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ABSTRACT

The abomasal helmintfeladorsagia circumcinctas one of the most
economically important parasites to affect the fargr of sheep and
goats. T.circumcinctainfection is particularly detrimental to lambs,which it can
cause pronounced morbidity and severe productissek Due to the spreading
resistance of this parasite to all currently a\ddaclasses of anthelmintic drugs, it is
having an increasingly severe impact on the shemegustry with significant

implications for sheep welfare.

Infection of sheep withT.circumcinctatriggers local changes in the abomasum
characteristic of a T helper type-2 (Th2) drivenmiome response, including local
eosinophilia, mastocytosis and increased mucusugtmoh, which leads to expulsion
of the parasite. However, this protective immurmgvelops slowly during repeated
exposure, wanes rapidly, and does not appear t@vment in young lambs.
Vaccination to provoke early onset of protectivemunity has therefore been
suggested as an alternative means of control irfabe of spreading anthelmintic
resistance. Greater understanding of the developaiémmunity toT.circumcincta

and why this is delayed in lambs, would be usefulaccine development.

This thesis focuses on cytokine transcription pirggiof the ovine abomasal mucosa
and local lymphatic tissues. Changes in cytokiaadcription over the course of a
challenge infection witf.circumcinctawere defined in helminth naive sheep, and in
previously infected sheep which have developed gredeof immunity during an
eight week trickle infection, to clarify the meclems by which this immunity is
orchestrated. This work demonstrated a clear Th@aye response in the abomasal
mucosa over the course of infection, which devedogarlier and was more
pronounced in the previously infected sheep; pbsslwing to a population of
polarised Th2-type cells built up during the presanfection. Suppression of Thl
cytokine transcription was also a prominent findingthe draining lymph node,

which likewise occurred earlier in the previousijected sheep.



Repetition of this experiment using younger lambsvigled a possible explanation
for the reduced resistance facircumcinctain this age group. While Th2 and
proinflammatory cytokine responses in the abomasatosa demonstrated similar
trends to those found in the older sheep, littlgppsession of Thl cytokine
transcription was observed in the draining lymplkendt is therefore suggested that
the increased susceptibility of young lambsTt@ircumcinctais not due to an
inability to generate adequate Th2 responses, utinability to suppress

transcription of antagonistic Th1l cytokines.
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1  Chapter One:

Ovine immune responses to Teladorsagia
circumcincta

1.1 Introduction

The abomasal nematodeladorsagia circumcinctgpreviously known a®stertagia
circumcinctg is one of the most economically important paessito affect the
farming of sheep and goats in temperate and sub&alogreas (McLeod, 1995, Fox,
1997, Scott et al., 1998a, Grillo et al., 2006,l&tiand Horohov, 2006). This parasite
is a significant cause of production losses to gsheep industry, resulting in high
lamb morbidity and mortality if not controlled. Ctool of teladorsagiosis currently
relies upon the use of anthelmintics, and is coraphd by the increasing incidence
of resistance to these drugs, which has had afisigmi economic impact on the
sheep industry and implications for sheep welfdeeKson, 1993, Jackson and Coop,
2000, Besier and Love, 2003, Bartley et al., 2004)stenholme et al., 2004, Coles
et al., 2006, Jabbar et al., 2006). The spreachtbfeémintic resistance has already
prohibited sheep farming in some areas.

Repeated exposure td.circumcincta eventually results in the development of
protective immunity (Smith et al., 1983, Smith dt, 4987, McKellar, 1993),
manifested as rapid expulsion of infective larniabibited parasite development and
growth, and reduced fecundity of adults (Gibson &werett, 1978, Miller, 1984,
Smith et al., 1984, Stear et al., 1995). Vaccimatias therefore been suggested as a
viable alternative to anthelmintic treatment as @ans of control (Qu et al., 1998,
McCririe et al., 1997, Strain and Stear, 1999, 8neit al., 2001, Redmond et al.,
2006).

Development of immunity has been shown to be imibeel by genetics (Shnain et
al., 1973, Stear et al., 1997) and varies betweeeds of sheep (Gruner et al., 1986,
Burke and Miller, 2002, Gaba et al., 2006, Goodlet2006), so selective breeding



for resistance to parasites is also a possible snefsalvation for the sheep industry
(Sreter et al., 1994).

1.2 Teladorsagia circumcincta

1.2.1 Life-cycle

Eggs ofT.circumcinctaare passed in the faeces of infected animalsdawndlop into
infective third stage (L3) larvae in about two weekinder moist conditions, the L3
larvae move out of the faeces onto grass with wiigdy are ingested (Callinan,
1978).

In the rumen the larvae exsheathe and the majmidyate into the gastric crypts of
the abomasum within four days of infection. Oncéhi@ gastric crypts the L3 larvae
develop into fourth (L4) and then fifth stage (L&)vae over approximately ten days.
The L5 larvae then leave the abomasal gland anelal@wnto sexually mature adults
on the abomasal mucosa approximately 18 days iafesstion (Ritchie et al., 1966,
James and Johnstone, 1967, Gibson and Everett). ITH8 lifecycle normally takes
about three weeks, but under adverse immunologmadiitions ingested larvae can
undergo developmental arrest at the early L4 stagkeresume maturation up to six
months later (Halliday et al., 2007).

Free-living stages of.circumcinctafeed on bacteria. In the sheep, this parasite is
thought to be a mucosal browser, feeding on muapghelial cells and cellular

debris, and components of the abomasal digestgpEdimet al., 2009).



Figure 1.1: Life-cycle of T.circumcincta.
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1.2.2 Pathology

Infection withT.circumcinctacauses functional changes in the abomasum, imgudi
a rapid reduction in gastrin secretion (Scott et298b, Simcock et al., 2006) and
suppression of gastric acid production, leadinoptoeased abomasal pH (McLeay et
al., 1973, Anderson et al., 1976, McKellar, 1998ptE et al., 2000) and reduced
activation of pepsinogen. This increase in pH ttssal bacterial overgrowth in what
is normally a bacteriostatic abomasal environmBakkak and Khallaayoune, 1984,
Simcock et al., 1999, Simpson et al., 1999). Oheeldrvae migrate into the gastric
crypts, they cause inflammation and damage duehéwr tantigenicity and the
compression of surrounding tissues as they growrefsed permeability of the
mucosa causes increased serum gastrin and pepsiteggs, and in severe cases
can result in a protein-losing enteropathy (Andersbal., 1981, Lawton et al., 1996,
Scott et al., 1998a, Stear et al., 2003, Miller Hiodohov, 2006).



Gross pathology shows areas of inflammation of dhemasal mucosa, in which
parasitized glands can be located at the centneodtilar lesions. Histologically,

there is epithelial hyperplasia and thickeningh& mucosa, which may progress to
mucosal sloughing (Ritchie et al., 1966), reduciiothe prevalence of parietal cells
and increased numbers of mucus neck cells (Scatt,e1998a, Scott et al., 2000),
and infiltration of mast cells, eosinophils andéll€ (Gruner et al., 1994, Balic et al.,
2003). Breakdown of the junctions between epithaels by mast cell proteases
causes increased mucosal permeability, proteirflaretlioss into the gut lumen and

allows passage of gastrin and pepsinogen intoltdwl{Stear et al., 2003).

Clinical consequences of infection range from spbroal weight gain, to
inappetence, weight loss, protein deficiency amgrbdoea (Coop et al., 1977, Stear et
al., 2003).

1.3 The immune response

Due to the difficulties and expense inherent in duarting studies using large
animals, much of our current understanding of imenugsponses in these animals
has evolved from previous examination of the h@sagite interactions which take
place in laboratory rodent models during infectimith gastrointestinal nematodes.
Here a brief overview of the immune responses strgatestinal nematode parasites
is presented, with reference to ruminant immunetesys and responses where

applicable.

1.3.1 Parasite detection

Following ingestion,T.circumcinctalarvae exsheathe in the rumen and migrate
through the reticulum and omasum to the abomasuhileVihoving through the first
three chambers of the stomach the larvae go umibby the host immune system,

partly because they move through the stomach ctsneem have minimal contact



with host tissues, but mostly because these chanaverlined with a thick layer of
stratified epithelium to protect the host both frabrasion by the rumen contents and
from exposure to the rumen microflora. The rumeticalum and omasum have a
good lymphatic supply to absorb volatile fatty acgtoduced during fermentation,
but these are confined to the lamina propria mueamad are protected by the
overlying tissues. It is therefore only when thevéee enter the glandular abomasum
that recognition by the immune system can occuhriBa et al., 1975, Hampl and
Slezakova, 1977, Hampl et al., 1978).

Pathogen recognition mechanisms are a vital compasfethe immune system and
facilitate initiation of responses appropriate twe tpathogen detected. Pattern
recognition receptors (PRRs) are widely expressethe surface or endosomes of
epithelial cells and antigen presenting cells amatigers, and bind molecules
present on the surface of the parasite, or in swgr@r excretory products, which
have characteristics associated with a specifie tfppathogen (pathogen-associated
molecular patterns; PAMP) (Janeway, 1992, Medzhatod Janeway, 1997, O'Neill,
2006, Mogensen, 2009).

The Toll-like receptor (TLR) family is so far the&t characterized family of PRRs
(Mogensen, 2009). TLR can act as monomers, homadifiakeda et al., 2003),
heterodimers (Underhill, 2003) or in associatiothwgo-receptors (Gantner et al.,
2003, Miller et al., 2005). Twelve functional mamiaa TLRs have been identified,

of which 10 are expressed in humans and 11 in ifBesitler, 2004, Kawai and

Akira, 2005, O'Neill, 2006).

Other PRRs include lectins, which bind carbohydrgfeéigdor et al., 2002). This
family includes C-type lectins such as dendritidl-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) which dsn glycoconjugates
containing mannose and fucose (Figdor et al., 28ppelmelk et al., 2003), dectins
which bind fungalB-glucans (Brown, 2006), macrophage galactose-tygmtinl
(MGL) (Raes et al., 2005) and the mannose recépéor Liempt et al., 2007).



In ruminants, homologues of all 10 human TLRs haeen found in both cattle and
sheep (McGuire et al., 2006, Menzies and Ingham620lalubamba et al., 2007,

Chang et al., 2009). Dectin 1 and 2 are also foondhe sheep dendritic cells
(Nalubamba et al., 2007). Ovine dendritic celloagpress Fc receptors which can
bind antigen-antibody complexes, allowing captunel @resentation of antibody-

bound antigen (Bujdoso et al., 1990, Harkiss et1890, Coughlan et al., 19964,
Coughlan et al., 1996b).

Once a pathogen has been detected and recogrigethformation must be passed
to other immune cells through antigen presentatiogenerate an immune response.
In the context of extracellular helminths, whenhoaten molecules are taken up by
antigen-presenting cells, they are processed apregsed on the surface of the cell
as short peptides bound to a major histocompagibdomplex (MHC) class I
molecule. Molecules from bacteria and viruses aesgnted in a similar way by
MHC class | expressed by a wide variety of celgluding non-immune cells. In
this way molecules are presented to T cells towdtite progression of the immune
response. Dendritic cells, B cells, macrophagésoliilasts and epithelial cells are all

known to be capable of antigen presentation.

Dendritic cells are professional antigen presentialis which are able to take up
pathogen molecules and present them to lymphocpiesiated dendritic cells are
distinct from other antigen presenting cells inithability to trigger adaptive
immunity through activation of naive T cells in Iphoid tissues. This is an essential
function, as naive CD4+ T cells cannot otherwiswllio antigen-binding MHC class
I molecules on the surface of antigen presentirggls to initiate B cell maturation,
proliferation and antibody production. Signals frosendritic cells during the
activation of CD4+ T cells can also induce thesésde produce cytokines which
co-ordinate the various component cells of the imensystem to optimise the

appropriate response to the pathogen in questiangiereau et al., 2000).

As well as activating naive T cells, dendritic sethn participate in the activation of

naive and memory B cells by CD4+ T cells. It hasrbdemonstrated in rats that



dendritic cells can take up and retain unprocessgigen, and transfer it to B cells
for MHC class Il processing and presentation tavatdd CD4+ T cells (Wykes et
al., 1998). Peripheral blood derived bovine DC halg® been found to promote B
cell proliferation through CD40 ligation and cytoki expression independent of T
cells (Bajer et al., 2003).

Dendritic cells use various pathogen recognitiareptors to detect a wide variety of
bacterial, viral and parasitic molecules (Reis a@isap 2001). They appear to be
capable of discerning the threat posed by differeatecules from pathogenic and
non-pathogenic organisms, possibly through recepsoich as the activating and
inhibitory immunoglobulin-like transcripts which v& been described in human
immune cells (Colonna et al.,, 1999a, Colonna et 1#899b, Wu and Horuzsko,

2009). Similar receptors have not yet been idettiin sheep or cattle.

Further to discerning between pathogenic and ndmeganic organisms, these cells
appear to be able to differentiate between varigpss of pathogen, using receptors
such as the various Toll-like receptors and C-tg@géns, in order to invoke the most
appropriate immune response (Manickasingham and BefSousa, 2001, Reis e
Sousa, 2001, Reis e Sousa et al., 2001, Diebo@i§)20

B cells are also capable of presenting antigen@d-T cells. When antigen binds
to antibody on the B cell surface, some of the looantibody is taken back into the
cell, allowing the captured antigen to be processetipresented to CD4+ T cells by
MHC class Il (Gupta and DeFranco, 2007). This isessary in order for B cells to
obtain “T cell help”, signals driving B cell proéifation and antibody production,

from T cells specific for epitopes on the samegatti

Ovine macrophages are also capable of acting as sAPQese cells are
predominantly employed in the phagocytic killing pathogens, but they also
express MHC class Il (Hein et al.,, 1987, Humphré986, Liu et al., 2003,
Bendixsen et al., 2004) allowing them to also pmepathogen molecules.



1.3.2 Dendritic cell sensitization

As discussed in section 1.3.1, dendritic cellsameable of differentiating different
types of pathogen through PRR. This is an essqudidlof generating an appropriate
and effective immune response tailored to spe@fthogens, which range from

viruses and intracellular bacteria to protozoa metazoan helminths.

Once the pathogen has been identified, dendritis ceature and migrate to the
draining lymph node. Here they activate naive CO4¢ells to produce pathogen
specific immune responses through a combinationardigen presentation, co-
receptor molecule binding on the cell surface anodgpction of cytokines. The
activated CD4+ T cell then goes on to expand thenume response through
activation of B cells and further cytokine prodoctito enhance B cell function,
stimulate switching of antibody type, and attractl @nhance the activity of other
immune cells. Bujdoso and colleagues have prewossldied this sequence of
antigen capture by ovine dendritic cells, followg carriage to local lymph nodes
and antigen-specific T cell activation in the shé@pjdoso et al., 1989, Bujdoso et
al., 1990). Pasare and Medzhitov have also denaiadtirthe requirement for
cytokine signalling in combination with dendriticelc antigen presentation to

produce T cell activation in sheep (Pasare and kienlz 2004).

The actions and cytokines produced by activated«D4ells largely determine the
phenotype of the immune response. These phenotgpelse separated into: T helper
type-1 (Thl), which is characterized by the progurcof IL-2, IL-12 and IFN and

is effective against intracellular pathogens; Tpkeeltype-2 (Th2), which is similarly
characterized by production of IL-4, IL-5 and IL-1&8d is effective against
extracellular pathogens such as helminths; regyldtaells (Treg), which moderate
the immune response to antigens to prevent immuwegiated damage to the host
and are characterized by production of IL-10, ILe&8% TGEB; and Th17, which is
characterized by production of IL-17, IL-21 and 2P; and is effective against
extracellular bacteria and fungal pathogens (Kiralgt1985, Mosmann et al., 1986,
Mosmann and Coffman, 1989, Groux et al., 1997, &hmee and Abbas, 2003,



Weaver et al., 2006, Zhu and Paul, 2008, Kim, 200Bg cytokine signalling which
influences the differentiation of Thl, Th2, Tregdabhl7 CD4+ T cell subsets, and
the characteristic transcription factors and cyteki known to be produced by each
subset are illustrated in Figure 1.2 (Zhu and Pa00Q8). More recently, a novel
subset of CD4+ T cells which produce IL-9 have bdisgovered, which have now
been termed Th9 (Dardalhon et al., 2008, Veldhdeal.e 2008, Adamson et al.,
2009).

Dendritic cells play a critical role in the polaation of these CD4+ T cell responses
(Moser and Murphy, 2000, Lipscomb and Masten, 208a¢ can themselves
undergo Thl- or Th2-like polarization (Gratchevakt 2001). This seems to result
from the maturation of immature dendritic cells response to pathogen-specific
antigen into distinct subsets, which drive the digwament of naive and resting T
cells towards either a Thl or a Th2 phenotype tnodifferential cytokine
expression (Pulendran et al., 1999, Maldonado-L@ped., 2001, Maldonado-Lopez
and Moser, 2001, Halliday et al., 2007). For exanphaturation of human and
murine dendritic cells in response to LPS or infize virus produces dendritic cells
which release IL-12 and favour the developmentidE Tells (Macatonia et al., 1995,
Cella et al., 1996, Koch et al., 1996, Cella et H99). Concurrent innate immune
responses also influences dendritic cell maturatfon example type-1 interferon
produced in response to virus infection can enhaooeoral immunity and antibody

switching in mice via a dendritic cell-mediated magcism (Le Bon et al., 2001).

It is possible that dendritic cells may even beedblinduce appropriate responses to
more than one antigen at the same time. Mouse idiendells exposed to

schistosome egg antigen alRbprionebacterium acnesere found to segregate the
bacterial and helminth antigens. Antigens from eaththese pathogens were
acquired via discreet pathways and kept in separatepartments, and antigen-

specific Thl and Th2 responses were induced aahe time (Cervi et al., 2004).



Figure 1.2: Polarization of CD4+ T cells in resp@ activation by dendritic cells
and the influence of differentiation factors. Bimgliof antigen (Ag) by immature
dendritic cells (iDC) stimulates maturation of deitid cells. Mature dendritic cells
(mDC) activate naive T cells (ThO) through receptoo-receptor binding and
cytokine signalling to mature and differentiateoit specific phenotype to produce a

suitable immune response; Thl, Th2, regulatorylll(Te2g) or Th17.
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Immature monocyte-derived human dendritic cellsmgtated in vitro with
Echinococcus granulostgerived molecules matured and primed naive T dells
develop a Th2 phenotype through a mechanism invglvioll-like receptors, as
indicated by activation of NkB and phosphorylation of IRAK (Rigano et al., 2007)
Murine dendritic cells have been found to deteatiows helminth antigens via
TLR4, such as the helminth carbohydrate lacto-Nofemtaose Il found in
Schistosoma mansoeiggs and the glycoprotein ES-62 secreted by tmeatusle
Acanthocheilonema viteagvhich results in conditioning of the DC to induth2
responses (Whelan et al., 2000, Ferlazzo et &4,2Artis et al., 2005, Goodridge et
al., 2005). TLR4 has also been shown to influeiheé production in mice infected
with Trichuris muris (Helmby and Grencis, 2003), and TLR2 has been dotan
detect helminth lipids, such as lysophosphatidytgeobtained fromS.mansoni
which has been reported to trigger DC maturatiathiaduction of Th2 responses in
humans through binding to TLR2 (van der Kleij et 2002, Agrawal et al., 2003).

Other, less well studied PRRs on DC are also cepaidbinding helminth molecules.
The C-type lectins DC-SIGN (Appelmelk et al., 200&n Die et al., 2003),
macrophage galactose-type lectin (MGL) and the ms@nreceptor on human
dendritic cells are all capable of binding extraofsS.mansoniand skewing the

immune response towards the Th2 phenotype (vanptietral., 2007).

The immune response generated subsequent to pragesdelminth molecules by
dendritic cells appears to be distinct in beingeppehdent of MyD88/Trif signalling
(Goodridge et al., 2005). Binding of TLR2 and TLR¥schistosome egg antigens
triggers both human and mouse dendritic cell méturahrough phosphorylation of
extracellular signal regulated kinase (ERK), butiken the signalling of TLR
triggered by other antigens does not cause phoglation of c-Jun N-terminal
kinases (JNK) (Agrawal et al., 2003, Ferlazzo et 2004, Dillon et al., 2004a).
Similarly, binding of DC-SIGN induces phosphorytatiof ERK in human dendritic
cells to preferentially evoke Th2 responses (Cagsasat al., 2006). The different
signalling pathways triggered by helminth antiggnsomparison to other pathogens

is likely to be a key factor in the maturation @ndritic cells into a distinct subsets,
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driving the immune response towards a Thl- or Mp2tresponse depending on the

pathogen (Pearce et al., 2006).

Mature dendritic cells which have been primed tonpote different antigen-specific
immune responses can be separated according t@tgpenMaldonado-Lopez and
colleagues have demonstrated in mice that admatistr of CD&+ dendritic cells
exposed to antigen results in the induction of dl-fype response, however
administration of antigen-exposed Gi&lendritic cells induces a Th2-type response
(Maldonado-Lopez et al., 2001). Further studiesthi$ discrepancy showed that
dendritic cell-derived IL-10 is required for indwart of Th2 responses by C8
dendritic cells, and IL-12 and IRNare required for the induction of Thl responses
by CD&+ dendritic cells (Maldonado-Lopez et al., 2001he3e dendritic cell
phenotypes were also found to be influenced bykayés in the local environment;
treatmentin vitro with IL-10 reduced the viability of Thl-promotin@D8a+
dendritic cells, whereas treatment with fFheduced the Th2-promoting capacity of
CD8u- dendritic cells (Maldonado-Lopez et al., 2001).

In human models, monocyte-derived dendritic cellsctv promote Thl responses
are known as type 1 dendritic cells (DC1), and mpkasytoid-derived dendritic cells
which promote Th2 responses are known as type @ritiercells (DC2) (Moser and

Murphy, 2000).

Several subsets of dendritic cell have been idedtirom cattle and sheep, defined
in various studies by expression of CD5, CD11a @1 (Howard et al., 1997),
CD11c and CD14 (Bajer et al., 2003), CD172a and ¥ (McNeilly, 2005,
Nalubamba et al., 2007), and MyD1 (Howard et 899, Howard and Hope, 2000).
In sheep, two dendritic cell subsets identifieddiyerential expression of CD172a
and CD45RA have been found to express differemkoyés profiles and distinct
sets of PRRs, which are likely to reflect distifmictions (Nalubamba et al., 2007).
Ovine dendritic cells obtained from pseudoaffergmiph which express CD172a
have been found to transcribe IL-10 but almostlnd@2p40 leading to the promotion
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of Th2 responses, whereas those which do not ex@B4.72a transcribe IL-12p40
but not IL-10 promoting Thl responses (McNeillyD80Halliday et al., 2007).

Similarly, bovine dendritic cells expressing MyDa, homologue of rat SIRP
(Brooke et al., 1998), induced strong proliferatigsponses in both CD4+ and CD8+
T cells, whereas MyD1- dendritic cells only stintel proliferation of CD4+ T cells
(Hope et al., 2001). Bovine peripheral blood detidendritic cells have also been
shown to have features similar to human DC2 celish as production of IL-10 and
IL-13 and the ability to influence B cell activati¢Bajer et al., 2003).

1.3.3 Macrophage sensitization

The “classical” role of macrophages activated ispomse to IFM and LPS is the
expression of inflammatory mediators and intradatlukilling of bacteria; for
example through production of inducible nitric axidynthase (iNOS). However,
following exposure to IL-4, IL-10, IL-13 or IL-21 atrophages can become
activated via an “alternative” pathway. These altively activated macrophages
can be distinguished by expression of IL-4 receptwina (IL-4Ra), arginase-1,
mannose receptor and a lack of INOS expressiondBahl., 2004, Nair et al., 2006,
Urban et al., 2007).

Alternatively activated macrophages have been showatcumulate in response to
nematode infection (Lanier et al., 1986), and hoaight to act in several ways which
are distinct from classically activated macrophagdédternatively activated
macrophages suppress inflammatory responses, lmatatrio the repair of tissue
damage caused by helminths, promote Th2 respoaisésroduce molecules such as
Ym1 which is chemotactic for eosinophils (Lanieakt 1986, Balic et al., 2004).

As well as responding to the surrounding cytokindieon alternatively activated
macrophage activity may be influenced by directosxpe to helminth molecules.
Macrophage galactose-type lectin (MGL) is present alternatively activated

macrophages elicited in mice in responsd aenia crassicepsifection, and is up-
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regulated on human macrophagesvitro in response to IL-4 (Raes et al., 2005).
Schistosome egg antigens have also been showniggertrthe Jagged/Notch

pathway, which has been implicated in driving Ti@et development in both murine

bone marrow-derived macrophages and human mondeyieed macrophages (Goh
et al., 2008).

Another group of Th2-promoting macrophages has lpgeduced by the classical
activation stimuli IFN and LPS in the presence of IgG (Gerber and Mo2€g)Y]).
These macrophages appear to be more specialiseard®vwromotion of Th2
responses and suppression of pro-inflammatory regs and have been termed
“type 2 activated macrophages”. These cells argndtsfrom classically activated
macrophages as they produce no IL-12, but largauate®f IL-10 and induce Th2-
type responses including IL-4 production and thetchwng of B cells to IgG
production (Gerber and Mosser, 2001, Anderson andsier, 2002, Mosser, 2003).
Type 2 activated macrophages are distinguished fiatarnatively activated

macrophages by the absence of arginase inductierbéGand Mosser, 2001).

Alternatively activated macrophages have been mediurom the sheep blood
monocyte-derived cell line MOCL7 (Olivier et al.Q0@L, Boscariol et al., 2006) in
response td-asciola hepaticaas distinguished by arginase and chitinase &gtivi
(Flynn et al., 2007), and it is likely that Th2-proting macrophages participate in

the ovine immune response to helminthsivo.

1.3.4 Lymphocyte recruitment and mucosal responses

As briefly described in section 1.3.2 and illustdchin Figure 1.2, naive CD4+ T cells
can be activated by dendritic cells presentinggantiand induced to differentiate
into the specific phenotype which will promote theost appropriate immune
response. Non-naive CD4+ T cells can also be aetivay other APCs, such as
macrophages. The activated T cell phenotype pdpuldhen expands, activates B
cells and produces cytokines to co-ordinate andlifmtpis immune response (Kim
et al., 1985, Mosmann et al., 1986, Mosmann andn@of, 1989, Groux et al., 1997,
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Bluestone and Abbas, 2003, Weaver et al., 2006aJgi al., 2007, Zhu and Paul,
2008, Kim, 2009).

Activated lymphocytes which localise in the ovineguosa and gastrointestinal tract
have been shown to preferentially circulate bacthéomucosa after passing through
the draining lymph node (Weisz-Carrington et @91, Hein and Mackay, 1991, Au
et al., 2001), and have a predilection for the terpropria due to homing receptors
with a preference for capillary endothelial cefisthis tissue (Cahill, 1977, Chin and
Hay, 1984, Kimpton et al.,, 1989, Hopkins, 2000).afples of these homing
receptors in mice and humans include: integtifi;, which binds to mucosal
vascular addressin cell adhesion molecule-1 (MAdCBMexpressed on vascular
endothelium in the lamina propria in humans (Bnslet al., 1997); integrin
ag(CD103B7, which binds to E-cadherin expressed on the btesalasurface of
intestinal enterocytes in mice (Cepek et al., 19a4) CCL9, a chemokine receptor
which binds to CCL25 on the surface of epitheli@lin the small intestine, also in
mice (Wurbel et al., 2000). Integrimp; and MAdCAM-1 have been indentified in
sheep, on the surface of lymphocytes preferenti@iculating through the
mesenteric lymph nodes and on the surface of eatiativenules within the same
lymph nodes respectively (Abitorabi et al., 199@jiHand Mackay, 1991).

The CD4+ T cells phenotype associated with immaspaonses to gastrointestinal
helminths in humans and mice is characterised bgymtion of IL-4, IL-5, IL-9, IL-
10 and IL-13 and is termed Th2 (Grencis, 1997, €&lmlan and Urban, 2001,
Finkelman et al., 2004, Balic et al., 2004, Meeuseal., 2005, Urban et al., 2007).
For example, studies of murine infection with thastgointestinal nematodes
Nippostrongylus brasiliensis, Trichinella spiralignd Trichuris muris have
demonstrated that IL-4 and IL-13 are important osthprotection (Grencis et al.,
1991, Else et al., 1992, Else et al., 1993, Finkelrat al., 1999, Artis et al., 1999,
Garside et al., 2000). Th2 cytokines have also lieend to be important in human
immune responses to helminths, such as the nemAsudeis lumbricoide$Cooper
et al., 2000, Jackson et al., 2006).
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The immune response orchestrated by Th2 cellsnatigig from these tissues acts
both locally and in the draining lymph node to prod characteristic responses,
including class-switching of B cell antibody protioa to IgA, IgE and Ig@ mast
cell and eosinophil proliferation and recruitmentreased gut motility and mucus
production (Balic et al., 2004, Meeusen et al.,®2Q0rban et al., 2007).

CD8+ T cells (cytotoxic T cells; Tc cells) are panly involved in fighting viral
infections. They are influenced by cytokines prastudy other T cells, and also
produce cytokines themselves to help regulatertimeune response. In the same way
as CD4+ T cells, cytotoxic T cells can also be did according to the type of
cytokines they produce and immune responses thgyate or promote; Tcl cells
produce IFN which contributes to suppression of Th2 cell agtjwvhile Tc2 cells
produce IL-4 which contributes to suppression ofl T(sadick et al., 1991,
Dickensheets and Donnelly, 1999).

T cells expressingd T cell receptorsyp T cells), which are able to bind to antigen-
presenting CD1 (Porcelli et al., 1989, Sieling bt 8999, Schiefner and Wilson,
2009), are mainly associated with epithelial andcosal tissues (Ferlazzo et al.,
2004, Gyorffy et al., 1992). Shegp T cells have been found to express a unique
family of proteins WC1 (which is also known as T,1&e much more numerous than
in humans and rodents (Hein and Mackay, 1991, Eeara., 1994), and have a
larger repertoire of TcR variable genes than hunmerg mice, implying a more
important role for these cells in this species (Hand Mackay, 1991, Hein and
Dudler, 1993, Evans et al., 1994, Cahill et al9@)9 One such role may be defence
against mycobacterial infections; the populationy®fT cells has been found to
increase markedly in the lymphoid tissues of thestine in sheep infected with
Mycobacterium aviurasp.paratuberculosigBeard et al., 2000).

Natural killer cells (NK cells) are a lymphocytebset specialised to detect and
attack virally infected or tumour cells (MorettadaMoretta, 2004). NK cells have
also been shown to be an important source of enkih-13 (IL-13) in the intestinal

tissue of mice infected witfirichinella spiralis and there is emerging evidence that
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NK cell interaction is important for the activati@md maturation of dendritic cells
(McDermott et al, 2005).

Work done by David Smith and colleagues in theyed880’'s on the immune
responses td.circumcinctahas demonstrated that there is a significant as@én
the numbers of reacting lymphocytes in lymph olgdifrom the common gastric
lymph duct of naive sheep 8 days following infestiGmith et al, 1983). These
lymphocytes have been shown to be able to traimsf@unity between sheep (Smith
et al, 1986). The changes in efferent gastric lyniplowing infection with
T.circumcinctahave since been further defined as increased/alsd®f IgA, B cells,
and CD4+ and CD8+ T cells (Halliday et al., 200@lliday et al., 2009b).

Studies of the immune responsesH@emonchus contortus the sheep abomasum
have shown that there is a rapid increase in CD4zellE in the abomasal lymph
node, and an increase in both CD4+ awdT cells in the abomasal mucosa,
following infection. However these increases wenenid not to be maintained during
infection, indicating these cells are involved ihetearly stage response to
H.contortusin the sheep (Balic et al., 2000). This increased T cells in the
abomasal mucosa following infection withcontortuscontrasts with the findings of
the same group when studying the immune respon$ect@umcincta in whichyo

T cells were found to be reduced in the abomasslié throughout a 10 day infection

in immune sheep (Balic et al., 2003).

Studies of sheep infected witH.contortus have found CD4+ lymphocytes are
significantly associated with resistance to thigreth (Pena et al, 2006), and are
required for protection fronNippostrongylus brasiliensisn the mouse jejunum
(Finkelman et al, 2001). This is consistent witke thndings of Grencis and
colleagues that CD4+ T cells produce a Th2 cytokasponse, including 1L-4, IL-5,
IL-9 and IL-10, in the mesenteric lymph nodes oftenfollowing infection with
Trichinella spiralis (McDermott et al, 2005). However, studies of shedpcted

with Trichostrongylus colubriformishave shown that CD4+ lymphocytes are
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significantly reduced in efferent abomasal lympbnir7 days following infection
(Pernthaner et al, 2005).

Previous studies of infection with the abomasal atexe Ostertagia ostertagin
cattle have shown that the cytokine changes taiage in the gastric lymph nodes
in this species are predominantly those associaiid a Th2 immune response.
However, the polarisation of the cytokine respoteéng place in the abomasal
mucosa may not be as clearly delineated as respdasieelminths in the mouse;
though transcription of IL-4, IL-5 and IL-10 wascheased, IF transcription was
also raised subsequent to infection (Gasbarre.e2@01, Claerebout et al., 2005).
While it is possible that the cytokine responsesiéminths in ruminants is more
complex than those observed in mice and humaissaiso likely that the increase in
IFNy transcription in the abomasal mucosa followinglleinge with O.ostertagiis
not in fact a response to the helminth, but to eased bacterial load in the
abomasum and contamination of lesions cause@.bgtertagi which takes place in

a similar manner to that described in section 1.2.2

Local immune responses to gastrointestinal nematoae sheep, such as
T.circumcincta the blood-feeding abomasal nematddleontortusand the small-
intestinal nematod&.colubriformisare predominantly Th2 in phenotype, involving
mucosal inflammation, mastocytosis, eosinophilia dryperplasia of goblet and
mucus cells (Bendixsen et al., 2004, Gruner etl@P4, Scott et al., 1998a, Balic et
al., 2000, Scott et al., 2000, Balic et al., 2003).

Previous studies of cytokine responses to gasestintal nematodes in sheep have
examined the response in afferent and efferent mese lymph toT.colubriformis
(Hein et al., 2004, Pernthaner et al., 2005), amdhie gastric lymph node to
H.contortus (Gill et al., 2000, Meeusen et al., 2005, Lacraixal., 2006); these
studies have demonstrated changes in cytokine ciigtien following infection
which are indicative of a Th2-mediated responsewdi@r, although changes in
draining lymph composition, antibody production andstocytosis in responses to

T.circumcinctainfection have previously been explored (Smitlalet 1984, Stear et
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al., 1995, Halliday et al., 2007), the cytokine mip@s which orchestrate immune

responses to this parasite remain to be investigate

1.3.5 Cytokine function in gastrointestinal nematode infection

The cytokine communication that coordinates immuesponses, which has been
examined most comprehensively in mice, is extrenselyplex. Not only are there
large numbers of cytokines, but one cytokine mayitweluced by several different
types of cell and have varied effects on sevefférint target cells. The effect of a
particular cytokine on a particular target cell nago be influenced by the state of
the target cell or the presence of other cytokiféss is further complicated by
species variations when applied to other animaid, tae continuing discovery of

new cytokines and signalling processes.

The cytokines which appear to be predominantly oesible for immune responses
to helminths are Th2-type cytokines such as ILE45 land IL-13 (Finkelman et al.,
2004, Urban et al.,, 2007). These cytokines cootdirta cell proliferation and
antibody production, antibody heavy-chain switcharmgd eosinophil and mast cell
proliferation, as well as inhibiting the productioh Thl-type responses (Mire-Sluis
and Thorpe, 1998, Theze, 1999, Urban et al., 2007).

IL-4 is produced by activated Th2 cells, basopimiast cells and eosinophils. One of
the most significant actions of IL-4 is its invoident in the induction of B cell
proliferation and heavy-chain switching of antibqupduction to IgE and IgGThis
cytokine promotes mast cell proliferation and intsilthe Th1-type response through
suppression of IL-12. IL-4 also has an anti-inflaatany effect via suppression of
IL-1, IL-6 and TNFe production. The actions of IL-4 are antagonised IBiy
(Mire-Sluis and Thorpe, 1998, Theze, 1999).

IL-13 is produced by activated Th2 cells, basophiiast cells, eosinophils and NK

cells. IL-13 activates B cells, stimulates antibdebavy-chain switching to lgGand

IgE, and has an important role in mucous cell hglasia and increasing mucus
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production (Khan et al., 2001, Wynn, 2003, Khan @adlins, 2004). It also inhibits
macrophage activation and cytokine production. 3Latts synergistically with IL-4,
but is generally produced in larger quantities &rdlonger than IL-4 (Mire-Sluis
and Thorpe, 1998, Theze, 1999, Gessner et al.,, 20€Bermott et al., 2005).

Both IL-4 and IL-13 interact with IL-4 receptorspwever, IL-4 can interact with
both type 1 and 2 receptors, whereas IL-13 can ombract with type 2. Type 1
receptors are linked with cells of the immune systparticularly T cells, in contrast
with type 2, which are also found on non-immunéscieicluding goblet cells, which
are involved in helminth expulsion (Finkelman et 2004). These cytokines have
overlapping effects on a range of target cellslutiog monocytes, epithelial cells
and B cells, and combine to play an important nolanti-parasite immune responses
(Trigona et al., 1999).

Experimental studies using knockout mice have shthah the Th2 cytokines IL-4
and IL-13 are essential for the expulsion of intedthelminths in mice (McKenzie
et al.,, 1999). This is probably due to the roletloése cytokines in mast cell
proliferation, for example as demonstrated in respotoT.spiralis in the mouse
(Urban et al., 2000, Helmby and Grencis, 2002), an@ cell proliferation and
immunoglobulin class switching to IgE and lg&®napper et al., 1988, Finkelman et
al., 1990), for example during muriné.brasiliensisinfection (Finkelman et al.,
1988). Recombinant human IL-13, which is very samilo bovine IL-13, is able to
stimulate antibody production in activated bovinedlis (Trigona et al., 1999).

Work done by Finkelman and colleagues has shownttigaimmune responses in
mice to N.brasiliensisand T.spiralis are implemented through activation of signal
transducer and activator of transcription 6 (Stég)lL-4 and IL-13. Activation of
Stat6 is involved in the expulsion of intestinalmesodes via processes such as
increased intestinal smooth muscle contractilityd anucus secretion, and the
induction of mastocytosis (Finkelman et al, 200ihdh et al, 2000).
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IL-5 is produced by activated Th2 cells, mast caltgl eosinophils. Like IL-4 and
IL-13, this cytokine also promotes B cell activatiand antibody heavy-chain
switching (to IgA and IgE). IL-5 also promotes pi@lation and degranulation of
eosinophils (Mire-Sluis and Thorpe, 1998, Thez®9 ustice et al., 2002).

Previous studies have shown that stem cell fa@@H), IL-3 and IL-9 may also
contribute to Th2-type immune responses throughpttodiferation or survival of
mast cells in the intestinal mucosa of mice infdatgth N.brasiliensisor T.spiralis
(Madden et al., 1991, Donaldson et al., 1996, Fearllet al., 1997).

Recently the novel cytokines IL-25 and IL-33 haweeib implicated in Th2-type
immune responses to helminths. IL-25 (Fort et2001) is produced by Th2 cells
and mast cells, enhances responses in human Thanmpeellsin vitro, promotes
Th2-cytokine dependent immune responseE.tourisin mice through expression of
IL-4 and IL-13, and suppression of Thl-type respen®wyang et al., 2006, Wang
et al., 2007). IL-33, which induces expression lo#) IL-9 and IL-13, has been
found to be expressed early in infection of miceghwl.muris and increased
expulsion of the parasite from susceptible miceh(iitz et al., 2005, Humphreys et
al., 2008).

Regulatory cytokines, such as IL-10 and PGRre also important in limiting

immune-mediated pathology and promote healing ¢hamit al., 2009).

IL-10 is produced mainly by Th2 cells, regulatoryedlls and macrophages, but also
by B and other T cells, mast cells, eosinophilslotinelial cells and fibroblasts. This
cytokine acts upon Thl cells, B cells, macrophabscells and mast cells, and is
known to increase NK cell cytotoxicity and promatetibody synthesis by B cells.
By blocking CD28 phosphorylation, IL-10 inhibits Thcell proliferation and
production of Thl cytokines IFNand IL-2. IL-10 also inhibits the production of
TGH3 and pro-inflammatory cytokines such as Ik-1L-6, IL-8 and TN (Mire-
Sluis and Thorpe, 1998, Theze, 1999).
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TG is produced in the majority of tissues, particiylan the platelets, activated
macrophages, neutrophils, B cells and T cells. Hewnel G requires activation by
external factors, so levels of T@GExpression do not necessarily correspond to levels
of active TGIB present (Munger et al., 1999). This cytokine acta wide variety of
cell types and is a chemoattractant for mast cetlacrophages and monocytes.
TGH3 has an important role in tissue repair, promotesstntell differentiation,
regulates the proliferation of lymphocytes and nwsls, and is also implicated in
stimulating antibody switching to IgA. T@Rends to promote Th1l cells, resulting in
the promotion of IL-2 production (Mire-Sluis and drpe, 1998, Miller et al., 1999,
Theze, 1999, Knight et al., 2002, Brown et al.,£200aler et al., 2006, Knight et al.,
2007a).

