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Abstract

Previous studies have shown that cytotoxic CD8-€lls@re important mediators of
immunity against the bovine intracellular protozqaarasiteT. parva. The present
study set out to determine the role of granule eresy in mediating killing of
parasitized cells, first by characterising the gyemes expressed by bovine
lymphocytes and, second, by investigating thewoimement in killing of target

cells.

Experiments using the perforin inhibitor concanamy& confirmed that CD8+ T
cell killing of T. parva-infected cells is dependent on granule exocyt@sigtocess
that involves release of granzymes into the taogdf resulting in activation of
apoptotic pathways. Analysis of the bovine genoemusence identified orthologues
of granzymes A, B, H, K and M, as well as anothemegO, most closely related to
granzyme A. The genes were found within 3 locihe genome. Using specific PCR
assays, all of these granzymes were shown to beessqrd inTheileria-specific
CD8+ T cells. Further studies were undertaken tolysthe role of granzyme B in
killing. DNA constructs encoding functional and afumctional forms of bovine
granzyme B were produced and the proteins exprass€®DS cells were used to
establish an enzymatic assay to detect and quaetifyression of functional
granzyme B protein. Using this assay, the levelillihg of different T. parva-
specific CD8+ T cell clones were found to be sigaifitly correlating with levels of
granzyme B protein expression. Moreover, the granez¥ inhibitor Ill, Z-IETD-

FMK was shown to inhibit killing by CD8+ T cell ales.
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Chapter 1 Introduction

1.1 Theileria parva and East coast fever

Theileria parasites are members of the class Sporozoa, WubphApicomplexa,
which includes several other pathogens of greatortapce such aBlasmodium,
Babesia, Toxoplasma and Eimeria. The most important pathogenic species are
Theileria annulata andTheileria parva, which cause severe clinical diseases in cattle
known as Tropical Theileriosis and East Coast FE&EF), respectivelyl. parva is
transmitted by the brown ear ti€ipicephalus appendiculatis and is distributed in a

large area of eastern, southern and central Africa.

ECF is an acute, and lymphoproliferative diseasrasdterised by sustained fever
and lymph node swelling. Infection of susceptibledpean breeds of cattle wiih
parva results in death of the majority of animals witlinveeks. Breed differences in
susceptibility to the disease have been observéthough the mechanisms
responsible are unknown. In particular, indigenBas indicus cattle living in ECF-
endemic areas develop less severe disease and lsufés levels of mortality than
introduced European BreedBoé taurus) or breeds oBos indicus cattle that have
been selected for improved productivity. Theref®€F is considered as a serious
constraint to improvement of the local livestock affected areas. Moreover, the
financial losses resulting from the disease and cbsneasures taken to control it

have been estimated at approximately US$168 milpen year (Mukhebi et al.,



1992). Thus, ECF has a huge impact on the livestodistries and economies of

countries in the affected region.

1.1.1 Life cycle of T. parva
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Figure 1.1 Theileria parva lifecycle
Reproduced from the Annual Report of the Internatinal Laboratory of

Research on Animal Disease (ILRAD) 1990

The life cycle ofT. parva is illustrated in figure 1.1. The infective stagfeT. parva
for ticks is the piroplasm form of the parasiteggant in erythrocytes of infected

cattle. Ticks are infected during the larval or pyral developmental stages when



they feed on infected cattle and on completioneefding they drop onto the pasture
and moult to the next developmental stage, nympigsaalults respectively, which
can then transmit the infection when they feed dneah bovine host. Following
ingestion by the tick, the parasites start to ugdex sexual cycle initially involving
differentiation of the released piroplasms into nmicand macro-gametes (haploid),
which fuse together to form diploid zygotes (Schetfral., 1977). The zygote forms
then invade the epithelial cells of the gut waltl ahfferentiate into motile kinetes,
which migrate from the gut to the salivary glandkeve they infect glandular
epithelial cells (Mehlhorn and Shein, 1984). Wittan infected gland cell, each
kinete undergoes a process of sporogony, whichgoanrise to 30,000 to 50,000
sporozoites (Fawcett et al., 1982), the infectitage for cattle (Shaw, 2003). The
process of sporogony involves a meiotic divisionyrimy which genetic
recombination can occur in zygotes arising fromedtibn with mixed parasite
genotypes. Therefore sporozoites and all subseqiear@lopmental stages in cattle

contain a haploid genome.

Infection is transmitted to cattle during tick fa&eglby release of sporozoites into the
saliva following 2-4 days of tick feeding. The bfecle of the parasite in cattle
involves successive developmental stages in lymyhecand erythrocytes. First,
sporozoites rapidly enter lymphocytes by receptediated endocytosis (Fawcett et
al., 1984).In vitro studies have shown that B and T lymphosytecluding CD4+ T
cells, CD8+ T cells and TCRS+ population, are susceptible to infection with
parva at similar frequency (Baldwin et al., 1988). Howevéhe majority of

parasitized cells in cattle undergoing primary atfen are CD4+ and CD8+ T



lymphocytes (Emery et al., 1988). Once inside lyogytes, the sporozoite rapidly
disrupts the surrounding host cell membrane in rotdeescape from the endosome
and subsequently lies free in the cytoplasm witBA30 min. Within 3-4 days, the
sporozoite differentiates into a multinucleate soht (Stagg et al., 1981), which
induces activation and proliferation of the hosH.cBivision of parasites occurs
synchronously with that of the host cell. This ¢hiaved by close association of the
parasite with the host mitotic spindle, with pati@siuclei being distributed randomly
to both daughter cells during the process of divigHulliger et al., 1964; Irvin et al.,
1982). Although the mechanism of host cell tramsfaron is not fully understood,
parva-has been shown to induce constitutive activatibiNB-«B (Heussler et al.,
1999), which initiates host cell activation and rnegulation of a number of anti-
apoptosis proteins that maintain the viability lnd infected cells. Proliferation of the
infected cells results in rapid clonal expansiontlad cells initially infected with
sporozoites. A proportion of them eventually unadergierogony involving
differentiation of the schizonts to merozoites, ethare released upon destruction of
the host cells and infect erythrocytes giving rieepiroplasms. The piroplasms,

which undergo little or no multiplication, are timéective stage for the tick vector.

1.1.2 Clinical disease

The pathogenesis of ECF in cattle is mainly attable to the schizont-infected
stage. Cattle experimentally infected with tickided sporozoites develop clinical
signs, namely pyrexia and enlargement of the lymgdes, 5-10 days (depending on

dose) after infection, coincident with initially téetable schizonts in the lymph



nodes draining the site of infection (Emery, 198Wuwyrrison et al., 1981; Shatry et
al., 1981). Later, the schizont-infected cells @mmate throughout the lymphoid
system (Emery, 1981b; Morrison et al., 1981; Shatrgl., 1981) and non-lymphoid
tissues such as gut and lungs, causing generadymeghadenopathy and, in the
terminal stages, respiratory distress (Irvin anddvhachi, 1983). In the later stages
of disease, there is extensive lymphocytolysissewkre leucopaenia (DeMartini and
Moulton, 1973; Emery, 1981b; Emery et al., 1981;riéon et al., 1981; Shatry et
al., 1981). Susceptible breeds of animals suffgh hévels of mortality and death

generally occurs within 4 weeks of infection. Animahat recover become

asymptomatic carriers of infection. They carry dnmalmbers of parasites (both
schizonts and piroplasms), which are usually naeaed microscopically, for

months or years (Geysen et al., 1999; Skilton .et2802). This carrier state allows
transmission of the parasite by tick feeding. Imleanic areas, transmission from
carrier animals has been estimated by mathemaiodklling to account for 90% of

new infections in cattle (Medley et al., 1993).

1.1.3 Control of T. parva

In the past, control of ECF has been largely basedpraying or dipping of cattle
with acaricides to prevent tick infestation. Altlybuthis has been an effective
method of controlling the disease, it has a nundfeshortcomings. Continuous
application is required for effective prevention ditease. This is expensive and

requires careful management. Contamination of thir@nment by the chemicals is



also a serious issue and their prolonged use lsa#ted in emergence of acaricide-

resistant ticks.

Chemotherapy using two theilericidal compounds panone and buparvaquone)
has been employed to control the disease. Howthetreatment needs to be applied
in the early stages of clinical disease to be éffeand this is not always possible.
Also, the high cost of these two drugs is not afédme for many small holder

farmers.

Vaccination has been used in some areas as a kcamasure. An infection and
treatment protocol involving infection with a dedoh dose of sporozoites and
simultaneous treatment with a single dose of lortgig oxytetracycline, was
developed for immunisation of cattle agaifistparva (Radley et al., 1975aY his
protocol generated protective immunity to challemgi the same (homologou$)
parva isolate for at least 3.5 years (Burridge et @72). However, some animals
immunised with a single parasite isolate remainescaptible to challenge with
heterologous parasite isolates (Radley et al., 4P T¥evertheless, immunisation
with a cocktail of 3 different parasite isolatesu@liga, Kiambu 5 and Serengeti)
resulted in immunity to a range of heterologoudaies (Radley et al., 1975b).
Subsequently, immunisation with another singleat®IT. parva (Marikebuni), was
also shown to generate immunity to challenge witarge of heterologous isolates
(Morzaria et al., 1987). This isolate was subsetiuydound to be genetically and
antigenically heterogeneous (Morzaria et al., 198d¢ldeeris et al., 1990; Toye et al.,

1991). Immunisation of cattle by the infection atrdatment method using the



mixture of 3 isolates referred to above (termedNhguga cocktail) has been used
for field vaccination of cattle on a local scalesome regions of Africa to control
ECF (Uilenberg et al., 1976; Morzaria et al., 198grcotty et al., 2002). Although
it has proved to be effective, it has a numbernaftations that have prevented its
utilization on a large scale. The method for pradgsporozoites from infected ticks
requires local infrastructure and expertise andlificult to quality control, The
sporozoites require storage in liquid nitrogen #rellack of a cold chain to transport
vaccine to remote areas is a serious constramitqduction of the strains of parasite
used in the vaccine into the local tick populati@ssa consequence of vaccine-
induced carrier infection is also considered assadvantage (Maritim et al., 1989;
Kariuki et al., 1995; Geysen et al., 1999). Becanifsthese constraints, research is

being directed to developing alternative methodaufcination.

1.2 Effector mechanism of immunityto  T. parva

1.2.1 The role of CD8+ T cells in protective immuni  ty

Studies of the immune responses in cattle immunéggdnstT. parva by infection
and treatment have provided insight into the immrasponses involved. Following
challenge of immune animals there is transient germere of schizont parasitosis
(Morrison et al., 1987), indicating that infecti@nnot prevented at the early stage of
parasite development, but at the schizont-infecttdge. Other studies of

experimental immunization showed that animals cal&b be immunized against



homologous challenge by administering large numlaérschizont-infected cells
(Emery et al., 1982). These findings indicated thattective immunity against.
parva is largely attributable to immune responses todti@zont stage rather than
sporozoites. As the schizont remains within hoshgdiiocytes during parasite
multiplication, it is inaccessible to antibody. 8esl experiments examining the role
of antibody from immune animals in immunity haveldd to demonstrate a
protective effect. Thus, transfer of serum and gargiobulins from immunized to
susceptible cattle (Muhammed et al., 1975) didcaoitfer protection and attempts to
demonstrate antibodies reactive with the surfacesabfizont-infected cells gave

negative results (Wagner et al., 1974; Creemei&2)19

In contrast, transfer of thoracic duct leukocytesf immune to naive twin calves
was shown to confer immunity, indicating an impottaole for cell-mediated
immune response in immunity (Emery, 1981a). Otheritro and ex vivo studies of
cellular immune responses in immune animals ideqtitrong cytotoxic activity
against parasitized lymphocytes mediated by CD8gells (Pearson et al., 1979;
Eugui and Emery, 1981; Morrison et al., 1987). Attiar adoptive transfer study
demonstrated that transfer of CD8+ T cells from umento non-immune twin calves
conferred strong protective immunity (McKeever dt, 4994), confirming an
important role for CD8+ T cells in immunity againkt parva. Immunisation by
infection and treatment also stimulates strong g@apecific CD4+ T cell
responses as well as CD8+ T cell responses (Baletinah, 1987), and Taracha et al.,

(1997) reported evidence that optimal activatiopafasite-specific CD8+ T cells in



vitro required help from CD4+ T cells from immuneraals. This supports the idea

that CD4+ T cell responses may also contributentmunity (Taracha et al., 1997).

1.2.2 Parasite stain specificity and major histocom patability class

I (MHC1) restriction

Studies of cross-protection following immunisati@md challenge with single
parasite isolates have illustrated the parasiie-staecificity of protective immunity
(Radley et al., 1975c). Further studies have detratesl that cytotoxic CD8+ T cell
responses induced by immunising with a single teoklso show parasite strain
specificity (Goddeeris et al., 1986b; Morrison &t 4987; Taracha et al.,, 1995a;
Taracha et al., 1995b). Thus, CD8+ T cell lineswvder from animals immunized
with the MugugaT. parva isolate often recognize some, but not other pi@rasi
isolates in vitro (Goddeeris et al., 1986a; Goddestral., 1986b). A cross-protection
experiment with 22 animals immunized with eitfferparva (Muguga) or a cloned
population of theTl. parva (Marikebuni) isolate (3219) and subsequently emajed
with the reciprocal parasite demonstrated a closeelation between parasite strain
specificity of CD8+ T cell responses and suscelgifbof animals to heterologous
parasite challenge. Nine of the 22 animals hadsereactive CD8+ T cell responses
following immunisation and showed solid immunitylléoving challenge with the
heterologous parasite, whereas the remaining l@asigenerated strain-specific
CD8+ T cell responses and remained susceptibleterdiogous challenge (Taracha

et al., 1995a).



Additional experiments by Taracha et al. usingsame animals provided evidence
that disparity in parasite strain specificity of &DT cell responses of the animals is
influenced by major histocompatability class | (Mhi@henotype (Taracha et al.,
1995b). These and other studies (Morrison et &871 Taracha et al., 1995b)
showed that MHC restriction of the response in Mhi&erozygous animals is often
biased towards one of the MHCI haplotypes and @énabng groups of immunised
animals responses are predominantly restricteceldgia haplotypes in preference to

others.

1.2.3 Identification of antigens and epitopes

Studies carried out by Graham and colleagues (@radtaal., 2006; Graham et al.,
2007; Graham et al., 2008) have identified a nundfeantigens recognized biy.
parva-specific CD8+ T cells derived from immune animas different MHC
genotypes. Candidate antigens were identified bgesing either . parva schizont
cDNA expression library or expressed isolated cDNekeoding proteins with a
predicted signal peptide, selected by bioinformatialyses of th&. parva (Muguga)
genome.T. parva-specific CD8+ T cell lines were used to screen Ceks co-
transfected with parasite cDNA and cDNAs encodimg itespective bovine class |
MHC heavy chains. Antigen recognition by the sped@D8+ T cells was detected
by measuring release of IFN-Based on these immuno-screeng, farva antigens
(Tpl, Tp2, Tp4, Tp5, Tp7 and Tp8) were identifiend &durther epitope mapping
studies identified 9 epitopes within these antigefgl and 2 are predicted as

hypothetical proteins, whereas Tp4, 5, 7 and 8 shomology to thes-subunit of T
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complex protein 1, elongation translation factor, Ifeat-shock proteins 90 and
cysteine protease, respectively. Analyses of theCMeistriction of T cell responses
to the antigens showed that each antigen tendée faresented by different MHC
genotypes and that the responses restricted bgirtevtHC types appear to be

predominantly focused on a single dominant epitope.

1.2.4 Immunodominance

MHCI-restricted CD8+ T cell responses are importaniediating immunological
control of many intracellular pathogens, includiviguses, bacteria and parasites
(Wong and Pamer, 2003). A well-established featditne CD8+ T cell response to
many virus infections in mice and humans is thaspite the ability of the host to
respond to numerous antigenic epitopes, the respsrnsften focused only on a few
epitopes. This is known as immunodominance (Yew@&06). Several studies have
provided evidence that immunodominance is als@aafe of CD8+ T cell responses
to Theileria parva infection (Taracha et al., 1995b; MacHugh et 2009). Taracha
et al. studied responses of genetically identiwah tcalves carrying a MHCI
haplotype expressing the A10 and KN104 class lemset one immunized withi.
parva (Muguga) and the other with. parva (Marikebuni 3219). The Muguga
immunised animal generated a KN104-restricted, irsspecific CD8+ T cell
response and was susceptible to subsequent challeith Marikebuni 3219,
whereas the Marikebuni 3219-immunised animal hakNd.04-restricted, cross-
reactive CD8+ T cell response and was protectethsigahallenge with Muguga.

Moreover, after suffering a severe clinical reattigpon challenge with Marikebuni,

11



the Muguga-immunized twin recovered and subsequérat a KN104-restricted,
cross-reactive CD8+ T cell response. This indicateat the initial failure of this
animal to respond to the conserved epitope(s) diaréhe twor. parvaisolates was
due to the immunodominance of a variable epitopd@T. parva (Muguga) isolate
(Taracha et al., 1995b). Recent studies of CD8+¢llTresponses of immune animals
to definedT. parva antigens have confirmed the immunodominant natiréhe
response. CD8+ T cell responses in MHCI-homozygansnals (A18 or Al0)
recognised only one of B. parva antigens tested, Tpl in A18+ animals and Tp2 in
A10+ animals. Furthermore, in each case over 60% 8+ T cells were specific
for a single dominant epitope, Tfl.24and Tp2esg respectively (MacHugh et al.,

2009).

1.2.5 Subunit vaccine - Immunization with  T. parva antigens

Given the disadvantages of live vaccines for céno ECF, investigation of
alternative methods of vaccination, focusing pattidy on subunit vaccines, has

been undertaken over the last 3 decades.

In the early 1980s, monoclonal antibodies speddica sporozoite surface antigen,
p67 were found to neutralize the infectivity of spoites for lymphocytes in vitro
(Musoke et al., 1982; Dobbelaere et al., 1984; Maset al., 1984). Attempts were
therefore made to use recombinant p67 protein purated in adjuvants for
vaccination. However, although animals vaccinatdth va p67 subunit vaccine

generated high titres of neutralising antibodie§iell trial of the vaccine revealed
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that the overall incidence of severe ECF was oatluced by approximately 50% in
vaccinated animals (total number of 83 animals frendifferent sites in Kenya)
(Musoke et al., 2005). These results indicated vhatination with p67 is unable to

provide sufficient protection for field use.

As experimental studies provided evidence that MiStricted CD8+ T cell
responses against cells infected wilh parva are important in mediating
immunological control of the infection, investigati of subunit vaccines has recently
focused on CD8+ T cell target antigens. Followidgntification ofT. parva antigens
recognized by specific CD8+ T cells, 5 of the agrigg were used to immunise
animals employing a prime-boost protocol, involvprgming with antigen expressed
in a DNA plasmid or a recombinant canarypox virnd Aoosting after 4 weeks with
antigen expressed in modified vaccinia virus Ankstrain (Graham et al., 2006).
Plasmid DNAs and recombinant viruses expressingimhgal antigens were used.
Although 19 of 24 immunised animals generated daltée antigen-specific CD8+ T
cell IFN- y responses to one or more antigens, only a fevhefanimals showed
evidence of protection against parasite challe@yal{am et al., 2006). In contrast to
CD8+ T cells induced by infection and treatmeng, @D8+ T cells generated by this
prime boost protocol exhibited weak or no cytotoaitivity. This suggests that
strong cytotoxicity in the specific CD8+ T cell pssise may be required for

protection.
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1.3 CD8+ T cell- mediated effector mechanisms against
intracellular pathogens

Previous studies using T cell subset depletion gemte-knock mouse models have
indicated that CD8+ T cells are important mediatfradaptive immunity against a
number of viruses and intracellular protozoa anctdyéa. They act as effectors upon
engagement with the target cell via T cell recegid€R)-mediated recognition of
pathogen-derived peptides complexed with self dlAstIC glycoproteins (pMHCI).
In general, they can act by cytokine-mediatedrigllof the intracellular pathogens or
by directly killing the infected cells via two distt molecular pathways: the granule
exocytosis pathway, which involves release of perfand granzymes (Henkart and
Sitkovsky, 1994), or Fas/Fas ligand interaction ahhresults in classical caspase-
dependent apoptosis (Nagata and Golstein, 199%).fdimer frequently involves
IFN- y and a number of different intracellular mechanisring-N- y-mediated killing
of intracellular pathogens have been described l{Boet al., 1997). Studies of
responses to the Gram-positive intracellular baaterListeria monocytogenes in
mice, in which immunity has been shown to be medidty CD8+ T cells (Mielke et
al., 1989; Roberts et al., 1993; Kaufmann and Labt@94; Ladel et al., 1994), have
also demonstrated that immunity can develop in rdefecient in IFN-y, perforin or
Fas or combinations of these deficiencies (Harty BRavan, 1995; White and Harty,
1998; Badovinac and Harty, 2000). TNFwas implicated in this immunity
(Samsom et al., 1995; White and Harty, 1998; Whital., 2000), but the precise
mechanisms are still poorly understood. In additmtheir direct effector functions,
CD8+ T cells can express chemokines that mediateitment of inflammatory cells

towards infection sites for clearance of pathogens.
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1.3.1 Cytokine-mediated mechanisms in  Theileria

Previous in vitro studies have shown that despigegresence of large numbers of
IFN-y expressing cells ifi. parva-specific CD8+ T cell populations (Ballingall et,al
2000), the schizont stage Bfparva in infected leukocytes is not susceptible to IFN-
vy or TNFa (DeMartini and Baldwin, 1991). What is more, soperasitized cell
lines constitutively express IFNboth at the level of RNA (McKeever et al., 1997)
and functionally active protein (DeMartini and Baid, 1991). Other studies of the
in vivo response to primary infection with parva (Houston et al., 2008) have
detected production of a large amount of iRy uninfected T lymphoblasts during
the early stages of infection, coinciding with chpaultiplication of parasitized cells.
Thus, there is no evidence of cytokine-mediatetinkilof T. parva by the specific

CD8+ T cell response.

1.3.2 Mechanisms of cell-mediated cytotoxicity

1.3.2.1 Death receptor pathway (Fas-Fas Ligand)

Fas (CD95), a death receptor belonging to the tumecrosis factor (TNF) receptor
superfamily is constitutively expressed on the salface of many cells (Watanabe-
Fukunaga et al., 1992b). In contrast, expressiorrasd ligand (FasL) is mainly
restricted to T and NK cells (Montel et al., 19%da et al., 1995). In T cells, de
novo synthesis of FasL is induced upon T cell atidn via TCR/CD3 engagement
with a specific peptide/MHCI complex (Vignhaux et, dl995). After binding to FasL,
signalling through the Fas receptor induces apaptifigarget cells via activation of

caspases, which is regulated by several intraeglinhibitors at different molecular
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levels (Chang et al., 2002; Salvesen and Ducké@2p Although mediation of cell
death by this interaction is independent of ‘@Rouvier et al., 1993), production of
FasL on the cell surface upon T cell activationuiezs extracellular C4 (Lowin et
al., 1996). Fas-mediated cell death is believegdrimarily contribute to regulating
lymphocyte homeostasis (lymphocyte proliferatiord apoptosis) via an immune
process known as activation-induced cell death BIQNatanabe-Fukunaga et al.,
1992a; Takahashi et al., 1994) and is involved mintaining immune-privileged
sites (eg. eye and testis cells constitutively egpr FasL, allowing them to
immediately kill any invading activated inflammagocells (Suda et al., 1993;
Griffith et al., 1995). Several studies in mousedels using Fas-mutant Ipr mice or
FasL-mutant gld mice have revealed defective cyiotactivity in CD4+ T cells
(Henkart and Sitkovsky, 1994; Stalder et al., 1984, using perforin-deficient mice,
demonstrated the absence of cytotoxic activity DBE T cells (Kagi et al., 1994b),
indicating that CD4+ T cells predominantly utilizee Fas-mediated pathway to
induce apoptosis, whereas CD8+ T cells primarilydiate cell death via granule

exocytosis.

A study by Kuenzi in 2003 found thdt. parva-infected cells from cell lines
maintained in vitro were less susceptible to Fasioed cell death than the same
cells from which the parasite had been removedrégtient with the theilericidal
compound BW720. However, expression of both Faskasl was detected on the
cell surface of infected cells and was unaffectgdtheilericidal drug treatment
(Kuenzi et al., 2003). The enhanced resistance attabuted toT. parva-induced

upregulation of several anti-apoptotic proteinsludoag FLIP, X-chromosome-
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linked inhibitor of apoptosis protein (XIAP) andl&P, which act as endogenous
inhibitors of caspases (Kuenzi et al., 2003). Bseaof the apparent resistance of
Theileria-infected cells to Fas-mediated killing, Fas-indlicell death is considered
less likely to be used as a mechanism of killind .géarva-infected cells by CD8+ T

cells

1.3.2.2 Granule exocytosis pathway

In human and mouse, there is evidence that theutraxocytosis pathway plays a
predominant role in killing of target cells by aygn-specific CD8+ T cells (Kagi et
al., 1994b; Yasukawa et al., 2000). Several stuigserforin-deficient mice have
demonstrated that perforin-based cytotoxic actistyequired for effective control
of infections with a number of intracellular patleog (Kagi et al., 1994a; Walsh et
al., 1994; Nickell and Sharma, 2000). Membraneslgsid DNA damage of target
cells are achieved by polarized release of cytot@ffector molecules, including
perforin (a pore-forming protein) and granzymes,icivhmediate cell death by
cleaving a number of substrate proteins involvedmiediating cell death. These
effector proteins are stored in Iytic granulesernedd to as secretory lysosomes,
which are specialized organelles found predomigantlCD8+ T cells and NK cells
(Burkhardt et al., 1990; Peters et al.,, 1991). c.ywjranules are dual-function
organelles, having the function of secretory grasulie, storage and secretion of
proteins) as well as that of conventional lysosorties degradation of proteins)
found in other cell types. The acidic environmetithim lytic granules is important
in regulating the functional activity of the effectproteins. In contrast to the

lysosomal hydrolases in conventional lysosomesghvhare functionally active under
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acidic conditions, perforin and granzymes requieutral pH conditions to be
functionally active. Within the granules, they remdunctionally inactive by
forming complexes with a proteoglycan, serglycits{Secause of the acidic pH
(Masson et al.,, 1990). This protects the CD8+ Tsf¢K cells themselves from
these toxic enzymes. Resting NK cells have segregosinules and constitutively
express perforin and granzymes, whereas naive CD&ells do not have the
secretory granules or express their enzyme contéigsn activation of CD8+ T
cells by TCR recognition of specific antigen andgagement of costimulatory
molecules, they differentiate into cytotoxic CD8+ Cells after several days,
concurrent with development of lytic granules arnghtkesis of perforin and
granzymes. Degranulation and release of theseteffecolecules occurs rapidly
when these differentiated CD8+ T cells again res®antigen via TCR recognition

alone, thus resulting in rapid apoptosis of tacgdis.

1.4 Perforin

Perforin is a C4 dependent pore-forming protein, with homology tensoof the
complement components (Muller-Eberhard, 1986). dilitates delivery of
granzymes into the cytosol of target cells, andstiplays an essential role in
lymphocyte-mediated cytotoxicity (Redelman and Hudi980; Hudig et al., 1991).
Several studies in perforin-deficient mice havevpted direct evidence of its
absolute requirement for killing target cells by &DT cells (Kagi et al., 1994b;
Kojima et al., 1994; Lowin et al., 1994). Purifipdrforin alone has been shown to
induce direct lysis of target cells under some domas; however, induction of DNA

damage of the same cells only occurred in the poesef granzymes (Hayes et al.,
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1989; Shi et al., 1992a; Shi et al., 1992b), inihcasynergetic activity of perforin

and granzymes in inducing apoptotic cell death.

Perforin expression has been found in most NK, NiKd@yo+ cells as well as CD8+
T cells and a subpopulation of CD4+ T cells (Withiss and Engelhard, 1997; Kelso
et al., 2002; Johnson et al., 2003; Bade et alQ5p0The nascent protein is
synthesized as a 70 kDa inactive precursor, matifig addition of glycans in the
Golgi apparatus and cleaved at the C-terminusantiic granule, thus yielding a 60
kDa active form (Uellner et al., 1997). The presgenta low concentration of &a
in the lytic granule as well as the formation ofmmexes with serglycins in the
acidic environment, results in the mature form effprin remaining functionally
inactive within the granules (Masson et al., 1990pon degranulation, perforin
binds C&" which induces conformational changes in the C2alonthat confer an
ability to bind lipids (Uellner et al., 1997). Thadlows perforin to enter into the lipid
bi-layer and by polymerisation form a 16nm membrnaoee. Pores formed at the site
of the T cell synapse were originally thought tlmal granzymes to pass through the
cell membrane (Young et al., 1986; Podack and Hémga 1989). However, the
precise site at which granzymes enter the targeiscstill under debate. Evidence
has been presented that granzymes and perforitheagare taken up by the target
cells by endocytosis and that delivery of granzynmés the cytosol via perforin
pores occurs within the endosomes (Froelich et1&896b; Metkar et al., 2002).
Moreover, it has been proposed that mannose-6-phtspeceptor (MPR) proteins
on the cell surface may bind granzymes and perfara deliver them into

endosomes (Motyka et al., 2000; Metkar et al., 2002
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1.5 Granzymes

Granzymes are a subfamily of serine proteasesntbie up a major proportion of
the mass of lytic granules in cytotoxic CD8+ T lymagytes and NK cells. They play
an important role in killing of susceptible targedlls, acting on various cellular
pathways that regulate programmed cell death (JandeTschopp, 1988). So far,
five granzymes - A, B, K, H and M — have been ideztt in humans and ten
granzymes - A, B, K, E, M, C, D, F, G and N - haween identified in mice
(Grossman et al., 2003). Granzyme H appears tedigated to humans, while C, D,

E, F, G and N are exclusively expressed in mouse.

Granzymes are structurally related to chymotrypsith typical features of a
catalytic triad of amino acid residues (His-57, A€)J8 and Ser-195) at the active
sites (Murphy et al., 1988) and a substrate-bindohgft, the shape of which
determines their enzymatic specificity. In genefallowing specific docking into
the substrate binding cleft of the protease, thestsate is cleaved after the cleavage
residue (referred to as amino acid P1 positioménsubstrate) through the proteolytic
activity of the catalytic triad. The binding sita the protease typically interacts with
at least three amino acids on each side of P1enstlbstrate. The nomenclature
applied to amino acid positions flanking the clegvaesidue in the substrate is Pn-
P4-P3-P2-P1-P1'-P2'-P3'-P4'-Pn’, while the nomanedor corresponding sites in
the protease is Sn-S4-S3-S2-S1-S1'-S2'-S3'-S4(Sshiechter and Berger, 1967),
where S1 is the key site that interacts with thiesgrate P1 residue. This S1 site of

the protease determines “primary substrate spaygifievhich is strictly restricted to
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certain amino acids, whereas other binding sitethefprotease that interact with
other substrate residues determine the “extendestrsitie specificity”, which is less
specific but has substantial influence on the migtee efficiency. Additional shared
features of granzymes have been defined includiegpresence of a consensus
sequence at the N-terminus (Bleackley et al., 19B#ine and Tschopp, 1988;
Murphy et al.,, 1988), a conserved activation peptiGly-Glu or Glu-Glu) (see
section 1.5.1) and 3 or 4 intra-molecular disulficledges (Smyth et al., 1996;

Trapani, 2001; Piuko et al., 2007).

Genes encoding each member of the granzyme famdyckassified into three
distinct subgroups based on their enzymatic agtiirypsin-like, chymotrypsin-like

and metase) and this corresponds to segregationdifferent gene loci on three
chromosomes (Tablel.1) (Trapani, 2001). GranzymeasdK are found together on
human 5g11-q12 and mouse 13D chromosomal regiespectively. Granzymes B
and H are located on human 14q11-q12 chromosorgairend mouse granzymes
B, C, E, M, D, F, G and N on 14D chromosomal regitm addition to these

granzymes, the chymotrypsin-like locus contains ege®ncoding other serine
proteases such as cathepsin G and mast cell pgsteaboth species. Granzyme M
is located on human 19p13.3 and mouse 10g21.2 ds@mal regions, respectively;
a cluster of neutrophil elastase genes includingrazzdin 1(ZAU1), proteinase
3(PRTN3), neutrophil expressed (ELANE) and compleimiactor D (CFD) are

present 200-500kb downstream of granzyme M (Pitaale 1994). Interspecies
comparisons of granzyme sequences reveal a cléangr level of similarity

between the 3 subgroups within a species (30-40%) between group members
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across species (55-70%) (Piuko et al., 2007). Ségtudies have demonstrated that
the substrate specificity of granzymes correspdadseir phylogenetic relatedness
and their genome loci. For example, granzyme A larate tryptases that prefer to
cleave their target proteins after basic residaegirfine or lysine); Granzyme B has
an unusual Aspase activity, specifically requiriag Asp residue; Granzyme H
exhibits the chymase specificity and cleaves aftematic residues (phenylalanine,
tryptophan or tyrosine); Granzyme M has metasevictand prefers to cleave after
long narrow hydrophobic residues (methionine ocileg). In contrast, the substrate
specificities of mouse granzymes C, E, D, F, G ldndere not defined (Smyth et al.,

1996; Smyth et al., 2001) and are still unknowriaso

Table 1.1 Mouse and human granzymes grouped accordj to their

chromosomal localization

Chramosomal localization Species Granzymes
The tryptase' locus

Agl1-g12 Human Aand K
13D hause Aand K

The ‘chymasze' locus
14q11-g12 Human B and H
140 Mouse B,C D0 EF GandN

The Met-ase'locus
19p13.3 Human
10921 2 Mauze

Table is cited from Trapani, 2001 .

= =
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1.5.1 Synthesis and processing of granzymes

As granzymes are extremely toxic, causing cell ldghrough various cellular
pathways, expression of these molecules is regllateavoid enzymatic activity
during their post-translational transport and gjeral heir function is strongly related
to the structural conformation of the proteins. ¢¢ag granzymes are synthesized as
inactive zymogens and have to undergo two modiboatsteps to become
enzymatically activated. Firstly, the signal sequeens removed when it passes
through the endoplasmic reticulum (ER), leavingativation peptide attached at the
amino terminus of what is destined to be the mapuotein (Masson and Tschopp,
1987). This pro-protein is then delivered via theldb apparatus into the lytic
granules. Transport occurs predominantly by the nose-6-phosphate receptor
(MPR) pathway, although approximately 30% of graneyA and B have been
shown to be delivered into the lytic granules inMiAR-independent way (Griffiths
and Isaaz, 1993). Second, once inside the granallspecific peptidase, dipeptidyl
peptidase l/cathepsin C, cleaves the 2 N-termisilues of the activation peptide,
producing the active form of the enzyme (Pham aeyl 1999) (Brown et al., 1993).
This form remains enzymatically non-functional vinthhe low pH environment of
the granules and only becomes active followingasteupon engagement of target
cells (McGuire et al., 1993). This process of gsene production is broadly similar
for the different granzymes, except for granzymevMch is converted to the active
form by N-terminal cleavage of a hexapeptide in$teba dipeptide to generate the

mature protein sequence (Smyth et al., 1995; Katligl., 1996).
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1.5.2 Expression of granule enzymes

Granzymes are expressed primarily in lymphoid eeaells such as CD4+ and
CD8+ T cells and their thymic precursors, aund T cells, NK cells and NKT cells
(Table 1.2) (Anthony et al.,, 2010; Bovenschen andmkier., 2010). Their
differential expression and discordant regulatiotymphocytes has been reported in
several studies. Unstimulated thymocytes only esgrdetectable transcripts of
granzyme A. However following in vitro stimulatianth PMA, ionomycin and IL-2,
cultured CD4-CD8-thymocytes, both TCR/6+ and TCR/B+, were shown to
contain transcripts for most granzyme genes (G&aiaz et al., 1990). Lymphocyte
subsets involved in innate immunity, namely NK gejo+ T cells, and NKT cells,
were found to have constitutive expression and wgearstorage of granzymes
(Garcia-Sanz et al., 1990), whereas CD4+ and CD8¢ells required antigen
stimulation or other types of stimuli to induce mggme expression (Garcia-Sanz et
al., 1990; Grossman et al., 2003). Initial studiésgranzyme gene expression in
different populations of cytotoxic lymphocytes rejgd that CD8+ T cells obtained
from allogeneic mixed lymphocyte reactions exprdsseedominantly granzyme A
and B, whereas levels of expression of other gmaesycomparable to that of
granzyme A and B were found in NK and lymphokinévated killer cells (LAK)
cells (Pham et al., 1996). Recent studies in rmckcated that, while perforin and
most or all of granzymes can be expressed simutastg by virus-specific CD8+ T
cell clones and populations activatedvitro, the genes encoding perforin and the
granzymes may be differentially regulated in adedaCD8+ T cells at the single cell
level (Kelso et al., 2002). This was confirmed Impther single cell study of virus-

specific CD8+ T cells, which showed distinct patgeof expression of perforin and
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the granzyme transcripts in single cells from tame T cell culture (Johnson et al.,

2003).

Additional studies have shown that the levels opregsion of perforin and the
various granzymes by CDS8F cells may be influenced by several cytokines.
Regulation of expression of granzymes and perforirCD8+ T cells has been
reported for IL-2, IL-4, IL-12, IL-15 and IL-21. H2 and IL-15 were shown capable
of stimulating proliferation of CD8+ T cells and -vggulating expression of
granzyme A and B and perforin genes (Ye et al.6199rovision of IL-12 as a third
signal (ie, in addition to TCR engagement and Ite2stimulation), was found to
promote development of full cytolytic function oD8+ T cells and enhanced levels
of granzyme B protein expression (Curtsinger et 2005). IL-21 in combination
with IL-15 was found to promote expression of gsang B (Zeng et al., 2005). In
contrast, IL-4 has been reported to induce a suldpbpn of non-cytolytic T cells
with low surface CD8+ and low levels of granzymesd goerforin expression

(Kienzle et al., 2002).
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Table 1.2 Summary of information on cell types/tiages expressing different

granzymes
Granzyme | Species Expression
A H, M | CD4+ T cells, CD8+ T cells, NK, NKTo+ T cells and thymusg
B H, M | CD4+ T cells, CD8+ T cells, NK, NKTp+ T cells and thymus
C M CD4+ T cells, CD8+ T cells and thymus
D M CD4+ T cells, CD8+ T cells, NK and thymus
E M CD4+ T cells, CD8+ T cells, NK and thymus
F M CD4+ T cells, CD8+ T cells, NK and thymus
G M CD4+ T cells, CD8+ T cells, NK and thymus
H H CD4+ T cells, CD8+ T cells, NK
K H, M CD4+ T cells, CD8+ T cells, NK, NKTo+ T cells
L M Unknown
M H, M CD8+ T cells, NK, NKT;o+ T cells
N M Testis

H - human; M - mouse;. This table is a modified vesion of data reported by

Anthony et al., 2010 and Bovenschen and Kummer., 20.

1.5.3 Apoptotic function of granzymes

Granzyme A and B are the most abundant granzynifiare been studied in most
detail. Current thinking regarding the moleculasibaof GzmA and GzmB-induced
cell death is based largely on experiments usingast cell exocytosis model
(Nakajima et al., 1995) and an vitro studies using purified effector molecules
delivered with sub-lytic concentrations of perfoanother pore-forming analogues.
However, the relevance of these in vitro findinggte in vivo models of action of
the granzymes is not always well established. Alslb death may not always be

dependent on apoptosis. Despite the finding tha8€D cells deficient in granzyme
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A and B are defective inducers of classical apaptdeey can still mediate target

cell death, suggesting that other granzymes mayoerating via alternative

pathways (Simon et al.,, 1997; Mullbacher et al.9%9Davis et al., 2001;

Waterhouse et al., 2006). Little is known about fimections of other granzymes,

hence their designation as ‘orphans’ (Grossmarh,e2@03). Although granzyme K,

H and M molecules are found at low levels in hure@B8+ T cell granules, it has

been shown that they can induce cell death (Bovemsand Kummer., 2010).

Table 1.3 Characteristics cell death induced by inglidual granzymes and

phenotypes of mice with granzyme deficiencies

ge

o

19}

1%

1%

je

Granzyme Function in cell death
Caspase-independent, depolarization of the mitaht@n membrane
A generation of ROS and cleavage of SET, and DNAsnick
Caspase-dependent and -independent cell death.
Direct processing of effector caspases such axaspase-3 and cleava
activation of ICAD, cleavage of Bid leading to ndtmndrial damage an
B release of SMAC/DIABLO and cytochrome c, formatiohan apoptosom
resulting in DNA fragmentation
Caspase-independent cell death with mitochondriaheri membrang
C depolarization and DNA nicks
Caspase-independent cell death with mitochondriaheri membrang
H depolarization and ROS formation, resulting in DNi&ks
Bid cleavage and caspase-independent cell death R@S production due t
K mitochondrial inner membrane depolarization and Diiigks
Caspase-independent, with unique morphological ggmnpossible cleavag
M of ICAD and PARP
D-G,J, L
and N Not described
Deficiency Mouse Phenotype
GrzA -/- Healthy, fertile; moderate increase incapsibility to MCMV and ectromelial.
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Unaltered apoptotic response

Healthy, fertile; moderate increase in susceptibith ectromelia and MCMV

GrzB -/- CD8+ T cells induce delayed nuclear changes iretarell.

Healthy, fertile; highly susceptible to both MCMWhd ectromelia. CTL

GrzAB -/- | induce delayed nuclear changes in target cell

Healthy, Fertile; mild susceptibility to MCMV butommal response tp

GrzM -/- ectromelia. Unaltered apoptotic response

The table is cited from Anthony et al., 2010. MCMV= Murine cytomegalovirus;

1.5.3.1 Apoptotic function of Granzyme A

In vitro studies have shown that recombinant grame\A delivered with purified
perforin results in cell death by causing damageth® inner mitochondrial
membrane and inducing nicks in single-stranded OJNi@ure 1.2) (Lieberman and
Fan, 2003). Unlike granzyme B, granzyme A-inducetl death does not require
caspase activation (Beresford et al., 1999; Faal.e2003a). Granzyme A has been
shown to act on 3 major cellular targets: laministdmes and the endoplasmic
reticulum-associated SET complex (Beresford et 2001; Zhang et al., 2001a;
Zhang et al., 2001b). Production of reactive oxygeecies (ROS) occurs when
granzyme A causes inner mitochondrial membrane damahus leading to
translocation of the SET complex from the cytoplassurface of the ER to the
nucleus (Beresford et al., 1999; Martinvalet et 2005). Although the biological
function of the SET complex is not fully understpadis probably involved in
activation of transcription and transcription-relt DNA repair upon oxidative
stress. It contains three granzyme A substrates ntitleosome assembly protein
SET, the DNA binding protein HMG-2 and the baseigra repair enzyme, Apel

(Beresford et al., 1999; Fan et al., 2003a; Faal.e2003b). The SET protein acts as
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an inhibitor of an endonuclease in the SET comighi23-H1) and cleavage of
SET by granzyme A allows activation of NM23-H1, sheesulting in single-strand
DNA nicks. Lamins are responsible for maintainingclear structure and histones
are the basic building blocks of chromatin struet(zhang et al., 2001a; Zhang et
al., 2001b). Overall, the activity of granzyme Aduces apoptosis of target cells
through degradation of DNA and disruption of chetim structural integrity (Pardo

et al., 2004).

