efficacy of the vaccine.

CONCLUSIONS

Although the study of cytokines and chemokines in
avian species is still in its infancy when compared to
that of mammals, huge strides have been made in
recent years. The use of molecular techniques is
enabling the role of cytokines in the pathogenesis of
diseases as diverse as salmonellosis and thryroiditis to
be determined. Although the costs of using techniques
such as quantitative RT-PCR are still too high for their
use in many laboratories, these costs are gradually
falling. More antibodies to avian cytokines are also
likely to be developed in coming years, allowing more
ELISAs to determine cytokines to be developed. As
can be seen, cytokines play a vital role in the
development of immunity to a range of infections, and
their use as therapeutics in both infectious and non-
infectious disease is likely to be investigated in greater
depth and with a larger range of cytokines. Their
potential use as adjuvants, particularly incorporated
within DNA vaccines or vaccine vectors, is also being
investigated. An increased understanding of the
immune response in birds is likely to be achieved
through our increased ability to study its component
parts, such as cytokines, allowing the development of
more effective vaccines and vaccination strategies. It is
also likely that gaps in our knowledge regarding avian
cytokines will be filled, particularly the Th2 cytokines,
as the genome of the chicken and EST databases are
explored. This will lead to further understanding of the
role the immune system, and in particular cytokines,
play in avian health and disease.
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