The relatively recently identified cytokine IL-3X ialso produced by Th2 cells
(Dillon et al., 2004b), and has been shown to lifmR-type cytokine responses, IgE
and 1gG1 production, goblet cell hyperplasia andreteon of goblet cell-derived
resistin-like molecule beta (RELM) in the intestine of mice infected withmuris
(Perrigoue et al., 2009).

Immune responses to helminths are also influenged@hi-type cytokines, such as
IL-2, IL-12 and IFN, which promote macrophage activation, antibodyoosation

and inhibit the proliferation of Th2-type responses

IL-2 is produced primarily by Thl and NK cells, protes the proliferation and
activation of B cells, and the proliferation of imated T cells. This cytokine also
enhances NK cell cytotoxicity and production of IENkilling of bacteria by
macrophages and antibody production by B cells €Miluis and Thorpe, 1998,
Theze, 1999). However, the Thl-promoting naturé_e? may not be clear cut; in
the presence of IL-2, IL-18 has been found to irdlib2-dependant mastocytosis in
the intestine in response &trongyloides venezeulengigections in mice (Sasaki et
al., 2005).
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Other Thl-type cytokines, such as IL-12 and{FRMppress Th2 responses through
suppression of IL-4 production or antagonism otifects (Urban et al., 1993, Mire-
Sluis and Thorpe, 1998, Theze, 1999). IL-12 has l#®wn to reduce goblet cell
hyperplasia in mice followingT.spiralis infection (Khan et al., 2001), and
transcription of this cytokine is reduced during2Titesponses and reciprocal IL-4
up-regulation in cattle following infection witQ.ostertagi(Claerebout et al., 2005).
Production of IL-12 is significantly suppressed hy10 and TG, it is also
partially suppressed by IL-4 and IL-13. lirl[droduction is also suppressed by IL-10
(Mire-Sluis and Thorpe, 1998, Theze, 1999, Schopf.e2002).

IL-1pB, IL-6, IL-18 and TNF are generally considered to be proinflammatoryl an
are likely to be involved in the inflammation whigtcompanies many helminth
infections (Mire-Sluis and Thorpe, 1998, Theze, 499

IL-1B is produced mainly by monocytes, macrophages andrdic cells, but also
by lymphocytes and fibroblasts. This cytokine isaastimulator of T cell activity
and IL-2 production, enhances B cell proliferatiantibody production and response
to IL-5, and induces further production of pro-arfimatory cytokines by
macrophages. Production of II3-Is suppressed by Th2 cytokines including IL-4,
IL-10 and IL-13, and also by IL-6 and TGKMire-Sluis and Thorpe, 1998, Theze,
1999).

IL-6 is produced by B cells, T cells, macrophagesjothelial cells, fibroblasts, mast
cells, eosinophils and smooth muscle cells, amdudéites production of acute phase
proteins, B cell proliferation, maturation and, gambination with IL-4, antibody
production. As a further example of the difficustiof conveniently classifying
cytokines, IL-6 is also involved in the promotior -2 production and Th2
differentiation (Mire-Sluis and Thorpe, 1998, Thet899).

IL-18 has previously been classified as a Thl tgp®kine but is now generally

regarded as proinflammatory. This cytokine is prmtl by many cell types,

especially monocytes, macrophages, dendritic dlnd T cells. It stimulates IFN
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production by Thl cells, promotes NK cell cytotaiic(Arend et al., 2008), and
suppresses mast cell proliferationTirspiralis infection in the mouse (Helmby and
Grencis, 2002). However, in the presence of ILE218 has been found to have a
role in the induction of Th2-dependent mastocytosiesponse t&.venezeulensis
mice (Sasaki et al., 2005).

TNFa is produced by macrophages, mast cells, fibrakldscells and B cells. This
cytokine promotes fibroblast proliferation and nuogdrages activation, leading to
increased production of IL-1 and IL-6. Thhares many of its effects with IL-1
and has an element of synergy with #Fid promoting IL-2 production by T cells
(Mire-Sluis and Thorpe, 1998, Theze, 1999). tNRay also have an enhancing
effect on Th2 cytokines including IL-4 and IL-13r{is et al., 1999).

1.3.6 The action of mast cells during gastrointestinal nematode
infection

Mastocytosis is a characteristic feature of ThzZtypnmune responses to
gastrointestinal helminth infection, and is linkegth host resistance and parasite
expulsion. Mast cells play a key role in the immuesgponse to helminths, not only
through production of cytokines to promote the inmauwesponse, but by releasing
mediators which increase intestinal motility andnpeability to aid expulsion of the

parasite.

Mast cells are activated by pathogen moleculesitgndf PRR or cross-linking of
IgE bound to Fereceptors (Else and Finkelman, 1998, YamasakiSaith, 2005),
triggering release of soluble mediators includingtdmine, heparin, leukotrienes,
prostaglandins, chemokines, and enzymes such dscelaproteases (Miller, 1993,
McDermott et al., 2005, Urban et al., 2007, Bis€¢h2009). Cytokines released by
activated mast cells attract lymphocytes and gaayiks to the site of infection.
Ovine mucosal mast cells may also secrete compothasdirectly inhibit larval
migration into the mucus of the small intestine (Do et al., 1996).

24



Mast cell proteases have been shown in mice tougedncreased intestinal
permeability and leakage of fluid into the intestithrough degradation of occludin,
which is a component of epithelial tight junctiof®lcDermott et al., 2005).

Combined with the actions of mast cell mediatorschsas prostaglandins and
histamine, in increasing vascular permeability, osuand electrolyte secretion, this
results in an increase in fluid in the intestiner(Rie et al., 1991, Russell, 1986,
Baird et al., 1985, Bischoff, 2009). Mast cell afjimg via histamine, proteases, lipid
mediators such as leukotrienes and prostaglandimg,by cell-cell signalling also

causes the enteric nervous system to increasdimaieperistalsis (Bischoff, 2009).

Together with the increase in fluid content of theestine, this increased motility

assists expulsion of gastrointestinal parasites.

The importance of mucosal mast cells in the immresponse to gastrointestinal
helminths appears to vary according to parasiteispeMast cell-mediated increases
in gut permeability and contractility have been wshoto be essential for the
expulsion ofT.spiralisin mice (Else and Finkelman, 1998, McDermott et 2005),
and expulsion off.spiralis is delayed in mice lacking mouse mast cell praehas
(Scott et al., 2000, Knight et al., 2008). Howe\hrs is in contrast with expulsion of
T.murisandN.brasiliensis for which mast cell activity is not essential @Jket al.,
1980, Miller, 1996a, Else and Finkelman, 1998, Khigt al., 2008). Studies of
immune responses tbl.brasiliensisin mice treated with anti-stem cell factor
antibody, which causes a marked reduction in mucuoaat cells, have further found
that the fecundity of this nematode is reducedeated mice compared to untreated
mice (Newlands et al., 1995), consistent with poasi findings that fecundity of
N.brasiliensisis reduced in mast cell-deficient mice comparewitd-type (Arizono

et al., 1993).

Mastocytosis has frequently been observed in respoto infection with
gastrointestinal helminths in sheep, includifigcircumcincta H.contortus and
T.colubriformis(Salman and Duncan, 1984, Bisset et al., 1996;dter et al., 1999,
Schallig, 2000, Henderson and Stear, 2006), andehigumbers of mucosal mast

cells has been linked with greater resistance tagi@s (Bisset et al., 1996, Shakya
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et al., 2009). This is supported by observatiorsg teduced numbers of mucosal
mast cells are linked to lower resistance to hetinsimn periparturient sheep (Huntley
et al., 2004, Houdijk et al., 2005).

1.3.7 The action of eosinophils during gastrointestinal nematode
infection

An increase in eosinophil numbers has for manysybaen considered a key feature
of helminth infection, however the actual functiohthese cells during infection is
still unclear. While eosinophils are known to produlh2 cytokines which drive
immune responses to helminths, they are thought talsattract dendritic cells in
response to helminth infection through productidéralarmins, such as eosinophil-
derived neurotoxin, and to play a direct role ighfing tissue-dwelling parasites
(Kazura and Aikawa, 1980, Butterworth, 1984, Nakajiet al., 1996, Balic et al.,
2000, Justice et al., 2002, Klion and Nutman, 2@dssner et al., 2005, Oppenheim
and Yang, 2005).

Eosinophils bind the complement protein C3b, ars &ind IgE via Fc receptors.
During helminth infection the C3b and Fc receptmrghe eosinophil allow it to bind
to C3b and IgE attached to the surface of the mthmiwhere it releases active
oxygen metabolites and toxic granule proteins widiaimage the parasite membrane
directly onto its surface (Kazura and Aikawa, 1980tterworth, 1984).

While eosinophils are not essential for expulsidn some parasites, such as
N.brasiliensisor T.spiralisin mice, these cells still mediate damage to thegte
(Kazura and Aikawa, 1980, Vallance et al., 20000trt al., 2007), and depletion
of eosinophils increases susceptibility of mice @ther parasites, such as
Strongyloides stercoraligGalioto et al., 2006). Eosinophils from sheepviesly
exposed toH.contortus L3 larvae were able to kill these larvae vitro in the
presence of antibody specific to L3 surface antigarough adherence and
degranulation (Rainbird et al., 1998, Terefe et 2007). Thisin vitro killing of

H.contortus L3 by eosinophils was augmented by the additioncamplement
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(Rainbird et al., 1998, Terefe et al., 2007). Thiknk of H.contortusL3 larvae by
closely associated eosinophils has also been dasiervivo in the ovine abomasum
(Balic et al., 2006). Sheep bred for resistancgdasirointestinal helminths produce
more pronounced eosinophil responses to infecblaviing previous exposure than
susceptible breeds (Dawkins et al., 1989, Buddlal.et1992, Hooda et al., 1999,
Shakya et al., 2009).

The role of eosinophils in the response to tissmelHthg helminths may be
supported by neutrophils, which accumulate earlattie site of helminth infection
(Anthony et al., 2006, Urban et al., 2007) and hlawen found to similarly damage
Heligmosomoides bakeaind kill S.stercoralign vitro (Galioto et al., 2006, Urban et
al., 2007). Both eosinophils and neutrophils isdatrom sheep blood have been
found to adhere tdH.contortus larvae in vitro and, though less effective than
eosinophils, neutrophils were also shown to redaceal motility (Terefe et al.,
2007). Both eosinophils and neutrophils accumulapedly in the mucosa of sheep
infected withT.circumcincta(Scott et al., 2000).

1.3.8 Additional factors in the rejection of gastrointestinal
helminths

The mechanisms of immune detection, orchestratimh application of response
described in sections 1.3.1-1.3.7 combine to predoumunity to gastrointestinal
helminths. These mechanisms are augmented by @ulitiocal responses which

take place in the abomasum of sheep in responBeitcumcincta

Mucous cell hyperplasia occurs in the abomasal sa@o response to changes in
cytokines such as IL-13 following infection, leagimo increased production and
altered composition of mucus (Anderson et al., 1988e and Finkelman, 1998,
Scott et al., 1998a, Scott et al., 2000, McDerrabtl., 2005). As well as inhibiting
the movement of larvae into the gastric crypts tués viscosity, this mucus also
contains anti-parasitic substances which damagamyse the parasites (Miller and

Horohov, 2006). Examination of intestinal mucusaiéd from sheep following
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infection with T.colubriformis has shown increased levels of parasite-specific
antibody and direct anti-parasite activity, demoatsd by larval migration inhibition
assays, compared to mucus from naive sheep (Haetsal., 1999).

Transcription of sheep intelectins 1, 2 and 3, avhihdetectable in naive sheep, has
been found to be induced in the mucous neck cellloving infection with
T.circumcincta(French et al., 2009), possibly in response tat I[French et al.,
2007). Sheep intelectin 2 expressed by mucous cgtkhas also been found in the
abomasal mucus following infection wihcircumcincta(Athanasiadou et al., 2008,
French et al., 2008). Transcription of sheep itaie2 occurs earlier and to a greater
extent in challenged sheep following previous expeshan in naive challenged
sheep (French et al., 2008). Similarly, sheep ectel 2 is also up-regulated early in
sheep following infection withH.contortus(Rowe et al., 2009). Though the precise
function of intelectin is not yet clear, it may lea& role in altering the properties of
mucin and increasing mucus viscosity, and has hegiticated in the protective
immune responses of mice TaspiralisandT.muris(Tsuji et al., 2001, Arranz-Plaza
et al., 2002, Pemberton et al., 2004, Datta et28I05, Miller and Horohov, 2006,
Dann and Eckmann, 2007).

Ovine galectin-14 has been found to be presemtargastric mucus of sheep infected
with T.circumcincta(Athanasiadou et al., 2008). Ovine galectin-14nsduced by
activated eosinophils (Dunphy et al., 2002) andeapp to have multiple functions,
binding to eosinophils, neutrophils, activated lyrapytes, basement membrane,
mucous cells and mucus (Young et al.,, 2009). Thideoule also binds various
glycans, such as those with terminal N-acetyllaatuse residues which have been
found on N-glycans fronEchinococcus granulosubydatid cyst membrane and
protoscoleces (Khoo et al.,, 1997), and lacto-N-eteabse which is present on
schistosome eggs and has been found to drive Tg&+gsponses (Terrazas et al.,
2001, Young et al., 2009). Young and colleagueenttg discovered that ovine
galectin-14 also binds liver fluke (Young et alQ0®). The extent to which ovine
galectin-14 is expressed in mucus following infectwith gastrointestinal helminths

implies a significant role in the innate resporiee example changing the properties
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of gastrointestinal mucus during helminth infect{gtemp et al., 2009, Young et al.,
2009).

Several additional proteins have been identifieanioe which are thought to have
direct effects on gastrointestinal helminths, suab chitinases/chitinase-like
molecules and resistin-like molecules. For exampasistin-like molecule beta is
secreted by murine intestinal goblet cells in resgoto IL-13 following infection
with T.muris This molecule has been observed to bind to chensosy organs
associated with the helminth cuticle and inhibieriotactic migration (Steppan et
al., 2001, He et al., 2003, Artis et al., 2004, rNsi al., 2006, Urban et al., 2007,
Knight et al., 2008). Resistin-like molecule bets mot been identified in ruminants
to date (Knight, 2009, personal communication).ti@ase-like molecules have been
identified in sheep, and are up-regulated in themesum and gastric lymph node
following repeated infection witfi.circumcincta(Knight et al., 2007b). However the
function of these molecules in the sheep is unknolivinas been suggested that
chitinase-like molecules and resistin-like molechéta may have a role in binding
mucus and helminth cuticle to trap parasites imtlneus layer (Miller and Horohov,
2006).

Antibody responses are also important in the immresponse tdl.circumcincta
(Strain and Stear, 1999). Previous studies of #hesldpment of immunity to this
parasite have demonstrated increased levels ofalyA B cells in efferent gastric
lymph (Smith et al., 1983, Halliday et al., 200&llilay et al., 2009b) and abomasal
mucus (Athanasiadou et al., 2008) following repgatéection. The scale of this IgA
response has been correlated with reduced wornmdigguand the degree of larval
stunting in the abomasum (Smith et al., 1985, Sé¢al., 1995, Strain and Stear,
1999). The significance of secreted antibodiesgiresn abomasal mucus has been
confirmed by the finding that exsheath@dcircumcinctalarvae coated in IgG
obtained from the gastrointestinal mucus of rembpténfected sheep produced
worm burdens 76% lower than uncoated larvae whgeted into the abomasum of
naive sheep (Harrison et al., 2008). Increased salgermeability during helminth

infection may assist transfer of antibodies actbesmucosa (Miller, 1996a).
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The Th2-driven effects of mast cells and eosingpldcal production of antibodies
and anti-parasitic molecules, increased mucus weluand altered mucus

composition combine to damage and immobilise theding parasites (Grencis,
1997, Jackson et al., 2004b, Miller and HorohoW8)0The compromised parasite is
then dislodged and expelled by contractions ofgastrointestinal smooth muscle
and increased peristalsis (Castro et al., 1976disen et al., 2004, Jackson et al.,
2004b), possibly under the influence of IL-13 (Akilet al., 2007). The role of

gastrointestinal motility in the expulsion @f.circumcinctais supported by the

observation that abomasal smooth muscle obtaired fpireviously infected sheep
contracts in response Tocircumcinctaantigenin vitro (Scott and McKellar, 1998).

The overall effect of these immune responses iorabmation of exclusion of
infective larvae from reaching their tissue nicinel énvading gastric crypts, reduced
growth or arrested development of larvae which elach the crypts, and reduced
fecundity or expulsion of adult parasites (Straml &tear, 1999, Balic et al., 2000,
Jackson et al., 2004a, Kemp et al., 2009, McNezifg5).

For reasons which are not yet known, immune regson® gastrointestinal
helminths take far longer to develop, and devetop tesser extent, in young lambs
than immune responses to other pathogens. Thignwustrated by the increased
level of morbidity, mortality, faecal egg countsdaworm burdens in younger lambs
infected with parasites compared to older lambsittSmet al., 1985, Stear et al.,
1999, Good et al., 2006). This is illustrated bydsts of H.contortus and
T.colubriformisinfection, wherein lambs less than 6 months offaged to develop
immunity following exposure which resulted in prctige immune responses in
older sheep (Manton et al., 1962, Ritchie et &66l Gregg et al., 1978, Dobson et
al., 1990, Good et al., 2006). In contrast, youarghls are able to recruit eosinophils
and mast cells in responseHocontortuschallenge and generate immune responses
to H.contortusintestinal antigen, which results in a significaatiuction in pasture

contamination wittH.contortuslarvae (Lacroux et al., 2006, LeJambre et al., 2008
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The reduced capacity of young lambs to developst@ste to gastrointestinal
helminths following exposure compared to older pheay be due to differences in
the immune system between the two age groups.rit ®% of a lamb’s circulating
T cells areyd T cells, falling to 30% by the time the animabise year old (Hein and
Mackay, 1991, Washington et al., 1992) and to 1%-20 the adult sheep (Eriksson
et al., 1999). Similarly, Merino lambs 4-8 montid bave also been found to have a
lower proportion of CD4+ cells in their lymph anbbtd than older sheep 3-6 years
old (Watson et al., 1994). It is possible that toenparatively low percentage of
CD4+ T cells in young lambs is insufficient to geate the required Th2-type
response, or tha® T cells somehow inhibit its development. Previstigdies have
demonstrated that young lambs are less able toragfensome of the phenotypic
changes associated with Th2 responses. Sheep awverofths old were found to
have greater numbers of mucosal mast cells andrfeareective tissue mast cells
than lambs 4 months old following the same peribéxposure to infected pasture
(Douch and Morum, 1993). Similarly, mucus productio lambs 2-3 months old has
also been found to be less than in lambs at 9-IftlmsqAnderson et al., 1988).

1.4 Novel control strategies for gastrointestinal nematodes in
sheep

The rising incidence of anthelmintic resistancgastrointestinal helminths, and the
economic impact of this phenomenon on the sheepsing has made the genetic
selection for disease resistance an attractivepproador farmers. Numerous studies
have demonstrated that different breeds are moressr susceptible to infection
(Bahirathan et al., 1996, Good et al., 2006, Gazat al., 2008), and that the ability
of sheep to develop immunity to gastrointestindimeths is influenced by the
individual’s genotype (Gill, 1991, Gauly and Erhard001, Miller and Horohov,
2006, Stear et al., 2009).

Efforts have been made to artificially develop ghéeeeds which are resistant to

parasites with some success, and nematode-resistatimated according to faecal

31



egg count has been shown to be heritable. Furthethis, animals from the
Wallaceville nematode-resistant Romney sheep Be&ectively bred for low faecal
egg counts when exposed to natural challenge, stensly have faecal egg counts
36-fold lower, express higher levels of IL-5 and18, and produce small intestinal
mucus with significantly more larval migration iftory activity than the nematode-
susceptible Romney sheep line when infected Wiktolubriformis (Rabel et al.,
1994, Pernthaner et al., 2005). Merino sheep lyedesistance to helminths did not
perform better than random-bred sheep in respoaserimary infection with
H.contortus but had significantly higher levels of antibodypucosal mast cell
hyperplasia, mucosal eosinophilia and lower fasga) counts and worm burdens
after a second infection (Gill, 1991). However,estihg sheep for breeding on the
basis of faecal egg counts requires treatmentdbminth infection to be suspended,

thus incurring production losses during this time.

Selective breeding for more specific genetic tragsalso a possibility in the
development of helminth-resistant sheep breedsclwhbes not require helminth
infection of potential breeding stock for assesdmé&r example, certain sheep
major histocompatibility complex alleles are asateml with improved resistance to
gastrointestinal helminth infection (Schwaiger &t 4995, Paterson et al., 1998,
Sayers et al., 2005, Stear et al., 2005, Stedr, 2007).

As sheep do eventually acquire immunity followirgpeated or prolonged exposure
to gastrointestinal helminths, vaccination has bseggested as another possible
alternative means of control in the face of growamghelmintic-resistance. Thus far
there are no commercially available vaccines tdrgasestinal helminths, though

there is an effective vaccine for bovine lungworm.

Studies of T.circumcinctainfection of sheep have discovered that the scéle
antibody response is correlated with larval stuptand reduced worm fecundity
(Smith et al., 1985, Stear et al., 1995, Strain &tehr, 1999). The significance of
secreted antibodies present in abomasal mucus deas farther confirmed by the

finding that exsheathed.circumcinctalarvae coated in IgG obtained from the
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gastrointestinal mucus of repeatedly infected she®pluced worm burdens 76%
lower than uncoated larvae when injected into thenssum of naive sheep
(Harrison et al., 2008).

While attempts to develop vaccines to gastroimaktihelminths using native

antigens have had some success, for exammentortusintestinal antigen, which

can significantly reduce pasture contamination fbax et al., 2006, LeJambre et al.,
2008), commercial production of native antigen frioaiminths is not a viable means
of production. However cloned antigens have nohlkad®e to reproduce the efficacy
required of a commercial vaccine (Redmond et &062. This problem is likely to

be overcome through the use of adjuvants to amglifiywulation of the correct

immune response phenotype, probably in combinatitinmucosal vaccine delivery
systems (Lightowlers, 2006). More detailed undediteg of the mechanisms by
which immunity to gastrointestinal helminths is geated is essential in the
development of vaccines capable of maximising tbst mesponse (Miller, 1996b,
Redmond et al., 2006).

1.5 Objectives

The work described in this thesis is based uponhgfpothesis that there will be
significant changes in cytokine transcription fellag infection of sheep with
T.circumcincta and that these changes will be different in hethinaive sheep
compared to those which have developed a degraenafinity, and in young lambs

compared to older animals.

Previous studies of gastrointestinal helminth ititetin sheep and cattle have found
that immune responses to these infections are priea@otly Th2 in phenotype, with
associated up-regulation of Th2-type cytokines|(&ilal., 2000, Claerebout et al.,
2005, Pernthaner et al., 2005, Lacroux et al., 20B6wever, the polarisation of
Thl- and Th2-type immune responses in ruminants meaye as clearly defined as

in rodent models of helminth infection (Gasbarreakt 2001, Claerebout et al.,
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2005). Better understanding of the nature and nmecbaf the immune responses to
gastrointestinal parasites of ruminants is esdetotihe development of both genetic

resistance and potential vaccines.

While the immune response Tocircumcinctahas many features associated with a
phenotypic Th2-type response, the cytokine pr@fdaerated in response to infection
has not yet been examined. This has become a tpriori the study of the
development of immunity td@.circumcincta in order to direct the development of

potential vaccines towards an optimal effective e response.

The advantage of examining immune responses to afainparasites, compared to
those of the intestine, is that the abomasum istarally bacteriostatic environment,
reducing the potential immunological effect of bgudund bacterial load when
examining the response to helminths (Nicholls et H87).T.circumcinctais an
ideal candidate for this work, as it causes comalilg less trauma to the abomasal
mucosa in comparison tbl.contortus so inflammation is more likely to be a
component of the immune response to infection rathen due to trauma of the
mucosa (Salman and Duncan, 1984, Crab et al., Zad2gler and Bilgrami, 2004).

The aim of the work described in this thesis wasnalyse the cytokine changes

which coordinate the immune responsd tcrcumcinctain particular:

1. Evaluation of cytokine changes in the abomasgasiric lymph node and
gastric efferent lymphocytes of helminth-naive liegrsheep, and how this
changes over the course of a primary infection Witircumcincta(chapters
3,4 and 5).

2. Comparison of the cytokine changes taking placthe abomasum, gastric
lymph node and gastric efferent lymphocytes follogva primary infection of
helminth-naive yearling sheep withcircumcincta and following challenge

infection of yearling sheep which had developediglamrmmunity through
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previous infection, in order to define differendasthe cytokine profiles of

sheep with differing immune status (chapters id 3).

3. Evaluation of cytokine changes in the abomasancthgastric lymph node of
naive and previously infected 5 month old lambsl, laow this changes over
the course of infection witil.circumcincta,in comparison with yearling
sheep, to define age-related differences in thekaye profile following

infection (chapter 6).

The overall findings of this project are summarigedhapter 7.
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2 Chapter Two:
Materials and Methods

2.1 Production of Teladorsagia circumcincta L3 larvae

This work was done by Steven Smith and colleaguethe Moredun Research

Institute.

Infective third stage (L3J.circumcinctalarvae were obtained by faecal culture from
previously helminth-free 7-12 month-old sheep harbbgy a pure experimental
infection at the Moredun Research Institute. Theagites were then washed five
times in 100 vols of sterile 0.1M phosphate buffiesaline (PBS), pH 7.4, to which
had been added 1% (w/v) glucose, 500IU/ml penicidnd 5mg/ml streptomycin
(Knox and Jones, 1990). These L3 were stored fdoupmonth at 4°C before use,
and challenge doses administered to each groupeefpswere derived from the same
batch.

2.2 Experimental animals and sample preparation

This section of the work was carried out by Davichith, Aileen Halliday and

colleagues at the Moredun Research Institute, Paighi Anne French, Judith Pate,
Elisabeth Thornton and Steven Wright. The animadeexnents referred to in this
thesis were all subject to approval by the Mored®esearch Institute’s Animal
Experiments and Ethics Committee, and performedrdarg to the regulations of a

UK Home Office Project Licence.
These trials were carried out as part of a widedystunded by the VTRI (Veterinary

Training and Research Initiative) project (DEFRALSE/T0102)) to investigate the

diversity of the immune mechanisms generated.tcircumcinctalarvae. Much of
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the work in this section is described in papersrstibd for publication by Aileen
Halliday, David Smith and colleagues (Halliday et 2007, Halliday et al., 2009c,
Halliday et al., 2009a). Samples generated duliegé trials were also used during
examination of intelectin (French et al., 2007,refe et al., 2008), ovine chitinase-
like molecules (Knight et al., 2007b) and changethe proteome of gastric lymph
following infection withT.circumcincta(Goldfinch et al., 2008). Samples from these
trials have also been a significant component efRhD theses of Anne T. French
and Gillian M. Goldfinch, and the MSc thesis ofiduA. Bethune.

2.2.1 Yearling sheep

Thirty-six Blackfacex Leicester and thirty-six Dorset Suffolk cross-breed sheep
10-12 months old were housed from birth at the MoreResearch Institute under
conditions to prevent accidental infection withrheiths, and were considered to be
helminth-naive. These sheep were used in a sdregeriments described in Table
2.1.

Six Blackfacex Leicester and six Dorset Suffolk sheep were killed while still
helminth-naive. Another six BlackfaceLeicester sheep were orally administered a
primary infection of 50,000 L3T.circumcinctalarvae produced as described in

section 2.1 and killed 2 days following infection.

The common gastric lymph ducts of eighteen Doxs8uffolk and six Blackface
Leicester naive sheep were cannulated followingptioeedure developed by Smith
and colleagues (Smith et al., 1981) as specifiexbaotion 2.2.3; four days later these
were orally administered a primary infection of @) L3 larvae; six Dorsex
Suffolk sheep were then killed 5 days followingeition, six Dorsek Suffolk and
six Blackfacex Leicester sheep were killed 10 days following atiten and the

remaining six Dorset Suffolk sheep were killed 21 days following infiect.
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Eighteen Blackface Leicester and twelve DorsgtSuffolk naive sheep were orally
administered a trickle infection of 2,000 benzinzidle-susceptible L3 larvae three
times per week for eight weeks, which was thenrelkaising levamisole at the
recommended dose rate of 7.5mg/kg. Seven days s$ateof the Blackfacex
Leicester sheep were killed following clearanceahsf trickle infection, another six
Blackfacex Leicester sheep were administered a secondariengaldose of 50,000
L3 larvae, then killed 2 days after that. The comngastric lymph duct of the
remaining eighteen sheep was cannulated as befeven days later these sheep
were administered a challenge dose of 50,000 hadarsix of the Dorset Suffolk
sheep were killed 5 days following challenge, tlnaining six Blackfacex

Leicester and six DorsetSuffolk were killed 10 days following challenge.

The sheep were otherwise treated identically. Nashieep were treated with
Levamisole (7.5mg/kg) 7 days before challenge dhanasia as a control, with the
exception of experimental group 1. Kill method was captive-bolt stunning and

exsanguination. Post-mortem samples were colletexpecified in section 2.2.5.
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Table 2.1: 10-12 month old sheep experimental desig
BL = Blackface ewe/Leicester ram; DS = Dorset ew#(#k ram.
Nv = Naive; Pl = Previously Infected; Day 0 = uniéaged.

Experimental Kill Trickle Levamisole Cannulation Challenge Kill day following
Group date infectior? (7.5mg/kg) of common infectior? challengé
gastric 0 2 5 10 22
lymph duct
1-Nv(DS) July - - - - 6 - - - -
2005
2—Nv (BL) Feb - + + + - - - 6 -
2005
2 —-PI (BL) Feb + + + + - - - 6 -
2005
3—-Nv(DS) Jan - + + + - - 6 6 6
2006
3 -PI(DS) Feb + + + + - - 6 6 -
2006
4 —Nv (BL) April - + - + 6 6 - - -
2007
4—-PI(BL) April + + - + 6 6 - - -
2007

#2000T.circumcincta L3 administered three times per week for 8 weeks.
® One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gikilipd on the corresponding day

following challenge.

2.2.2 Five month old lambs

Thirty-five Blackfacex Leicester and forty-four Dorset Suffolk cross-breed lambs
4-5 months old were housed from birth at the More®esearch Institute. These
lambs were raised under conditions to prevent aotad infection with helminths,
and were considered to be helminth-naive. The camgastric lymph duct of these
lambs was cannulated as described in section A8d3these animals were used in a

series of experiments described in Table 2.2.

Four Blackfacex Leicester and four Dorset Suffolk lambs were killed while still

helminth-naive.
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Fifteen naive Blackfacex Leicester lambs were orally administered a primary
infection of 50,000 L3 larvae; six were killed 5ydafollowing infection, five were
killed 10 days following infection and four werdl&d 22 days following infection.
Eighteen naive Dorset Suffolk lambs were also orally administered a aiyn
infection of 50,000 L3 larvae; six each were killBd10 and 21 days following

infection.

Sixteen naive Blackface Leicester lambs were orally administered a trickle
infection of 2,000 benzimidazole-susceptible L3véder three times per week for
eight weeks, which was then cleared using levamiabthe recommended dose rate.
Seven days later these lambs were administeredc@ndary challenge dose of
50,000 L3 larvae; six of these lambs were killedays following challenge, five
were killed 10 days following challenge the remagnifive were killed 22 days
following challenge. Twenty-two naive Dorsst Suffolk lambs also underwent
trickle infection and anthelmintic treatment usthg same protocol as the Blackface
x Leicester group; four of these lambs were killedday 0, and six each were killed
on days 5, 10 and 21.

The common gastric lymph ducts of the lambs kileed days 5, 10 and 21 had
previously been cannulated as described in se2ti®3. The lambs were otherwise
treated identically. Naive lambs were treated Widvamisole (7.5mg/kg) 7 days
before challenge or euthanasia as a control. Kelhod was by captive-bolt stunning
and exsanguination. Post-mortem samples were tedleas specified in section
2.2.5.
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Table 2.2: 4-5 month old lamb experimental design.
BL = Blackface ewe/Leicester ram; DS = Dorset ew#(#k ram.
Nv = Naive; Pl = Previously Infected; Day 0 = uniéaged.

Experimental Kill Trickle Levamisole Cannulation Challenge Kill day following
Group date infectiorf (7.5mg/kg) of common infectior? challengé
gastric 0 5 10 21 22
lymph duct
5-Nv(BL) Aug - + + + 4 6 5 - 4
2006
5—-PI(BL) Aug + + + + - 6 5 - 5
2006
6 — Nv (DS) June - + + + 4 6 6 6 -
2007
6 —PI(DS) June + + + + 4 6 6 6 -
2007

82000T.circumcincta L3 administered three times per week for 8 weeks.

® One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gikilied on the corresponding day
following challenge.

2.2.3 Cannulation of the common gastric lymph duct

The sheep were bedded on sawdust and starved #ortynfour hours prior to

anaesthesia to help prevent gastric reflux duringesy. Anaesthesia was induced
via facemask and isofluorane gas, or using intrausrthiopentone and maintained
during surgery using a gaseous combination of axyg®fluorane and nitrous oxide

delivered through a cuffed endotracheal tube uginlpsed circuit apparatus.

Surgical approach to the peritoneal cavity wasubhoa flank incision caudal to the
last rib on the right hand side of the animal. @bemasum was located and exposed,
and approximately 0.2ml of 1% Evans blue in 0.9%nsawas injected under the
serosa near the greater curvature. The Evans ltweed visualisation of the lymph

vessels draining the abomasum and the commongbstiph duct.

The incision was held open using a Cleland retrasgbpulled cranially to retract the

ribs, the liver retracted cranially and the stonsantoved caudally. The vena cava
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was retracted dorsally and blunt dissection wasl wseseparate it from the dorsal
surface of the pancreas. The common gastric lymyal, dhighlighted by the Evans
blue within it, could then be seen running from ibdhthe portal vein caudally and

dorsally over the pancreas.

Two simple ligatures of were tied loosely around tommon gastric lymph duct.
The cranial ligature was tightened and a polyvictyloride (PVC) cannula, with an
external diameter of 1.2mm to 1.27mm, was insemti@ting caudally into the duct,
having previously been flushed with saline. Thedadligature was then tightened to
secure the cannula within the duct (Lascelles aodis] 1961). The cannula was led
out through a small incision on the dorsal flankl aecured using elastoplast stitched

to the skin. Muscle layers and skin were closedgisimple continuous sutures.

A catheter was also inserted into either the jugutan or the carotid artery, also
secured using elastoplast secured to the skinramdieep under the fleece to the

surgical site.

A harness incorporating a bag containing a stelnggparinized urine collection bag
was attached to the sheep’s torso and the lymphatiaula was run into the urine
bag. The distal end of the jugular/carotid cathetas also placed in the harness bag

to keep it clean and out of the way.

The sheep was extubated when a satisfactory swaltasvobserved and returned to

its pen to recover from the anaesthetic.

This technique has also been described by DavidhSsnd colleagues (Smith et al.,
1981).
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2.2.4 Collection of efferent lymph samples

Samples of efferent lymph were collected every ftayn the day of surgery until

either the lymph stopped flowing or the animal \keied.

The lymphatic cannula was removed from the uring doad the flowing lymph was
collected for about an hour into a clean heparahigl0IU heparin) falcon tube.
During this time the accumulated lymph was re-igflisvia the jugular/carotid
catheter. When the fresh lymph collection was catepthe lymphatic catheter was
returned to the now empty urine collection bag,ohivas put back in the sheep

harness.

Collected efferent lymph samples were centrifugadf0 minutes at 1200rpm and
4°C, the supernatant was removed and the effeygmiHocytes were resuspended in
PBS to remove plasma which can form an insolubdeipitate with RNAlater®. The
cells were again centrifuged for 10 minutes at @00 and 4°C, before being
resuspended in a small volume of PBS and 5-10 titmes/olume of RNAlater®.
The cells were allowed to sit at room temperatorel6-30 minutes or 1-2 hours at
4°C to increase uptake of the fixative, then staeel0°C until processing. (On the
day of challenge lymph was collected within an holuchallenge, which is not long

enough for larvae to reach the abomasum.)

Aliquots of whole lymph were also taken, which westered at -20°C for use in

proteomic analysis at a later date.

2.2.5 Collection of post-mortem samples

Immediately post-mortem, samples consisting seveudles roughly 5mfhwere
taken from the gastric lymph node and the mucosa®Bbomasal folds. One set of
samples was collected for RNA isolation into preeided tubes and fixed in
RNAlate®, incubated at 4°C overnight, then stored at -20@l processing. A

second set of samples for proteomic analysis wapped in labelled aluminium
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foil, snap-frozen on dry ice, then stored at -70%C.third set of samples for
histological examination was incubated overnightd# paraformaldehyde with
agitation, then transferred to 70% ethanol andesgt@t 4°C before trimming and

embedding in paraffin.

The abomasum was removed and opened along the ¢tessature, and the contents
collected. The abomasum was bisected longitudin&lye half was washed twice
with warm saline and the washings added to the abahtontents. This half was
used for the collection of gastric fold samplese Thucosa of the other half of the
abomasum was also washed twice with warm salire tla washings added to the
abomasal contents. This half was then submergesline at 37°C for 4 hours to
recover the larvae from the mucosa (Jackson e1284). The recovered larvae and
abomasal contents were separately made up to SLfieed using 2% formalin.

These solutions were vigorously stirred and a 25€ample was taken from each for

T.circumcinctacounting, staging and measuring.

2.2.6 T.circumcincta counting and measurement

This work was done by Steven Smith and colleaguethe Moredun Research

Institute.

Each 250ml| sample of abomasal contents or recoviemede was stained with
concentrated iodine solution, and the numbers aftadales, females and sexually

undifferentiated worms were recorded.

A random sample of approximately 50 worms was olethifrom the abomasal
contents of each animal, and these were measuned ascamera lucida witk10
magnification. Sexually undifferentiated worms lenghan 1.5mm were classified
as ‘developing worms’, shorter ones were classified 4. Linear regression of the
mean lengths of worms recovered from naive chafldraipeep on days 5 and 10 was
used to estimate the normal growth rates for eagh & these can be assumed to
grow at a linear rate (Denham, 1969). The resufongula was used to calculate the
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‘equivalent age’ of the worms recovered from theorabsal contents of the
previously infected sheep, to assess the extemhich the growth of the worms had
been stunted in this group.

Significantly higher numbers (P<0.01) ®fcircumcinctawere recovered from the
abomasum of naive yearling sheep on days 2, 5 @ndday 2 mean 8,323, day 5
mean 5,574, day 10 mean 12,492) than from the quely infected yearling sheep
(day 2 mean 2248, day 5 mean 936, day 10 mean )2(Fglliday et al., 2007,
Halliday et al., 2009b). Details of day 2 worm ctauare contained in a manuscript
by Halliday et al, accepted by Parasite Immunoldgysome previously infected
animals far higher percentages of L4 were recovenglicating an increase in larval
stunting in these animals. These data indicatephasite loss was occurring by day
2 in the previously infected sheep, and confirntseased resistance in these animals
compared to naive sheep. This is in accordancepuiious observations by Smith,
Jackson and colleagues (Smith et al., 1983, Smh,€1984).

Worm counts obtained from the lambs in experimergedup 5 were also
significantly higher in the naive lambs comparetht® previously infected (Halliday
et al, manuscript submitted to Parasite Immunolobipwever, the worm counts for
experimental group 6, while higher in the naive lleinged groups, were not

significantly different.

A small number of adult or L4 worms were recovefiean the previously infected
yearling sheep killed on day 0 and day 2 followamgllenge (experimental group 4).
It is uncertain why these worms were present, pbsdue to a failing of biosecurity
during the week following anthelmintic treatment emerging resistance to
Levamisole in thel.circumcinctaisolate used during trickle infection in the cade

the previously infected groups.
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2.3 Molecular biology protocols

2.3.1 Homogenisation of tissue stored in RNAlater®

Stratech 2ml screw-top vials welg filled with 1mm diameter zirconia/silica beads
which were incubated in 500 RLT/BME solution for five minutes at room
temperature with inversion to wash them, then aehinSections of tissue
approximately 4mrhwere then finely chopped under aseptic conditiots pieces
roughly 0.5-1mm, these were added to the beads with another 1fIBRME. The

sample was homogenised in a Stratech Beadbeateedtimes for one minute.