Figure 1.2 Granzyme A-mediated apoptotic pathway

on. poctrin -
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Mature Reviews | immunology

The figure is cited from Lieberman, 2003

Although several studies have demonstrated cytotagtivity of granzyme An

vitro, the physiological significance of these findirrgesains controversial (Metkar
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et al., 2008; Trapani and Bird, 2008; Pardo et2009). A recent study of human
and mouse granzyme A by Metkar et al.,, showed phetease does not have
cytotoxic activity after delivery by human perforon adenoviral particles and is not
able to induce cell death at low concentrationsignaolar), based on use of a short-
term cell-death assay and cell survival in a logrgst proliferative assay (Metkar et
al., 2008). Although cell death was observed wighltoncentrations of granzyme A
(micromolar) with sublytic concentrations of perfgrthis was not associated with
apoptosis but with necrosis due to virtually inséaeous membrane lysis (Metkar et
al., 2008). In addition, several investigators hey@orted that granzyme A-deficient
mice have no defect of CD8+ T cell or NK cell-meddh cytotoxicity, suggesting

that granzyme A does not play an essential roleelamediated cytotoxicity (Ebnet

et al., 1995; Mullbacher et al., 1996; Riera gt2000).

1.5.3.2 Apoptotic function of Granzyme B

In contrast to granzyme A, there seems to be Ildifpute that granzyme B is a
potent inducer of apoptosis and an important mediaf cytotoxicity. Direct
evidence has been obtained from studies of granBaueficient mice, which show
dramatically reduced efficiency in the induction rajpid cell death of allogeneic
target cells by CD8+ T cells, implying its criticable in rapid granule-mediated
apoptosis (Heusel et al., 1994). Granzyme B indapeptosis by caspase-dependent
and —independent pathways (Figure 1.3) (Lieber®@@3). It can directly hydrolyse
but only partially process effector caspases sschracaspase-3 and -7, as their full
activation requires a further process known ascatiédysis which is regulated by the

release of other pro-apoptotic mitochondrial fagt@vartin et al., 1996; Goping et
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al., 2003; Sutton et al., 2003). The endonucleaspP G activated after its inhibitor,
inhibitor of caspase-activated DNase (ICAD), isagled by the fully activated
effector caspases, thus resulting in cell deattDN& fragmentation. Alternatively,
granzyme B can induce cell death by triggering omtmdrial outer membrane
permeabilization as a consequence of cleaving apoptotic protein of the Bcl-2
family, BH3-interaction domain death agonist (Bid)he truncated Bid protein
initiates mitochondrial-dependent apoptosis by vating Bax and/or Bak (pro-
apoptotic proteins of the Bcl-2 family) and pronmgtitheir oligomerization within
the mitochondrial outer membrane, which leads ttochiondria permeabilization
and the subsequent release of cytochrome ¢, SMABDOD and Htra2/Omi (Barry
et al., 2000; Sutton et al., 2000; Alimonti et 2001; Sutton et al., 2003). Release of
SMAC/DIABLO and Htra2/Omi sequesters the inhibitdrapoptosis proteins (IAP),
which acts as an endogenous inhibitor of the dgtod caspases, and thus facilitate
full activation of caspases via autocatalysis (iagt al., 1996; Goping et al., 2003;
Sutton et al., 2003). In addition, release of clgtome c into the cytosol leads to the
formation of the apoptosome, a multimeric compleomprising cytochrome c,
apoptotic protease activating factor 1 (APAF-1) sndcaspase-9 (Li et al., 1997,
Jiang and Wang, 2000). The assembly of apoptosaemdts in activation of
caspase-9, an apical caspase (ie. involved inaingfiages of caspase-mediated
apoptosis), followed by activation of the downstneeaspase cascade (Slee et al.,

1999; Hill et al., 2004).
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Figure 1.3 Human granzyme B-mediated apoptotic pativay
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Solid arrows refer to the major cytotoxic pathways mediated by human
granzyme B; Dotted arrows refer to minor pathwayswhich reinforce actions of
the major pathways but are not able to induce apojisis alone; The figure is

cited from Trapani, 2001.

Recent studies have shown that the precise pathiawdhich granzyme B mediates
apoptosis are species-dependent (Kaiserman €086, Cullen et al., 2007). Human
granzyme B is much more effective at mediating &psip than mouse granzyme B
because it can cleave and activate Bid, whereassengtanzyme B cleaves Bid
poorly and does not utilise it for initiating apopts (Cullen et al., 2007). In addition,

the failure of human granzyme B to kill cells inddcto over-express the anti-
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apoptotic protein Bcl-2, which blocks Bid-initiategll death, indicates that it lacks
the capacity to independently and fully activatempsis by direct activation of

caspases (Goping et al., 2003; Sutton et al., 200R)s, mouse granzyme B directly
activates caspases to promote apoptosis in a Bependent manner, whereas

human granzyme B may kill by indirect activationcakpases via Bid.

Although activation of caspases was originally gjfttuto be required for granzyme
B-mediated cell death, studies by a number of ggangicate that their requirement
IS not absolute. An in vitro study of mouse CD8+cdlls showed that apoptotic
nuclear damage induced by granule exocytosis wasgated by a pan-caspase
inhibitor Z-VAD-FMK, whereas lysis of the cells wasaffected (Sarin et al., 1997).
Similar results have been obtained in studies wtnified human granzyme B,
caspase inhibition preventing granzyme-induced Ddnage but not cell lysis
(Trapani et al., 1998). Some studies also showatgitanzyme B can directly cleave
and activate several downstream substrates of sasgach as the inhibitor of the
caspases-activated DNase (ICAD), poly (ADP-ribgselymerase (PARP), DNA-
dependent protein kinase (DNA-PK) and lamin B (kobeet al., 1996a; Andrade et
al., 1998; Thomas et al., 2000; Sharif-Askari ef 2001; Zhang et al., 2001a) to
induce DNA fragmentation. These findings strongigicated an important role of

caspase-independent pathway(s) in granzyme B-neeldegioptosis.

1.5.3.3 Apoptotic function of orphan granzymes

Purified recombinant human granzyme H, deliveredobsforin or a pore-forming

analogue streptolysin O (SLO), has been shown tdiates cell death characterised
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by chromosomal condensation, DNA fragmentationpatbndrial inner membrane
depolarization and ROS production (Fellows et2007). The granzyme H-induced
cell death in vitro is independent of Bid and cagsaimplying a cell-death pathway
distinct from that of granzyme B (Fellows et abD0Z). However, this mechanism of
granzyme H-induced cell death has been challengethbther group, who provided
evidence for caspase-dependent apoptosis invoBidgand ICAD and release of
cytochrome c¢ (Hou et al., 2008). The latter celatdewas induced by purified

recombinant granzyme H after delivery by adenoviousa cationic lipid-based

transfection reagent Pro-Ject into target cells.

Human granzyme K was initially thought to act irsimilar way and provide an
alternative to granzyme A for inducing apoptosiace cell death was reported to
occur independently of caspases and similar tozgrap A was associated with
single-strand DNA nicks and ROS production (MacDdret al., 1999; Martinvalet
et al., 2005; Zhao et al., 2007b). Granzyme K Has been reported to cleave the
granzyme A substrate SET to induce cell death (#tab., 2007b). However, recent
studies have strongly suggested that it has andisfunction, as indicated by a
dependence on mitochondrial depolarisation initidig direct processing of Bid to

release cytochrome c and endonuclease G (Zhaq 20ara).

Purified recombinant human granzyme M deliverechvpérforin or streptolysin O
(SLO) has been found to rapidly induce death ofauncells in vitro, which show
an unusual cell death-morphology characterisedobmdtion of large cytoplasmic

vacuoles, dilated ER and shrunken nuclei; no DNéking or fragmentation was
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observed (Kelly et al., 2004; Bovenschen et alQ&®ullen et al., 2009). The cell
death was independent of Bid and caspases and Dagméntation, indicating a
potentially unique form distinct from that of gramze A and B. However, a study of
granzyme M-deficient mice has shown that killingtomour cells by NK cells in

vitro was comparable to that of wild-type mice (Raal., 2005).

1.5.3.4 Inhibitors of granzyme activity

Protease inhibitor 9 (serpinB9 / PI-9), a membertte# clade B serpins, is an
endogenous inhibitor of human granzyme B. PI-9 adsa pseudo substrate,
employing a reactive centre loop (RCL) to reacthwitsidues at the active site of
granzyme B, thus blocking its function by forming @reversible stable complex
(Sun et al., 1996). PI-9 shows a very broad tisswkcellular distribution, with high

and stable levels found in cytotoxic T cells, amtigpresenting cells, a number of
other cell types, including endothelial and meskdhecells, and cells at

immunologically privileged sites (Sun et al., 1986adergroen et al., 2001; Buzza et
al., 2001; Hirst et al., 2001). PI-9 is locatedbioth the cytoplasm and nucleus of
cells (Bird et al., 2001) and is thought to protegbtoxic T cells and bystander cells
from misdirected granzyme B (Sun et al., 1996; Bigdoen et al., 2001; Buzza et

al., 2001; Hirst et al., 2001; Bird et al., 1998).

Recent studies have proposed that some tumourugellegulate PI-9 expression in
order to evade the immune system. Studies of rdewals of PI-9 expression in a
number of tumour cells (including lymphoid tumousf)owed that the level of

expression was associated with increased resistemcpgerforin/ granzyme B-
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mediated killing activity by CD8+ T cells and NK llse (Medema et al., 2001;
Bladergroen et al., 2002; ten Berge et al., 20@2; Moudt et al., 2005; Bossard et al.,
2007), although this notion is challenged by Goelakl., (2006), who presented
evidence that PI-9 expression in several lymphoeils evas irrelevant to perforin-

dependent killing by CD8+ T cells and NK cells @abet al., 2006).

Granzyme M has recently been reported to faciligggszyme B-induced cell death
by inactivating the PI-9 inhibitor. Granzyme M hgtirsed PI-9 in vitro and thus

inactivated its inhibitory activity on granzyme Blghrus et al., 2004). Although the
physiological significance of this finding remaitts be examined, it suggests that
granzyme M can promote the efficiency of granzymendiiced Kkilling by

inactivating its endogenous inhibitor.

Adenovirus 5 has been shown to encode an inhilwfogranzyme B, L4-100K

assembly protein, which forms a stable complex whthactive sites of granzyme B,
thus inhibiting its proteolytic activity (Andrade al., 2001). However, granzyme H
is able to neutralise this inhibitor, thus factiitg killing of the adenovirus-infected
cells granzyme B (Andrade et al., 2007). Theseiriigsl demonstrated the ability of
granzymes to operate cooperatively to induce apagptand to bypass viral and

tumour cell inhibitory strategies.
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1.5.4 Other possible functions of granzymes

In addition to their role in apoptosis, evidences keanerged recently that granzymes
have other biological functions, including direabactivation of intracellular
pathogens, remodelling extracellular matrix (ECMhdainduction of pro-

inflammatory cytokines.

Several studies in mouse models indicated an iraporble of granzymes for viral
clearance. For example, mice deficient in granzyan8 or M or both granzyme A
and B have shown various degrees of increased sty to murine
cytomegalovirus (MCMV) and ectromelia infection,sgée the finding that their
CD8+ T cells generally retain cytotoxic activitymparable with that of wild-type
mice (Table 1.3) (Anthony et al., 2010). Also ascdssed above, granzyme H
restricts the replication of adenovirus by directieaving and inactivating an
adenovirus DNA binding protein DBP essential faralireplication. Overall, these
findings indicate that granzymes may influence aanihe pathogen infections by

mechanisms other than killing of infected cells.

A number of extracellular proteins have been shdwnact as substrates for
granzymes. For example, fibronectin, laminin, bas@nmembrane collagen type IV
and other substrates such as the thrombin receptoprocessed by granzyme A
(Simon et al., 1988; Simon et al.,, 1991; Vettelabt 1993; Suidan et al., 1994).
Granzyme B is also reported to cleave the extraleellsubstrates vitronectin,
fibronectin and laminin (Buzza et al., 2005). Asansequence of cleavage of these

three proteins involved in extracellular matrixusture and function, granzyme B
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induces perforin-independent killing via a procelssown as anoikis (cell death
induced by detachment) and inhibits tumour celeagmng, migration, and invasion
(Buzza et al., 2005). In addition to lymphoid celisanzyme B expression has also
been found in non-lymphoid cells such as mast ¢Blésdo et al., 2007; Strik et al.,
2007), basophils (Tschopp et al., 2006) and epidek®ratinocytes (Berthou et al.,
1997) and macrophages (Kim et al., 2007). Howether function of granzyme B in

these cell types is unknown.

Human and murine granzyme A in the absence of perftave been reported to
trigger expression of IL{], TNFa and IL-6 by human monocytes and expression of
IL-1B in primary mouse macrophages, respectively (Metiaral., 2008). The
mechanisms involved were not investigated in detaiit cytokine release from

human monocytes was inhibited by a caspase-1 tohifvetkar et al., 2008).
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1.6 Aims of the project

The above discussion indicates that the cytotoxitvity of CD8+ T cells is an
important factor in mediating immunity against thevine intracellular protozoan
parasiteTheileria parva. However, the mechanism by which the specific CO8+
cells kill parasitized cells is not understood.htmman and mouse, the predominant
pathway used by CD8+ T cells to kill pathogen-itéelccells is granule exocytosis,
involving release of a membrane disrupting protparforin and a number of
granzymes (5 in human and 10 in mouse). Granzynsetlige best-characterized and
most potent member of the granzyme family in tregsecies and is considered to be
the major initiator of granule-mediated apoptosiswever, there is no published

information on the identity or biological activisef bovine granzymes.

The hypothesis addressed by this protect was thiagkof T. parva-infected cells
by CD8+ T cells occurs by release of Iytic granudesl that granzyme B is an
important mediator of the cytotoxic activity. Theevall aim was to characterise
granzymes in cattle and investigate their involvemme killing of Theileria-infected

cells by CD8+ T cells, focusing particularly on ttade of granzyme B.

The specific objectives were as follows:

* Determine the role of granule exocytosis in killiogThelleria-infected cells by
CD8+ T cells.

» Identify and characterize the functional granzyne@es in the bovine genome

and examine their expressionTinparva-specific CD8+ T cells.
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Investigate the relationship of killing levels atite granule enzyme transcript
profiles of Theileria-specific CD8+ T cells.

Generate recombinant cDNA constructs of bovine zyiare B to allow
production of functionally active protein for degpment of a biological assay to
measure specific granzyme B activity.

Using the above assay and commercially availatiiéitors, determine the role

of granzyme B in killing ofTheileria-infected cells by specific CD8+ T cells.
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Chapter 2 Materials and Methods

This chapter will describe methods used throughibwt study, while methods
peculiar to the work reported in individual resuitsapters will be described in the

respective chapters

2.1 Experimental animals

Three animals used in the study (641, 011 and ®@2¢ Holstein Friesians bred at
the Institute for Animal Health (IAH), Compton. T8eanimals were immunised by
infection with T. parva and treatment The animals were bred from MHC-aefin
dams and sires and their MHC phenotypes were itkohtising a panel of MHC1-
specific monoclonal antibodies (Ellis et al., 1998himal 641 was homozygous for
the A18 MHC1 haplotype and 011 and 592 were hommzydgor the A10 MHC1

haplotype.

2.2 General cell culture techniques

2.2.1 Lymphocyte preparation

Peripheral blood mononuclear cells (PBMC) wereatan as described in Goddeeris
and Morrison, 1988. Blood was collected by jugwanipuncture into an equal
volume of Alsever’s solution (Appendix C.1). Aligisoof 30ml of blood in Alsever’s

solution were carefully overlaid onto 20ml of Fiepaque (GE Healthcare, Uppsala,
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Sweden) in 50ml falcon tubes and centrifuged at 806 for 30 min at room
temperature. PBMC were harvested from the interf@eg mixed with an equal
volume of Alsever’'s solution before pelleting at04% g at 10 min at room
temperature. The pellet was then washed 3 timédsever’s prior to re-suspension
in standard culture medium (SCM- Appendix C.2) aslls counted using a

haemocytometer.

2.2.2 Concanavalin A (ConA)- activated PBMC

Uninfected lymphoblast lines were established inn&dl plates by stimulation of
PBMC with ConA (Sigma-Aldrich) for 3 days and imnmetely harvested for the
further experiment. Each well was seeded with 25k40PBMC in SCM together
with ConA at a final concentration of 5ug/ml. PRtgere incubated for 3 days in a

humidified incubator in an atmosphere of 5% &D37°C.

2.2.3 Complement-mediated cell lysis

Cells were re-suspended in SCM at a final concgatraf 1 x 10 cells/ml and 1ml

of hybridoma culture supernatant containing monoalcantibodies ILA-12 (anti-
CD4, 1gG2a) and CC15 (WC1 —expressedydn T cells, IgG2a) added per 5 x’10
cells, and incubated on ice for 45 min. Cells wesleted by centrifugation at 180 x

g for 10 min at 4°C and washed twice in SCM. Cellere subsequently re-
suspended in SCM at 5Xt@lls/ml and rabbit serum was added, as a source of

complement, to give a final dilution of one in fiv€he mixture was incubated at
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37°C for 40 min to allow complement-mediated lysibe cells were pelleted and
washed twice in SCM, re-suspended in 9 ml SCM awerlaid on 6ml Ficoll-

Paqué” PLUS in 15ml polypropylene tubes and then cerggfliat 900 x g for 20
min at room temperature. Live, unlysed cells wesbected from the Ficoll/SCM

interface, washed in an equal volume of SCM antetesl at 450 x g for 10 min at
room temperature. The effectiveness of the lysiss wassessed by
immunofluorescence staining of a sample the remgitive cell population and

analysis by flow cytometry (Section 2.2.7).

2.2.4 Generation of CD8+ T cell lines in vitro

T. parva-specific CD8+ T-cell lines were generated by thethnd described by
Goddeeris and Morrison, 1988, with minor modifioas:

1%-stimulation

PBMC were isolated from blood of & parva immune animal as described above.
Established cell lines infected with parva (Muguga strain - TPM) derived from
each of the animals from which T cell lines wereeyated, referred to as 641TPM,
011TPM and 592TPM were provided by Drs Niall MacH@&mnd Timothy Connelley
in the Roslin Institute. Autologous .parva-infected cells were harvested, counted
and resuspended at 1X@l SCM. They were exposed to 60Gy of gamma
irradiation from a3'Cesium source (Roslin Institute). Aliquots of 1 ofilPBMC at
2x1F/ml and irradiated autologous stimulators at PkhOwere added to each well
of 24-well plates. Plates were incubated for 7 daya humidified incubator in an

atmosphere of 5% Cfat 37°C.
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2"%_stimulation

Cells from the first stimulation were harvestedible cells counted and re-cultured
in 24-well plates. Each well was seeded with Zxde&sponder cells together with
1x1C@ irradiated autologous stimulators in a final vokiof 2ml SCM. Plates were
incubated for 7 days in a humidified incubator maamosphere of 5% G@t 37°C.

3" stimulation

Cells from the second stimulation were harvestednted and the CD4+ and+ T-
cell populations lysed as described above (se&idr8). The remaining viable cells
were resuspended at 2Xi@l in SCM and 1ml aliquots added into the wells2df
well plates along with 1xf0of irradiated autologous stimulators and recomiina
human IL-2 (Chiron Corporation Emeryville, CA., UpAdded to give a final
concentration of 100U/ml. The plates were incubdtad7 days in a humidified

incubator in an atmosphere of 5% £4D 37°C.

2.2.5 Expansion of clones

Selected CD8+ T cell clones, kindly provided byTm Connelley and Ms Victoria
Carroll, respectively were expanded in the well24fwell plates. Each well was
seeded with 1xT0 responder cells together with 5xX1l@rradiated autologous
parasitized stimulators and recombinant human Illadded to give a final
concentration of 100U/ml. The plates were incubdtedl4 days in a humidified

incubator in an atmosphere of 5% £4 37°C.

2.2.6 Cryopreservation of cellular samples
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Aliquots of 2x1G cells were pelleted and re-suspended in 500ul-ihaativated

Foetal bovine serum (FBS) and 20% dimethylsulph@xipMSO, Sigma, Poole,
Dorset, UK)/500ul FBS was slowly added to eachualiq The 1ml aliquots were
transferred into polypropylene cryovials (CryoTubéync, Roskilde, Denmark),
places in an isopropanol jacketed container (CA® HEreezing Container, Nalgene,
Neerijse, Belgium) and slowly frozen at -70°C fdrleast 3 hour before being
transferred to liquid nitrogen storage. For recgvef the cells, cryopreserved
samples were rapidly thawed by incubation in a whtgh at 37 °C, made up to
10ml by addition of SCM, pelleted to remove DMSQd ae-suspended in SCM.

Cells were then kept in a humidified incubator matmosphere of 5% G@t 37°C

2.2.7 Flow cytometry

Cells were stained by indirect immunofluorescenug analysed by flow cytometry
using a cell analyser (FACScalibur, Beckton DickimsMountain View, CA., USA).

The monoclonal antibodies (mAbs) were primary aibs used for FACS analysis.
The second antibody was fluorescein isothiocya(fafEC)-labelled, polyvalent goat

anti-mouse immunogolobulin G, A, M antibody (Sigwiarich, Poole, Dorset, UK).

For phenotypic analysis, aliquots of 50ul of cedlsspended at 2xicells/ml in
FACS medium (Appendix C.3) were distributed in wetif 96-well round-bottom
well plates and 25ul of primary mAb added to eaeli.vAs a negative control, cells
were incubated with FACS medium instead of primartibody. The antibodies used

are listed in table 2.1. Plates were incubated@tfdr 30 min, washed three times in
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FACS medium and re-suspended in 25ul of FITC-ladeljoat polyvalent anti-
mouse immunoglobulin diluted 1:100 in FACS mediufollowing incubation at
4°C for 30 min, the cells were washed three tinm&ACS medium and then re-
suspended in 200ul FACS medium for analysis usiogllanalyser (FACScalibur,

Beckton Dickinson, Mountain View, CA., USA).

Table 2.1 Monoclonal antibodies used for primary laelling in FACS analysis

Antibody Isotype Specificity Cell distribution

MM1A IgG1 CD3 T-cells

IL-A12 IgG2a CD4 CDA4+ T-cells

IL-A51 lgG1 CD8& chain | CD8+ T-cells, subset NK cells
IL-A105 lgG2a CD8 CD8+ T-cells, subset NK cells
CC15 IgG2a WC1 Peripherg+ T-cells

GB21A IgG2b v8 TCR All yo+ T-cells

IL-A30 IgG1 IgM B-cells

AKS1 lgG1 NKp46 NK cells

2.2.8 Cytotoxicity assay

Cell mediated cytotoxicity was measured usitgndium ¢*in) 4-hour release
assays as described by Goddeeris and Morrison J1BB8ome experiments, longer
periods of incubation of effectors with targets evased.

Preparation of target cells
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Autologous TPM-infected cell lines (641TPM, 011TRMd 592TPM) were used as
target cells to test cytotoxicity against infectals. T. annulata (TA)-infected cell
lines 641TA and 592TA from the same animals, predidby Dr Niall MacHugh,
were used as to test cytotoxicity against defineddQM A18-restricted and A10-
restricted epitopes using cells pulsed with symtheeptides. Peptide for the A18-
restricted epitope Tpl224 (VGYPKVKEEML) was kindly provided by Dr.
E.Taracha (ILRI, Nairobi, Kenya) and peptide foe th10-restricted epitope Tpzse
(KSSHGMGKVGK) was produced by Pepscan Systems ftaty; Netherlands].
parva-infected target cells were suspended at 2eells/ml in cytotoxicity medium
(Appendix C.4) and 5uCi ofin (GE Healthcare Ltd., Little Chalfont, Bucks, UK)
was added to 50ul of this suspension (1%cHlls) and incubated for 30 min at 37°C
in a 15ml falcon tube. Cells were then washed snes$ with 10ml cytotoxicity
medium by centrifugation at 180 x g for 5 min aresuspended in 10ml of
cytotoxicity medium to give a concentration of 18 kells/ml. T. annulata (TA)
infected cell lines, 641TA and 592TA were adjusted1x1G/ml in cytotoxicity
medium and incubated with 100ng/ml Bploosand 1000ng/ml Tpg-se peptide
respectively for 0.5 hour at 37°C. The peptide-pdltarget cells were then pelleted,
labelled with 5uCi of*in and resuspended at a concentration of 1géls/ml as
described above.

Preparation of effector cells

CD8+ T cells were harvested and suspended in coytity medium to a
concentration of 1x1@ells/ml.

"n 4h-release cytotoxicity assays
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Duplicate aliquots of 100ul of two-fold dilution$ the effector cells were distributed
into the wells of 96-well V-bottomed plates to giaeange of 1x106.25x10 cells
per well; 50ul of target cells were added to eadl.wSpontaneous release and
maximal release were measured for each of tardieinciiplicate. For spontaneous
release, 50ul of target cells were incubated witbul cytotoxicity medium, whereas,
for maximal release, 50ul of target cells were bated with 100ul 0.2% Tween 20
(Sigma, Poole, Dorset, UK). Plates were brieflytagarged for 1 min at 120xg to
sediment the effector and target cell mixtures #reh incubated for 4 hour in a
humidified incubator in an atmosphere of 5%,GD37°C. After 4-hour incubation,
plates were centrifuged for 5 min at 180xg and #usupernatants per well was
transferred into individual gamma counter tubes.c@ipture radioactive material in
solid form to avoid spillage, small drops of brorhepol blue-stained 1.5% agarose
were added into each sample. Radioactivity releea® measured with a Wallac
Wizard 1470 Automatic Gamma Counter (PerkinElmeza®nsfield, Bucks., UK)
and the percentage of cytotoxicity for each sampbs calculated using the
following formula:

Cytotoxicity (%) = 100 x (Test'In release- Spontaneotisin release)

Maximat'in release- Spontaneotfin release
Levels of cytotoxicity of >10% were considered te &ignificant positive results;
these values were well in excess of 3 standardatiess above the values obtained

with negative control targets.
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2.3 General molecular techniques

2.3.1 Isolation of RNA

Total RNA was extracted from cell pellets using TieReagent Kit (Sigma, Sigma-
Aldrich, UK) according to the manufacturer's prasbcAliquots of 5-10 x 10cells
re-suspended in approximately 100ul of medium vesed with 1ml Tri-Reagent by
repeat pipetting and the mixture was incubatedoatnr temperature for 5 min to
complete dissociation of nuclear-protein compleX@slowing the addition of 0.2ml
of chloroform, the mixture was vigorously vortexéat 15 seconds, incubated at
room temperature for 2-15 min and then centrifuged2,000xg for 15 min at 4°C.
The aqueous phase was transferred to a new Eppaotderand mixed with 0.5ml
isopropanol. After 5-10 min incubation at room tergiure, the RNA was pelleted
by centrifugation at 12,000xg for 10min at 4°C d@hdn washed with 1ml of 75%
ethanol by centrifugation at 7,500xg for 5min aC4The washed pellet was air-
dried and re-suspended in 25ul of nuclease-freerw&NA was stored at -70°C

until further use.

2.3.2 RNA and DNA quantification

Absorbance of light at 260 and 280nm wavelengthsRB)A/DNA samples was
measured using a NanoDrop ND-1000 spectrophoton{étdstech International
Ltd) according to the manufacturer's protocol. RRA/A concentration was
estimated based on the assumptions that RNA and Bdva& absorbance readings of

1.0 at 260nm at concentrations of 40ug/ml and SQugkspectively. The purity of
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RNA/DNA samples was determined by the ratio of negsl obtained at

260nm:280nm >1.8.

2.3.3 RNA reverse transcription

cDNA was synthesized from RNA using the Reversen3ception system (Promega,
Madison, WI, USA) according to the manufacturerstpcol. Briefly, lug RNA was
incubated at 70°C for 10 min and placed on icel wttded to the reaction in the
following order: 4ul MgC} (25mM), 2ul of 10x Reverse transcription Inhibit@ul
dNTP mixture (10mM), 0.5ul Recombinant RNAsin Ribolease Inhibitor, 15U
avian myeloblastoma virus reverse transcriptase MAYT), 0.5ug Oligo(dTy)s
Primer or Random Primers, 1ug RNA sample and naeléi@e water added to give
a final volume of 20ul. When using Oligo(d¥ primer, the mixture was incubated at
42°C for 1h, heated at 95°C for 5 min and then liated at 0°C for 5 min to
inactivate the AMV-RT and prevent it from bindirftgetcDNA. When using Random
Primers, the mixture was first incubated at roommgerature for 10 min before
incubation at 42°C for 1h, then heated at 95°C5fonin and incubated at 0°C for 5

min. cDNA was stored at -20°C until use.

2.3.4 General RT-PCR assay

PCR primers were designed using the Primer3 proge@m (website

http://www.bioinformatics.nl/cqi-bin/primer3/prim&rwww.cg) or manually and

synthesized by MWG biotech (Ebersberg, Germanygn&ird PCR reactions were
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completed in a G-storm thermal cycler (Genetic Rede instrumentation, Essex,
UK). Standard PCR assays were composed of 10 prhgrimers, 0.5 units
BIOTAQ (5 units/ul Bioline, London, UK), 2ul SM-080buffer (ABgene, Epsom,
Surrey, UK-Appendix C.5), 1ul cDNA (0.05ug/ul) inDW, and nuclease-free water
to give a final volume of 20ul. The programme us&s as follows: 94°C for 3 min,
30 cycles (94°C for 1.5 min, 55°C for 1.5 min, 72f@ 1.5 min) and a final

extension period of 72°C for 10 min.

2.3.5 Agarose gel electrophoresis

The PCR products were analysed by electrophoresisl.b% agarose gels
incorporating 10ul Gel Red (Biotium Inc, HaywardACUSA)/100ul 1 x TAE

(Appendix C.6). Aliquots of 10ul of PCR product gl@ul of a 1 in 6 dilution of
loading buffer (Appendix C.7) were applied to e&ute and run at 110 V for 50 min
in the midi-gel system (PowerPac 200, BIO-RAD)ngsl x TAE as running buffer.
lug of 1kb Plus DNA Ladder (Invitrogen Ltd., PajsléJK) was used to enable

estimation of product sizes.

2.3.6 DNA purification

PCR product purification

PCR products were purified using the Wizard Prep$ADpurification system
(Promega, Madison, WI, USA) according to the mactufiger’s protocol. Briefly, 30-

300ul of PCR products were added to 100ul of Direarification Buffer and
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vortexed briefly. After addition of 1ml of DNA resi the mixture was vortexed 3
times over a 1 min period and passed through acoiimn to allow the DNA/resin
to bind to the membrane. The mini-column was thexshed with 2ml of 80%
isopropanol and centrifuged twice at 10,000x gZamnin to dry the resin. 30ul of
nuclease-free water was added to the mini-columeldte the purified DNA by

centrifugation at 10,000xg for 1 min. DNA was stbe¢ -20°C.

Gel purification

Gel purification of the desired DNA products wasfpaened using the Wizard Preps
DNA purification system (Promega, Madison, WI, USAkccording to the
manufacturer’'s protocol. The predicted sizes of DNands were estimated by
reference to a 1kb Plus DNA Ladder. Bands weresexkcwith a clean scalpel from
the low-melting-temperature agarose and the isblatmrose slice (less than 300mg)
was transferred into a 1.5ml microcentrifuge tubd encubated at 70°C until it was
melted. Following the addition of 1ml of DNA resithe mixture was briefly mixed,
attached to the membrane of the mini-column, wasth#d80% isopropanol and the

purified DNA was eluted with 30ul of nuclease-figater as described above.

2.3.7 Sub-cloning of PCR products

Purified cDNA products of the predicted size weub-sloned into pGEM-T Easy
vector system (Promega, Madison, WI, USA) accordiagthe manufacturer’s
protocol. The ligation reactions were composed WfAGEM-T Easy Vector, 25ng

purified PCR product, 1ul T4 DNA Ligase (3 Weissitshul), 5ul of 2x Rapid
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ligation Buffer and DDW, to give a final volume dfOul. The products were
transferred into JM109 High Efficiency Competentl€éPromega, Madison, WI,
USA) and the cells were plated onto duplicate LB&tani

(LB)/ampicillin/IPTG/X-Gal plates (Appendix C.9) emrding to the manufacturer’s
protocol. The plates were incubated overnight &C3AVhite colonies containing
inserts were selected from the plates and tramsfanto 30ml flasks with 6ml LB
media (Appendix C.10) and 100ug/ml ampicillin. T¢wls containing clones were

expanded by incubating overnight at 37°C with digiteat 220 rpm.

2.3.8 Plasmid DNA Preparation-(Mini-preps)

The plasmid DNA was extracted from bacteria andfigdr using the WizardPlus
SV Minipreps DNA Purification System (Promega, Maah, WI, USA) according to
the manufacturer’s protocol. 5ml of bacterial ctégi were harvested, pelleted by
centrifugation at 10,000xg for 5 min, re-suspende@50ul of Cell Resuspension
Solution and lysed with 250ul of Cell Lysis SolutioAfter addition of 10ul of
Alkaline Protease Solution, the bacterial lysatesenincubated for 5 min at room
temperature, mixed with 350ul Neutralisation Salntand pelleted by centrifugation
at 14,000xg for 10 min. The cleared lysates wearestierred into a Spin Column and
centrifuged at 14,000xg for 1 min to allow themattach the membrane. The Spin
Column was washed with 750ul of Column Wash Sotut{ethanol added) by
centrifugation at 14,000xg for 2 min and the waghivas repeated with 250ul of

Column Wash Solution. 50ul of nuclease-free watas wdded to the Spin Column
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to elute the purified plasmid DNA by centrifugatiat 14,000xg for 1 min. The

plasmid DNA was stored at -20°C.

2.3.9 ldentification the insert containing plasmid clones

To identify the presence of inserts, the plasmidADMas digested in the reaction
composed of 20unit&co R1 (20,000 units/ml, New England Biolabs, Hitchin,rtde
UK), 1ul 10x Eco R1 buffer(New England Biolabs, Hitchin, Herts., UKyl mini-
preps and 3ul DDW to give a final volume of 10ublancubated at 37°C for 1 h.
10ul of digested products was added with 3ul logdioffer and analysed by 1.5%

agarose gel electrophoresis as described abovaqi$2c3.5).

2.3.10 Sequencing

Purified plasmid products with inserts (3.2pmol/wgre sent to DBS Genomic
(Durham University) for sequencing. The sequencinbd for each sample was

analysed using DNAsis Max 2.0 software.
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Chapter 3 lIdentification and characterisation of bovine

granzymes

3.1 Introduction

Granzymes are a family of serine proteases thaibigxarious primary substrate
specificities. They are found in the lytic granutgscytotoxic T lymphocytes (CTLS)
and NK cells and play a significant role in killimj susceptible target cells, acting
on various cellular pathways that regulate prograchncell death (Jenne and
Tschopp, 1988). Five granzymes - A, B, K, H and Mave been identified in
humans. In mouse, there are ten granzymes - A, .B;,KM, C, D, F, G and N
(Grossman et al., 2003). Granzyme H appears tediaated to human, while C, D,
E, F, G and N are exclusively expressed in mouke. granzyme family has been
classified into three distinct evolutionary groupghich are clearly discriminated
based on their primary substrate specificities andespond to three different
chromosomal locations (Trapani, 2001). The memiaér¢he three groups have
trypsin-like (A and K on human 5g11-q12 and mou8® Thromosomal regions,
respectively), chymotrypsin-like (B and H on huniaigl11-q12; B, C, E, M, D, F, G
and N on mouse 14D) and metase (M on human 19pd3d3mouse 10921.2,
respectively) enzymatic activities (Smyth et al994). Genome mapping of the
granzyme genes has revealed that other serineagestesuch as the cathepsin G and
mast cell proteases are closely linked with grareydnand H in the chymotrypsin
locus, while the metase locus holds a cluster afrophil elastase genes, including

azurocidin 1 (ZAU1), proteinase 3 (PRTN3), neutib@xpressed (ELANE) and

55



complement factor D (CFD), 200 to 500kb downstredmgranzyme M (Pilat Daniel,
1994). Consistent with granzymes being structunalgited to chymotrypsin, studies
of human and mouse granzymes by several groups Hefreed a number of
common features, including a shared consensus ieguat the N-terminus
(Bleackley et al., 1988; Jenne and Tschopp, 198&;phl et al., 1988), conserved
activation peptides (propeptides), a three amind eatalytic triad (His-57, Asp-103
and Ser-195) (Murphy et al., 1988) and 3-4 diselfifidges (Smyth et al., 1996;
Trapani, 2001; Piuko et al., 2007). However, seqaestomparisons show a higher
level of conservation within granzyme subgroups-18%) than between groups
(30-40%) (Piuko et al., 2007). Further detailed pamson of sequence and structure
also reveal that each group of granzymes has uffiggieres. Substrate specificity is
dependent on protein structure (Perona and Cr&®5)1 which is determined by
variation in key amino acid residues that form ghbstrate binding pocket (Smyth et

al., 1996).

The studies described in this chapter aimed: @)identify and characterise bovine
granzyme genes by mining existing genomic and espva sequence tag databases.
(if). To conduct inter-species comparative analgéitheir nucleotide and amino acid

sequences, to attempt to deduce their enzymateafsjtees.
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3.2 Materials and methods

3.2.1 Bovine granzyme genome analysis

The nucleotide sequences of bovine granzymes wergified in the bovine genome

assembly, Btau_4.0 hitp://www.ensembl.org/Bos_taurus/blastv)ewusing the

nucleotide-nucleotide basic local alignment seatobl (BLASTN) with the
sequences listed in table 3.1. Use of the obtagetwme sequences to search the
bovine expressed sequence tags (EST) database

(http://www.ncbi.nlm.nih.gov/sites/entrez identified the corresponding cDNA

sequences.

Table 3.1 Accession numbers of cDNA sequences ofnman and mouse
granzyme genes obtained from the National Center f@iotechnology

Information (NCBI) RefSeq database (http://www.ncbinlm.nih.gov/)

Granzyme Species
Human Mouse

A NM_006144 NM_010370
B NM_004131 NM_013542
H NM_033423

K NM_002104 NM_008196
C NM_010371
E NM_010373
D NM_010372
F NM_010374
G NM_010375
N NM_153052
M NM_005317 NM_008504
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3.2.2 Sequence analysis

Sequence analyses such as CLUSTAL W alignmentrandlations were performed
by using the DNAsis Max V2.7 programme (MiraiBio,Jafmeda, CA, USA).
Prediction of the signal sequence cleavage site pea®rmed using an algorithm
described by von Heijne et al. (1986). Residueslired in the catalytic triad and
disulfide bridge  formation  were analysed by EBI  &d&sh

(http://www.ebi.ac.uk/Tools/ppseargt@nd Prositehttp://www.expasy.org/prosite/).

3.2.3 Chromosomal location analysis

In humans and mice, granzyme-related trypsin-ltitgymotrypsin-like and metase
loci have been found on three separate chromosd¢Breyth et al., 1996). The
nucleotide sequences of bovine orthologues in thoee were identified using
BLASTN searches in the bovine genome assembly, Bt@uwith the sequences in
table 3.2. The chromosomal localization of trypdie; chymotrypsin-like and
metase loci on bovine genome were annotated ugng giapping with identified

bovine orthologues in the respective chromosome.
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Table 3.2 Summary of accession numbers of human amdouse genes in trypsin-

like, chymotrypsin-like and metase loci

Chromosomal Locus

Species

H.sapiens (Hs)

M.musculus (Mm)

Trypsin-like

GzmK (NM_002104)

GzmK (NM_008196)

GzmA (NM_006144)

GzmA (NM_010370)

Chymotrypsin-like

CMAL (NM_001836)

Cmal / Mcpt5 (NM_010789)

Mcptl (NM_008570)

Mcpt9 (NM_010782)

Mcpt2 (NM_008571)

Mcpt4 (NM_010779)

Mcpt8 (NM_008572)

CTSG (NM_001911)

Ctsg (NM_007800)

GzmE (NM_010373)

GzmD (NM_010372)

GzmG (NM_010375)

GzmN (NM_153052)

GzmF (NM_010374)

GzmC (NM_010371)

GzmH (NM_033423)

GzmB (NM_004131)

GzmB (NM_013542)

Metase

GzmM (NM_005317)

GzmM (NM_008504)

AZU1 (NM_001700)

PRTNS3 (NM_002777)

Prtn3 (NM_011178)

ELANE (NM_001972)

Elane (NM_015779)

CFD (NM_001928)

Cfd (NM_013459)

The cDNA sequences of these genes located on thia were obtained from the

NCBI RefSeq database (Smyth et al., 1996; Grossma al., 2003; Gallwitz and

Hellman, 2006). -, no; Gzm = granzyme; CMA /Mcpt =mast cell chymase /mast
cell protease; Ctsg = cathepsin G; ZAU1 = azurocidil; PRTN3 = proteinase 3;

ELANE = neutrophil elastase preproprotein; CFD = canplement factor D.
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3.2.4 Phylogenetic analysis

Phylogenetic analysis was performed on the cDNAisrge of granzyme genes of
human, mouse, pig and bovine as identified in t&2and 3.6. The relationships
across species were established by analysing CLWSWA alignment with the

Neighbour-joining method by using MEGA4 softwareiiura et al., 2007).

3.2.5 Amplification of granzyme and perforin transc ripts from

cDNA by RT-PCR

Total RNA was extracted from cell pellets of theelomedT.parva-specific CD8+ T
cell lines day 7 after"8stimulation, which were isolated from animals G4 011.
The cDNA was synthesized from RNA as describedetisn 2.3.1- 2.3.3. Primers
were designed to amplify full-length coding regiofts bovine granzymes and
perforin based on sequences identified from bogaeromic and EST databases.
Primers were designed using the Primer3 programmmeaaually and synthesized by
MWG biotech (Ebersberg, Germany). The sequencdbleofprimers are shown in
table 3.3. The PCR products were amplified, sulnexdiointo the pGEM-T vector and
sent to DBS Genomic (Durham University) for sequeg@as described in section

2.3.4- 2.3.10.

