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Preface

The disease caused by the apicomplexan protozoan parasite Theileria parva is typically lethal in cattle
mostly owned by resource poor small holder farmers, particularly pastoralists, in large regions of
eastern, central, and southern Africa. In order to develop an effective subunit vaccine against 7. parva,
it is important to bear in mind what such a candidate might be expected to achieve. Firstly, a subunit
vaccine must confer protection in genetically diverse out-bred cattle populations. Secondly, the vaccine
should render cattle immune to challenge by antigenically diverse parasite populations in the field. The
latter requirement must take into account that a wildlife reservoir of infection exists in cape buffalo
(Syncerus caffer) which is known to harbor 7. parva parasites of much higher antigenic diversity than
those maintained in cattle, and will frequently be present in co-grazed pastures, particularly in
pastoralist areas. The principal aim of this thesis is to elicit information about host and parasite
genotypes that contribute to immune responses to 7. parva and would therefore have practical
application in the identification of antigens for the development of subunit vaccines suitable for field

use in ECF endemic areas.

The thesis is structured into chapters. The first chapter is intended to justify the search for vaccine-
based solutions for control of the disease caused by 7. parva by highlighting the extent of the ECF
problem based on distribution of the disease and economic appraisals. Moreover, the chapter also
highlights the parasite's development in the tick vector, and the mechanism of invasion and clonal

expansion in the mammalian host target cells relevant to vaccination.

The second chapter addresses the limitations of measures presently available to control the disease
caused by 7. parva, as exemplified by increasing acaricide resistance, the practical difficulties of early

diagnosis for use of chemotherapeutics, and the logistical constraints to production and delivery of the
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live infection and treatment vaccination. In addition to presenting the case for subunit vaccination, the
chapter reviews the information available on the efficacy of current subunit vaccine candidates under

experimental and field conditions and identifies data gaps amenable to experimental investigation.

The third chapter leverages the progress in 'reverse vaccinology' to generate estimates of the relevance
of the extent of sequence diversity present within the bovine host immune surveillance genes as a
constraint to the development of effective cellular immunity in response to subunit vaccination against
T. parva infection. Within this broad theme, the main areas of focus included: (i) the utilization of next-
generation sequencing to identify novel allelic variants of class I MHC genes in distinct cattle breeds
residing in the ECF endemic areas, (ii) in silico characterization of the predicted functionality of cattle
class I MHC molecules and (iii) use of ex vivo techniques to infer the extent of functional divergence
among the class | MHC alleles expressed by the African native (Ankole) and exotic (Holstein) Bos

taurus cattle.

The fourth chapter is intended to provide a more detailed picture of the possible impacts of
heterologous parasite challenge on the protection afforded to cattle immunized using a defined 7. parva
sporozoite surface antigen recognized by neutralizing antibodies. A key epidemiological consideration
in this chapter is the fact that the disease in cattle is often perpetuated through spread from a wildlife
reservoir. The primary analysis in this chapter involved examining allelic variation, specifically length
polymorphisms and amino acid diversity in the closely juxtaposed B cell epitopes mapped to the
sporozoite surface antigen targeted by neutralizing antibodies. In addition, the chapter also seeks to
shed light on the mechanisms that underpin molecular evolution of the gene encoding the major

sporozoite surface protein.

vi
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The final chapter attempts to synthesize data on the influence of polymorphisms and selective pressures
on bovine adaptive immune response to 7. parva, using the findings from the result sections described
herein, supplemented with information from published research. The chapter reaches the conclusion
that the constraints to recombinant vaccine development for ECF control imposed by cattle class I
MHC diversity and the dynamic nature of parasite populations in the field may not be insurmountable

and makes two key recommendations.