This protocol was adapted from manufacturer’'s recemdations and provided by
Tracey Coffey, further optimised by Steven Wrightl&am Knight.

2.3.2 Isolation of mMRNA from homogenised tissue

Homogenised tissue suspended in RLT/BME solutios aygplied 700l at a time to
a Qiashredder column and centrifuged for two misaitel3,000rpm (13793G) using
a Biofuge fresco centrifuge at 4°C. The decantedaffiwas then mixed with 6Q0
70% ethanol, applied 7QDat a time to an RNeasy column (RNeasy Mini Kit&hd
centrifuged for one minute at 13.000rpm. @bBuffer RW1 (RNeasy Mini Kit™)
was then added to the column and centrifuged fer mmute at 13,000rpm. The
sample was treated with ODNAse/RDD applied to the column membrane and
incubated at room temperature for 30 minutes, Was then washed using 380
buffer RW1 centrifuged for one minute at 13,000rdine column was transferred to
a new collection tube and washed twice with Batuffer RPE centrifuged for one
minute then two minutes at 13,000rpm. The columrs wansferred to a 1.5ml
eppendorf and centrifuged for one minute at 130@0as an additional drying step.
The column was then transferred to a new 1.5ml mgqé and the mRNA was
eluted by twice adding 100 RNAse-free HO to the column and centrifuging for
one minute at 13,000rpm.
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To fully remove native DNA contamination additioi2NAse treatment in solution,
using a DNA-free™ kit according to the manufactiggsrotocol, was required,

probably owing to the high concentration of pratifieng cells in the tissue.

Following extraction total mMRNA was stored at -7046til use. This protocol was
adapted from manufacturer's recommendations andiged by Tracey Coffey,

further optimised by Steven Wright and Pam Knight.

2.3.3 Isolation of MRNA from cells stored in RNAlater®

Cells preserved in RNAlatérwere centrifuged at 6,000rpm (2938G), using a
Biofuge fresco centrifuge at 4°C, for five minutesform a pellet. The supernatant
was removed and saved until mMRNA had been sucdigsskiracted. The pellet was
disrupted by the addition of 6QDRLT/BME and agitated for 30 seconds.

Cells in RLT/BME solution were then applied to aaghredder column 7QDat a
time and centrifuged for two minutes at 13,000rpime decanted run-off was mixed
with 60Qul 70% ethanol then applied 7@0at a time to an RNeasy column (RNeasy
Mini Kit™) and centrifuged for one minute at 13.0060. 70Ql buffer RW1
(RNeasy Mini Kit™) was then added to the column ardtrifuged for one minute
at 13,000rpm. The sample was treated withl 8INAse/RDD applied to the column
membrane and incubated at room temperature forifhGtes, this was then washed
using 70@l buffer RW1 centrifuged for one minute at 13,00@rprhe column was
transferred to a new collection tube and washeaetwwith 50@l buffer RPE
centrifuged for one minute then two minutes at @3tpm. The column was then
transferred to a 1.5ml eppendorf and centrifugedfee minute at 13,000rpm as an
additional drying step. The column was then trameteto a new 1.5ml eppendorf
and the mRNA was eluted by twice addingu3BNAse-free HO to the column and
centrifuging for one minute at 13,000rpm.
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Following extraction total mMRNA was stored at -7046til use. This protocol was

adapted from manufacturer’'s recommendations by Raight.

2.3.4 Isolation of MRNA from FACS sorted cells stored in
RNAlater®

Fluorescence-activated cell sorter (FACS) sortedls cén RNAlatef® were
centrifuged using a Biofuge fresco centrifuge at 46r 5 minutes at 6,000rpm to
form a pellet, and the supernatant removed. ThHepedlet was loosened and 380
RLT/BME was added before agitating thoroughly.

The cells in RLT/BME were then mixed with 38070% ethanol and added to a
MiniElute column (RNeasy® Micro Kit), then centrgad at 13,000rpm for 15
seconds and the flow-through discarded. The colwas washed with 350 buffer
RW1, centrifuged at 13,000rpm for 15 seconds aedldw-through discarded, then
DNAse treated using &0 DNAse/RDD and incubated for 15 minutes at room
temperature. The column was then washed again u3b@l buffer RW1,
centrifuged at 13,000rpm for 15 seconds and thev-fltoough discarded. The
collection tube was replaced and the column washadsvith 50Ql1 buffer RPE,
centrifuged at 13,000rpm for 15 seconds and the-floough discarded, then
washed with 5001 80% ethanol and centrifuged at 13,000rpm for 2utes. The
column was then transferred to a new collectioretabd centrifuged with the cap
open at 13,000rpm for 5 minutes as an additionghdrstep. The column was then
transferred to a 1.5ml eppendorf and eluted twaiagufirst 14 then 1211 RNAse-
free HO, centrifuging at 13,000rpm for 1 minute each tile 2ul are left behind in

the membrane, this results in a total elution vawh22.l.

Following extraction total mMRNA was stored at -7Q1il use.
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2.3.5 Quantification of mMRNA by UV spectrophotometer

When using a Beckman DU 650 spectrophotometer5@ dilution of the mRNA
was produced by addinguRof sample RNA to 98 RNAse-free water (a dilution
factor of 50). When using a Cecil CE2021 2000 sespectrophotometer, a 1:5
dilution was produced by addingu3mRNA to 12/ RNAse-free HO (a dilution

factor of 5).

The 260nm absorbance ) and the 280nm absorbance4é of the diluted sample
were measured, and these values were then usescidate the concentration of
MRNA in the sample and as an indication of mRNA litwiaand purity. The
spectrophotometric conversion factor of mRNA is 40.

[MRNA] ng/ul= Dilution Factor x Ago X Spectrophotometric Conversion Factor

The OD ratio Asd/A2go indicates nucleic acid quality. A ratio of 1.8—290desired,
indicating highly purified nucleic acid. A lower tra indicates protein or phenol
contamination (Sambrook et al., 1989).

2.3.6 Reverse transcription of mRNA into single-stranded cDNA

Reverse Transcription (RT) ofu@ total RNA was set up on ice and performed in
20ul volumes using a Techgene thermocycler. Eaqll B€action volume consisted
of 5mM MgCh, 10mM Tris-HCI (pH 8.8), 1mM deoxynucleotide trggphate
(dNTP) mixture, 20u RNAse inhibitor, 15u AMV reversranscriptase, Qug oligo

dT primer (all from Reverse Transcription Kit) adgg total RNA. Following
incubation for one hour at 42°C, the enzymes weeetivated by heating to 99°C for
5 minutes then the RT-mix was chilled on ice. Tésuiting single-stranded cDNA
was diluted in 80l of RNAse-free water, to a concentration of S@hgdefore being
stored at -20°C.
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RNA controls were set up by diluting @g of sample RNA in 5@ of RNAse-free
water. These control samples were also storedC8C-2nd were used to check for

native DNA contamination.

2.3.7 Oligonucleotide primer design

Polymerase chain reaction (PCR) assays were usgetdéot cDNA specific for a set
of ovine Thl- and Th2-type cytokines, regulatoryo&nes and proinflammatory
cytokines. The cytokines chosen were those for lwthiere were ovine gene or RNA
sequences available, and which were thought tooe ghdicators of each type of
immune system activity. The number of cytokinebeoexamined was limited by the
time available. The Thl-type cytokines to be exadirwere IL-2, IL-12 (k)
fraction) and IFN; the Th2-type cytokines were IL-4, IL-5 and IL-1Bg regulatory
cytokines were IL-10 and Tk, the proinflammatory cytokines were 113,11L-6,
IL-18 and TNFe.

The oligonucleotide primers specific for ovine IB;1L-6, I1L-10, IL-12py0, IL-18,
TGH3; and TNF cDNA have been previously published (McNeilly, 8D0OPrimers
were designed to detect ovine IL-2, IL-5, IL-13 dRdlly cDNA using the published
nucleic acid sequences available from the NCBI Reige Sequence Collection
(Pruitt et al., 2007) and Primer 3 (Rozen, 2000dmBr sequences for detection of
IL-4 cDNA were designed by Pam Knight. Primer sewpas produced were checked
for secondary structure (Zuker, 2003) and NCBI BIOASearched to check
specificity (http://www.ncbi.nlm.nih.gov/BLAST/).Primer sequences selected had
low secondary structure with approximately 50-60%argne/cytosine content,
similar melting temperatures but no stable primeteractions, if possible no
combination of guanine and cytosine longer than 8igs than 2 guanine/cytosine in
the last 3bp of the 3’ end, and produced a 100-3%0hplicon.

ATPase, a constitutively expressed ‘housekeepimgieg was used as a control to

assess the quality of the RT product and as aemterfor quantification of cytokine

MRNA. Primers sequences for ovine ATPase were Ximuovided by Tom

50



McNeilly. Primer sequences produced are listedahld 2.3 and were checked again
for specificity using PCR product sequencing (seetisn 2.3.11). The reference
sequences used are listed in Table 2.4.

Table 2.3: Primer sequences used for cytokine eggpien profiling.

Primer Sequence Product Size

(base pairs)

ATPase Fw GCT GACTTG GTC ATC TGC 167bp
Rv CAG GTA GGT TTG AGG GGA TAC

IL-1B Fw CCT TGG GTA TCA GGG ACA A 317bp
Rv TGC GTATGG CTT TCT TTA GG

IL-2 Fw GTG AAGTCATTG CTG CTG GA 202bp
Rv TGT TCAGGT TTT TGC TTG GA

IL-4 Fw AAC GCC GAA CAT CCT CAC AT 171bp
Rv AGT CCG CCC AGG AATTTG TT

IL-5 Fw TGG CAG AGA CCT TGA CAC TG 168bp
Rv TTT TCA CAG CAT CCC CTT GT

IL-6 Fw TCC AGA ACG AGT TTG AGG 236bp
Rv CAT CCG AAT AGC TCT CAG

IL-10 Fw AGC TGT ACC CAC TTC CCA 305bp

Rv  GAA AAC GAT GAC AGC GCC

IL-12pso Fw TCA GAC CAG AGC AGT GAG GT 241bp
Rv GCA GGT GAA GTG TCC AGA AT

IL-13 Fw GCC AAC TTC AGC TGC CCT GT 210bp
Rv AAT GTG CCT GGG CTG CTC TC

IL-18 Fw GAG CAC AGG CAT AAA GAT GG 241bp
Rv TGA ACA GTC AGA ATC AGG CAT A

IFNy Fw CTC CGG CCT AAC TCT CTC CT 175bp
Rv AGG CCC ACC CTT AGC TAC AT

TGFB, Fw GAA CTG CTG TGT TCG TCA GC 169bp
Rv GGT TGT GCT GGT TGT ACA GG

TNFa Fw GAA TAC CTG GAC TAT GCC GA 238bp

Rv CCT CAC TTC CCT ACATCCCT
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Table 2.4: Reference sequences used to produceesrgaquences.

Cytokine Sequence Name NCBI Accession Number
(RefSeq)

ATPase Ovis aries ATPase, Na+/K+ transporting,albh NM_001009360.1
polypeptide (ATP1A1), mRNA

IL-1B Ovis aries interleukin 1 beta (IL-1B), mRNA NM_(I9465.2

IL-2 Ovis aries interleukin 2 (IL2), mMRNA NM_00108606.1

IL-4 Ovis aries interleukin 4 (IL4), mMRNA NM_0010893.2

IL-5 Ouvis aries interleukin 5 (IL5), mRNA NM_0010083.1

IL-6 Ouvis aries interleukin 6 (IL6), mMRNA NM_0010892.1

IL-10 Ovis aries interleukin 10 (IL10), mRNA NM_0009327.1

IL-12p40 Ovis aries interleukin-12 p40 subunit precursor NM_001009438.1
(IL-12), mRNA

IL-13 Ovis aries interleukin 13 (IL13), mRNA NM_0082594.1

IL-18 Ovis aries interleukin 18 (IL18), mRNA NM_0009263.1

IFNy Ovis aries interferon gamma (IFNG), mRNA NM_001809.1

TGHB, Ovis aries transforming growth factor, betal NM_001009400.1
(TGFB1), mRNA

TNFa Ovis aries tumor necrosis factor alpha (TNF-  NM_001024860.1
alpha), mRNA

2.3.8 Polymerase chain reaction amplification of cDNA

Polymerase chain reactions (PCR) were set up onugieg PCR Taq DNA
Polymerase. These reactions were made up in thiedva.2ml PCR tubes
containing a total volume of [0 consisting of 250ng cDNA, 10mM Tris-HClI,
1.5mM MgChb, 0.2mM dNTPs, 02V each forward and reverse primers and 2.5u
Taq DNA Polymerase. Mastermix only controls contagnno cDNA were used to
check for contamination of the PCR reaction mixture

Techne Gradient and PerkinElmer GeneAmp PCR Sy2#&00 thermocyclers were

used to heat the samples to 94°C for 2 minutestlier initial denaturation.

Temperature cycling then consisted of a furthesdfonds at 94°C, annealing at an
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appropriate temperature for 40 seconds and an ®&teat 72°C for 2 minutes, this

was concluded by a final extension of 5 minute&24c.

Table 2.5: Conditions used for RT-PCR.

Primer Annealing Cycle

Set Temperature Number
ATPase 60°C 31
IL-1B 55°C 40
IL-2 52°C 32
IL-4 60°C 40
IL-5 60°C 35
IL-6 55°C 40
IL-10 60°C 35
IL-12p40 54°C 32
IL-13 68°C 37
IL-18 55°C 30
IFNYy 58°C 33
TGFB, 61°C 25
TNFo 58°C 30

Optimal annealing temperatures and number of cy@esto be determined for each
of the cytokines. Using an annealing temperaturelwvas too low resulted in non-
specific primer binding, too high a temperatureutesi in an unsuccessful reaction.
The annealing temperature of a primer is influenogds melting temperature (Tm)

which is determined by its components, and by bleemodynamics of the reaction
between primer and target which is more difficudt predict. The temperature
gradient function of the Techne Gradient was usedtimise primer annealing

temperature. Cycle numbers were optimised by runrepeated PCRs of increasing
cycle numbers, then assessing the product usingitderetry. Cycle numbers were
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selected which resulted in sufficient product dgrithe exponential phase of

production, but before the reaction became sairate

Optimisation of cytokine assays is detailed in ¢ba@ section 3.2, and the final

conditions used are listed in Table 2.5.

2.3.9 Agarose gel electrophoresis

A 10ul aliquot of each PCR product was migrated with ®ading dye through a
1.3% agarose-TBE gel stained with 0.1% ethidiunmidde, for 30 minutes at 130V
alongside @l 1Kb Plus DNA ladder as a molecular weight marKére gel was then
photographed using a Kodak® Digital Science Imagati®& 440CF. Ethidium
bromide was diluted to 5@@/ml in a fume cupboard before use, as specified by
COSHH risk analysis, and disposed of accordingheo Wniversity of Edinburgh’s

waste disposal policies.

Ethidium bromide was later replaced with 0.01% @elR', which is less

carcinogenic, simpler to dispose of and less hdrtofthe environment. GelRed™
also has the advantage that it does not migratéh@el during electrophoresis,
reducing the risk that samples running in the lop@tion of the gel would produce
an artificially low reading if they are allowed teigrate into an area of the gel with a

reduced concentration of dye.
The Kodak® Digital Science Image Station 440CF usedections 3.3.1 and 3.3.2
was replaced during later work with a Bio-Rad Malec Imager® FX, which is

capable of producing higher definition images.

Staining technique, photography equipment andnggsttwere consistent within each

section of work.
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2.3.10 Densitometry of PCR products

To quantify the level of PCR product, densitometsyng the 1D Analysis software
supplied with the Kodak® Digital Science Image Bm@at440CF was used to
determine the density of bands following migratioragarose-TBE gel. To compare
the relative cytokine mRNA expression levels focleaf the samples, the values
were presented as a ratio of the band densityeotytokine PCR product over that
of the corresponding ATPase PCR product. ATPase R@Rlucts used for

comparison with each cytokine were produced frommsame sample of RT product

to further reduce experimental variation.

2.3.11 PCR product sequencing

Before sequencing RT-PCR products were first padifusing a High Pure PCR
product purification kit according to the manufaetts protocol. RT-PCR products
were sequenced in both directions using di-deoayctermination cycle sequencing
(Functional Genomics Unit, Moredun Research Ins&)tusequences were then
checked again for identity using an NCBI BLAST saiThis technique was used to
confirm product specificity of cytokine RT-PCR agsaoptimised in chapter 3
section 3.2.

2.3.12 Real-time polymerase chain reaction using SYBRgreen

External primers were designed to detect all thekiges previously listed using the
published nucleic acid sequences available from NIBBI Reference Sequence
Collection (Pruitt et al., 2007) and Primer 3 (Rpz2000). These primers were
designed to bind mRNA sites outside the primetedisn Table 2.3, and specificity
was again checked by PCR product sequencing asopsty described in section
2.3.11. External primer sequences for R,-1L-6, IL-10, IL-12py, IL-18, TGH:
and TNFe have been previously published (McNeilly, 2005])l éxternal primer
sequences are listed in Table 2.6.
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Table 2.6: External primer sequences used for prodan of cDNA

stock.
External Sequence Product Annealing
Primer Size Temperature
(base
pairs)
IL-1B Ex Fw CTG TGT TCT TCC CTT CCC TT 518bp 60°C
Rv CAA AAATCC CTG GTG CTG
IL-2 EXx Fw CGG GGA ACA CAA TGA AAG 250bp 59°C
AAG TG
Rv TTG TCC ATT GAATCC TTG ATC
TCT C
IL-4 Ex Fw CCA TGG ACA CAA GTG TGA 246bp 61°C
CAT TAC C
Rv GTC TTG CTT GCC AGG CTG CT
IL-5 Ex Fw TGC CTATGT TTG TGC CAA 290bp 57°C
TGC
Rv TCC ATC TTT CTC CTC CAC ACT
TCC
IL-6 Ex Fw GCT TCC AAT CTG GGT TCA 347bp 57°C
Rv CCA CAATCA TGG GAG CCG
IL-10 Ex Fw AGC TGT ACC CAC TTC CCA 305bp 60°C
Rv GAA AAC GAT GAC AGC GCC
IL-12pg40 Fw CTG CTG CTT TTG ACA CTG AA 452bp 57°C
Ex Rv CTG GTT TTC CCT GGT TTT G
IL-13 Ex Fw CCT GTG ATG CCT GCC TTG AG 295bp 60°C
Rv CCC CAG TAC AGA CAA AAA
CAC TTG
IL-18 Ex Fw TCA GAT CAC GTT TCC TCT CC 348bp 63°C
Rv GAT GGT TAC AGC CAG ACC TC
IFNy EX Fw CAC AGG AGC TACCGA TTT 248bp 54°C
CAA
Rv TCT TTT TGT CAC TCT CCT CTT
TCC A
TGFB, Ex Fw GAA CTG GAC ACC AAC TAC TG 338bp 60°C
Rv TCA GCT GCA CTT GCA GGA G
TNFa Ex Fw TCCTTG GTG ATG GTT GGT 548bp 57°C

Rv. CAC TGA CGG GCT TTACCT C

External primers were used to produce stock PCRiymtousing 40 cycles at
optimised annealing temperatures. These PCR produete then quantified by
using a Cecil CE2021 2000 series spectrophotomitemeasure the 260nm
absorbance (&o); double-stranded cDNA has a spectrophotometrioversion

factor of 50. The Ago of cDNA should be 0.15-1.0 and thegéA 250 should be 1.9-
2.1.
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[cDNA] ng/ul = Dilution Factorx Azsp x Spectrophotometric Conversion Factor
= 1% AyeoXx 50

Stock cDNA was then diluted to serial dilutions d®ngfu, 1ngil, 0.1ngfl,
0.01ngdl, 1x10'3ng/pl, 1x10'4ng/ul, 1x10'5ng/ul, 1x10'6ng/ul, 1x10'7ng/pl and
1x10'8ng/ul and stored at -20°C. These standard cDNA conagotrs were used
during real-time PCR (Q-PCR) to produce standamdyesifrom which the initial
concentration of the cytokine cDNA in the samplaildobe evaluated. Single-

stranded sample cDNA was quantified in the samehidas using a

spectrophotometric conversion factor of 33.

Real-time polymerase chain reactions (Q-PCR) wetaig in a Hoefer™ UVC 500
UV cross-linker using 0.2ml thin-walled, low-pradijlwhite Q-PCR tubes. Eachi20
reaction consisted of iI0SYBR Green (containing HotStarTag® DNA polymerase
QuantiTect SYBR Green PCR buffer, dNTP mix inclgdsilUTP, SYBR Green |,
ROX passive reference dye and 5mM MgCD.3uM each forward and reverse
primers and 50ng single-stranded sample cDNA. Huojank reactions, which did
not have cDNA added, were set up with the sampldsetexamined and standard
cDNA concentrations, both in triplicate.

An Opticon 2 DNA Engine was used to heat the sasnf@ed5°C for 15 minutes to
activate the DNA polymerase in the SYBR green. Temapre cycling then
consisted of 15 seconds denaturation at 94°C, hngeat an appropriate
temperature for 30 seconds and an extension at ft2°8D seconds. After 50 cycles
the reaction was concluded with a melting curvelymma to check for primer
dimerisation and product specificity, a peak witHoaw melting-point indicating
primer dimerisation. Product specificity was alshecked using agarose gel

electrophoresis for a sample of products as desgtiiio section 2.3.9.
Once Q-PCR was completed, Opticon Monitor 3.1.38&me was used to quantify

the samples. Baseline fluorescence indicated byldmeks was subtracted from the

sample fluorescence, then amplification curvedugrescence against cycle number
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were used to calculate PCR copy numbers. PCR ogagetiiciency was indicated by
the gradient of the standard curve, which should approximately -3.3, and

correlation coefficient (B should be approximately 1.
Efficiency — ((10-1/standard curve gradient) _1) x 100

Product quantity (ng) was derived from the numideryeles at which fluorescence
increased above a specified threshold (Ct valusnies were considered negative
if they failed to cross the threshold after 40 egcbf amplification. The average
molecular weight of one base pair was assumed &b0daltons, and the number of

cDNA copies produced was calculated using the féamu

(PCR Product (ng¥ 6.022x16%

Copy number =
(Amplicon Length (bpk 1x10 x 650)

2.3.13 Real-time polymerase chain reaction using AACt Tagman
assays

Sheep mMRNA sequences listed in Table 2.4 were cadday pairwise alignment
(http://www.ebi.ac.uk/emboss/align) with the boviegons for the relevant gene
(http://lwww.ensembl.org), sequence differences wenasked and exon-exon
junctions labelled. The masked sequence was chedird an NCBI BLAST search
to ensure that it still matched the original she@BNA. This sequence was then
checked for repeated sequences (http://www.repskenarg) (Smit, 2008) and
single nucleotide polymorphisms (SNPs) (http://wwnethi.nlm.nih.gov/SNP/
snpblastByChr.html), and any found were maskeda#reithin 5 bases of a masked
region or less than 30bp from 5°/3’ end were masked an appropriate unmasked
site remaining at an exon-exon junction was setedthis sequence and selected site

were sent to Applied Biosystems for the productiba custom Tagman assay.
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Applied Biosystems custom Tagman assays are dekignd optimised to work
using standard Q-PCR conditions and primer/probeceatrations. The assay
consists of primers at a final concentration off#0each, and a Tagman MGB (6-
FAM dye-labelled) probe at a final concentration 2Z80nM. The Tagman probe
incorporates a 6FAM™ reporter dye at the 5’ end amtinor groove binder (MGB)
non-fluorescent quencher (NFQ) at the 3" end. ThH@BWtype of NFQ increases
melting temperature @) without increasing probe length (Afonina et d997,
Kutyavin et al., 1997). Primer and probe sequensesl for ATPase were designed
by Gillian Goldfinch. These primers and probe weilited in 1x TE and the
concentrations of primer and probe were individualptimised for low Ct and
standard deviation before use. Sequences of Tagnraers and probes are listed in
Table 2.7.

Tagman Q-PCR reactions were set up in quadruplicadeHoefer™ UVC 500 UV
cross-linker. For cytokine detection eactu@action consisted ofid Tagman gene
expression assay (20x), d@l0Tagman gene expression mastermix (2x) and 99ng
single-stranded sample cDNA in RNAse-freeOH ATPase assays were set up as
above, but the Tagman gene expression assay waEadpvith separate primers
(600nM each) and probe (400nM). Blank reactionsjciwidid not have cDNA
added, were also set up for both cytokine and A@&Ragh the samples to be
examined. These reactions were set up in ABgenenidiéast 96 detection plates
and covered with optical adhesive covers. For esample, both cytokine and
ATPase assays were run on the same plate.

An ABI Prism 7500 was used to heat the samplet€ 5or 2 minutes for optimal
Uracil-DNA Glycosylase (UDG) activity (which previsn amplification of
contamination from other PCR products incorporaturgcil), then 95°C for 10
minutes to activate the AmpliTaq GSI®NA Polymerase in the assay. Temperature
cycling then consisted of 15 seconds denaturatid®b2C and annealing/extension

for 1 minute at 60°C for 45 cycles.
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Table 2.7: Tagman assay sequences.

Assay  Forward Primer Reverse Primer Probe Repor@uencher
dye

ATPase AACGGCTTC GTCGTTGAT TGCTGG 6FAM™ TAMRA™
CTCCCTAAT CCAACGGTC GCATCC

CAC ATC GAGTGA
CCTG
IL-1B CCTGTCTTG GGGTAC CTGGAG 6FAM™ NFQ
TGT GAA AGGACA GAA GTA
AAA AGG GACTCAAAT GACCCC
TGATAC TCAA A
IL-4 GCGGAC GTCTTTAGC CAAGCA 6FAM™ NFQ
TTGACA CTTTCCAAG AGACCT
GGAATC AGGTCT GTTCTG
TCA TG
IL-13 GAA GAG CACCATGCT CAGCGG 6FAM™ NFQ
CTGGTTAAT GCCATTGCA CACCTT
ATCACC CT
CAGAA
IFNy CTCTGA GGCTTTGCG ATCCAC 6FAM™ NFQ
GAA ACT CTGGATCTG CGGAAT
GGAGGA TG
CTTCAAA

Tagman gene expression mastermix contains ROX™wveassference dye, which
was used to normalize the 6FAM™ reporter signainfreach well (Rn), reducing
fluctuations in fluorescence between wells due ftipegting error. Applied
Biosystems Sequence Detection Software versior{7h@0 System SDS software),
was used to plot Rn against cycle number. Ct valere then calculated for each
reaction: the cycle number at which Rn crossed eslgiermined threshold. The
threshold used for analysis was 0.2, which fellhwitthe exponential phase of all
amplification curves. Samples were considered megat fluorescence failed to
cross the threshold after 40 cycles of amplificatio

The efficiency of the assays was calculated bytiergaa standard curve using

serially diluted cDNA. The difference in the gradief the standard curves for each

cytokine compared to ATPase wa&.1, indicating the efficiencies of the assays are
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similar enough to be used fanCt analysisACt was calculated by subtracting the
mean ATPase Ct value from the mean cytokine Ctevidueach sample. MeayCt
was calculated for each group of sheep, and the €& of an assigned calibrator
group was subtracted from that of the other graapgve AACt. The fold difference

in MRNA concentration between each group and thkerator group was calculated

using the formula2_AACt (Applied Biosystems User Bulletin #2, ABI PRISMOO/

Sequence Detection System, December 11, 1997) (Wtred., 1999, Schmittgen et
al., 2000, Livak and Schmittgen, 2001).

Figure 2.1: Tagman Q-PCR amplification plot of fltascence (Rn) against cycle

number (green line indicates threshold Rn).
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2.4 Immunoassay protocols

2.4.1 Cytokine detection in tissue homogenates by ELISA

Enzyme-linked immunosorbant assay (ELISA) was ueeaksess levels of cytokine
protein present in samples of snap-frozen tissukt@sue preserved in RNAlater.
Antibodies used in this protocol were suggestedSkegn Wattegedera and Colin

Mclnnes and the protocol was adapted from theirs.

Homogenates were made from 0.2g of tissue finetgdiiand added to 1ml fresh
extraction buffer in a QBiogene Lysing Matrix D &jlthen homogenized twice for
40 seconds using a Thermo Electron Bio101 FastfffEp20) machine on speed 6.
This homogenate was then processed by centrifugingugh a Qiashredder to
reduce viscosity, using a Biofuge fresco centrifugfe 4°C for 2 minutes at
13,000rpm. The homogenate was then centrifugedafdurther 30 minutes at
15,000rpm and 4°C using a Costar® Model 10 cemefuand the supernatant
aliquotted while leaving the top layer of fats behithis was repeated three times to
remove the majority of the fats and debris in tlaengle. Equilibrated PHM-L
Liposorb was then added to the homogenate at 1 lgpdsorb to 1.5 parts
homogenate, and allowed to stand for 15 minuteésah temperature. The mixture
was then vortexed for 1 minute before being cargetl for 10 minutes at 3,000rpm
and 4°C using a Costar® Model 10 centrifuge. Thsaltang supernatant consisted of
the tissue homogenate with the majority of thedspand lipoproteins removed.

Homogenates were then stored at -80°C.

An M129B ELISA plate was coated with @fwvell coating antibody diluted to
5ug/ml in 0.1M carbonate buffer, covered with climgfiand incubated overnight at
4°C. The following day the coating antibody wasasplked off, and the plate washed
six times with ELISA washing buffer. The plate w®n blocked by adding RD
ELISA blocking buffer, covered with clingfilm anehdubated at room temperature

for 1 hour. During this incubation recombinant pintwas made up to standard
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concentrations in blocking buffer, and any sampéegiiring dilution were diluted in
PBS/Tween20, both on ice. Blocking buffer was tlsptashed off and the plate
washed twice before loading the plate withuld@ell sample, recombinant standard
or blocking buffer, all in duplicate, covered withingfilm and incubated at room
temperature for 1 hour. Standards and samples tlveresplashed off and the plate
washed again six times beforeub@ell secondary antibody, diluted according to the
manufacturer's recommendations, was added andlabe was covered in clingfilm
and incubated for 1 hour at room temperature. Stsrgrantibody was then splashed
off and the plate washed six times beforquh@ell of either donkey anti-rabbit
antibody conjugated with horseradish peroxidaseRBR1:10000, or streptavidin
peroxidase 1:2000, diluted in PBS/Tween20 was addet the plate wrapped in
clingfilm incubated at room temperature for 1 hothe plate was then washed
another six times and pbBwell TMB peroxidase substrate at room temperatuas
added. Once a graduation of colour was seen inrgdbembinant standards, but
before colour appeared in the blanks, the reastias stopped by adding @owell
0.18M H,SO,. The 450nm absorbance of each well on the plateread within 30
minutes using a Bio-Rad model 550 microplate readérs ELISA protocol is

summarised in Table 2.8 and antibodies used arided in Table 2.9.

Table 2.8: ELISA protocol summary.

Step Wash Add 5Ql/well Incubate

1 - Coating antibody Overnight 4°C

2 6 times Blocking buffer 1 hour, room temperature
3 2 times Sample/standard/blank 1 hour, room teatper

4 6 times Secondary antibody 1 hour, room tempezatu
5 6 times Donkey anti-rabbit HRPO/ 1 hour, room temperature

Streptavidin peroxidase

6 6 times TMB peroxidase substrate atUntil colour develops then stop

room temperature reaction using 5@/well H,SO,
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Table 2.9: Antibodies used for cytokine ELISA.

Cytokine | Coating Antibody Secondary Antibody Detect

IL-1B MCA1658 AHP423 Donkey anti-
Mouse anti-ovine IL-f Rabbit anti-ovine IL-f rabbit 1IgG
lgG1 Mc lgG Pc HRPO
5ug/ml 1:500 1:1000

IL-4 MCA2371 MCA 2372B Streptavidin
Mouse anti-bovine IL-4 Mouse anti-bovine IL-4 HRPO
lgG2a Mc IgG2b Biotin-conjugated Mc | 1:2000
S5ug/ml Sug/ml

Mc = Monoclonal, Pc = Polyclonal, HRPO = Horseraderoxidase-conjugated

The mean 450nm absorbance of the blank wells whsragtied from the mean
450nm absorbance of each recombinant standard i@ @D units for each
concentration. The standard OD units were plottec catter diagram and a trend
line was added. The equation of the trend line wsesl to find the concentration of
cytokine in each sample from the OD units of eanhde repeat, the mean cytokine
concentration for each sample was then used. Tirelation coefficient (B of the
line should be near to 1 and greater than 0.95k@daand OD should be less than
0.2 units, and standard curve height should be8@D units.

Protein concentration of each homogenate was edémlilising a BCA protein assay.
Homogenate samples were diluted 1:5 in extractioffel then examined in
comparison to a standard curve generated using krmacentrations of bovine
serum albumin in extraction buffer. BCA protein aasseagent A was mixed with
reagent B at a ratio of 50:1, then 10Was added to each well of an M129B ELISA
plate with 1@l homogenate or standard in duplicate. The plats weapped in
clingfilm and incubated at 37°C for 1 hour, beftihe 570nm absorbance was read.

Protein concentrations were calculated as descabede.

Cytokine concentration was then expressed as jdiog/ g total protein.
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2.4.2 Fluorescence activated cell sorting of efferent lymphocytes

Freshly collected efferent lymph samples were deged at 1200rpm for five
minutes at 4°C with brake and the supernatant iieda The pellet was resuspended
in 5ml fluorescence activated cell sorting (FACSffér then centrifuged again at
1200rpm for five minutes and the supernatant dosdhrthis was repeated and the
cells washed a second time with 5ml FACS buffetlomong the second wash with
FACS buffer, the pellet was resuspended in 6ml FAGfer resulting in a solution
of approximately 1x10cells/ml.

The washed cells were placed in round-bottomedstubel (1x10 cells) per tube,
and incubated with primary monoclonal antibodyha tlark at 4°C for 20 minutes as
described in Table 2.10. The cells were then wastgadn with FACS buffer as
described above and incubated for 15 minutes iml#nke at room temperature in 1ml
FACS buffer containing a 1:400 dilution of secondarAb; goat anti-mouse IgG r-
phycoerythrin, a fluorochrome conjugated antibodlyiolr binds to the primary
antibody. After incubation the cells were washedcéwith FACS buffer as before
and resuspended in 2ml PBS containing 0.5-1% FG$Mcells/ml). Cell only
controls, isotype controls containing mouse antirevigGland mouse anti-ovine
IgG2a primary mAb, and secondary mAb only contieése used. Isotype controls

are test antibodies which are not fluorochrome wgetjed.

Table 2.10: Monoclonal antibodies used for FACS ledlelling.

Tube Primary mAb Dilution
1 Cell only control -
2 Isotype control mouse anti- 1:500

pestivirus IgGland IgG2a

3 Secondary mAb only control -

4 mouse anti-ovine CD4 IgG1 1:1000
5 mouse anti-ovine CD8 IgG2a 1:1000
6

mouse anti-bovingd TcR IgG1 1:1000
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The cells were then sorted into CD8+ve, CD8-ve, €4 CD4-veys+ve andys-ve
cells by Shonna Johnston at The University of Eadiigh's Queen's Medical
Research Institute, using a FACSVantage SE withaD{Becton Dickinson). Each
population of 1&-10° cells was gated to include lymphocytes and exctese cells
on the basis of forward-scatter and side-scattieis Sub-population was then further
sorted into labelled positive and unlabelled negatcells on the basis of r-
phycoerythrin fluorescence.

Sorted cells were collected into PBS containing 10%&. These cells were washed
once in PBS to remove FCS and resuspended in al 28BS to which 1ml
RNAlater® was added. The cells were incubated f3Q minutes to increase

uptake of the fixative, then stored at -20°C ymtilcessing.

This protocol was developed by David W. Smith addped by Pam Knight and
Aileen Halliday.

Figure 2.2: Fluorescence activated cell sortingefferent lymph.

Cell populations gated on the basis of (a) forwaoadtter (FSC-A) and side-scatter
(SSC-A), then further divided on the basis of (phycoerythrin fluorescence (PE-
A).
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2.5 Histology

Mucosal mast cells, and their derivatives globelecbcytes, contain granules which
store serine esterase. This enzyme can be spédygifstained using a chloroacetate

staining solution (Huntley et al., 1985).

Post-mortem samples of gastric fold were collecgdietailed in section 2.2.5 and
fixed using 4% paraformaldehyde. These samples lagetrimmed and embedded
in paraffin, longitudinally sectioned, de-waxedathanol, then washed and stained
for 30 minutes using chloroacetate esterase stagwiution. Stained sections were
washed using di0 and mounted using Polyvinylpyrrolidone (PVP). Euding

was carried out by the pathology department aRfi®SVS, Easter Bush Veterinary

Centre, sectioning and staining was done by Jurhte.

Longitudinal sections were examined using a Leigbdrlux S microscope (Leica
Microsystems GmbH, Wetzlar, Germany) and mast ce#ise identified by their
content of dark red/purple stained granules. Thabar of mast cells was counted
using a lcrheyepiece graticule, as closely as possible ofiethtaith the top edge
along the epithelial surface, unde250 magnification. Counts were repeated ten
times across each section of abomasal mucosa antiéhn count for each sample
was recorded. The mean counts for each of the ssmy#re used to find the group
mean. Digital images were collected using an Exw#@ 3CCD colour video
camera (Huntley et al., 1984, Huntley et al., 19852001).

2.6 Statistical analyses

Minitab® version 14 (Minitab Inc.) was used to analyse daih Pristfi 4 (GraphPad
Software Inc) was used to graph the data. Advicetatistical analysis was kindly

given by Darren Shaw.
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Multiple groups of data (cytokine transcription attde to ATPase or mast cell
counts) were checked for normal distribution uan@ne-Way Analysis of Variance
(ANOVA) and assessment of the plot of residual galuA linear residual plot
indicated a normal distribution, however deviatidrsn a linear plot indicated the
data were not normally distributed. A 95% confidenaterval was used, and

significance was indicated by a P-value less th@&.0

If data were found not to be normally distributedcluding the use of parametric
tests, non-parametric tests were applied. KruskalligVtest was used to look for
significant differences between naive-challengegmviously infected-challenged
data, an H-value of more than 3 and a P-valuetless 0.1 indicating significance
and the use of post-hoc tests (Kruskal, 1952). &sgof freedom for each H-value

are indicated as subscripts.

Mann-Whitney U test with 95% confidence intervalasaalso used to check for
significant differences from the day O groups, dsidween naive challenged and
previously infected groups on the same day. Sicpuifi differences between two data
sets were indicated by P<0.05. This prevented feignit differences being masked
by the production of a non-significant P-value whesing Kruskal-Wallis. Dunn’s
test was then carried out using In8t& (GraphPad Software Inc.) to look for
significant differences from day O groups and aonfthat a significant difference
found using Mann-Whitney U test was not an artef#cthe large number of test
being run (type | error) (Mann, 1947, Dunn, 1964t,2999).

Worm count and measurement analyses were done benAiHalliday and
colleagues at the Moredun Research Institute. Wamamts and the percentage of L4
larvae were compared by Student's t-test. Frequetisiributions of male and
female worm lengths were calculated for each shéem which group mean
distributions were derived. Correlations betweenrnwvdurden and cytokine levels
were examined using scatter plots and Pearsoniglabons on ranked data, with
significance indicated by P<0.05 (Halliday et 2D07).
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3  Chapter Three:
Cytokine Responses in the Gastric Lymph Node

3.1 Introduction

Studies ofO.ostertagiinfection in cattle have shown that the cytokiharmges taking
place in the gastric lymph nodes in this speciespaedominantly those associated
with a Th2 immune response, though the polarisatioine response may not be as
clearly delineated as in the mouse (Gasbarre eP@D1, Claerebout et al., 2005).
Similar studies in the sheep have examined thekmgoresponse in afferent and
efferent mesenteric lymph to the small-intestinalcosal browseil.colubriformis
(Pernthaner et al., 2005), and in the gastric lymplde to the abomasal blood-
feeding nematodéd.contortus (Gill et al., 2000), demonstrating that the immune
response to these parasites is predominantly Thilateel. However, the cytokine
response tol.circumcinctawhich takes place in the ovine gastric lymph node

remains to be examined.

The gastric lymph node in sheep drains the rumeticuium, omasum and
abomasum. However, the rumen, reticulum and omaauenlined with thick
stratified epithelium, and lymphatic vessels arafioed to the layers of the lamina
propria mucosae (Schnorr et al., 1975, Hampl amda&ova, 1977, Hampl et al.,
1978). Therefore the immune exposure of this lympte is almost exclusively to
the contents of the abomasum. The normal envirohnoénthe abomasum is
bacteriostatic due to the activity of digestive ynes and low pH; which implies
that in an animal infected with abomasal helminths, observed immune response
would be provoked by the presence of the helminth lmackground bacterial

populations (Nicholls et al., 1987).