Table 3.3 PCR primers designed for detection of bave granzymes and perforin

Primers Sequences (5---3")

GzmA (For) | ATTGATTGATGTGGGGACAC

GzmA (Rev) | AAAAAGTAACAGCAAATGAAATACAA
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GzmO (For)

AGTCTCCATATGTGAATAACAGGAG

GzmO (Rev) | CCCTTTCACTTGGTTACTTCG
GzmB (For) | CATCCTGGGCAGTCTTTCTA
GzmB (Rev) | CCTGCAGTGTGATTCTGGAT
GzmH (For) | CTGACCTGGGCAAATCTTCT
GzmH (Rev) | GGACAATGGTCAGTGCAGAG
GzmK (For) | TTCCTTTGCCAATACAGTCAG
GzmK (Rev) | AGCAGCTGATAGAGCCAAGA
GzmM (For) | GAGGCCCCCCAGATCCAAG
GzmM (Rev) | CCCCTTGGAACACAGAATCA

Perforin (For)

CAG GGT GGT CAA GCT AGA GG

Perforin (Rev)

AGG TGA GGC AAG CATTTG AC
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3.3 Results

3.3.1 Identification of bovine granzyme genes

Previous studies have identified five granzymesBAK, H and M) in human and
ten granzymes (A, B, K, C, E, D, F, G, N and Mmouse. BLASTN searches of the
bovine genome assembly, Btau_4.0 using nucleoddaences of human and mouse
granzymes identified 6 putative granzyme genesigiexti to encode full-length
functional proteins (Table 3.4 and accession numbeg listed in Table 3.5). These
included genes orthologous to the 5 granzyme gémexl in humans (A, B, K, H
and M) and a further gene with no close ortholodu#t, most closely related to
granzyme A. This novel nucleotide sequence in thevine genome
(ENSBTAG00000027865) was designated as GranzymeS@. far, a close
orthologue of this gene has not been describechynadher species. However, a
BLASTN search of the pig genome revealed a fulgten functional gene
(ENSSSG00000016902) that shows 89% similarity enabding region to the cattle
gene (discussed in further detail below). To endlntiher cross-species comparison,
we also searched the pig genome assembly, Ssck@fp8l 2009), for other
granzyme genes and found orthologues of granzymés K and H (Table 3.4 and
accession numbers were listed in Table 3.5). A dengranzyme M was not found,
although assembly of the region on pig chromosormpeedicted to contain granzyme

M is incomplete.
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Table 3.4 Summary of functional granzyme genes idéfied in different species

Species Granzyme
Al O B H K C E D F G N M
Human + - + + + - - - - - - +
Murine + - + - + + + + + + + +
Cattle + + + + + - - - - - - +
Pig + + + + + - - - - - - ND

Genes for bovine granzymes are highlighted in red. ND — not detected
(assembly of the region on pig chromosome 2 preded to contain granzyme M

is incomplete)

Sequences matching each of the bovine granzymes gaeetified from the genome
were found within the GenBank bovine EST database

(http://www.ncbi.nlm.nih.gov/sites/entrezSearches of this database using other

murine granzyme gene sequences suggest that ntoadtibovine granzymes are

present. The significant hits identified are listedable 3.5.
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Table 3.5 Summary of accession numbers of granzyngenes identified in

bovine and pig genome and EST databases

Granzyme Bovine Pig
Genome (Btau_4.0) EST Genome
A ENSBTAG00000021958 | 1907915310 | corr ENSSSCG00000016903
O ENSBTAG00000027865 CK830799 ENSSSG00000016902
B corr_ENSBTAGO0000001005f7 CK952629 | corr_ENSSSCG00000001978
H corr_ENSBTAG00000010828 CK776010 ENSSSCG00000001981
K ENSBTAG00000005164 1382286268 ENSSSCG00000016901
M ENSBTAG00000002100 1907810005

Corr - Manually corrected sequence

The cattle granzyme genes range in length from434810,785bp, with coding
regions of cDNAs ranging from 741 to 795bp (Appendi). The nucleotide
sequences of the genes all exhibit the same exmmimgene arrangement as the
human and murine genes, each composed of 5 exatis,exon 1 encoding the
leader peptide. Exons 2, 3 and 5 each contain btieedhree amino acids that make
up the catalytic triad (Appendix A) (Trapani, 2001)Most of the exon-intron
boundaries of the granzyme genes fulfil the GT-A rthough granzyme H has a
GC-AG splice site between exon 3 and intron 3 (Ayipe A-(d)) (Burset et al.,
2000). The granzyme M gene displays the distingugsifieature that the intron 1
boundary falls at the codon for Gly-7 (positiontwrespect to the mature functional
protein) prior to the putative hexapeptide AsnE6)is(-1) (Appendix A- (f)), which

iIs cleaved to vyield the functionally active polypdp. This distinct gene
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arrangement is shared with human and mouse grankyraed also genes in the
linked neutrophil elastase gene cluster, such asoeizlin (AZU1), proteinase-3
(PRTN3) and neutrophil elastase (ELA2) (Zimmer let 2992; Pilat et al., 1994;

Kelly et al., 1996).

3.3.2 Comparison of sequences between species

Alignments of identified granzyme sequences froiffiecent species were used to
investigate the similarity between species. Aligntseof the predicted amino acid
sequences and levels of identity between specesllastrated in figure 3.1- 3.6.
Alignments of nucleotide sequences are availableAppendix B. Analysis of

sequence homology showed that each of the boviaezgmes was more closely
related to the respective counterparts in humam tim@use than other bovine
granzyme genes, with levels of 76-83% nucleotiddlarity and 70-77% amino acid
identity with the respective human counterparts @0Qer’5% nucleotide similarity

and 64-71% amino acid identity with the correspagdnouse granzymes.
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Figure 3.1 Granzyme A — comparison of bovine, humaand murine amino acid

sequences

(a). Alignment of amino acid sequences

Bovi ne&ZNVA
Human GZMVA
Mur i neG&ZNVA

Bovi neGZNVA
Human &ZMA
Miri neGZMA

Bovi neGZNVA
Human GZMVA
Muri neGZMA

Bovi neGZMA
Human GZMVA
Mur i neGZNVA

Bovi ne&ZNVA
Human GZMVA
Muri neGZMA

1 11 21 31 41 51
MRNSSTFLAA TLSI W- FLL | PEDLCE KllcnchTP HSRPYMV/LL- - DGGNI CAGALI A
YR ..S S .V..SLe. oo Ve it B SLRKT........

A GPRGP S. ATLLFL. .&G. R .mw ...... A .K LSSNT....... E
61 71 81 91 101 111
KDWLTA AHCSLNCKSQ I | LGAHSRNK EEPEKQ MFV KKEFPYPCYD PDTHEGDLKLLKL
....... N.KR. V......ITR...T....L. .......... .AR.....\R
N NVGKR K F. .. ... [ QLT AL EY.R...Q.Q
121 131 141 151 161 171
NKKATLN KNVAI LQLPK EGKDVEPGTA CR\/AGMEQ:Y NNSP- VSKI L REVNVTI | DRKI C
ME..KI. .Y.T..H.. KD..K..M.Q....RTH.SASWDT. ....l...... V.
K...V. R....H.. KD.K..R....... RG.KAPET ....1.V......
181 191 201 211 221 231

NDQSHYN YNPVI GLNM  CAGSLQGGKD SCHEDSGSPL | CKDTFRG T AFG PGROGDPRG

RN Rl M.V ..... R.R ..N...... L.EGV...V. S..LENK .....
EK FH ....... DR... ..N...... L.DG L. . S..CEK..RW
241 251 261

PGVYTLL SKKHLNW VK TVKQAV
ol IM.1.G.

Dot-ldentical; Dash-Gap; Dark- Mature protein satpee Yellow-Activation peptide

(b). Percentage amino acid sequence identitiesr{aol@otide similarities) between

species

BtGzmA | HsGzmA| MmGzmA
BtGzmA 73(83)| 67 (75)
HsGzmA 69 (77)
MmGzmA
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Figure 3.2 Granzyme O — comparison of bovine and giamino acid sequences
(a). Alignment of amino acid sequences
1 11 21 31 41 51
Bovi neGZMO MNI PFPFSFP PAI CLLLI PG VFPVSCEG | GGNEVAPHTR RYMALI KGLK LCAGALI KEN
Pi g&GZMO LB F.. AM.. ... ...... D.. ..... S L. E... V.........
61 71 81 91 101 111

PigGZMD L i e Y T i e

Bovi neGZMO KATMIKAVG LQLPRTEDDV KPHTKCHVAG WGSTKKDACQ MSNALREANV TVI DRKI CND
PigZMO  .......... KONK . B ...R.SKI..T...V.1 ...... M..

181 191 201 211 221 231

Bovi neGZMO AQHYNFNPVI DLSM CAGGR KGEDDSCEGD SGSPLI CDNV FRGVTSFGKC GNPQKPG YI

PigGZMD L., LG Ve e Lo V..
241 251

Bovi neGZMO LLTKKHLNW KKTI AGAI *

= Tc74 Y o B

Dot-Identical; Dash-Gap; Dark- Mature protein setee Yellow-Activation peptide

(b). Percentage amino acid sequence identities{aal@otide similarities) between

species

BtGzmO| SsGzmO
BtGzmO 89 (91)
SsGzmO
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Figure 3.3 Granzyme B — comparison of bovine, humaand murine amino acid

sequences

(a). Alignment of amino acid sequences

Bovi ne&ZMB
Human &ZMVB
Mur i neGZMB

Bovi ne&ZMB
Human &ZMB
Muri neGZMB

Bovi neGZMB
Human &ZMVB
Mur i ne&ZMB

Bovi ne&ZMB
Human &ZMB
Muri neGZMB

Bovi neGZMB
Human &ZMB
Mur i ne&ZMB

1 11 21 31 41 51

NKPLLLLVAF LLTPRAKAGE || GGHEAKPH SRPYMAYLQY VINQDVQSRCG GFLVRQDFVL
Ql. Sl Dt e M .D.KSLK... ...1.D....
sl e Voo o L.SI KD.QPEAI.. ...1.E ...

61 71 81 91 101 111

TAAHONGSS! KVTLGAHNI K QUERTQQVI R VRRAI SHPDY NPKNESNDI M LLKLERKAKQ

..... W...N........ E.P...FFP.KPP..A .......... ..Q.....R

..... E.l. N........ E.K....P WKCP T KS...R

121 131 141 151 161 171

TSAVKPLSLP RAKARVKPGQ TCSVAGAGRD S- TDTYADTL QEVKLI VQED QKCEAYLRNF

R.Q.R. SN.Q .o, Qr APLGKHSH. . ....M.... R..SD .HY

R.R.N. .RWN....DV.Y...... M APME. SN ET..K RE.S FKR

181 191 201 211 221 231

YNRAI QLCVG DPKTKKASFQ GDSGEPLVCD NVAQE VSYG KRDGSTPRAF TKVSSFLPW
DST.E ... ..El..T..K ......... NK ..o RNN.MP...C ...... VH. .
T R..R.....o... KK.A..... YK P =

241

KKTVKSL

..... RY

...... |

Dot-Identical; Dash-Gap; Dark- Mature protein setee Yellow-Activation peptide

(b). Percentage amino acid sequence identities{aal@otide similarities) between

species

BtGzmB | HsGzmB| MmGzmB
BtGzmB 72 (79)| 69 (75)
HsGzmB 68 (76)
MmGzmB
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Figure 3.4 Granzyme H— comparison of bovine and huan amino acid
sequences

(a). Alignment of amino acid sequences

1 11 21 31 41 51
Bovi neGZMH  MQLLLLLMAF LLPPGLGEPF LSEEITGGHE AKPHSRPYMA FVQFLGEKSW KROGGVLI QK
HUMBN GZMH . PF. .. L. o T A Tom mm oo e s Q..R..... . VR
61 71 81 91 101 111
Bovi neGZMH  DFVLTAAHCR GSSI NVTLGA HNI KQQERTQ QVI QUKRAI H HPDYNPKTFS NDI MLLQLER
HUMBN GZMH  bovenn Q.o B EP PP AL N
121 131 141 151 161 171
Bovi neGZMH  KAKQTSAVKP LSLPKAKAQV KPGEVCSLAG WEKVALGTPA TTLQEVELTV QEDRVCESLN
Human GZMH .. .WT..R .R.SS... ...Q..V.. ..Y.SMB.L. ...... L... KOQ.RF
181 191 201 211 221 231
Bovi neGZMH  PRNYSRATQ CVGDPRKVKT GFKGDSGGPL VCKKWHG F SYGKTNGTPP GVFTQUSHFL
Human GZMH  HG ... .. E ..... KTQ ©oovvnn... . DAQ.L ... NKK. ... ..YIK ....
241

Bovi neGZMH  PW KRTNKHL
Human GZVH ... .. .. R

Dot-Identical; Dash-Gap; Dark- Mature protein setee Yellow-Activation peptide

(b). Percentage amino acid sequence identities rfankkotide similarities) between

species
BtGzmH HsGzmH
BtGzmH 77 (81)
HsGzmH
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Figure 3.5 Granzyme K — comparison of bovine, humaand murine amino acid

sequences

(a). Alignment of amino acid sequences

1 11 21 31 41 51
Bovi neGZMK  MTKFSSFFLC FLLAGTYMIP ECFNVEI T GG REVSPHSRPE MASLQYGEDH | CGGVLI HPQ
Human GZMK .. ... .. SFEF.IV.A..HV......... Koo O H V. D..
Miri neGZMK  .-R..WAV S.V..V..SS ...HT..... Q... IO URSK. oo
61 71 81 91 101 111
Bovi neGZMK  WLTAAHCHL RFAKSQSSKV VLGAHSLSKN EASKCFFEIK KFI REPGFAL APKSNDI MLV
HUman GZMVK  oovvns s QTG PT. e .PSWEDQ ......
MIri NeGZMK — +evrenss YS WPRGH PT. .......... PM...... . P.SRLQS GSA H....I
121 131 141 151 161 171
Bovi neGZMK  KLHTAAI LNR HVQLLHPRAK NDI KAGTKCQ WGWEATDPE GLSLSDTLRE VTVTVI SRKT
Human GZMK  ..Q..K .K ..KM.1.S. TSLRS....K .T....... DSRP...... ..... L..L
Miri neGZMK  ..R..E.KN.... LGS. .YLRD..... T...T.KDLTA ..... 1....R
181 191 201 211 221 231
Bovi neGZMK  ONSRDYYNHS PVI TRTVLCA ¢ GDARGCKDSC QGDSGEPLVC KGAFHALVSG GPKOGDAKKP
Human GZMK ... Q8...GD .F..KD.V.. ... K ..o Koooon. N .. L HE. VT
MIri NeGZMK 22 Q8. e e K oo KDl es oeeenenns K ....... | S Q.Y..
241 251 261
Bovi neGZMK @ VI LLTRKE QAW KSNLAP SHAD
Human GZMK oo T K Y T V. P.TN
Mir i neGZMVK T...KY.T....K.. .RH

Dot-Identical; Dash-Gap; Dark- Mature protein setee Yellow-Activation peptide

(b). Percentage amino acid sequence identities{aal@otide similarities) between

species

BtGzmK | HsGzmK| MmGzmK
BtGzmK 73(81)| 71 (75)
HsGzmK 72 (78)
MmGzmK
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Figure 3.6 Granzyme M — comparison of bovine, humaand murine amino acid
sequences

(a). Alignment of amino acid sequences

1 11 21 31 41 51

Bovi neGZMM M- ---LLLL WLEALWAGG NTFETHI | GG RDAVPHSRPY M/SLOKSSGS HOOGGVLLHO

Human GZMM  MEACVSS..V LA G .S V. SS.G Q... .EVI...... AL RN L. V. P

Miri neGZMW  NEVOWS LAKT...A .R..Q... E..o0... AL AK V... V. R
61 71 81 91 101 111

Bovi neGZMM  NWWLTAAHCL chTanRLv LGLH - - VLG El SPI YRI RK WRHPEYKPV PHLENDLALL

Humen GZMM K. .ooooo . AR ... -T.D SPALTFHKA AIQ . R ... .A .......

Miri neGZMW K oooooo SE L.NK . ... NLHD QDPGLTFY. E ALK .G N-- HKY. ... ...
121 131 141 151 161 171

Bovi neGZMM  KLDGKVKPSR Tl QPLALPRG - ROWATGTR CSLAGWGLTH QPGNLARVLQ ELDVHVLDTR

Human GZMM Q. ..... .. CR....SK-..V..A.. .. M...... GRS...R...LQ....

Mir i neGZMM RRQ.K NVK ..... KP.SKP.E..W..T....M. .GPR.A. ...LR...Q
181 191 201 211 221 231

Bovi neGZMM  MONNSREWHG NI SSHVI CLA ADSKNQAPCK GDSGGPWCK RGQVAG- | LS FSSENCTDI F

Humen GZMM oo N SLPSV... ....Doovvv .. L..GKRLARV.. ...RV.....

Miri neGZMW  +v s NVU%LJLGS ........... L.GK..D-... ...KT.....
241 251 261

Bovi neGZMM  KPPVAVAVAP YNPW KKVLR HNGSPPSP

Humen GZMW .. ... T.... .VS..R.TG R-SA-----

Miri neGZMW ... T.... .SS..R.IGRW.QLV

Dot-Identical; Dash-Gap; Dark- Mature protein setee Yellow-Activation peptide

(b). Percentage amino acid sequence identities{aal@otide similarities) between

species

BtGzmM | HsGzmM| MmGzmM
BtGzmM 70 (76) | 64 (70)
HsGzmM 70 (74)
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3.3.3 Validating expression of bovine granzymes and perforin by

RT-PCR analyses

Based on the sequences identified above, pairsCét Primers were designed to
amplify the full-length coding region of each okthranzymes and also the perforin
gene, which had been identified in the bovine gemof¥M_585583). cDNA
prepared from cultures df. parva-specific CD8+ T cells established from animals
641 and 011, which had been immunised by infectiog treatment witf. parva,
was used to test these PCR primers. PCR assayshweitlesigned primers detected
transcripts of the expected sizes for all 6 grareg®nes and perforin in cDNA from
bovine CD8+ T cells (Figure 3.7). A single band wastained for all except
granzyme H and K, which each gave three bandspbiiee predicted size and two
smaller bands. To confirm the identity of the PORducts, they were sub-cloned
into the pGEM-T vector and clones containing irsest the correct size were
selected and sequenced. Analysis of sequencesietitednfirmed that they were all
identical to those originally identified from the@wne genome. Sequencing of the
additional bands obtained for granzyme H showedl tthey represent alternatively
spliced forms of granzyme H, without exon 4 (562a&p)l exons 2, 3 and 4 (265bp),
respectively. The alternatively spliced forms ofiigryme K were identified as
transcripts without exon 4 (619bp) and exons 3 4n@68bp), respectively. In
conclusion, all of the identified bovine granzymengs are expressed at the mRNA

level in bovine CD8+ T cells.
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Figure 3.7 PCR products obtained using primers degned to be specific for each

of the bovine granzyme genes and perforin

1650bp

850bp
650bp

200bp

AOBHEK MPFN AO B H K M PFH

Lanes on the left contain negative controls (primes with no template) for the
individual granzymes. Lanes on the right contain P& products obtained with
each set of primers with cDNA template of an uncloed T. parva-specific CD8+
T cell line (641) 7 day after 8 stimulation (purity, 99%). The estimated sizes
are; granzyme A - 838bp; granzyme O - 849bp; granzye B - 818bp; granzyme
H - 820bp, 562bp and 265bp; granzyme K - 889bp, 8p and 468bp; granzyme

M - 833bp; Perforin (PFN) - 1275bp.

3.3.4 Chromosomal location of granzyme genes

In humans and mice, granzyme genes are separatetban on three chromosomes
termed the trypsin-like, chymotrypsin-like and nsetdoci (Smyth et al.,, 1996).
Annotation of the bovine genome using the iderdif®vine granzyme orthologues
revealed a similar organisation of granzyme geoebadt described for human and
mouse. Granzyme B is linked together with granzyirend located on chromosome

21. Granzyme A and K, as well as the novel granzgeree O, are observed on the
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same cluster on bovine chromosome 20, while graezyvh is located on

chromosome 7. To provide comparative data from leeroartiodactyl species, the

genomic location of granzyme genes in the pig s @xamined and found to have

a similar arrangement into 3 loci. The genome asoasnumbers for the genes are

listed in table 3.6.

Table 3.6 Summary of accession numbers of the idefred genes found within

the trypsin-like, chymotrypsin-like and metase lociof cattle and pig genome

Chromosomal Species
Loci Bostaurus (Bt) Sus scrofa (Ss)
Trypsin-like GzmA(ENSBTAG00000021958) GzmA(corr_ENSSSCG0000001690
GzmO(ENSBTAG00000027865) GzmO(ENSSSG00000016902)
GzmK(ENSBTAG00000005164) GzmK(ENSSSCG00000016901)
Chymotrypsin- | Cmala(ENSBTAG00000027033) | Cmal(ENSBTAG00000039828)
like Cmalb(ENSBTAG00000037578)
DDN1(ENSBTAG00000039813) DDN(ENSSSCT00000001979)
DDN2(corr_ENSBTAG00000038080)
DDN3(corr_ENSBTAG00000038159)
DDN4(corr_ENSBTAG00000013055)
DDNS5(corr_ENSBTAG00000039828)
CTSG1(ENSBTAG00000040134) | CTSG(ENSSSCG00000001980)
CTSG2(ENSBTAG00000013234)
GzmH(corr_ENSBTAG00000010828)GZMH(ENSSSCG00000001981)
GzmB(corr_ENSBTAG00000010057)GzmB(corr_ENSSSCG0000000197|
Metase GzmM(ENSBTAG00000002100) ND

ND

AZU1(ENSSSCG00000013415)

ND

PRTN3(ENSSSCG00000013417)

ND

CFD(ENSSSCG00000013418)
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The sequences matched in pig and cattle genome weramed according to the
orthologues suggested by Ensembl. Corr - Manuallyoecrected sequence; ND -
not detected. Gzm = granzyme; Cmal = mast cell a-gimase; DDN = duodenase;
CTSG = cathepsin G; ZAU1 = azurocidin 1; PRTN3 = poteinase 3; CFD =

complement factor D.

3.3.4.1 Trypsin-like locus

In all 4 species examined, the trypsin-like locositains the functional granzyme
genes A and K, which are separated by between @A#lB6kb on chromosomes 5,
13, 20 and 16 in humans, mice, cattle and pig,edspely. The genes have a

conserved gene orientation and arrangement in fpedies.

Gzm()-1like

.., GZnK

GzZmA

86k

Human {5}

-— Gzm(-like

-j" GzZmA
mmF GzmK

Murine{13) 87Tkl

GZmA
Gzm0

e
Gz

T4k

Cattle{(20)

GZm)
GZmA

ﬁ T4kl

— 20kbk

Figure 3.8 Comparison of the genomic organization fothe human, murine,

), GZmK

Pig(16)

cattle and pig trypsin-like locus.
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Bars indicate gene positions; arrows indicate trangiptional orientation;
numbers indicate the length of locus. Functional gees are shown in black boxes

and non-functional genes in grey. Intervals betweegenes are drawn to scale.

In cattle and pig, the additional granzyme O gemsituated between the A and K
genes and displays the same orientation. Interspecimparison of the novel bovine
and pig granzyme gene shows a high level of siiyl&oth in nucleotide sequence
(91%) and amino acid sequence (89%). The EST sequimta in both species (pig
EST database refereng@41795172 together with RT-PCR analysis of cattle T
cells in this study indicate that granzyme O isclionally expressed. Analysis of
genome DNA sequence in the region between the gnamA and K genes in human
and mouse revealed a pseudogene in human (ENSGDO®O®4) and a truncated
gene in mouse (ENSMUSGO00000051002), which exhi®¥ &nd 66% nucleotide
similarity to cattle granzyme O gene, respectivé@iygure 3.9- b). The human
granzyme O-like pseudogene comprises 4 exons tmihio several premature stop
codons, whereas the mouse truncated gene contain2@bp of DNA sequence,
which based on alignments appears to corresporekéo 4 in the bovine gene

(Figure 3.9- a).

Figure 3.9 Granzyme O and granzyme O-like genes -emparison of bovine,
human murine and pig nucleotide sequences

(a). Alignment of nucleotide sequences

1 11 21 31 41 51
Bovi neGZMO ATGAATATTC CT TTTCCTTT CT CTTTTCCT CCT GCCATTT GT CTCCTTCT AATTCCT GG
Pi g&nD LG A L T....... G...... G ........ A
Humen&ZMO .G .. A .. T T...... C. ...... C.. AA...CCT......... ...
[ =T C74 Y @ B e e R
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61 71 81 91 101 111

BOVi NEGZMD GIT- -~ - - = —-cmeemmn- ~TTTCCAGTA T-- CCTGCGA GGGAAT- - - - - - - TATAGGA

Pi Q@O . oomemme e e e T..C.... e e
HUManGZMO . A, AAGACAT GTTTTCATAG C.C.T. . ... TG TCAT.. .AA G AGAA TCC....T..
[ =1 C74 Y O B R e
121 131 141 151 161 171
Bovi neGZMD GGAAATGAAG TGGOCOCTCA CACAAGACGC TACATGGCTC TAATCAAAGG GCTGAAACTC
Pl Q@m0 ... ... TA.C. ...... G.. . T TG ... ....... G
HUMBnGZMD .. CTA .. .. TG....T.. .G.GA c..... G.A
Y T =1 C74 | @ R i
181 191 201 211 221 231
Bovi neGZMD TGTGCAGGRG G TTTAATCA AAGAAAACTG GGTGTTGACA GOCGCTCATT GTGACCTGAA
Pig@NO  .......... e G T.. ... Co
HUMBnGZMD . ... A C..G.G T ... ATG..T... .. C . aolilllll
Y ST Y14\ O B i e
241 251 261 271 281 201
Bovi neGZMO GGGCAATCOCT CAAGITATTC TTGGGGOCCA CTCTACATCC CATAAAGAGA AACTTGACCA
Pig@mO  A.... C.. o, A oo TA ...
HUMBNGZMD - . . .. . AT A o Coio
Y T =1 €74\ @ R i
301 311 321 331 341 351
Bovi neGZMD AGTATTTTCC ATTAAAAAGG CAATTCCCTA CCCATGCTTT GATCCACAGA CATTTGAAGG
Pig@MO  GAC. ... oo T. T..... T
HUMBNGZMD  GAA. G .. .. oo G T T A C....CAT.T
[ A =1 C74 Y O B R T
361 371 381 391 401 411
- Exon4-------------- |
Bovi neGZMD GGATCTTCAA CTACTTCAGC TGGAAGGTAA AGCAACTATG ACCAAAGCTG TAGGAATACT
Pig@ND . ........ -
HumenGZMO . T, . .. T C.. T C.. G S
Y I P74 o R o AL T.. . G.G.C
481 491 501 511 521 531

Pi g&GznO AL C.AC....GA .A..... G e

Human&ZMO ... T...... AL GC.G....A. ..TT...... G.......0

Mirine&ZMO ...C..C... .AGG.G. .G.CI.G. ...... T... .o C G..... GC
541 551 561 571 581 591

Bovi neGZMO GGGAAGCACC AAAAAAGACG CATGTCAAAT GTC- - TAATG CCTTGAGAGA AGCCAACG -

Pig&noD  ........ .. .G T.G.CA... T..--A.CA.......... T A

HumanGZMO ... ... A....G...T....CA..G T.TGAA..CA .......... TG L AAA

Miri neGZMO AC.GG .CTG . TG GG .-- -CCAC..GG T..--CC.CAT......... T G-
601 611 621 631 641 651

— T— T— T— T— T— E— |
Bovi neGZMO - - TTACAGT G ATAGATAGGA AAATATGCAA TGATGCCCAG CACTATAATT TTAATCCAGT

Pig&m  --....T... ...... CoA o Gt e

HuTanGZMD CA. C. . TA .G.CCAA ...Co.... .. AG . ... ... .C..GTG.

MirineGZMO --.C..T... ..T...TTA ..C.C..... CA.C.AA.. .GT..C.... .C..ATGT.
661 671 681 691 701 711

— T— T— T— T— T— E— |
Bovi neGZMO TATTGATCTC AGTATGATCT GTGCTGGTGG TAGAAAAGGT GAAGATGATT CATGTGAAGG

Pig&nmo  ...... C.TG........ AT
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Huiman&ZMO .G ...AMA T.C...... ..... AL L

. C C- ---

Miri neGZMO GG G .CAA ..C GCT. .......... COGG..GTCTAG... .C..-----
721 731 741 751 761

Bovi neGZMD GGATTCTGGA AGTCCTCTGA TATGTGATAA TGTTTTCAGA GGTGTCACTT CCTTTGGCAA

Pig@MD A oo C.CA....... .. G .o G.

HUMBNGZMOD - - - - - - m o m o m e o e o e o e e ik e ieoien aoeoaao-n

Y ST =14 O B i e
781 791 801 811 821

Bovi neGZMO GTGTGGTAAT COCCAGAAGC CTGGCATCTA CATCCTCCTT ACCAAAAAAC ACCTCAACTG

Pig@nD  ......... C.. G... ... T... .. Covo

HUMBNGZMD - - - - - - m o s o o e e e e e e it e i i ih e mememee ameeaaes

YT =14\ O B R
841 851 861

Bovi neGZMD GATAAAGAAA ACCATTGCAG GAGOCATATA A

P Q@O oo e G

HUMBNGZMD - ---- - - - mmmmme e e -

MIFriNeGZMD ---------- cmmmmmmmme oeama oo o -

Dot — Identical and Dash - Gap

(b). Percentage nucleotide sequence similaritibsd®n species

BtGzmO | SsGzmO HsGzmO-like MmGzmO-like
BtGzmO 90 (91) 89 (81) 66
SsGzmO 82 (81) 67
HsGzmO-like 68
MmGzmO-like

The nucleotide similarity values are for exon 4 andhose in brackets are for the

available coding region sequences

3.3.4.2 Chymotrypsin-like locus

The chymotrypsin-like locus is more complex. In fmand mouse, the locus
contains not only genes encoding granzymes B andoud, also a cluster of
hematopoietic serine protease genes, including roaktchymase (including 3
subgroups, a-chymase in human and mouse3aitinymase and mast cell protease 8
(Mcpt8), which are only found in mouse) and neutibpathepsin G, which exhibit

gene sequence similarities and share similar fatbsspecificities with granzyme
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genes (Gallwitz and Hellman, 2006). A preliminargprof the cattle chymotrypsin-
like locus, based on NCBI, Build 2.1 database sddaon October 2005, has been
reported (Gallwitz et al., 2006). However, changeshe assembly of this region
have been reported in the updated cattle genonmeghéhe locus has been re-drawn
according to the version of Ensembl, Btau_4.0 &sdel on 4 October 2007). The
locus is identified on chromosome 21 in cattle hAligh its overall size (192kb) is
similar to that in human (129kb), the number of@ated functional genes in cattle

(10) is more than twice that found in human.

T'é > 2 %
4] 5 o o
Human{14) i ? ? ? 129kb
0 HY N .
& BERGLIER B Ry R
= %E b E ES GS L TL I 3 i}
Mouse(14) q_ﬁ_i,_i_gi:i_?_i_gifi ? ? ? 321kb
:ﬂd &M wﬁ E"-% L 12
EEE E EAERJSE B R
EU =] o o AaQL oo o a o
Cattle{21) ? FF E F EF ?? ,! ? 192kb
2z -
5 @ 5 NE
Pig(T} ? ? ? 4!! 145kb

— 20kb

Figure 3.10 Comparison of the genomic organizatiof the human, murine,
cattle and pig chymotrypsin-like locus.

Bars indicate gene positions; arrows indicate trangiptional orientation;
numbers indicate the length of locus. Functional gees are shown in black boxes

and non-functional genes in grey. Intervals betweegenes are drawn to scale.
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Gzm = granzyme; Cma /Mcpt = mast cell chymase /masell protease; DDN =

duodenase; Ctsg = cathepsin G.

The cattle chymotrypsin-like locus contains 2 solgis classified ag-chymase and
cathepsin G (Ctsg) based on their phylogenetidiogiship (Figure 3.13). In contrast
to the presence of only one gene belonging to emohp in human and mouse
(Gallwitz and Hellman, 2006), there are two memlzérsach group in cattle, which
show a high level of predicted amino acid iden{@% and 78%, respectively):
Cmala and Cmalb representingchymase and Ctsgl and Ctsg2 representing
cathepsin G (as reported in (Gallwitz et al., 200Bpwever, the gene sequences and
chromosomal location of Ctsg genes differ from €as the previous report
(Gallwitz et al., 2006). The positions of these egerelative to granzymes B and H
and their orientation differ between human andleatinlike the human locus, in
which the Ctsg gene lies immediately downstreanthefgranzyme genes and the
latter are in the same orientation, the two bovitisg genes lie between the
granzyme B and H genes, which are in a head-to-beadtation. This suggests that

there has been one or more inversions in this negio

A further 5 related genes sharing a high levelwdfl@otide similarity with granzyme
B (64% to 66%) were found, one lying between thengyme B and granzyme H
genes and other 4 immediately downstream of graezimHowever, none of them
appear to be paralogous to granzyme B. One of tgeses was identified as a
duodenase by Zamolodchikova et al in 1995 (Zamdlikdwa et al., 1995a) and has
been named as DDN1_BOVINE in Ensembl, Btau 4.0. dtieer 4 genes are

categorized as members of the duodenase familgdbas their sequence similarity
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to DDN1 and each other and their phylogenetic ieiahip (Figure 3.13) and have
been named DDN2 — DDN5 accordingly following thaider in the genomgigure
3.10). These 5 genes were previously reported adethases in (Gallwitz et al., 2006)
and were named as BDMD1 — BDMD5 according to tlobiise relationship to
BDMD1 (a synonym of DDN1), but the gene sequences chromosomal location
of DDN2-DDNS5 differ from those in the previous rep{Gallwitz et al., 2006). So
far, duodenase genes have only been reported imaunts and no counterpart has
been found in human and mouse. Comparisons of cBBfuences show a high
level of similarity between the DDN members. Foample, the coding sequences of
DDN2 and DDN1 are identical, except for one nonesymous substitution at
position 474 (A/T), suggesting a very recent geuplidation. All duodenase genes
are predicted to be functional except for DDN5, ahhhas several premature stop
codons due to a frameshift mutation. Analysis @ &vailable genomic data on the
pig chymotrypsin-like locus reveals a gene ordarilar to cattle, with single Ctsg
and DDN genes lying between the granzyme B and kegeand with a Cmal

fragmented gene (519bp) lying immediately downstred granzyme H.

3.3.4.3 Metase-locus

The granzyme M gene found on chromosome 19 in husna@hchromosome 10 in
mouse is linked downstream, in both species, wlig meutrophil elastase gene
cluster, which comprises azurocidin 1 (AZU1 - husanly), proteinase 3 (PRTN3),
neutrophil elastase preproprotein (ELANE) and canpnt factor D (CFD) in

human (Pilat et al., 1994). The counterpart of gyame M in cattle is located on
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chromosome 7, but no members of the neutrophitadasgene cluster were found

within the 160 kb of sequence downstream of thigege

]l
v
? kel
L] S )
Human{19) E} ﬁg g 320kb
3 el
BHro
N MEEU
] [=Tycaie]
Murine (10} ? FEE 204kb
£
4]
Cattle(7) ?
HE,
[ E;u
Fﬂ l:l-ll")
Pig(2) oo - ??E

— 20kb

Figure 3.11 Comparison of the genomic organizatiof the human, murine,
cattle and pig metase locus.

Bars indicate gene positions; arrows indicate trangiptional orientation;
numbers indicate the length of locus. Functional gees are shown in black boxes.
Dotted lines represent large regions of underminedequence with the scaffolds.
Intervals between genes are drawn to scale. Gzm =ragzyme; ZAU1l =
azurocidin 1; PRTN3 = proteinase 3; ELANE = neutrofil elastase

preproprotein; CFD = complement factor D.

BLASTN searches of the bovine genome using theemtide sequences of human
AZU1, PRTN3, ELANE and CFD did not identify any sificant hits. In contrast
searches of the EST database did identify singjblyrimatched sequences (covering
>86% gene length and exhibiting >76% identity) feach of the genes

(ZAU1/1907915542 PRTN31907973944 ELANE/1958311623 and

CFD/190925879% In human and mice two genes flanking each sfdbeelastase
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gene cluster, PTBP1 and MIR3187 on one side and ME&hd C190rf22 on the
other, are highly conserved and lie close to tlastake genes. These genes also are
not included in the bovine genome assembly. Inrashto these genes, other genes
flanking the metase locus show syntenic locationsaittle, mice and humans. It is
most likely that the absence of the neutrophil tasgenes downstream from
granzyme M may be due the incomplete genomic sejugrand assembly of this
region. In pig, the cluster of neutrophil elastgs@es was found on chromosome 2,
but it was not possible to determine its proximdythe orthologue to granzyme M,

as this gene has not been identified in the genome.

3.3.5 Phylogenetic relationships between granzymes and related

enzymes

3.3.5.1 Relationship between genes within each geno  me cluster

Phylogenetic analysis of the nucleotide sequentggsamzyme A, granzyme K and
granzyme O located within the trypsin-like locushmaman, mouse, cattle and pig
identified three independent subgroups segregateal@ding to granzyme gene, with
the O subgroup being more closely related to A tkaifrigure 3.12). In each case,
interspecies comparisons showed that the bovine gas most closely related to the
pig orthologue and most divergent from the murindaogue. The results suggest
that the O gene diverged prior to speciation, fbgsas a result of duplication of

granzyme A, and that it subsequently became noctifural in human and mouse.
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Figure 3.12 Phylogenetic relationships of human, nuse, cattle and pig trypsin-
like granzyme genes
99 Bt GImMA
74 ﬂezm&
B L Hs GTMA
Mirn GZRAA

Mm GZMO-like

Hz GzmO-like
92 _|: BL Gzmd
ae 8= Szmld
M GZMK,
Hs GZhdk

78 S SIMK

33

100

0.1

The nucleotide sequences were aligned by CLUSTAL Walignment with
complete deletion of gaps for the analysis. The teewas constructed with the
neighbour-joining algorithm using Mega 4.0 software Numbers represent
percentage bootstrap values out of 2,000 replicatis. Hs -Homo sapiens; Mm -
Mus musculus; Ss -Sus scrofa; Bt - Bostaurus.

Phylogenetic analyses of genes encoded in the dhypsmn-like locus in the
different species broadly segregated the genedantagroups, namely the granzyme,
cathepsin G, duodenase and chymase genes, whielk@essed in mast cells and in
mice are referred to as mast cell proteases (M&p. chymase genes include two
main subgroupsy-chymases in human, mouse and cattle fandymases which are
only found in mouse. An additional mouse chymas&;pt8), is phylogenetically
distinct from both chymase subgroups. The 4 groafpgenes exhibited a closer

relationship across species than between the gralphkin the granzyme group,
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human, bovine and pig granzyme B and H genes foransdbgroup, within which

the bovine genes were most closely related to dbperctive pig orthologues, while
the orphan mouse granzyme genes (D, E, F and @kefbia second subgroup. The
murine granzyme B and C genes appeared to be imemmediate position between

these two subgroups.

Figure 3.13 Phylogenetic relationship between genegthin the human, mouse,

100 hlm Gzmb

96 MM GzmE

X MM Gzmss
giiin Pl SGzmPF

pig and cattle chymotrypsin-like locus

a5 Felm Gzmifd
Mlm GzmB
= -
21 Pl Gzmic
= E,
Ss GzmbB e
[Bt GzmB =
Hs GzmB I(_?;n'

Hs GzmH
Ss GzmH

=
Ml CTEG

Hs CTSG
L Ss cTEG
oo
99

Ss DOM
[Bt DDMsS |
—[Bt DONE ]
T
P

100

a8 100

Cathepsin G

100

= 1= ]

Duodenases

Hept8

Ml RACcpts

100 Bt Chisla
95 I: Bt ChiA1b
iion Hs Chaal

Ml RAcptS
100 Pl bl pt2
kel bl pta

100
a3 kel hlcptl
[=12] B blcptd

a-chymases

p-chymases

0.05

The cDNA sequences were aligned by CLUSTAL W alignent with complete
deletion of gaps for the analysis. The tree was csinucted with the neighbour-
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joining algorithm using Mega 4.0 software. The 4 mia phylogenetic groups are
labelled as granzymes, cathepsin G, duodenases astymases ¢- and B-

chymase). Numbers represent percentage bootstrap luas out of 2,000
replications. Hs -Homo sapiens; Mm - Mus musculus; Ss - Sus scrofa; Bt - Bos

taurus. Gzm = granzyme; CMA /Mcpt = mast cell chymase /nst cell protease;
DDN = duodenase; CTSG = cathepsin G.

3.3.5.2 Relationship between granzyme proteins with  in and between
species

A phylogenetic tree constructed from the translaaenino acid sequences of all
granzymes from human, mouse, cattle and pig is shovigure 3.14 and the levels
of amino acid identity between the granzymes aesgnted in table 3.7. In general,
the levels of sequence identity correspond clogatly the relationships observed in
the phylogenetic tree. The latter demonstratesrgarece into three broad groups,
corresponding to the trypsin-like, chymotrypsinelieknd metase proteins and to the
chromosomal locations of the genes. This was refteby much lower sequence

identity between the groups (up to 44%) than witiroups (45-91%).
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Figure 3.14 Phylogenetic relationship of granzymefrom human, mouse, pig

and cattle based on analysis of amino acid sequesce

a5 Bt GZME
Hs GZIMB

93

Hs GFMH
96 Ss GzmH
o _|— kA SEMB
94 kA GEMC

hrn GZRAN
km GZMF
100
] ?EL M GZMG
100 m GZMD
hrn GZRARA

] Hs GZMM
99 Bt GLhAbA
33 Bt G

100 L Hs GFMK
Mrn GEMIK

= 100 [ Ss GEIWO
|—|EH G0 |

100 b GERA,
Hs GIhA,

Chymotrypsin-like

et ase

Trypsin-like

100

a3 Bt Gk,
01

The amino acid sequences translated from the cDNAeguences were aligned by
CLUSTAL W alignment with complete deletion of gapsfor the analysis. The
tree was constructed with the neighbour-joining algrithm using Mega 4.0
software. Numbers represent percentage bootstrap uges out of 2,000
replications. Hs -Homo sapiens; Mm - Mus musculus; Ss - Sus scrofa; Bt - Bos

taurus.
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Table 3.7 Percentage amino acid identities betweenature protein sequences of

bovine, human, murine and pig granzymes.

SeGEINA
HsGZIIA
Il GZTALA
BtGZMNLO
SsGENLO
BtGEZNME

S GENE
HsGZIIE
Il GZ AR
BtGZMNE
SsGEmEBE
HsGZIIE
I G BE
BtGZNEH
SsGEmH
HsGZMWH
Im GZBAC
Il GZ1AD
I GEBE
Il G IE
m GZBAS
Il GZ AT
BtGZM
HasGZIIk
Il G2

BtGZMA
DsGZMA 0
HsGZMA  [73]76] O
MmGZMA  [TO[70[71] O
BtGZMO 61]61)63159) 0
SsGZMO  |61[61]63[60]90] O
BtGZME  |46|48/49]48[48|48| O
SsGZME  |46[47|47[48]46/46]83| 0
H:GZME  [46]46/45]45[47] 48] 73 77| 0
MmGZME  [47]47]47]47(48] 48] 72| 75[75) O
BtGZMB 38]37]39]41)39]37)40]37)38]35) 0
5sGzmB 39]3840(41)39]37|41]38/40(37|F1] O
H:GZMB | 38]36|40]41[40(38]41]39]39|38|72] 72| O
MmGZMB  |41]41]43|44[42|40]42|39|39)38]69|69]69] 0
BtGZMH  [40[40{41]42]40{39]40|38|39|38|70|68|69|64]| 0
S5GzmH 41141[40)42]4239]40)37] 39| 36|69 78| 67|63| 76| 0
H:GZMH  [39]39)41]40[40(40]38]38(40) 37|68 68| 72|64 78| 71| 0
MmGZMC | 39]39)39]41/39(39]41]39(40)37[63| 61]62| 68| 60|61]61) 0
MmGZMD  |41]41]39]39[40{39]37]35[37|37]58| 57| 56| 57| 56| 58]59|56| O
MmGZME | 39]40| 38| 40| 39| 39|35|33| 35| 35| 58] 56|54 55| 58| 60|58/ 56]91| 0
MmGZMF  |40[43|43]40[42|40|36|35| 37| 36| 56| 57| 52| 58| 55| 58| 58| 57| 72| 75| 0
MmGZMG | 38]42)40]39(43]42|38]36/38| 37|60 99|95 58| 59| 60] 60| 59| 78|82 79| 0
MmGZMN | 38|39 38| 38| 38| 37| 37|34/ 36 36]95] 95| 52| 95| 57| 97| 58| 96|68 11| 72| 71| 0
BiGZMM | 36(35)36| 37|35 34|38 36| 3634|309 39|38 38| 39|40|39) 37| 32| 33| 35]35(36] O
H:GZMM | 35(34)37|37|38] 36| 39| 38| 38| 36| 38) 38|39 38| 38| 38|39 38| 33| 35| 36| 37|38[71] 0
MmGZMM | 35[34) 35|36/ 36(36]39]36|37)36]42| 42|38 38| 39|42|39) 39| 33| 34| 37| 37| 36[65] 71| O

2| |[pteznaa

Trypsin-—-like

Chyvmotrypsin—like

Met ase

Mature protein sequences of granzyme genes were giied by Clustal W
alignment with pairwise deletion of gaps for the aalysis and then manually
edited for improvement. Numbers representing the ammo acid identity of
granzymes within each subgroup are highlighted in i@y. Hs - Homo sapiens,

Mm - Mus musculus; Ss -Sus scrofa; Bt - Bos Taurus.
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Overall, the findings support the view that thengnmame genes diverged before
divergence of these mammalian species. Data onntivel Granzyme O gene
indicate that it arose from early duplication oaigzyme A, with subsequent loss of

function in human and mouse.