vii






Introduction

1.0 Chapter 1: Introduction

1.1 The extent of the East Coast Fever problem: geographical scale and economic impact

East Coast Fever (ECF), caused by the apicomplexan protozoan parasite Theileria parva (T. parva), is
one of the most devastating animal health problems throughout a wide geographical region in eastern,
central, and southern Africa ranging from Sudan to South Africa in the north and south respectively
(Norval et al. 1992). At present, an estimated 28 million cattle in the region are at risk of the disease,
with the annual number of cattle deaths approximated at 1 million. These deaths occur within three
weeks of infection with the major cause of pathology until recently considered to be the dissemination
of parasitized lymphoblasts into lymphoid and non-lymphoid tissues (Irvin and Morrison 1987).
However, it has recently been discovered that tissue invasion by a subset of macrophages may also be
important in inducing pulmonary edema in the lungs (Fry et al. 2016). Lymphoproliferation of
parasitized cells is often exacerbated by non-specific cytolytic events provoked by infection. The three-
host tick Rhipicephalus appendiculatus, the major vector of the parasite is widely distributed
geographically (Norval et al. 1992, Minjauw and McLeod, 2003). Theileriosis can also be caused by
tick transmission from the wildlife reservoir, the African buffalo (Syncerus caffer), that can infect cattle
populations that share grazing pastures. The latter results in a different, but nonetheless highly
pathogenic clinical syndrome characterized by low schizont parasitosis and low piroplasm

parasitaemia, termed corridor disease (Neitz et al. 1955).

Most loss is incurred by pastoralists and other resource-poor farmers. An initial economic appraisal
placed the annual burden of ECF at approximately US$ 189 million (Mukhebi, 1992). This estimate
was derived from a number of measures including cattle mortality, reduced productivity, cost of
acaricides for tick control, and in a broader context the fact that the disease limits the introduction into
Africa of the more productive European breeds. This has recently been increased to US$ 300 million

(McLeod and Kristjanson, 1999).
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1.2 Development of 7. parva parasites and the disease process

1.2.1 Haploid mammalian life cycle stages

The development of inflammatory reactions at the attachment site of feeding Rhipicephalus
appendiculatus ticks coincides with the inoculation of tick-derived sporozoites into the mammalian
host. Subsequent to their injection, the sporozoites rapidly invade bovine lymphocytes (Fawcett et al.
1982). As opposed to the more typical development of apicomplexan parasites within membrane-bound
parasitophorous vacuoles, the contents of the rhoptries and microspheres of 7. parva sporozoites have
been implicated in the dissolution of the enveloping host endosomal cell membrane after invasion
(Andrews et al. 1991). Within the cytosol of the leukocyte, further sporozoite development results into
multinucleate schizonts, a stage which is associated with cancer-like transformation of the infected cell
(Dobbelaere et al. 1999). The parasite's multiplication strategy at this stage involves associating with
the host cell mitotic spindle apparatus during cell division ensuring that the infection is inherited by

daughter cells (Hulliger et al. 1964).

This clonal expansion results in a distinctive pattern of pathology involving dissemination of
parasitized cells via lymph and blood throughout the lymphoid system and to other tissues, notably the
lungs and gut mucosa (Fry et al. 2016). Within the lymphoid tissues, the outcome is extensive depletion
of lymphocytes attributable both to the lysis of infected and uninfected cells and invasion of bone
marrow with proliferating lymphoblasts. Within the non-lymphoid systems, organ dysfunction in
diseased animals provoked by infection is a well-recognized pathological feature. Further
differentiation is possible within approximately two weeks of infection, during which a proportion of
the schizonts differentiate into merozoites which are released following rupture of the infected
lymphocytes (Shaw et al. 1995). The merozoites invade red blood cells to give rise to the tick infective

intraerythrocytic piroplasm stage (Mehlhorn et al. 1984).
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1.2.2 Transient diploid life cycle in the tick gut

Feeding ticks ingest piroplasm-infected RBCs which lyse in the tick gut liberating the piroplams and
commencing gametogenesis (Mehlhorn et al, 1984). Morphologically distinct gametes fuse to form a
diploid zygote which takes residence in the cells of the gut epithelium. The results of subsequent
development are motile kinetes capable of migrating through the haemocoel to the salivary glands and
invading the acinar cells (Walker et al, 1990). The life cycle is completed by the development of a
syncytial sporont, from kinete precussors, which differentiate into a sporoblast (Fawcett et al, 1985).
Stimuli received when a tick attaches to a mammalian host have been shown to be essential for the
formation of multiple sporozoites from the sporoblast and their subsequent release into the acinar duct
in preparation for inoculation. The life cycle stages of 7. parva in both the mammalian host and the tick

vector are shown in Figure 1.
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Literature review and study objectives