The cytokine responses taking place in the galtnph nodes of naive-challenged

and previously infected-challenged sheep were exagnifollowing exposure to
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T.circumcincta These were compared with those taking place iivenand
unchallenged previously infected sheep, to gainreatgr understanding of the
protective immune mechanisms involved in parasugutsion and resistance, and

how these develop over time following exposure.

The advantages of this study over its predecessdhat because the abomasum is
normally a bacteriostatic environment, the immugalal changes observed
following infection with abomasal helminths areddiely to be influenced by the
presence of gut microbes, which may have been @rfac previous studies of
intestinal helminths such akcolumbriformis T.circumcinctaalso causes far less
trauma thanH.contortus reducing the probability of observed proinflamaorgt
responses being subsequent to mucosal dantdgentortusfeed on blood by
lacerating the abomasal mucosa and producing aagtdant (Crab et al., 2002,
Gaugler and Bilgrami, 2004), which causes inflamomtoedema, congestion of the
mucosal blood vessels and small haemorrhages (8aémd Duncan, 1984). In
contrastT.circumcinctais a mucosal browser, with larvae developing withastric
crypts before emerging as adults on the surfacheimucosa. Though damage is
caused to the mucosa as fTheircumcinctalarvae outgrow their crypt and compress
the surrounding tissue, they would not be expetderhuse the same level of trauma

asH.contortusdoes.

Differences in the cytokine responses of naive,vaiahallenged, previously
infected-unchallenged and previously infected-amaed sheep possessing partial
immunity may provide clarification on the developmheof immunity to

T.circumcinctaand why this development takes a relatively lbmg.

The main objectives of this section of work were:

(1) To optimise RT-PCR assays for the detectiocytdkine transcription.

(2) To assess whether each cytokine is being dridresl in the gastric lymph
node.
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(3) To define how transcription of these cytokinehanges following
T.circumcincta infection in naive-challenged compared with presgiy

infected-challenged groups of sheep.

3.2 Optimisation of cytokine RT-PCR assays

A range of Thl, Th2, proinflammatory and regulataoggokines was chosen to be
examined following challenge of sheep withcircumcincta as well as the
“housekeeping” gene ATPase. This range was limiitgdhe availability of ovine
gene sequences and by the number of cytokines whadonably be examined. Ten
cytokines were initially chosen: the Thl-type cytas IL-2, IL-12 (po fraction) and
IFNy; the Th2-type cytokine IL-4; the proinflammatorytakines IL-18, IL-6, IL-18
and TNFe; and the regulatory cytokines IL-10 and TgaF

RT-PCR assays were initially tested using thre@igsof sheep. This was done both
to determine whether ATPase, IB;1L-2, IL-4, IL-6, IL-10, IL-12p, IL-18, IFNy,
TGHB; and TNFu transcripts were detectable in the lymph nodegusiiese assays,
and to optimise the assays to produce semi-quamtiteesults. These assays were

designed as described in section 2.3.7.

Eighteen gastric lymph node samples were takermsit pportem from naive sheep,
and naive-challenged and previously infected-chgtel sheep 10 days after
challenge in experimental groups 1 and 2 as destiib sections 2.2.1 and 2.2.5,
and Table 2.1. These samples were homogenised ldAdeRtracted and quantified
as specified in sections 2.3.1, 2.3.2 and 2.3.5s RNA was then examined for
transcription of the housekeeping gene ATPase byPRR according to sections
2.3.6 — 2.3.10.

Initially RNA extraction, which includes DNAse tieaent, did not include an

additional DNAse treatment in solution. However, RbBnly control samples

included in the RT-PCR for ATPase produced an dmagdliproduct, indicating
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native DNA contamination of the RNA. This contantioa was probably due to the
large amount of DNA in the tissue overwhelming BigAse treatment included in
the RNeasy Mini Kit™, and was removed by incorpogatadditional DNAse

treatment in solution using a DNA-free™ kit as sped in section 2.3.2.

For each set of primers, the annealing temperatised during RT-PCR was
optimised by running identical reactions for 40 legcacross a temperature gradient
using the temperature gradient function of the fiecBradient thermocycler. These
samples were imaged using agarose gel electropbomesd quantified by
densitometry. The highest temperature which prodiicsingle distinct band of the
correct molecular weight was selected. At highereating temperatures the primers
would anneal less efficiently, limiting the reactioAt lower temperatures multiple

bands are more likely to be produced due to nooisp@rimer binding.

The optimal number of cycles for each assay wasdausing repeated PCR with
increasing cycle numbers and quantifying the protiyadensitometry. A graph was

then made of band density against cycle numbeliuarated in Figure 3.1.

Figure 3.1: RT-PCR product band density increasiis aycle number.
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In the early stages of PCR, product is producedsimexponentially. During later
cycles the conditions within each reaction arerattdoy the consumption of reaction
components, reducing the reaction efficiency. Evalhy product concentration
reaches a plateau once all the components have ussshup. The optimal cycle
number places the end of the PCR reaction withen“xponential” phase of the

reaction for each particular primer set.

Annealing temperature and PCR cycle nhumbers wetimmiged in this way for each
cytokine primer set, and are listed in Table 2.5sdy specificity was confirmed by

PCR product sequencing as described in sectiohl2.3.

At the start of this project a complete sequenaeofone IL-13 was unavailable.
Attempts to optimise primers generated from bouind3 or from partial ovine
sequences were unsatisfactory as they produceer aithltiple bands of incorrect
molecular weights, or did not produce any deteet@pobduct after 40 cycles of PCR
(data not shown). Ovine IL-13 primers used by Haml colleagues (Hein et al.,
2004) were also tested, however the PCR produduged by these primers was too
small to be reliably differentiated from the prirmen an agarose gel, so this assay

was not used.
New ovine mRNA sequences for the Th2-type cytokitie® and IL-13 were

released during 2006, which were used to produceessful RT-PCR assays during
study 2.
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Figure 3.2: Composite image of cytokine assay P@Rlyxrts visualised on agarose

gel.

Naive Day 0|  Naive Day 10 |  PIDay 10
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3.3 Cytokine transcription in the gastric lymph node

3.3.1 Study 1 — Preliminary studies of cytokine transcription in the
gastric lymph node

Following optimisation, assays were used to exantimetranscription of ATPase,
IL-1B, IL-2, IL-4, IL-6, IL-10, IL-12p0, IL-18, IFNy, TGH3;: and TNFe in gastric

lymph node samples. These samples were taken fnafmaillenged naive, previously
infected-challenged and naive-challenged day l@iggasheep as detailed in Table
3.1. Cytokine transcription in the naive-challengadd previously infected-
challenged sheep 10 days after challenge was cechpavith the naive group

included as a comparison.

Table 3.1: Experimental design — Gastric lymph nadedy 1.

BL = Blackface ewe/Leicester ram; DS = Dorset ewéfk ram.
Nv = Naive; Pl = Previously Infected; Day 0 = unié&raged.

Experimental Kill date Trickle Challenge Kill day following
Group infectiorf  infectior? challengé
0 10
1-Nv(DS) July 2005 - - 6 -
2-Nv(BL) Feb 2005 - + - 6
2 - PI(BL) Feb 2005 + + - 6

82000T.circumcincta L3 larvae administered 5 times per week for 8ksee

®One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gidllgd on the corresponding day
following challenge.

The ATPase primers used for this section of workewderived from the bovine

ATPase sequence and designed by Pam Knight; these replaced in subsequent

75



studies with primers derived from the ovine ATPasquence, as detailed in section
2.3.7. A Kodak® Digital Science Image Station 440@&s used to image agarose
gels prior to densitometry during this section @irkv

To compare the relative cytokine expression lef@i®ach of the samples, cytokine
expression was presented as a ratio of the barsitgenh the cytokine PCR product
over that of the corresponding ATPase PCR prodisctjescribed in section 2.3.10.
This reduced experimental variation by normalidiogthe amount of RNA in each
RT reaction. ATPase PCR products used for compangith each cytokine were
produced from the same sample of RT product tohéurtreduce experimental

variation.

All cytokines were detectable in the lymph node glas at both day 0 and day 10.
Statistical analysis was carried out using ANOV/Asideal plot to check for
normality. As all the cytokines were found not ® formally distributed according
to the ANOVA residual plot, with the exception df-2 which was normally
distributed, non-parametric tests were consideoetet appropriate for analysis of
these data. Transcription of IL-2 was also analyssdg non-parametric tests so that
the statistical analysis was consistent acrossahge of cytokines. Kruskal-Wallis
test was used to look for significant differencetween groups, indicated by a P-
value of <0.01 only in the case of IL-4 (P=0.005:18.7%) and IL-6 (P=0.004,
H=11.24). Mann-Whitney U test was also used to make sjpecbmparisons
between groups or time-points as described in@e&i6.

Significant increases in IL-4 (P=0.0082) and ILF&=0.0051) transcription were seen
following infection in the naive-challenged commhr®® the naive group. IL-6
(P=0.0082) and IFN(P=0.0453) transcription was significantly higherthe naive-
challenged group than the previously infected-emgled group at day 10. These

results are illustrated in Figure 3.3.
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Figure 3.3: Cytokine transcription in the gastrigniph node relative to ATPase —
Study 1. Analysed using Mann-Whitney U-test forpemametric data with a 95%
confidence interval, n = 6 sheep per group for etaste point; significant difference
between naive- and previously infected-challengedmgs on day 10% (P<0.05),
** (P<0.01); significant difference between naive andive-challenged:#
(P<0.05),## (P<0.01). Note different ranges on Y-axes.
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3.3.2 Study 2 — Temporal changes in cytokine transcription in
gastric lymph nodes at day 0, 5, 10 and 21

Following the success of the preliminary experimeetailed in section 3.3.1, this
work was repeated using samples from a second tiaich included previously
infected-challenged day 5 and 10, and naive-chgdigérday 5, 10 and 21 sheep. As
well as confirming the previous experiment usingvreheep killed on day 10, this
allowed the inclusion of additional day 5 and daly tdme-points. Results were

compared to those of the unchallenged naive animasperimental group 1- Nv.

Additional Th2 cytokine assays were also includedhis study. The availability of
new ovine IL-13 sequences allowed development aidaditional IL-13 assay, and a
new IL-5 assay was also included. Both these assays developed as described in
section 2.3.7 and optimised as in section 3.2. $tidy is detailed in Table 3.2 and
the results are illustrated in Figure 3.4. A Kodak®ital Science Image Station

440CF was used to image agarose gels during tti®sef work.

Table 3.2: Experimental design — Gastric lymph nadedy 2.

BL = Blackface ewe/Leicester ram; DS = Dorset ewéfk ram.
Nv = Naive; Pl = Previously Infected; Day 0 = uniéaged.

Experimental  Kill date Trickle Challenge Kill day following
Group infectior?  infectior? challengé
0 5 10 21

1-Nv (DS) July 2005 - - 6 - - -
3 —Nv (DS) Jan 2006 - + - 6 6 6
3 -PI(DS) Feb 2006 + + - 6 6 -

#2000T.circumcincta L3 larvae administered 5 times per week for 8ksee

®One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gidligd on the corresponding day
following challenge.
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Figure 3.4(a): Cytokine transcription in the gastiymph node relative to ATPase —
Study 2. Analysed using Mann-Whitney U-test forpemametric data with a 95%
confidence interval, n = 6 sheep per group for etiwete point; significant difference
between naive- and previously infected-un/challdrggeups on the same dadk:
(P<0.05), % * (P<0.01); significant difference between naive aadve-challenged:

# (P<0.05),## (P<0.01). Note different ranges on Y-axes.

© Naive
A Previously Infected

IL-1B IL-2
. it -
3 o 0.6 °
> 6 °
= o A ° 8
$ 21 ° i ## 04 © °
£ o oa ##
2 g 8 ° o
= 14 029 o ° o
= o o ° o
o]
4 g A A
° 4 4 8
o A
C L) L) L) L) OG L) L) L) L)
Day 0 Day 5 Day 10 Day 21 Day 0 Day 5 Day 10 Day 21
*
IL-4 IL-5
0.6 0.15+
" °
>
= Hi A
% 0.44 oh H##a #o# 0.10- A
IS 8 o o
() (] o * g ‘
2 ood ° 0.054 A °
(G .
< o ° o ° o °
o 8 ) ) g A °
8 ooo{ 8 e od
0.0 T T T T T T T T
Day 0 Day 5 Day 10 Day 21 Day 0 Day 5 Day 10 Day 21
** *
IL-6 IL-10
34 1.5
#i #t
> 8 o4
= A #
0 #Hit
2 o A H#it 1.0 64 8 A
% Hit o ° 8
B o A o ‘ g o 8 t o
>
= 14 4 8 'y o os4 o A o
¥ 8 8
“ |8
o
C L) L) L) L) OC L) L) L) L)
Day O Day 5 Day 10 Day 21 Day 0 Day 5 Day 10 Day 21
**

79



Figure 3.4(b): Cytokine transcription in the gasttymph node relative to ATPase —
Study 2. Analysed using Mann-Whitney U-test forpemametric data with a 95%
confidence interval, n = 6 sheep per group for etaste point; significant difference
between naive- and previously infected-un/challdng@ups on the same dayk
(P<0.05), % * (P<0.01); significant difference between naive aadlve-challenged:
# (P<0.05),## (P<0.01). Note different ranges on Y-axes.
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As all the cytokines were found not to be normaligtributed according to the
ANOVA residual plot, non-parametric test were cdesed to be appropriate for
analysis of these data. Kruskal-Wallis test indidaa significant difference between
groups in the case of ILB1(P<0.001, H=28.5), IL-2 (P<0.001, H=16.8}j, IL-4
(P<0.001, H=24.75, IL-6 (P<0.001, H=23.49, IL-10 (P<0.001, H=24.Q3, IL-18
(P<0.001, H=28.94, TG, (P<0.001, H=19.62 and TNF: (P=0.002, H=14.59.
Mann-Whitney U test was also used to make speoifiaparisons between groups or

time-points as described in section 2.6.

Significant (P<0.01) up-regulation of ILB1IL-4, IL-6, IL-10, IL-18, TG, and
TNFa was observed in the naive-challenged day 5 groampared to the naive. A
significant increase in IL{1(P<0.01), IL-4 (P<0.01), IL-6 (P<0.01), IL-10 (P.€6)
and IL-18 (P<0.01) transcription compared to th&veagroup was also found in the
naive-challenged day 10 and 21. IL-1Zpwas significantly down-regulated
(P<0.05), and IL-13 up-regulated (P<0.05), in théva-challenged group by day 10
compared to the naive. Transcription of IL-2, IlaBd IFN/ did not significantly

change following challenge of naive animals.

When comparing naive-challenged and previouslyctefichallenged groups at the
same time-point, significantly higher transcriptiohIL-2 (P<0.05), IL-6 (P<0.01)
and TGPB; (P<0.01) was observed in the naive-challenged pgcampared with
previously infected-challenged samples on day Scdntrast, transcription of IL-4
(P<0.01), IL-5 (P<0.05), IL-12p (P<0.05) and IL-13 (P<0.01) was significantly
higher in the previously infected-challenged sampie@ day 5 than in the naive-
challenged. No significant difference in these kytes was observed between the
two challenged groups on day 10. TranscriptionLei8 was significantly higher in
the previously infected-challenged group comparceddive-challenged animals on
day 10 (P<0.01).

The results of this study were published in Craig,Miller HR, Smith WD and
Knight PA (2007) “Cytokine expression in naive gdviously infected lambs after
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challenge with Teladorsagia circumcincta Veterinary Immunology and
Immunopathology 120(1-2): 47-54.

3.3.3 Study 3 — Temporal changes in cytokine transcription in
gastric lymph nodes at day 0, 2 and 5

Subsequent to the work detailed in section 3.1 aditional experiment was run to
establish the early phase cytokine responses aeguwn day 2 following infection.
This study used samples from a further experimeat ¢comprising the naive and

previously infected animals in experimental group 4

Previously used experimental group 1 samples, fetveep which had not been
challenged but had not been confirmed naive byafaegg count or treated with
Levamisole, were replaced with group 4 samples lwhvere confirmed naive by

faecal egg count, treated with Levamisole as arobahd unchallenged.

Experimental group 4 also provided a previouslyedatéd-unchallenged control
group, which had been administered an 8 week &ioKection then killed without
challenge on day 0, as a baseline control for theaune response in previously
infected-challenged sheep. Day 2 samples providgednation on the early cytokine
responses occurring as the larvae were movingthet@astric crypts. These samples
had not been available during earlier studies &gsHrom experimental group 4
were killed as part of a separate experiment a laar than the animals used in
previous studies. Samples collected from naivelehgeéd and previously infected-
challenged animals in experimental group 3 at Ssdayst-challenge were included

as a comparison.
Sheep in experimental group 4 were killed during #ame month. Sheep from

experimental group 3 had been killed a year eadied were included for day 5

comparison.
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RNA was extracted from the experimental group 4 @amby Judith Pate. This
study is detailed in Table 3.3 and the resultslargtrated in Figure 3.5. During this
and future sections of work, a Bio-Rad Moleculaiager® FX was used to image

agarose gels prior to densitometry.

Table 3.3: Experimental design — Gastric lymph nadedy 3.

BL = Blackface ewe/Leicester ram; DS = Dorset ewék ram.
Nv = Naive; Pl = Previously Infected; Day 0 = uniéraged.

Experimental  Kill date Trickle Challenge Kill day following
group infectiorf  infectior? challengé
0 2 5
3 —Nv (DS) Jan 2006 - + - - 6
3-PI(DS) Feb 2006 + + - - 6
4 —Nv (BL)  April 2007 - + 6 6 -
4—PI(BL) April 2007 + + 6 6 -

82000T.circumcincta L3 larvae administered 5 times per week for 8ksee

®One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gikilied on the corresponding day
following challenge.

As in the previous experiment, statistical analysisheck for normality was carried
out by evaluation of an ANOVA residual plot. Asrisaription of all the cytokines
was found not to be normally distributed, non-pagtimo tests were considered
appropriate for data analysis. Kruskal-Wallis testicated a significant difference
between groups in the case of IB-(P=0.001, H=22.04, IL-4 (P=0.006, H=16.3),
IL-10 (P=0.003, H=18.19, IL-13 (P=0.003, H=17.7%2, IL-18 (P<0.001, H=24.72,
IFNy (P<0.001, H=25.1J and TGP, (P<0.001, H=22.33. Mann-Whitney U test
was also used to make specific comparisons betvgeeunps or time-points as

described in section 2.6.
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Up-regulation of IL-4 and IL-10 was observed invg¢hallenged samples on day 2
(P<0.05) compared to the naive group; in cont@ast teduction in transcription of
IL-12p40, IL-18 and IFN found in the previously infected-challenged sammple
(P<0.05) at this time-point compared to the presipunfected-unchallenged group.
Transcription of IL-B and TGIB; was significantly (P<0.05) increased in both the
naive-challenged and the previously infected-chgkel groups on day 5 compared
to their respective unchallenged groups, wherebly ranscription was reduced in
both groups (P<0.01). Transcription of IL-2, IL{4;18 was significantly reduced in
the previously infected-challenged group on dayPs50(01), whereas IL-10 was
increased (P<0.05), compared to the previouslycteteunchallenged animals.
Transcription of IL-5, IL-6, IL-13 and TN&did not significantly change following

challenge.

When comparing the two unchallenged groups, sicantily higher transcription of
IL-4 was observed in the previously infected-untdrajed group compared with
naive group (P<0.05), whereas transcription of OLwlas higher in the naive group
than in the previously infected-unchallenged (P5R.®n day 2 following challenge
transcription of IL-10 (P<0.05), IL-12p (P<0.05), IL-18 (P<0.01) and IRN
(P<0.05) was significantly higher in the naive-tdrajed samples than in the
previously infected-challenged, whereas IL-13 tcaipsion was higher in the
previously infected-challenged group (P<0.01). QGay & significantly (P<0.01)
higher transcription of IL-i, IL-2 and IL-18 was found in the naive-challenged
samples than the previously infected-challengedereds IL-13 transcription was

again higher in the previously infected-challengesup (P<0.05).

There was some inconsistency in the significancehef differences in cytokine
transcription between the naive- and previouslgatdd-challenged day 5 groups,
and between the naive and naive-challenged dagupgrwhen the findings of this
study are compared to study 2. In the case ofrdiffelevels of significance when
evaluating the changes in transcription betweenntiige and the naive-challenged
day 5 groups, as for IL-4, IL-6, IL-10, IL-18, IFNand TG4, this is most likely to

be due to the replacement of the original naiveigraith that from experimental
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group 4. Where there are differing levels of sigiaiice when evaluating the changes
in transcription between the naive- and the preshoinfected-challenged day 5
groups, as for IL-f, IL-4, IL-5, IL-6, IL-12p4, IL-18 and TGIB4, this is probably
due to experimental variation between the diffel@itPCR reactions run during
each study. Quantification of RT product and ddnotito a standard concentration

prior to PCR may have reduced this type of errowdwver this was not done.
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Figure 3.5(a): Cytokine transcription in the gasttymph node relative to ATPase —
Study 3. Analysed using Mann-Whitney U-test forpemametric data with a 95%
confidence interval, n = 6 sheep per group for etaste point; significant difference
between naive- and previously infected-un/challdng@ups on the same dayk
(P<0.05), % * (P<0.01); significant difference between challedggoups and their
respective unchallenged groups(P<0.05),## (P<0.01). Note different ranges on

Y-axes.
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Figure 3.5(b): Cytokine transcription in the gasttymph node relative to ATPase —
Study 3. Analysed using Mann-Whitney U-test forpemametric data with a 95%
confidence interval, n = 6 sheep per group for etaste point; significant difference
between naive- and previously infected-un/challdng@ups on the same dayk
(P<0.05), % * (P<0.01); significant difference between challedggoups and their
respective unchallenged groups(P<0.05),## (P<0.01). Note different ranges on
Y-axes.
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3.3.4 Study 4 — Cytokine transcription in gastyimph nodes at day 0, 2,
5,10 and 21

The trends established in section 3.3.2 and 3.%8 wonfirmed in subsequent
assays incorporating unchallenged naive and prsljianfected, naive-challenged
day 2, 5, 10 and 21, and previously infected-chgkel day 2, 5 and 10. The design
for this experiment is detailed in Table 3.4 and thsults are illustrated in Figure
3.6.

Table 3.4: Experimental design — Gastric lymph nadedy 4.

BL = Blackface ewe/Leicester ram; DS = Dorset ewéfk ram.
Nv = Naive; Pl = Previously Infected; Day 0 = uniéaged.

Experimental  Kill date Trickle  Challenge Kill day following
group infectiorf  infectiorf challengé
O 2 5 10 21

3—-Nv (DS) Jan 2006 - + - - 6 6 6
3-PI(DS) Feb 2006 + + - - 6 6 -
4 —Nv (DS) April 2007 - + 6 6 - - -
4—PI(DS) April 2007 + + 6 6 - - -

82000T.circumcincta L3 larvae administered 5 times per week for 8ksee
® One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gidllgd on the corresponding day

following challenge.

In order to compare and confirm the earlier resd#scribed in section 3.3.2 and
3.3.3, it was necessary to examine the previoudggcted-unchallenged samples and
both naive-challenged and previously infected-eimgied day 2 samples with the
previous samples from days 5, 10 and 21 in the sassay. This reduced error

caused by variation between PCR thermocycler runs.
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Statistical analysis was carried out as beforeyguan ANOVA residual plot to check
for normality. Transcription of all the cytokinesas found not to be normally
distributed, therefore non-parametric tests werasicered appropriate for data
analysis. Kruskal-Wallis test indicated a sigrafit difference between groups in the
case of IL-2 (P=0.001, H=29.§8 IL-4 (P=0.007, H=22.73, IL-5 (P<0.001,
30.88), IL-6 (P=0.002, H=26.33, IL-10 (P<0.001, H=34.3%, IL-13 (P<0.001,
H=32.86), IL-18 (P<0.001, H=30.29, IFNy (P<0.001, H=39.5), TGH3
(P<0.001, H=38.14 and TN (P<0.001, H=38.18). Mann-Whitney U test was
also used to make specific comparisons betweerpgroutime-points, in this study
with the addition of Dunn'’s test as described ictisa 2.6. Dunn’s test was added to
determine whether significance according to Mannitiddy U test was an artefact of
the large number of test being done, rather thgeraiinely significant difference.
Scatter plots and Pearson’s correlations on rarded were used to look for

correlations between worm burden and cytokine Evewever none were found.

Significant increases were found using Mann-Whitbetest in transcription of IL-4

(P<0.05) and IL-5 (P<0.01) in previously infectdtaienged samples on day 2
following challenge when compared to the previousfected-unchallenged group.
This is in contrast to the reduction in IL-4 trangtion found in the previously

infected-challenged samples on day 5 (P<0.05). g fiadings were not significant

when using Dunn’s test, possibly reflecting thetdeass of this statistical test
discussed in section 2.6, or because the biologarétion between individual sheep
rendered the difference between groups insignifioamg Dunn’s test. Transcription
of IL-5 was found to be higher in previously infedtchallenged groups than the
naive-challenged on days 0, 2 (P<0.01) and 5 (B¥@fler challenge, and that of
IL-13 was found to be higher in previously infecidthllenged groups than the
naive-challenged on days 2 (P<0.01) and 5 (P<0.05).
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Figure 3.6(a): Cytokine transcription in the gasttymph node relative to ATPase —
Study 4. Analysed using Mann-Whitney U-test forpemametric data with a 95%
confidence interval, n = 6 sheep per group for etaste point; significant difference
between naive- and previously infected-un/challdng@ups on the same dayk
(P<0.05), % * (P<0.01); significant difference between challedggoups and their
respective unchallenged groups(P<0.05),## (P<0.01). Note different ranges on
Y-axes.
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Figure 3.6(b): Cytokine transcription in the gasttymph node relative to ATPase —
Study 4. Analysed using Mann-Whitney U-test forpemametric data with a 95%
confidence interval, n = 6 sheep per group for etaste point; significant difference
between naive- and previously infected-un/challdng@ups on the same dayk
(P<0.05), % * (P<0.01); significant difference between challedggoups and their
respective unchallenged groups(P<0.05),## (P<0.01). Note different ranges on

Y-axes.
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Statistical analysis using Dunn’s test found aicant down-regulation of IL-2 in
the previously infected-challenged sheep on dayf$80.01) and 10 (P<0.05)
following challenge, and in the naive-challengecbugr on day 10 (P<0.05).
Transcription of IL-12p, was also reduced in the previously infected-chagkel
group on day 2 (P<0.05). Significant reduction adtw to Dunn’s test was found in
transcription levels of IF in the previously infected-challenged group oysd&
(P<0.001) and 10 (P<0.01), and in the naive-chgdldrgroup on day 10 (P<0.05).
Significant (P<0.05) reductions in IFNtranscription were also found in the
previously infected-challenged group on day 2 dmsl naive-challenged group on
day 21 using a Mann-Whitney U test, however thesgewnot confirmed using
Dunn’s. IFNy transcription was higher in naive-challenged tpeeviously infected-
challenged samples on day 5 (P<0.05). Significaeductions in the
proinflammatory/Thl cytokine IL-18 were also fouid the previously infected-
challenged group on day 5 using Dunn’s test (P88 in both challenged groups
on day 10 using Mann-Whitney U test (P<0.05). Whiilel8 was higher in naive-
challenged samples on days 2, 5 and 10, this waguite significant (P=0.0656)
except on day 10 (P<0.05).

Transcription of IL-B was increased in previously infected-challengedes on
day 5 (P<0.01) and in naive-challenged samplesagri@ (P<0.05), and of TNHN
naive-challenged samples on days 5 and 21 (P<@®%)dicated by Mann-Whitney
U test. Of these results, only the increase in dNFthe naive-challenged samples
on day 21 was confirmed using Dunn’s test (P<0.B#)en comparing naive- and
previously infected-challenged samples using Marithiéy U test, transcription of
IL-1B was found to be significantly higher in naive-dbajed than previously
infected-challenged samples on day 2 (P<0.05). of M&nscription was higher in
naive-challenged than previously infected-challengamples on day 5 (P<0.01).
Transcription of IL-6 was higher in naive and naihallenged than previously
infected and previously infected-challenged sampglesughout the experiment,
however this was not quite significant (P=0.065#)eo0 than on day 5 (P<0.05).
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Transcription of IL-10 was found to be higher iniveachallenged than previously
infected-challenged samples on days 2 (P<0.05pgR&0.01) using Mann-Whitney
U test, and was significantly increased in naivaHeinged samples on day 5 when

compared to the naive group using Dunn’s test #30.

Transcription of TGB; was increased in naive-challenged samples on 8ays
(P<0.01) and 10 (P<0.05) and 21 (P<0.01) when agmdlyusing Dunn’s test.

According to Mann-Whitney U test, T@GF transcription was also significantly
down-regulated in both naive-challenged (P<0.01d asreviously infected-

challenged (P<0.05) samples on day 2, but thesknfis were not confirmed by
Dunn’s test.

Although there were some differences in the lewélsignificance of the changes in
cytokine transcription found between this study astddy 3, similar to the
differences discussed previously in section 3.33 patterns of cytokine
transcription in the unchallenged and challenggdZland 5 groups observed in this

study were very similar to those found in study 3.
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3.4 Cytokine detection in the gastric lymph node using ELISA

The use of ELISAs to assess the levels of key @y&skin gastric lymph node tissue
homogenates was attempted, as detailed in sectibd, 2n order to determine
whether changes in transcription observed in tistrigdymph node correlated with
changes in cytokine productiam vivo. However, problems were encountered due to

matrix effects in the samples and confounding fi&cto

ELISAs for the detection of ILfand IL-4 have been developed by Jim Rothel of
the CSIRO Division of Animal Health, Animal HealtResearch Laboratory,
Parkville, Australia and Jayne Hope of the More@Research Institute respectively
(Rothel et al., 1997, Wattegedera et al., 2008roRwinant ovine IL-f and IL-4
were provided by Sean Wattegedera of the Moreduse&eh Institute. These
recombinants are included in the online Immunolalgimolbox resource database of
veterinary immunology reagents (http://www.immurgi@ltoolbox.com/). These
ELISAs have previously been used for the examinatib cytokine production by
cellsin vitro; the protocol used is detailed in sections 2.4d was developed from a

protocol by Sean Wattegedera and Colin Mclnnes.

Before using the ELISA on tissue homogenates, yinamhic range and sensitivity of
the assay was evaluated by plotting the OD ratia @fide range of recombinant
standard concentrations. Where the plot flattenndbdeatop was deemed to be above
the dynamic range, and where the standard absahaas below that of the mean
blank was considered below the sensitivity of tkeag. The dynamic range and
sensitivity of the IL-4 ELISA is illustrated in Rige 3.7, showing the assay has a
dynamic range of 90 — 2,250pg/ml. This assay isisea above 45pg/ml. Tissue
homogenates of gastric lymph node samples whichhbemsh found to have high

levels of IL-13 and IL-4 transcription were then used to optintieeassays.
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Figure 3.7: Evaluating sensitivity and dynamic rangf the IL-4 ELISA. OD ratio of
recombinant standards 12.5 — 2,250pg/ml and 12%000pg/ml, mean and SEM,
n=2.
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Due to the limited availability of snap-frozen tissfor this work, samples of snap-
frozen abomasal mucosa and gastric lymph node ezengpared with samples of the
same tissue from the same animal preserved in RBRJato assess whether
RNAlater-preserved samples would also be suitatnéef ISA. Homogenates were
produced as described in section 2.4.1, using @.2igsue homogenized in 1ml fresh
extraction buffer in a QBiogene Lysing Matrix D abBoth IL-13 and IL-4 were

detectable by ELISA in the snap-frozen samples,évawin both tissues levels of
IL-4 were greatly reduced in the RNAlatepreserved samples and IB-dwas

rendered undetectable, therefore only snap-froaempkes were used for ELISASs.
Results of frozen and RNAlater-preserved gastngply node IL-B and IL-4 ELISA

are illustrated in Figure 3.8.

The assays were then checked for the presencetakratiects; inhibition by other
components of the sample, such as lipids, glyadigind cytokine receptors, which
could affect results when using tissue homogenatapkes. This was done by
examining several samples spiked with a specifiowarh of recombinant standard,
along with the original samples and PBS spiked wiitt same concentration of
recombinant. The difference in concentration, daked using a standard
concentration curve, between the sample and thedgample should be the same
as that of the spiked PBS. However, when this veae dt was found that the spiked
samples produced lower concentration readingséikpacted. This was likely due to
matrix effects inhibiting cytokine detection, mgsbbably caused by lipids in the
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sample. Therefore the original samples may alse Ipagduced under-estimates due
to matrix effects.

Figure 3.8: IL-18 and IL-4 protein concentration assessed by ELIS&adzen and

RNAlater-preserved gastric lymph node samples.
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Matrix effects were minimized by dilution of thensples, and processing of tissue
homogenates to reduce lipids and glycolipids. Thi$nogenate processing was
optimised by serial treatment of a single batclyadtric lymph node homogenates,
then comparison between spiked and un-spiked samppbeluced using each of the
different protocols. The various protocols testedich were run using homogenates
produced using extraction buffer with and withouitdn-X, are illustrated in Figure

3.10, and the results obtained from the sampldadimg Triton-X are illustrated in
Figure 3.9.

Triton-X was found to be essential in homogenate@ssing for detection of ILB1
S0 its use was continued in production of futurenbgenates. Sample D, which was
centrifuged to remove lipids, passed through a l@pekler to reduce viscosity and
treated with PHM-L Liposorb to remove remainingidg produced the largest
difference in spiked concentration compared to pikexl sample concentration (so
the greatest recovery of the spiked recombinanteanation) in both the ILfiand

IL-4 ELISAs. These processes were incorporated tinkohomogenization protocol
detailed in section 2.4.1.
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Processing of the samples in this way reduced,dlilinot eliminate the apparent
matrix effects. To add further complication theirasted concentration of the PBS
spiked with IL-38 recombinant was higher than it should have beem éhough the
increase in the spiked samples compared to theilkeeswas not as high, indicating
inhibition due to remaining matrix effects. Thisexpected increase in the spiked
PBS indicated a false positive error was occuriimghe assay. Increases in the
blocking and washing steps of the ELISA protocdethto resolve this problem, so
the technical support of the antibody manufactuserotec was consulted. It
transpired that the rabbit anti-sheep Ik{olyclonal secondary antibody (AHP423)
used in the IL-g ELISA may have been contaminated with anti-moug€ I
antibodies, which would cause a false positive Itdsy binding to the mouse anti-
sheep IL-B (MCA1658) primary antibody (Martin Hill, Technicadvisor, AbD

Serotec, personal communication, August 2008).

Due to the continuing problems with the cytokinel&As and failure to optimise
them sufficiently to allow quantification of cytailes in tissue homogenates, or
comparison between samples or to previous PCRtsesan alternative means of

assessing cytokine protein concentration was requir

Figure 3.9: IL-J8 and IL-4 protein concentrations from spiked sarspbdter

subtraction of un-spiked sample protein concemratiSamples are gastric lymph
node samples prepared by serial treatment illusdain Figure 3.10 with the
inclusion of Triton-X. IL-B samples were spiked with 222pg/ml recombinantflL-1

IL-4 samples were spiked with 750pg/ml recombithiaqt.
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Figure 3.10: Protocols tested for minimal in

Sample A = Pooled homogenate of snap-frozen
gastric lymph node tissue.

Sample B = Sample A centrifuged for 30
minutes at 15,000rpm and 4°C using a Cost

hibiidy matrix effects.

q 3 times.

Model 10 centrifuge, and the supernatant

aliquotted while leaving the top layer of fats
behind.

3

Sample C = Sample B passed through a Sample F = Sample B treated with equilibrated

Qiashredder to reduce viscosity, using a

PHM-L Liposorb at 1 part Liposorb to 1.5 parts

Biofuge fresco centrifuge at 4°C for 2 minutes homogenate, allowed to stand for 15 minutes at

at 13,000rpm.

Sample D = Sample C treated with
equilibrated PHM-L Liposorb at 1 part
Liposorb to 1.5 parts homogenate, allowed to
stand for 15 minutes at room temperature,
vortexed for 1 minute then centrifuged for 10
minutes at 3,000rpm and 4°C using a Costar®
Model 10 centrifuge and the supernatant
collected.

l

Sample E = Sample D centrifuged for 30
minutes at 15,000rpm and 4°C using a Costar®
Model 10 centrifuge, and the supernatant
aliquotted to remove any remaining debris or

fat.
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Western blotting was then tried as an alternataahnique for detection of IL-4 to
ameliorate the matrix effects which were provinfiiclilt to remove during ELISA.
Protein in the homogenized samples was denaturedilliyng Gul homogenate in
24ul SDS-PAGE reducing buffer containing DTT, and Iegatto 95°C for 3
minutes. Western blots were then run usingl 1® denatured homogenate migrated
through a Ready Gel 12% Tris-HCI premade gel sudg@imn SDS-PAGE running
buffer at 200V for 35 minutes alongsidgl f molecular weight marker. Once run,
the gel was washed in CAPS with 10% methanol, dacegd in a Bio-Rad semi-dry
blotter device on top of an Immobilon-P membranaked in 100% methanol with
two layers of blotting paper soaked in CAPS wit®4dlthethanol underneath. Two
more layers of blotting paper soaked in CAPS wiolmethanol were placed on
top, and the blotter was run at 10V for one hounc®blotted, the Immobilon-P
membrane was removed and soaked in western blokibtp buffer with agitation
for 2 minutes, then incubated overnight at 4°C. Tinenobilon-P membrane was
then soaked in mouse anti-bovine IL-4 monoclondibady MCA2371 diluted to
5ug/ml in western blot blocking buffer with agitatidar one hour and washed five
times for 1-2 minutes in ELISA wash buffer. Afteraghing, the membrane was
soaked in donkey anti-mouse antibody conjugatel hitrseradish peroxidaseu(2
diluted in 20ml western blot blocking buffer) fon® hour, then washed another five
times for 1-2 minutes in ELISA wash buffer. Antilyokinding to the membrane was
imaged using 0.9ml chemiluminescent reagent diline2ivolumes of reagent buffer
and a Kodak® Digital Science Image Station 440C#ke Membrane was stained for
protein and molecular weight marker on the membrgieg 0.25% Coomasie Blue
R250, de-stained twice then rinsed in water anelddinfortunately western blotting

was not successful using mouse anti-bovine IL-4 aotomal antibody MCA2371.
Further development of techniques for cleaning uptgin extracted from tissue

samples appears to be necessary before succegsfine quantification using
ELISA will be possible.
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3.5 Discussion

Some differences were found in the levels of sigaifce of the results of the
different studies described in this chapter. Thigyrhave been due to biological
variation between the groups of sheep used duhegdifferent studies. Between
studies 1 and 2 a change was made in the breé@ shtep used for the experiment.
The unchallenged naive samples used in study 1 Wemset-Suffolk crosses,
whereas the challenged day 10 sheep used were f8taekeicester. However,
during study 2 all the sheep used were Dorset-&ufimsses. This may account for
the changes in transcription by day 10 which wenenél to be significant during
study 2, but not significant in study 1. Howevéege two breeds of sheep produced
similar day 10 parasitology results, implying thiaére was no significant difference
in resistance td.circumcinctadue to the difference in breeds (David Smith, 2008

personal communication) (Halliday et al., 2007).

Between studies 2 and 3, the unchallenged naiepshesxperimental group 1 were
replaced by those in experimental group 4, whiatiused challenged day 2 and
previously infected-unchallenged groups Kkilled dte tsame time. Although
experimental groups 1 and 4 were of different bsedabth unchallenged naive
groups were unchallenged and helminth naive. Itpassible that individual

biological variation between animals in these gsoppor to helminth challenge may

have been a factor in the differing results betwiberstudies.

However, despite differences in significance, thends in cytokine transcription
observed were broadly conserved during repetitioaxperiments. This discussion
therefore focuses on the results of section 3&HKich included all the samples
except the first naive group, and confirmed theifigs of previous sections. Figure
3.11 illustrates the trends in cytokine transcoptiobserved in the gastric lymph

node following challenge of naive and previoushgeated sheep.
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Figure 3.11(a): Schematic illustration of the trenid transcription of Thl- and Th2-

type cytokines in the gastric lymph node of naivalenged and previously infected-

challenged sheep. Note ranges on Y-axes. Day Ohalieaged.
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Figure 3.11(b): Schematic illustration of the trendn transcription of pro-
inflammatory and regulatory-type cytokines in thastgic lymph node of naive-
challenged and previously infected-challenged shBegpe ranges on Y-axes. Day 0

=unchallenged.
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The role of a Th2-type cytokine response was inditaby the increase in
transcription of IL-4 and IL-5 found during the bBastages of infection, and the
finding that transcription of both IL-5 and IL-13a® higher at certain time-points in
the previously infected-challenged animals follogvichallenge than in the naive-

challenged.