3.3.6 Characteristic structural features of granzym e proteins

To investigate their structural homologies and ted substrate-binding specificity,
multiple amino acid sequence alignments of humamysa, cattle and pig granzymes
were applied by using the Clustal W alignment amehtmanual manipulation for
improvement (Figure 3.15). Sequence analysis redefdatures of cattle and pig
granzymes typical of the murine and human orthadsguhighly conserved
consensus sequences at positions 1-4 (IIGG) and @HSRPYMA); conserved
signal sequence cleavage sites prior to the praseptonserved amino acids at the
catalytic triad, ie. residues that form the acsite, His-45, Asp-95 and Ser-195; 3-4
disulfide bonds, Cys30-Cys46, Cys162-Cys180, Cys1¢49221 and Cys130-

Cys201.
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Figure 3.15 Amino acid sequence alignment of bovindhuman, mouse and pig

granzymes showing conservation of functionally releant amino acid residues.

F----- Si gnal sequence----- | [Propepti de|
-3 -2

Hs_GZMVA MRNSYRFLASSLSVWWSLLLI PEDVC * EK
M &ZVA MRNASGPRGPSLATLLFLLLI PEGEC * ER
Bt _&ZNVA MRNSSTFLAATLSI VFLLI PEDLC * EK
Ss_&ZNA MRNSSTFLAATLSI VI FLQ HEDFC * VE
Bt _GZMO MNI PFPFSFPPAI CLLLI PGVFPVSC * EG
Ss_&ZMO MEl PFPFFFPAAMCLLI | PGYFPVSC * DG
Hs_&ZMW MIKFSSFSLFFLI VGAYMIHVCFN *  MVE
M &ZMWK M RFSSWALVSLVAGVYMSSECFH * TE
Bt _GZIWK MIKFSSFFLCFLLAGTYMIPECFN *  ME
Ss_&ZMWK MITFSSFFLCFLI AGWMIPECFN * ME
Hs_&ZMB MQPI LLLLAFLLLPRADA * GE
Mn &ZVB MKI LLLLLTLSLASRTKA * GE
Bt _GZMB MKPLLLLVAFLLTPRAKA * GE
Ss_G&znB MQPLLLLLSLAFLLPPRAEA * GE
Hs_G&ZIVH MQPFLLLLAFLLTPGAGT * EE
Bt _G&ZVH MQLLLLLMAFLLPPGLGEPFLS * EE
Ss_GznmH MQPVLLSLAFLLSPGLGAPFLA * EE
Mm GZMC MPPVLI LLTLLLPLRAGA * EE
Mn &ZMD MPPI LI LLTLLLPLRAGA * EE
Mm &ZMVE MPPVLI LLTLLLPLGAGA * EE
Mm GZMF MPPI LI LLTLLLPLRAGA * EE
Mm GZMG MPPI LI LLTLLLPLRAGA * EE
M &ZWN M_PVLI LLI FLLPVGDGA * EE
Hs_&ZwW MEACVSSLLVLALGALSVG * SSFGTQ
Mm GZW MEVOWSLLLLLALKTLWAAG * NRFETQ
Bt _GZW M.LLLLWLEALWAGG * NTFETH

1 11 21 31 41 51
Hs_&ZVA 11 GGNEVTPH SRPYMVLLS- AGALI AKDW/ LT. L-- --NKRSQVI L
M &ZVA ....DT. V.. ... A .K- --.SSN..-l ..... E. N.. .V-- --G..KF..
Bt _GZMA ... Q.. i e - GON-B L S -- - QK.
Ss_GZMA ... .. P e c- ---EGN.-W ... .. A - - KL
Bt_&MO ..., A. TR.AIl-- ---KG&LKL-H ..... KEN. . D. -- --KG\P.
Ss_ &ZMOo ... .. S.. TR.AIl-- ---EGKV-§ ..... KEN. . D. -- --KG\P.
Hs_GZMK ..K..S.. ...F.ASIQ G V..DPQ . QYRF TKGQSPT. V.
Mm_GZMK ..R.Q. ...F.ASIQ G V.. HPQ YSWF PRGHSPT. V.
Bt _&ZMWK ....R.S.. ...F.AS.Q G V.. HPQ H RF AKS(@S. K. V.
Ss_ZWK .V..R.S.. .KF.ASIQ G V.. HPQ . YYRF AKGQSAK. V.
Hs_GZMB Lo HAKGL AY. M GF. .RDF. W5 - ---SSIN. T
vVm GZMVB LHOK D o A .- GF. .REF EG - ---SIINT.
Bt _&ZMB CHAK LD L AY. QY G F. VRQ F. . G- ---SSIK T.
Ss_&nB CHAK LD L AY.Q G F. .REF. WG-- ---SSIN. T
Hs_GZIVH LHAKLD AFVQF GI.VR.F QG- ---SSIN. T
Bt _GZIVH LHAKLD AFVQF GV..Q.F RG - ---SSIN. T
Ss_G&nH L HACLD L AFVRF G V.VR .F. RG - ---SSIN. T
Mn&Me L IS ..... AYYEF G F. VRDKF. KG - ---SSMI. T
vVm GZMD LHUKD AFVVGS GF..QDF KNS- SVQSSMT. T
Mm GZME CHUKD AFVKS G F.VQD. F RN-- ---RTMI. T
Mnm &ZVF CHOKLD ARVRF G F. VQDYF TG - ---SSMR
M &ZMG o HOK L AFI KS G F. VQD. F. RN-- ---RSMI. T
Mm GZIWN V...H.K. ..... A. WF G F. VQDYF IG- ---SSMI. T
Hs_GZMM R AS. Q G. V. VHPK. LAQR - - MAQLRLV.
Mm GZW ....RAV.. ..... AS. Q G V. VHRK. . LSEP - - LONLKLV.
Bt _GZMM ....RDAV.. ...... S.Q G V. LHQN. . LTQP -- TQQLRLV.

61 71 81 91 101 111
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Hs_GZMVA
Mm GZMA
Bt _GZMVA
Ss_&ZNA
Bt _GZMO
Ss_ &ZMO
Hs_GZMWK
Mm GZMK
Bt _GZMWK
Ss_ &ZMWK
Hs_GZMB
vm GZMB
Bt _GZMB
Ss_&nB
Hs_GZVH
Bt _GZVH
Ss_&nH
Mm &ZMC
Vm GZMD
Mm GZME
Mm GZMF
Mm GZMG
Mm GZWN
Hs_&ZW
Mm GZW
Bt _GZW

Hs_GZMA
Mm GZVA
Bt _GZMA
Ss_GZNMA
Bt _GZMO
Ss_GZMO
Hs_GZMK
MM GZMWK
Bt _GZMK
Ss_GZMWK
Hs_&ZMB
Mm GZVB
Bt _GZMB
Ss_&nB
Hs_GZVH
Bt GZWH
Ss_GznH
M &ZMC
Mm GZMD
MM GZMVE
M GZMVF
M &ZMG
Mm GZWN
Hs_&ZMW
Mm GZMW
Bt _GZW

GAHSI TREEP

TKQ MLVKKE
EQ.LT...A
E...F....

_‘

—

m
TTMTT>>

TTTVITIOTTD
~ D
23

Z>>>> >0
>>>>0>>

I SP. YRIR V

KVTP
SRSI
SRSI
....... Sl
K. Sl

....... E-Y .L..

RoN
&
B
(0]

CRELRELEL

ODEFTA
FrXXA40XXXRXXXX

Y

$2@rrrrrx?F-2 ey

MOVOEP»O0000»0002

xzxzZ
SEE

141

SA- SWEDTLR
KS-AP. E. ..
NS- PV. KI . .
NS-PR . 1..

DGEFPKT- .
NDTKA. AR. .
NDTKA. AR. .
N. TQR. SC. .
N. TKA. AR

K.SI NTTEG AL. E . AELI
..L..Q GGRL.RV..
..M.Q GG PRARA. Q . LDLRVL. TQ
.L..Q PG NLARV. Q . LDVHVL. TR

<
=
T0000000

KLLQ
. QWR
K

Z

T

(7))
PPPZIZIZIZZZIZIZIZZIZIZIZIZEZIZIZONON

K.

AR MRAR

AR RRXRXXRXRXRRXT

LMEKAKI NKY VTI LHLPKK-

KK .TV.RN . A ...... -
NK..TL..N.A.Q..E
NK. . TL..N . AV..... V-
EG.TMI.A .G .Q .RT-
EG.TM. A .G .K .NT-
QTA..L..H .KM.-IRS
RTAEL..N .Q..-LGS
HTA IL.RH . QL. .-. RA-
RKA..L.NH I QL. .-.RS
ER ..RTRA .QP.R . SN
KS...RTRA .RP.N.. RR-
ER ..QTSA .KP. S..RA-
ER..LT.A .KT.G.GA
ER ..WTA .RP.R . SS-
ER..QISA .KP.S... A
.ER..LT.A .KT.G .GA
VRN. . RTRA . RP. N. . RR-
ES...RT.A .RP.K .RS-
ES...RT.A .RP.K .RP-
ES...RT.A .RP.K . RP-
ES...RT.A .RP.K . RP-
ES...GTRD . RP. K. . GP-
DG V. PSRT I RP. A. . S. -
DRRVQPS. N . KP. A. . R
DG V. PSRT | QP. A. . RG-
161 171
DRNHYNF NPVI GWN
CLEK ... Ho...L..d
EC N 2 L..1
LKS...Y TT...L..I
LAQ. .DLS. |
.AQ... ....DLGI
. SQSY. . G D. F. TKD.
. SQSY..H K...TKD.
S.DY..H S...TRT. L
S.SY..H D.I.TKT. L

KK- - LWT --YSKTTQ
KK- - QFRH - - YSKI TEI
. NSRFW G - - SLSPS. .
.NSRFW G --.LIDS. L
. NSRFWHG - - N. SSH. |

91



181 191 201 211 221 231

189 192 ' 216 218 226

Sl S3
Hs_GZMA AGSLRGGR GSPLL [BE- - GVFR GVTS I LLSKKHLNW
Mneave ..D...K. BB ... D--.IL. - . TF..D.....
Bt _GZMA ... BK--DT.. . B
Ss_GZMA AL B oAl SE B
Bt _GZMD LLGRK ...l ID--N... T
Ss_GZMD . VGRK. ...l BD--NI.. T
Hs_GZMK . G.l BK--...H T..T..YQr
Mn_GZVK .. L G.l BK--.1.H T..T..YQr
Bt _GZMK .. L G.VEK--.AH ... TR FQA.
Ss_GZMK . L G.V BK--.AN ....RYQT.
Hs_GZMB V. LG .V N-K AQ C TKV. - SFVH.
Mn_GZMB . .G .V lK--K AA . TKV. - SF. S
Bt _GZMB V. . G.VHD-NAQ. TKV. - SF. P
Ss_GznB V. L G.V HN-NAQ. C TKV. - SF. P
Hs_GZMH V. .G .V lK--D AQ . . .KV.-HF. P
Bt _GZMH V. G .V lK--K VH . F TQV.-HF. P
Ss_GzrH V. . G.V HK--NVQ . _F TKV. - HF. P.
Mn_GZMC V. .G .V lK-- RAAA . F TRVL- SFVS.
Mn_GZMD . .G .V D - NQAY F TKW- HF. P
Mn_GZMVE G .V D - NKAY F TKIV-HF. P
Mn_GZMF G .V N - NKAY F TKW-HY. P
Mn_GZMG G .V WD - NLAY F TKW-HF. P
Mn_GZWN . G .V N - NKAH . F TKW-HF. P
Hs_GZMM LAADSKDQ .G .V BGKGR LA A TAVA- PYVS
Mm_GZMM LKAGSKSQ .G .V K& -D A TAVA- PYSS.
Bt _GZMM LAADSKNQ .G W JKRXQ - A A VAVA- PYMP.
241 251

Hs_GZMA 1| MIT KGAV® - - - - -

Mn_GZMA KKIM.S.. -----

Bt _GZMA VKMQ.. -----

Ss_GZMA CUNMH. .. --e--

Bt _GZMD KK AT e

Ss_GZMD KK AT e

Hs_GZMK . KSNLVPPHT N*-- -

Mm_GZVK . KSKLAPSRA H*- - -

Bt _GZMK . KSNLAPSHA D*- - -

Ss_GZMK . KSKLAPSHQ N*- - -

Hs_GZMB KK M RY*- -----

Mn_GZMB KK M SS*- -----

Bt _GZMB KK M SL*- -----

Ss_GznB CKKIM SL*- -----

Hs_GZMH KR MRL*- -----

Bt _GZMH KR MHL*- -----

Ss_GzrH KK M PL*- -----

Mn_GZMC KK M HS - -----

Mn_GZMD CSWNM LL*- -----

Mn_GZMVE . SRNM LL*- -----

Mn_GZMF . SRNM LL*- -----

Mn_GZMG CSTNM LL*- -----

Mn_GZWN CSTNM LL*- -----

Hs_GZMM . RKVTGRSA. -----

Mmn_GZM . RKV. GRWSP QBLV*

Bt _GZMM . KKVLRHNGS PPSP*

Hs - Homo sapiens; Mm - Mus musculus; Ss - Sus scrofa; Bt - Bos taurus.
Multiple signal sequence cleavage sites are showty lan asterisk; conserved
consensus sequences at the N-terminus at positiods4 (IIGG) and 9-16
(PHSRPYMA) are shown in yellow; the three amino ads of the catalytic triad
are shown in red; cysteine residues that form distile bonds are shown in blue;

Substrate-determining residues in S1, S2 and S3 arshown in green.
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Numbering of residues based on chymotrypsinogen ano acid sequence is used

to refer to specific amino acids.

Application of an algorithm based on a weight-matpproach (von Heijne, 1986)
indicates that the signal sequence cleavage siter®between positions -3 and -2 in
cattle and pig granzyme A, O, B and H. The alganitfailed to predict a cleavage
site in granzyme K, but since A3AMlet? has been identifieeixperimentally as the

cleavage site in human granzyme K (Sayers et @B6)Yland is conserved in the
bovine orthologue, this is likely to represent tieavage site in the bovine protein.
The residues forming the potential peptidase clgasite, Gly(-7)-Asn(-6), deduced
from the cattle granzyme M sequence, are ident@dahose in the mouse and rat
proteins, which are cleaved at this site (Piladlet1994; Smyth et al., 1995; Kelly et
al., 1996), suggesting that a hexapeptide is ctedwemn cattle granzyme M to

generate the mature protein. Eight cysteine residare conserved in the same
respective positions in cattle and pig granzymeéAK and M and are predicted to
form four internal disulfide bonds Cys30-Cys46, 0§28-Cys180, Cys191-Cys221
and Cys130-Cys201. Six of these residues are alssecved in the corresponding
positions in granzyme B and H; the lack of cystegmdues at positions 191 and 221
in these granzymes, resulting in the absence otligidfide bond in the vicinity of

the enzyme active site, is a characteristic featdirdtne chymotrypsin family which

distinguishes them from other serine proteases @f@iohikova et al., 2003).

Like other proteases, the function of granzymedeatermined by which substrate

they cleave. In general, following specific dockingp the substrate binding cleft of

93



the protease, the substrate is cleaved after davae residue (the amino acid at P1
position in the substrate) through the proteolgiitivity of the catalytic triad in the
protease. The protease binding site typically adey with at least three amino acids
on each side of P1 in the substrate (nomenclatur@armino acid positions in the
substrate is Pn-P4-P3-P2-P1-P1'-P2'-P3'-P4'-PhefBter and Berger, 1967)). It is
known that interaction of the substrate P1 resmith the S1 site of the protease
(nomenclature for corresponding sites in the ps#aa Sn-S4-S3-S2-S1-S1'-S2'-S3'-
S4'-Sn' (Schechter and Berger, 1967)) determineisngoy substrate specificity”,
which is rigorously restricted to certain aminodsciwhereas interaction of other
substrate residues with the binding site of thetga®e determines “extended
substrate specificity” that is less specific buts hsubstantial influence on the

proteolytic efficiency.

Substrate specificity is determined by the 3-dinmma structure of the enzymes.
Previously obtained data on the structure of muané human granzymes (Perona
and Craik, 1995) and the use of homology moleauladels provide the opportunity
to predict the substrate specificity of granzymesnf other species by analysis of the
corresponding specificity-determining residues. iRess 189, 192, 216 and 226
(based on chymotrypsinogen numbering) importanfpfanary substrate specificity
(Odake S 1991 and Kam C M 2000), deduced in cattte pig granzymes in this

model, are shown in table 3.8.
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Table 3.8 Comparison of key amino acid residues ithe substrate binding site

and predicted enzymatic specificities of granzymesom different species

S3 (218) S2 (99) (S1) 192 S1(189) | S1 (216) S1 (226) Chr. Activity P1 specificity

HsGZMWA E R A 0 5 5 Trypsin locus Tryptase Rk
MM GZA, E R M 1] G G Trypsin locus | Tryptase R
Bt ZMA F H H 0 5 5 Trypsin locus | "Tryptase TRk
SaGIMA = H M 1] G G Trypsin locus | *Tryptase RIK
BtGZMO F E 0 5 5 Trypsin locus | "Tryptase TRk
S5sGIMO - F E 1] G G Trypsin locus | *Tryptase RIK
Hs Gk E o K 0 5 5 Trypsin locus Tryptase Rk
MM GZIK K A K 1] G G Trypsin locus | Tryptase R
Bt 2K K K o 0 5 5 Trypsin locus | "Tryptase TRk
SaGIMK K K o 1] G G Trypsin locus | *Tryptase RIK
HsGIMEB M F K T G R Chymase locus | Aspase D
MrmGIWEB K F R A 5 R Chymase locus | Aspase ]
BtGIME R F o A G R Chymase locus | “Aspase D
Ssi5zmB K I K A 5 R Chymase locus | “Aspase 0
HsGZIMH K F K T G G Chymase locus | Chymase FiY
Bt ZMH T F K T 5 5 Chymase locus | "Chymase *Ff
SsGzmH i I K T G G Chymase locus | "Chymase R
MG C T R E A 5 C.] Chymase locus | Unknown Unknown
MmGZMD M F K T A G Chymase locus | Unknown Unknown
MrmGIME A F K T A 5 Chymase locus | Unknown Unknown
MmGIMF M M = 5 G G Chymase locus | Unknown Unknown
MrnGIM G A G E A 5 5 Chymase locus | Unknown Unknown
MM GZMN = H K A Y G Chymase locus | Unknown Unknown
HsGZ MW R L K A = P Metase locus Metase /L
Ml G K i K A 3 F Ietase locus Metase R/l
BtGZIMM E L K A 5 P Metase locus "Metase "ML

Based on data from (Odake et al., 1991; Kam et aR000), with additional data
on bovine and pig in red from the present study. Mdels from which data
derived in original analysis: The molecular model 6 GzmA was constructed
based on the crystal structure of bovine trypsin ad RMCPII (Murphy et al.,
1988). The model for GzmB was based on structure &MCPII (Murphy et al.,
1988). GzmM was modelled based on the crystal struce of a-chymotrypsin
(Smyth et al.,, 1996). P1 specificity from human graymes is derived from
(Mahrus and Craik, 2005). The potential enzymatic dinction and P1 specificity
of cattle and pig granzymes are highlighted by ansterisk. The sequence residue
numbering is based on the chymotrypsinogen numbergn Hs - Homo sapiens;

Mm - Mus musculus; Ss -Sus scrofa; Bt - Bostaurus.
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Generally, three residues at positions 189, 216 22@l are responsible for the
primary substrate specificity in serine proteasesrgna and Craik, 1995). The
presence of a negatively charged residue Aspl8®figreat importance in
determining the primary substrate specificity tgpsin-like enzymes (Ruhlmann et
al., 1973). This amino acid is positioned at thettdbo of S1 pocket and
electrostatically interacts with the basic residu®1 in the substrate. Gly residues at
positions 216 and 226 help to provide access obtliky lysine or arginine in the
substrate to Aspl189. As cattle and pig granzymeédAand K share the identical
specificity-determining triplet (Aspl189-Gly216-GB@) with their human and
mouse counterparts, these novel enzymes most liealg the trypsin-like specificity

and prefer to cleave after Arg or Lys residues.

In chymotrypsin-like enzymes, the crucial role isfted to the amino acid on
position 226 that is situated at the back of thecHity pocket (Caputo et al., 1994;
Edwards et al., 1999). This is associated withaibgence of a disulfide bond in the
vicinity of the enzyme active site, compared witlhthey granzyme groups
(Zamolodchikova et al., 2003). An uncharged amicid & present at position 189 in
all of chymotrypsin-like enzymes and it is obsernnedyranzyme B and H in both
cattle and pig. The small size of the unchargeddues Gly226, present in all
chymotrypsins, is thought to permit bulky hydropiwobside chains to be
accommodated and cleaved (Edwards et al., 1998nz2gme H has no direct rodent
counterpart but is reported to have the typicalnobtyypsin-like activity to cleave
after Phe or Tyr at P1. The presence of consemadacsacids at Thr189, Gly216 and

Gly226 (S1 subsite) in cattle and pig granzyme éi@edictive of chymotrypsin-like
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activity. However, the existence of a positivelyaaed residue, Arg226, in bovine
granzyme B suggests a unique specificity for thgatieely charged acidic side-
chain of Asp in the substrate (Poe et al., 199 puaet al., 1994; Waugh et al.,
2000). Experiments in which point mutations werieaduced into mouse granzyme
B have shown that replacement of Asp226 with Gly226ises loss of Aspase
specificity but facilitates hydrolysis of hydropholsubstrates (Caputo et al., 1994).
As the Asn189-Gly216-Arg226 amino acid triplet withhe S1 pocket of cattle and
pig granzyme B are highly conserved with thoseuman and mouse, these enzymes

are predicted to act on substrates containingcticaresidue Asp in P1.

Structural studies of chymotrypsin A have indicatiedt the substrate specificity of
granzyme M for the carboxyl terminal of long narrbwdrophobic amino acids, Met
and Leu, is dependent on two key residues, LysIfi $er216. Replacement of
Lys192 with Met and Ser216 with Gly in human grameyM has been shown to
result in a marked reduction in hydrolysis of sudigts containing Met at P1, but the
acquisition of chymase activity on Phe at P1 (Snettlal.,, 1996). The presence of
conserved amino acids Lys192 and Ser216 in catdazgme M indicates that it

should have metase specificity similar to the huash murine counterparts.

Comparison of predicted functions of related gandke chymotrypsin-like locus

The bovine chymotrypsin-like locus contains a numbg genes in addition to
granzymes. It includes the duplication of non-ggeme genes (a-chymase and
cathepsin G) and also a series of closely relatategy encoding enzymes termed

duodenases, not detected in humans or mice. Tty Blgh sequence similarity to

97



granzyme B (64-66%) and in early studies one ofdhgenes (DDNL1, identified by
Zamolodchikova et al in 1995) was erroneously regubras granzyme B
(NM_174296). Therefore, the primary structure obdenases was examined to
investigate their potential enzymatic specificitiascomparison with those of the
chymotrypsin-like granzymes. The amino acids foumdhe three key specificity-
determining residues (189-216-226) in the S1 pockegattle and pig chymotrypsin-

like genes are shown in figure 3.16.

Figure 3.16 Alignment of specificity-determining residues in the S1 pocket of

chymotrypsin-like genes

189 191 216 220 226 189-216-226
S1 S1 S1

Hs_GznB SGVNKL R GM . RAC. KV . SFVH. . KKT MKRY T G R
Mn GznB VKK AL YKN GS..RA..KV .SFLS. . KKT MKSS A G R
Bt _GznB VDN L KRN GST. RA.. KV . SFL...KKT MKSL A G R
Ss_GznB SVUNNGL L KK GT..RAC KV . SFL...KK MKSL A G R
Hs_GzmH . V.KD.. ...L NKE GT..G YIKV ..FL...KRT MKRL T G G
Bt _GznH VKKV H.F.UKIN GI..G..QV ..FL... KRT MKHL T G G
Ss_GznH VKNV .. F .0KMY GI..G..KV .. FL KKT MKPL T G G
Mn GznC LVUKRAD AL GSA. Q. ...V LSFVS. . KKT MKHS A G Q
Mn GznD .. V.DNQ Y.LFA AKNE TI SSG .. KV V.FL...SW MLL T A G
Mn GznE .. V.DNK. Y. LLA . AKNR TISSG .. K. V.FL...SRN MKLL T A G
Mn GznF o VUNNKD Y. VLT.OLNR TIG G .. KV V.. L...SRN MKLL S G G
Mn GznG NAVAND I ARVARN TIT.G..KV V.FL...STN MKLL A G G
Mm GzmN . VUNNKD H VL. . VK K KISSG ..KV V.FL...STN MKLL AV G
Bt _DDN1 VN GIT.D. Y... .SFLS..HST MRRY N G D
Bt _DDN2 VAN | R GIT.D. Y... .SFLS..HST MRRY N G D
Bt _DDN3 B VA A GIT.D. Y... .SFLS..HST MRRY N G D
Bt _DDN4 VD GIT.D. Y... .SFLS..HST MRRY N G D
Bt _DDN5 .. YVMVWWP RALCPMEKI B LQVST- - PES QGFSNGSKKQ * KCT R D T
Ss_DDN VWKL FoKKE GS.. S8 Y.K .SFL...KKT MRN\H N G S

Bovine and pig sequences are labelled in red. Theplet of S1 pocket residues
at positions 189, 216 and 226 are highlighted in gen and listed adjacent to the
sequences to the right of the figure. Chymotrypsingen numbering is used to
refer to residue positions. Hs -Homo sapiens; Mm - Mus musculus, Ss - Sus

scrofa; Bt - Bostaurus.
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DDN1 was found to have unique amino acids Asn189 Asp226 at two of the
primary specificity determining residues in the fdcket. The presence of these
amino acids suggests that DDN1 has both trypsm-ldnd chymotrypsin-like
activities (Zamolodchikova et al., 1995a; Zamolakoka et al., 1995b); the
uncharged residue Asn at position 189 indicatesnciinypsin-like specificity while
the negatively charged Asp at position 226 indgatequisition of trypsin-like
activity (Zamolodchikova et al., 1995b). The sartracture-function relationship of
duodenase has been reported for sheep mast celapeo(Smcp-1) (McAleese et al.,
1998). As the other functional duodenases DDN2v& lthe identical triplet (N-G-D)
with DDN1 and sheep Smcp-1, these novel enzymesiléhexhibit similar
specificity. In contrast, pig DDN has an unchargedidue Ser at position 226,
suggesting that it does not have trypsin-like dp@tyi. Overall, the duodenase genes
in cattle, sheep and pig display similar key resglin the S1 pocket and are likely to
have similar enzymatic activity. On the other hattjr functional sites show clear
differences from granzyme proteins, indicating ttla¢se proteins have distinct

biological functions.
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3.4 Discussion

The studies reported in this chapter have identsi® classes of granzymes in cattle,
A, O, B, K, H and M, based on analysis of genom#BST databases. Specific PCR
protocols have been developed and optimised fafdlese granzymes. Analysis of
cDNA from un-clonedT. parva-specific CD8+ T cell lines using these PCR assays
showed that all of the enzymes are expressed &R N#elevel in activated CD8+ T
cells. Consistent with findings in humans and mite, granzyme-encoding genes
were located on 3 different loci within the genomdiich correspond to different
proteolytic enzymatic activities, namely trypsikdj chymotrypsin-like and metase.
Analysis of primary amino acid sequences suggdbidhe granzyme proteins have

enzymatic specificities similar to their human andrine counterparts.

The identified granzymes included a novel functlagranzyme, termed granzyme O,
not previously reported among the granzymes destiith any species. A functional
orthologue was also identified in the pig and nonetional/truncated genes were
present in human and mouse, indicating that thigehgene evolved by gene
duplication before the human-mouse-cattle-pig gsedivergence and subsequently

became non-functional in humans and mice.

Annotation of the genome loci containing the bovigeanzyme genes has
demonstrated that the gene organisation is esBgntlantical to that in human,
mouse and pig. In each species, the genes are fauthdee distinct chromosomal

locations, each of which has similar gene orgaiuisacross the species (Table 3.9).
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Analysis of phylogenetic trees has revealed the diogous relationship between
each subgroup of cattle and pig granzyme genestlagid human and mouse
counterparts. Comparison of mature protein sequeoicall granzymes from human,
mouse, cattle and pig has shown obviously higheel$eof identity within each
group between species (45%-91%) than between tapgr(Up to 44%). All of
these findings suggest that the granzyme familyemies in human, mouse, cattle and
pig have evolved from common ancestors, and ttgrdnces in gene complement
have arisen mainly due to differential deletioria®s of function. Thus, unlike cattle
and pigs, humans and mice have lost granzyme Oirmaodntrast to the other species
mice have lost granzyme H. In place of the latteice have an additional set of
genes encoding granzyme C, D, E, F, G and N, whltiough no remnants are
found in other species may also have been lostonamon ancestor of these species

by a gene deletion event.

The gene content and organisation of the tryp&m-dnd metase loci were similar to
those in humans and mice, although a cluster cftada genes and their flanking
genes in the human and mouse metase locus werdempified in cattle. The latter
may be due to incomplete or incorrect genome adserhklowever, the findings
indicate conservation of these loci following sgscidivergence. In contrast, the
chymotrypsin-like locus has expanded in gene candele to duplication of non-
granzyme genes (a-chymase and cathepsin G) amiebence of an additional set of
closely related genes (duodenases), not detedteetr @ the chymotrypsin locus or
elsewhere in the human or mice genomes. Ideniicaif a duodenase orthologue

in pig has shown that the duodenase is not exdlysiexpressed in ruminant,
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suggesting either that these may have been lobuman and mice or that they
evolved later through gene duplication. These figditogether with the expanded
chymotrypsin-like locus of mice including the prese of Mcpt8 family and
multiple B-chymases and granzymes in mouse (Gallwitz andnidel] 2006),
illustrate a massive change undertaken in thisdadfter human, mouse, cattle and

pig divergence.

Table 3.9 Summary of granzyme genes found in diffent mammalian species

and their genomic locations

Chromosomal localization Species Granzymes
The 'tryptase’ locus

ag11-g12 Human A and K
130 Mouse A and K
20 Cattle A D and K
16 Pig A, O and K
The 'thymase' locus

14911-912 Human B and H
140 Mouse B, C D EF, GandM
21 Cattle B and H

7 Pig B and H
The 'Met-aze' locus

19p13.3 Hurman Il

10g21.2 Mouse Il

7 Cattle Ml

27 Pigy il

Data on human and mouse granzymes was extracted fro(Trapani, 2001). Pig
granzyme M has not been detected but assembly ofetlmegion on chromosome 2

predicted to contain the gene is incomplete.

Analysis of primary amino acid sequences of bogranzymes in relation to known
crystal structures of human or murine orthologugshbmology molecular models
allows us to investigate the corresponding sulestspecificity of granzymes within

each group. These initial analyses of amino acgueeces of cattle granzymes
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indicate that they have primary specificities conapée with their human and mouse
counterparts, but their extended substrate spwigfic appear to show some

differences.

To date, crystal structures of human granzyme A,PB)-K and M have been
reported by several groups but structures for Kldrithve not been described so far
(Estebanez-Perpina et al., 2000; Hink-Schauer.ef@02; Bell et al., 2003; Hink-
Schauer et al., 2003; Wu et al., 2009). The crystalctures, coupled with results of
biological experiments and structural modellingyypde information on residues that
are critical for interacting with the substratesr Example, a crystallography study
of granzyme A by Bell (2003) has shown that thecBp#y for a basic residue of
the S1 pocket is primarily due to the side chaiAgh189 at the bottom of the pocket
(Bell et al., 2003), whereas the primary specyiof granzyme B for Asp occurs
through a salt bridge with Arg226, anchored atlibek of the S1-specificity pocket
of granzyme B (Estebanez-Perpina et al., 2000; Wati@l., 2000). Crystal structure
comparison of the active form of granzyme M witle thactive Asp86Asn-GzmM
mutant has revealed that a peptide loop (L3 - tes®14-226) is most important in
determining substrate specificity M (Wu et al., 2D0Mahrus and Craik (2005)
provided experimental evidence to support the mEspe substrate specificities of
human granzyme A, B, K, H and M, using positionaarsing of synthetic
combinatorial libraries of 4-amino acid peptidesafius and Craik, 2005). The
results of these studies suggest that homology culale modelling is a reliable and
productive method for identifying differences imdi substrate specificity of related

granzymes and novel orthologues of the same gramzy@omparison of the
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substrate-determining amino acid residues in bownanzymes with those in
orthologues in other species, predict that cattengymes have primary substrate
specificities identical to their human and mousanterparts. The findings indicate
that the novel granzyme O is most likely to haypdm-like activity, consistent with
the specificity of the other granzymes (A and Kjhe same gene locus. The trypsin-
like specificity of granzyme A, O and K is also swtent with the idea that these
genes arose by duplication before primate/rodettidgaig species divergence.
Although phylogenetic analysis shows that granzygh@nd C are most closely
related in mouse, as are granzymes B and H in huoatile and pig, experiments
have demonstrated that the mechanism of cell dedtited by granzyme C is quite
different from the classical apoptosis induced angyme B (Johnson et al., 2003).
Although the enzymatic function of granzyme C isl sinknown, these findings
indicate that the substrate specificity of granzy®nis distinct from that of granzyme

B.

Although both human granzyme A and K have the ingpke specificity
characterised by cleavage after basic residueoAtgys (Mahrus and Craik, 2005),
they display highly restricted substrate speciBsitthat only partially overlap
(Bovenschen et al., 2009). This was demonstratesclgening a library comprising
1,000 fully randomized 15-amino acid peptides; feaicconsensus sequence was
found near the cleavage site, although both grarzywere shown to prefer P1Arg
(Bovenschen et al., 2009). Cattle and pig granzm®@ and K are predicted to have
the identical primary substrate specificity (trypsike activity). However,

comparison of extended specificity-determiningaass at S2 and S3 of granzyme A,
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O and K in both cattle and pig (shown in table 368)ealed different amino acids
both between granzymes and between species ortledpgndicating differences
between species in the extended substrate spaegiof these granzymes. Although
human and mouse granzyme B exhibit high sequenuésty, including conserved
primary substrate-determining residues, and bathagpases, they exhibit divergent
substrate preferences. This is a consequence faratites in the residues that
determine extended substrate specificity. Usinghagp display substrate assay,
human and mouse granzyme B were shown to havedistibstrate preferences at
the key P4, P2 and P2’ substrate residues becduiee presence of divergent
residues at the corresponding granzyme binding $Kaiserman et al., 2006). The
detection of divergent amino acids in the S2 an&88nded specificity-determining
residues in cattle and pig granzyme B suggeststh®est may also have different

substrate preferences than those of the human andenorthologues.

The bovine chymotrypsin-like locus contains a numgenes closely related to
granzymes, including genes encoding duodenasesgchwlucated adjacent to
granzyme B and one of which (DDN1) was previousiyomeously reported as
granzyme B. However, comparison of their amino aeiduences revealed different
primary specificity-determining residues in the facket predicted to result in
enzymatic functions distinct from granzyme B. Congplato the aspase activity of
granzyme B, comparison with other chymotrypsin-igteteins indicates duodenase
genes are likely to have dual specificity with syplike as well as chymotrypsin-
like activity. DDN1 was originally isolated from ddenal mucosa (Antonov et al.,

1992; Zamolodchikova et al., 1995a). It is founcepithelial cells and the ducts of
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Brunner’'s gland and is a potential activator ofeempeptidase, as indicated by its
ability to hydrolyse recombinant bovine pro-entepijdase, which is an important

enzyme in the digestive protease cascade (Zamalachet al., 1997).

In conclusion, work described in this chapter hdentified the complement of

functional granzyme genes in cattle, developed Pg3Rays to examine their
expression and demonstrated that they are all sgpdein activated antigen-specific
CD8+ T cells. Comparisons of their amino acid seges with orthologues in other
species have identified differences in residues tiedermine extended substrate
specificities, suggesting that they differ in thpiotein substrate specificities. These
findings provide the basis for further work to exaentheir role in killing of target

cells by CD8+ T cells.
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Chapter 4 Expression and characterization of bovi  ne

granzyme B

4.1 Introduction

Cell-mediated killing by cytotoxic T-lymphocytes TC) is an important immune
response against viral infection, intra-cellularcteaia and neoplastic cells. One
important mechanism used by CTL is induction of @psis of target cells by
granule exocytosis, involving release of severalctgranzymes and a membrane
disrupting protein perforin. Granzyme B is the bastracterized and most potent
member of the granzyme family and is considerecbdéothe major initiator of
granule-mediated apoptosis. This protease induargett cell apoptosis by several
pathways, including mitochondrial-mediated mechasis via direct cleavage of
‘BH3-only’ members of the Bcl-2 family, by enzymasich as BH3-interaction
domain death agonist (Bid), which result in mitoetioal permeabilization (Heibein
et al., 2000; Alimonti et al., 2001; Pinkoski et,a2001; Sutton et al., 2003),
activation of caspases (Darmon et al., 1995; Maetial., 1996; Quan et al., 1996)
and direct cleavage of downstream substrates (Aledea al., 1998; Casciola-Rosen
et al., 1999; Browne et al., 2000; Thomas et &Q02 Sharif-Askari et al., 2001;
Adrain et al., 2006). As granzyme B is highly aetiexpression of this molecule is
regulated to avoid enzymatic activity during thestpmanslational modification
process. Typically, granzyme B is translated asnactive zymogen containing a

leader peptide of 18 amino acids, followed by aseoved dipeptide/GE. Activation
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of the zymogen requires cleavage of the dipeptiHelsy dipeptidyl peptidase

I/cathepsin C within the granules (McGuire et 3993).

Granzyme B is a 32-kDa serine protease with a tstreclosely resembling that of
chymotrypsin and characterized as an Aspase becdutsepreference for substrate
cleavage after aspartic acid residues (Poe etl@8]1). Granzyme B is the only
known serine protease with this specificity in maasn(Atkinson and Bleackley,
1995), although cleavage after aspartic acid resalso occurs in cysteine proteases
of the ICE family (caspases) (Duan et al., 1996jictv are inactive zymogens under
normal cellular conditions but can be activatedirdurapoptosis. The preferred
substrate sequence at the P4-P3-P2-P1 (amino-tdrioirthe proteolytic cleavage
site) for human granzyme B cleavage is I-E-P-D rafi by a combinatorial
chemistry approach (Thornberry et al., 1997), lpttnoal substrate recognition also
involves features extending carboxyl terminal te firoteolytic cleavage, P1-P2'-

P3’-P4’(Waugh et al., 2000; Rotonda et al., 20Qin 8t al., 2001).

Although native granzyme B from NK cell granulesshaeen purified to
homogeneity and characterized as an Aspase basetl awtivity on synthetic
substrates, the purification procedure, involvingchemical and immunological
methods, is time-consuming and has yielded lim#etbunts of active granzyme B
(Odake et al., 1991; Poe et al., 1991; Trapanl.e1893). As other members of the
chymotrypsin-like subfamily (granzyme H and othemnfatopoietic serine proteases
such as mast cell chymase and neutrophil cath€psare of similar size and exhibit

similarity in amino acid sequence (50-70%), theyyrmantaminate preparations of
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native granzyme B. However, studies by Caputo eh dl993 and Smyth et al in
1995 have enabled a system to produce this enayaigtiactive granzyme B by
preparation of recombinant DNA constructs that banexpressed in mammalian
COS-7 cells (Caputo et al., 1993; Smyth et al.,5)9fh this eukaryotic expression
system, deletion of nucleotide sequences encodingnaino-terminal dipeptide is
required because of the absence of cathepsin ©B-TCcells (Caputo et al., 1993;

Smyth et al., 1995).

This chapter describes the preparation of recombioc®NA constructs of cattle
granzyme B for production of functionally activeof®in, and testing of the
enzymatic activity and substrate specificity of ghvetein. The reactivity of six anti-
monoclonal antibodies raised against equine graazyn(eqGzmB) was also

examined.
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4.2 Materials and Methods

4.2.1 Preparation of cDNA

Total RNA was extracted from an un-clonggarva-specific CD8+ T cell line from
the cow 011 and cDNA was synthesized from RNA usiggReverse Transcription

system as described in section 2.3.1- 2.3.3.

4.2.2 Site-directed mutagenesis strategies

4.2.2.1 Wild-type cattle granzyme B cDNA

Wild-type cattle granzyme B cDNA was amplified bygH fidelity PCR, using
primers flanking the full-length cattle granzyme&dling sequence as follows:

5- CATCCTGGGCAGTCTTTCTA-3’ (Forward);

5- CCTGCAGTGTGATTCTGGAT-3' (Reverse).

The High fidelity PCR protocol was composed of 10pmf primers, 1.2 unifPfu
DNA polymerase (3units/ul, Promega), 5ul of 10x Bufwvith MgSQ, (200nM Tris-
HCI, 100mM KCI, 100mM (NH),SQO,, 20mM MgSQ, 1mg/ml nuclease-free BSA
and 1% Triton X-100, Promega), 10mM dNTP, 0.5ugcBMA template and
nuclease-free water to give a final volume of 50the programme used was as
follows: 95°C for 2 min, 30 cycles of 95°C for 1miollowed by 55°C for 0.5 min
and 72°C for 2.5 min, and a final extension perdd/2°C for 5 min. The PCR

product was analysed by electrophoresis as desdnisection 2.3.5.
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4.2.2.2 Cloning of the purified cDNA

Blunt-ended PCR products of the predicted size vpenmdfied (section 2.3.6) and
then a single adenosine was added to the 3’-endslofible stranded DNA molecule
(Zhou and Gomez-Sanchez, 2000). The TA cloningtimacvas composed of
0.5unit BIOTAQ (5 units/ul Bioline, London, UK), 1ul SM-0005 baff (Appendix

C.5), 4ul of purified DNA (30ng/ul), and nucleased water to give a final volume

of 10ul. The reaction was incubated at 72°C fon80 and then transferred to ice.

The A-tailed granzyme B cDNAs were subcloned intiinaarized T-vector which
has single 3'-T overhangs on both ends (section7R.3he plasmid DNA was
extracted from selected colonies and purified ugshg Wizard Mini-preps DNA
Purification System (section 2.3.8). To identifg thresence of inserts, the plasmid
DNA was digested withEcoR1 (section 2.3.9). Plasmid products purified from
clones containing inserts were submitted to DBSd&ea (Durham University) for

nucleotide sequencing (2.3.10).

4.2.2.3 Dipeptide/GE knockout of cattle granzyme B cDNA

The deletion of six nucleotides encoding the dijlepof cattle granzyme B cDNA
was performed by PCR splice overlap extension (’BCH) based on procedures
described for human granzyme B (Smyth et al., 1985)discussed by Ling and

Robinson in an overview of DNA mutagenesis (Lindg &obinson, 1997).
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Figure 4.1 Schematic illustration of the “overlap e&tension PCR” for
introducing a deletion into granzyme B cDNA.

Two PCR assays were initially performed to generatetwo overlapping
fragments that carry the 6 nucleotide deletion in lte overlapping segment.
These two fragments were mixed, denatured and annkeal to produce mutant
DNA templates and amplification of the extended mwnt DNAs was performed

with flanking primers in a further PCR.

Principle:

The scheme for generating the dipeptide-deletecmiug summarised in figure 4.1.
Firstly, two PCRs were performed to generate twoAdNigments with overlapping
sequence containing the target site for mutagenesrsvard and reverse mutagenic
internal primers extending across the site and fndrich the 6 nucleotides had been
omitted, were used. The sequences of these intprimaérs for cattle granzyme B
were as follow: 5- CAAAGGCAATCATCGGGGGCCATG-3' (Fward); 5'-
CCCGATGATTGCCTTTGCCCTGGG-3' (Reverse). Externalnpers flanking the
full-length coding region of cattle granzyme B weras follow: 5'-

CATCCTGGGCAGTCTTTCTA - 3 (Forward); 5'-
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CCTGCAGTGTGATTCTGGAT - 3’ (Reverse). The PCR reastivas composed of
10 pmol of primers, 1.2 unRfu DNA Polymerase (3units/ul, Promega), 5ul of 10x
Buffer with MgSQ, 10mM dNTP, 0.5ug of cDNA template and nuclease-tvager

to give a final volume of 50ul. The programme us&s as follows: 95°C for 2 min,
30 cycles (95°C for 1min, 45°C for 0.5 min, 72°C 5 min) and a final extension
period of 72°C for 5 min. The PCR products werelys® by electrophoresis as

described irsection 2.3.5.