A pro-inflammatory influence was also found, whilas more pronounced in the
naive-challenged groups than the previously intectellenged. This may be more
marked in the naive-challenged group because tr@s®als have not developed the
adaptive immune response present in the previon$égted sheep, which would
help to limit the mucosal damage caused by lariaegl in the gastric crypts by
causing their expulsion and stunting their growilxamination ofT.circumcincta
recovered at post mortem by Steven Smith as destiibsection 2.2.6 demonstrated
significantly reduced worm burdens and increasedalastunting and arrest in the
previously infected-challenged than the naive-emgied animals (Halliday et al.,
2007).

However, the most pronounced finding was not thereiases in Th2 cytokine
transcription, but the dramatic suppression of €tytbkine transcription which took
place in the draining lymph node following infectiwith T.circumcincta This effect
took place earlier in the previously infected-ceafjed sheep, possibly due to a pre-
existing population of Th2 or regulatory (Trl) Tllseaccumulated during the
previous 8 week trickle infection and capable afistag rapid suppression of Thl

lymphocyte activity.

The observed increase in transcription of IL-1Qngkely to be due to the activity of
Th2 cells; as though these cells have been foupdaduce IL-10, they also produce
IL-4 and IL-5 (Bottomly, 1999, Rissoan et al., 1999anscription of which was not
increased in these groups. However, regulatorycétls have been demonstrated in
both mice and humans to suppress antigen-specifiouime responsefn Vivo
through the production of IL-10 with little IL-2 dnno IL-4 (Groux et al., 1997,
Vieira et al., 1991). Inducible CD4+CD25+Foxp3+ utgory T cells (Treg) have
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also been shown to be involved in the immune respadoLitomosoides sigmodontis

infection in mice (Taylor et al., 2009).

Interesting changes were found in transcription T&6F3;. The increase in
transcription found in the naive-challenged groigppossibly a reflection of the
greater extent of the tissue damage occurring imenehallenged sheep following
infection with T.circumcinctacompared to previously infected-challenged sheep
which already have a degree of resistance. Theeased transcription of TGF
which has been found to have an important rolessue repair (Faler et al., 2006),
on day 5 following infection corroborates the prese of a pro-inflammatory
element toT.circumcinctainfection caused by damage to the mucosa due to the
growth of larvae. However, as T@IFequires activation by external factors, levels of
TGHB expression do not necessarily correspond to ledetctive TGIB present in
the abomasal lymph node or recirculating to thenadsal mucosa (Crawford et al.,
1998, Munger et al., 1999).

The increased expression of T&Found on day 5 in the naive-challenged group
may, like IL-10, also be indicative of regulatorycéll activity. Activated TGE is
essential in the activation of regulatory T cefismice (Travis et al., 2007) through
induction of Foxp3 transcription (Chen et al., 20Davidson et al., 2007). It is also
important in driving production of IL-10 from T del(McGeachy et al., 2007).

Abomasal samples from the sheep used in this dtaslg been examined by Tom
McNeilly at the Moredun Research Institute for eegmion of Foxp3 (forkhead box
P3), which is known to be expressed by regulatoells. Foxp3 was found to be
significantly increased in the abomasal mucosa &y @fter infection of the naive-
challenged sheep, but did not significantly chamgethe previously infected-
challenged sheep (Tom McNeilly, 2009, personal camgation). This implies that
a more pronounced regulatory response is takingeplathe naive-challenged sheep
following infection with T.circumcinctathan in those that have previously been
exposed. This supports the hypothesis that theehitgvels of IL-10 and TGh

transcription in the gastric lymph node are dueragulatory T cells (McNeilly,
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2005). Whether these cells are Tregs preventingunity to autologous antigen,
Th3 suppressing immunity to gut flora and oral @eri, or Trl preventing
pathological immune responses remains to be defined

A subset of ovine dendritic cells distinguishedexpression of CD172a (McNeilly,
2005) has also been shown to produce IL-10 (Halligaal., 2007). These, or a
similar subset of dendritic cells, may contributetie changes in IL-10 transcription
seen in the gastric lymph node as they migratéeédyimph node in order to present
antigen to T cells (Bujdoso et al., 1990, Torgeraad Lloyd, 1993), and direct the
iImmune response towards a Th2 type response thnotggiuction of IL-10 as has
been demonstrated in mouse CD11b+@D8endritic cells (Iwasaki and Kelsall,
2001, Maldonado-Lopez et al., 2001) and human D@@sér and Murphy, 2000).
This hypothesis is supported by the observation th&lpy and IL-18, which are also
produced by ovine CD172a+ dendritic cells (Hallidety al., 2007), also tended
towards higher transcription in the lymph node afve-challenged sheep on day 5

after infection.

IL-1B in particular may be indicative of dendritic celttivity, as this cytokine is
involved in several dendritic cell activation patys. For example, Fas ligation-
induced maturation of murine dendritic cells viaKaR2 activation is mediated by
autocrine feedback of ILAL(Granucci et al., 2001, Guo et al., 2003). Doweestn
signalling pathways initiated by ligation of TLRAATLRS8 in human dendritic cells
also incorporate synthesis of 1l3-{Hurst et al., 2009).

Human dendritic cells have been shown to produc&alfMcCall et al., 1989,

Granucci et al., 2001), and murine dendritic ctdlproduce IL-6 in the lymph node
(Hope et al., 1995, Schramm et al., 2007), botwluth showed a similar pattern of
transcription to IL-10 in being transcribed at siggantly higher levels in the naive-

challenged sheep on day 5 than in the previouségied-challenged group.

These results demonstrate a predominantly Th2 tgpponse taking place in the

gastric lymph node of sheep following exposure Taircumcincta This is
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highlighted by the observed increase in transanpdf the Th2 cytokines IL-4 and
IL-5, and particularly by the observed suppresssbrthe Thl cytokines IL-2 and
IFNy.

These responses are much more evident in the pdyiomfected-challenged sheep
than in the naive-challenged groups; up-regulatioih-4 and IL-5 was not observed
in the naive-challenged animals, and suppressioi-@f IL-18 and IFN occurs
earlier in the previously infected-challenged gmuf@hese differences in the
cytokine responses td.circumcinctamay reflect the absence of antigen-specific
memory T cells in the naive-challenged animalsyltes in a slower response to
infection, which is more prone to suppression byagonistic cytokines or regulatory
T cells. This may be a reason for the lower res#ao helminth infection in naive-
challenged animals compared to those which havédt g partial immunity

following previous exposure (Pernthaner et al.,5300

The data also suggest a greater influence of dendells and regulatory T cells in
directing and regulating the immune response inntige-challenged sheep than in
the previously infected-challenged groups. Derdritell activation of the Th2
response and generation of Th2 and regulatory &elle naive T cells will have
already occurred in the previously infected sheepind trickle infection with
T.circumcincta Activation of dendritic cells and generation @gulatory T cells
would therefore be less necessary in this groupviahg challenge due to the pre-
existing population of Th2 cells which can be aated by a variety of APCs and

would contribute to the suppression of Thl activity

The suppression of IL-12pand IFN, and increased transcription of IL-4, IL-5 and
IL-10 are consistent with the findings of Claereband colleagues’ examination of
cytokine responses in the gastric lymph nodes tilecanfected withOstertagia

ostertagi (Claerebout et al., 2005). However, Claereboutiglys demonstrated a
more pronounced up-regulation of IL-13, which wasspnt as a trend but not
significant in this work. Up-regulation of IL-4, 1b and IL-13 is also consistent with

observations in the abomasal lymph nodes duringtivee response tbl.contortus
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(Lacroux et al., 2006) and in intestinal lymph doling infection with
T.colubriformis(Hein et al., 2004).

These results show, for the first time, that thanges in cytokine expression in the
draining lymph node in responseTaircumcinctainfections in sheep are similar to
those elicited byHaemonchus contortua sheep an@®stertagia ostertagin cattle
being predominantly Th2 driven. Importantly, we &agtemonstrated that sheep
immunised by trickle infection increase transcoptiof the Th2 cytokines IL-4 and
IL-5 early in response to challenge, and suppnessstription of the Thl cytokines
IL-2, IL-12p4o and IFN earlier and to a greater extent than unimmuniseile-
challenged animals.
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4  Chapter Four:
Cytokine Responses in the Abomasal Mucosa

4.1 Introduction

As described in section 1.3, local immune respotsgmstrointestinal nematodes in
sheep are predominantly Th2 in phenotype, involvimgcosal inflammation,
mastocytosis, eosinophilia and hyperplasia of goaled mucus cells. However,
though humoral and innate responsedl farcumcinctainfection have previously
been explored (Smith et al., 1984, Stear et al951Halliday et al., 2007), the
cytokine changes which orchestrate this responsallyo have not yet been

examined.

Lacroux (2006) and colleagues have previously fotlmad H.contortusinfection of
12 week old lambs stimulated early recruitment osieophils, mast cells and
globule leukocytes, and that this was significactyrelated with transcription levels
of IL-4. Murine models of helminth infection haveerdonstrated that anti-IL-4
antibody can partially inhibit mast cell accumudatiin the mucosa of mice infected
with N.brasiliensis(Madden et al., 1991) and that mast cell-deri\ed Is important
in the expulsion ofrichinella spiralis(lerna et al., 2008). The role of IL-4 suggested
by these studies corroborates the opinion that salaofiltration by mast cells is an
important component of the Th2 immune respons®imesgastrointestinal helminth
infections. Mast cells have an important role ie #Xpulsion of gastrointestinal
helminths, as discussed in section 1.3.6, and msiis is considered a marker for
phenotypic Th2-type responses. Differences in #ie and extent of mast cell
accumulation are likely to be a factor in the ingistency of helminth resistance
between groups of sheep.

The work described in chapter 3 demonstrated aopnethntly Th2 type response

taking place in the gastric lymph node in respaes@fection withT.circumcincta
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This was defined by increased transcription of Téyokines and marked
suppression of Thl cytokine transcription, parfciyl in the previously infected
groups. The question now is whether these changes jarallels in the mucosa, in
close proximity to the parasites, and whether teyreflected in effector responses

such as mastocytosis.

The objectives of this section of work were:

(1) To establish whether the cytokines previowstgmined in the gastric lymph
node are also transcribed in the abomasum.

(2) To define how this transcription changes feilog infection with
T.circumcincta in naive-challenged compared with previously itdde
challenged sheep.

(3) To examine and compare the extent of mastoisytnghe abomasal mucosa
in naive, naive-challenged, previously infectedhatlenged and previously
infected-challenged sheep as an indicator of plyproih2-type changes in

these groups before and after challenge.

Figure 4.1: Cross-section of a T.circumcincta lagr@wing within a gastric crypt.
The slide is stained using chloroacetate estertema and the bar indicates 2p0.

200 prn (EF 47012 Na) 14-11-2002
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4.2 Cytokine transcription in the abomasal mucosa

Abomasal gastric fold samples taken immediatelyt pnsrtem, as described in
section 2.2.5, from yearling sheep in experimegtaups 1, 3 and 4, as detailed in
section 2.2.1 and Table 4.1.

RNA from these samples was extracted by Judith Batequantified according to
sections 2.3.1 and 2.3.2. RT-PCR and densitometrse when used to examine
cytokine transcription in the samples as describeskctions 2.3.6-2.3.10. The RT-
PCR assays used to detect transcription of ATRasHj3, IL-2, IL-4, IL-5, IL-6, IL-

10, IL-12p, 1L-13, IL-18, IFNy, TGH3; and TNk were developed and optimised
during examination of gastric lymph node samples,dascribed in section 3.2.

Gastric lymph node samples were used as a posiivieol during each PCR.

Table 4.1: Experimental design — Abomasal mucosa.

BL = Blackface ewe/Leicester ram; DS = Dorset ewék ram.
Nv = Naive; Pl = Previously Infected; Day 0 = unitdraged.

Experimental  Kill date Trickle Challenge Kill day following
group infectiorf  infectior? challengé
O 2 5 10 21

1-Nv(DS)  July 2005 - ; 6 - - - -
3 —Nv (DS) Jan 2006 - + - - 6 6 6
3 -PI(DS) Feb 2006 + + - - 6 6 -
4 —Nv (BL)  April 2007 - + - 6 - - -
4 — Pl (BL) April 2007 + + 6 6 - - -

82000T.circumcincta L3 larvae administered 5 times per week for 8ksee
®One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gikilied on the corresponding day

following challenge.
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All cytokines examined were detectable in the algahaamples from each group.
Statistical analysis was carried out using ANOV/Asideal plots to check for
normality. Transcription of all the cytokines wasuhd not to be normally
distributed, with the exception of IL-6 and IL-10Non-parametric tests were
therefore considered to be appropriate for analysibese data, including IL-6 and
IL-10 so that the statistical analysis was consisteross the range of cytokines.
Kruskal-Wallis test indicated a significant diffeie between groups in the case of
IL-1B (P<0.001, H=32.09, IL-4 (P<0.001, H=34.6), IL-5 (P<0.001, H=33.2j],
IL-6 (P<0.001, H=31.4y), IL-13 (P<0.001, H=36.%], IL-18 (P<0.001, H=45.6Gj,
TGH3; (P<0.001, H=28.69 and TNF. (P=0.001, H=27.14). Mann-Whitney U test
was also used to make specific comparisons betvggeups or time-points as
described in section 2.6. The findings of this wark illustrated in Figure 4.2. No
correlation was found between transcription of ahyhe cytokines and total worm

burdens for each sheep.

Significant increases in the transcription of tH&Tcytokines IL-4, IL-5 and IL-13
were found in the abomasal mucosa following infactwith T.circumcinctawhen
compared to the unchallenged groups. TranscripobnlL-4 was significantly
increased in the previously infected-challengedugron day 2 (P<0.05), and in the
naive-challenged groups on days 10 (P<0.001) ar(@20.05) when analysed using
Dunn’s test. Significant increases in IL-4 trangtian were also indicated by Mann-
Whitney U test in the naive-challenged samples ap & (P<0.05) and in the
previously infected-challenged samples on day 180@F5) compared to their
respective unchallenged groups, however these wetresignificant according to
Dunn’s test due to the different properties of taist. Significant up-regulation of
IL-5 was found in previously infected-challengedwps on days 2 and 5 according
Dunn’s tests (P<0.05), however the apparent inerganaive-challenged samples on
day 21 was only significant using Mann-Whitney Ustt€P<0.05). Significant
increases in the transcription of IL-13 were fouow day 5 in the previously
infected-challenged samples (P<0.05), and on day$40.001) and 21 (P<0.01) in
the naive-challenged using Dunn’'s test when congpaee their respective

unchallenged groups.
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When comparing naive-challenged to previously id@@ahallenged samples at the
same time-point using Mann-Whitney U test, tramsmn of IL-4 was found to be
significantly higher in the previously infected-dleaged groups on days 2 (P<0.05)
and 5 (P<0.01), as was IL-5 on days 2 and 5 (P¥@6d IL-13 on day 5 (P<0.05).
In contrast transcription levels of IL-4 and IL-W&re higher in naive-challenged
groups by day 10 (P<0.05).

In contrast to the marked changes in Th2 cytokiaascription, no significant
changes were found in the Thl cytokines IL-2, Ilpsb2r IFNy when compared to
the unchallenged groups. No significant differenegse found in transcription of
IL-2 or IL-12pso when comparing naive-challenged and previouslyectefd-
challenged groups at the same time-point, howewey I transcription was
significantly higher in previously infected-chalgegd samples than the naive-
challenged on day 5 according to Mann-Whitney Ut t@éR<0.05). Marked
differences were found in the transcription of I8-during the experiment, both over
the course of infection and between naive-challénged previously infected-
challenged groups. IL-18 transcription was foundbeosignificantly (P<0.01) higher
in naive-challenged sheep than in the previoushected-challenged animals
throughout the study, and down-regulated in thevipusly infected-challenged
group on day 2 (P<0.05) and the naive-challengedpg on days 10 (P<0.05) and
21 (P<0.05) according to Mann-Whitney U test whempared with their respective
unchallenged groups. However this observed downlagign was not confirmed by

Dunn’s test.

A proinflammatory component to the local immunepm@sse torl.circumcinctawas
indicated in the naive-challenged group by an m®eein the transcription of L1
on days 10 (P<0.01) and 21 (P<0.05), and of IL-6dags 2, 10 and 21 (P<0.05)
according to Dunn’s test when compared to theipeesve unchallenged groups.
Transcription of IL-B was also found to be higher in the naive-challdngjeeep
than the previously infected-challenged group og #l@ (P<0.01), and IL-6 was
higher in the naive-challenged group than the presty infected-challenged on days
2 and 10 (P<0.01) using Mann-Whitney U test. Iragngly, TNFa transcription was
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initially reduced in the naive-challenged sheepan 2 (P<0.05), then increased in
the previously infected-challenged group by daf?80.05), according to Dunn’s test
when compared to their respective unchallengedpgro further increase in TNF

transcription, found in previously infected-chaljex samples on day 10 compared

to the previously infected-unchallenged group uditasmn-Whitney U test (P<0.05).

No significant changes in transcription of IL-10 reefound using Dunn’s test,
however a reduction in transcription in naive-airadjed samples on day 2 compared

to the naive group was indicated using Mann-Whitdegst (P<0.05).
Significant up-regulation of TGR was found in previously infected-challenged

samples on days 5 and 10 (P<0.05) compared to teeiopsly infected-

unchallenged group using Dunn’s test.
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Figure 4.2(a): Cytokine transcription in the aborahsnucosa relative to ATPase.
Analysed using Mann-Whitney U-test for non-paraimmemata with a 95%
confidence interval, n = 6 sheep per group for etaete point; significant difference
between naive- and previously infected-un/challdng@ups on the same dayk
(P<0.05), % * (P<0.01); significant difference between challedggoups and their
respective unchallenged groups(P<0.05),## (P<0.01). Note different ranges on
Y-axes.
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Figure 4.2(b): Cytokine transcription in the aborahsnucosa relative to ATPase.
Analysed using Mann-Whitney U-test for non-paraimmemata with a 95%
confidence interval, n = 6 sheep per group for etaete point; significant difference
between naive- and previously infected-un/challdng@ups on the same dayk
(P<0.05), % * (P<0.01); significant difference between challedggoups and their
respective unchallenged groups(P<0.05),## (P<0.01). Note different ranges on

Y-axes.
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4.3 Confirmation of altered cytokine transcription using
Q-PCR

The changes in transcription of Il3-1and IL-4 detected by RT-PCR were re-
examined using Tagman Q-PCR assays, as describsdction 2.3.13. This was
done to examine the changes in cytokine transonptiith greater sensitivity, and to
verify that the trends observed using RT-PCR wepeatable when using this more
sensitive technique. The experimental group 1 ¥ensamples used during RT-PCR,
were replaced with experimental group 4 — naivepsasnduring this section of

work.

Quantification of cDNA prior to Q-PCR analysis redd variation in initial cCDNA
concentration which could be introduced due toedéhces in efficiency of the RT
reaction between samples when using RT-PCR. Q-RQRore sensitive than RT-
PCR because the amount of cDNA PCR product is decbiafter each cycle of
heating and cooling. In the case of Tagman as$ey£DNA specifically comprised
transcripts of the target gene, providing an asdagh is far more specific than both
RT-PCR and SYBR green Q-PCR. Because the amoudDNA PCR product is
guantified repeatedly during the process using leghissions, a considerable amount
of the experimental error introduced during thegmg of DNA using agarose gels

following RT-PCR is also removed, producing far maccurate quantification.

As described in section 2.3.13, a Ct value of 40mmre was considered to be
negative. The cytokine Ct values were normalisedsiytracting the Ct value for
ATPase, to produce the vala€t for each sample. ATPase assays for each sample
were run on the same plate as the cytokine asday.nfeanACt for a nominated
calibrator group was subtracted from the ma#t of each of the other groups to
produce the valuAACt. The fold difference between each group andcHiibrator

group was then calculated using the equation:

Fold difference = QAACt
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The calibrator (baseline) groups used were theenand previously infected-
unchallenged groups; these groups have a foldrdifte of 1 indicating there has
been no change. These data are illustrated in &igu, in which Ct values are

displayed as 40-Ct for clarity, as lower Ct indesahigher levels of transcription.

Statistical analysis was carried out on the 40-&u&s as had been done previously,
using ANOVA residual plots to check for normalifyranscription of both cytokines
was found not to be normally distributed, thereforen-parametric tests were
considered to be appropriate for analysis of tltega. Kruskal-Wallis test indicated
a significant difference between groups for botHLfL(P<0.001, H=39.5) and IL-4
(P<0.001, H=39.3%). Mann-Whitney U test was then used to make specif

comparisons between groups or time-points as destin section 2.6.

IL-1B transcription increased 2.5-3 fold on days 5 a@drlthe naive-challenged
sheep compared to the naive group, indicating @nffmoymatory response was
taking place. This response appeared to be wamrdpg 21 when transcription was
reduced. A transient increase in transcription wés seen on day 2 in the
previously infected-challenged sheep compared te fireviously infected-

unchallenged group, but this was not evident on%layhis transient up-regulation

was not found using RT-PCR.

Transcription of IL-4 increased 5 fold in previoustfected-challenged sheep on day
2 following challenge compared to the previouslyeated-unchallenged group,
before falling on days 5 and 10. In contrast, ie thaive-challenged abomasum
transcription was initially reduced on day 5, theareased on day 10 compared to

the naive group.

The results of these assays confirmed the trendsdfasing RT-PCR in both a Th2

and a proinflammatory/Th1 cytokine.

While RT-PCR produced a good assessment of theerarigcytokines being

transcribed in the tissues and the major changdsamscription taking place, the
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increase in IL-B detected on day 2 in the previously infected-amged group,
which was not found using RT-PCR, illustrates theréased sensitivity of Q-PCR
assays in comparison to RT-PCR.
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Figure 4.3: Cytokine transcription in the abomasalicosa assessed using 40 — Ct
value and Q-PCR group fold difference from unchagkd groups. 40 — Ct values
analysed using Mann-Whitney U-test for non-paraioetata with a 95% confidence
interval, n = 6 sheep per group for each time ppsignificant difference between
naive- and previously infected-un/challenged groopshe same dayk (P<0.05),

% % (P<0.01); significant difference between challedggoups and their respective
unchallenged groupst (P<0.05),## (P<0.01). Note different ranges on Y-axes.
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4.4 Mast cell counts in the abomasal mucosa

Mast cells in the abomasal mucosal epithelium wsteened using chloroacetate
esterase stain, which stains mast cell granulesddne esterase, as described in

section 2.5.1, and counted as described in se2t®ia.

Mean mast cell counts for each sample are illusdrat Figures 4.4 and 4.7, and are
listed in Table 4.2. Worm counts per 250ml samgdla@momasal contents are also
listed in Table 4.2 for each of the correspondingnals; these were carried out by
Steven Smith and colleagues as described in se2t®, and are illustrated in

Figure 4.5. Examples of chloroacetate esteraseestasamples are illustrated in

Figure 4.6.

Throughout the course of infection, including thecliallenged groups, previously
infected-un/challenged sheep were found to havaeifgigntly higher numbers of

mast cells in the abomasal mucosa than naive/msiadenged sheep. Very low

numbers of mast cells were found in naive-challdrefeeep on days 0, 2 and 5. Mast
cells were more numerous in the naive-challengetks on day 10 and 21, but did
not reach the levels seen in the previously infbcte/challenged sheep. The latter
showed an increase in the numbers of mast cellseirabomasal mucosa on days 2
and 5 after challenge, much earlier than in theerahallenged sheep, but mast cell

numbers had decreased again on day 10.

Following a one-way ANOVA, a normality plot of resials showed that mast cell
numbers were not normally distributed overall. Bfiere a non-parametric Kruskal-
Wallis test was then used to search for differema#isin the naive/naive-challenged
and the previously infected-un/challenged grougss Test produced a P-value of
0.139 (H=5.5@) in the previously infected-un/challenged groupdicating no
significant differences in this group, and 0.00419.61) (P=0.003, H=15.7,/when
adjusted for ties) in the naive/naive-challengeugrandicating highly significant

differences and the need for more detailed stediséinalysis. More detailed analysis
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of the relationships between the groups was cawigdusing a Mann-Whitney U
test, the results of which are detailed in Tablg. £omparisons of naive/naive-
challenged and previously infected-un/challengedugs at the same time-point
demonstrated that mast cell counts were signifigahigher in the previously

infected animals throughout the study.

Figure 4.4: Mean mast cell counts per 0.24mof sectioned abomasal mucosal
epithelium. Analysed using Mann-Whitney U-test fon-parametric data with a
95% confidence interval, n = 6 sheep per group éach time point; significant
difference between naive- and previously infectgdhallenged groups on the same
day: ¥ (P<0.05), %% (P<0.01); significant difference between challedggoups
and their respective unchallenged grouggP<0.05).
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Figure 4.6: Representative images of mast cellsham abomasal mucosa stained
using chloroacetate esterase stain (a,b), and d#doetate esterase stained sections
taken from naive day 0 (c,d), naive day 21 (erfyipusly infected day O (g,h) and
previously infected day 10 (i,j). Note mucosal keiing and increased mast cell

numbers in previously infected animals compareddan free and naive (g,i).
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(g) Bar indicates 2Q0m (h) Bar indicates 1Q0m
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Table 4.2: Mean abomasal mast cell counts and spoading worm counts.

Naive-Challenged

Previously
Infected-Challenged

Group Sample Group Worm Sample Group Worm
Mean Mean count Mean Mean Count
(= SE) (= SE)
Unchallenged 0.8 0.35 - 14.4 15.60 38
0 (x0.15) - 19.5 (x3.04) 0
0 - 18.4 0
0.8 - 3 0
0.3 - 25 70
0.2 - 13.3 73
Day 2 0.2 0.75 8285 27.9 16.77 2618
0.9 (x0.39) 12305 26.9 (x3.69) 1324
0.1 3200 7 3085
2.6 15429 15.1 578
0.6 3478 7.7 1252
0.1 7242 16 4629
Day 5 0 0.08 2923 32.7 30.57 0
0.3 (x0.05) 7220 26.9 (x6.46) 652
0 5818 2.3 4273
0.1 8591 31.2 451
0 6073 47.5 40
0.1 2821 42.8 198
Day 10 7.3 2.45 9871 144 19.97 5185
2.7 (#1.10) 8471 17.2 (x2.55) 6642
3.2 11853 16.9 19
0.1 11564 15.5 36
1 15836 28.5 2967
0.4 17355 27.3 1707
Day 21 6.4 6.20 11855

7.8 (#2.17) 2791

4.3 16647
15.6 3780
0.2 3863
2.9 11564
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Table 4.3: Comparisons between mast cell countsadfe and previously infected
groups at the same time-point using Mann-Whitnetesi with a 95% confidence
interval. Values in brackets have been adjustediést* P<0.05, ** P<0.01.

P-value Day0 P-valueDay2 P-valueDay5 P-valag ID
0.0051** 0.0051** 0.0051** 0.0051**
(0.0049**) (0.0050**) (0.0047**)

One sheep in the previously infected-challengedigiailled on day 5 was found to

have unusually low numbers of mast cells in thenadal mucosa compared to the
other five sheep in this group. When this animaiast cell count was removed, the
P-value produced by a Mann-Whitney U test comparisb this group with the

previously infected-unchallenged group changed 600656, which was considered
not quite significant, to 0.0081, indicating a sfgrant increase in mast cell numbers
on day 5 in the previously infected-challenged pheempared to the previously

infected-unchallenged group.

Huntley and colleagues have previously suggestatittte influx of intraepithelial
mast cells during the inflammatory responserltoircumcinctais focal, involving
local migration and proliferation of cells rathemabh an organ-wide response
(Huntley et al., 2004). Therefore, it is possililattthe sample used for histology in
this sheep was taken from an area of the abomaduohwas less affected by the
parasite infection. However, the number of wormsnfibto be present in this sheep
were far higher than in the rest of the group, gatihg that this animal diverged
from the other group members, exhibiting an unudguddw resistance to
T.circumcincta This observation supports the findings of presiostudies of
periparturient sheep, which indicated that reduoedt cell numbers were linked to
lower helminth resistance (Huntley et al., 2004uHi et al., 2005).

Statistical analysis using Mann-Whitney U test vedso carried out to identify

differences in worm counts between the naive aedipusly infected groups. The

result of this analysis is detailed in Table 4mcbontrast to mast cell numbers, worm
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counts were found to be significantly higher in ti@ve-challenged groups than in
the previously infected-challenged animals. Howgwasrm counts and mast cell
counts were not found to be significantly corredatethis study.

Table 4.4: Comparisons between worm counts of naiak previously infected
groups at the same time-point using Mann-Whitnetesi with a 95% confidence
interval.* P<0.05, ** P<0.01.

P-value Day2 P-valueDay5 P-value Day 10
0.0131* 0.0131* 0.0051**

4.5 Discussion

These results indicate that cells within the ab@hasucosa itself appear to be a
major source of cytokine production, and show ewdeof a marked Th2-type
Immune response occurring during infection witltircumcincta Transcription of
the Th2 cytokines IL-4, IL-5 and IL-13 increasedliea and more markedly in the
previously infected-challenge groups than in thévewehallenged groups. A
proinfammatory component was evident in the nalvalenged sheep,
demonstrated by the significantly increased trapson of IL-18 and IL-6 in the
naive-challenged groups following infection. Thentls in two selected cytokines,
one proinflammatory and one Th2-type, were confarbg Q-PCR. The patterns of
cytokine transcription observed were pronouncediteshe variety of cell types
present. Figure 4.7 illustrates the trends in ay@Kkranscription observed in the

abomasal mucosa following challenge of naive aeglipusly infected sheep.

IL-4 and IL-5 were up-regulated earlier in the poesly infected-challenged
animals, possibly due to mastocytosis and eositiapduring trickle infection
leading to increased populations of these cellth@mnabomasal mucosa at prior to
challenge compared to naive sheep (Seaton et99, Bcott et al., 2000, Balic et

al., 2003). Both of these cytokines have been faonde produced by mast cells in
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response to IgE cross-linking of Fc receptors irusgoand human mast cell lines
(Burd et al., 1989, Plaut et al., 1989, Sanmugalkng et al., 2000, Bressler et al.,
1997). IL-4 and IL-5 have also been shown to balpced by human eosinophils
(Bjerke et al., 1996, Lalani et al., 1999). ltikely that the large eosinophil and mast
cell populations in the mucosa of previously inéecthallenged sheep rapidly
increase transcription of IL-4 and IL-5 followingtéction of the parasite, producing
a significant increase earlier in previously inggttchallenged sheep than in the
naive-challenged sheep, which have lower numbeensihophils and mast cells in
the abomasum. This hypothesis is supported by thdinfjs of a study by
Athanasiadou (2008) and colleagues. Athanasiadstudy examined the proteins
produced by abomasal explants from naive and puskjonfected sheep before and
after challenge infection witf.circumcincta Sheep mast cell protease 1 (SMCP-1)
and galectin-14, produced by mast cells and eohiloopespectively, were found in
the mucosal wash from previously infected, but maive tissue, before challenge.
This indicates higher numbers of mast cells andnepkils in the previously
infected than naive tissue (Sture et al., 1995,dbyret al., 2002). A previous study
by Stevenson (1994) and colleagues also demorttraignificant levels of
eosinophil potentiating activity and sheep madtpeitease in efferent gastric lymph
within 48 hours ofT.circumcinctachallenge of previously infected sheep. These
substances were not detected in the efferent lyofphaive-challenged animals.
These findings also support a rapid mobilisatioraginophils and mast cells in the
previously infected-challenged animals which is reotailable to the naive-
challenged sheep.

The probable production of IL-4 and IL-5 by mastlseand eosinophils in the
abomasal mucosa is in contrast to the lymph nedehich the predominant sources
of IL-4 and IL-5 are considered to be T cells (Tiskaet al., 1987, Brown et al.,
1998, King and Mohrs, 2009). Other possible sourakdlL-4 and IL-5 in the
abomasal mucosa include basophils and NK cellotsely (Seder et al., 1991a,
Seder et al., 1991b, MacGlashan et al., 1994, Watral., 1995).
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IL-13 was found to be up-regulated in the previgusifected-challenged groups
later than IL-4 and IL-5. This may be because awumwilation of IL-4 is necessary
to prime mast cells to produce IL-13, delaying egulation compared to IL-4 and
IL-5; human mast cells have been found to producddl in response to IgE

following stimulation by IL-4 (Toru et al., 1998).

Another possibility is that the observed increasé.t13 transcription is due to the
influx of other cell populations producing IL-13tulies of NK cell activity in mice
have found that they accumulate in respohgemosoides sigmodontigmfection
(Korten et al., 2002), and produce IL-13 in res@otwsl richinella spiralisinfection
(McDermott et al., 2005). It is therefore possithat NK cells accumulate and
produce IL-13 in response to helminth infectiorsieep. If so, this may occur earlier
in previously infected-challenged sheep due to eddifices in abomasal cell
populations in these animals, as suggested for #nd IL-5. This hypothesis is
supported by the finding that transcription of grgsin increased dramatically
following infection with T.circumcincta(Knight et al, paper in preparation, Griffith
et al, paper in preparation); in humans, this pndt@s been found to be produced by
NK cells (Obata-Onai et al., 2002) and to kifishmania majoin vitro (Stenger et
al., 1998). However, to date NK cell markers hawe lween successfully generated

for sheep, so this hypothesis remains untested.

The timing of the observed up-regulation of IL-18cacoincides with establishment
of T.circumcinctalarvae in the gastric crypts of the abomasum, lwluccurs after
day 3-4 (Sommerville, 1953). This may be an altiéweastimulus for the production
of IL-13, which has been demonstrated in murine ef®tb be critical in driving the
increased epithelial turnover essential to the ko of Trichuris muris(Cliffe et
al., 2005). If increased epithelial turnover is aotwed in the expulsion of
T.circumcinctalarvae, it may be a contributing factor in the wsel hyperplasia
(Ritchie et al., 1966) and epithelial changes, saslhe reduction in parietal cells,
which occur during infection (Scott et al., 2000)ansplantation of adulDstertagia
ostertagiinto the abomasum of cattle does not produce tiperplastic epithelial

changes characteristic of larval infection (McKelk&t al., 1986, McKellar et al.,
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1987, McKellar, 1993), indicating that this is potked by substances produced only
by larval stages of the parasite, or by the presefdarvae in the gastric crypts. IL-
13 my also be involved in the immune-mediated #etbsdevelopment of
T.circumcinctalarvae which has been observed during infectioshafep (Halliday
et al., 2007).

The observed increase in transcription of IL-4 dn® on day 2 in the previously
infected-challenged group demonstrates a simigandtto that which occurred in the
gastric lymph node described in chapter 3. Howexeup-regulation of IL-13 was
observed in the gastric lymph node. This may bealise parasite-specific T cells
generated in the lymph node have migrated to themabal mucosa before
producing IL-13 to drive local responses such astatgtosis. IL-13 may also be
being produced by other cells involved in local ioma responses in the abomasum,

such as mast cells, basophils and NK cells.
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Figure 4.7(a): Schematic illustration of the trenidstranscription of Th1l- and Th2-
type cytokines in the abomasal mucosa of naivelagtd and previously infected-

challenged sheep. Note ranges on Y-axes. Day Ohalieaged.
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Figure 4.7(b): Schematic illustration of the trends transcription of pro-

inflammatory and regulatory-type cytokines in thikomasal mucosa of naive-
challenged and previously infected-challenged shBegpe ranges on Y-axes. Day 0

=unchallenged.
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While the observed increase in transcription of Tdy2okines in the abomasal
mucosa shows similarity to the anti-parasitic reésgofound in the draining lymph
node, the suppression of Thl cytokines observatidrgastric lymph node was not
evident in the mucosa. No significant changes amdcription of IL-2, I1L-12p, or
IFNy were found in the abomasum following infectiontwit.circumcincta This is

in contrast to the findings of Claerebout and @mlees’ examination of cytokine
responses in the abomasal mucosa of cattle infedtbdO.ostertagi(Claerebout et
al., 2005), in which an up-regulation of lirMas found in the abomasal mucosa. It is
possible that this increase was due to a more prwenl increase in abomasal pH
and bacterial load in the study Ofostertagiinfection compared td.circumcincta

however these parameters were not examined.

IL-1p was found to be up-regulated on days 10 and 2i]laé was up-regulated on
days 2, 10 and 21 in the naive-challenged animalsontrast only a transient
increase in transcription of ILBlwas found in the previously infected-challenged
group on day 2 using Q-PCR. The proinflammatorypoese observed in the naive-
challenged sheep on days 10 and 21 is likely talle to damage to the mucosa
caused by growth of the larvae in the gastric @yptd bacterial infection of these
lesions. However, the up-regulation found on dayf 2.-6 in the naive-challenged
sheep and ILf in the previously infected-challenged group mayleot the

initiation of immune responses to larval challenge.

Type 2 activated macrophages similar to those medidrom mouse bone marrow
derived macrophages may be involved in generatiegetarly stage IL{lresponse
observed in the previously infected-challenged ghdaistinct from classically
IFNy/LPS-activated, or alternatively IL-4-activated m@gihages, these cells are
primed by ligation of Fgreceptors by IgG and activated via TLRs (Sutteavedlal.,
1997, Anderson and Mosser, 2002). These type 2aphages continue to produce
IL-1B, IL-6, TNFu, and increased levels of IL-10, but do not prodilc&2 (Gerber
and Mosser, 2001, Anderson and Mosser, 2002). Vdbeng as antigen presenting

cells, type 2 macrophages also induce a Th2 phpaofnderson and Mosser,
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2002). Cells with a similar phenotype have beerdpced in mice with chronic
helminth infections (Lanier et al., 1986, Rodrigt#zsa et al., 2002).

It is possible that production of IgG during triekinfections of the previously
infected group produces similar type 2 activatedcnmhages in sheep, which
generate proinflammatory cytokines and promote rEsponses at the early stages of
helminth infection. Granulysin, which increasednsiigantly during infection with
T.circumcincta (Knight et al, paper in preparation, Griffith et, gaper in
preparation), has been shown to be chemoattraftahiuman monocytes (Deng et
al., 2005), and monocyte-derived ovine macrophagesdendritic cells have been
shown to produce IL{i, IL-4, IL-12p0, IFNy and TNF within 3-6 hours of
stimulation with LPS (Budhia et al., 2006). Typa&ivated macrophages, if found
in sheep, may have a role in the rapid expulsioh.afcumcinctaarvae before they

enter the gastric crypts in immune sheep.

Up-regulation of IL-B found in the previously infected-challenged shegy have
been suppressed on day 5 due to the increasinty lefvd_-13; as this cytokine has

been shown to reduce I3 Jroduction by human monocytes (Scotton et al. 5200

Macrophages may also be responsible for the temponacrease in IL-6
transcription observed in the naive-challenged ghee day 2. Alternatively
activated macrophages have been produtedro by stimulating ovine macrophage
cell lines with proteins derived frofRasciola hepaticgFlynn et al., 2007), so it is
possible that they could have a role in the earynune response fb.circumcincta
Activated macrophages taken from mice chronicatifieéted withBrugia malayi
have been shown to produce IL-6 independent of (L&nier et al., 1986), and
macrophages from mice infected witloxocara canishave been found to produce

IL-6 in response td@.canisantigen (Kuroda et al., 2001).
The increase in transcription of Il3lobserved following infection may also be an

indication of dendritic cell activation. As des@tin sections 1.3 and 3.4, binding

of pathogen molecules to dendritic cell patterroggition receptors results in the
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initiation of activation pathways, many of whichveive IL-18 (Granucci et al.,

2001, Guo et al.,, 2003, Hurst et al.,, 2009). Thsissupported by the increased
transcription of IL-6 in the mucosa of naive-chafed sheep 2 days following
challenge. IL-6 has been shown to be produced bgnewendritic cells during

maturation in response tippostrongylus brasiliensi&ES products (Balic et al.,

2004).

In contrast to the changes observed in the abonmagebsa of cattle infected with
O.ostertagi(Claerebout et al., 2005), no increase was obdenvthe transcription of
IL-10 following infection withT.circumcincta In fact, a transient suppression of IL-
10 transcription was found on day 2 in the naivallehged group. IL-10 prevents
the differentiation of human cultured monocyte® idendritic cellsn vitro, instead
promoting maturation into macrophages (Allavenal et1998), therefore a reduction
in IL-10 could be instrumental in promoting prodaat of dendritic cells in the

abomasal mucosa.

Significantly higher levels of IL-18 transcriptiomere observed in the naive and
naive-challenged sheep than in previously infecteldhallenged animals throughout
the study. However, this transcription was reducethe naive-challenged sheep on
days 10 and 21. This indicates suppression of ILt¥BBscription was initiated
following challenge of naive sheep and during teckfection of the previously
infected sheep, and that this was maintained thrdbg clearance of infection and
subsequent challenge of previously infected grdins would be expected given the
Thl-type functions of IL-18; IL-18 deficiency in o@ has been shown to suppress
IFNy production (Dinarello, 1999) and promote IgE prctthn (Salagianni et al.,
2007), and Helmby and colleagues found that IL-aBikited mastocytosis and
production of IL-4 and IL-13 in mice infected withmurisindependent of IFN
(Helmby et al., 2001, Helmby and Grencis, 2002).

However, the role of IL-18 in response to helminthay be more complex than

simply that of a classical Thl or proinflammatomgtakine. IL-18 in combination
with IL-2, another traditionally Thl cytokine, hdsgeen shown to induce IL-4
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production by naive murine T cella vitro (Sasaki et al., 2005) and intestinal
mastocytosis in mice (Sasaki et al., 2005), antvatet intestinal mucosal mast cells
in STAT6-independent manner (Sasaki et al., 200b¢se data imply a role for IL-

18 in innate responses to parasitic helminths, kewedhe patterns observed during
this study do not support IL-18 having this roletire sheep. No change in IL-2
transcription was found in the abomasum, IL-18 dcauption was gradually reduced
during the course of infection in naive-challengbadep, and was significantly lower
in the previously infected-un/challenged sheep Wwhimuld be expected to have

undergone mastocytosis.

The increased transcription of both T&Fand TNF in the abomasum of the
previously infected-challenged group from day 5 ardg is interesting. This trend in
TGH3; was observed in both the naive-challenged andiqusly infected-
challenged sheep in both the gastric lymph node thedmucosa, however the
changes were only significant in the gastric lympdde of the naive-challenged
group and the mucosa of the previously infectediehged group.

Though TGB; and TNF have wide ranging actions, both have been founbeto
produced by neutrophils during the local respors@l.brasiliensis(Pesce et al.,
2008). Pesce and colleagues have speculated tbatehtrophil response may be
due to the helminth acting as a vector for potdgtiathogenic bacteria (Pesce et
al., 2008). TGB has also been found to recruit neutrophils andropdages (Faler
et al., 2006). A similar neutrophil response maydweeurring inT.circumcincta
infection; not only couldr.circumcinctalarvae be bringing bacteria into the gastric
crypts, but the increased bacterial content ofghemasum due to the raised pH
encourages bacterial colonisation of mucosal lssmaused by the parasite. TNF
may also be being up-regulated as part of a peomfhatory dendritic cell response,
however in that case a greater increase would pected in the naive-challenged
animals, as was found for ILBland IL-6. An alternative function for the increase

TGRB; transcription may be the generation of Treg calisdiscussed in section 3.4.
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The observed increases in intraepithelial mass a@hfirm a more rapid Th2-type
phenotypic response taking place in the previousfgcted-challenged animals.
These observations are consistent with previoudieguof ovineT.circumcincta
infection, in which an increase was observed 10sdfnjflowing challenge of
previously infected sheep (Balic et al., 2003) @&iddays following infection in
naive sheep (Stevenson et al., 1994). Howeverjnttrease in mast cell numbers
found in Balic’'s study were observed 10 days follmyvchallenge, whereas in the
current study an increase was found 5 days follgwdhallenge (when the single
anomalous result is excluded). This difference dobé due to the far longer
helminth-free period between trickle-infection atttallenge used in Balic’s study;
12 weeks compared to only one week in this studys Tmplies that the rapid
mastocytosis in response to infection wiktcircumcinctain a partially immune

sheep is a response which wanes with time if exgasuwemoved.

Earlier recruitment of immune cells in previoushfacted 3-month old lambs was
also observed in studies Hicontortusinfection carried out by Lacroux (2006) and
colleagues. Not only were there significantly highembers of eosinophils and mast
cells in the abomasal mucosa of previously expadedlenged animals compared to
naive-challenged individuals 3 and 7 days followthgllenge, but numbers of these

cells increased earlier in the previously exposealienged group.

The fall in mast cell numbers observed in the alsumaof the previously infected-
challenged group between days 5 and 10 followingllehge is interesting. As
detailed in section 2.2.6, evidence from worm coamd worm measurement data
indicates that parasite loss was occurring by day the previously infected sheep
(Halliday et al., 2009b). It is likely that in thgroup mast cells are involved in the
early stages of the hypersensitivity response, taat their role in the rejection of
T.circumcinctain previously infected-challenged sheep is conetuh less than 10
days following infection, as indicated by the reiilut in mast cell numbers on day
10.
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Transcription studies of gastric mucosal mast weltker sheep mast cell protease-1
(sMCP-1) (Pemberton et al., 2000) and eosinophirkeraovine galectin 14
(OvGAI14) (Dunphy et al., 2002) in the abomasunth#fse sheep have previously
been carried out by Anne French (French et al.8p0lhese studies demonstrated a
significant increase in transcription of SMCP-Iniive-challenged sheep on days 2,
10 and 21 following challenge. Transcription of sSRKL was also significantly
higher in previously infected-unchallenged sheemgared with naive individuals.
In contrast, no increase in SMCP-1 transcriptiors iand in previously infected-
challenged sheep following challenge. However, bseeasMCP-1 is stored in
granules before release, transcription levels danroessarily correlate with protein
release. A significant increase in transcriptiorOsfGall4 was also shown in naive-
challenged sheep on days 10 and 21, and in prdyimiscted-challenged sheep on
days 2, 5 and 10. This increase in transcriptiobath sMCP-1 and OvGall4, and in
mast cell numbers, in the abomasum of naive-clgdiénsheep complements
Stevenson’s study ofT.circumcincta infection, which found accumulation of
eosinophils and mast cells 21 days after challarigeive sheep (Stevenson et al.,
1994). These are in contrast with the findings @fi®s study of local cellular
responses tdH.contortus infection, in which mast cells are described asmde
inversely related to the number of eosinophils Bat al., 2006). However
eosinophils have previously been associated wighkiling of H.contortuslarva
(Rainbird et al., 1998, Balic et al., 2006) and rhaye a role in stunting the growth
of T.circumcincta Therefore it is possible that the evidence fer diccumulation of
mast cells and eosinophils in responsd trcumcinctainfection, in combination
with this parasite’s potent chemoattractive effemt bone marrow derived
eosinophilsin vitro (Wildblood et al., 2005), could indicate that thesells act in

synergy to control.circumcinctainfection.

IL-4 has been found to promote mast cell prolifierain combination with stem cell
factor or IL-3 in human and mouse models (Hamagethal., 1987, Lorentz and
Bischoff, 2001), and has been shown to be chenac#dint for human mast cells
(Olsson et al., 2004). The significant increasganscription of IL-4 in the abomasal

mucosa observed on day 2 in the previously infectedlenged sheep, which was
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reduced again on day 5, could account in partHerspike in mast cell numbers in
these sheep; increasing IL-4 could provoke madticgltration and proliferation,
once sufficient mastocytosis is achieved IL-4 pigin may be reduced again. IL-4
may also be in effect in the naive-challenged grdl significant increase in IL-4
transcription on days 10 and 21 correlates withbtbginning of mastocytosis in this
group. However it is unclear whether this is puralycase of IL-4 causing the
observed increase in mast cell numbers (Perdué,e€t991), or whether the mast
cells in the abomasal mucosa are proliferatingegponse to an alternative stimulus
and producing IL-4 (Brown et al., 1987, Huels et #095), or a combination of the

two.

The fluctuations in mast cell numbers may also aotofor the changes in
transcription of IL-13 found in the abomasal mucddae pattern of this transcription
was similar to the pattern of mast cell changeswdoin the previously infected-
challenged sheep, and was increased on days 1@Xknd the naive-challenged
group. Human mast cell lines have been found taywe IL-13 after IgE receptor

cross-linking, particularly if sensitized by IL-B(rd et al., 1995, Toru et al., 1998).

Up-regulation of TGB; in the abomasal mucosa 5 days after challengeeofqusly
infected sheep also coincided with the increasatnaepithelial mast cell numbers.
This increase was maintained to day 10, whereag &k numbers declined.
However, TGB; transcription levels do not necessarily correlaitd Vevels of active
TGRB; due to the post-translational modifications reqiiite activate latent TGk
(Nunes et al., 1995, Munger et al., 1999). Lindstaedl colleagues demonstrated that
rat mast cells not only produce latent T8gHout also chymase-1, which is a potent
activator of TGPB; (Lindstedt et al., 2001). TGk has been found to promote the
release of fibroblast growth factors (Qu et al.98Pand proteases (Miller et al.,
1999, Funaba et al., 2005) from mouse mast cedis|/imand is an important
component in the mucosal mast cell respondéigpostrongylus brasiliensis mice
due to the release of these proteases (Knight.eR@02). TGPB; has also been
shown to be a potent chemoattractant for mouséhanthn mast cells (Gruber et al.,
1994, Olsson et al., 2000). It is therefore possibat TGB; plays an important part
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in the orchestration of an immune response apmtpifor helminth infection, as
well as having a role in repairing the damage cduBeing inflammation. This is
supported by the finding that TGF can also inhibit the release of mast cell

mediators such as histamine and BNBissonnette et al., 1997).

Mast cell numbers and transcription of IL-4, IL-ABd TGMPB: are illustrated for
comparison in Figure 4.8.

The increased transcription of IL-4 and IL-13, @&he observed mast cell recruitment
are all consistent with previous observations o tbhcal immune response to
H.contortus(Meeusen et al., 2005, Lacroux et al., 2006). Gijpeegulation of IL-4
and IL-5 is also consistent with the previous stuafy O.ostertagi infection
(Claerebout et al., 2005). However, as discussedqusly, changes in IFNand IL-
10 observed in response @ostertagiinfection of cattle were not evident following

T.circumcinctainfection in sheep.

These results confirm the findings of the previstiglies of the gastric lymph node
in demonstrating that the immune responseB.¢acumcinctainfection in sheep are
similar to those elicited byH.contortus in sheep andO.ostertagi in cattle.
Importantly, the observed differences in cytokined amast cell responses to
T.circumcinctabetween naive-challenged and previously infectedlenged sheep
indicate that the increased anti-parasitic respobsét up during trickle infection of
previously infected sheep may be responsible fog treater resistance to
T.circumcinctainfection in partially immune sheep, in conjunctisvith specific
antibody responses (Halliday et al., 2007, Hallidagl., 2009Db).
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Figure 4.8: Mean mast cell counts (a), IL-4 (b);1B (c) and TGJ; transcription

(d) in the abomasal mucosa.

(@) Mast cell counts per 4Qfh of sectioned abomasal mucosal epithelium (mean
and SEM, n=6).
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(b) IL-4 transcription in the abomasal mucosa RTRPlative to ATPase (mean
and SEM, n=6).
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(c) IL-13 transcription in the abomasal mucosa RTIFPrelative to ATPase (mean
and SEM, n=6).
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5 Chapter Five:
Cytokine Responses in Gastric Efferent Lymph

5.1 Introduction

The findings of chapter 3 and chapter 4 illustridie orchestration of the immune
response at the site of infection and in the dngitymph node, however, the signals
passing between these sites have not been exarnémitunately due to the nature
of the afferent lymphatics of the abomasum as ditmdé of small vessels, it has not
been possible to cannulate these vessels to obktmmples of afferent lymph.

However, cannulation of the common gastric lympletdas described in section
2.2.3 has allowed collection of efferent lymph owke course of infection with

T.circumcinctain both naive-challenged and previously infectedlenged sheep.

As described in section 1.3, activated lymphocgtgginating in the gastrointestinal
tract preferentially circulate back to the mucofiargpassing through the draining
lymph node and joining the venous circulation (VeBarrington et al., 1991, Hein
and Mackay, 1991, Au et al., 2001). Lymphocytessene in efferent lymph may
therefore be instrumental in carrying informatiooni the draining lymph node back

to the site of infection during immune responses.

Cytokine transcription in efferent lymphocytes veasmined to see which cytokines
were detectable in these cells, and how this coetp#w those detectable in the
abomasal mucosa and the gastric lymph node. Effdyemph also presented an
opportunity to investigate how cytokine transcioptin these lymphocytes changed
over the course of infection within the same shedpch had not previously been
possible using only post-mortem samples, and how #fso compared to the
cytokine changes in the abomasal mucosa and theicghsnph node. Efferent

lymphocyte cytokine transcription over the cour$éendection in naive-challenged

and previously infected-challenged individuals veasnpared to see if differences
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between these two groups could contribute to umtaledsng the disparity in
resistance toT.circumcincta between naive-challenged and previously infected-
challenged animals.

Examination of the phenotypic lymphocyte populasipmesent in the gastric efferent
lymph of the animals used in this study has beenpteted by Aileen Halliday and
colleagues at the Moredun Research Institute (@afliet al., 2009b). This
examination has shown that numbers of CD4+, CD&}yan T cells increase in the
efferent lymph early following challenge of prevaby infected animals. Levels of
CD4+ and CD8+ T cells also increased in the naidéviduals, but later than in the
previously infected. Fluorescence activated celtisgp (FACS) of these different
phenotypes, with the development of more sensrgad-time PCR assays, allowed
transcription profiling of specific lymphocyte s@ts to see which of these cell types

were producing cytokines of interest.

The objectives of this section of work were:

(1) To establish which cytokines are transcribredfferent lymphocytes from the
gastric lymph node.

(2) To examine how this transcription compareshwvitiat taking place in the
gastric lymph node.

(3) To define how cytokine transcription in gasteifferent lymphocytes changes
over the course of infection in naive-challengedpared with previously
infected-challenged sheep.

4) To examine which cytokines are transcribed hrtipular subsets of
lymphocyte phenotypes, and how this changes foligwahallenge of naive

and previously infected sheep.
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5.2 Comparison of cytokine transcription in abomasal
efferent lymphocytes and gastric lymph node

Initially, in order to verify whether cytokine traaription was detectable in samples
of the efferent lymphocytes, and to compare thif wiat in the reacting lymph node
of the same sheep, samples of lymph taken closéatmhter were compared with
post-mortem samples of gastric lymph node.

RNA extracted from efferent lymphocytes taken og 8dollowing challenge from
three previously infected-challenged sheep in gr@up- Pl killed on day 10.
Sufficient RNA was not available from lymphocyte&ken from the other sheep in
this group on day 9, or from these sheep on dayRNA was also extracted by
Judith Pate from lymph samples taken from four eaivallenged sheep in group 3 —
Nv killed 21 days following challenge. Extracted RNeverse transcribed to
produce cDNA. New cDNA samples were also produceshgu RNA from the
corresponding gastric lymph nodes from each ofehdseep (used previously in
sections 3.3.1 and 3.3.2). Details of these sangpkessted in Table 5.1.

These samples were examined for transcription dP#sE, IL-B, IL-2, IL-4, IL-5,
IL-6, IL-10, IL-12p40, IL-13, IL-18, IFNy, TGH3; and TNFe using PCR as described
in sections 2.3.3-2.3.10. The results of theseyasaee illustrated in Figure 5.1. All
the cytokines examined were found to be transcribethe efferent lymphocytes,
with the exception of IL-12f, which was not detected in any of the efferent
lymphocyte samples. Transcription of IL-6 and IL-4i80 appeared to be generally

lower in the efferent lymphocytes than in the gasymph node.

Table 5.1: Time-points relative to challenge used €omparison of efferent
lymphocytes and gastric lymph node in naive-chghen (group 3-Nv) and

previously infected-challenged (group 2-PI) groups.

Group n Efferent lymphocytes Gastric lymph node
2-PI 3 Day 9 Day 10
3 —Nv 4 Day 21 Day 21
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Figure 5.1(a): Cytokine transcription in efferegtriphocytes and gastric lymph node
relative to ATPase in naive-challenged sheep frooum 3 — Nv on day 21, and in
previously infected-challenged (Pl-challenged) ghigem group 2 — Pl on day 9.
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Figure 5.1(b): Cytokine transcription in efferegtdphocytes and gastric lymph node
relative to ATPase in naive-challenged sheep frooum 3 — Nv on day 21, and in
previously infected-challenged (Pl-challenged) ghieem group 2 — Pl on day 9.
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5.3 Quantification of cytokine transcription in abomasal
efferent lymphocytes by SYBR green Q-PCR

Due to the low levels of RNA extracted from effdrdymphocytes, Q-PCR was
considered to be a more suitable technique tha&R-by which to assess cytokine
transcription, as it is more sensitive, and so khtwe able to pick up more subtle

changes over time, and can be completed usingemnaaiounts of starting RNA.

Extensive optimisation is required when using SY@Ben Q-PCR, as the dye binds
double stranded DNA in a non-specific manner. Thay result in amplification of
fluorescence due to the formation of primer-dimersof erroneous product due to
non-specific primer annealing, which can result onerestimation of target

expression.

Temperatures used during SYBR green Q-PCR were tlestified as optimal for
each primer pair previously using RT-PCR, as dbsdriin section 2.3.8. Because
SYBR green mastermix includes 5mM MgGCbptimisation of MG" concentrations
was not attempted.

Initially Q-PCR using SYBR green was developed ascdbed in section 2.3.12,
tested using efferent lymphocyte RNA and the PGRIpet identity confirmed using
agarose gel electrophoresis. However, problems wamuntered due to poor
reaction efficiency. Overall assay efficiency, astedmined using a standard
concentration gradient was within 95-105%. Idealficiency should be 98-102%,
which produces a concentration gradient slope &, But 95-105% is acceptable.
However, the efficiency within each reaction, asorded by the Opticon Monitor
3.1.32 software, was unacceptably highly variatdenvieen triplicates (for example
97.8%, 57.5% and 110.3%) and a product concentrdtiequently could not be
calculated. Attempts to improve efficiency were maldy optimising primer

concentrations individually, as the optimal concatidn may not be the same for

both forward and reverse primers. This was doneumying forward and reverse
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primer concentrations ranging from QM to 0.8M in a grid arrangement with the
same cDNA sample. Primer optimisation failed tongigantly stabilize efficiency

between triplicates. This indicated that there wgsoblem with this type of assay
run on the Opticon 2 DNA Engine Q-PCR machine, iam¢hs concluded they were
inappropriate for assessing cytokine transcriptiorfferent lymphocytes and that a

more specific and reliable Q-PCR technique wasiredqu

It is also noteworthy that on discussion with tvesearchers from different research
groups, it became apparent that others were enemogtsimilar problems when

running SYBR green Q-PCR on this Opticon 2 DNA HEegiEach researcher had
been using different Q-PCR assays and had fourichigation of individual primer

pairs failed to significantly improve their resul®his indicated that a basic problem
with the equipment could also have been an issue.t® staff relocation the Opticon
2 DNA Engine was removed from Easter Bush Veteyirf@ntre, so these problems

were not further addressed in this study.

5.4 Quantification of cytokine transcription in abomasal
efferent lymphocytes by Tagman Q-PCR

To more closely examine the influence of recirdatatefferent lymphocytes,
samples of these cells taken from four groups eephover the course of infection
were examined using Tagman Q-PCR assays developetkscribed in section
2.3.13 and 4.3. Transcription of IL-4 and IL-13 wasamined as markers of Th2-
type responses, IKNas a marker of Thl-type, and IB-las a marker of

proinflammatory-type cytokine responses.

Tagman Q-PCR was considered more suitable bechisseore sensitive and more
specific than both RT-PCR and SYBR green Q-PCRcantrast to SYBR green,
which fluoresces when bound non-specifically to lWeustranded DNA, Tagman
probes are produced to bind specifically to defib®A sequences, as described in

section 2.3.13. The probes are constructed wiskAM™ fluorophore reporter at
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the 5’ end and a non-fluorescent quencher at tlen@: When the probe is intact the
reporter and quencher are close enough togethethindluorescence emitted by the
reporter when excited by light from the PCR machs;absorbed by the quencher.
However, when the probe anneals to the DNA regieindamplified, it is cleaved
by the action of Tag polymerase. This releasesaperter and it moves away from
the quencher, at which time the fluorescence ethittethe reporter is detected by
sensors in the Q-PCR machine. The use of a minoovgr binder (such as
dihydrocyclopyrroloinole tripeptide) as the nonditescent quencher at the 3’ end of
the Tagman probes also increased the melting textyser without increasing the
probe length, by folding into the minor groove faanby the terminal 5-6 base pairs
and forming a very stable hybrid with complementaDNA, thus further reducing

non-specific binding (Urban et al., 2007).

Because Tagman assays produced by Applied Biosgstara designed and
optimised to work using standard Q-PCR conditiehe,ATPase assay could be run
on the same plate as the target cytokine for eacipke. The ABI Prism 7500 real-
time PCR thermocycler at the Moredun Researchtirietiwhich was used for this
section of work, also incorporates Applied BiosysteSequence Detection Software
version 1.4 which allows for normalisation and camgon between plates. This
feature was important as the number of sampleset@dmpared was more than
would fit on one plate. Comparison between plasesot recommended when using

other Q-PCR techniques due to inter-assay variation

Due to limitations on sample availability, lymphoey taken from sheep in groups
VTRI-1 and VTRI-7 were used in addition to lymphtey from sheep in groups 3 —
Nv and 3 — PI. Sheep in group VTRI-1 were helmin#five prior to infection using

the same protocol as for other naive-challengedpg,oand were killed in September
2004. Sheep in groups VTRI-7 were trickle infected challenged as for previous
groups, and were killed in November 2006. Thesepéesrare detailed in Table 5.2.
This produced a total of six naive-challenged sHemp which lymphocyte samples
were taken at intervals up until day 21, and sevmmusly infected-challenged sheep

from which lymphocyte samples were taken at intisrug until day 10.
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Results of these Tagman assays are illustratedgards 5.2 and 5.3. Statistical
analysis of these data was performed by David Waydn of the Roslin Institute.
This analysis was complicated by emergence of tranain the ATPase
transcription, which was consistently evident dgriexamination of the ATPase

assays run concurrently with each of the four tacgwkines.

Table 5.2: Efferent lymphocyte samples used for nmieag Q-PCR from
naive/-challenged (VTRI-1 Nv and 3-Nv) and preuousected-un/challenged (3-
Pl and VTRI-7 PI) groups at various time-pointsdvefand after challenge..

Group n Sample time-point

(Days relative to challenge date)

VTRI-1 Nv 3 -1 1 3 7 14 21
3 —Nv 3 -1 1 3 7 14 21
3-PI 2 -1 1 3 5 7 9
VTRI-7 PI 4 -1 1 3 5 7 9

A basic analysis of all replicates in the naivelemged and previously infected-
challenged groups found the mean Ct of ATPase tudieer in the naive-challenged
group, demonstrating an increased level of ATPeaestription in the previously
infected-challenged group. Scatter-plot examinatadn ATPase transcription in
naive-challenged and previously infected-challengjegkp over time revealed trends
over time which were consistent across the foulicaied assays of the complete
experiment (ATPase assays having been repeatedfereutt plates corresponding
to each cytokine). This trend is illustrated in Uitig 5.2. When the ATPase assay Ct
values of each individual sheep were plotted owmee.tsome individuals were found
to have consistently low or high transcription owbe 4 replicates, indicating
biological variation between sheep. This variationATPase transcription, which
was not apparent when examining RT-PCR data, étylito be due to changes in the
overall level of transcriptional activity within ¢hcells as would be expected during

an active immune response.
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Figure 5.2: Trends in ATPase transcription in effiet lymphocytes on days -1, 1, 3
and 7 relative to challenge, assessed using Tag@WCR. Displayed as 40 — Ct

value mean and SEM, n=4-6.
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Variation in a housekeeping gene due to experimhé&matment effects, in this case
T.circumcinctainfection, renders it unsuitable for normalisiryget genes, as it
would introduce additional error and more impotaritias in estimates of gene
transcription. However, none of the other potentialisekeeping genes which have
been examined previously have been more consi@taieilly, 2005). Pam Knight
and colleagues have also examined transcriptionotbfer commonly used
housekeeping genes, includifigactin and GAPDH, of which ATPase was the most
consistent (unpublished observations). Recentlis group also examined three
housekeeping genes, ATPase, and transmembranénpr&®@/1 and TM57, which
were found not to vary in these tissues when usangoarray analysis. However,
when transcription of these genes was examinedtbeecourse of infection using a
sensitive multiplex RT-PCR all three were foundvery to some extent at some
time-points, even when using a mean of all thregblished observations). The
problem in this case is that of finding a gene Whdoes not vary in transcription in
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lymphoid and mucosal tissues which are very aci contain a large proportion of

proliferating cells at different time-points follamg infection.

Housekeeping gene normalisation should correct didfferences in cDNA
concentration used in the Q-PCR assay, reducingahdom variability between
samples and giving increased precision for compasisAs described above, when
the housekeeping gene is affected by experiment@htrhents it becomes
characteristic of an individual animal's respoqseducing bias in gene transcription
estimates. In consideration of this, it was recomteel that the ATPase transcription
be analysed without housekeeping gene normalisalibis analysis relies on the
cDNA concentration in the assay varying randomind a&hus only affecting
comparisons between treatment groups by chancéreAsment group sample-size
increases, this becomes increasingly unlikely. Sdraple-size of 6 animals per time-
point used in this experiment should be sufficiét this problem not to arise.
Cytokine Ct values were analysed on days -1, Ind7 for which there was both
naive-challenged and previously infected-challengamhple data, using split-plot
ANOVA to allow for the repeated time sampling oflividual sheep, followed by t-
tests between treatment groups. Cytokine Ct vauedlustrated in Figure 5.3.

IL-4 and IFNy were readily detectable in all the lymphocyte skspTranscription
of both IL-4 and IFN was significantly lower in the previously infected
unchallenged sheep than in the naive on day -livelto challenge (P<0.05). This
trend was reversed in direction between day -1 % d@&<0.05), but there was not a
significant difference between the two groups ory da Transcription of both
cytokines was also significantly increased betwagyn-1 and day 1 in the previously
infected-un/challenged sheep (IL-4 P<0.01; yA*0.05).

Very low levels of IL-PB transcription were found, and this cytokine wagyon
detectable in five naive-challenged and two preslipunfected-challenged sheep.
This may be due to a very small number of i-groducing lymphocytes present in
the efferent lymph. Where ILBltranscription was detectable, it appeared to be

higher in the naive-challenged sheep, which is sume of the previous findings
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demonstrating a greater degree of inflammation wiowy in the abomasum of the
naive-challenged sheep. However, this difference med significant when tested by

a t-test.

IL-13 transcription was detectable in the majoray the efferent lymphocyte

samples, and was significantly higher in the naivalenged sheep than in the
previously-challenged infected on day 1 (P<0.0@byg in the previously infected-
challenged than in the naive-challenged on dayB.(R).

Figure 5.3:Cytokine transcription in efferent lymphocytes froaive sheep on days -
3, -1,1, 3, 7 and 14 relative to infection, angreviously infected sheep on days -
1,0, 1, 3,5 and 7. Assessed using Tagman Q-Pi€§plaged as 40 — Ct value mean

and SEM, n=4-6. Significant difference from day (#) or between naive and

previously infected group$ ) using t-test following ANOVA.
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5.5 Cytokine transcription in abomasal efferent lymphocyte
Ssubsets

In order to assess which particular types of lyngytes in the efferent lymph could
be the source of some of the cytokine transcriptimscribed in section 5.4,
lymphocyte subsets were extracted using fluorescativated cell sorting and
assessed separately using the IL-4 andfiLFagman Q-PCR assays described in

section 5.4.

Efferent lymph samples were used from four naiveaahallenged and four
previously infected-un/challenged sheep in groups3described in section 2.2.3 —
2.2.4. In both the naive/naive-challenged and tieeipusly infected-un/challenged
groups, lymph was collected from two sheep priochallenge infection, from one
sheep subsequent to infection, and from one shet@plefore and after infection.

Details of the efferent lymphocytes collected aodes] are listed in Table 5.3.

Efferent lymphocytes from these samples were laléibr the presence of surface
antigens CD4 and CD8, and fagi T-cell receptor, and sorted by FACS into positive
and negative samples as described in section 2Z2D8- andyd-labeled efferent
lymphocytes from the three previously infected-tdhajed sheep prior to challenge
were not sorted for technical reasons, so only @bBgltive and negative cells were
available from these sheep prior to challenge.

RNA was extracted from sorted efferent lymphocyisig an RNeasy® Micro Kit
as described in section 2.3.4. This kit has beerldped for extraction of RNA from
low yield samples such as these using specialisewEMte columns. The ATPase
RT-PCR assay optimised in section 5.2 was usechézkcfor successful reverse

transcription of cDNA.
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These cDNA samples were then examined for trartsmnif IL-4 and IL-PB using
Tagman assays as described in section 5.4. Rasdulisese Tagman assays are
illustrated in Figures 5.4, 5.5 and 5.6.

As shown by Figure 5.4, IL-4 was detectable onlytiie CD4+ve lymphocyte
samples. There also appeared to be a greater secnedhe transcription of IL-4 by
CD4+ lymphocytes in the naive-challenged animalleviong challenge than in the
previously infected-challenged group, as illusulaite Figure 5.5. However, due to
the small sample size and the fact that the lymytiescare only extracted from the
same animal on one occasion, this can only be deresl as an indication and is not

sufficient to draw conclusions.

IL-1B was only detectable in various lymphocyte sub$etsn four of the eight
sheep, the results of which are illustrated in Fegb.6. Of these four sheep, three
were sampled prior to challenge, and very low lewafl IL-13 transcription were

observed in the samples from the remaining podtesige sheep.

Table 5.3: Labelled lymphocytes sorted by FACS patsitive and negative samples
of CD4, CD8 ando cells.

n Group Sorted efferent lymphocytes
Pre-challenge CD4 CD8 vo

3 3—Nv + + ¥

3 3-PI + - -

Post-challenge

2 3—Nv + + +

2 3-PI + + +
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Figure 5.4: IL-4 transcription in efferent lymphdey subsets from naive and
previously infected sheep pre- and post-challedgsessed using Tagman Q-PCR,
displayed as 40 — Ct value mean and SEM, n=3-6.
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Figure 5.5: IL-4 transcription in CD4+ve efferengrhphocytes from naive, naive-
challenged (Nv-chall), previously infected-unchadjed (Pl-unchall) and previously
infected-challenged (PI-chall) sheep. AssessedguBagman Q-PCR, transcription
displayed on the Y-axis as 40 — Ct value, sheeppgemd identification number is

displayed on the X-axis .
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Figure 5.6: IL-18 transcription in efferent lymphocyte subsets froaive/naive-
challenged and previously infected-un/challengedephpre- and post-challenge.
Assessed using Tagman Q-PCR, displayed as 40 alet mean and SEM, n=3-6.
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5.6 Cytokine detection in efferent lymph using ELISA

A commercial ELISA for the detection of bovine lfrNas been successfully used at
the Moredun Research Institute to detect ovineyliiNblood serum. Samples of
efferent lymph were examined by Sean Wattegederddtection of IFN using this
commercial bovine IFNELISA. Efferent lymph was also examined for datecof
IL-4 using the ELISA protocol described in sect@4.1.However, IL-4 and IFN

were not detectable in ovine efferent lymph.

5.7 Discussion

The lack of IL-12py transcription observed in the efferent lymphocgtemples

examined is interesting. Though the predominantrcgsu of this cytokine are
monocytes, macrophages and dendritic cells, whicluldv not be expected in
efferent lymph, this cytokine is also produced bgdls in cattle (Schramm et al.,
2007). B cells have been found in the efferent lgropthese sheep during infection
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with T.circumcincta(Halliday et al., 2009b). It is possible that pwotion of IL-
12py by B cell migrating in response fb.circumcinctais being suppressed by
TGH3, which has been found to suppress IL4b2pranscription in murine
macrophages (Du and Sriram, 1998) and human lynyp®¢Pardoux et al., 1997),
and was strongly transcribed in efferent lymphogytié is also possible that IL-
12py, if it is produced by ovine B cells migrating iesponse td.circumcincta is
only produced earlier in infection (Trinchieri, B9 This lack of IL-12py, in
combination with the observed transcription of ILH-5 and IL-13 in the efferent
lymphocytes, is supportive of a Th2 response bearahestrated in the draining
lymph node in naive-challenged and previously it#eahallenged sheep. This Th2
response, triggered by lymphocytes originatinghi@ gastric mucosa and amplified
in the gastric lymph node, may then be circulatedefferent lymphatics back to the

gastric mucosa (Hein and Mackay, 1991).

Interestingly, transcription of both IL-4 and IFNvas significantly lower in the
previously infected-unchallenged sheep than in rieéve on day -1 relative to
challenge. The lower levels of these cytokines aletkin the previously infected-
unchallenged group may be attributed to regulatcdnthe immune response
developed during trickle infection, which may als® suppressing inflammation due
to cannulation surgery. The naive sheep, which @vaot have previously developed
a regulatory immune response, may have companathigher levels of IL-4 and
IFNy as a response to surgery and damage to the lymqth Both IL-4 and IFN
have been implicated in wound healing in mice (Sal&hr et al., 2000, Schaffer et
al., 2006).

The observed increase in both IL-4 and YFNanscription in the efferent
lymphocytes from one day before challenge to ong aléer in the previously
infected-challenged sheep is also interesting. fAddrancrease in IL-4 transcription
would be expected as part of the early Th2 respdnseever the observed increase
in IFNy is less easily explained. This increase is in resttto the reduction in IEN
transcription found in ovine afferent mesenterimphocytes following infection

with Trichostrongylus colubriformi®y Hein and colleagues (Hein et al., 2004). It is
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possible that the increase in ¢ part of an initial Thl response to bacteria and
viruses introduced to the gastric crypts by migmatof exsheathed.circumcincta
L3 (Pesce et al.,, 2008). The effect Dircumcinctaas a vector could be more
pronounced in the abomasal mucosa than in thetimesas the gastric crypts are
normally protected by the abomasal mucus layer, tied environment in the
abomasum is normally bacteriostatic in contrastthie gut flora present in the
intestine. However, if this was the case, an irsgeaa IFN transcription would be
expected in either the abomasal mucosa or theigagtrph node at day 2 following
challenge, but no such increase was found. Iteeefore likely that IFN is involved
as part of a negative feedback mechanism, comtgothe effects of IL-4 and the
initial Th2 response generally in the lymph or plalgsthrough recirculation of these

lymphocytes back to the site of infection.

The earlier and more pronounced increase in ILrAstription found in the efferent
lymphocytes of the previously infected-challengbdep in comparison to the naive-
challenged group supports the hypothesis that allptpn of Th2 lymphocytes is
built up during the course of the trickle infectiofhese results mirror the change in
IL-13 transcription found in the gastric lymph nash days following challenge in
the previously infected-challenged sheep.

The observed increases in both IL-4 and IL-13 feitg infection is consistent with
the findings of Hein (2004) and colleagues demattisiy increased transcription of
these cytokines in pseudoafferent intestinal lyngytes subsequent to infection with

Trichostrongylus colubriformis

Due to the small sample size available, it waspustsible using this data to draw
firm conclusions regarding the cytokines produced ®@D4+, CD8+ andyd+
lymphocytes in the efferent lymph. There was, havea clear indication that 1L-4
is only produced by CD4+ lymphocytes, and to adegxtent that this transcription
increased following challenge. This possible updtagon of I1L-4 in CD4+
lymphocytes was not reflected in the efferent lyopties as a whole, wherein IL-4

was not notably increased from day -1 on eitherXdhin the naive-challenged sheep
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or day 7 in the previously infected-challenged grolhis may be because the CD4+
lymphocytes were transcribing significantly more-4L but this did not make a
noticeable impact on the proportion of IL-4 RNA time efferent lymphocyte total
RNA due to a general increase in RNA transcriptmmhecause the trend implied in

these findings was an artefact of the small sasigke

The appearance of a greater increase in the tiptisor of IL-4 by CD4+

lymphocytes found in the naive-challenged animal®ing challenge than in the
previously infected-challenged group would be cstesit with the Th2 polarisation
of the immune response in naive-challenged sheéw;hwwould require large
amounts of IL-4 transcription; in contrast to thee\pously infected-challenged

animals in which a large population of Th2 lymphtesyis already in place.

Transcription of IL-B by CD4+ lymphocytes found in three of the efferent
lymphocyte samples collected prior to challengeicaigs a proinflammatory
component to the immune response was taking pladid previously infected-
unchallenged and naive sheep, possibly in resptmsbe cannulation surgery.
However, the very low levels of ILBldetected in the sorted lymphocytes after
challenge reflects the findings from un-sorted reffié lymphocytes in section 5.4,
and may indicate that these proinflammatory respsrare being suppressed at later

stages of infection.

Detailed monitoring of CD4+, CD8+ and+ lymphocyte subsets in efferent lymph
from the sheep used in these trials over the cofrggfection has been carried out
by Aileen Halliday and colleagues at the Moredunsdech Institute. This
examination found that CD4+ and CD8+ lymphocytepatitpeaked earlier in the
previously infected-challenged animals, 2-3 day#owang challenge, than in the
naive-challenged group which peaked at day 10 i@sll et al., 2009b). The
lymphocyte output at day 2-3 in the previously atél-challenged animals also
consisted mostly of CD4+ lymphocytes, in contrasthite peak output of the naive-
challenged sheep at day 10, which was a more npgedlation of CD4+ and CD8+

cells. This trend in CD4+ cells population is likéb be responsible for the observed
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peak in IL-4 transcription in the unsorted efferépinphocytes from previously

infected-challenged sheep at day 1, and in theeretiallenged animals at day 7.

The early peak in CD4+ lymphocytes observed indtierent lymph of previously
infected-challenged sheep may also be an indicatican more widespread increase
in CD4+ lymphocytes; experimental immunization ofcenwith alum-precipitated
OVA demonstrated that IL-4-producing CD4+ T cellsveloped in the draining
lymph node, and a proportion of these became rdaiing cells with a central
memory phenotype, migrating to distant lymph noded more rapidly interacting
with B cell follicles than naive T cells, while lsttapable of producing IL-4 (Serre et
al., 2009). A similar series of events, whereirdHproducing memory CD4+ T cells
develop in the draining lymph node with some radating to the mucosa, may be
responsible for the early increase in IL-4 transosn observed in the abomasal
mucosa and gastric lymph node at day 2 in the pusly infected-challenged sheep.
As both IL-13 and IFN also showed similar patterns of transcriptionhe éfferent
lymphocytes, it could be implied that these cytekirwere also being produced by
CD4+ lymphocytes. The implication from these datdhiat CD4+ lymphocytes are
important in anti-parasite responses in immunegheethese cells produce IL-4 and
possibly IL-13, and peak at day 2 in previouslyeotéd-challenged sheep, at which
time these sheep are demonstrating anti-parasigwmses. Neither the early peak in
CD4+ lymphocytes nor the early anti-parasite respsrhave been found in naive-

challenged sheep after challenge.
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6  Chapter Six:
Cytokine Expression in 5 Month Old Lambs

6.1 Introduction

As discussed in section 1.1, infection witlcircumcinctais having an increasingly
significant economic impact for sheep farmers authé spreading resistance of this
parasite to all the classes of anthelmintic drugsently availableT.circumcincta
infection is especially detrimental to younger lanbn which it can cause

pronounced morbidity and severe production losses.

It appears that the enhanced morbidity due to mehminfection in lambs under 6
months of age is due to an inability to generatgniBtant immunity to
gastrointestinal parasites in early life. This lv@®n demonstrated by a number of
studies in which lambs less than 6 months of agledfao develop immunity
following exposure to helminths includindjcontortusandT.colubriformis whereas
the same exposure resulted in protective immungorees in older sheep (Manton
et al., 1962, Ritchie et al., 1966, Gregg et &78, Dobson et al., 1990, Good et al.,
2006).

Paradoxically, while apparently deficient in geriexg immune responses to
helminth infection, young lambs have been showprt@mluce immune responses to
vaccines containingd.contortusintestinal antigen which resulted in a significant
reduction in pasture contamination withcontortuslarvae (LeJambre et al., 2008)
and develop protective immunity in response to weecfor a variety of bacterial
diseases. Recruitment of eosinophils and mast @ellsesponse tdH.contortus
challenge has also been observed in 3-month-oltddaand this occurred earlier in
lambs which had been previously exposed than irvendiallenged animals
(Lacroux et al., 2006). Not only were there sigmfitly higher numbers of

eosinophils and mast cells in the abomasal mucbgaraviously infected lambs
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compared to the naive-challenged 3 and 7 dayswiifp challenge, but numbers of

these cells increased earlier in the previouslgatéd-challenged group.

Previous studies of the ovine immune responsedwcumcinctahave demonstrated
that lambs at 4.5 months of age were capable afrgéng resistance to infection, as
shown by increased larval stunting and arrest Waollg later challenge. However,
this resistance was measurably less than that giedeusing the same infection
protocol in 10-month-old sheep, in which almost lalivae were arrested early in
development (Smith et al., 1983, Smith et al., 1984ith et al., 1985).