Secondly, PCR products of the two overlapping DNAgments were purified,
mixed, denatured and annealed in a PCR-ready btdfggroduce mutant DNA
templates. Amplification of the extended mutant Di\Nvas achieved by using the
pair of external primers in a further PCR. The P@Bction was composed of 10
pmol of primers, 1.2uniPfu DNA Polymerase (3units/ul, Promega), 5ul of 10x
Buffer with MgSQ, 10mM dNTP, 5ng of each purified DNA fragments and
nuclease-free water, to give a final volume of 50utie programme used was as
follows: 95°C for 2 min, 30 cycles (95°C for 1m5°C for 0.5 min, 72°C for 2.5
min) and a final extension period of 72°C for 5 miimne PCR product was analysed
by electrophoresis as describedsattion 2.3.5. PCR products of the predicted size
were purified, TA cloned and sub-cloned into the€lbtor as described above in

section 4.2.2.2.
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4.2.2.4 Introduction of a Serl195Ala substitution at the active site in the

Dipeptide/GE knockout granzyme B cDNA
Substitution of Ser with Ala at the active site dipeptide-knockout cDNA was
performed by ‘megaprimer’ PCR mutagenesis (Picaed.£1994; Tyagi et al., 2004),

as summarised in figure 4.2.

S50pmol
— ey
s 3
3 5
A —
15t PCR - 5 Cycles ‘ Z.5pmol
5 —N 3
[, :
Megaprimer
5 3
3 5
—-
S0pmaol
2nd PCR - 25 Cycles
5° P =3
P

Figure 4.2 Schematic representation of the “megapmer PCR” for introducing

a mutation into granzyme B DNA.

An initial 5 cycles of a PCR reaction containing astandard concentration of
mutagenic internal primer and a limiting concentration of a flanking primer

was followed by a prolonged extension step to gerade mutant mega fragments.
The other flanking primer was added to the mutant emplates and the PCR
reaction subjected to a further 25 cycles to geneta full-length product

containing the mutation.

Principle:
This procedure is based on first introducing theirdd mutation into a terminal
fragment of the cDNA (in this case the 5’ end) minitial PCR reaction and then

using this fragment as a megaprimer in a second fe@g&tion to obtain the mutated

114



full-length cDNA. The first round of this ‘Megaprien PCR protocol uses a limiting
concentration of the standard unmodified reversengr in combination with a
standard concentration of an internal mutageniavdod primer incorporating
substitutions to achieve the amino acid change. HG& protocol incorporates a
prolonged additional extension period.

Two different internal mutagenic forward primergonporating the mutation were
designed and tested in the first step due to theiG@Cnature of the primer binding
site; their sequences were:

Primerl, 5-AGAAAGCTTCCTTTCAGGGGGACGGG-3’; or Primer2, 5'-
ACGCGGGGGGCCCTCTCGTGTGTGACAAT-3"; these were used withe
reverse primer 5- CCTGCAGTGTGATTCTGGAT-3’; The PCRaction was
composed of 50pmol of internal mutagenic forwardnpr, 2.5pmol of external
reverse primer, 1.2 unifu DNA Polymerase (3units/ul, Promega), 5ul of 10x
Buffer with MgSQ, 10mM dNTP, 1ul of dipeptide-knockout cattle graneyid
cDNA containing plasmid (60ng/ul) and nuclease-fnedter to give a final volume
of 50ul. The first round PCR programme used wa$obsws: 95°C for 2 min, 5
cycles (95°C for 1min, 55°C for 0.5 min, 72°C for52min) and an additional

extension period of 72°C for 35 min.

In the second round of PCR, 50pmol of the exterfalvard primer, 5'-

CATCCTGGGCAGTCTTTCTA - 3 was added into the samée and the
programme was resumed under the following condsti@®°C for 2 min, 25 cycles
(95°C for 1min, 55°C for 0.5 min, 72°C for 2.5 mia)d a final extension period of

72°C for 10 min. The PCR product was analysed bygtedphoresis as described in
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section 2.3.5. PCR products of the predicted sigeevpurified, TA cloned and sub-

cloned into the T-vector as described above in@edL2.2.2.

4.2.3 Mammalian expression vector construction

4.2.3.1 PCR amplifications of Granzyme B cDNAs lack ing a stop codon
(TGA)
Forward and reverse PCR primers were designeddaorporate uniquesall and
BamH1 sites on the ends of the functional granzyme B AANd the corresponding
controls and to eliminate the 3’ stop codon, ineortb express the protein with a c-
terminal peptide tag. The forward primer containsig nucleotides encoding the
Sall restriction site and the reverse primer caomtig six nucleotides encoding a
BamHL1 site with a stop codon (TGA) deletion werdadieows:
5- CCAGGTCGAQCATCCTGGGCAGTCTTTCTA-3* &I, Forward); 5'-
CCTGGGATCGAGGCTTTTCATGGTTTTCTTTATCCAGGGC-3 BamH1,
Reverse). These primers were used in a high §d€ICR protocol composed of
10pmol of primers, 1.2 unPfu DNA Polymerase (3units/ul, Promega), 5ul of 10x
Buffer with MgSQ, 10mM dNTP, 1ng of plasmid templates and nuclease-ivater
to give a final volume of 50ul. The programme uses as follows: 95°C for 2 min,
30 cycles (95°C for 1min, 55°C for 0.5 min, 72°C &5 min) and a final extension
period of 72°C for 5 min. The PCR product was asedly by electrophoresis as

described in section 2.3.5.
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4.2.3.2 Incorporation of granzyme B cDNAs into the pFLAG-CMV '™-5a

expression vector

PCR products of the predicted size were purified double digested by using
restriction endonuclease reactions (BioLabs Inay N#gland) to generate tigall
andBamH1 sticky-end cDNAs. The reaction was composed of Ng\, 5ul of 10x
NEBuffer 3, 0.5ul of 100x BSA, 2u&all (20,000 units/ml), 2uBamH1 (20,000
units/ml) and nuclease-free water to give a finalumne of 50ul. The reaction was
incubated at 37°C for 3h and stored at -20°C. TREAG-CMV™-5a expression
vector (Sigma, Cat.E7523) was double digested 8ah and BamH1 and the

restriction endonuclease reaction was perform@&¥ 4t for 3h.

Double digested cDNAs and pFLAG-CMY5a expression vector of the expected
size were gel purified and ligated together by gsid DNA ligase. The reactions
were composed of 50ng modified pFLAG-CIM\ba expression vector, 26ng sticky-
end granzyme B cDNA, 1ul T4 DNA ligase (3 weisstsiuil), 5ul 2x Rapid ligation
Buffer and DDW to give a final volume of 10ul. Theaction was performed at 4°C
overnight. The products were then transferred iddd109 High Efficiency
Competent Cells and the cells were plated ontoicktel LB/ampicillin plates. The

plates were incubated overnight at 37°C.

Colonies containing appropriate inserts were idiedtiby PCR amplification with
primers specific for flanking vector sites. Select®lonies were picked and streaked
onto new LB agar plates with 100ug/ml ampicillimeTplates were incubated for 4h

or overnight at 37°C. The expanded colonies weredsted, added into 96-well V

117



bottom plates with 50ul of nuclease-free water daedatured by heating at 95°C for
5 min. The cellular debris were sedimented by dewgtion at 13,000 x g for 5 min
and the aqueous phase containing plasmid DNAs wad as template in further
PCR amplification. The primers flanking the mulégloning region of the pFLAG-
CMV'™-5a expression vector were as follows:
5-AATGTCGTAATAACCCCGCCCCGTTGACGC- 3’ (N-CMV-30, Fovard);
5-TATTAGGACAAGGCTGGTGGGCAC-3'(C-CMV-24, Reverse);

Annealing of the primers was performed at 55°C. fideetion and programme were
performed as described in section 2.3.4 and PCRIlupte were analysed by

electrophoresis as described in section 2.3.5.

The colonies containing inserts were selected ftbe streaked plates and each
transferred into a 30 ml flask with 6ml LB and 1§0ul ampicillin. The clones were
expanded overnight (section 2.3.7) and the plagdiNd was purified (section 2.3.8)

and sent to DBS Genomic (Durham University) forsaging (section 2.3.10)

4.2.3.3 Plasmid DNA Preparation-(Maxi-preps)

The EndoFree Plasmid Maxi Kit (QIAGEN, Cat.12362dswsed to prepare the
purified Maxi-preps. Colonies containing inserts ihfe correct sequence and
orientation were picked from the streaked plateleddinto a starter culture of 5ml
LB with 100 ug/ml ampicillin and incubated for 8h37°C with vigorous shaking at
300rpm. The starter cultures were then added iBtoml fresh LB with 100 ug/ml

ampicillin and incubated overnight for 37°C witlggrous shaking at 300 rpm. The

bacterial cells were pelleted by centrifugation6@0 x g for 15 min at 4°C,
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suspended in 10ml buffer P1 with 100ug/ml RNaséy#ed by the addition of 10ml
Buffer P2 at room temperature for 5 min and preatpd by the addition of 10ml
chilled Buffer P3. The lysates were immediately qgolinto the barrel of a QlAfilter
Cartridge at room temperature for 10min, filteredoi a 50ml tube by gently
inserting the plunger into the QIAfilter Maxi Cadge and then mixed with 2.4ml
Buffer ER for 30min on ice. Following equilibrationith 10ml Buffer QBT and

addition of filtered lysates by gravity flow, a QBEN-tip 500 was washed twice in
30ml Buffer QC. DNA was eluted in 15ml Buffer QN daprecipitated in 10.5ml

isopropanol at room-temperature by centrifugatipd5000 x g for 30min at 4°C.
The DNA pellet was washed with 5ml of endotoxinefré0% ethanol at room
temperature, centrifuged at 15,000 x g for 10minl @ir-dried for 20min, re-

dissolved in 500ul of endotoxin-free Buffer TE astdred at -20°C until use.

4.2.4 Cell culture and transfection

4.2.4.1 Growth of COS cells and 293T cells

COS cells and 293T cells were maintained in tHeimedium containing DMEM
(Invitrogen) supplemented with 10% FCS, 5X0MD 2-Mercaptoethanol, 4mM
glutamine, 100U/ml penicillin and 100ug/ml streptaim, passaged every 3-4 days

by diluting 1:5 in the culture medium and cultus®B7°C under 5% CO
To remove COS cells or 293T cells adherent to it of 75cr flasks, the cells

were gently washed with 10ml 1x PBS/EDTA (Appendixl1l) and the washing

medium was discarded. Following addition of 9mIPBS/EDTA and 1ml of 0.25%
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Trypsin-EDTA (Invitrogen) at 37°C for 5 min, the GOcells or 293T cells in
suspension were harvested into 15ml Falcon tuleedriftiged at 1200 x g for 5min
and suspended in 5ml culture medium. One ml ofstedpension was added to 15ml

fresh culture medium in a 75mm flask and maintaiaie8l7°C under 5% CO

4.2.4.2 Transient transfection in COS cells

COS cells (3x184x1) in 20ml culture medium without antibiotics weeesled in
a 75cniflask one day before transfection. The transieamsfection was performed
by using the Lipofectamifft2000 reagent (Invitrogen, Cat.11668-027) according
the manufacturer’s protocol. The pFLAG-CNM\5a vector only(60ug) and vectors
containing three cattle granzyme B recombinant cBNAnNtaining the wild type
(60ug), the dipeptide knockout (60ug) and the kootkwith an additional
Serl95Ala substitution (40ug) were firstly dilutéd 2ml Opti-MEN | Reduced
Serum Medium without serum (Invitrogen) and mixeéntty. Then 80ul
Lipofectamin&” 2000 was diluted in 2ml Opti-MEN | Reduced Serum diden
without serum, mixed gently and incubated for 5rmainroom temperature. The
diluted DNA and Lipofectamif® 2000 were combined together and incubated for
20min at room temperature to form the DNA- Lipofentné™ 2000 complexes. 4ml
of complexes were then added to a 75dtask containing cells at 90-95%
confluency and the complexes removed by repladegdulture medium without
antibiotics 4-6h after transfection. Cells weretardd at 37°C under 5% G@or 48h
to allow expression of the transgene. Transfectdts avere harvested after 48h,
washed and suspended in cold PBS (Appendix C.1d) aralysed in further

experiments.
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4.2.4.3 Detection of transfection efficiency

Cytospin smears of cells were examined to tesekmression of transfected DNA
products. Aliquots of 150-200ul of PBS-washed céig10f) in PBS were added
into a cytospin cuvette with cleaned glass slidgmin for 5 min at 800rpm in a
Shandon Cytospin 3 Centrifuge (Block Scientificg)liand the resultant smears air-
dried for 5-10 min. Cells were then fixed with awet for 5-10 min, air-dried for 5-
10 min and the location of the cytocentrifuged setlarked by a Liquid Blocker
Super Pap Pen. Following addition of 50ul anti-l&.M2 antibody (1:500 dilution;
IgG1; Sigma) cells were incubated for 20 min atmmotemperature in a moist
atmosphere and washed three times with PBS. 50UC-Ebnjugated anti-mouse
polyvalent immunoglobulins (G,A,M) antibody dilutécl100 (Sigma) was added and
cells were incubated for 20 min at room temperaitur@ moist atmosphere and then
washed three times with PBS. Following removal &tess PBS, slides were
mounted with the DakoCytomation Fluorescent Mountin Medium
(DakoCytomation). Duplicate slides were examined a@anlLeitz Laborlux S
microscope (Leica Mikroskopie und Systeme GmbH n@zgry) and images recorded
using a DXC-390P 3CCD Color Video camera (Sony Grafon, Japan) and
analysed using the Scion Image 1.62c software (W&amsband, National Institutes

of Healthe, USA).

4.2.5 Production of cell lysates
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The cell lysis protocol was performed as descripgdiuko et al. (2007) for equine
granzyme B. Aliquots of 1ml of PBS-washed cellsuatéd to 2x1fells/ml in PBS

were centrifuged at 180 x g for 10 min and thegtellas lysed by using 0.2ml lysis
buffer (1%Triton X-100, 50mM Tris, pH8.0 and 2ulBénzonase Nuclease 25U/ml,
Purity>99%, Merck). Following incubation on ice for 20milysed cells were

centrifuged for 10min at 0°C at 21,000 x g to petlell nuclei and other cell debris.
Supernatants were harvested and either stored&t -Gr immediately subjected to

activity assay.

4.2.6 Assay of protease activity

The protease activity protocol was performed asrilesd by Piuko et al. (2007) for
equine granzyme B. In duplicate, aliquots of 25ulysis supernatant, granzyme B
substrate VI, Ac-IEPD-pNA, (Calbiochem, Cat.3680&n a final concentration of
300uM and the reaction buffer (0.1M Hepes, pH ©.6M NaCl; 1ImM EDTA) in a

total volume of 250ul/well were added into the wetif Falcon™ 96-Well Flat

bottomed Microplates (BD, Cat. 353072). The chyymtim substrate I, Suc-GGF-
pNA (Calbiochem, Cat.230912), was used as a negatwrol for the substrate
specificity. The reaction was composed of 25ulysfd supernatant, 1mM Suc-GGF-
pNA in the final concentration and the reaction buff5OmM Tris, 200mM NacCl,

pH8.0) in a total volume of 125ul. Mixtures wereubated at 37°C for 4h and the
colour reaction generated by cleavage of the pNAstate measured at a
wavelength of 405nm by using a Synergy™ HT Multi-déoMicroplate Reader

(BioTek)
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4.2.7 Inhibition of protease activity in lysates

The specific granzyme B inhibitor IV, Ac-IEPD-CH@4lbiochem, Cat.368056)
was tested for its ability to inhibit cattle granzg B activity as described by Piuko et
al. (2007) for equine granzyme B. In duplicateqadits of 25ul of lysis supernatant
containing released bovine granzyme B were prebatd with 10uM Ac-IEPD-
CHO at 37°C for 0.5h. Following the addition of 300 granzyme B substrate VIII,
Ac-IEPDpNA and the reaction buffer (0.1M Hepes, pH7.0; 0.3MCl; 1mM
EDTA), mixtures in a total volume of 250ul were uhated at 37°C for 4h and the
colour reaction generated by cleavage of the pNAstate measured at a
wavelength of 405nm by using a Synergy™ HT Multi-déoMicroplate Reader

(BioTek).

4.2.8 Cross-reactivity of antibodies specific fore  quine granzyme

B

An expression construct containing human granzyne®BA, pcDNA3.1-hsGzmB,
and six anti-eqGzmB monoclonal antibodies produnedice were kindly provided
by Dr. Martin Muller (Deutsches Krebsforschungsremt, Heidelberg, Germany).
First, 293T cells were transiently transfected wétther cDNA3.1-hsGzmB (80ug)
or Bt-pFLAG-SOE (60ug) using the LipofectaminetnD@Qeagent as described in

section 4.2.4.2and following incubation for 48 hours, cytospin istag was
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performed to determine the transfection efficieranyd to test reactivity of the
monoclonal antibodies as described above in sedt@4.3.

Following incubation of smears with the monocloaatibodies (mAbs) (Table 4.1)
they were washed and incubated FITC-conjugated -naoitise polyvalent

immunoglobulins (G, A, M) antibody diluted 1:100d®a).

Table 4.1 Monoclonal antibodies used for stainingytospin preparations of

293T cells transfected with granzyme B constructs

Monoclonal Specificity Final Undiluted
Antibody Dilution concentration
XIXG7 EqGzmB, 1:50 0.93ug/ul
HsGzmB
Sz EqGzmB 1:10 ND
8-5B EqGzmB 1:10 0.57ug/ul
8D8 EqGzmB 1:10 0.56ug/ul
7-7D EqGzmB 1:10 1.0ug/ul
108 EqGzmB 1:10 0.63ug/ul
Anti-pFLAG M2 pFLAG tag epitope 1:500 1mg/mi

#The concentration of monoclonal antibody SZ was nadetermined.
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4.3 Results

4.3.1 Site-directed PCR mutagenesis

To obtain the functional recombinant granzyme Betiten of an amino-terminal
dipeptide is required (Caputo et al., 1993; Smytlale 1995). The splice overlap
extension (SOE) PCR mutagenesis was developedlétedg nucleotides encoding
the GE dipeptide to allow expression of the acédatattle granzyme B. Control
constructs without the dipeptide deletion and wiltke deletion and an additional
Serl95 to Ala substitution in the active site, gated by ‘megaprimer PCR
mutagenesis, were also produced (Table 4.2). cDpiApared from a culture df.

parva-specific CD8+ T cells established from an anirhalt thad been immunised by

infection and treatment with. parva, was used as the template.

Table 4.2 Bovine granzyme B cDNA constructs and pdécted functional

activities

cDNA type Structure Predicted Function
Wild-type (WT) Not activated No
Dipeptide/GE-deleted activated Yes
Dipeptide/GE-deleted with additional | Loss of activity No
Ser195Ala substitution
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Wild-type granzyme B

The use of High fidelity PCR with flanking primessiccessfully generated a PCR
product of the expected size (818bp) for the codagion of the wild-type granzyme
B gene (Figure 4.3- A). To confirm the identity the PCR product, it was sub-
cloned into the pGEM-T vector and 3 clones contgjninserts of the correct size,
WT-1, 2 and 5, were selected for sequencing (Figuse B). Analysis of sequences
obtained from WT-1 and 2 confirmed that they arentecal to those originally

identified from the bovine genome in section 3.34f this study

(Corr_ENSBTAG00000010057).

812-850bp

812bp

Figure 4.3 PCR amplification of wild-type bovine ganzyme B cDNA.
(A). High fidelity PCR performed using proof reading taq (Pfu) with cDNA

template of an unclonedT. parva-specific CD8+ T cell line (011) 7 day after'3
stimulation (purity, 99%), yielded a product of the expected size (818bp) aha
annealing temperature of 55°C. (B). Analysis of cltes of the PCR product (1-5)

revealing products of the expected size in 3 of thidones (1, 2 and 5).

126



Dipeptide/ GE-deleted granzyme B

To complete the splice overlap extension (SOE) Pd@Ragenesis, three individual
high fidelity PCR assays were required. Two pdytiaverlapping PCR fragments
carrying the 6 nucleotide deletion in the overlagpsegment were successfully
produced using complementary internal primers eactaining one end of flanking
primer and the other end of internal mutagenic prirfFigure 4.4- A and B).
Generation of the full-length mutated sequenceiredquwo further steps. First, the
selected overlapping fragments were mixed, denadtared annealed to produce
mutant DNA templates. In the second step, amptiboaof the extended mutant
DNAs with flanking primers successfully generateB@R product of the expected
size (812bp) (Figure 4.4- C). To confirm the autiwty of the PCR products,
purified PCR product was sub-cloned and 3 cloneganoing inserts of the correct
size, SOE-2, 4 and 5, were selected for sequer(éiggire 4.4- D). Analysis of
sequences obtained from SOE-4 and 5 confirmedhlea nucleotides encoding the
dipeptide/GE were deleted and that the remaindeéhefsequence was identical to

the wild-type granzyme B sequence.
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45 50 55 60 €5 812-850bp

812bp
B

45 G0 55 60 €5

15 50 55 60 &5

Figure 4.4 Amplification of dipeptide/GE deleted muant of granzyme B cDNA

by splice overlap extension PCR.

Results are presented for high fidelity PCR assayperformed at a range of
annealing temperatures (45-65°C) by using: (A). Adrward flanking primer and
the reverse internal mutagenic primer, giving a frgment of the expected size
(89bp); (B). A forward internal mutagenic primer and the reverse flanking
primer, giving a fragment of the expected size (74p); (C). Use of flanking
primers to amplify full length mutated cDNA, using a mixture of the products
from (A) and (B) as template (expected size 812bp(D). Analysis of subclones of
the product obtained in step (C), revealing threelones containing inserts of the

correct size (arrows).

Granzyme B with dipeptide/ GE deletion and additional Ser195 to Ala substitution

Production of the dipeptide/GE knockout cDNA pladmallowed further

manipulation to generate a substitution of Serinth lanine at the active site.
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Using the SOE-4 clone as template, ‘Megaprimer’ RGRays were performed by 2-
round high fidelity PCR reactions in the single P@Re. Because of the high GC
content of the targeted sequence, two differergrmal mutagenic primers were
tested (Primerl and Primer2). Mega fragments of ékpected size (213bp for
primerl and 194bp for primer2) were amplified wahch of the forward internal
mutagenic primers when used with a limiting concaidn of reverse flanking
primer during the first 5 cycles and completed byralonged additional extension
time. Use of the mega fragment as the reverse prand addition of the forward
flanking primer in a second round PCR, producedusated product of the expected
size (812bp) (Figure 4.5- A, Lane 2 and 4 Top).ofAk/ the 5’- 3’ chain of the mega
fragments can be used as the reverse primer, thplementary mega fragments still
remained in the mixture (Figure 4.5- A, Lane 2 ahdottom). To confirm the
identity of the PCR product obtained with both pemh and primer2, they were sub-
cloned and 8 clones containing inserts of the cbrsee, SMAvimer1-1, 2, 3 and 4
and SMAsimer2 -2, 5, 12 and 8, were selected for sequencing (Eigu5- B).
Analysis of sequences obtained from Spdhr2 and SMAyimerz12 confirmed the
success of the Serl95 to Ala substitution and chemase the remainder of the

sequence was identical to the parent functionaizyrme B cDNA.
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Primerl Primer2 = —---= Primerl----
2 1 2 3 4

® 12345678

23000bp 812-850bp

812bp

213bp 194bg

812-850bp

1 2 3 4 5 612 8 Control
————— Primer2----

Figure 4.5 Amplification of dipeptide/GE deletion ganzyme B cDNA containing
an additional Ser195 to Ala substitution using ‘Megprimer’ PCR.

(A). Results of first round PCR amplification using two different forward
internal mutagenic primers (Primerl and Primer2) and the same reverse
flanking primer at the limiting concentration are shown in lanes 1 and 3. Mega
fragment products of the expected size (213 and 194, respectively) were not
detectable. Residual plasmids with DNA inserts (exgzted size over 3000bp) are
detectable (arrows). PCR products obtained followig addition of the forward
flanking primer to amplify full-length mutated cDNA (using the 5’- 3’ chain of
mega mutants from £' round PCR reaction as the reverse primer) are showin
lanes 2 and 4. A product of the expected size (8J&btogether with amplified
remaining mega fragments (213bp and 194bp, lanesahd 4 respectively) were
obtained (arrows). (B). Analysis of clones of theufl-length product revealing

eight clones containing inserts of the correct siz@rrows).
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4.3.2 Construction of recombinant cDNAS

To construct recombinant cDNAs for expression inmmalian cells, three DNA
clones representing the wild-type GzmB (WT-1), thpeptide deletion mutant
(SOE-4) and the dipeptide mutant with the point atioh in the active site
(SMApiimerr2), were first sub-cloned from the pGEM-T vectosing primers
designed to ad&all BamH1 5 and 3’ restriction sites and to eliminate thsiop
codon (TGA). High fidelity PCR assays with thesemnars yielded products of the
expected sizes (Figure 4.6- A). The resultant DM&se sub-cloned and 2 clones of
each containing inserts of the correct size, pFL&CE-1 and 3, pFLAG-SMA-1
and 3 and pFLAG-WT-1 and 2, were selected for segug (Figure 4.6- B).
Analysis of sequences obtained from pFLAG-SOE-1 andFLAG-SMA-1 and 3
and pFLAG-WT-2 confirmed that they were all sucta@bs sub-cloned into the

pFLAG-CMVtm-5a vector and retained the correct rotide sequences (Figure 4.7).
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———— pFLAG-SOE————  -pFLAG-S5SMA-

B12311561’39101112 123456

A SOE-4 SMAp, -2 WT-1

1000bp

1000bp 1006bp

829bp 829bp  835bp 789101112 1234 567 89101112
-pFLAG-SMA- ———— pFLAG-WT ————

Figure 4.6 Production of cDNA clones of each of th@ granzyme B cDNA

constructs suitable for expression in the pFLAG exgession vector.

(A). High fidelity PCR assays were performed on edcof the 3 granzyme B
cDNA constructs using primers designed to create &all restriction site at the 5’
end and to create aBamH1 site and remove the stop codon (by deleting 3
nucleotides) at the 3’ end. Products of the expedsesizes - 829bp for SOE-4 and
SMAprimer1-2 and 835bp for WT-1 — were obtained. (B). Insertsvere amplified
from cloned plasmid DNAs following insertion into the pFLAG vector by
conventional PCR using a pair of pFLAG-CMVtm-5a vetor sequencing
primers, CMV30 and CMV24. Two clones of each consiict containing inserts
of the correct size (1000bp for SOE-4, SMfmer1-2 and 1006bp for WT-1) were

selected for nucleotide sequencing (indicated by mws)
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Bovine GIME-CDhs
Bovine_Wi={lag

Bovine S0E-flag
Bovine_SMA-Tlag

Bovine GEME-CDz
Bovine Wi={lag

Bovine SO0E-flag
Bovins SMA-flag

Bavine GIMB-CDe
Bovine WT-11lag

Bovine S0E-flag
Bovine_SMA-flag

Bovine GIMBE-CDz
Bovine WT-{lag

Bovins S0E-{lag
Bovine_SMA-T1lag

Bovine GIMB-CDe
Bovire WT-Tlag
Bovine S0E-flam
Bovine SMA-11ag

MEPLLLLVAF LLTPRAKACE TIGCHEAKPH SRFYMAYLQY WNQDVQSRCS GFLVRQDRVL

TSAVEPLELF RAKARVEPCQ TCSVACWGRD STOTYADTLG EVELIVQEDQ KCEAYLENFY

KTME 5L
v ol DYEDDDDE#
voen oGl DYKDDDDK #
el T DYKDDDDK #

-

Figure 4.7 Predicted amino acid sequences from nwdtide sequences of three

recombinant forms of bovine granzyme B cDNA, aligng with the reference

sequence from the genome database.

Bovine_GZMB-CDs -

the full length cDNA from bovine genome

(corr_ENSBTAGO00000010057); Bovine_WT-flag - pFLAG-®MVtm-5a vector
containing wide type granzyme B; Bovine_SOE-flag pFLAG-CMVtm-5a

vector containing functional granzyme B; Bovine_SMAflag - pFLAG-CMVtm-

5a vector containing functional granzyme B with Set95 to Ala mutation. Dot-
Identical; Dash-Gap; Leader peptide is highlightedin red; Dipeptide/GE is in
yellow; Serl95Ala is in black; FLAG epitope-tag segence of the pFLAG-
CMVtm-5a vector is in blue
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4.3.3 Expression in COS cells

As a large quantity of DNA was needed for the tiamistransfection, pFLAG-
CMVtm-5a vector without inserts (mock) and withens (pFLAG-WT-2, pFLAG-
SOE-1 and pFLAG-SMA-1) were first prepared in Maxeps and the resultant
DNAs transfected into COS cells. The efficiencytrainsfection was determined by
staining cells in cytospin preparations with a mdapal anti-FLAG M2 antibody
that detects the FLAG epitope-tag sequence, GSGTRDBDK. Figure 4.8 shows
staining of transfected cells, with negative colstrmmcluding an isotype-control
antibody and mock-transfected cells. Transfectifficiency was very similar, 33-
35%, in all preparations. Clear expression of pFEWGE-2, pFLAG-SOE-1 and
pFLAG-SMA-1 was observed in the respective trartef@€€OS cells, but not in the

controls.
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Isotype Control Mock(pFLAG)
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pFLAG-SOE pFLAG- WT pFLAG-SMA

Figure 4.8 Immunofluorescence staining of COS cellgansiently transfected
with different recombinant granzyme B cDNAs in the pFLAG expression
plasmid.

Cells transfected with unmodified cDNA (pFLAG-WT), cDNA containing the
GE dipeptide deletion (FLAG-SOE) and cDNA containigp both the GE
dipeptide deletion plus an alanine substitution aposition 195 (pFLAG-SMA),
as well as mock-transfected cells, were stained Wwithe anti-FLAG M2 antibody
(IgG1, 1:500). In addition cells transfected with EAG-SOE stained with an
irrelevant isotype control primary antibody were shown (Isotype control). The
transfection efficiency of pFLAG-SOE, pFLAG-WT and pFLAG-SMA was
33%, 35% and 33%, respectively.
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4.3.4 Functional characterization and inhibition of cattle

granzyme B

To examine the functional activities of the recondnit versions of cattle granzyme
B, substrate assays were performed using a sufgs&@r-IEPD-pNA containing a
tetrapeptide, which has been shown to be recogrépedifically by human, rat,
mouse and equine granzyme B (Caputo et al., 1988ttSet al., 1995; Xia et al.,
1998; Piuko et al., 2007). The enzymatic activitésCOS cell lysates prepared 48
hours following transfection with mock, pFLAG-SORFLAG-WT and pFLAG-
SMA are shown in figure 4.9. Transfection with tlmemodified cattle granzyme B
yielded a signal close to the background level pced by mock transfection. In
contrast, lysates from cells transfected with thpeptide/GE knockout granzyme B
exhibited dramatically increased enzymatic actjvitwhereas the additional
substitution of Ser with Ala at the active siteulesd in a complete loss of activity.
As a substrate-specific control, the chymotrypsibstrate Suc-GGF-pNA was used
in the assay and no signal was detected with amgatife granzyme B constructs.
Given this specificity and the similar transfectieificiency (33-35%) achieved with
the different constructs, it is concluded that tieserved high level of enzymatic
activity generated by cells transfected with theegtide deletion mutant is
attributable to granzyme B. The results also camfihat cattle granzyme B has a
similar structure-function relationship to the humamouse, rat and equine
orthologues (Caputo et al., 1993; Smyth et al.,519da et al., 1998; Piuko et al.,

2007).
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0.8

@ AC-IEPD-pNA
B Suc-GGF-pNA
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Absorption 405nm
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No cells MOCK pFLAG-SOE pFLAG-Wt PFLAG-SMA

Figure 4.9 Enzymatic activity of different recombirant forms of bovine
granzyme B tested on a granzyme B-specific substatAC-IEPD-pNA and a
control substrate Suc-GGF-pNA.

COS cells were transiently transfected with unmodieéd granzyme B cDNA
(PFLAG-Wt), cDNA with the GE dipeptide deleted (pFLAG-SOE) or cDNA
containing a deletion of the dipeptide and an alamie substitution at position 195
(PFLAG-SMA) and lysates of the transfected cells diected after 48 hours were
incubated with the substrates for 4 hours. Controlsconsisted of lysates of cells
transfected with pFLAG without an insert (MOCK) and buffer (No cells) added
to the substrate. Colour reaction generated after éours by cleavage of the pNA
substrate were measured at a wavelength of 405nming a Synergy™ HT
Multi-Mode Microplate Reader (BioTek)

To test whether a granzyme B-specific inhibitoralsle to inhibit the enzymatic
activity of the functional bovine granzyme B, enati activity of the cell lysate
used above was measured in the presence or absfeACelEPD-CHO (Thornberry
et al., 1997; Harris et al., 1998). The presencthisfspecific inhibitor dramatically

reduced the activity of the cattle granzyme B prapan by about 4 fold, close to the
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background level (Figure 4.10). The substantiad losenzymatic function indicates

an effective inhibitory capacity of AC-IEPD-CHO foattle granzyme B.

0.8
0.6

0.4

Absorption 405nm

0.2

Substrate + + +
Granzyme B + - +

Inhibitor - + +

Figure 4.10 Inhibition of the activated recombinantcattle granzyme B by the
specific inhibitor AC-IEPD-CHO.

Functional cattle granzyme B (expressed in pFLAG-SB) was produced by
transient transfection of COS cells and cell lysateprepared after 48 hours used
to test the enzymatic activity of lysates on the &strate AC-IEPD-pNA, in the
presence or absence of the specific inhibitor AC-IED-CHO (10uM). Colour
reaction generated after 4 hours by cleavage of th@NA substrate were
measured at a wavelength of 405nm by using a Syngfy HT Multi-Mode
Microplate Reader (BioTek).
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4.3.5 Equine antibodies cross-react

One of the six murine anti-eqGzmB monoclonal ardies (XIXG7) kindly provided

by Dr. Martin Muller has been demonstrated preMpts cross-react with human
granzyme B by a western-blot assay (Piuko et 8D/2 To test whether any of the
six antibodies cross-react with the functional favfrcattle granzyme B used in the
enzyme activity assay, they were tested for redmgmiof transfected cells by
immunofluorescence staining of cytospin preparatigirigure 4.11). Positive
controls confirmed expression of cattle pFLAG-S@Eapproximately 20% of cells
following transfection, using M2 antibody to thel#%G epitope tag, and expression
of human granzyme B in a small percentage of c@llf0%) transfected with

pcDNA3.1-1 (kindly provided by Dr. Martin Mullerysing the anti-eqGzmB XIXG7

antibody. However, none of six anti-eqGzmB monoaloantibodies stained cells
expressing the functional cattle granzyme B, evemerw used at twice the

concentration that resulted in staining of humamngyme B by antibody XIXG7.
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Figure 4.11 Reactivity of 6 anti-eqGzmB monoclonahntibodies with 293T cells
transfected with a vector (Bt-pFLAG-SOE) expressinghe active form of bovine

granzyme B.

Cytospin preparations of the cells were stained bindirect immunofluorescence
with the 6 anti-eqGzmB monoclonal antibodies, X1XG{@:50), SZ(1:10), 8-
5B(1:10), 8D8(1:10), 7-7D(1:10) and 108(1:10) shovim panels (d) - (i), or with
the anti-FLAG M2 antibody (panel b). Staining of cdls transfected with human
granzyme B (Hs-pc-DNAS, kindly provided by Dr. Martin Muller) with the

monoclonal antibody XIXG7 is shown in panel (c) andtaining of untransfected
cells with the anti-FLAG M2 antibody as a negativecontrol is shown in panel

(a). The experiments were repeated twice with sinal results.
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4.4 Discussion

In human and mouse, granzyme B is thought to benibst potent effector molecule
used by CTL to induce apoptosis of virally infectetd tumour cells. The substrate
specificities and biological activities of granzynie in these species are well
characterized (Heusel et al.,, 1994; Shresta etl18B5; Thornberry et al., 1997,
Kaiserman et al., 2006; Casciola-Rosen et al., 2C0Hen et al., 2007). However, at
the beginning of my study, no information on thelbgical activity of bovine
granzyme B or its specificity was available. Theref it was difficult to investigate
its role in killing mediated by CTL in cattle. Asfiast step to examining the activity
of bovine granzyme B, this study set out to ob&xpressed recombinant protein,
first to determine whether processing of the tratesl polypeptide to generate
functional protein is similar to that observed witle human and mouse orthologues
and, second, to obtain initial information on theymatic activity of the mature
protein. Several attempts to produce biologicalggive human granzyme B in
baculovirus, bacteria and yeast had failed (cite&imyth et al., 1995). However, the
successful generation of recombinant human and engtamzyme B by expression
in mammalian COS cells (Caputo et al., 1993; Snstthal., 1995) provided a
potential system for investigating production ot bovine granzyme B. The
success of the eukaryotic expression system ilyltherelate to its ability to generate
protein with appropriate post-translational modifions such as protein folding,
disulfide bond formation and glycosylation, althbudjrect evidence for this is not
available. No specific antibodies were availableatect bovine granzyme B protein.

Hence, to enable us to detect the recombinant bayianzyme B expressed in COS
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cells, a vector containing an antibody epitopeviag chosen to express the protein.
The study incorporated production of a versionhaf protein with a point mutation

in the predicted active site to further test thecsicity of the activity.

The results of these studies demonstrated suctesgitession of biologically active
granzyme B from cattle. This work is the first dgsiton of the biological activity of
a member of the granzyme family in cattle. The destr@tion that deletion of the
dipeptide/GE is a prerequisite for activation ottleagranzyme B in COS cells
indicates that processing of the translated polygeps similar to that described for
humans and mice (Caputo et al., 1993; Smyth etl@B5). Moreover, the finding
that mutation of Serl95, one of the triad at thwalgtc site (His, Asp and Ser),
causes the loss of enzyme activity of activatedlecagranzyme B confirms the
involvement of this residue in the active site loé¢ tboovine enzyme (Caputo et al.,

1994).

The activity of the recombinant mature granzyme Btgin was also examined
employing a substrate assay using a peptide stias&&-IEPD-pNA containing an
aspartic acid residue, which in other species @@ specific substrate for granzyme
B. The demonstration of strong activity againss thubstrate confirms that cattle
granzyme B displays Aspase activity, which is arabgristic feature of granzyme
B, as no other known serine protease in mammalghesleavage preference for
Asp-containing substrates (Poe et al., 1991). Thminhibitor, AC-IEPD-CHO, is

a known non-cell-permeable compound that inhibitsn&n and rat granzyme B

(Thornberry et al., 1997; Harris et al., 1998) liyding to residues at P4-P3-P2-P1
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(amino-terminus with the proteolytic cleavage sité) active granzyme B, thus
competitively blocking its enzymatic function. Tleective inhibitory capacity of
AC-IEPD-CHO for cattle granzyme B provides furtletidence that the functional
activity is attributable to granzyme B. Overall,esle results indicate that the
expressed product of the isolated granzyme B gea fhnctional properties

characteristic of the granzyme B subfamily.

Although one of six anti-eqGzmB monoclonal antilesdiested in these experiments
had previously been reported to cross-react witimdnugranzyme B, none of these
antibodies was found to react with the bovine protAs there was no available
information on the epitope specificity of theseilamdies (Piuko et al., 2007), it is
possible that only two different epitopes may haeen recognized. However, the
development of a system for expressing granzymeoBigles a means of producing

protein for generating specific antibodies in fetstudies.

In the absence of specific antibodies, the granzBnseibstrate assay established in
these studies provides a potentially valuable toolddetermine and quantify the
expression of functional cattle granzyme B in CD8+cells. Moreover, the
demonstration that AC-IEPD-CHO is an effective bitar of cattle granzyme B in
vitro also allows investigation of the enzyme sfieity. However, this inhibitor is
not cell-permeable and therefore cannot be usexxamine granzyme B activity in
intact cells. Therefore, other cell-permeable irtbils of granzyme B need to be

tested. These aspects are further investigateldapters 5 and 6 of this thesis.
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Chapter 5 Expression of perforin and granzymes by
Theileria-specific CD8+ T cells in relation to their

killing activity

5.1 Introduction

Class | MHC (MHCI)-restricted CD8+ T cell responsee important in mediating
immunological control of many intracellular pathoge including viruses, bacteria
and parasites (Wong and Pamer, 2003). The imp@atahCD8+ T cells in immunity
to T. parva has been confirmed by demonstrating that immuwotyd be transferred
from immune to naive twin calves with CD8+ T ce{ldcKeever et al., 1994).
Recently, a number of antigens recognised byarva-specific CD8+ T cells have
been identified (Graham et al., 2006; Graham et2807; Graham et al., 2008) and
responses in individual animals have been showhetdocused on a few highly
dominant antigens (Taracha et al.,, 1995; MacHughalet 2009). However,
experiments attempting to immunise cattle with ¢hastigens using prime-boost
strategies have given poor protection against garelsallenge (Graham et al., 2006).
In contrast to the strong cytotoxic activity of CB¥ cells induced by infection and
treatment, immunisation of cattle with 5 definEdparva antigens induced CD8+ T
cells with weak cytotoxic activity (Graham et €2006). This suggests that strong

cytotoxicity in the specific CD8+ T cell responsayrbe required for protection.
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The predominant pathway used by CD8+ T cells tbgathogen-infected cells is
granule exocytosis (Kagi et al., 1994; Walsh et1#894; Nickell and Sharma, 2000),
involving release of a membrane disrupting protparforin and a number of

granzymes (5 in human and 10 in mouse), which aoaalized in the lytic

granules. Perforin and granzymes induce apoptdstarget cells in a synergetic
manner, perforin generating membrane pores thatvaillelivery of the granzymes
into the cytosol of target cells where they ingiaell death by cleaving a number of
protein substrates (Redelman and Hudig, 1980; Huwdigl., 1991). Granzyme
expression in other species has shown to be ptinrastricted to lymphoid lineage

cells such as T lymphocytes and natural killerszddut not B cells (Anthony et al.,
2010; Bovenschen and Kummer 2010). Studies of mandehuman CD8+ T cells

indicate thatgranzyme B is the most potent effector granzyméd icell-mediated

killing of virally infected cells and tumour cell#. is reported to be predominantly
expressed in CD8+ T cells with effector functionetherman, 2003; Takata and
Takiguchi, 2006; Chattopadhyay et al., 2009; Haedral., 2009). Serine protease
inhibitor 9 (serpinB9 / PI-9), an endogenous intwbiof human granzyme B has
been reported to be expressed broadly in manyesssuith high and stable levels in
cytotoxic T cells, antigen-presenting cells, a nembf endothelial and mesothelial
cells and at immune privileged sites (Sun et @961 Bladergroen et al., 2001,
Buzza et al., 2001; Hirst et al., 2001). It is lkiwed in the cytoplasm and nucleus of
cells (Bird et al., 2001) and protects cytotoxiccé@lls and bystander cells from

misdirected granzyme B (Bird et al., 1998).
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Studies in mice have indicated that the perforim amanzyme genes can be
differentially regulated in activated CD8+ T cel(&elso et al., 2002). Thus,
differences in cytolytic function of. parva-specific CD8+ T cell responses might be
related to differential expression of these grammeymes (especially granzyme B).
Recent work in the Roslin laboratory has reveated €D8+ T cell clones that share
epitope specificity have markedly different levellscytotoxic activity against the

same target epitope (Dr. Tim Connelley, personairaanication).