In order to further examine the differences in inmauesponses between young
lambs and yearling sheep challenged witkircumcincta the study described in
section 2.2.1 (samples from which were used duttegwork described in chapters
3-5) was repeated using 4- to 5-month-old lambdeasribed in section 2.2.2. This
provided an opportunity to evaluate how the oralagisin of the immune response in
younger lambs differs from that of older animalsing resources which were not
available during the studies described in previchspters. This may lead to
clarification of the reasons why susceptibilityTtaircumcinctainfection appears to
be age-related and is enhanced in young lambs wdmehcapable of generating
protective immune responses to vaccines. The erpetiwas also repeated using a
different breed of lambs to assess whether there @y notable differences in the
cytokine responses between breeds. This knowledgg te useful in the
development of an effectivé.circumcinctavaccine for young lambs and in the

development of helminth resistant breeds of sheep.

The objectives of this section of work were:

(1) To examine whether the cytokines previouslyneixa&d in the abomasum and
gastric lymph node of yearling sheep are transdribethese tissues in 4- to
5-month-old lambs.

(2) To define how the response to infection wiktcircumcinctain naive-
challenged and previously infected-challenged 4-5tmonth-old lambs

compares with that of yearling sheep.

163



(3) To examine whether previous exposure Tocircumcincta produced
detectable resistance to infection compared toenelinallenged lambs, and
compare the cytokine responses of naive-challeagddoreviously infected-
challenged sheep.

4) To compare the cytokine responses of naivdaigdd and previously
infected-challenged Blackface Leicester lambs with those of Dorset
Suffolk lambs.

6.2 Cytokine responses in 5-month-old Blackface x Leicester
lambs

As described in section 2.2.2 and Table 2.2, tegipus study using yearling sheep
in experimental groups 3 and 4 was repeated ubiny-five Blackfacex Leicester
5-month-old lambs in experimental group 5, as fthted in Table 6.1. As in the
previous study, RT-PCR assays were used to exanyitokine responses in the
abomasal mucosa and gastric lymph node at diffémeetpoints over the course of
infection. Unfortunately limitations on the numhsranimals available in this group
resulted in variable numbers of lambs killed athetime-point, and no previously
infected lambs were killed prior to challenge.

As was found in the older animals, transcriptionatiftwelve cytokines examined
was detectable in both the abomasal mucosa andasikic lymph node. These
results are illustrated in Figure 6.1 and 6.2. iStial analysis was carried out as
before, using an ANOVA residual plot to check farmality. Transcription IL-5,
IL-6, IL-10, IL-12p40, IL-13 and IL-18 in the gastric lymph node, anddLIL-10,
IL-13, IFNy, TNFo and TGBB; in the abomasal mucosa, was found not to be
normally distributed. Non-parametric tests weradfme considered appropriate for
data analysis. Cytokines with normally distributeanscription were also analysed
using non-parametric test so that the statistinalysis was consistent across all the
cytokines. Kruskal-Wallis test indicated a sigraint difference between groups in
the case of IL-18 (P=0.002, H=20¢y@n the gastric lymph node and IL-1gp
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(P=0.003, H=19.78 in the abomasal mucosa. Mann-Whitney U test wsasused to
make specific comparisons between groups or timetgowith the addition of
Dunn’s testas described in section 2.6. The smaller numbéarmbs in some of

the groups, where n<6, reduces the statistical poivihis experiment and increases
the impact of biological variation between indivadst

Table 6.1: Experimental design — Blackfagdeicester 5-month-old

lambs.

Nv = Naive; Pl = Previously Infected; Day 0 = uniéaged.

Experimental  Kill date Trickle  Challenge Kill day following
group infectiorf  infectiorf challengé
0 5 10 22

5—Nv Aug 2006 - + 4 6 5 4

5-PI Aug 2006 + + - 6 5 S

82000T.circumcincta L3 larvae administered 5 times per week for 8ksee

®One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gidllgd on the corresponding day
following challenge.

In the gastric lymph node limited significant chaagvere found over the course of
infection. Some proinflammatory activity was inded by increased transcription of
IL-18 in the naive-challenged lambs on days 102thdompared to the naive group,
which was significant using Mann-Whitney U test QF35); however only the
increase on day 22 was significant using Dunn’s ({2s0.01). Transcription of IL-
18 was also higher in the naive-challenged thdahearpreviously infected-challenged
group on day 22 (P<0.05). No changes were fourtchimscription of IL-B, IL-6 or
TNFa.

An increase in transcription of IL-4 was found metnaive-challenged groups on

days 5 and 10 when compared to the naive groupdingato Mann-Whitney U test

(P<0.05); however these increases were not signifiaccording to Dunn’s test. IL-5
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transcription was also found to be significantlyregulated in the naive-challenged
group on days 5 and 22 according to Mann-Whitnegst (P<0.05) when compared
with the naive group. The increase in IL-5 tran#oin on day 5 compared to the
naive group was confirmed using Dunn’s test (P<0.86 significant differences in

transcription of either IL-4 or IL-5 were found fhe lymph node between the naive-
challenged and previously infected-challenged gsoum the same day. No
significant changes were found in the transcriptidnlL-13 in the gastric lymph

node.

No significant change was found in the transcriptid the Thl cytokines IL-2, IL-
12pyo or IFNy in the lambs when compared to the naive groupetwden the naive-

challenged and previously infected-challenged gsatghe same time-point.

Transcription of the regulatory cytokine IL-10 wagnificantly increased in the
gastric lymph node of the naive-challenged groupday 22 compared the naive
group (P<0.05), and at this time-point was alsmificantly higher in the naive-
challenged group than the previously infected-emgled (P<0.05). However, this
increase compared to the naive group was not coadirusing Dunn’s test. No
significant changes in the transcription of T8eRvere found in the gastric lymph

node.

Transcription of IL-4 was significantly increasea the abomasal mucosa of the
naive-challenged lambs on day 5 when compared tee ngroup using Mann-
Whitney U test (P<0.05), however this was not aoméid using Dunn’s test. No
significant differences were found between IL-Ahgeription in the naive-challenged
and previously infected-challenged lambs at theesime-point. No change in the
transcription of IL-5 was found when comparing maand naive-challenged groups;
but transcription of this cytokine was significantligher on day 5 in the previously
infected-challenged lambs than in the naive-chg#edn(P<0.05). Significant up-
regulation of IL-13 was found in the naive-challeddambs on day 22 compared to
naive group using Mann-Whitney test (P<0.05), havethis was not confirmed

using Dunn’s test. Transcription of IL-13 was alsignificantly higher in the
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previously infected-challenged lambs than in thivex@hallenged group on day 10
(P<0.05).

IL-1B transcription was increased in the naive-challdng@up on days 5 and 10
when compared to the naive group according to Butest (P<0.05). Transcription
of IL-6 was also increased in the naive-challengedups on days 5 and 10
compared to the naive group according to Mann-Velitd test (P<0.05), however
this was only confirmed using Dunn’s test on dayR€0.01). IL-6 transcription was
significantly higher in the naive-challenged lamixs day 10 compared to the
previously infected-challenged group (P<0.05), hwve no difference in

transcription of IL-B was found between the naive-challenged and prslyiou
infected-challenged groups. IL-18 transcriptiontlie naive-challenged group was
significantly higher than in the previously infedtehallenged on day 22 (P<0.05),
but did not differ from the naive group followinghallenge. No significant

differences were found in the transcription lexdlI NFa in the abomasal mucosa.

No significant change in transcription of 1L-2, 12y or IFNy was found in the
abomasal mucosa following challenge. TranscriptbriL-12p, was found to be
significantly higher in the previously infected-dleaged than in the naive-
challenged lambs on days 5 (P<0.01) and 22 (P<0.05)

No significant changes in IL-10 transcription wasirid in the abomasal mucosa,
except for an increase on day 10 in the naive-ehg#id group compared to the naive
group according to Mann-Whitney U test (P<0.05\éweer this was not confirmed
using Dunn’s test. No significant changes in traipson of TGH; were found in

the abomasal mucosa following challenge.
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Figure 6.1(a): Cytokine transcription in the gastrlymph node of 5-month-old
Blackface x Leicester lambs in experimental group 5 relativeAlT Pase. Analysed
using Mann-Whitney U-test for non-parametric datthva 95% confidence interval,
n = 4-6 sheep per group for each time point; sigaifit difference between naive-
challenged and previously infected-challenged gsooip the same dagk (P<0.05);
significant difference between naive and naivelehgked groups# (P<0.05). Note
different ranges on Y-axes.
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Figure 6.1(b): Cytokine transcription in the gastrlymph node of 5-month-old
Blackface x Leicester lambs in experimental group 5 relativeAlT Pase. Analysed
using Mann-Whitney U-test for non-parametric datthva 95% confidence interval,
n = 4-6 sheep per group for each time point; sigaifit difference between naive-
challenged and previously infected-challenged gsooip the same dagk (P<0.05);
significant difference between naive and naivelehgked groups# (P<0.05). Note
different ranges on Y-axes.
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Figure 6.2(a): Cytokine transcription in the aborabhsmucosa of 5-month-old
Blackface x Leicester lambs in experimental group 5 relativeAlT Pase. Analysed
using Mann-Whitney U-test for non-parametric datthva 95% confidence interval,
n = 4-6 sheep per group for each time point; sigaifit difference between naive-
challenged and previously infected-challenged gsooip the same dagk (P<0.05);
significant difference between naive and naivelehgked groups# (P<0.05). Note
different ranges on Y-axes.
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Figure 6.2(b): Cytokine transcription in the aborabhsmucosa of 5-month-old
Blackface x Leicester lambs in experimental group 5 relativeAlT Pase. Analysed
using Mann-Whitney U-test for non-parametric datthva 95% confidence interval,
n = 4-6 sheep per group for each time point; sigaifit difference between naive-
challenged and previously infected-challenged gsooip the same dag (P<0.05),
% * (P<0.01); significant difference between naive awailve-challenged groupé:

(P<0.05). Note different ranges on Y-axes.
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6.3 Cytokine responses in 5-month-old Dorset x Suffolk
lambs

The anti-parasite responses observed in the lasdis in section 6.2 were similar to
those of the yearling sheep (Halliday et al, papesreparation), so this experiment
was repeated to confirm that this finding was na¢ ¢b breed differences between
the experiments. For this experiment a larger nurob®orsetx Suffolk 5-month-
old lambs from experimental group 6 were used,ea€ribed in section 2.2.2, Table
2.2 and Table 6.2. As previously, RT-PCR assaysevagain used to examine
cytokine responses in the abomasal mucosa andcggstph node at different time-
points over the course of infection. More lambsevavailable in this group than in
the previous experiment, allowing four naive andirfgreviously infected-
unchallenged animals to be included. This was itgoors it allowed baseline levels
following trickle infection and prior to challende be assessed. The larger number
of animals also allowed there to be six individualgach group of challenged lambs
killed on days 5, 10 or 21.

Table 6.2: Experimental design — Dorse&tSuffolk 5-month-old

lambs.

Nv = Naive; Pl = Previously Infected; Day 0 = uniéraged.

Experimental  Kill date Trickle  Challenge Kill day following
group infectiorf  infectior? challengé
0 5 10 21

6 — Nv June 2007 - + 4 6 6 6

6 — PI June 2007 + + 4 6 6 6

#2000T.circumcincta L3 larvae administered 5 times per week for 8ksee
®One dose of 50,000.circumcincta L3, given 7 days after Levamisole treatment.
¢ Quoted figure is the number of sheep in the gikilipd on the corresponding day

following challenge.
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As was found previously, transcription of all tweleytokines was detectable in both
the abomasal mucosa and the gastric lymph nodeseTresults are illustrated in
Figure 6.3 and 6.4. Statistical analysis was cdroet as before, using an ANOVA
residual plot to check for normality. Transcriptiohall the cytokines was found not
to be normally distributed, with the exception bfll2py in the gastric lymph node.
Non-parametric tests were therefore consideredogpiate for data analysis in all
cases, so that the statistical analysis was censistcross all the cytokines in both
tissues. Kruskal-Wallis test indicated a significdifference between groups in the
case of IL-4 (P=0.003, H=21.%7 IL-5 (P=0.001, H=25.59 and IL-13 (P=0.002,
H=23.3Q) in the gastric lymph node and I3-1P=0.009, H=18.6/, IL-4 (P<0.001,
H=27.1%), IL-5 (P<0.001, H=32.38, IL-6 (P=0.003, H=21.6}, IL-13 (P<0.001,
H=29.04), IL-18 (P=0.004, H=21.13 and TGB1l (P=0.006, H=19.89 in the
abomasal mucosa. Mann-Whitney U test was usedrpare naive-challenged and
previously infected-challenged groups at the same-point and to compare each
group to the corresponding unchallenged group. Butast was then also used to
compare each group to the corresponding unchalieggeup to check for type |

error.

No change in IL-18 transcription was found in thestgic lymph node of the Dorset
Suffolk lambs over the course of infection; it waswever, significantly higher in
the naive-challenged lambs than in the previoudigcted-challenged group on day
21 (P<0.05). No significant changes were foundiihee transcription of IL-f or
TNFa, though the level of ILfl transcription was significantly higher in the naiv
challenged lambs than the previously infected-eimgiéd group on day 22 (P<0.01).
Transcription of IL-6 was significantly increased ithe previously infected-
challenged lambs compared to the previously inteatechallenged group on day 10
using both Mann-Whitney U test and Dunn’s test (B5]

Increased transcription of IL-4 was found in thestga lymph nodes of both the
naive-challenged and previously infected-challenQedsetx Suffolk lambs on day

10 according to Mann-Whitney U test (P<0.05), amdhie naive-challenged lambs
on days 10 (P<0.001) and 21 (P<0.01) according uan¥ test, when compared
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with the respective unchallenged groups. IL-4 tcapson was also significantly
higher in the previously infected-unchallenged lanthan in the naive group
(P<0.05), and in the naive-challenged than theipusly infected-challenged on day
10 (P<0.01). IL-5 transcription was increased ie freviously infected-challenged
group on day 5, and in both groups on days 10 dnevi2zen compared with the
respective unchallenged groups, according to MamitWwy U test and Dunn’s test
(P<0.05).

A significant increase in transcription of IL-13 svéound in the gastric lymph node
of the naive-challenged lambs on days 10 and 21paoced to the naive group
according to Mann-Whitney U test (P<0.05). This wasfirmed using Dunn’s test
on day 21 (P<0.01), but not on day 10. IL-13 trapson was also significantly
higher in the previously infected-unchallenged lanthan in the naive group
(P<0.05), and in the previously infected-challentgdbs than the naive-challenged
group on day 5 (P<0.01).

No significant changes in the transcription of ILI2-12p,0 or IFNy were observed
in the gastric lymph node of the DorseSuffolk lambs following challenge; though
transcription of IL-12m, was significantly higher in the previously infedte
challenged group than in the naive-challenged oy 2th (P<0.05), and IFN
transcription was higher in the naive-challengechba than in the previously
infected-challenged on day 10 (P<0.05).

No change in IL-10 transcription was found in thestgic lymph node of the Dorset
Suffolk lambs following challenge. However, signdntly higher transcription levels
of both IL-10 (P<0.01) and T@r (P<0.05) were found in the naive-challenged
lambs than in the previously infected-challengesligs on days 10 and 22.

Transcription of IL-B was increased in the abomasal mucosa of the naive-
challenged Dorset Suffolk lambs on day 10 compared to the naive gecording

to Mann-Whitney U test and Dunn’s test (P<0.05q aras significantly higher in

the naive-challenged than in the previously inf@atieallenged lambs on day 5
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(P<0.05). IL-6 transcription was increased in theraasal mucosa of both the naive-
challenged and previously infected-challenged lambgdays 5 and 10, and in the
naive-challenged lambs on day 21, compared to tegpective unchallenged groups
according to Mann-Whitney U test (P<0.05). Thisnffigance in IL-6 up-regulation
was confirmed using Dunn’s test for the naive-@raked lambs on days 5 (P<0.05)
and 10 (P<0.01), and for the previously infectedieimged lambs on day 10
(P<0.05). Transcription of IL-18 was increasedha haive-challenged group on day
10 compared to the naive group according to ManitWi U test (P<0.05),
however this was not confirmed using Dunn’s tedt:18 transcription was
significantly higher in the naive-challenged grahan in the previously infected-
challenged on days 5 (P<0.01) and 10 (P<0.05).alM&s significantly up-regulated
in the naive-challenged lambs on day 10 comparedeimaive group using Dunn’s
test (P<0.01).

Transcription of IL-4 in the abomasal mucosa wagnificantly higher in the
previously infected-challenged DorsetSuffolk lambs than in the naive-challenged
on day 5 (P<0.01), was increased in the previousfgcted-challenged lambs
compared to the previously infected-unchallengedigron days 5 and 10, and in the
naive-challenged lambs compared to the naive goougays 10 and 21 according to
Mann-Whitney U test (P<0.05). However, these ineesavere only confirmed in the
naive-challenged group compared to the naive om #l@yand 21 using Dunn’s test
(P<0.01). IL-5 transcription was increased in thevpusly infected-challenged
lambs on days 5, 10 and 21, and in the naive-ciggl lambs on days 10 and 21,
compared to their respective unchallenged groupsguMann-Whitney U test
(P<0.05). However, only the up-regulation in theyously infected-challenged
lambs was confirmed using Dunn’s test on days DK, 10 and 21 (P<0.05).
Transcription of IL-5 was significantly higher irhé abomasal mucosa of the
previously infected-challenged lambs than in thivexghallenged on days 5 and 10
(P<0.05). IL-13 transcription in the abomasal macess higher in the previously
infected-unchallenged lambs than in the naive-utaiged (P<0.05), and in the
previously infected-challenged lambs than in thévewehallenged on day 5

(P<0.01); and was significantly up-regulated in greviously infected-challenged
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lambs on days 5, 10 and 21, and in the naive-ciggh lambs on days 10 and 21,
compared to their respective unchallenged groupsrdimg to Mann-Whitney U test

(P<0.05). However, the up-regulation of IL-13 wasyaconfirmed using Dunn’s test

in the naive-challenged group on days 10 (P<0.0) 21 (P<0.05), and in the

previously infected-challenged group on day 10 (BSP

Little significant change in Thl cytokine trans¢mgm was found in the abomasal
mucosa of the Dorset Suffolk lambs. No changes were found in the lewéld -2

or IL-12py0 transcription, however transcription of IfFNvas significantly higher in
the naive-challenged group than in the previousfgdted-challenged on day 10
(P<0.05), and was up-regulated in this group on Hadyompared to naive lambs
according to both Mann-Whitney U test and Dunn& {(£<0.05).

Transcription of IL-10 in the abomasal mucosa wgsicantly increased on day 10
in the naive-challenged group compared to the nat@rding to Dunn’s test
(P<0.05). TGB; transcription in the abomasal mucosa was fourteetap-regulated
in both the naive-challenged and previously infeeteallenged groups on days 10
and 21 according to Mann-Whitney U test (P<0.06)yéver this was not confirmed
by Dunn’s test.
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Figure 6.3(a): Cytokine transcription in the gastrlymph node of 5-month-old
Dorset x Suffolk lambs in experimental group 6 relativeAibPase. Analysed using
Mann-Whitney U-test for non-parametric data witB%26 confidence interval, n = 6
sheep per group for each time point; significantfedtence between naive- and
previously infected-un/challenged groups on the esaslay: * (P<0.05), *%
(P<0.01); significant difference between challenggaups and their respective
unchallenged groupst (P<0.05). Note different ranges on Y-axes.
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Figure 6.3(b): Cytokine transcription in the gastrlymph node of 5-month-old
Dorset x Suffolk lambs in experimental group 6 relativeAibPase. Analysed using
Mann-Whitney U-test for non-parametric data witB%26 confidence interval, n = 6
sheep per group for each time point; significantfedtence between naive- and
previously infected-un/challenged groups on the esaslay: * (P<0.05), *%
(P<0.01); significant difference between challenggaups and their respective
unchallenged groupst (P<0.05). Note different ranges on Y-axes.
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Figure 6.4(a): Cytokine transcription in the aborabmucosa of 5-month-old Dorset
x Suffolk lambs in experimental group 6 relativeAfbPase. Analysed using Mann-
Whitney U-test for non-parametric data with a 958fftdence interval, n = 6 sheep
per group for each time point; significant diffecenbetween naive- and previously
infected-un/challenged groups on the same d#&y:(P<0.05), ¥% (P<0.01);
significant difference between challenged groupd #ieir respective unchallenged
groups:# (P<0.05). Note different ranges on Y-axes.
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Figure 6.4(b): Cytokine transcription in the aborabmucosa of 5-month-old Dorset
x Suffolk lambs in experimental group 6 relativeAfbPase. Analysed using Mann-
Whitney U-test for non-parametric data with a 958fftdence interval, n = 6 sheep
per group for each time point; significant diffecenbetween naive- and previously
infected-un/challenged groups on the same d#&y:(P<0.05), ¥% (P<0.01);
significant difference between challenged groupd #ieir respective unchallenged
groups:# (P<0.05). Note different ranges on Y-axes.
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6.4 Discussion

The findings of the first study of BlackfaeelLeicester 5-month-old lambs generally
echoed the proinflammatory and Th2 responses fannithe yearling sheep and
described in chapter 3; proinflammatory responsasimed more notably in the
abomasal mucosa of the naive-challenged groupThBdesponses were generally
earlier and more pronounced in the gastric lymptienof the previously infected-
challenged group, with no change in Thl-type cytieki found in the abomasal
mucosa of either group following challenge. Theanapntrast between the findings
of the two studies concerned the suppression oftyjpéd cytokine transcription in
the gastric lymph node of the yearling sheep, oictvithere was no evidence in the
gastric lymph node of the younger lambs. The upHedpn of IL-18 in the gastric
lymph node of the younger animals also contrastiéd ¢ suppression in the older
group. This suggests that the deficiency in the imenresponse to helminths in
young lambs is not due to an inability to genefi@ responses, but may be due to
inadequate suppression of Thl responses in thehyrode. However, it is difficult
to draw conclusions regarding the changes in cgtkianscription taking place over
the course of infection in the tissues of the prasly infected-challenged lambs, as
there was no previously infected-unchallenged grtouact as a baseline to compare

this group to.

The addition of a previously infected-unchallenggiup during the Dorsek
Suffolk lamb experiment allowed interpretation dietpreviously infected group
results in comparison to a baseline. This studyicuored that the cytokine responses
taking place in the abomasal mucosa of the DorsBuffolk lambs was similar to
those found in this tissue in the previous Blac&facLeicester lambs and in the
yearling sheep; indicating a Th2 response whichuwed earlier and more
prominently in the previously infected-challengexinaals, and an inflammatory
response which was more pronounced in the naiviéenlgad group. Both breeds of
lambs also demonstrated changes indicative of aréb@onse taking place in the
gastric lymph node, as had been previously fourttienyearling sheep; however, in
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contrast to the yearlings, no suppression of Tipk-tgytokine transcription after
challenge was evident either in the DorseSuffolk lambs or the Blackface

Leicester group. Figures 6.5 and 6.6 illustrate tle@ds in cytokine transcription
observed, in the gastric lymph node and abomasabsaurespectively, following
challenge of naive and previously infected sheepr dsoth 5-month-old lamb
experiments. Transcription of IL-2 and Iizhh the gastric lymph node of yearling
sheep compared with DorsetSuffolk lambs is illustrated in Figure 6.7 (a) afi

respectively. Transcription of IL-4, IL-5 and IL-1 the abomasal mucosa of
yearling sheep compared with DorseSuffolk lambs is illustrated in Figure 6.8 (a),

(b) and (c) respectively.

However, some differences were found in the resafltthe Dorsetx Suffolk lamb
experiment compared to the BlackfageLeicester lambs. No change in IL-18
transcription was found in the gastric lymph nofléhe Dorsetx Suffolk lambs over
the course of infection, which contrasts with things in the gastric lymph nodes
of both the Blackface Leicester lambs, in which this cytokine was insezhin the
naive-challenged group following challenge, andytharling sheep, in which it was
suppressed in both naive-challenged and previougbcted-challenged groups
following challenge. Transcription of IL-6 was alsgnificantly increased in the
previously infected-challenged DorsetSuffolk lambs compared to the previously
infected-unchallenged group, a change which wagresiously found in the gastric

lymph node of the yearling sheep.

Another notable difference from the results of phevious lamb and yearling studies
was the significantly increased transcription ofllR in the gastric lymph node of the
naive-challenged Dorset Suffolk lambs following challenge, which was nouhd
in the Blackfacex Leicester lambs or the yearling sheep groups. knd IL-5
responses in the gastric lymph node both occurmtiee in the Blackfacex

Leicester lambs than in the DorseSuffolk lambs.
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In contrast with the up-regulation of IL-10 in tigastric lymph node of the naive-
challenged Blackface Leicester lambs on day 22 compared to the naiwepgmo
change in IL-10 transcription was found in the gadymph node of the Dorset
Suffolk lambs following challenge. The increasednscription of IL-10 in the
gastric lymph node of the naive-challenged Doxs8uffolk lambs on days 10 and
22 compared to the previously infected-challengeaugs is consistent with the
findings in yearling sheep; however in the yeadirtbis difference in IL-10 was
found on days 2 and 5 compared to days 10 and #ege lambs. This suggests that
a delay or reduction in the development of regujatesponses, which either reduce
immune-mediated pathology or aid in the suppressibiThl, may also have an
influence on the reduced resistance and increaserbidity due to helminth
infection in young lambs. Transcription of IL-10 the gastric lymph node of

yearlings compared with DorsetSuffolk lambs is illustrated in Figure 6.7 (c).

Proinflammatory cytokine responses in the abomaselosa of the Dorset Suffolk

lambs were similar to those found in the Blackfadeeicester and in the yearlings,
suggesting a more pronounced inflammatory respamae taking place in the
abomasal mucosa of the naive-challenged individdattng infection than in the
previously infected-challenged group. Thl-and Tyj#tcytokine transcription in the
abomasal mucosa of the two lamb breeds was alstasimthe two lamb breeds and
consistent with the results from the yearling sheeith no significant changes in
Thl-type cytokine transcription following challengand a Th2-type response

occurring earlier in the previously infected-chatied lambs.

Though some differences were found in the cytokiesponses between the
Blackface x Leicester lambs and the DorsetSuffolk group, such as the more
pronounced Th2 responses in the Dorse&uffolk lambs than in the Blackface

Leicester, the general trends were similar. No iB@ant differences in the anti-
parasite responses as measured by worm countegitid were found between the
two groups, so differences in cytokine responséwden the two lamb experiments
are likely to be due to individual biological varen rather than differences in

response toT.circumcincta infection due to breed (Halliday et al, paper in

183



preparation). This implies that the use of différbreeds at different time-points in
the previous studies of yearling sheep will notéhé&rad a significant effect on the

observed immune responses.

These studies present a clear indication that ¢heerl resistance and increased
morbidity due to helminth infection in young lamiss not due to an inability to
produce Th2 or local inflammatory responses. Téisonsistent with the findings of
previous studies dfi.contortusinfection of 3-month-old lambs, which demonstrated
a clear Th2 response indicated by increased trgtiser of IL-4, IL-5 and IL-13 in
the abomasal fundic mucosa (Lacroux et al., 2006).

The most dramatic and significant difference in tlygokine responses between the
two age groups is the almost total lack of suppoessf Thl cytokine responses in
the gastric lymph node in the younger lambs. Agthis finding is consistent with
infection of 3-month-old lambs witH.contortus in which no significant suppression
of IL-12 or IFNy was found in the gastric lymph node (Lacroux et 2006). It is
possible that Th1 cytokines may be inhibiting garasitic immune responses due to
suppression of Th2 cytokine production and/or amtgm of their effects.

The reason for this evident lack of Thl suppresssoanclear. Merino lambs 4-8
months old have been found to have a lower prapodi CD4+ cells in their lymph

and blood than older sheep 3-6 years old (Watsoal.et1994). As IL-4 was

transcribed in the efferent lymph by CD4+, but @@8+ oryd+ lymphocytes (see

section 5.5), it is possible that the influencetloé available CD4+ lymphocyte
population in young lambs is insufficient to gerner&nough Th2 cytokines to
significantly suppress Th1l. However responseshergtathogens involving CD4+ T
cells are not stunted in young lambs in the samg was the responses to
gastrointestinal helminths appears to be; therdfugedelay in developing resistance
to helminth infection is more likely to be due tonge other aspect of the immune

response.
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Figure 6.5(a): Schematic illustration of the trenidstranscription of Th1l- and Th2-
type cytokines in the gastric lymph node of naivalenged and previously infected-
challenged 5-month-old lambs. Note ranges on Y-&ag 0 =unchallenged.
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Figure 6.5(b): Schematic illustration of the trends transcription of pro-
inflammatory and regulatory-type cytokines in thastgic lymph node of naive-
challenged and previously infected-challenged 5#mahd lambs. Note ranges on

Y-axes. Day 0 =unchallenged.
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Figure 6.6(a): Schematic illustration of the trenidstranscription of Th1l- and Th2-

type cytokines in the abomasal mucosa of naivelagtd and previously infected-

challenged 5-month-old lambs. Note ranges on Y:d&ag 0 =unchallenged.
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Figure 6.6(b): Schematic illustration of the trends transcription of pro-

inflammatory and regulatory-type cytokines in thikomasal mucosa of naive-

challenged and previously infected-challenged 5#mahd lambs. Note ranges on

Y-axes. Day 0 =unchallenged.
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Figure 6.7: Transcription of IL-2, IFNand IL-10 in the gastric lymph node of
yearlings (as also illustrated in Figure 3.5) inmaparison with 5-month-old Dorset
Suffolk lambs (as also illustrated in Figure 6.8)ative to ATPase. Mean and SEM,
n = 6 sheep per group for each time point. Notéed#nt ranges on Y-axes.
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Figure 6.8: Transcription of IL-4, IL-5 and IL-13hithe abomasal mucosa of
yearlings (as also illustrated in Figure 4.1) inmaparison with 5-month-old Dorset
Suffolk lambs (as also illustrated in Figure 6.4)ative to ATPase. Mean and SEM,
n = 6 sheep per group for each time point. Notéed#nt ranges on Y-axes.
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There is a notable contrast between the outcorhéiseostudies detailed here, in
combination with chapters 4 and 5, and the outcoofi¢be studies of anti-parasite
responses td.circumcinctain yearlings and young lambs carried out by Sraitd
colleagues between 1981 and 1985 (Smith et al.l,198ith et al., 1983, Smith et
al., 1984, Smith et al., 1985). The recent studetsiled here failed to produce the
differences in the blast cell response and wornmtsobetween lambs 4-5 months old
and 10-12 months old (Halliday et al, paper in prapon) which were evident in the
older experiments. The lower dose of larvae adraresl during trickle infection of
the previously infected sheep in the recent st@d)0 L3 larvae three times per
week compared to five times per week in the oldgreements, may explain the
difference in results between the two experimgmgshaps a higher dose would have
produced a more pronounced immunity in the yearthgep, as suggested by the
“threshold” hypothesis of helminth immunity whereimewly ingested larvae
encounter immune responses which occur once ahthickkevel of antigen exposure

has been reached (Dineen and Wagland, 1966), but tite younger lambs.

This hypothesis is supported by the observation @ahenuch higher percentage of
arrested larvae was retrieved from the yearlingghlvhad been trickle infected five
times per week (74.5 and 80.0%) than from thosechvinad been infected three
times per week (31.0 and 38.2%), whereas the pegerf arrested larvae retrieved
from the 4- to 5-month-old lambs (infected five émper week, 6.3 and 22.0%;
infected three times per week 13.6 and 28.4%) wasas between the two series of
experiments (Smith et al., 1983, Smith et al., 1$84ith et al., 1985, Halliday et al.,
2007). This has also been indicated in studiddro€ella abortusnfection in young
lambs compared to adult sheep, in which “the seamtibody responses of adult
sheep to the T cell-independent antiggmicella abortuslipopolysaccharide were
greater over a range of antigen doses, sugges$taicah apparent excess of antigen
could not overcome the relative immune deficientyaung sheep” (Watson et al.,
1994).

Frequency of infection may also be a factor indiserepancy between the two sets

of T.circumcincta infection studies. Experimental infections of miagith
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Heligmosomoides bakefave demonstrated that mice infected more fredpent
expelled the parasites more rapidly than mice tefétess frequently, but with doses
amounting to the same total number of larvae (Bi@itl and Behnke, 1992).

The differences in susceptibility and morbidityweén young lambs and older sheep
is unlikely to be due to differences in cytokinespenses in isolation. A study of
changes in abomasal histology in respongd.tmntortusby Salman and colleagues
(1984) produced the incidental finding that a wdree ewe had higher numbers of
mast cells, eosinophils, plasma cells and lymphexcyhan an equivalent worm free
lamb. Over the course of infection the adult ewks® g@roduced a more marked
increase in mast cells, globule leukocytes, eosit®mnd IgA-producing plasma
cells than the young lambs. This disparity betweencellular profiles of lambs and
older sheep is likely to have an impact on helmmtistance and to be linked to a

difference in cytokine responses.

192



7  Chapter Seven:
Summary and Conclusions

The immune response facircumcincta as discussed in section 1.3, was known to
have many features associated with a phenotypic-tyjiR response; such as
mastocytosis, eosinophilia, mucous cell hyperplas@increased mucus production.
However the cytokine profile generated in respotwsénfection, which would be
useful in directing the development of potentialcasines towards an effective
immune response, had not yet been examined. Theodittiis study was to
investigate the local cytokine changes which cowtdi the immune response to

T.circumcinctaand the development of acquired immunity.

7.1 Cytokine responses in yearling sheep to Teladorsagia

circumcincta infection

Sheep which had previously been exposed to a dridkffection of 2,000
T.circumcinctalL3 larvae three times per week for eight weekseweeared of
infection and challenged with 50,000 L3, then exwmedi in comparison with
helminth-naive sheep which had received only a@D,03 challenge dose. This
study of cytokine responses following challengeh&fse two groups is described in
chapters 3-5. The significantly increased numbdrsnast cells observed in the
abomasal mucosa of the previously infected aniroamspare to the naive sheep on
day 0, described in section 4.4, confirmed thathd-phenotype response had taken
place during the trickle infection. Mastocytosissaalso evident in the naive sheep
following challenge, as mast cell numbers were iBantly increased on day 21
compared to day 0. Previously infected animals wase found to have a more
effective anti-parasite response, demonstratedotaer post-mortem worm counts
and a greater degree of larval stunting, IgA respand an earlier blast cell response
in efferent lymph than the naive challenged aninfidilliday et al., 2007, Halliday
et al., 2009Db).
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Increased transcription of the Th2 cytokines ILH45 and IL-13 was observed in
the abomasal mucosa of yearling sheep during iofeawvith T.circumcincta as
discussed in section 4.5. This increase is comdistéh studies ofH.contortusin
sheep (Lacroux et al., 200@nd O.ostertagiinfection in cattle (Claerebout et al.,
2005), and occurred earlier and to a greater extetite previously infected sheep
than the naive following challenge, consistent with responses observed during
H.contortus infection (Lacroux et al., 2006). In contrast tdoservations of
O.ostertagiinfection in cattle (Claerebout et al., 2005)nseription of IFN was not
significantly increased in the abomasum of shedpctad with T.circumcincta
Concurrent inflammation was indicated in the abahasucosa of the naive
challenged animals by increased transcription efiland IL-6 compared to day O,
which was not found in the previously infected ghelcreased transcription of
TGHB; found in the ovine abomasum following challenges wagnificant compared
to day O in the previously infected sheep, butthetnaive. Increased transcription of
IL-6 and TGMPB; was not observed durir@.ostertagiinfection in cattle (Claerebout
et al., 2005).

The timing of these responses is interesting. Enly @p-regulation of IL-4 two days
following challenge, and of IL-5 two and five dajsllowing challenge, in the
abomasal mucosa of the previously infected grouppased to day O corresponds
with expulsion ofT.circumcinctain this group. This expulsion occurred by day 2 in
the previously infected group (Halliday et al., 20)) resulting in significantly lower
worm burdens compared to the naive challenged sti¢aiiday et al., 2007). A
parasite-specific IgA blast cell response also oecuin the previously infected
group, and may be instrumental in stunting lan@edlopment, however this IgA
response occurred too late to be implicated in wexpulsion (Halliday et al., 2007).

Increased transcription of IL-4 and IL-5 from dayw@s also found in the gastric
lymph node of previously infected sheep during #gaely stages of the immune
response to infection, as discussed in sectionaBofg with significant suppression

of transcription of the Th1l cytokines IL-2 and K- both the naive and previously
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infected groups. This is consistent with the ThRetyresponse and concurrent
suppression of Thl cytokines observed in the galstnph node during).ostertagi
infection of cattle (Claerebout et al., 2005), heereno suppression of Thl cytokines
had previously been found durirtgcontortusinfection of sheep (Lacroux et al.,
2006). This difference may be due to differenceth@immune responses of the host
to H.contortus which causes far more trauma to the abomasal sauciiring
blood/tissue feeding tha®@.ostertagiand T.circumcincta This suppression of Thl
cytokines in the lymph node again occurred eadied to a greater extent in the

previously infected sheep than in the naive.

Increased transcription of IL-4 and IL-13 from ddy found in efferent lymphocytes
following challenge of previously infected sheepaiso consistent with that found in
pseudoafferent intestinal lymphocytes followingeiction with Trichostrongylus
colubriformis (Hein et al., 2004), as discussed in section 5.fe Tncreased
transcription of IL-4 by CD4+ efferent lymphocyt@s the previously infected
animals peaked at day 1, earlier than the CD4+ ket response which peaked at
day 3 in this group (Halliday et al., 2009b). Arsfgcant increase in IFiNcompared
to day -1 was also observed in the efferent lymptescat day 1 after challenge of
the previously infected sheep, possibly due to ¢bacurrent CD8+ blast cell

response which peaked at day 3 (Halliday et aD9aD

The earlier and more pronounced increase in Thakow transcription, and
suppression of Thl cytokines, in the previouslyeatdéd sheep emphasises the
importance of these mechanisms in the immune resp@T .circumcinctainfection
and the development of resistance to infections Thsupported by observations that
sheep intelectin 2, which is Th2-induced, was peceduearlier in the previously
infected sheep (Athanasiadou et al., 2008, Frenhel.,e2008, French et al., 2009).
Other Th2-induced molecules, such as calcium aefivahloride channel (Knight et
al, paper in preparation), ovine galectin-14 aneeghmast cell protease-1, were also
increased following challenge (Zhou et al., 2001hakasiadou et al., 2008, French
et al., 2008).
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The most significant findings from the study of gleewy sheep are that the Th2-type
response observed in the abomasal mucosa of shiegped withT.circumcinctais
more clearly defined than that observed in the as@ihmucosa of cattle infected
with O.ostertagi(Claerebout et al., 2005), occurring earlier amd greater extent in
previously infected-challenged animals than naivaienged, and that transcription
of Thl cytokines in the gastric lymph node is digantly suppressed following

infection withT.circumcincta

7.2 Cytokine responses in 5 month old lambs to Teladorsagia

circumcincta infection

The study of cytokine responses in naive and puslyoinfected yearling sheep
described in chapters 3-5 was then repeated usmgrh old lambs, as described in
chapter 6. It was expected that the younger aninvaldld fail to mount effective
anti-parasite responses, resulting in higher pastem worm burdens and reduced
larval stunting in comparison to the yearlingshad been found in previous studies
using a similar experimental model (Smith et a@83). However in this case no
significant difference was found in blast cell respe or worm counts between 5
months old lambs and yearlings (Halliday et al,gvap preparation). This may be
due to the fact that a lower total dose of larvees vadministered at a reduced
frequency during trickle infection of the previoyshfected sheep in the recent
study, as discussed in section 6.4.

This experiment was duplicated using different dse®f lambs to assess the
influence of breed on cytokine responses .wrcumcinctain this experiment. While
some differences were found in the cytokine respsfetween the two breeds, such
as the more pronounced Th2 responses in the DerSetffolk lambs than in the
Blackface x Leicester, the general trends werelarmaind no significant differences
in worm counts or larval stunting were found betwé®e two groups (Halliday et al,
paper in preparation).
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The changes in cytokine transcription in 5 month lambs following infection with
T.circumcinctawere similar to the proinflammatory and Th2 resgsnfound in the
yearling sheep. Proinflammatory responses, indicate increased transcription of
IL-1B and IL-6 following infection, were more pronoundedthe abomasal mucosa
of naive than previously infected lambs. Th2 cytekiesponses following infection,
indicated by increased transcription of IL-4, IlaBd IL-13 compared to day 0, were
again earlier and more pronounced in the abomasuieo previously infected

lambs, but not the gastric lymph node.

The most interesting contrast between the two agepg concerned the suppression
of Thl cytokine transcription in the gastric lymplode of the yearling sheep
following infection, of which there was no evidenoethe gastric lymph node of the
5 month old lambs. Increased transcription of ILii8he gastric lymph node of the
younger animals compared to day O also contrastibdswppression of this cytokine
in the older group.