The aim of this chapter is to investigate whethetefogeneity in cytotoxic function

is related to differential expression of granzyraad/or perforin byf. parva-specific

CD8+ T cell clones.
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5.2 Materials and Methods

5.2.1 Animals and cell lines

Freshly isolated PBMC established from naive arsmid683 and 1693 were
generated as described in section 2.2.1. Uninfelgtepphoblasts were established
from the same animals by stimulation of PBMC witbn@ for 3 days (section
2.2.2). Sevemhelleria parva-infected cell lines of different cell surface pbé&pes -
641, 468, 109, 011, F44-951, F31-951 and 592 TRié&re provided by Drs Niall

MacHugh and Timothy Connelley.

CD8+ T cell clones established from animals 641 638, homozygous for the A18
class I MHC haplotype, were kindly provided by Msctdria Carroll. The
autologousT. parva-infected cell line, 641TPM (MHC A18/A18), was used
infected target cells in cytotoxicity assays witlese clones. A. annulata-infected
cell line from the same animals incubated with Bgtit peptide representing the
target epitope, (641TAA-pulsed-Tpl.24100ng/ml) was used to investigate killing

of peptide-pulsed target cells, as described iti@e.2.8.

An unclonedT. parva-specific CD8+ T cell line established from anin&92,
homozygous for the A10 class | MHC haplotype, wasegated as described in
section 2.2.4 and used with the autologdugarva-infected cell line (592TPM-
MHC A10/A10), as an antigen-specific stimulator ¢gamine the kinetics of

expression of granule enzymes.
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5.2.2 Standard RT-PCR

The expression of genes encoding bovine granzypex$orin and serine protease
inhibitor 9 (serpinB9 / PI-9) was investigated. ®Is an intracellular inhibitor of
granzyme B, which protects cytotoxic T cells andtbhgder cells from misdirected
granzyme B. cDNA prepared froni. parva-infected cell lines of different
phenotypes and resting PBMC and ConA-stimulated BMm two animals (1683
and 1693) was prepared and analysed by RT-PCRsaslokd in section 2.3.1- 2.3.5.
A further two cDNAs prepared from ConA-stimulateelldines (1706 and 1707)
that had subsequently been maintained by passagdture with IL-2 were kindly
provided by Dr Timothy Connelley and also usedheste assays. PCR primers for
the full-length coding region of PI-9 gene, ideetf in the bovine genome
(NM_001075859), were designed using the Primergnamme. The sequences of
these primers were as follows: forward primer-AGCTGGTTTCCAATGTCAGG
-3’ and reverse primer - 5- CTGGGGACACAGGGAAGG -The primers were
tested with cDNA prepared from a culture Tofparva-specific CD8+ T cells. The
identity of the resultant PCR product (1270bp) wasfirmed by sequencing as
described in section 2.3 (data not shown). Primees] for granzymes and perforin

were listed in table 3.3.

5.2.3 Semi-quantitative PCR

A semi-quantitative reverse transcriptase PCR vessl uo investigate the relative
levels of expression of bovine granzymes and pirfarselected CD8+ T cell lines.

A PCR for the house-keeping gene GAPDH was usea esntrol employing the
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following primers: forward primer - 5-ACC CCT TCATG ACC TTC AC-3' and
reverse primer - 5-TTC ACG CCC ATC ACA AAC ATG-3'Primers for
granzymes were redesigned using DNAsis Max 2.Qvso#t to obtain a single-band
product under the same annealing temperature fir gane. This was achieved for
all except granzyme K, which gave three bands, anine expected size and two
smaller bands. The sequences of primers are listddble 5.1. The primers for
granzyme genes and GAPDH were tested with cDNAgyegpfrom a culture of.
parva-specific CD8+ T cells. The identity of the PCR g¢uats were confirmed by
sequencing as described in section 2.3 (data ratrsh Primers used for perforin
were listed in table 3.3. The PCR reactions werenpmsed of 20pmol of
granzymes/perforin primers and 10pmol of GAPDH sy 2.5 units BIOTAQ (5
units/ul Bioline, London, UK), 2.5ul SM-0005 buffeRul cDNA (derived by
Reverse Transcription of RNA samples as describezbction 2.3.3) and nuclease-
free water to give a final volume of 25ul. The @t programme was as following:
94°C for 3 min, 30 cycles (94°C for 1.5 min, 55°@ 1.5 min, 72°C for 1.5 min)
and a final extension period of 72°C for 10 mineT®emi-quantified PCR products
were analysed by 1.5% agarose gel electrophoresigte density of the specific

bands was measured by computer software (KODAK BDv8rsion).

Table 5.1 PCR primers designed to amplify bovine gmmzyme sequences from

cDNA

Primers Sequences (5---3")

GzmA (For) | TGACTC CTC ATT CAAGAC CCT A

GzmA (Rev)| CCAGTTGAGGTGTTTCTTTGAG

GzmO (For)| TTCCTCCTG CCATTT GTCTC
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GzmO (Rev)| AGG CTT CTG GGG ATT ACC AC

GzmB (For) | ACT GGA ATC AGG ATG TCC AGA G

GzmB (Rev)| TTT GGG TCC CCC ACA CAC AG

GzmH (For) | GGC TTT CGT TCA GTT TCT GG

GzmH (Rev)| GAG TCA CCC TTG AAG CCG

GzmK (For) | AGC CGG GAC TTACAT GAC TC

GzmK (Rev)| AGGTTT CTT GGC ATC ACC AC

GzmM (For)| AGA TCC AAG ATG CTG CTC CT

GzmM (Rev)| GAT GTC GGT GCA ATT CTC AG

5.2.4 Cytotoxicity Assay

A standard 4H"in-release assay was performed as described iiosec?.s.

5.2.5 CD8+ T cell line lysate preparation

Cell lysates for analysis of granzyme B contentengnepared as described by Ewen
et al., (2003) and Piuko et al., (2007). Aliquotslml of PBS-washed CD8+ @ells
adjusted to 1x1%ells/ml in PBS were centrifuged at 180 x g for mth and the
pellet was lysed by addition of 50ul of a lysisfieafcomposed of 1%Triton X-100 in
50mM Tris, pH8.0 and 0.5ul of Benzonase Nucleas&(@l, Purity>99%, Merck).
Following incubation on ice for 20min, lysed ceNsre centrifuged for 10min at 0°C
at 21,000 x g to pellet cell nuclei. Supernataneésenharvested and either stored at -

70°C or immediately used in activity assays.
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5.2.6 Granzyme B release by CD8+ T cells

Samples containing released granzyme B were preépareescribed by Ewen et al.,
(2003). Aliquots of 1x1Peffector cells were distributed into the wells 6t®ell V-
bottomed plates together with 5X1farget cells in a total volume of 200ul phenol-
red-free complete media (Invitrogen, RPMI1640, CH835-063). Control wells
containing effector cells and medium were also udetl. Plates were briefly
centrifuged for 1 min at 120xg and then incubatea ihumidified incubator in an
atmosphere of 5% Cfat 37°C. After incubation for 4h, supernatantsevatained

by centrifuging for 10 min at 400xg.

5.2.7 Granzyme B enzymatic assay

Measurement of granzyme B activity in samples wadopmed as described by
Ewen et al. (2003). Aliquots of 10ul of cell lyssiter 40ul of culture supernatants
were added in duplicate to wells of Falcon™ 96-ilali-bottomed Microplates (BD,
Cat. 353072) together with 200uM granzyme B substMlll, Ac-IEPD-pNA,
(Calbiochem, Cat.368067) and reaction buffer (O.HIEPES, pH7.0; 0.3M NaCl;
1mM EDTA) in a total volume of 100ul/well. Wells etaining reaction buffer and
substrate control were also included as controlgtuvkes were incubated at 37°C for
4h and the colour reaction generated by cleavagéhef pNA (p-nitroaniline)
substrate measured at a wavelength of 405nm usfagnargy™ HT Multi-Mode

Microplate Reader (BioTek)
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5.2.8 Statistical analysis

The statistical analysis was performed using Mingaftware (Minitab® 15.1.20.0,
Minitab Inc.). The correlation between variables swanalysed by Pearson’s

correlation test. A P-value of less than 0.05 wass@ered significant.
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5.3 Results

5.3.1 Expression of granule enzymes and protease in  hibitor 9 by

resting and activated lymphocytes

To investigate the transcript expression of bogrenule enzymes and PI-9, resting
PBMC and ConA-stimulated PBMC from two animals (368nd 1693) were
examined by PCR (Figure 5.1- 5.2 and Figure 5./gn3cripts of granzymes A, K H
and M were detected in both resting PBMC, but gyares O and B and PI-9 were
not expressed. By contrast, all granzyme transcrgitcept granzyme K were
observed in the corresponding ConA-stimulated PBNME9 transcripts were also
detected in these cells. A similar profile of exgmien was obtained for another two
ConA-stimulated PBMC (1706 and 1707) maintainedusther stimulation with IL-

2 (Figure 5.3 and 5.4).
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5.3.2 Expression of granule enzymes and PI-9in  T. parva-infected

cell lines

Previous studies have shownparva can infect and transform CD4+ T cells, CD8+
T cells, yo6+ T cells and B cells at similar frequencies inwi(Baldwin et al., 1988).
Six T. parva-infected cell lines of different phenotypes weramined by PCR for
expression of transcripts of granule enzymes ar@ (Figure 5.3 and 5.4). Infected
cell lines of different T cell subtypes (CD4+, CD&ind yo+) all expressed
transcripts for perforin and granzyme A and dispthyariable expression of the
other granzymes. In contrast, there is no deteetakpression of perforin or any of
the granzymes in a B cell line infected withparva. The granzyme inhibitor PI-9
was found to be consistently expressed in all ef Th parva-infected cells. An
additional weaker band of slightly smaller size vedained in four infected cell
lines (641, 109, 011 and 592 TPM) which had thetrabsndant PCR product. The
identity of this PCR product was not determined{ ibumay be an alternatively

spliced form of PI-9.

154



Table 5.2 Summary of relative levels of expressianf genes encoding granule

enzymes and PI-9 in resting and activated PBMC anph T. parva-infected cell

lines of different phenotypes, determined by RT-PCR

Cells Animal A o B H K M PEN | PI-9
PBMC 1683 ++ - - + I+ + + _
1693 + - - -+ -+ -+ ++ -
ConA Blast 1683 +++ ++ ++ ++ - + ++ T
1693 +++ ++ ++ + - -[+ ++ +
ConA line 1706 ++ + - - - I+ T+ +
1707 + + - - - -+ + ¥
CD8+ TPM 641 +++ -1+ +++ |+t -1+ + ++ +++
109 ++ -+ ++ + -+ + ++ |+t
CD4+ TPM 011 ++ -1+ ++ + NT + + s
F44-951 ++ - - - -[+ - ++ ++
yo+ TPM F31-951| +++ +++ - - -[+ - +++ ++
B+ TPM 592 - - - - - - - i
PBMC = freshly harvested blood mononuclear cells; GnA blasts = PBMC

harvested 3 days after stimulation with ConA; ConAline = PBMC stimulated

with ConA and subsequently passaged in medium coritang recombinant IL-2;

TPM = cell lines infected withT. parva. NT = not tested. The intensity of PCR

products in agarose gels was assessed visually: gamg from very weak (-/+) to

very strong (+++).
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Figure 5.1 PCR products obtained for each of the hane granule enzymes from
(A). resting PBMC from two animals and (B). an unabned T. parva-specific
CD8+ T cell line (641).

A. B.

3 B Hegative Control  CD8+ T cellline

BOBHEMPH BOBHEKMPH
------- +4+ o+ F o+t

1275bp
850hp

AOBHEMPMH AQ BHEKMEPFH
1683 PBMC 1693 PBMC

304hp

GAPDH

1683 1693
PEMC PBMC

The sizes of the PCR products obtained were: granmye A - 838bp; granzyme O
- 849bp; granzyme B - 818bp; granzyme H - 820bp; gnzyme K - 889bp;
granzyme M - 833bp; Perforin (PFN) - 1275bp; (B). Mgative controls (primers
with no added cDNA template) are included in the uper left of panel B and

positive controls (GAPDH) in the lower part of thesame panel.
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Figure 5.2 PCR products obtained for each of bovingranule enzymes and PI-9

from ConA-stimulated PBMC from two animals

1683 ConiA Blast 1693 ConA Blast
o E o E

oo oo

AOBHEM= o T AOBHEM= o T

850bp 1270-1275bp

Jo4dhp

1270-1275hp
850bp

304bp

+ 4+ ++ + +

F BHI{HEEE AOBHEM
Lo
=

Had +
6-1Id +
Had¥a +

Hegative Control Positive Control

PCR products for each of granule enzymes and PI-$i¢es as described in figure
5.1) are shown in the upper part of the panel. Thaegative and positive controls
shown in the bottom part of the panel represent PCRroducts obtained without
and with cDNA template respectively from cDNA of anuncloned T. parva-
specific CD8+ T cell line (641) 7 days after stimation with irradiated

autologous parasitized cells.
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Figure 5.3 PCR products obtained for each of the bane granule enzymes from
six T. parva-infected cell lines of different surface phenotype and from ConA-
stimulated PBMC from two animals

Granzyme R Granzyme 0 Granzyme K Granzyme
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RR = HHEE RERRIIe g mRERIg0 g
13 T 3g ks
B = ==
Granzyme B Granzyme H Perforin Negative Control

The sizes of the PCR products are given in the lege to figure 5.1. Positive
controls, labelled + in the set of PCRs for each eyme, consisted of primers
with cDNA template of an unclonedT. parva-specific CD8+ T cell line (641). The
negative controls, consisting of PCR assays with rewided template, are shown
together in the bottom right of the figure.
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Figure 5.4 PCR products obtained for PI-9 from cDNAof T. parva-infected lines

of different phenotypes and ConA-stimulated PBMC
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Results are shown for 6T. parva-infected cell lines, IL-2-maintained ConA lines
from two animals (1706 and 1707), PBMC from two amnals stimulated for 3
days with ConA (1683 and 1693) and an unclonel parva-specific CD8+ T cell
line (641) (labelled +). Results obtained with thé’l-9 PCR are show in the
upper part of the panel and those for the GAPDH cotnol in the lower part.

Negative controls for PI-9 and GAPDH (labelled -)without added template, are

also included.
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5.3.3 Kinetics of expression of granule enzyme transcript sinun-

cloned CD8+ T cells

The kinetics of expression of mMRNA for bovine grames and perforin by an
uncloned CD8+ T cell line were examined followirtgrailation with autologoud'.
parva-infected cells, using semi-quantitative PCR assay<D8+ T cell culture
established from animal 592; these T cells werawdtited with a B cell line infected
with T. parva (Muguga) to avoid detection of granzyme transcrigiésived from
stimulator cells. A sample of cDNA prepared fronstparasitized line prior to the
assay was confirmed as negative for perforin armhzyme transcripts (data not
shown). Analysis of th@. parva-specific T cell line by flow cytometry confirmed
that it was predominantly CD3+, CD8+, CD4- and H&R Following antigenic
stimulation, T cell proliferation developed betwedsys 2 and 7, during which the
numbers of CD8¢ells inthe culture increased at least 10-fold and thaipertion in
the whole population increased from 54% to 99.586é (tegative cells representing
surviving stimulator cells). Cells collected fronmet stimulated cultures were

examined by semi-quantitative PCR on days 2, 9, T2, 14 after stimulation.

The results revealed some differences in the kigaif expression of the different
MRNA species (Figure 5.5). Granzyme O showed hégylels of expression at all
time points, granzymes A and B showed high levelsvben days 2 and 7, while
granzymes H, K and M showed low or undetectableresgion on day 2 and
gradually increased thereafter. The expression efopn showed high levels

between days 7 and 9.
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Figure 5.5 Time course of granzymes and perforin mRA expression in an
uncloned T. parva-specific CD8+ T cell line (592) following stimulabn with
autologous irradiated parasitized cells.

A. Agarose gels showing the PCR products for indidual enzymes and the
GAPDH control. Days after antigenic stimulation areshown at the top of each
panel. A negative control (-), without added templge, and a positive control (+),
consisting of primers with cDNA template of an unaned T. parva-specific
CD8+ T cell line (641) day 7 after ¥ stimulation are included for each enzyme;
B. Changes in quantity of PCR product (vertical axs) at different times
following antigenic stimulation, normalised in reldion to that of the GAPDH

product obtained from the same sample.
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The density of the bands was measured by Kodak 1@fsware (version 3.6) and
results (vertical axis) are expressed as ratios tiie density of the specific bands

to that of the corresponding GAPDH bands.

5.3.4 Relationship of killing levels and granule enzymet  ranscript

profiles

To determine whether the levels of killing by CD8<ells are related to expression
of particular granule enzymes, CD8+ T cell clonesiwetd from the same animals
but exhibiting different levels of killing were dgaed using a semi-quantitative
PCR. Dr Tim Connelley provided the cDNA and cytatity data for these T cell
clones. A standard time point of 7 days was chdseanalysis of cDNA, based on
the results of the kinetics study as described abdkie T cell clones had also been
assayed for cytotoxicity on day 7. Two sets of ebl€D8+ T cell lines derived from

different animals (641 and 1011) were examined;heset of lines expressed
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identical TCR chains and recognised the same epitope but extlitlifferent levels
of cytotoxic activity (data provided by Dr. Timoth@onnelley). The levels of
cytotoxicity on autologous parasitized cells andnon-parasitised cells pulsed with
peptide epitope are shown in figure 5.6. Of thdohes examined from animal 641,
two showed no cytotoxic activity whereas the otRegave 19-32% Kkilling of
parasitized cells and 80% killing of peptide-pulsadyets. Two of the T cell clones
from animal 1011 gave high levels of killing (649%p of both parasitized and
peptide-pulsed target cells while the other twonek gave low levels of killing
(<40%). Transcripts for perforin and all of the mggmes were detected in all 8 T
cell clones (Figure 5.7 and 5.8). Amongst the 6Whes, perforin expression was
higher in the clones with killing activity comparéa the non-killing clones. In the
1011 clones, those displaying high levels of cytmity had higher granzyme A
expression than clones with low cytotoxicity, blagre was no obvious difference in
the level of perforin expression. Overall, thereswa consistent pattern of Gzm/PFN

expression that correlated with killing activity.
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Figure 5.6 Cytotoxic activity of T. parva-specific CD8+ T cell clones, 4 from
animal 641 (A) and 4 from animal 1011 (B), assayedn autologousT. parva-
infected targets andT. annulata-infected targets pulsed with the target epitope
peptide.
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The clones were also tested on MHC-mismatchel parva-infected targets and

all were negative.
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Figure 5.7 Relationship of killing levels and granle enzyme transcript profiles
in CD8+ T cell clones (641).

A. Agarose gels showing the PCR products for indidual enzymes and the
GAPDH control. A negative control (-), without addel template, and a positive
control (+), consisting of primers with cDNA templde of an unclonedT. parva-

specific CD8+ T cell line (641) are included for edn enzyme; B. Changes in
quantity of PCR product (vertical axis) in different T cell clones, normalised in

relation to that of the GAPDH product obtained from the same sample.
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The density of the bands was measured by Kodak 1@fsware (version 3.6) and
results (vertical axis) are expressed as ratios tiie density of the specific bands
to that of the corresponding GAPDH bands.

Figure 5.8 Relationship of killing levels and grante enzyme transcript profiles
in CD8+ T cell clones (1011).

A. Agarose gels showing the PCR products for indidual enzymes and the
GAPDH control. A negative control (-), without addel template, and a positive
control (+), consisting of primers with cDNA templde of an unclonedT. parva-

specific CD8+ T cell line (641) are included for edn enzyme; B. Changes in
quantity of PCR product (vertical axis) in different T cell clones, normalised in

relation to that of the GAPDH product obtained from the same sample
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The density of the bands was measured by Kodak 1@fsware (version 3.6) and
results (vertical axis) are expressed as ratios tiie density of the specific bands
to that of the corresponding GAPDH bands.
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5.3.5 Relationship of killing levels and granzyme B protein

expression

To further investigate whether the different levefskilling by CD8+ T cells is
related to expression of granzyme B or degranulatitvelve Tp2isoos-Specific
CD8+ T cell clones derived from twd. parva-immune animals (641 and 633),
kindly provided by Ms Victoria Carroll were examahdor levels of granzyme B
enzymatic activity (Ewen et al., 2003). In a sefarassay, these T cells gave
variable levels of killing of autologous parasitizerget cells and Tpd-224peptide-
pulsed target cells but did not kil MHC-mismatchearasitized target cells,

indicating that they are antigen-specific and MHGtricted (data not shown).

MHC-homozygousT. parva-infected cells, 641TPM and 468TPM (MHC A18/18)
were used as a source of stimulator cells for # @&d 633 CD8+ T cell clones,
respectively. In earlier experiments, RT-PCR as$aysdemonstrated expression of
granzyme B transcripts in the 641TPM line. To deiae the possible contribution
of granzyme release from these stimulator celth¢oT cell assays, lysates prepared
from the 641TPM and 468TPM cell lines at differ@miervals up to 14 days after
gammae-irradiation were analysed for granzyme BvigtiNo significant granzyme
B activity was detected in the 468TPM line at amyet point, while the 641TPM
contained very low levels on days 0, 4 and 6 bug megative thereafter (Figure 5.9).
A further experiment was undertaken to examine Zyare B release from thé.
annulata-infected cell line (641TAA) used to present pdes to the CD8+ T cell

lines. Consistent with the RNA analyses, no grarey®nwas detected in lysates
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from this line, whereas 641TPM again exhibited lewels of granzyme B (Figure

10).

Figure 5.9 Granzyme B enzymatic activity in lysatesf two T. parva-infected cell

lines cultured for different intervals following gamma-irradiation.
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Aliquots of 5x10° of gamma-irradiated T. parva-infected cells were cultured in
2ml SCM for the indicated times Granzyme B enzymadt activity in cell lysates
was assayed by measuring the colour reaction genéed after 4 hours
incubation with the pNA substrate using a Synergy™HT Multi-Mode
Microplate Reader (BioTek).

Figure 5.10 Granzyme B activity in lysates preparedrom T. parva-infected

(TPM) and T. annulata-infected (TAA) cell lines from animal 641
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Aliguots of 1x1( of Theileria-infected cells in 1 ml were lysed and assayed for
granzyme B enzymatic activity by measuring the colar reaction generated
after 4 hours incubation with the pNA substrate usng a Synergy™ HT Multi-
Mode Microplate Reader (BioTek).

A pilot experiment was performed with five 641 CD&+cell clones to examine
whether the levels of killing activity onfin]-labelled autologous 641TPM were
associated with the granzyme B content of the c8&lisce the T cell clones were
assayed for cytotoxicity on day 7 after stimulatitms time point was also chosen
for analysis of granzyme B activity in CD8+ T cbisates. Figure 11- A shows the
levels of killing obtained with the clones whenteskat effector to target ratios of 2:1
and 4:1. Although the levels of killing observedtla¢ two effector to target ratios
differed slightly, the relative ranking of cytotaxactivity between the clones was
similar. Interestingly, when the granzyme B contehtysates from these lines was
examined they displayed a clear trend, namelythieate CD8+ T cell clones with the
highest levels of granzyme B showed the highedingilof autologousT. parva-

infected cells (Figure 5.11- A and B).
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Figure 5.11 Cytotoxicity activity (A) and granzyme B activity (B) of five T.
parva-specific CD8+ T cells clones from animal 641
A.
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Five cloned 641 CD8+ T cell lines (1xf6ells/well) were tested in a 4-hour
cytotoxicity assay with [** In]-labelled autologousT. parva-infected target cells

at effector to target ratios of 2:1 and 4:1.

Granzyme B activity

0.45

0.40 A

0.35

0.30

0.25 A

0.20

Absorption 405nm
o©
=
(4}

0.10

0.05

0.00

641.30 641.26 641.27 641.23 641.28

Aliquots of 1x1® CD8+ T cells were lysed and granzyme B enzymatictivity
assayed by measuring the colour reaction generateafter 4 hours incubation
with pNA substrate, using a Synergy™ HT Multi-Mode Microplate Reader
(BioTek).
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To further investigate this observation, experirsenere undertaken using a larger
set of 12 Tpii4-224-specific CD8+ T cell clones (including the 5 clengsed in the
previous experiment). Degranulation was also asgeby measuring granzyme B
released into the supernatant following incubatath 641TAA pulsed with Tpi4-
224peptide. A standard effector to target ratio of ®dls used. Since the T cell clones
were assayed for cytotoxicity on day 7 after stemioh, this time point was also
chosen for analysis of granzyme B activity in CDB+cell lysates. The levels of
cytotoxicity on autologous parasitized cells andcells pulsed with epitope peptide
ranged from 1% to 47% and from 5% to 93%, respelstiFigure 5.12). The levels
of granzyme B in cell lysates of these CD8+ T aitines and in supernatants

following incubation with target cells are shownfigure 5.13.
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Figure 5.12 Cytotoxic activity of T. parva-specific CD8+ T cell clones assayed
with (A) autologous T. parva-infected cell target cells and (B) autologoud.
annulata-infected target cells pulsed with Tp1214-224 pequte
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CD8+ T cell lines (1x16cells) were tested in a 4-hour cytotoxicity assayith the

respective [ In]-labelled target cells. T. annulata-infected targets were
incubated with 100ng/ml of the TpZisoo4peptide. A standard effector to target
ratio of 2:1 was used.
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Figure 5.13 Granzyme B activity in, (A) cell lysate from 12 T. parva-specific
CD8+ T cell clones and, (B) in supernatants of theame 12 clones following
incubation with peptide-pulsed target cells.
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Aliquots of 1x10°CD8+ T cells were lysed and granzyme B enzymatic tagty in
lysates assayed by measuring the colour reaction rgggated after 4 hours
incubation with pNA substrate using a Synergy™ HT Milti-Mode Microplate
Reader (BioTek).

B.

Granzyme B release
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Aliquots of 1x1(° CD8+ T cells were incubated for 4 hours with autolgousT.
annulata-infected cells with Tpki4-224peptide added at 100ng/ml. Supernatants
were harvested and granzyme B activity measured akescribed for (A) above.
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The values for all of the data are presented itet&l3 and plots of cytotoxicity
versus levels of granzyme B in cell lysates or sugants and their statistical
associations are presented in figure 5.14- 5.16enMine levels of granzyme B
activity in lysates are plotted against killingpsrasitized cells, there is a statistically
significant positive correlation (r=0.732, p=0.0QFigure 5.14- A). The levels of
granzyme B activity in lysates or in supernatankso ashowed a statistically
significant positive correlation with killing of #e pulsed with epitope peptide (the
former, r=0.679, p=0.015; the latter, r=0.599, ©39@) (Figure 5.14- B and 5.15),
although these associations were weaker than tlobserved with killing of
parasitized cells. When the levels of granzyme Bvig in lysates are plotted
against its release, a strong positive correlati@s observed (r=0.953, p=0.000)

(Figure 5.16).
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Table 5.3 Summary of cytotoxicity and granzyme B da on 12T. parva-specific

CD8+ T cell clones

T cell TCR Killing of Killing of TAA+ GzmB GzmB
clone Vp TPM (%) Tp1214.224(100Nng/ml) activity release
(%) (405nm) (405nm)
641.24 3 47 93 0.22 0.19
641.19 3 43 92 0.30 0.33
641.20 3 36 88 0.07 0.07
641.25 3 33 79 0.13 0.05
641.27 | NT 26 78 0.25 0.19
631.23| NT 25 64 0.16 0.10
641.28 NT 19 79 0.22 0.20
641.30 NT 16 50 0.05 0.02
641.18 1 15 64 0.00 0.00
641.11 1 13 71 0.03 0.01
641.26 | NT 8 29 0.02 0.03
633.21| NT 1 5 0.00 0.02

Data on the TCRWB genes expressed by individual T cell clones areagil from
(Macdonald et al.); NT=not tested.
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Figure 5.14 Correlation of granzyme B cellular actrity with (A) levels of killing

of Theileria-infected target cells by CD8+ T cell clones and, (B) levetsf killing

of peptide-pulsed target cells by the same CD8+ Elt clones
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177



Figure 5.15 Correlation of granzyme B release by C®+ T cell clones following
stimulation with irradiated parasitized cells and their levels of killing of peptide-

pulsed target cells.
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Correlation coefficient=0.599, P value=0.039.

Figure 5.16 Association of levels of granzyme B dellar activity of CD8+ T cell

clones and levels released following antigenic stutation.
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Correlation coefficient=0.953, P value =0.000

Since cytotoxicity activity and granzyme B reledsg CD8+ T cells had been
measured using target cells loaded with a relatifvejh concentration of epitope

peptide (100ng/ml), further experiments were urakam to test the minimal
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concentrations of peptide required to mediate oyioitty. Based on preliminary
experiments, 100-fold dilutions of Tpl.x4peptide, ranging from 0.0001ng/ml to
1ng/ml, were tested (Figure 5.17). Three of the 68+ T cell clones, including
one (641.20) that tended to have low levels of zyare B content but relatively
strong killing, were used. The granzyme B contenthiese three T cell clones and
their cytotoxic activity against autologoub. parva-infected cells (641) were
examined at the same day (7 day after the lasukdttian) (Table 5.4). All 3 clones
showed a similar cytotoxicity profile, with killingf between 52% and 63% of
targets pulsed with 1ng/ml of peptide decreasing uttletectable levels at
0.0001ng/ml of peptide. However, the levels of gseme B release at the highest
peptide concentration (1ng/ml) differed for thel@nes, and the values were similar
to those obtained with 100ng/ml in the previous ezkpents. Nevertheless, the
decrease in levels of kiling observed with loweeppde concentrations was
associated with a progressive decrease in granByneéease by all 3 clones. As in
the previous experiments, clone 641.20 showed éwel$ of granzyme B release but

relatively strong killing.

Table 5.4 Supporting data of three CD8+ T cell cloes

Tcell | TCR | Granzyme B activityl Cytotoxicity (%) against autologoUs
clone VP (405nm) parva-infected cells

641.19 3 0.17 28

641.20 3 0.09 33

641.24 3 0.14 35

The assays were carried out on the same day as thssays described in figure
5.17. The data on expressed TCRBY/ genes are cited from the reference
(Macdonald et al.)
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Figure 5.17 Influence on target peptide density onevels of cytotoxicity and

granzyme B release by J. parva-specific T cell clones.

(A). cytotoxicity assayed onT. annulata-infected target cells incubated with
different concentrations of TpLis-224peptide. (B). granzyme B concentrations in
supernatants of the same T cell clones following cabation with peptide pulsed

targets for 4 hours.
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A standard effector to target ratio of 2:1 was usedh for both assays.
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These results indicate that although there is asstally significant association
between the levels of killing activity of differeft parva-specific CD8+ T cell

clones and granzyme B protein cell content andasele this correlation is not
absolute. It suggests that other factors in additio granzyme B, which vary

between T cell clones, contribute to the cytot@ativity of the CD8+ T cells.
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5.4 Discussion

Several studies in other species have shown diffiateexpression and discordant
regulation of granule enzymes in different subpapoh of lymphocytes, both at the
transcription level (Grossman et al., 2003) andgmoexpression (Sedelies et al.,
2004; Bade et al., 2005; Bratke et al., 2005). 3capts of perforin and all except
granzymes B and O were detected in resting PBM@ngmes B and O were
expressed in ConA-activated PBMC, indicating tHa expression of these two
granzyme is activation-dependent. In contrast, evbilanzyme K was expressed in
resting PBMC, there was no detectable transcrigtdnA-activated cells. This might
relate to a more restricted cellular expressionthi$ granzyme K, although in
humans expression of granzyme K at the proteinl leze been reported in T cells,
CD56M"NK cells and a subpopulation of NKT cells (Badelet2005; Bratke et al.,
2005). Granzyme expression was also detected. iparva-infected cell lines of
different T cell subtypes, but not in infected Bnef B cell origin, reflecting their
lineage-restricted expression to T lymphoid lineagd NK cells (Anthony et al., ;
Bovenschen and Kummer). Therefore, although irdectvith T. parva results in
altered expression of some host proteins, the pces®f granzyme expression

appears to be consistent with the origin of cells.

P1-9 acts as an endogenous inhibitor of human graazB. It protects CTL and
bystanders against the actions of granzyme B ($@&h.,e1996; Bladergroen et al.,
2001; Buzza et al., 2001; Hirst et al., 2001; Batdal., 1998). Several studies have

reported that expression of PI-9 in tumour cellesingives rise to resistance to
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perforin/ granzyme B-mediated killing activity byTC and NK cells (Medema et al.,
2001; Bladergroen et al., 2002; Bots et al., 2QDb&ng et al., 2006), although this
conclusion remains controversial (Godal et al.,680&xpression of PI-9 in cattle is
activation-dependent, as it detected in ConA-attiyebut not resting PBMC. Of
particular interest was the observation that all Tof parva-infected cell lines
examined consistently expressed higher levels e® Rianscripts than ConA-
activated lines and uncloned CD8+ T cell lines guss a positive control). This
conclusion is based on visual comparison of thenisity of PCR products in agarose
gels and needs to be examined by fully quantitd®@® to accurately determine the
relative differences in expressiorheileria parva has been shown to protect infected
cells from Fas/Fas ligand-induced apoptosis by guydeting a number of anti-
apoptotic proteins (Guergnon et al., 2003; Kuenzlg 2003). Further studies are
required to determine whether enhanced expres$iBir®in T. parva-infected cells
reduces their sensitivity to perforin/granzyme-magelil killing in comparison to

uninfected cells.

Levels of transcripts for perforin and granzymeteded in 8 cloned CD8+ T cell
lines with a semi-quantitative assay showed noisterd pattern of expression that
correlated with the levels of killing of. parva-infected target cells. One possible
reason for this finding is that the PCR method usetheasure Gzm/Prf expression
may not be sufficiently quantitative to detect siigant differences. This could be
overcome by using a quantitative PCR. Alternatiyglsoteins of perforin and the
granzymes are synthesized and stored in lytic degaater the initial activation when

CTL precursor recognizes the target (Griffiths, 399t is therefore possible that
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several CD8+ T cells which do not have active GZRMBA transcriptions may still

have proteins of perforin and the granzymes and cagable to mediate the
cytotoxicity by immediately releasing them upon theognition of the same target.
Hence there may be no directly relevant exprespatdtern of perforin/ granzymes
between the gene and protein. It is also posshu¢ the cells within the cloned
populations are heterogeneous in their patteridzai/PFN expression and that only
certain combinations of expression give effectiiting. This would not be detected
by examining the whole population. A study of mo@e8+ T cells has reported
that granzyme and perforin genes are differentiadgressed in single CD8+ cells
within cloned populations (Kelso et al., 2002). Ti®lity of the different clones to

preload and/or degranulate their effector molecdt#®wing recognition of the

target cells might also vary.

Granzyme B has been shown to be the most potestteff molecule utilized by
CD8+ T cells to kill infected cells in human and use. However, the lack of
specific antibodies for bovine granzyme B as désctiin chapter 4 makes it difficult
to investigate its expression at the protein légetxamine its role in CD8+ T cell
killing in cattle. An alternative approach is to asere the specific enzymatic activity
of granzyme B. Ewen et al (2003) established aiemsand reliable method to
measure murine and human granzyme B activity ih lgshtes and supernatants
employing a peptide substrate, AC-IEPD-pNA. Worlkatéded in chapter 4 of this
thesis demonstrated that AC-IEPD-pNA acts as atmatbsfor bovine granzyme B,
thus providing an assay to detect and quantifyetkigression of functional bovine

granzyme B in CD8+ T cells in relation to their @igixic activity.
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The levels of granzyme B enzymatic activity in dgdlates of 12 cloned CD8+ T cell
lines, as well as levels released into superna@untisig target cell killing, showed
statistically significant correlations with the &g of killing of T. parva-infected
cells and peptide-pulsed cells by the CD8+ T a¢e#d. The results indicate that the
amount of granzyme B released during killing raflethe level of granzyme B
content of the T cells and the statistical assmmatof both parameters with levels of
cell killing suggest that granzyme B is likely te lmvolved in killing of the target
cells. However, this correlation was not absol&@. example, clone 641.20, which
had low levels of granzyme B content and releastgjally displayed relatively
strong killing. This suggests that other factomsaddition to granzyme B, that vary
between T cells clones may contribute to the cydotactivity of CD8+ T cells. Co-
expression of more than one granzyme has been stwogmhance cytotoxic activity
in vitro. For example, co-transfection of rat basbp leukemia (RBL) cells with
granzyme A and granzyme B in the presence of parfesulted in enhanced killing
of tumour targets in a synergistic manner (Nakajietaal., 1995). Also, human
granzyme H, which itself can mediate cytotoxiciBellows et al., 2007), has been
reported to augment granzyme B-mediated killing aofenovirus-infected cells
(Andrade et al., 2001; Andrade et al., 2007; Wateske and Trapani, 2007). It was
shown to directly restrict the replication of virby cleaving and inactivating an
essential viral protein (DNA binding protein/ DB&)d also enhanced granzyme B-
induced death by neutralizing the viral inhibitdrgpanzyme B (L4-100K assembly
protein) (Andrade et al., 2001; Andrade et al., JO®Recent studies in vitro have

demonstrated the ability of human granzyme M todigpnduce cell death of tumor
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cells, which displayed a unique cell death-morpbplaKelly et al.,, 2004;
Bovenschen et al., 2008; Cullen et al., 2009). dditeon to directly killing target
cells, granzyme M has been reported to hydrolys@ &hd inactivate its inhibitory
function for granzyme B (Mahrus et al., 2004). Tndmdings have shown the
potential for other granzymes to cooperate withhgyane B in achieving CD8+ T
cell-mediating cell death. Further investigation tbese interactions in cattle is
hampered by the current lack of specific antibodieg biological assays to measure

other bovine granzyme proteins.

It has been observed that T cell clones that gmar killing of T. parva-infected

cells show substantially increased levels of kjliagainst peptide-pulsed cells,
particularly at high peptide concentration. Th@sty correlation between granzyme
B content and its release detected in 12 clonedllTiges indicated that there was no
difference in degranulation ability among thesenelka However, the higher levels of
cytotoxicity detected against peptide-pulsed combap infected targets indicates
that the peptide ligand concentration can influetheeextent of degranulation by the
T cells. This was confirmed by showing increasegle of granzyme B release by

parva-specific T cells exposed to targets incubated witlheasing concentrations of
peptide. Recent studies in mice have revealed ttietstrength of T cell receptor
signal regulates the polarization of Iytic granuleghe immunological synapse and
that a high threshold of signalling is required folt recruitment of granules to the
synapse, implying a fine level of control of graewnhediated cell death by CD8+ T
cells (Jenkins et al., 2009). Thus, in additioreti@ctor molecules, the strength of T

cell signalling also influences the efficiency dfikg of target cells.
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Chapter 6 Granzyme B is an important mediator
involved in killing of  Theileria-infected cells by

specific CD8+ T cells

6.1 Introduction

It has been well established that the CD8+ T @sponse against cells infected with
T. parva schizonts is important in mediating immunologicahtrol of the infection
(Morrison et al., 1987; Goddeeris et al., 1990; Meker et al., 1994). Despite the
evidence that CD8+ T cells are involved in med@timmunity, the mechanism by
which they act against the parasitized cells isvnelt understood. CD8+ T cells in
other species have been shown to act as effecjorgléasing soluble mediators,
such as IFN: (Boehm et al., 1997), TN&-(Vassalli, 1992) and interleukins (Biron,
1994), which induce killing of the intracellular thagens. However, previous
experiments have provided evidence that the schigtage ofThelleria parva in
infected leukocytes is not susceptible to -+ TNF-o (DeMartini and Baldwin,
1991). CD8+ T cells can also directly kill pathogefected cells by inducing rapid
apoptosis, utilising either Fas/Fas ligand intecactwhich results in classical
caspase-dependent apoptosis (Nagata and Gols88i) @r the granule exocytosis
pathway, which involves release of perforin andhgyanes (Henkart and Sitkovsky,
1994). Studies in mice have shown that the perioaised cytotoxicity of CD8+ T
cells is the predominant effector mechanism empuldyg CD8+ T cells against a

number of intracellular pathogens (Kagi et al.,4®9NValsh et al., 1994; Nickell and
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Sharma, 2000). Perforin is a pore-forming proteimich facilitates delivery of

granzymes into the cytosol of target cells, andstiplays an essential role in
lymphocyte-mediated cytotoxicity. Although the psecdelivery mechanism is still
under debate, expression of perforin is absolutsyired for killing by CTL granule

exocytosis, as indicated by absence of killingvagtiin T cells from perforin-

deficient mice (Kagi et al., 1994b; Kojima et d994; Lowin et al., 1994). Purified
perforin alone has been shown to induce directslydi target cells under some
conditions; however, induction of DNA damage of gane cells only occurred in
the presence of granzymes (Hayes et al., 1989¢tS4il, 1992a; Shi et al., 1992b).
Granzymes, a subfamily of serine proteases, compr@nall group of enzymes (5 in
human and 10 in mouse), with various primary sabstspecificities. Granzyme A
and B are the most abundant granzymes and havedbagied in most detail. In

vitro studies by the Lieberman group showed thaifipd human granzyme A

induces target cell death via damage of the innyamondrial membrane and DNA
nicking (Lieberman and Fan, 2003). However, thespsiggical significance of these
findings remains controversial (Metkar et al., 2008pani and Bird, 2008; Pardo et
al., 2009), and several investigators have repdtiatl granzyme A-deficient mice
have no defect of CTL/NK-mediated cytotoxicity, gegting that granzyme A does
not play an essential role in cell mediated cytmiox (Ebnet et al., 1995;

Mullbacher et al., 1996; Riera et al., 2000). Imtcast, there seems to be little
dispute that granzyme B is a potent inducer of &g®p and an important mediator
of cytotoxicity. In vitro studies have shown thatugzyme B is critical for the rapid
induction of target cell lysis and DNA fragmentatiby CD8+ T cells generated

from granzyme B-deficient mice (Heusel et al., 199&ranzyme B induces
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apoptosis by two main pathways: one involving ditivation of caspases and the
other by triggering mitochondrial outer membranempeabilization via cleaving the
pro-apoptotic protein, BH3-interaction domain deatjonist (Bid). The truncated
Bid protein initiates mitochondrial-dependent apsit via activating Bax and/or
Bak and promotes their oligomerization within théachondrial outer membrane,
which results in permeabilization of mitochondrindarelease of cytochrome c
(Kuwana et al., 2002). Recent studies have showh ttie pathways utilised by
granzyme B to mediate killing are species-dependdouse granzyme B directly
activates caspases to promote apoptosis, whereaanhgranzyme B acts by a Bid-
dependent pathway (Kaiserman et al., 2006; Cullext. £€2007). Despite the finding
that GzmA/B-deficient CD8+ T cells are defectivelucers of classical apoptosis,
they can still mediate target cell death in somstesys, suggesting that other
granzymes may be operating via alternative pathwéSsnon et al.,, 1997,

Mullbacher et al., 1999; Davis et al., 2001; Waterde et al., 2006).

The studies described in this chapter, investig#tedrole granule exocytosis and

specifically granzyme B in killing of. parva-infected target cells by testing a series

of commercially available specific inhibitors.
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6.2 Materials and Methods

6.2.1 Animals and cell lines

Selected CD8+ T cell clones established from twidecé692 and 641) homozygous
for the A10 or A18 class | MHC haplotypes were kngrovided by Dr Tim
Connelley and Ms Victoria Carroll, respectively. An-cloned CD8 T cell culture
established from animal 011 was generated as 8escin section 2.2.4. Three
autologousT. parva-infected cell lines, 641TPM (MHC A18/A18), 011TP&hd
592TPM (both MHC A10/A10), were used as infectexdyea cells in cytotoxicity
assaysT. annulata-infected cell lines from the same animals loadinth & specific
peptide epitope, 641TAA-pulsed-Tpl,24and 592TAA-pulsed-Tpg.sq were used

to investigate killing of peptide-pulsed-targetlsehs described in section 2.2.8.