This suggests that the increased susceptibilityoahg lambs td.circumcinctamay
not be due to an inability to generate Th2 respgniset an inability to adequately
suppress transcription of antagonistic Th1l cytokimethe draining lymph node. The
suppression of Th2-type responses by ongoing ptafuof Thl cytokines during
gastrointestinal helminth infection may, in partpkin why younger lambs do not
produce significant increase in mast cells, globeié&ocytes, eosinophils and IgA-
producing plasma cells in the abomasal mucosa ceada adult ewes (Salman and
Duncan, 1984).

The most significant findings from the study of ®mth-old lambs is that these
animals, while capable of producing a Th2-type kite response following
infection with T.circumcincta were not as capable of suppressing Thl-type oyok

transcription in the draining lymph node as oldezep.
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7.3 Summary of cytokine changes influenced by immune

status

To summarise, transcription of the Th2-type cytekiriL-4, IL-5 and IL-13, the
proinflammatory cytokines IL{1 and IL-6, and the regulatory cytokine TfzFvas
increased in the abomasal mucosa of the yearliegpstollowing infection with
T.circumcincta whereas no significant changes were found in Tie-type
cytokines IL-2, IL-12p and IFN. IL-4 and IL-5 were up-regulated during the early
stages of the immune response in the abomasuroninast to I1L-13 which was up-
regulated later on. Transcription of all three Tiige cytokines increased earlier and
to a greater extent in the previously infectedJemged animals than in the naive-
challenged. The proinflammatory cytokine IL-6 wasregulated in the abomasum
of the naive-challenged group early following irtfes, but transcription did not
increase in the previously infected-challenged pgrourhis contrasts with
transcription of IL-B, which was increased in both the naive- and tlipusly
infected-challenged groups, but increased earlierthe previously infected-
challenged; IL-18, which was suppressed in the exahallenged group following
infection and was consistently lower in the presgiguinfected-challenged group
than the naive-challenged; and Td\Rvhich was initially suppressed in the naive-
challenged group, then increased in the previoudgcted-challenged group during

the later stages of infection.

No change in transcription of IL-13 was found i tastric lymph node following

infection of yearling sheep. IL-4 transcription wagially increased in the gastric
lymph node during the early stages of infectionthe previously infected group
before being reduced at a later time-point. IL-&ngcription was transiently
increased, and was higher in the previously infbcteallenged group than the naive-
challenged during the early stages of infectioncdntrast, transcription of IL-2 and
IFNy was markedly suppressed in the gastric lymph nofléoth the naive-

challenged and the previously infected-challengexhrlings; this suppression
occurring earlier in the previously infected-chajied group. Transcription of

IL-12p4o was transiently reduced during the early stageshallenge, but only in the
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previously infected-challenged group. A proinflamarg response was suggested in
the gastric lymph node of the yearling sheep bynarease in transcription of ILB1
and TNFe, however IL-18 transcription was again suppressefioth the naive-
challenged and previously infected-challenged gsougGH; was initially
suppressed in the gastric lymph node of both grobpswas later increased in the

naive-challenged group.

Increased transcription of IL-4 and IL-13 in respenoT.circumcinctainfection was
also found in the efferent gastric lymph of thevpwasly infected-challenged sheep
following infection, as was an increase in trarsoon of IFNy during the early

stages of infection.

Infection of 5-month-old lambs produced similar geas in cytokine transcription in
the abomasum to those found in the yearling shidewever, a major contrast to the
yearlings was observed in the gastric lymph nodeth&f lambs, wherein no

suppression of Thl-type cytokine transcription whserved.

7.4 Limitations

Many of the limitations of these experiments wérese that are inherent in all large
animal experimental trials. The need for statidifcaignificant numbers of animals
is countered by the necessity to reduce the numibanimals used in research, the
difficulty of producing and maintaining specificthbagen-free large animals and the
expense of housing them to appropriate hygienevasithre standards. In addition,
large animals take far longer to reproduce and reatioban traditional laboratory
animals, and are still of variable and mixed gersetiompared to inbred strains of
rodents and rabbits, leading to significant vaoiatbetween individuals, even within
the same breed or sire-line. However, these diffesi are outweighed by the
benefits of studying the immune responses to pasasi the natural host as opposed

to rodent models.
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Due to the limited availability of helminth-naiveearling sheep during the early
stages of these trials, it was not possible taushelpreviously infected unchallenged
control animals in the experiments described irtices 3.3.1 and 3.3.2 while still
having statistically significant numbers of sheeghe challenged groups. However,
as the main aim of these initial trials was to exearthe differences in response to
T.circumcinctachallenge between helminth-naive and previoudsbcied sheep, this
was not considered a major limitation at this st&ydsequent trials were then run to
address the differences in immune responses o€ raid previously infected sheep
during the course oF.circumcinctainfection, for which baseline day 0 controls were
included. These trials are described in sectiod$833.3.4 and 4.2.

As a study of cytokine transcription in sheep, tsisdy was also limited by the
availability of sheep gene/mRNA sequences for coatpeely more recently
identified cytokines such as IL-25 and IL-33. M@enetic sequence information is
becoming available for ruminants, which will be fugdor similar studies in the
future. More reagents for use in ruminants are bsmming available, for example
through the Veterinary Immunology Committee (VICpolkit (Entrican et al.,
2009). However the range of reagents and gene segueformation available for
ruminants is still far less than for more tradibtaboratory animals.

The identification of housekeeping genes which hauestant levels of transcription
in all tissues and disease states in sheep isaalsourring problem when using these
animals; thus far a perfect candidate has not fmerd.

7.5 Implications and future work

Breeding of sheep for resistance to helminth imbechas been in progress for a
number of years, as discussed in section 1.4; hemv@vogress in large animals is
slow, possibly because resistance to helminth fiieds defined by a large number
of genes which each have a relatively small eff€cawford et al., 1998). Breeding

lambs for high Th2 responses and low Thl on thesheghe findings of this thesis
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and other studies may also be counterproductitbasheep industry. While lambs
bred for Th2-skewed immune responses may be meigtant to helminth infection,
they may also be more susceptible to viral anddvttdiseases due to suppression
of the Thl-type responses normally produced inaese to these types of pathogen
(Hein et al., 2004), suffer from increased Th2-rateti tissue damage, or be less
productive than current commercial breeds. Vacmnatis therefore a more

applicable option, and does not require stock psptent or cross-breeding.

The findings of this thesis indicate that futuresiae research should focus equally
on the suppression of Thl responses in the hostnashe generation of Th2
responses. This could be done by searching for ih#immolecules which
particularly provoke Th2 and regulatory T cell aation. Adjuvants could be
incorporated to promote this effect, or helminthigens could be conjugated with
immunomodulatory molecules. For example conjugatibiacto-N-fucopentaose llI,
a glycan derived from schistosome eggs, has beewrsho drive Th2-biased
immune responses in mice independently or conjdgaith human serum albumin
(Goodridge et al., 2005).

The pronounced local cytokine responses in the asahmucosa found in this thesis
also suggests that any vaccine would be most eféedt delivered locally at the
gastrointestinal mucosa to drive preferentially osat immune responses.
Development of mucosal vaccine delivery systenmgoing, for example intranasal
administration of antigen which is conjugated ta-MHC class Il antibody (Snider
et al., 1997).

Further work arising from this thesis could be dieel towards the further
optimisation of assays to detect cytokines in owissues, which would focus on
methods of cleaning up samples to remove matrigceff and expansions of these
experiments to examine cytokine responses in eggisind susceptible sheep

exposed to natural challenge.

201



Examination of changes in the abomasal mucosa okrend previously infected
individuals over the course of infection using rajeel abomasal biopsy taken by
means of an abomasal fistula has been done inestwdiH.contortus(Rowe et al.,
2009). This technique would be useful in studies imimune responses to
T.circumcincta as it would allow observation of the local immuresponses to
infection within the same animal; avoiding the bmital variation introduced by
using different animals for each time-point. Theghnique would also provide the
opportunity to examine the changes in pH and battévad of the abomasal
contents, and bacterial contamination of the gastimypts, which may be
contributing to the inflammatory response observddwever, the potential for

interference from surgery effects should be comsiile

Staining of specific cell types followed by in sihybridisation to examine which
cells are responsible for producing specific cyteki over the course of infection
would also be very informative; for example dendritells and Foxp3-expressing
regulatory T cells in the abomasal mucosa andigdgiph node, and lymphocytes
in the abomasal mucosa. Further examination ofkaygotranscription in the efferent
lymphocytes, in particular IL-10, and staining fBoxp3-expressing regulatory T
cells in efferent lymph would be interesting toestigate whether regulatory T cells
are present in efferent lymph and whether this fajmn is increased following
challenge. These cells have recently been foutideimbomasal mucosa and draining
lymph node (McNeilly, 2005) and have been implidaie immune modulation by
helminths (Maizels and Yazdanbakhsh, 2003).

Further examination of the immune cell populatigmesent in the afferent lymph
would be very interesting, as these cells are conicating information between the
local response in the abomasum and the draininglymode, and are likely to
include Th2 dendritic cells and regulatory T cedlkich could be influencing the

response taking place in the lymph node. It is iptsgo produce pseudoafferent
abomasal lymph by removing the draining lymph nodesshas been done by Hein
and colleagues to extract pseudoafferent mesentgmph (Hein et al., 2004);

however, this surgical technique is very complex.
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Further examination of the factors that influenice hature of the immune response
to gastrointestinal helminths in sheep, and the haaisms through which these
responses are orchestrated and controlled, woulextremely useful in informing

the development of novel control methods for them@sites.
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Appendix 1: Suppliers of materials

la. Chemicals

Unless otherwise stated, all chemical used werplgapby Thermo Fisher Scientific
Inc, Waltham, MA, USA.

1b. Molecular biology

Applied Biosystems (UK), Warrington, Cheshire, UK:
ABI Prism 7500 real-time PCR thermocycler

Custom Tagman assay: Sheep [L-1

Custom Tagman assay: Sheep IL-4

Custom Tagman assay: Sheep IL-13

Custom Tagman assay: SheepJFN

Custom Tagman primer and probe: Sheep ATPase
DNA-free™ DNAse treatment and removal reagents
Optical adhesive covers and applicator

10x TE (Tris-EDTA) buffer (10mM Tris, 1mM EDTA, pR.0)
RNAlater®

Tagman gene expression mastermix

Axygen Scientific, Union City, CA, USA:
Eppendorf tubes (1.5ml and 0.6ml)
Thin-walled 0.2ml PCR tubes

Beckman Coulter, High Wycombe, UK:

Beckman DU 650 spectrophotometer

Bio-Rad Laboratories Ltd., Hemel Hempstead, Heddbire, UK:
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Bio-Rad Molecular Imager® FX
Bio-Rad Power Pac 200 gel electrophoresis powegulgup

Biotium, Inc., Hayward, CA, USA
GelRed™ Nucleic Acid Gel Stain

Corning Ltd., Hemel Hempstead, Hertfordshire, UK:

Costar® Model 10 centrifuge

Finnpipette®, Milford, USA:
Multichannel pipette

Pipettes
Pipettes tips

Functional Genomics Unit, Moredun Research IngjtEdinburgh, UK:

Sequencing of PCR products

Gibco™ Invitrogen Corporation, Paisley, UK:

Life Technologies™ Horizon® 11.14 gel electroph@egpparatus

Life Technologies™ Horizon® 58 gel electrophoregiparatus

Heraeus Instruments GmbH, Hanau, Germany:

Biofuge fresco centrifuge

Hoefer Inc., San Francisco, USA:
Hoefer™ UVC 500 UV cross-linker

Invitrogen™ Ltd, Paisley, UK:

Electrophoresis grade agarose
Foetal Calf Serum
1Kb Plus DNA Ladder quantitative DNA ladder

MJ Research, Waltham, MA, USA:
Opticon 2 DNA Engine
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0.2ml thin-walled low profile white Q- PCR tubes

Operon Biotechnologies GmbH, Cologne, Germany:

PCR primers

PerkinElmer, Boston, USA:
Kodak® Digital Science Image Station 440CF
PerkinElmer GeneAmp PCR System 2400

Pierce, Rockford, lllinois, USA:
BCA protein assay

Promega, Southampton, UK:
Deoxynucleotide triphosphates (dATP, dGTP, dTTP&Dd@P) 100mM
Gel Loading Dye

Reverse Transcription Kit

RNAse-free water

Qbiogene, Cambridge, UK:

Template Tamer™ UV cross-linker

Qiagen, Crawley, West Sussex, UK:
Qiashredder

QuantiTect SYBR green PCR kit

RNAse-free DNAse

RNeasy® Micro Kit including MiniElute columns
RNeasy® Mini Kit

RocheDiagnostics GmbH, Mannheim, Germany:
High Pure PCR Product Purification Kit
PCR Tag Polymerase includingxlBuffer solution
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Sigma-Aldrich Co Ltd., Gillingham, Dorset, UK:
Ethidium bromide (500g/ml)

Gel loading solution

Starlab, Ahrensburg, Germany:

Pipette tips

Stratech Scientific, Soham, UK:
Stratech Beadbeater-8

2ml screw-top vials

Swann-Morton, Sheffield, UK:
Fixed-blade scalpels

Techne, New Jersey, USA:

Techgene thermocycler
Techne Gradient thermocycler

Thermo Fisher Scientific Inc, Waltham, MA, USA:
ABgene Thermo-fast 96 detection plate
Topmix FB15024 vortex

Thistle scientific Ltd, Glasgow, UK:

1mma3 zirconia/silica beads

1c. Immunoassays

Bio-Rad Laboratories Ltd., Hemel Hempstead, Heddbire, UK:

Bio-Rad model 550 microplate reader
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Ready Gel 12% Tris-HCI premade gel
Trans-Blot SD Semi-Dry Transfer Cell

Dynex Technologies:
96 well ELISA plates

eBioscience, San Diego, USA:
TMB (3,3’,5,5’-Tetramethylbenzidine) substrate smn

Merck KGaA, Darmstadt, Germany:
PHM-L Liposorb™ Absorbent

Millipore, Billerica, USA:

Immobilon-P

Moredun Animal Health, Edinburgh, UK; Immunologidadolbox:

Recombinant ovine ILA
Recombinant ovine IL-4
Recombinant ovine IL-10

MP Biomedicals Europe, llikirch, France:

QBiogene Lysing Matrix D tubes (2ml tubes contagnin4mm ceramic spheres)

Sigma-Aldrich Co Ltd., Gillingham, Dorset, UK:

Bovine serum albumin, fraction V, minimum 96% lydged powder

Streptavidin peroxidase polymer (1.1mg protein/ml)
Triton X-100

Chemiluminescent reagent

RocheDiagnostics GmbH, Mannheim, Germany:

Complete mini, EDTA-free, protease inhibitor cocktablets
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Thermo Fisher Scientific Inc, Waltham, MA, USA:
Thermo Electron Biol101 Fastprep (FP120)
Tween20 (Sorbitan Monolaurate)

1d. Antibodies

AbD Serotech, Kidlington, UK:
AHP423 (rabbit anti-ovine IL{11gG polyclonal)
MCA1658 (mouse anti-ovine ILALIgG1 monoclonal)

MCA2371 (mouse anti-bovine IL-4 IgG2a monoclonal)
MCA2372B (mouse anti-bovine 1L-4 1gG2b biotinylategbnoclonal)

Jackson ImmuoResearch Laboratories Inc, West GtdS4A.;

Donkey anti-rabbit horseradish peroxidase (2fJtnl)

Donkey anti-mouse horseradish peroxidase j(g0al)

Invitrogen Ltd, Paisley, UK:

P852 (goat anti-mouse 1gG r-phycoerythrin)

Moredun Animal Health, Edinburgh, UK:

7C2 (mouse anti-ovine CD8 IgG2a monoclonal)

17D (mouse anti-ovine CD4 IgG1 monoclonal)
86D (mouse anti-boving TcR IgG1 monoclonal)
VPM22 (mouse anti-ovine pestivirus IgG2a monoclpnal

VPM21 (mouse anti-ovine pestivirus IgG1 monoclonal)

le. Histology

Leica Microsystems GmbH, Wetzlar, Germany:

Leitz Laborlux S microscope
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Sony Corporation, Tokyo, Japan:

ExwaveHAD 3CCD colour video camera
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Appendix 2: Preparation of solutions, buffers and
substrates

RLT/BME:

40ml RLT buffer (RNeasy® Mini Kit)
400ul B-Mercaptoethanol (BME)
Solution made up in a fume hood using protectie¢hohg as specified in the lab risk

assessment.

DNAse/RDD:

50ul DNAse 1 stock solution (Qiagen RNAse-free DNA8s® s
350ul Buffer RDD (Qiagen RNAse-free DNAse set)

Mix solutions gently. This solution can be kep#&E for up to one month.

Buffer RPE:

Four volumes of 100% ethanol are added to Buffde RPiagen RNeasy® Mini Kit)
to obtain a working solution according to the nfagturers’ instructions.

70% Ethanol:

70% Ethanol in de-ionised water.

2mM dNTP mixture:

2mM each of: dATP , dGTP, dTTP and dCTP in RNAs=fwater,
13Qul aliquots stored at -20°C.

Primer solution:
10QuM forward and reverse primers in RNAse-free wateres] at -70°C.

Make up a gM mixture of forward and reverse primer in RNAsedwater before
use and store at -20°C.
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0.5M EDTA (Ethylenediaminetetraacetic acid):

93.05g Ethylenediaminetetraacetic acid
400ml De-ionised water

Adjust solution to pH8 using NaOH, then make up@0ml in de-ionised water.

TBE (Tris-Borate-EDTA):
10.9g Tris

5.569 Boric acid

4ml 0.5M EDTA

Make up solution to 1L in de-ionised water.

PBS (Phosphate buffered saline):
8.5g NaCl

2.79g NaHPQ,*12H,0

0.399 NaHPQy*2H;0

Make up solution to 1L in de-ionised water.

FACS buffer:
5% foetal calf serum (FCS) in PBS.

0.1M carbonate buffer:

0.84g NaHCQ@
100ml De-ionised water
Titrate to pH 9.6 with a solution of 1.06g X0; in 100ml de-ionised water.

ELISA blocking buffer:

0.1g Bovine Serum Albumin

50ul Tween20

100mlI PBS

Keep frozen or keep at 4°C for one week. Checlclutdy before use.
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PBS/Tween?20:

50ul Tween20
100ml PBS

ELISA washing buffer:

90g NaCl
5g Tween20
10L De-ionised water

Check pH is approximately 7 and buffer if necessary

0.18M H2S504

Tris-buffered saline:

2.42g Tris

29.24g NaCl

800ml De-ionised water

Adjust to pH 7.5 using 1M HCI, then make up to Hing distilled HO.

Extraction buffer:

14ml Tris-buffered saline
14l Triton X-100
2 Complete mini, EDTA-free, protease inhibitor &bl

Keep at 4°C and use the same day.
Liposorb:
Equilibrate 1g Liposorb in 15ml TBS and allow tarsd for 15 minutes. Store

equilibrated Liposorb at 4°C.

4% Paraformaldehyde:

4% Paraformaldehyde in de-ionised water.
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Chloroacetate esterase staining solution:

Solution A — 0.1M potassium phosphate in de-ionisater, pH to 6.0 using NaOH.
Solution B — Fast Garnet GBC salt, diluted 2mgim$olution A and filter.

Solution C — Naphthol AS-D Chloroacetate, dilut@agdml in DMSO.

Make up Solutions A, B and C, then mix in the r&@20:1 and filter before use. Do

not store.

SDS-PAGE reducing buffer with DTT:
0.31g DTT

0.4g SDS

1mg Bromophenol blue (1mg)

2ml Giycerol(2mls)

2.5ml 2M Tris-HCI pH 6.8

95.5ml Water

SDS-PAGE running buffer:
3g Tris

14.4g Glycine

1g SDS

100ml Distilled water, pH 8.5-8.6

CAPS with 10% methanol:
CAPS:makes 500mls

1.1065g CAPS,

50ml Methanol

450ml Distilled water

Western blot blocking buffer:

2% reduced fat milk powder in Tris-buffered salmiéh 0.5% Tween 80 added.
Store at 4°C for up to three days.
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Appendix 3: Sequenced obtained from PCR products
to check identity

ATPase

CGT CTT CAG CAG GGG ATG AAG AAC AAG ATC TTAATATTTIGGC CTC
TTC GAA GAG ACA GCC CTT GCT GCT TTC CTT TCC TAC TGCCT GGA
ATG GGT GTT GCC CTG AGG ATG TAT CCC CTC AAA CCT ACTGA

IL-1B

GGA TAT CAN GNA TNA TGC TGT GAA AGA AAT GGT GAT GCACTC
GAC CCT GCA GAC GTG GAG GAA GCC AGA CCC CAN TNT CTRCC
CAA GAG GAA TAT GGA AAA GCG ACT TCG TCT TCT ACA CGACAG
AGA ATT TAG AAC ACAGTT GAATTT GAG TCT GTC CTG TACCCT AAC
TGG TAC ATC AGC ACT TCT CAA ATC GAA GAA AAG CCC GTATC CTG
GGA CGT TTT AGA GGT GGC CAG GAT ATA ACT GAC TTC AGAATG
GAA ACC CTC TCT CCC TAA AGA AAG CCATACGC

IL-2

TAC GNG GAA CAC AAT GAA AGA AGT NAA GTC ATT GCT GCTGGA
TTT ACAGTT GCT TTT GGA GAA AGT TAA AAA TCC CGA GAACCT CAA
GCT CTC CAG GAT GCA TAC ATT TAA CTT CTA CNT GCC CAAGT TAA
CGC TAC AGAATT GAAACATCT TAAGTG TTT ACT AGA AGAACT CAA
ACT TCT AGA GGA AGT GCT AGA TTT AGC TCC AAG CAA AAACCT
GAA CAC CAG AGA GAT CAAGGATTC ANT GGA C

IL-4

GCA TGG AGC TGC TGT AGC AGA CGT CTT TGC TGC CCC AAGBAA
CAG CAA CTG AGA AGG AAA CCT TCT GCA GGG GCT GGA ATIGAG
CTT AGG CGT ATC TAC AGG AGC CAC ATG TGC TTG AAC AAATC CTG
GGC GAG ACT A

IL-5
GGC AGA GAC CTT GAC ACT GCT CTC CAC GCA TCA AAC TCBCT GAT
AGG TGA TGG GAA CTT GAN GAT TCC TAC TCC TCA GCA T& AAA

TCA CCA ACT ATG CAT TGA AGA AGT CTT TCA GGN AAT AGACAC ATT
GAA GAATCA AAC TGC ACA AGG GGA TGC TGT GAA AA
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IL-6

CCT TTT AGA GTT GAA CAN ACA AGA TNC NNT AGC GTG CTAATG
AAC CAC TCC GAG CCA CGA CAC ACT AGA CAT GCT GGA GAAGAT
GCA GTC CTC AAC ACG ACG TGG TGA TGA ANA GNA ACG CAAGAA
GGT TAT CAT CAT CCT GAG AAG CCT ATG ACG AANTTT CCIGCAGTT
CAC GCC TGA ACG AAC GGC CTG AAT GTG CGA GGA TTG AGKRCG
GCA CAG CGA GNA GCA GCA GNG GAG CGT GCT GNG CGA G@aGT
GCG AAC GGA ACG AAG AAT GAC NGA GCG AGG AGT GAG GARAG
AAC GAA GAG NAA GAC GAN GGT GCC GGC GAG GCG AGC GNAGG
AAC GGA AGG ACA GCA GCC GGA GGG GAG AGA GGA AGG AAKCAA
ACC GAA GGA AAG GAC

IL-10

TGG GGA GCT CGA GCT GCT TCG GCA AGT GAA GAC TTT CTICA AAT
GAA GGA CCA ACT GAA CAG CAT GCT GTT GAC CCA GTC TCICT
GGATGACTT TAAGGG TTACCT GGG TTG CCA AGC CTT GTGGA AAT
GAT CCA GTT TTA CCT GGA GGA GGT GAT GCC ACA GGC TGSAA
CCA TGG GCC TGA CAT CAA GGA GCA CGT GAA CTC GCT GGGGA
GAA GCT GAA GAC CCT CCG GCT GCG GCT GCC GGG CGC TERAT
CGT AAN CAC

||_-12p40

TNN ACA TCC AAG TCA TAG AGT TGG AGA TGC TGG GCA GTACAC
CTG TCA CAA AGG AGG CGA GGT TCT GAG TCG TTC ACT CCTCT GCT
GCA CAA AAA GGA AGA TGG AAT TTG GTC CAC TGA TAT TTTAAA
GGA TCA GAA AGA ACC CAA AGC TAA GAG TTT TTT AAA ATG TGA
GGC AAAGGATTATTC TGG ACACTT CA

IL-13

GCC AAC TTC AGC TGC CCT GTG CCT TGA TAT CCG GGA CTAGC CCG
GCA GGC CTC CTC CAT CCA GGA CTC CGA GCT CGC TGG AGKGG
GTG GAC CTT GCC CAC ATG ACC TCC CCC TCC TCA GAA CAACT GTA
GTG TTG ATT AGA CAC CTG GTG GAG GAG ACA CCT GCT TTERAC
AGG GGC AAC TGA GGC AGA GAG CAG CCC AGG CACAT

IL-18
CNT GAG TCG ACG CAA GCG CAA GGG TCA AAT GAA TGN CTGsCC
ATG CAA ACG CCA ACG CTA GAT AGA CAA GAC TTG CAT TCAGTC

ATG TTG TGG GAT AGA GTG AAN NGT TAT ATT TTA AAC TAAACT ACA
ATC ACT ATC TATTTT ATT GTT ATG CTA TGC ATG ANT GGNGNC AGA
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CCT GGA ATC AGA TCA CTT TGG CAA GCT TGA ACC TAA GCTTC AAT
CAT ACG AAT TTG ACG CCA CAT TCT TNC CAG GGC AGC CC

IFNy

GCA AGC ACT TCT ACC TTACTG CTC TGT GTG CTT TTG GGITC TGG
TTC TTATGG CCA GGG CCC ATT TTT TAA AGA AAT AGA AAACTT AAA
AGG AGT ATT TTA ATG CAA GTA ACC AGA TGT AGC TAA GGGTGG
GCCTA

TGFB:1

CAT TTG ACT TCG GAA GGA CTG GGC TGG AAG TGG ATT CAGAA
CCC AAG GGG TAC ACG CCAATT TCT TGC CTG GGG CCC T&LT TAC
ATC TGG AGC CTG GAC ACG CAG TAC AGC AAG GTC CTG GCCTG
TAC AAC CAG CAC AAC CA

TNFa

TGG CGG TNN ACT TTG GGA TCA TCG CCC TGT GAG GGC GGAGA
CAT GCA TCC TCT CCC ACC TCA GTT ACC TTATTATTT ACTCCT TCA
GAC CCT CCT CAT CCC CTT CTG GTT TAG AAA GGG AAT TAGGG CTC
AGG GCT GGG CTC CAA GCG TCC AAC TTT AAA CAA CAG CT®AC
TTA GAA ATT AGG GAT GTA GGG AAG TGA GGT GGG AGA GGATGC
ATG TCT GCG CTC ACA GGG GCG ATG ATC A

IL-1p Ex

CCC GGG TAT CNC GCC ACG TGG ACT CCT GCG TAT GGC TTIT TAG
GAG AGA GGG TTT CCATTC TGA AGT CAG TTA TAT CCT GGCAC CTC
TAA AAC GTC CCA GGA AGACGG GCT TTTCTT CGATTT GAGAG TGC
TGA TGT ACC AGT TAG GGT ACA GGA CAG ACT CAAATT CAACTG TGT
TCT TGA TTT CTG TCT TGT AGA AGA CGA ATC GCT TTT CCAAT TCC
TCT TGG GGT AGA CTT TGG GGT CTACTT CCT CCA GCT GGAAGG TCG
GTG TAT CAC CTT TTT TCA CAC AAG ACA GGT ATA GAT TCTTGT CCC
TGA TAC CCA AGG CCA CAG GAATCT TGT TGT CTC TTT CCTTC CTT
GTA CGA AGC TCATGC AGA ACACCACTT CTC GGC TCATTCCT GTG
AGA GGA GGT GGA GAG CCT TCA GCA CAC ATG GGC TAT CCACA
CCAG
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IL-2 Ex

CTATTG CTG CTG GAT TAC AGT TGC TTT TGG AGA AAG TTAAAA TCC
CGA GAA CCT CAA GCT CTC CAG GAT GCA TAC ATT TAACTTICTA CAT
GCC CAA GGT TAA CGC TAC AGA ATT GAA ACATCT TAAGTGITT ACT
AGC AAG AAC TCA AAC TTC TAG AGG AAG TGC TAG ATT TAGCTC
CAA GCA AAA ACC TGA ACA CCA GAG AGA TCA AGG ATT CAATGG
ACA ANN ACC CCC CCC CCC CCC CCC CNG GNN GGA CcCG c@eC
ANG NGA NAG CGA GNC GNG AGG NCC NNC NGN ACC GGN NTGCN
CAN GNN NNC NAG NGC CGG GNG NGN GCC GNA NNG AGC NN&GN
GAG CGG CGC NGN CGN NNG CNG GCC GGC GAN GNN ANN GAWSN
TCN GAN NNN CNC GCG ACG CGG ACG GCN GGA GCG CGA NAnsC
GNG NNG NGA GGG GCA AAC GCC NCG GCC GGC CCN CCN cacc
NCN NGG CCC CNG CGA AAA AAG CCA AGG AGG CAA AAA AACCNG
CCC AGA NAC GCC CCG ANG CCC NAA CCA CCC AGC GCG Caa6A
CAG GGC GCA CGG CGC GGC GGC CGC ANC GGC NAC CNN GSGN
CGG CNC NNC CGC CNC CCA GCG CAG CAN CGA CGC NCC N&CG
CAG CNG NCC CGG GTC AGC GAC NCG CGC GCA GAA NAC CcaxcC
CGC NGN CAG CAC CGC GCA CCT CGC GCG TCG GGG CGA CNEC
NCC GCG CGC GCC CGT ACC GCC GCG CGC CGG CCC CCG ABNG
TCG GAC ANC GCC AGN GCA ANC GCG CAA TGC AGG ACG CGGGA
NGC GCC GAG CGC CGA ACG ACG CNA CAC NAA CAA NGN ANGAC
ATA GCA GGA NAA NCG GCC GCC GAN CNG CGC AGC CCG TTNNG
CCC CCC GGC CCC CGG CCC GCG NGC TCG CAN CGC ACT CGGN
CGC GCG CTC CCC CNN TGG NCN GNA TCN CAG GGC NNC GCTGC
TCG CGC GNN TCA CGC GCG CTC GNC CGG GCG CGC GCA NBGC
NCG CGC CAC CNN GCN CTC CCC CGT CGC CGG NCC CCT TeGC
NNC GCG GCT CNC TCG CNA TGC GTC CGC TGC TCG CGT CNGG GCN
TCT GTG NCA GCG CNC TCG CTC GCT GCT NGT CTC TCT GCCT NCG
GCT NNG CGT NCT GCT GCT CTG CAT GCG CGT CNN CTG CGGN CNC
CAC CGC GGC GGC GCC GGC TCC TGC CCG NCG CCG CGG quxc
GCG CCC GCN GCN GCT NCC CCG GGG NTG GGN CCN CAT T1GCC
CNC NTT TGC CCC GCG CCC TCC CCT CNC GCC GNG CGC NCGC ATC
CAG CCC GNG ATC GGN CCC GCC CCT TGC CCC GTC TCN CGCG NCT
CCG CTT CGN CCT NCC AGC NCT CNC CCT GCC CCT ACC TRNOG TGC
CTC GCT GNN CGC TGC CNC GCC GCG CGA GTC CCG CCC CGG

IL-4 EX

TTG CAC AGA AGA CTA ATT AAA AAA CGG CTT GAA CAT TCCTCA
ACA TCC GAC GAA AGG AAT TCA TGC ATG GGA GCT TGC CTIGGT
AGC AGA CAG TCT TTG CTA GCC CCT AAA GGA ACG ACG TAACTG
AGC AAG CGA AAC CTT CTG CAG CGG CTC TAG CGC AAT TGACC
TTA GCG CGT ATC GTA CAG GAG CCA CNA TGT AGC TTG GAAAA
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GAT TCC TGG GCG GAC TTG ACA GGA ATC TCA GCC AGC CTGCA
AGC AAG ACAG

IL-5 EX

GAA GCA CAT GAA TAG ACT GGT GGC AGA GTA CTT GAC ACTGCT
CTC CAC GCA TCA AAC TCT GCT GAT AGG TGA TGG GAA CTGAT GAT
TCC TAC TCC TCA GCA TAC AAA TCA CCA ACT ATG CAT TGAAGA AGT
CTT TCA GGG GAA TAG ACA CAT TGA AGA ATC AAA CTG CACAAG
GGG ATG CTG TGA AAA AAA TAT TCC GAA ACT TGT CTT TAATAA
AAG AAT ACA TAG ACC TCC AAA AAA GGA AGT GTG GAG GAG AAA
GAT GGA A

IL-6 Ex

GAT GTG ATC AAACAC TGC TGG TCT TTA GGA GTA TCA GATATACTG
GCC TTC CGT CCT TAA ACG AGT TTG AGG GAA ATC AGG AALTG TCA
TGG AGT TGC AGC CNC AGT AGT ACATTN ACA CTG ATC CAGTC CTG
AAG GAA AAG ATC GCA GGT CTA ATA ACC ACT CCN CCC CACACA
TTT CTG ACA TGC TGG AGA AGA TGC AGT CCT CAA ACG AGTGGG
TAA AGA ACG CAA AGG TTA TCA TCA TCC TGA GAA GCC TTGAGA
ATT TCC TGC AGT TCA GCC TGA GAG CTATTC GGA TGA AGANC TGC
GGC TCC

IL-10 Ex

GCC AAT GCT GCG GGA GCT CGA GCT GCT TCG GCA AGT GABAC
TTT CTT TCA AAT GAA GGA CAA CTG AAC AGC ATG CTG TTGACC CAG
TCT CTG CTG GAT GAC TTT AAG GGT TAC CTG GGT TGC CABCC TTG
TCG GAA ATG ATC CAG TTT TAC CTG GAG GAG GTG ATG CCAAG
GCT GAG AAC CAT GGG CCT GAC ATC AAG GAG CAC GTG AAQCG
CTG GGG GAG AAG CTG AAG ACC CTC CGG CTG CGG CTG CaissC
TGT CAT CGT TTT ACA

IL-12p 40 Ex

GAT GTG TCA GCC ACG AGC TAG GTG AAG TGT CAG AAT AACCT TTG
CCT CAC ATT TTA AAA AAC TCT TAG CTT TGG GTT CTT TCTGAT CCT
TTA AAA TAT CAG TGG ACC AAATTC CAT CTT CCT TTT TGTGCA GCA
GGA GGA GTG AAC GAC TCA GAA CCT CGC CTC CTT TGT GABGG
TGT ACT GCC CAG CAT CTC CAAACT CTT TGA CTT GGA TGGBCA AGG
TTT TGC CAG AGC CCA GGA CCT CAC TGC TCT GGT CTG AGIEC AGG
TGA TGC CGT CTT CTT CAG GAG TGT CAC ACG TGA GGA CCBTG TTT
CTC CAG GAG CAT TAG GAT ACC AAT CCA ATT CTA CAA CATAAA CAT
TTT TCT CCAGTT CCC ATATGG CCA CGA TGG GCG ATG COBCA AAA
CCA GGG AAAA
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IL-13 Ex

CAA GCT GTG CCT GAT ATT AGA CTA GCC CGG CAG GCT CTATC TNA
NAC TCG AGC TCG CTG GAC AAG GGT GGA CCT TGC CCA CAGBCC
NAN GGC TTT TCT NAA CCT AGT GTA CCG CTG ATA GAA ANOGT GGG
AGA TGA GGA CAC TNC TTC TGG ATT TTG AGA AAC TGC ATGGCA
GAG AGC AGG GCN AAG CAG ATG CCT ACA GGN GCT NAT GNAAN
TCC ATG TTG TGA TCT AAT CAA TGT AGT ATG TGG TTA GTACAT AGG
CGAGAG TGT GTC TG

IL-18 Ex

GCT ATT GAG CCA GGC ATA AGA TGG CTG CAT GAA CAG TAGAAC
GAC AAT TGC ATC AGC TTT GTG GAA ATG AAATTT ATT AACAAT ACA
CTTTAT TTT GGT AGC TGA AAA TGG CGC ACC GTA GCG TAGICA ATC
ATA CGC ATC ACT GTG CGG CGC AAT GCG TAT AGC ATA CCTCA
ACG NNT CAT ACN CAA ATC CCA TGC ACG AAA ATG ATA CGAAAC
CGA CCG AAC GTC CCT TCC TAT CAT GTC CAG ACG CGG AGEGA
ACA AAT CCC AAC GCT TGT CTG TAT GGG GAT GTA TGC ATTGCG CAT
GCA TTT GCA TCT GAG CTT GTA GCA NGA ATA GAT AAG CCACCA
CGC AAG AAT CAA TAT ATC ATC CAATAT TTATTG TTA TGT AAA TNA
GAA CGG ACC TGC CCATCC AACGTAAAG GAC G

IFNy Ex

GCC TAA CTC TCT CCT AAA CNA TGA AAT ACA CAAGCT CCCITC TTA
GCT TTA CTG CTC TGT GAT GCT TTT GGG TTT TTC TGG TTCTA TGG
CCAGGC CCATTT TTT AAA GAA ATA GAA AAC TTAAAG GAGTATTTT
AAT GCA AGT AAC CCA GAT GTA GCT AAG GGT GGG CCT CTTTC TCA
GAA ATT TTG AAG AAT TGG AAA GAG GAG AGT GAC AAA AAG AAT T

TGFp, Ex

CCG TTT TAC TAC ATG ACT TCC GGA AGG ACT GGG TTA GGAGT GGA
TTC ACG AAC CCA AGG GGT ACC ACG CCAATT TCT GCC TGGGC NNT
GCC CTT ACA TCT GGA GCC TGG ACA CGC AGT ACA GCA AGGCC
TGG CCC TGT ACA ACC ATG CAC AAC CCG GGC GCA TCG GCGCG
CCG TGC TGC GTG CCT CAG GCG CTG GAA CCC CTG CCC ABTG TAC
TAC GTG GGC CGC AAG CCC AAG GTG GAG CAG TTG TCC AABAT
GAT CGT GCG CTC CTG CAAGTT GC
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TNFa EX

CGG TGC AGC TCA CTT CCC TAC ATC CCT AAT TTT CTA AGGCA GCT
GTT CGA TCA TAG ATC ACG TGA CGC GGA CTT TGC TAT CGGCA CCA
CCC CAC CTG CAC TGC ACC CCT CAC ACT TAA CCT CTT CCECT TAT
ACC ATA CAC ACN CAC AAA GAG AGG AGT GGG ACC TGA CCGsAG
CTG CCG TGC NAC ATT GAG ACC GTG AAG ATT ANA CTA CACCTA
GAT AGA GNN AGA CTG GAT AGG GAG TAG CGA GAA AGA CTGGGA
CAT TGG CAT TTG CAT GCG CGT GCC GCT CCA CCT ACG AGEsC GGA
ATC GAN TTT GCA TCA CAC ACA ATA AGG ATA CCA GGC CTNGCA
CGC ACA CGT AAC GCG TTC NNG GTA CGA ATA CGC ANT GCGAT
AGT TCT ACC TGT GCC CCG GGG CAT GTG GAT TTG CAATAACG TCA
GCT GAC GTG ACG AGT NAT CTC GCT TCT CTT CTC ATG CCETG GCA
TAG GAC ACC ACA CGN NCC CCC TNG CGC TTG AAG GAT ATGAG
TGT GTC GTT TAC GCC CNA GCG CGA ACG TGT GCG TTT GC®A CGT
CCA GCG CCC TCN AAT GTC GTG AGT GCG TAC TCT CTC NTGAC TGT
GTN TGA AAG CGA AAA NCG TGC CCT CTT TGC AAT TTG GAAGCC
TAG GGA CCA AAA AAA GGA ACC GTG GGA TTC TGA TCT CCCAAT
CTG CCG GTT TGC GTG TTG CGA TNG GGG TGT AAG GGA AABTT
GGA CCG ATG AGA NGG AAC CGT GGG CCG TTG GGA CCT GGGAT
TGG GTT GTT GNT TGT GGA CGT GGA NAA ACA AGG CCA AAMGG
CGG AGA GAG GGG GAT GTT GGG GGG AAT GAA GGG AGG AABAG
CCG GGN GGC CNC GGG GCN GCC GGG TTG CCC CCC CTC N&XC
AAA TGG AAA GAG GGA AAG CCC CCC GAA GGC GCC CGT TAAGG
NCG GTT AAA GGA GAA TAA TTA GGA AAG TTT GGG ANN TAGCAG
GAT TGA ACC CCG CGG CCC CCC AAG AGT TCG AGG GAG AGAGG
GGG AAA ACAAAATCC CCAAAT TCC CAAA
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