6.2.2 Inhibitors of proteins involved in the exocyt osis pathway

Ten inhibitors specific for four molecules involvedthe exocytosis pathway were
used in this chapter. The properties of these itdrd are shown in Table 6.1.
Concanamycin A, CMA (SIGMA, Cat. C9705) is an intob of perforin (PFN)
activity. Four inhibitors of granzyme B were test&mB inhibitor | (Calbiochem,
Cat.368050), GzmB inhibitor Il (Calbiochem, Cat.Z2I8), GzmB inhibitor Il
(Calbiochem, Cat.218840) and GzmB inhibitor IV (@athem, Cat.368056). They
all contain short peptide sequences that bind tom@racids at the active sites of

granzyme B and thus act as competitive inhibitdrerzymatic function. Of these,
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GzmB inhibitor IV, used in previous experimentsaésed in section 4.3.4, is a non-
cell-permeable competitive inhibitor containing @amino acid sequence (IEPD).
The other three granzyme B inhibitors tested alkpeemeable and also act as
competitive inhibitors. GzmB inhibitor | containglaee-amino acid peptide (AAD)
(Odake et al., 1991; Shi et al., 1992a), and Gznftbitor 1l and Il have a same 4-
amino acid peptide (IETD). The IETD sequence inléteer two inhibitors also binds
to caspase 8 and has caspase 8 inhibitory acfivitgrnberry et al., 1997; Harris et
al., 1998; Martin et al., 1998; Sweeney et al., 899Caspase inhibitor |
(Calbiochem, Cat.627610), containing a 3 amino gagtide (AAD), is a broad
competitive inhibitor of caspases, acting on sdveagpases involved in apoptotic
pathways (Garcia-Calvo et al., 1998). It reacth\aittive sites on most caspases and
irreversibly inactivates their activity; the negati control of caspase inhibitor I,
cathepsin B inhibitor | (Calbiochem, Cat.342000gswalso included (Sarin et al.,
1997). Bax, a pro-apoptotic member of the Bcl-2ifgnplays an important role in
mitochondrial-dependent apoptosis (Korsmeyer et E)99). It is activated via
cleaving by truncated Bid protein and involved mducing permeabilization of
mitochondria and release of cytochrome ¢ (Kuwaral.e2002). Two inhibitors Bax
Channel Blocker (Calbiochem, Cat.196805) and Béabiting Peptide, V5
(Calbiochem, Cat.196810) along with its negativetad (Calbiochem, Cat.196811)

were used.
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Table 6.1 Inhibitors tested in the current study ail their properties

Inhibitor Name Inhibitor Sequence Othe Cell- Reversible
Target Target | permeable
PFN CMA NT - + -
GzmB Inhibitor Z-AAD-CMK - + -
I
Inhibitor AC- Caspase + +
Il AAVALLPAVLLALLAP- 8
IETD-CHO
Inhibitor Z-IE(OMe)TD(OMe)- Caspase + -
11 FMK 8
Inhibitor AC-IEPD- - - +
\Y CHO
Caspase| Inhibiton  Z-VAD(OMe)-FMK Pan + -
I Caspases
Caspase, Cathepsin Z-FA-FMK - + -
NC B
Inhibitor
1
Bax Bis TFA | 3,6-Dibromocarbazole - + NT
Channel Piperazine Derivatives of
Blocker 2-Propanol
Bax- BIP-V5 H-VPMLK-OH - + NT
inhibiting
Peptide,
V5
Bax- BIP-NC H4PMIK -OH - + NT
inhibiting
Peptide,
NC

+, yes, -, no; NT, not determined; NC, negative ctrol; Amino acid sequence of

the inhibitor peptide is highlighted in red. Z = benzyloxy-carbonyl group; AC =

acetyl group; OMe = O-methyl ester group; CHO = aléhyde group; CMK =

chloromethyl ketone; FMK = fluoromethyl ketone.

6.2.3 Inhibition of enzymatic granzyme B activityi n CD8+ T cell

lines

The cell-permeable granzyme B inhibitors, GzmB ltior I, GzmB inhibitor Il and

GzmB inhibitor Il (described above), were tested their abilities to inhibit cattle
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granzyme B activity in CD8+ T cell lines. Z-VAD-FMK pan-caspase inhibitor was
used as negative control for the inhibition speti whereas a non-cell-permeable
GzmB inhibitor IV, AC-IEPD-CHO, which was found substantially inhibit cattle

granzyme B activity in lysates in section 4.3.4swaed as a positive control.

6.2.3.1 Inhibition of enzymatic granzyme B activity in CD8+ T cell lines

Aliguots of 1ml of CD8+ T cells adjusted to 1Xt6lls/ml were centrifuged at 180 x
g for 10 min and re-suspended in 150ul SCM. Foltgnaddition of 50ul of each
inhibitor to the CD8+ T cells (GzmB inhibitor I, 8M; GzmB inhibitor I, 80uM,;
GzmB inhibitor Ill, 40uM; caspase inhibitor I, 80yMhe cells were incubated for 1
hour in a humidified incubator in an atmospheré&%f CQ at 37°C. Cells were then
washed, pelleted and lysed as described in seéti®®. In duplicate, aliquots of
10ul of lysate supernatant, granzyme B substrate X¢-IEPD-pNA (Calbiochem,
Cat.368067) at a final concentration of @80 and the reaction buffer (0.1M Hepes,
pH7.0; 0.3M NaCl; 1mM EDTA) in a total volume of @l/well were added into the
wells of Falcon™ 96-Well Flat bottomed Microplat@D, Cat. 353072). Mixtures
were incubated at 37°C for 4h and the colour reaafjenerated by cleavage of the
pNA (p-nitroaniline) substrate measured at a wagtle of 405nm by using a

Synergy™ HT Multi-Mode Microplate Reader (BioTek).
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6.2.3.2 Positive control - Inhibition of enzymatic granzyme B activity in

lysates

The inhibition of the enzyme in lysates (sectio®.4) was used as a positive control
for experiments with CD8+ T cell lines. The protbewas modified slightly as
follows: CD8+ Tcells (1x10cells) were washed, pelleted and lysed as desciibed
section 5.2.5. In duplicate, aliquots of 10ul afdfes were pre-incubated with 10uM
GzmB inhibitor IV (Ac-IEPD-CHO) at 37°C for 30milGranzyme B substrate VIl
(Ac-IEPDpNA) at a final concentration of 200uM and the reactbuffer were
added to give a total volume of 100ul, which wasulmated at 37°C for 4h. The
colour reaction generated by cleavage of the pNBssate was measured at a
wavelength of 405nm by using a Synergy™ HT Multi-déoMicroplate Reader

(BioTek).

6.2.4 Cytotoxicity assay with inhibitors

An in release cytotoxicity assay was used as desciibedction 2.2.8, but with

some adaptations:

6.2.4.1 Cisplatin-induced apoptosis

Cisplatin, cis-diamminedichloroplatinum I, an inrant chemotherapeutic agents,
has been shown to induce cancer cell death thrapgptosis (Dive and Hickman,
1991). The drug was kindly provided by Dr Kyoko ldakida (Hokkaido University,

Japan) and was used to induce cell lysiShaleria-infected cells. Aliquots of 50ul

of two-fold dilutions of cisplatin in SCM were digiuted in duplicate into wells of
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96-well V-bottomed plates to give concentrationsgiag from 75uM to 2.4mM and
100ul of **in labelled target cells (5x30was added to each well. Hence, the final
concentration of cisplatin ranged from 25uM to 8W0uUSpontaneous release and
maximal release of isotope were determined by add®Oul cytotoxicity medium
and 100ul 0.2%Tween respectively to the 50ul alisud cells. After 4, 20, 24 and
48 hour incubation, 75ul supernatant were harvested each well and measured

for radioactivity.

6.2.4.2 CD8+ T cell-induced apoptosis

Aliquots of 50ul of each inhibitor were pre-incubdtin duplicate with 100ul effector
cells (1x16-6.25x16G cells) or 50uf*in labelled target cells (5x$@ells) for various
times and at different concentrations as specligldw for the individual inhibitors.
Following pre-incubation, aliquots of 100ul of effer cells or 50ul ot*in labelled
target cells were added to wells containing pretiated target cells and effector
cells respectively, to give a total volume of 20@ell. Spontaneous release and
maximal release from untreated target cells werterdened by adding 150ul of
cytotoxicity medium and 150ul 0.2% Tween 20 respebt to 50ul aliquots of target
cells. After 4-hour incubation, 100ul supernatamisviharvested from each well and

measured for radioactivity.

For the inhibition of perforin activity, effectoetiswere pre-incubated with ten fold
dilutions of CMA at final concentrations rangingn 0.1ug/ml to 1000ug/ml for 2
hour at 37 °C. For the inhibition of granzyme Biwty, effector cells were pre-

incubated for 1 hour at 37°C with the following ibitors: GzmB inhibitor | (80uM);
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GzmB inhibitor II (80uM), GzmB inhibitor 1l (40uM)and the negative control,
caspase inhibitor | (80uM). For inhibition of caspaactivity,"*'In labelled target

cells were pre-incubated with caspase inhibito8QuM) and the negative control,
cathepsin B Inhibitor | (80uM) for 1 hour at 37°Eor inhibition of Bax activity,

1 labelled target cells were pre-incubated forall37°C with 2 fold dilutions of
Bax Channel Blocker at final concentrations randmgn 2.5uM to 20uM or Bax-
inhibiting Peptide, V5 and its negative controlfiall concentrations ranging from

25uM to 200uM.

196



6.3 Results

6.3.1 Theileria-infected cell death induced by CD8+ T cells is

mediated by granule exocytosis pathway

To investigate whether killing ofheileria parva-infected cells by CD8+ T cell is
mediated by granule enzymes, concanamycin A (CMA)nhibitor of vacuolar type
H*-ATPase was used (Kataoka et al., 1996). CMA insutegradation of perforin
by raising the pH of the lytic granule in which di@ication is essential for
maintaining its structure and function (Kataokakft 1994). An uncloned CD8+ T
cell line derived from animals 011 and 3 cloned @O8cell lines from animal 592,
harvested 7 days after the last antigen stimulata@re pre-incubated with various
concentrations of CMA for 2 h and tested in a 4ftmygotoxicity assay with*fin]-
labelled autologou$heileria-infected target cells. In preliminary experimentgse

T cell lines were shown to kill autologous parasitl target cells but not MHC-
mismatched parasitized target cells and also killp@s9.59 peptide-pulsed target
cells, indicating that they are antigen-specifid &HC restricted (data not shown).
CMA completely inhibited the cytolytic activity @l cell lines tested when added at
concentrations of 10ng/ml or greater and had necetn background release from
the target cells indicating that it did not advérsdfect their viability (Figure 6.1- A
and B). The results indicate that the killing ofvime CD8+ T cells specific forf.
parva-infected cells is dependent on perforin, implyihgttit is mediated by release

of granule enzymes.
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Figure 6.1 Inhibition of the cytotoxic activity of (A). an un-cloned CD8+ T cell
line and (B). three CD8+ T cell clones by incubatio with the perforin inhibitor
CMA
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An un-cloned CD8+ T cell line (1x1fcells) from animal 011 was pre-incubated
with various concentrations of CMA for 2h and testée in a 4-hour cytotoxicity
assay with {*in]-labelled autologous 011TPM and MHC-matched (592 TAA-
infected target cells pulsed with TPZ.s9peptide (1000ng/ml). Labelled target
cells alone were also incubated with CMA in the aay. A standard effector to

target ratio of 20:1 was used
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Three cloned CD8+ T cell lines (2.5xT@ells) from animal 592 were pre-
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incubated with various concentrations of CMA for 2hand tested in a 4-hour
cytotoxicity assay with f*!in]-labelled autologous 592TPM. The labelled target
cells alone were also incubated with CMA in the aay. A standard effector to

target ratio of 5:1 was used

6.3.2 Theileria-infected cell death induced by CTL granule

exocytosis is granzyme B-dependent

Although the capacity of the GzmB inhibitor 1V, AEPD-CHO to inhibit bovine

granzyme B in cell lysates was successfully demmatest in section 4.3.4, this
inhibitor is inactive when added to viable cellsedto its non-cell-permeable
property. To address the problem, three additiaredl-permeable granzyme B
inhibitors (GzmB inhibitor I, GzmB inhibitor Il an@GzmB inhibitor 11l) were tested

for their abilities to inhibit cattle granzyme Bty in two 641 CD8+ T cell clones

(used in the previous experiments in section 0f53.Z-VAD-FMK, a pan-caspase
inhibitor, which has no effect on granzyme B ad¢yivand does not inhibit cytotoxic
activity of human/mouse CD8+ T cells, was used asgative control (Sarin et al.,
1996). GzmB inhibitor IV was included as a posita@ntrol in assays of CD8+ T
cell lysates. Figure 6.2 shows the results of greement in which lysates of CD8+
T cells in the presence or absence of inhibitonevassayed for GzmB activity using
a specific substrate assay. As demonstrated ifloseti3.4, the presence of inhibitor
IV (AC-IEPD-CHO) dramatically reduced the granzy®ectivity of the lysates of

both clones to levels that were close to the bamkagit level obtained by addition of

assay buffer alone to the substrate. The presen@eraB inhibitors | and Il had no
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effect on the granzyme B activity in either of tienes. In contrast, GzmB inhibitor
[l reduced the activity of granzyme B activitylysates from both CD8+ T cell lines
by approximately 50%, indicating a capacity to mhcattle granzyme B enzymatic
activity. The negative control inhibitor Z-VAD-FMKhas no effect on cattle

granzyme B activity, as observed in other species.

Figure 6.2 Effect of pre-incubation with granzyme Binhibitors on the granzyme

B enzymatic activity in lysates of twarl. parva-specific CD8+ T cell clones
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Inhibitor 11
(80uM)

GzmB Inhibitors

Two cloned CD8+ T cell lines (1x1%ells) derived from animal 641 were pre-
incubated for 1 hour with indicated concentrationsof GzmB inhibitors I, Il and

[l and a negative control, Z-VAD-FMK, and tested in a 4-hour substrate assay.
As a positive control, lysates of CD8+ T cell lineglx1Ccells) were also pre-
incubated with GzmB inhibitor IV for 30min and tested in the same substrate

assay.

To further investigate the role of granzyme B iflikg of target cells byT. parva-
specific CD8+ T cells, the GzmB inhibitors used \&bavere pre-incubated for one
hour with three 641 CD8+ T cell clones (includiihg two clones from which lysates

were tested and one (641.20) that tended to havdeleels of granzyme B content
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but relatively strong killing as described in senti5.3.5) and tested in a 4-hour
cytotoxicity assay with'f!in]-labelled target cells. The 3 clones exhibiteddls of
killing between 28% and 35% when assayed on auok@arasitized target cells at
an effector to target ratio of 2:1). Preincubatiwwith GzmB inhibitor 11l (40uM)
completely inhibited the cytolytic activity of alD8+ T cell lines and had no effect
on the viability of the target cells, as indicatadlow levels of spontaneous isotope
release (Figure 6.3). GzmB inhibitors | and Il ahd negative control inhibitor (Z-
VAD-FMK) did not have any effect on killing by angf the CD8+ T cell lines.
Hence, the inhibitory effects on viable CD8+ T selire consistent with those
obtained by testing CD8+ T cell lysates. Althoughn@® inhibitor 11l is also an
inhibitor of caspase 8, which is involved in anlgatage of apoptosis in target cells,
the lack of inhibition by the pan-caspase inhibifok) AD-FMK, indicates that the

GzmB inhibitor 1l is not acting via caspase 8.

Figure 6.3 Effect incubation with GzmB inhibitors an the cytotoxic activity of 3

T. parva-specific cloned 641 CD8+ T cell lines
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Three cloned CD8+ T cell lines (1x1ells) from animal 641 were pre-incubated

for 1 hour with indicated concentrations of GzmB irhibitors and a negative
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control, Z-VAD-FMK and tested in a 4-hour cytotoxidty assay with [in]-
labelled autologous 641TPM target cells. The labeltl target cells alone were
also incubated with these inhibitors in the assayA standard effector to target

ratio of 2:1 was used

Since GzmB inhibitor | (Z-AAD-CMK) had been showm lbe effective at inhibiting
human and murine granzyme B activity in lysatesaikgdet al., 1991) and blocking
cell apoptosis induced by granzyme B (Gorak-Stkhnst al., 2001; Saito et al.,
2008), further experiments were undertaken to dé&trent concentrations of the
inhibitor and different incubation times. An urenked CD8+ T cell line established
from animal 011 and both autologous infected taogds (011TPM) and peptide-
pulsed target cells (592TAA-pulsed-Tp29 were used. Pre-incubation of the
CD8+ T cells with various concentrations (rangimgni 0.1uM to 100uM) of Z-
AAD-CMK for 0.5 hour had no inhibitory affect onelkilling activity with either of
the target cells (Figure 6.4- A). Pre-incubatiames ranging from 0.5h to 4h also
had no detectable effect on killing at any of thmet points (Figure 6.4- B). The
results show that GzmB inhibitor I, a known inhdsifor both human, mouse and rat
granzyme B, has no effect on either cattle granzgnaetivity or killing activity of

bovine CD8+ T cells.
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Figure 6.4 Effect of GzmB inhibitor I, Z-AAD-CMK on cytolytic activity of an
un-clonedT. parva-specific CD8+ T cell line (A). after 0.5-h incubabn and (B).

after 4-h incubation
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An un-cloned CD8+ T cells (1x1%&ells) from animal 011 was pre-incubated for

0.5 hour or 4 hours with various concentrations olGzmB inhibitor I, Z-AAD-

CMK, and tested in a 4-hour cytotoxicity assay with**in]-labelled autologous
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011TPM and MHC-matched (592) TAA-infected target plsed with TP2g.59
peptide (1000ng/ml). Z-VAD-FMK, the pan-caspase inbitor, served as
negative control. Labelled target cells alone weralso incubated with Z-AAD

and Z-VAD. A standard effector to target ratio of 20:1 was used.

In conclusion, these findings reveal that the GzmBibitor Ill, Z-IETD-FMK
specifically and effectively blocks the activity céttle granzyme B and also inhibits
killing of target cells by bovine CD8+ T cells, mgdting that granzyme B is an

important mediator of killing oT. parva infected cells by specific CD8+ T cell.

6.3.3 Theileria-infected cell death mediated by granzyme B is

independent of caspases

Granzyme B, implicated above in the killing Ofeileria-infected cells by CD8+ T
cells, has been shown in other species to act byase-dependent and/or caspase-
independent pathways (Lieberman, 2003). To exantirerole of caspases in cell
killing, experiments were undertaken to test thiitglof the pan-caspase inhibitor
Z-VAD-FMK and its control Z-FA-FMK to block killing In contrast to previous
experiments in which this inhibitor was pre-incudghtwith effector cells (as a
negative control), these experiments involved poedbation with the target cells.
Firstly, the ability of Z-VAD-FMK to block apoptosiof Theileria-infected cells
induced by drug cisplatin, which causes apoptaitdeath in tumor cells (Sarin et
al., 1997; Lau, 1999), was examined. Two parasits#l lines, one infected with.

parva (468TPM) and one witfi. annulata (641TAA) and two uninfected CD8+ T
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cell clones (641.18 and 641.25) were used as tasikst following incubation with
various concentrations of cisplatin for a rangeimes (4h, 20h, 24h and 48h). Only
one of the 4 lines (641TAA) showed significant dglis when tested in &%n
release assay, and cell death was not observedeb2dohour (Figure 6.5). Figure
6.6- A and B show that cisplatin (100uM and 200uMjuced 20-30% cell death of
641TAA after incubation of 24 hour and this wasdled specifically by Z-VAD-
FMK. A shortcoming of these experiments is that tbeger incubation periods
resulted in high levels of spontaneous isotopeasgldrom the cell lines reducing the
ability to detect specific lysis. Notably, this spaneous release was partially
inhibited by Z-VAD-FMK, suggesting that this sponémus cell death was also

caspase-dependent.

Figure 6.5 Kinetic studies of the ability of the po-apoptotic drug cisplatin to
induce lysis ofThelleria annulata-infected cells
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"n-labelled T. annulata-infected cells (641TAA) (5x18well) were incubated
for indicated times (4h, 20h, 24h and 48h) with vaous concentrations of
cisplatin and radioactivity released was measuredA further 3 cell lines, aT.

parva-infected line 468TPM and two CD8+ T cell clones 8418 and 641.25, were
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also used as target cells in this experiment, buhé cell viability of these lines

beyond 4 hours was too low to give interpretable sailts.

Figure 6.6 Inhibition of cytolysis of Theileria annulata-infected cells induced by
cisplatin, by incubation with Z-VAD-FMK for 24 hour : (A). Cisplatin added at
100uM and (B). Cisplatin added at 200uM.
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Yn-labelled T. annulata-infected cells (641TAA, 5x18wells) were incubated
for 24 hour with cisplatin (100um or 200uM) in thepresence or absence of Z-
VAD-FMK or Z-FA-FMK and radioactivity released was measured. Labelled
target cells alone were also incubated with Z-VAD-MK (80uM) or Z-FA-FMK
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(80uM) for 24 hour and the values of cytotoxicity wre -43% and -15%
respectively.

To examine the role of caspases in CD8+ T cell-atedi killing, the samé"!in-
labelled 641TAA target cell loaded with a specg&ptide epitope was pre-incubated
with Z-VAD-FMK (80uM) for 1 hour and tested in ah®ur cytotoxicity assay with
two epitope-specific CD8+ T cell clones (used ia grevious experiment in section
5.3.5). Inclusion of the perforin and granzyme Biltors (CMA and Z-IETD-
FMK) confirmed that killing by these cell lines msediated by granule exocytosis;
figure 6.7 shows that CMA completely blocked thél death of both cell lines at
10ng/ml and that Z-IETD-FMK dramatically reducedllikg by about 70%.
However, Z-VAD-FMK did not affect the killing actity of either CD8+ T cell clone.
The inhibitors had no effect on the viability oktharget cells in these assays. Thus,
although Z-VAD-FMK specifically blocked lysis atheileria-infected cellsnduced
by the pro-apoptotic agent cisplatin, it had noibitbry effect on the granzyme B-
dependent Killing off. parva-specific CD8+ T cell lines. In conclusion, thessults
suggest that granzyme B-mediated killing Tieileria-infected cells by specific

CD8+ T cells is largely independent of caspases.
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Figure 6.7 Effect of a pan-capase inhibitor, Z-VADEMK, on the susceptibility

of peptide-pulsedTheileria-infected targets cells to killing by two CD8+ T ck

clones
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n-labelled Tpl peptide-pulsed target cells (641TAA+ TPly14.204 100ng/ml)
was pre-incubated with Z-VAD-FMK (80uM) for 1h and tested in a 4-hour
cytotoxicity assay with two Tpl-specific cloned CB+ T cell lines (1x16cells)

from animal 641. As controls, effector cells pre-ioubated with the perforin
inhibitor CMA (10ng/ml) for 2h or the granzyme B inhibitor Z-IETD-FMK

(40uM) for 1h were tested in the same experiment. dbelled target cell alone

were also incubated with these inhibitors in the asy. A standard effector to

target ratio of 2:1 was used
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6.4 Discussion

The results of work described in this chapter ptevevidence that killing of
Theileria-infected cells by cattle CD8+ T cells is mediabgdthe granule exocytosis
pathway and that cattle granzyme B plays a pivati@ for induction of cell death.
Cytotoxicity of CD8+ T cell lines was completelyaished by concanamycin A, an
inhibitor of perforin, which is membrane pore-fongi protein released from
cytolytic granules. An inhibitor (GzmB inhibitor [VAC-IEPD-CHO) shown to
inhibit granzyme B activity in T cell lysates wastrested on intact T cells, as it is
known to be membrane-impermeable. However, one aid@tional membrane-
permeable granzyme B inhibitors (GzmB inhibitor ZHETD-FMK) was shown to
inhibit the cytotoxic activity of CD8+ T cell lineby 70-100%. This compound
functions as a competitive inhibitor that inhibiteiman and rat granzyme B
(Thornberry et al., 1997; Harris et al., 1998) byding to residues at P4-P3-P2-P1
(amino-terminal to the proteolytic cleavage sitd) axtive granzyme B, thus
competitively blocking its enzymatic function. lordrast, another two inhibitors
(Inhibitor 1 and Il) had no inhibitory effect on time granzyme B. GzmB inhibitors
Il (AC-AAVALLPAVLLALLAP IETD-CHO) and Ill (Z{E(OMe)TD(OMe)-FMK)
contain the identical 4-amino acid sequence (IET®)bind the active sites of
granzyme B but Inhibitor Il contains the estergye (OMe) which contribute to cell
permeability. Hence, poorer permeability of bovosdls might account for the lack
of inhibitory activity of Inhibitor [I. GzmB inhildor | (Z-AAD-CMK) contains
distinct amino acid sequence (AAD), which mightb®able to bind effectively to

bovine granzyme B.
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Previous studies of mechanisms of killing by moG&8+ T cells showed that cells
derived from granzyme B-deficient mice induced tuncell lysis with reduced
efficiency in a 4 hour'Cr release assay but that levels of killing complaréo those
obtained with wild-type CD8+ T cells could be asl@d by incubation for 18 hours
(Heusel et al., 1994). It revealed that granzymis Exquired for the rapid induction
of cell death and also suggested that other graegyfeg. granzyme A) might be
involved in the late onset killing. In the absenok gene knockout animals,
determining the role of granzyme B in killing affdrent times is difficult. Although
CD8+ T cells utilize pre-formed granule enzymeskith target cells, de novo
synthesis of granzyme B proteins occurs 4-6 hoftes antigen stimulation (Isaaz et
al., 1995; Wolint et al., 2004) and therefore lateset killing initiated by newly
synthesised granzyme B cannot be distinguished ftbat mediated by other
granzymes. Moreover, the'in release cytotoxicity assay used in our lab deigé
spontaneous isotope release from labelled targik$ ®ath longer incubation,
increasing from under 10% at 4 h to 30-40% duri@g24 hour, resulting in reduced

sensitivity to detect specific lysis.

Although activation of caspases was originally gjfttuto be important in granzyme
B-mediated cell death, studies by many groups tedethat their requirement was
not absolute. An in vitro study of mouse CD8+ Tixshowed that apoptotic nuclear
damage induced by granule exocytosis was abrodatettie caspase inhibitor Z-
VAD-FMK, whereas lysis of the cells was unaffectéa.contrast, target cell lysis

induced by the pro-apoptotic drug cisplatin wascgfally blocked by this inhibitor
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(Sarin et al., 1997). Similar results have beemioled in studies with purified human
granzyme B, caspase inhibition preventing granzymaced DNA damage but not
cell lysis (Trapani et al., 1998). These observetiare consistent with the results of
the present study, which showed that Z-VAD-FMK mited cisplatin-induced
apoptosis ofTheileria-infected cells, but did not inhibit granzyme B-regdd
cytolytic activity of cattle CD8+ T cells, althoughNA damage of the cells has not
been examinedl. parva has been shown to protect infected cells from ayspty
utilizing NF«B activation to induce the expression of anti-aptptproteins such as
FLIP, which functions as a catalytically inactiverrh of caspase-8, and X-
chromosome-linked inhibitor of apoptosis proteinAR) as well as c-IAP, which
block caspase-9 and also downstream executiongrases (caspase 3 and 7)
(Kuenzi et al., 2003). Studies by Guergnon et BD3showed that drug-induced
parasite death imheileria-infected cells resulted in apoptosis involvingzation of
caspases 9 and 3 and was inhibited by Z-VAD-FMKd@uon et al., 2003). These
findings demonstrated the requirement of the perdsr retaining cell viability and
confirmed that the Z-VAD-FMK inhibitor is active ibovine cells. Inhibition of
killing by T. parva-specific CD8+ T cell clones by GzmB inhibitor IH the current
study demonstrates that T cell-mediated cell d¢éd#itected in a 4-hour assay) is
dependent on granzyme B. As activation of caspasi® parasitized cells is tightly
regulated by intracellular inhibitors induced by tNF«B pathway, granzyme B is
unlikely to break this regulation to fully activataspases. The results strongly
suggest that granzyme B bypasses the blockagenadndds cell death by caspase-

independent mechanisms.
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Further experiments were undertaken to test twdbituns of Bax, which plays an
important role in mitochondrial-dependent apoptosignfortunately, these
experiments did not provide informative data onrible for Bax in cell killing. One
of the inhibitors (a Bax Channel Blocker) was foundbe very toxic tol. parva-
infected cells, killing target cells in the abserafeeffector cells in a 4 hourin
release cytotoxicity assay. The other inhibitor RBI5) and its negative control
(BIP-NC) did not affect the killing activity of tw641 CD8+ T cell clones used in
the previous study in section 5.3.5 (data not showhhough BIP had been shown
to inhibit Bax-mediated apoptosis induced by aatieer drugs such as cisplatin in
several types of human cells (Sawada et al., 2003)ad no effect on cisplatin-
induced cell death after incubation with parasdizells (641TAA) at concentrations
of 100-200uM for 24 hour (data not shown). In additto absence of lysis in a 4-
hour**in release cytotoxicity assay, no evidence of aptiphiuclear changes were
detected by immunofluorescence staining with Hoedye (Sawada et al., 2003).
There are several possible explanations for thesdinfs. First, BIP which is
described as an inhibitor for human, mouse, ratmordine Bax, may be ineffective
as an inhibitor in cattle. Secondly, Bax may notbeential for killing ofTheileria-
infected cells by CD8+ T cells, other pro-apoptgpimteins possibly mediating
mitochondrial-dependent apoptosis. A previous arpamt has demonstrated that
murine granzyme B induces mitochondrial depolaiwratand cell death in the
absence of Bid, Bax and Bak in vitro (Thomas et 2001). As no inhibitors for
other pro-apoptotic proteins are commercially aldé now, further work is required

to determine whether the apparent resistance pérva-infected cells to apoptosis
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induced by granzyme B is due to over-expressioantfapoptotic proteins such as

Bcl-2 (Davis et al., 2000).

Recent studies have revealed that human and maoaseygie B are functionally
divergent with respect to their substrate prefezeniaiserman et al., 2006; Cullen
et al., 2007). GzmB inhibitor | (Z-AAD-CMK), an ef€tive inhibitor for human and
murine granzyme B in both cell lysates and livdscéDdake et al., 1991; Gorak-
Stolinska et al., 2001; Saito et al., 2008), hasnbshown to be ineffective at
inhibiting bovine granzyme B. Sequence analysesries in section 3.3.6 revealed
that key residues in granzyme B protein predictechluence substrate recognition
differed between the bovine, human and mouse m®terhus, although cattle
granzyme B shares a high level of identity with lamnand mouse counterparts (72%
and 69%, respectively) and is able to cleave ahgjiat substrate AC-IEPD-pNA that
has an optimal peptide recognition sequence (IBEBDhuman granzyme B (section

4.3.4), it may have a distinct profile of substrateferences.
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Chapter 7 General discussion

It is well established that cytotoxic CD8+ T cebse important mediators of
iImmunity against the bovine intracellular protozgearasiteT. parva. However, the
mechanism by which the specific CD8+ T cells Kkilargsitized cells is not
understood. Dissection of the mechanisms and hos$eips involved in killing by
specific CD8+ T cells and how they may be regulaimad be of value in designing
vaccination protocols for inducing protective CD84cell responses. In human and
mouse, the predominant pathway used by CD8+ T tellsill pathogen-infected
cells is granule exocytosis, involving release eff@rin and granzymes. Although
bovine perforin has been described, there is te ddack of published information
on the identity and biological activities of bovigeanzymes. The aim of this study
was to determine the role of granule enzymes iniatied killing of T. parva-
infected cells, first by characterising the granegmexpressed by bovine
lymphocytes and then by investigating their ineohent in killing of target cells,

focusing particularly on the role of granzyme Behrork had three major outputs:

1. Identification and genome annotation of granzymeegeexpressed in cattle,
including a novel granzyme not found in humans mem

Six bovine granzyme genes (A, O, B, K, H and M) evaientified by mining

existing genomic and expression sequence tag dasb&dpecific PCR assays

designed for amplification of the full length codiregion of these granzyme genes

were validated and used to demonstrate expressivanscripts for all of the genes

in activated antigen-specific CD8+ T cells. Genoamnotation revealed that the
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genes were organised within 3 gene loci on separatemosomes in a similar
manner to the human and murine genes. Inter-speoi@parative analysis of their
nucleotide and amino acid sequences was undertakartier the likely enzymatic
specificities of the proteins. The 6 identified gsrincluded one encoding a novel
granzyme, termed granzyme O, found within the tnjtike locus. This granzyme is
most closely related to granzyme A. The detectibgeme remnants in humans and
mice showing similarity to the granzyme O genecatBs that this gene was present

prior to species divergence but became non-funatimmhumans and mice.

2. Successful development of molecular and biochemalhods to define the
functional activities of bovine granzyme B.
To investigate the role of granzyme B in killing Dyparva-specific CD8+ T cells it
was necessary to establish methods to detect aadtifyuexpression of bovine
granzyme B protein. First, site-directed mutagenssiategies, includingCR splice
overlap extension and ‘megaprimer’ PCR, were usegroduce DNA constructs
encoding functional and non-functional forms of im@vgranzyme B. Recombinant
forms of these proteins were expressed in mamma&li@s-7 cells and used with
defined substrates to establish a biological assayeasure specific granzyme B
activity. Initial experiments with known granzyme iBhibitors indentified one
compound (AC-IEPD-CHO) that blocked the biologicaitivity detected in this
assay, confirming that it was attributable to gsane B. Results obtained from these
experiments confirmed that bovine granzyme B hagptimary substrate specificity
similar to that of its human and murine orthologudss work is the first description

of the biological activity of a member of the grgnme family in cattle and the
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approach taken provides a system that could readilgpplied to study other active

bovine granzymes.

3. Demonstration that granzyme B is an important ntediaf the cytotoxic activity
of CD8+ T cells specific fof. parva
Initial experiments with the perforin inhibitor, meanamycin A, showed that
cytotoxic activity of T. parva-specific CD8+ T cells is dependent on perforin,
indicating that killing is mediated predominantly the granule exocytosis pathway.
Moreover one of the granzyme B inhibitors testedEZD-FMK, which was shown
to be an effective and specific inhibitor of bovigianzyme B in the substrate assay,
dramatically inhibited killing byT. parva-specific CD8+ T cell clones, thus
indicating a predominant role of granzyme B in tykic activity ofthese T cells.
Experiments in which granzyme B activity was meadun lysates and supernatants
of T. parva-specific CD8+ T cell clones, using the specifibswate assay, revealed
a significant correlation of granzyme B protein eegsion and its release upon
incubation with target cells with the levels oflikiy of different T cell clones.
However, this correlation was not absolute, sugggdhat other factors that vary
between T cells clones (possibly other granzymesiribute to the cytotoxic activity
of CD8+ T cells. Further studies showed that gramzyB-mediated death Of.
parva-infected cells is independent of caspases. Thisoissistent with previous
findings with some human and mouse CD8+ T cell neod8arin et al., 1997,
Trapani et al., 1998) and provides direct evideioceghe important role of caspase-
independent pathway(s) in a non-human/non-murieeisp. These findings indicate

that other pro-apoptotic proteins, most likely il in mitochondrial-dependent
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apoptosis, are required to be activated by boviamzyme B for induction of cell

death.

This study represents the first dissection of tffeceor mechanisms employed in
killing of target cells by bovine CD8+ T cells amspecifically provides the first
evidence that granzyme B plays a key role in Igllof T. parva-infected cells by
specific CD8+ T cells. The findings are consistenth previous evidence that
granzyme B is a potent inducer of apoptosis andimportant mediator of

cytotoxicity in human and mouse.

Despite the evidence that granzyme B plays a demiein the killing of T. parva-
infected cells by CD8+ T cells, a number of quesiocemain concerning the precise

mechanisms of killing and how the level of expressf granzyme B is regulated:

® Which features of apoptosis are induced imparva-infected cells by bovine
granzyme B?
CD8+ T cell-induced cell death has classically bewmsured as cytolysis usiMgr
release assays (Henkart et al., 1997), which haes lztonsidered to represent an
apoptotic phenotype. The role of granzyme B inirkijllhas been determined by
testing specific inhibitors and/or by examining GD8 cells from gene knockout
mice. The current study of CD8+ T cell-mediatedikg of T. parva-infected T cells
and the role of granzyme B relied on*afin release assay, similar to tHer release
assay. By contrast, many of the experiments donanayse the activities of

granzyme B have studied the detailed cell biolofgealls incubated with purified
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granzyme protein along with sublytic concentratioofs perforin. Using these
systems, granzyme B has been shown to induce malhylac changes that can
contribute to cell death, including rapid DNA fragntation, chromatin
condensation, membrane blebbing, phosphatidyls€H8¢ exposure, mitochondrial
membrane depolarisation and subsequent cytochromelease, loss of inner
mitochondrial membrane potentiaA¥Ym), generation of reactive oxygen species
(ROS) and membrane lysis (Shi et al., 1992a; Shal.et1992b; Nakajima et al.,
1995; Heibein et al., 1999; MacDonald et al., 199®wever, not all of these are
required to result in cell death and different fieas may be induced in different
target cells. Further more detailed studies araired to characterise which of these
changes are induced ih parva-infected cells by specific CD8+ T cells and the

pathways activated by bovine granzyme B.

(i) Does bovine granzyme B-mediated cytotoxicity regdid?

The pathways utilised by granzyme B to mediateirigllare species-dependent.
Mouse granzyme B directly activates caspases tm@m apoptosis, whereas human
granzyme B acts by a Bid-dependent pathway (Kaiaeret al., 2006; Cullen et al.,

2007). The evidence that granzyme B-mediated @gtidofT. parva-infected cells

Is caspase-independent needs to be confirmed fisd, places the pro-apoptotic

protein Bid as a candidate for future work to irigege mitochondrial-dependent

pathways of apoptosis.

(i) Do other granzymes cooperate with bovine granzymed&hieving CD8+ T

cell-mediating cell death?
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Previous studies of human CD8+ T cells providedience that other granzymes,
such as granzyme A, H and M, cooperate with graezfarin achieving CD8+ T
cell-mediating cell death (Nakajima et al., 1995hvus et al., 2004; Andrade et al.,
2007). Specific antibodies and/or biological assé&ys measuring other bovine
granzyme proteins, as well as reagents to spedyficenibit their activities, would
be required to investigate these interactions itlecal he system used for eukaryotic
expression of recombinant proteins in this studylddoe used for development of
further biological assays or generation of spedintibodies. In the case of those
granzymes where specific inhibitors are not commd#yc available, use of
biochemical methods to synthesize the substrateifgpiy-based inhibitors would
be desirable. Knock-down of gene expression coeld¢dnsidered as an alternative
way, although the storage of granzyme proteinsr@fprmed granules means that
prolonged knockdown would be required. The functainGranzyme O, a novel
functional granzyme in cattle, might be of interastthis regard, although further

studies are required to determine the cell typeghich this granzyme is expressed.

(iv)  Investigate cytokines involved in regulation of esgsion of granule enzymes
in CD8+ T cells specific for.parva

The lack of cytotoxic activity ofl. parva antigen-specific CD8+ T cells induced

following prime-boost vaccination with defined aygns was reported by Graham et

al (2006). One possible reason for this findinghest CD4+ T cells may be required

for efficient induction and/or recall of the CD8 CEll response and that parasite-

specific CD4+ T cell responses were not inducedH®y vaccination protocol. A

previous study involving co-culture of differentrabinations of purified CD4 T cells
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and CD8 T cells from naive afid parva-immune calves suggested that CD4 T cells
are required for efficient induction of CD8 T cedlsponses in vitro (Taracha et al.,
1997). Alternatively, the CD8+ T cell responsesuiceld by vaccination may not
have undergone appropriate functional differerdratand therefore were defective in
expression of granule enzymes including granzymé&uwther work is required to
investigate the functional properties of these oesps. Regulation of expression of
granzymes and perforin in murine CD8+ T cells hesrbreported for IL-2, IL-4, IL-
12, IL-15 and IL-21 (Ye et al., 1996; Kienzle et, &#002; Curtsinger et al., 2005;
Zeng et al., 2005). Of these, provision of IL-12aathird signal to the T cells (ie, in
addition to TCR engagement and IL-2 co-stimulatiowps found to promote
development of full cytolytic function of CD8+ T lk® and enhanced levels of
granzyme B protein expression (Curtsinger et @052. The current study has
provided some of the tools to examine the levelsxgdression of granzyme B and
other granzymes in different populations of CD8¢€lls and to investigate whether

their expression is influenced by one or more aytek

(V) Does T. parva enhance resistance to granzyme B-mediated cethdaa
upregulating of PI-9 in host cells?

Previous studies have provided evidence thatarva protects infected cells from

Fas/Fas ligand-induced apoptosis by upregulatimgnaber of anti-apoptotic proteins

(Guergnon et al., 2003; Kuenzi et al., 2003). Resardies have proposed that some

tumour cells up-regulate PI-9 expression in orderevade the immune system

(Medema et al., 2001; Bladergroen et al., 2002;Berge et al., 2002; van Houdt et

al., 2005; Bossard et al., 2007). PI-9 acts as radogenous inhibitor of human
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granzyme B and protects CTL itself against theoastiof misdirected granzyme B
(Sun et al., 1996; Bladergroen et al., 2001; Buetzal., 2001; Hirst et al., 2001, Bird
et al., 1998). The present study has demonstrhtdd tparva-infected cells contain
abundant transcripts for PI-9. Future work is regglito examine the relative
susceptibility ofT. parva-infected and comparable uninfected target celSD&+ T
cell-mediated killing (using defined peptide ep#sp and to determine whether
expression of PI-9 i. parva-infected cells enhances their resistance to grarzy

B-mediated killing in comparison to uninfected &trgells.

In summary, the results presented in this studye lestablished a system to further
characterise the granzyme family in cattle and hdemonstrated that cytotoxic
activity of T. parva-specific CD8+ T cells is mediated by the granuweogtosis

pathway and that bovine granzyme B plays a pivalal for induction of cell death.
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Chapter 8 Appendices

8.1 Appendix A - Nucleotide sequences and intron-ex  on structures of individual bovine granzyme

genes

(a). Granzyme A: Full length nucleotide sequence:

ACATTTCACATTGAT TGATGT GGGGACACCAGCCACAAT GAGGAACTCCTCTACCT TTCTGGCAGCCACTCTCTCAATTGTCGT TTTTCTCCTAATTCCTGAAG 3505] A
TCTCTGTGAAAAAAT TATTGGAGGAAAT CAAGT GACT CCTCATTCAAGACCCTACATGGTGCTACT TGAT GGGGGAAACAT CTGT GCCGGAGCT TTGAT TGCCAAAGACTG
GGTATTGACTGCAGCTCACTGTTCCCT[ 1773] GAACCAGAAAT CCCAGAT CATTCTTGGGGCCCACT CAAGAAACAAGGAAGAGCCT GAAAAACAGATTATGT TTGTTAA
GAAAGAGT TTCCCTATCCATGCTAT GACCCGGACACACAT GAAGGCGATCTTAAACTTCTAAAG 198] CTGAACAAAAAAGCAACACT TAATAAAAACGT GGCTATCCTT
CAGCT CCCAAAAGAGGGCAAAGAT GT GGAACCAGGAACT GCAT GT CGAGT TGCAGGGT GGGGACAGT TTTACAATAATTCCCCTGT GTCCAAGAT TTTGAGAGAAGT CAAT
GTCACCATCATAGACAGAAAAAT CTGCAATGATCAATCACACTATAAT TATAATCCTGT GATTGGACT GAATAT GATTTGT GCTGGAAGCCT CCAAGGT GGAAAAGACTCC
TGCCAT[ 1987] GGAGATTCT GGAAGCCCTCTGATATGTAAAGACACT TTCAGAGGCAT CACT GCCTTTGGCAT TCCGGGGAGAT GT GGAGACCCT CGAGGGECCCGGOGTC
TATACACTTCTCTCAAAGAAACACCTCAACT GGATAGT TAAGACTAT GAAGCAAGCAGT TTAAATACT TGTATTTCATTTGCTGT TACT TTTTAAAAAAATTGTCTTGAAG
TATAGTTGATTTACAATGT TGTATTAGT TTCAGGT GTACAGCAAAGT GAAT CAGAGT TACACATATATCCACTCTTTTTTTAGATTCTTTTCCTATATAAGCCATTGCAGA
CTATTAAATAGAGT TCCCTGT GCTATATAGCAGGT TCTTATTAGT TACCCATTTTAAATAAATTGATAGTAGTATGTATATGT CAGT CCCAATCTCTCAATATATCACTCC
CCCCATCCCTGATAACCTTAAGT TTGTTTTCTACATCTGTGACTCTACT TTTGT TTCATCAATAAGT TCATTTTACCCT TTTTTTTCGATTCCACATACATGTGATATCAT
ATGATATTTGACCTTCTGTGTCTGACTTACT TCACT CAGTATGACAATCTACATCCATATTGCTGCAAATGACATTACTTTGT TCTTTTTTATGGCTGAGTAATATTCCAT




TGTATATATGTACCACATCTTTATTATCCATTCCTCTGATGGACATTTAGGT TGCTTCCACGT CCTGGT TATTGT TAAGCGGT GCTGCAATGAACATTGGGATGCATATAT
CTTTTTGAATTATGGT TTTCTTCAGATATACACCCAGTCCTGTCGTTTCTTAATTTCATTATAAATAAAATCAACTTCTAT

Granzyme A Start Stop Length Splice sites Codaggon| UTR
Ori Chromosome Length Start Stop
Exonl | Rev| 1 104| 20 25672789 25672723 67 1 6y 37| 25672826| 25672790
Intronl GTAAG| AATAG
Exon2 | Rev| 105 243| 20 25669217 25669079 139 68 6 20
Intron 2 GTAAG| TTCAG
Exon3 | Rev| 244 385| 20 25667305 25667164 142 20748 3
Intron 3 GTACA| AACAG
Exon4 | Rev| 38§ 655 20 25666965 25666696 27( 34918 6
Intron 4 GTAAG| CCAAG
Exon5 | Rev| 656 1501 20 256647p8 25664547 162 61980 684 25664546 25663863

Gene A is reverse strand and locates in Chromo&im25, 672,826-25,663,863. One transcript ingleise which consists of 5 exons has
been identified and the length of cDNA and aminid & 1501bp and 259residues, respectively.

(b). Granzyme O: Full length nucleotide sequence:

GAAACTAGT CTCCATATGT GAATAACAGGAGCCATGAATATTCCTTTTCCTTTCTCTTTTCCTCCTGCCATTTGTCTCCTTCTAATTCCTGGAG 2100] TTTTTCCAGTA
TCCTGCGAGGGAAT TATAGGAGGAAAT GAAGT GGCCCCT CACACAAGACGCTACAT GGCTCTAAT CAAAGGGCT GAAACT CTGT GCAGGGGCT TTAATCAAAGAAAACT GG
GTGTTGACAGCCGCTCATTGTGACCT| 2968] GAAGGGCAATCCTCAAGT TATTCT TGGGGCCCACT CTACATCCCATAAAGAGAAACT TGACCAAGTATTTTCCATTAAA
AAGGCAATTCCCTACCCATGCTTTGATCCACAGACAT TTGAAGGGGAT CTTCAACTACTTCAG 3337] CTGGAAGGTAAAGCAACTATGACCAAAGCT GTAGGAATACTT
CAGCT ACCAAGAACAGAAGACGAT GTCAAACCCCACACCAAGT GT CATGT GGCAGGAT GGGGAAGCACCAAAAAAGACGCAT GT CAAAT GT CTAATGCCT TGAGAGAAGCC




AACGTTACAGT GATAGATAGGAAAATAT GCAATGATGCCCAGCACTATAATTTTAATCCAGT TATTGATCTCAGTATGATCTGT GCTGGT GGTAGAAAAGGT GAAGATGAT
TCATGTGAA[ 1429] GCCGATTCTGGAAGT CCTCTGATATGTGATAATGT TTTCAGAGGT GTCACTTCCTTTGGCAAGT GT GGTAATCCCCAGAAGCCTGGCATCTACATC
CTCCTTACCAAAAAACACCT CAACT GGATAAAGAAAACCAT TCCAGGAGCCATATAACATTTCTACT TCAAAGT AGAAAAT CGAAGT AACCAAGT GAAAGGGT CTTAAACT
TGACCTGT CCGAAGAAGCAT CTTGCAGCCCT CTGAACT TCACATACAAAAT GCCGCCTGT CTAAAATAAATTCAGCAATGAAAGAAA

Granzyme O Start Stop Length Splice sites Codigipn | UTR
Ori Chromosome Length Start Stop
Exonl | Rev| 1 94| 20 25689314 25689254 61 1 61 33| 5682347| 25689315
Intronl GTAAG| TACAG
Exon2 | Rev| 95| 242 20 25687153 25687006 14§ 62 209
Intron 2 GTAAG| TCAG
Exon3 | Rev| 243 384 20 25684087 25683896 142 21051 3
Intron 3 GTAAA| TCTAG
Exon4 | Rev| 385 657 20 25680558 25680286 273 36224 4§
Intron 4 GTAAG| TTCAG
Exon5 | Rev| 658 951 20 25678856 25678704 153 6p577 7 141 25678703 25678563

Gene J is reverse strand and locates in Chromog0m25,689,347-25,678,563. One transcript in tleisegwhich consists of 5 exons has
been identified and the length of cDNA and aminidl &951bp and 258residues, respectively

(c). Granzyme B: Full length nucleotide sequence:

GACACTGTGITTCTCTCCAAGAGGCT GCGGGAT CT GAAAGAGAGCCAGGAGGT AGCACCAGCAT CTCCATCCTGGECAGT CTTTCTAGGAAGAT GAAGCCTCTCCTGCTCC
TGGTGGCCTTTCTCCTGACCCCCAGGECAAAGGCAJ 124 3] GGGAGAT CAT CGEEGGCCAT GAAGCCAAGCCCCACT CCCGCCCCTACATGGCATATCTTCAGTACTGGA
ATCAGGATGT CCAGAGT AGGT GCGGT GGGT TCCT GGT TCGACAGGACT TCGT GCTGACAGCCGCTCACT GCAACGGAAJ 486] CTCAATCAAAGT CACCCT GGGEGGCCCA



CAACATCAAACAGCAGGAGAGGACCCAGCAGGT CATCAGGGT GAGAAGAGCCAT CAGCCACCCTGACTATAATCCTAAGAACT TCTCCAACGACATCATGT TATTAAAG 1
97] CTCGAGAGAAAGGCCAAGCAGACAT CAGCT GTGAAGCCCCT TAGT CT GCCCAGGGCCAAGGECCCEGEGET GAAGCCAGGACAGACGT GCAGCGT GGCCGECT GCGEGAGG
GACTCCACGGACACCTACCCT GACACACTACAGGAGGT AAAGCT GATCGT GCAGGAGGATCAAAAGT GT GAGGCCTACT TACGCAACT TTTATAACCGCGCCATCCAGCT G
TGT GTGEGGGACCCAAAGACAAAGAAACGCTTCCTTTCAJH 629] GGGGACT CGEEGEGECCCTCTCGT GTGT GACAAT GT GGCCCAGGGCATTGTCTCTTATGGAAAAAGAG
ATGGATCAACT CCACGGGCCTTCACCAAAGT CTCAAGT TTCCTGCCCT GGATAAAGAAAACCAT GAAAAGCCT CTGACT GCAGGAACCAGACCCT CTTCCCTGEEECTGAT
CCAGAATCACACT GCAGGGT TEEGEGEGT GCCCACAGCTCAATAAATGT CTCTCAGCAGAGCTC

Granzyme B Start Stop Length Splice sites Codigipn| UTR
Ori Chromosome Length Start Stop
Exonl | Rev| 1 147 21 34986649 34986595 55 1 55 92| 34986741 34986650
Intronl GTGAG| TTCAG
Exon2 | Rev| 148 29% 21 34985351 34985204 148 56 3 20
Intron 2 GTGAG| CACAG
Exon3 | Rev| 296 431 21 34984717 34984%82 136 20439 3
Intron 3 GTAAA| CACAG
Exon4 | Rev| 432 689 21 34984384 34984127 258 34097 5
Intron 4 GTGAG| CTCAG
Exon5 | Rev| 690 929 201 34983497 34983354 144 50841 7 96 34983353 34983258

Gene B is reverse strand and locates in Chromo24dmg4,986,741-34,983,258. One transcript in teisegwhich consists of 5 exons has
been identified and the length of cDNA and aminidl & 929bp and 246residues, respectively

(d). Granzyme H: Full length nucleotide sequence:



CTGCGAAGGAAGAAACCCCAGCAGCT CTGACCT GGCCAAATCTTCT GGAAGATGCAGCTACT CCTGCTCCTGATGECCTTTCTTCTGCCT CCTGGCECTGCGAGAJH 1022] C
CTTTTCTTTCAGAGGAGAT CAT TGGEGEECCAT GAGGCCAAGCCCCACT CCCGCCCCTACATGCECTTTCGT TCAGT TTCT GGGT GAGAAGAGT TCGAAGAGGT GTGECEGTG
TTCTCATACAAAAAGACTTTGT TCTGACAGCTGCTCACT GCAGAGGAAF 529] CTCAATCAATGT CACCCT GGGGGECCCACAACAT CAAACAGCAGGAGAGGACCCAACA
GGTCATCCAGGT GAAAAGAGCCATCCACCACCCAGACTATAATCCTAAGACCTTCTCCAACGACATCATGT TACTGCAJ 201] CTGCGAGAGAAAGGCCAAGCAGACATCA
GCTGTGAAGCCCCTTAGT CTGCCCAAGGCCAAGGECCCAGGT GAAGCCAGGAGAAGT GT GCAGT CT GECCGGECT GEEEGAAGGT GECCCT GGGCACT CCAGCCACCACCCT G
CAGGAGGT AGAGCT GACGGT TCAGGAGGAT CGGGT GT GTGAAT CACT CAACCCCAGGAACT ACAGT CGEGCCACCCAGATTTGT GT CGGGGACCCAAGGAAGGT GAAAACC
GCCTTCAAF 379] GGTGACTCCGGT GGACCCCT CGTGTGTAAAAAAGT GGTCCATGGTATTTTCT CCTATGGAAAGACGAAT GGGACACCT CCAGGAGT CTTCACCCAGG
TCTCACACT TCCTACCCTGGATAAAGAGAACAAT GAAGCACCT CTAACAGCACGCT TGAGACTGATCT TTCTCTGCACT GACCAT TGT CCTGGGGECAGCAGCAAGAAT CCCA
CAGGGAT TGGCAGT GGGAT CACAGGGCCATAATAAAT GGGATCTCCAAAGC

Granzyme H Start Stop Length Splice sites Codigipn| UTR
Ori Chromosome Length Start Stop
Exonl | For| 1 104 21 34903703 349037156 54 1 54 50| 34903653 34903708
Intronl 1022 GTGAG TTCAG
Exon2 | For| 105 26% 21 34904779 34904939 161 55 5 211
Intron 2 529 GTGAG TGCAC
Exon3 | For| 266 401 21 34905469 34905604 136 21651 3
Intron 3 201 GCAAG | ATCAG
Exon4 | For| 402 659 21 34905806 34906063 25§ 35209 6
Intron 4 379 GTCAG CACAG
Exon5 | For| 660 918 21 34906443 34906%86 144 61053 7 115 34906587 34906701

Gene H is forward strand and locates in Chromosdin&4,903,653-34,906,701. One transcript in teisegwhich consists of 5 exons has
been identified and the length of cDNA and aminio &918bp and 250residues.



(e). Granzyme K: Full length nucleotide sequence:

CTTCCTTTGCCAATACAGT CAGACTATTTCATCTGGGCT TCTTAGATCTAAGCTACTAACATGACTAAGT TTTCTTCTTTTTTTCTATGT TTCCTACTAGCCGGGACTTAC
ATGACTCCAGAGT| 271] GTTTCAACAT GGAGAT TAT TGGAGGGAGAGAAGT GT CCCCT CACT CCAGGCCGT TTATGGCGT CCCT GCAGT ATGGCGGCGACCACATCTGCG
GGGGAGT GCTGATCCATCCTCAGT GGGT GCTCACAGCAGCCCACT GCCACTTGCH 6655] GTTTGCCAAAAGCCAGT CTTCCAAAGTGGT TTTAGGAGCACACTCTCTCT
CAAAGAAT GAGGCCT CCAAGCAAACAT TTGAGAT TAAAAAATTCATACGAT TCCCAGGAT TTGCATTAGCCCCT AAAT CAAACGATATTATGCTGGITAAG 771] CTTCA
CACGGCCGCAATACT CAACAGACAT GT CCAACT GCT CCACCCAAGGGCTAAAAAT GATAT TAAAGCT GGAACAAAAT GCCAGGT TGT TGGCT GGGGAGCCACT GACCCAGA
AGGCTTAAGCCT TTCTGATACCCT GCGAGAAGT CACT GTCACT GT TATAAGT CGAAAAACGT GCAACAGCCGAGAT TAT TACAACCACAGCCCT GT TATAACTAGAACCAT
GCTATGT GCAGGAGACGCCAGAGGCCAGAAGGATTCCTGTCAJF 1845] GGT GACTCAGGGGGECCCCT TGGT CTGCAAAGGT GCCT TTCATGCCTTAGT TTCTGGAGGTCC
CAAATGT GGT GATGCCAAGAAACCT GGAAT CTACATCCTACT AACCCGGAAAT TCCAAGCT TGGAT CAAAAGCAACT TGGCCCCAT CTCATGCAGACTAAGACTACAGATG
ATTTTCTTGGCTCTATCAGCTGCTTGTTTTCATTTTTGT TTCATTAATGTGT TCTACAGGCTAACT TATCTGCACAGGTACT TGAATGTAGT TAAAGT GGAGAACAGT CAA
GGTCCACTCCTGACCTGT TAGGACTGATTTTGT TGAGGAATCAAGT TCTTTTTCACATGTACCACTGATGTATTTCTTCTATGCTGCTTTTATTCTGAATAAAATTTAGAA
TAGACGAGT GTCTATTCATCT TATATGGAAATAAGATACAAAGAAT GATAT GT CCT GCAACT CAAT CTACAACCCCACAAAGT GCAAAAAGAT GAT TAAAAAAGACAGT TG
TGGCATCACCTTCAA

Granzyme K Start Stop Length Splice sites Codagion| UTR
Ori Chromosome Length Start Stop
Exonl | Rev| 1 124| 20 25737822 25737159 64 1 64 60 25737882 25737828
Intronl GTAAG| GGCAG
Exon2 | Rev| 125 272| 20 25737487 25737340 148 66 2 21
Intron 2 GTGAG| TTTAG
Exon3 | Rev| 273 423| 20 25730684 25730534 151 21363 3
Intron 3 GTATG| GTCAG
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Exon4 | Rev| 424 693| 2D 25729762 25729493 27( 36433 6

Intron 4 GTAAG| TCCAG

Exon5 | Rev| 694 1214 20 25727647 25727486 162 63495 359 2572748% 25727127

Gene K is reverse strand and locates in Chromog&im@5,737,882 to 25,727,127. One transcript ia ¢f@ne which consists of 5 exons

has been identified and the length of cDNA and anaicid is 1214bp and 264residues, respectively.

(f). Granzyme M: Full length nucleotide sequence:

-7 -6 -5-4-3-2-1+1

d yjAsnThr Phed uThrHi sl 1 el le@ ydy
AGAACCGT GGAGGECCCCCCAGAT CCAAGAT GCTGCT CCTGCT GGT GGT CCTGGAAGCT CTGT GGGCAT 3394] GAGGUAACACCT TCGAGACCCACAT CATCGGEGGTICG
AGACGCT GT CCCCCACT CACGCCCATACAT GGTCT CGCTGCAGAAGT CGTCT GGCTCACACCAAT GT GGT GGGGT GCTCCTGCACCAAAAT TGGGT GT TGACAGCTGCCCA
CTGCCTGACCCAGCC] 744] GACGCAGCAGCT GAGGCT TGT GCTGGGGCT TCAT GTGCT GGGAGAGAT CAGCCCTAT CTACCGCAT CAGGAAGGT GGTCCGGCACCCCGAA
TACAAGCCAGT CCCT CATCTGGAGAATGACCT CGCACTGCTAAAJ 160] CTGGACGGGAAGGT GAAGCCCAGCAGGACCAT CCAGCCCCT GGRCGT TGCCCCGAGGECGCC
AGAT GGT GGCCACAGGCACCCGGT GCAGCCT GGCCGGCT GEGGECCT GACCCACCAGCCT GGGAACCT GBCCAGGGT GCT GCAGGAGCT GGACGT GCATGT GT TGGACACCA
GGATGTGCAACAACAGT CGGT TCT GGCACGGCAACAT CAGCTCCCACAT GAT CT GCCT GGCAGCT GACT CCAAGAACCAGGCCCCCTGCAAG 402] GGGGACTCAGGAGG
GCCGGT GGT GTGCAAAAGAGGCCAAGT GGCTGGAATCCTGT CCT TCAGCT CTGAGAAT TGCACCGACAT CTTCAAACCCCCCGT GECT GTCGCT GTGGCCCCCTACATGCC
CTGGATCAAGAAGGT CCTCCGCCACAAT GGCTCACCTCCCT CACCT TGACCCT CCAGAGGT GGCCCT GAT TCTGT GT TCCAAGGGGECAT CCT GCAGCAGGGECAGCCAGEEG
CCAGGAT GTAT CAGGGGACCAATACACCATAATAAT AAAACT GCT TGAGCCT CCT GCAGGCCT TGGGCCT CGGGT TTGCCACCTACA

Granzyme M Start Stop Length Splice sites Codagion| UTR
Ori Chromosome Length Start Stop
Exonl | For| 1 68| 1 42307080 42307119 68 1 4( 28| 304@52| 42307079
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Intronl GTGAG| CCCAG

Exon2 | For| 69| 231 T 42310514 42310676 163 41 203

Intron 2 GTGAG| CCCAG

Exon3 | For| 232 367 T 42311421 42311356 136 204 9 33

Intron 3 GTGCT| TATAG

Exon4 | For| 368 631 T 42311717 42311980 264 340 3 60

Intron 4 GTGCGE CACAG

Exon5 | For| 632 954 ¥ 423123€|33 42312856 323 604 7 77149 42312557 42312705

Gene M is forward strand and locates in Chromosén#2,307,052 to 42,312,705. One transcript in gjeise which consists of 5 exons
has been identified and the length of cDNA and anaicid is 954bp and 258residues, respectively.

Red- 5’or 3’ untranslated region; Yellow- The lemgif the intron; Dark- A nucleotide codon encodesamino acid of catalytic triad

Vil



8.2 Appendix B- Comparison of bovine, human, murine and pig

nucleotide sequences

(a). Granzyme A

Bovi neGZNVA
HumanGZVA
Mur i neGZMA

Bovi neGZMA
HumanGZVA
Mur i ne&ZNVA

Bovi neGZNVA
HumanGZIVA
Muri neGZMA

Bovi neGZMA
HumanGZVA
Mur i neG&ZNVA

Bovi neGZNVA
HumanGZVA
Muri neGZMA

Bovi neGZMA
HumanGZIVA
Mur i neGZNVA

Bovi neGZNVA
HumanGZVA
Mur i neGZMA

Bovi neGZMA
HumanGZVA
Muri neGZNVA

Bovi neGZNVA
HumanGZIVA
Muri neGZMA

Bovi neGZMA
HumanGZVA
Muri neGZNVA

1 11 21 31 41 51
ATGAGGAACT CCTCTACCTT TCTGGCAGOC ACTCTCTCAA TTGTOGTTTT TCTCCT--- A
.......... AGA. .......T.. T........G.........C..... . T
......... G.....GGTCCCG.GXCAT...TGT. C.C.C T..GCTT
61 71 81 91 101 111
ATTCCTGAAG ATCTCTGTGA AAAAATTATT GGAGGAAATC AAGTGACTCC TCATTCAAGA
.......... G G A
.......... GAGG ..... ..G..C.. ... 'GCACG.TGT c.
121 131 141 151 161 171
COCTACATGG TGCTACTT- - - - - - GATGGG GGAAACATCT GTGCOGGAGC TTTGATTGCC
.......... C.....AGTCIT..CAAAA .C..... T..G. ... A
G.T cT... ... AA ACTTAG TCA AAT.C. . ... T..C. o AA
181 191 201 211 221 231
AAAGACTGGG TATTGACTGC AGCTCACTGT TOCCTGAACC AGAAATCCCA GATCATTCTT
.......... G U MAT.. . AAG.... .G.......
GA ... G T..C..... AAG.GAA ... G..TA .T... ...
241 251 261 271 281 291
GGGGCOCACT CAAGAAACAA GGAAGAGCCT GAAAAACAGA TTATGTTTGT TAAGAAAGAG
..... T.. T..C.G....... .. AAC ... A..Coor .
..... T.. TC..T.. <<=, A...C..... AT..AC... ........CA
301 311 321 331 341 351
TTTCOCTATC CATGCTATGA COCGGACACA CATGAAGGCG ATCTTAAACT TCTAAAGCTG
.................... _AC &....T. .C....... . T..C....
.................... TGAAT. T G..G.G _AC. G.CG.. A
361 371 381 391 401 411
AACAAAAAAG CAACACTTAA TAAAAACGTG GCTATCCTTC AGCTOCCAAA AGAGGGCAAA
TG ... .. AA...C..TT .. A........ T..A.T.. .A...GGC
G G...CG..Tov oo, C.A.T.. .A...AGT
421 431 441 451 461 471
GATGTGGAAC CAGGAACTGC ATGTCGAGTT GCAGGGTGGG GACAGTTTTA CAATAATTCC
...... A.. ... . CATG.CA............. CAGACC .....GGA
...... A. ... . CAG...C....A.. .. A.. . GAGA..GG......G.A
481 491 501 511 521 531
CCTGTGT CCAAGATTTT GAGAGAAGTC AATGTCACCA TCATAGACAG AAAAATCTGCAAT
T..TG. ..GT.C.C .......... A G.......
G.CCC. .TGACC .ooovvo. CCA TG
541 551 561 571 581 591
GATCAAT CACACTATAA TTATAATCCT GTGATTGGAC TGAATATGAT TTGTGCTGGAAGE
GAAT........ T..C A G oo
G.AA .. ... ... TC.... AL A.C.... A . GGA
601 611 621 631 641 651



Bovi neGZVA CTCC‘AAG GTGGAAAAGA CTCCTGCCAT GGAGATTCTG GAAGCCCTCT GATATGTAAAGAC

HumanGzVA G o G.. o G A T. .T.G.CG G GT
Miri neGZMA ... GT. ....... G. ... A G.. ... C.ol. C. ... GT.GT
661 671 681 691 701 711
Bovi neGZMA ACTTTCA GAGGCATCAC TGOCTTTGGC ATTCOGGGGA GATGTGGAGA COCTOGAGEROCC
HumanGZMA  GT....C....GG... .T........ C..GAMAAT. A..C.... ...... T..... T
Miri neGZMA . T...GC .......... Cr.T..... - GAA. AG....... TG .. T....T
721 731 741 751 761 771
Bovi neGZMA GGOGTCT ATACACTTCT CTCAAAGAAA CACCTCAACT GGATAGTTAA GACTATGAAGCAA
HUMBNGZMA . T oo oo T e oo e oo e AT ... C..GG
Miri neGZMA .. T. ... TT.C GT . ool T . AAG . T ... aaT
781 791
Bovi neGZMA GCAGTTT AA
HumanGZMVA . ... ...
Mirine&ZMVA T.T..G
(b). Granzyme O
1 11 21 31 41 51
Bovi neGZMD ATGAATATTC CTTTTCCTTT CTCTTTTCCT CCTGCCATTT GTCTCCTTCT AATTCCTGGA
Pig&mO  ...GA ... .o T G...... G ... A o
61 71 81 91 101 111
Bovi neGZMO GITTTTCCAG TATOCTGCGA GGGAATTATA GGAGGAAATG AAGTGGCOCC TCACACAAGA
Pi gD oo T Coooee TA. C....... G
121 131 141 151 161 171
Bovi neGZMD CGCTACATGG CTCTAATCAA AGGGCTGAAA CTCTGTGCAG GGGCTTTAAT CAAAGAAAAC
Pl g&MO . ......... T TG e G G. o,
181 191 201 211 221 231
Bovi neGZMD TGGGTGTTGA CAGOCGCTCA TTGTGACCTG AAGGGCAATC CTCAAGTTAT TCTTGGGACC
Pig&NMD  .......... T Coottl A ... Coo A .
241 251 261 271 281 291
Bovi neGZMD CACTCTACAT CCCATAAAGA GAAACTTGAC CAAGTATTTT CCATTAAAAA GGCAATTCOC
Pig@ND oo e CTA s GAC e T
301 311 321 331 341 351
Bovi neGZMO TACCCATGCT TTGATCCACA GACATTTGAA GGGGATCTTC AACTACTTCA GCTGGAAGGT
Pig@nD  ..T..... T GG
361 371 381 391 401 411
Bovi neGZMO AAAGCAACTA TGACCAAAGC TGTAGGAATA CTTCAGCTAC CAAGAACAGA AGACGATGTC
Pi GO oo e AL CAC...G.AA.....
481 491 501 511 521 531
Bovi neGZMD AAACCCCACA CCAAGTGTCA TGTGGCAGGA TGGGGAAGCA CCAAAAAAGA CGCATGTCAA
Pig@ND Gt oo G..... T.G.CA.
541 551 561 571 581 591

Bovi neGZMDO ATGTCTAATG CCTTGAGAGA
Pi g&Zn0 T.OALCA ...,

AGCCAACGTT ACAGTGATAG ATAGGAAAAT ATGCAATGAT
T AL T .CA.... G.......



601

611

621

Bovi neGZMO GCOCAGCACT ATAATTTTAA TCCAGTTATT

Pi gGznD

661

671

681

Bovi neGZMDO AAAGGTGAAG ATGATTCATG TGAAGGGGAT

Pi gGznD

721

731

741

Bovi neGZMO TTCAGAGGTG TCACTTCCTT TGGCAAGTGT

Pi gGzrD

781

791

801

Bovi neGZMO CTCCTTACCA AAAAACACCT CAACTGGATA

Pi gGzrD

(c). Granzyme B

Bovi neGZMB /

HumanGZvVB
Mur i neGZMB

Bovi ne&ZMB /

HumanGZvVB
Muri neGZMB

Bovi neGZMB '

HumanGZVB

Mur i neGZMB Iy

Bovi ne&ZMB /

HumanGZvVB

Miri neGZMB . .

Bovi neGZMB '

HumanGZVB
Mur i ne&ZMB

Bovi neGZMB /

HumanGZvVB
Mur i ne&ZMB

Bovi ne&ZMB
HumanGZVB
Muri neGZMB

Bovi neGZMB
HumanGZvVB
Muri neG&ZMB

361
ACATCAGCTG
. CAG....
TAG ...

421

131

ATGTCCAGAG 1

.GICT.T..A
. GCCTG. . GC

191

ACTGCAACGG

371

TGAAGCCCCT

431

321

381

441

631

641

651

GATCTCAGTA TGATCTGTGC TGGTGGTAGA

.C.TG..

691

701

711

TCTGGAAGTC CTCTGATATG TGATAATGIT

331

C..CC&C..

391

451

ACGTGCAGOG TGGCOGGCTG GGGG - - AGG GACTCCACGG

....CAG C
... AAGG T.

.C.C.CT..
.CCAT..

761

AGAAGCCTGG

821

461

G.AA .. T.

771

CATCTACATC

831

111

TCTTCAGTAC
... AT. AT.
A .. TC AT.

171

471



Bovi neGZMB '

HumanGZvVB

Muri ne&ZMB . .

Bovi ne&ZMB

HumanGZMVB

Muri neGZMB

Bovi neGZMB '

HumanGZvVB
Mur i neGZMB

Bovi ne&ZMB
HumanGZVB
Muri neGZMB

Bovi neGZMB /

HumanGZMVB
Mur i neGZMB

(d). Granzyme H

Bovi neGZWVH
HumanGZIVH

Bovi neGZIVH
HumanGZIVH

Bovi neGZIVH
HumanGZIVH

Bovi neGZMVH
HumanGZIVH

Bovi neGZMVH '

HumanGZIVH

Bovi neGZMVH
HumanGZIVH

Bovi neGZIVH
HumanGZIVH

Bovi neGZIVH

HumanGZIVH

1

ATGCAGCTAC 1
....... cT.. ..

61

TCTTTCAGA

121

TTTCGITCAG

181

AGACTTTGTT

301
CCACCCAGAC
.. T....C
361

AAAGGCCAAG

71

131

TTTCTGEGTG

...... CAA.

191

CTGACAGCTG ¢

251

AAACAGCAGG

.GGA ...
311

TATAATCCTA

371

CAGACATCAG ¢

TG ..CA ..

321

AGACCTTCTC
AL

381

511

CAARAGTGTG
G..... C

271

ACAGGTCATC ¢

G..T.T...

331

391

CCTTAGICTG
T..C..G.A

451
CTGGGGGAAG
...... TT. T

521
AGGCCTACTT
AT TG ...
581

CAAAGAAAGC
TT..A .GA
.C . ACGT. .

641

221

ATCAATGTCA ¢

341

401

CCCAAGGCCA

.. T. GCAG. .

461

GIGGCCCTGG

..CT.AA LA

531
ACGCAACTTT
. CTA
TAAA . TCG
591
TTOCTTTCA
....... A .
651

CTCTTATGGA



481 491 501 511 521 531

Bovi neGZNMH CACCACCCTG CAGGAGGTAG AGCTGACGGT TCAGGAGGAT OGGGTGTGTG AATCACTCAA

HUMBNGZMH A, . ... A .. ... A.GTT...... A.G..A. .CT.CCA.... . CGT... TT
541 551 561 571 581 591

Bovi neGZMH CCOCAGGAAC TACAGTOGGG CCACOCAGAT TTGTGTCGGG GACCCAAGGA AGGTGAAAAC

HUMBNGZMH . ATG C.. T ..... CAA ...TG... ...... G.. ..T....A. . ACAC.G.
601 611 621 631 641 651

Bovi neGZMH CGGCTTCAAG GGTGACTCCG GTGGACCCCT CGTGTGTAAA AAAGTGGTCC ATGGTATTTT

HUMBNGZMH ... T.... .. G .. G.G..r GGC.AC. .A..... C
661 671 681 691 701 711

Bovi neGZMH CTCCTATGGA AAGACGAATG GGACACCTCC AGGAGTCTTC ACCCAGGTCT CACACTTCCT

HUMBNGZMH .. ... CCAA LA T A T A .
721 731 741 751

Bovi neGZNMH ACCCTGGATA AAGAGAACAA TGAAGCACCT CTAA

(e). Granzyme K

1 11 21 31 41 51

Bovi neGZMK ATGACTAAGT TTTCTTCTTT TTTTCTATGT TTCCTACTAG COGGGACTTA CATGACTCCA

HUMBNGZVK oo v oo o C...C..GT. ...... A.. TT...G... T....... AT

MiIri neGZNK .. -<-. G . ..o AGGXL..GT. .C..GGG .T..CGT... T...T..T..
61 71 81 91 101 111

Bovi neGZMK GAGTGTTTCA ACATGGAGAT TATTGGAGGEG AGAGAAGTGT COCCTCACTC CAGGOCGTTT

HumenGzZMK . T. . ...... T A A A T ... A .

Miri neGZMK . ... ... .. C.T.CT..A . oo . G....CCAG.G.T.. ...... A .
121 131 141 151 161 171

Bovi neGZMK ATGGCGTCCC TGCAGTATGG CGGCGACCAC ATCTGOGEGG GAGTGCTGAT CCATCCTCAG

HUManGzZMK . . . .. C..A.C....... . ACT... GT..T..A_.T..T..... TG...A ..

Miri neGZVK . .. ... A.C.. .. o< A.AG.T. T.T..A ....C... .. C.A.
181 191 201 211 221 231

Bovi neGZMK TGGGTGCTCA CAGCAGOCCA CTGCCACTTG CGGTTTGOCA AAAGCCAGTC TTCCAAAGTG

HumenGzMK . . . ... .. G AAT ...... A.. ..G..... .C...CT..

Miri neGZMK . ... . ... A ....C.. .. T..CTT.. .. C..GG...C. .C..CC..
241 251 261 271 281 201

Bovi neGZMK GTTTTAGGAG CACACTCTCT CTCAAAGAAT GAGGOCTCCA AGCAAACATT TGAGATTAAA

HUMenGZMK . . ... . .. Coo A C G....C

Miri neGZNK - oo T T..C..... CATG .G AL
301 311 321 331 341 351

Bovi neGZMK AAATTCATAC GATTCOCAGG ATTTGCATTA GCOCCTAAAT CAAACGATAT TATGCTGGTT

HUManGZMK . . . . . T....C..T..A_.G.A..C. .AT...C.. ....T..... C... ... ..

MirineGZMK .. G....C. C....T..C. .C..CAGCC .GIT.CGC.. .GC.T..C.. C...... A A
361 371 381 391 401 411

Bovi neGZMK AAGCTTCACA CGGCCGCAAT ACTCAACAGA CATGTCCAAC TGCTCCACCC AAGGGCTAAA

HUMenGzZMK . . ... . .. A A...... AL ... TA ...... AGA .. ... .. AT ... AT.C..

Miri neGZNK . .. G. T.T..GA...A...AGA .. ... T ... TGGATC..



Bovi neGZMK AATGATATTA AAGCTGGAAC AAAATGCCAG GTTGTTGGCT

HumanGZIMK

Muri ne&ZW . .

Bovi neGZMK '
Human GZIVK
Mir i neGZMK

Bovi neGZMK TGCAACAGCC

HumanGZIMK

Muri ne&ZW . .

Bovi neGZMK '
Human&ZWK .
Miri ne&ZMW .

Bovi ne&ZMK AAAGGTGCCT

HumanGZIMK
Miri ne&ZMW .

Bovi neGZMK
Human GZIVK
Mur i neGZMK

7

81

Bovi neGZMK TCTCATGCAG
Human&ZMWK C. .. ..

Miri ne&ZMW . .

(f). Granzyme M

1

Bovi neGZM ATG - - - - CT

HumanGZMMV

Muri ne&ZW . .. GAGGT. .

6

Bovi neGZMM AACACCTTCG

1

Humen&ZwWM .G T....T.
Murine&ZW ....GA . T.

1

Bovi neGZMM ATGGTCTCGC
...C.
...C.

HumanGZMMV
Miri neGZMM .

1

Bovi neGZMM AATTGGGTGT 1

HumanGZVM

21

81

A
.T.

Mirine&ZW ..G.... A

241

Bovi neG&ZWMM CTGGGGECT- -

HumanGZMMV

491

551

GAGATTATTA

A AG..C..
A ACC. . C..

611

731

TOCTACTAAC

CG..T....

791
ACTAA

T.G

GGGGAGOCAC TGACCCAGAA

C..... A. . AC ... c.T..... T
c.. GAC..... ... A CAG... .T
501 511 521 531
OCTGOGAGAA GTCACTGTCA CTGITATAAG TCGAAAAACG
.................. T. ....CC.... .......CIT

AL T .CAC.. .. AL ce
561 571 581 591
CAACCACAGC CCTGTTATAA CTAGAACCAT GCTATGTGCA

GG ...T....C. .CAGA.. .GC.....
........ AA . CAGA .. A
621 631 641 651
GGATTCCTGT CAGGGTGACT CAGGGGGCCC CTTGGTCTGC
.......... A AT
......... CA. oo TT T A
681 691 701 711
AGTTTCTGGA GGTCCCAAAT GTGGTGATGC CAAGAAACCT
..C..... CATG .. ... ... T... .CA.G.

C...CAG..CTAT.... CATC A.G.
741 751 761 771
CCGGAAATTC CAAGCTTGGA TCAAAAGCAA CTTGGOCCCA
AL A L GA CT.T...G
TAA .. A . GAC ... ... @ T
21 31 2 51

- CTCCTGCTG GTGGTCOCTGG AAGCTCTGTG GGCAGGAGGC

A.G..G. C..C.... &G . C - .- LT
G.G.A.. C..C...A..AA.... ..... C..
81 91 101 111
CATCGGEGEEGET CGAGACGCT G TCCCCCACT C ACGCCCATAC
......... C.G.GTAA .......... G....G

B G.A G C........
141 151 161 171
GTCTGGCTCA.CACCAATGTG.GTGGCETGCT CCTGCACCAA
--AL L c....TG.C .G.T..C. GG..... C.
--.CAAG . C .. TGIG G.A.C. TG...T.GG
201 211 221 231
CCACTGCCTG ACCCAGCCGA CGCAGCAGCT GAGECTTGIG
.......... G.....G. T.G&C..... ......G.
.......... T.TG . CTA ..AC AL G
261 271 281 291

TGTGCTGGGA GAGATCAGCC CTATCTACOG CATCAGGAAG
CACC....AC AGCC.GT. TC.C..T..A

\



MurineGZMM . . T.. C.. GC ACAACCTC. .
301 311

Bovi neGZMM GT(ETCCGGC ACCCCGAATA

Human&ZWM . CCA. . . A.. .. TCGC. .

Muri neGZMM . CCA. TAAA, .T.GC..
361 371

Bovi neGZMM AAGCTGGACG GGAAGGTGAA

Bovi neGZMM CGCCAG- - - A TGGTGGCCAC

HumanGZwW ... ... ---G L AG

Miri neGZMM . C. . GATCC. A CC...AGA ...

481 491

Bovi neGZMM CAGOCTGGGA ACCTGGOCAG

Humen&ZwW ... GCGC. .
Muri ne&ZwW ... GG ..

.CG...T..C
.CC.G.....

541 551
Bovi neGZMM ATGTGCAACA ACAGTCGGTT

..C.C.
.C..C.

HumanGZMM .. C....... .G
Muri ne&ZwW . . ..

661 671

HumanGZMM . A . ... GG .. TTG . CA

721 731
Bovi neGZMM AAACCCOCCG TGGCTGTCGC
HUMBNGZM .. G . T.... ....CAC .
Miri neGZMW .. G . A .T. ....CACT.

781 791

.AT..CCA. ..TCCTG ..

321 331

CAAGCCAGIC CCTCATCTGG

...... C.. ...G¢C...
. ACA. ATAT.

381 391

C-DCCAGCAGG ACCATCCAGC '

501 511

561 571
CTGGCACGGC AACATCAGCT
A ...TGT.C..TAG

621 631

TGTGEOCCOC TACATGCCCT «

801

TCC.T.TA ....

TGCATGTGTT

.C.A..C
.G...C

581

COCACATGAT ¢
GC.TCC

AG LG
AAG...C

Bovi neGZW CAC— AATGGEC TCACCTCCCT CACCTTGA
Human&ZMM .G -.TC... G -----moc ooen-
Miri neGZMM . GTGGCA C. CAA . TT. GGT. -

VI



8.3 Appendix C — Solutions and media

All reagents were obtained from Sigma (Poole, DetrddK) unless otherwise stated.
Double-distilled water (DDW) was sourced from a IMibre-RO 60 Plus unit
(Millipore, Billerica, MA, USA)

C.1 Alsever’s Solution 10x stock

e D-glucose aD§ (113.8mM)
» Citric acid 55¢g (2.9mM)

* Sodium chloride @2. (71.9mM)
* Tris-sodium citrate Di-hydrate 80.0 (27.2mM)

Made up to a volume of 1 L with DDW

Made up to 1x solution by filter sterilizing 0.1 dtock solution using 0.45 pum
Minisart single-use filter (Sartorius, Goettinggbermany) and adding to 0.9 L of
sterile DDW

C.2 Standard Culture Medium (SCM)
*  RPMI 1640 medium + 20mM HEPES + L-Glutamine (Gibeaijsley, UK)
* 10% Foetal bovine serum (Gibco, Paisley, UK)
e 100U/ml Penicillin, 20Qg/ml streptomycin, 292)/ml L-glutamine
« 5x10°M 2-Mercaptoethanol (2-ME)

C.3 FACS Medium
*  RPMI 1640 medium + 20mM HEPES + L-Glutamine (Gibeaijsley, UK)
e 2% Foetal bovine serum (Gibco, Paisley, UK)
*  0.2% Sodium Azide

C.4 Cytotoxic Medium

*  RPMI 1640 medium + 20mM HEPES + L-Glutamine (Gibeajsley, UK)

* 5% Foetal bovine serum (Gibco, Paisley, UK)
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C.5 SM-0005 PCR Buffer
«  45mM Tris-HCL (pH 8.8 at 25°C)
e 11mM Ammonium sulphate
e 4.5mM Magnesium chloride
e 0.113mg/ml Bovine serum albumin
e 4.4uM EDTA
* 1.0mM each of dATP, dCTP, dGTP and dTTP

Purchased from ABgene (Epsom, Surrey, UK)

C.6 Tris-acetate/EDTA electrophoresis buffer (TAE)50x stock

e Trizma base @42 (2Mm)
* Glacial acetic acid 5711m (2M)
« EDTA 100ml ob®4 solution (50mM)

pH adjusted to 7.7-8.0 with glacial acetic acideduired, make up to a volume of 1L
with distilled water

C.7 Loading Buffer for Agarose Gel Electrophoresis
e 15% wi/v Ficoll (Type 400) in DDW with bromophendub (0.25% v/v) and

xylene cyanol (0.25%) dyes

C.8 SOC medium

e Tryptone o

* Yeast Extract 59

e Sodium chloride 0.5g

» Potassium chloride 0.199
* Magnesium chloride 0.95¢g
e Glucose 3.69



pH adjusted to 7.0 with 5M sodium hydroxide, mageto a volume of 1 L with
DDW and autoclaved

C.9 Luria-Bertani (LB) Agar plates with ampicillin

+ Tryptone 10g
* Yeast extract 59
* Sodium chloride 10g
e Agar (01K}

pH adjusted to 7.0 with 5M sodium hydroxide, maketa a volume of 1L with
DDW and autoclaved

Upon use, LB agar was melted and ampicillin addedite a final concentration of
100ug/ml. The required amount of medium was poumed sterile Petri dished and
allowed to set and dry. If LB/ampicillin/IPTG/X-Gagblates were required for
blue/white colony selection, 100ul of 24mg/ml IPT@sopropyl B-D-1-
thiogalactopyranoside) and 50ul of 50mg/ml XGab(6mo-4-chloro-3-indolyB-D-
galactoside) in 50ul of SOC medium (Appendix C.&svapplied to the surface of
the medium and allowed to dry before applicatioarmy culture.

C.10 LB Medium

* Tryptone 10g
* Yeast extract 5g
e Sodium chloride 10g

pH adjusted to 7.0 with 5M sodium hydroxide, makgaa volume of 1L with
DDW and autoclaved

C.11 PBS/EDTA 10x stock

e Sodium chloride 40.0g
* Potassium chloride 1.0g
* Sodium phosphate, dibasic 5.75¢

» Potassium phosphate, monobasic 1.0g
« EDTA 12g



pH adjusted to 7.2 -7.4, made up to a volume ofra0@ith DDW.
Made up to 1x solution by filter sterilizing 100rstock solution using 0.45 pm

Minisart single-use filter (Sartorius, GoettingegBermany), adding to 900ml of
DDW and autoclaved

C. 12 Phosphate Buffered Saline (PBS)

e Sodium chloride 170.0mM
* Potassium chloride 3.4mM
* Sodium phosphate, dibasic 9.2mM

» Potassium phosphate, monobasic 1.8mM

pH adjusted to 6.8.

PBS tablets used according to manufacturer’'s pobihinipath LTD, Basingstoke,
Hampshire, UK)
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