2.0 Chapter 2: Literature review - Research milestones with impact on ECF control

2.1 ECF control: limitations of available control options

2.1.1 Acaricides and chemotherapy

Throughout the endemic areas, control of ECF has for the most part relied on the application of
acaricides to limit infestation with the tick, R. appendiculatus. The key issue is the extent to which
acaricides are sustainable. Acaricides cannot be continually applied with effectiveness in the long term
due to practical limitations imposed by: (i) increasing incidence of acaricide resistance, with each new
product released having a shorter effective commercial lifespan, (ii) environmental pollution concerns
including the possibility of pesticide residues ending up in the food chain (George et al. 2008), and (iii)
the need to apply acaricides regularly over prolonged periods to be effective and the lack of public
sector support for the finance required for extended applications, as exemplified by the high numbers of
non-operational dipping facilities, particularly in pastoral systems. As regards drug therapy, the cost of
available theilericidal compounds makes them too expensive for the majority of resource poor small-
holder farmers. Additional constraints to chemotherapy derive from the need to dispense drugs at the
early stages of clinical disease leading to the requirement for early diagnosis, which is difficult using
serology. This is due to the kinetics of the antibody response, which typically results in a scenario in

which animals may die, before sero-diagnosis can be confirmed.

2.1.2 Immunization with live sporozoites and a long acting formulation of tetracycline

For the reasons outlined above, it is not surprising that priority has been given to pursuing vaccination
as a more sustainable control tool. Efforts to date have focused on field use of a live vaccination regime
termed infection and treatment (ITM). To confer broad protection against multiple 7. parva stocks in
the field, ITM is administered by subcutaneous injection of a composite of three live 7. parva stocks as
sporozoite stabilates combined with concurrent oxytetracycline prophylaxis (Radley et al. 1975a).

Adoption of this vaccination strategy was made possible by research that permitted harvesting and
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cryopreservation of 7. parva sporozoites as homogenized whole infected ticks that are stored in liquid

nitrogen (Patel et al. 2016).

Given the documented diverse genetic and antigenic composition of parasite and vector populations in
the field, the efficacy of the ITM vaccine is a product of complex interaction between genetic diversity
of the immunizing stocks and field tick challenge. At present, the standard formulation incorporates
three selected parasite isolates (Serengeti- transformed, Kiambu 5, and Muguga), termed the ‘Muguga
cocktail’, that was originally shown to confer protection against experimental challenge with a range of
heterologous isolates (Radley et al. 1975b). This cocktail has been extensively tested in the field,
mainly in Tanzania (D1 Giulio et al. 2009). Additionally, experience from different regions within ECF
endemic areas of Africa has demonstrated that it is effective, in some situations where the parasite
populations may be antigenically more homogeneous, to use local stocks for ITM immunization
(Geysen et al. 1999). This is exemplified by the use of the Katete and Boleni stocks in North East

Zambia and Zimbabwe respectively.

ITM immunization has been widely deployed in pastoralist regions in Tanzania and this has stimulated
demand in pastoralist regions in Southern Kenya. However there are constraints that may limit wider
scale out of this control method (Morrison and McKeever, 2006). Challenges include the complexity of
vaccine production requiring passage of sporozoite batches through feeding large numbers of nymphal
ticks on infected cattle, a procedure that carries with it the risk of contamination with other bovine
pathogens. This implies that quality control is problematic and often involves extensive cattle
inoculation tests to evaluate efficacy as well as determining the optimum dose in titration studies (Patel
et al. 2016). To induce effective immunity, the vaccine needs to remain viable during storage as a

cryopreserved stabilate and cattle must be inoculated shortly after thawing. The cold chain requirement
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for the storage and delivery of the vaccine means that liquid nitrogen must constantly be available,
although linking into artificial insemination programs mitigates this constraint in some areas. The
requirement for the simultaneous administration of oxytetracycline results in a high price of between 8—
12 US dollars per calf for a dose of the vaccine in pastoralist systems where there are economies of

scale.

Other concerns about ITM deployment include problems with consumer and regulatory acceptance
stemming from the perception that inoculation with live parasites carries the potential risk of
transmission of ‘foreign’ parasites into areas previously free of them. In practice, although this
perception of transfer of parasites into field ticks and subsequently un-vaccinated cattle has been
demonstrated to be correct (Oura et al. 2007), it does not pose a serious problem due to the diversity of
T. parva in the field and occurrence of sexual recombination in the tick (Henson et al. 2012). The
constraints discussed above have provided impetus for the development of subunit vaccines that are

designed to mimic the protection afforded to cattle by live immunization.

2.2 The efficacy of subunit vaccine candidates under experimental and field conditions: data gaps

and areas of uncertainty

In studies of bovine immune responses to the 7. parva, extensive research has shown that experimental
subunit vaccination can be achieved by targeting two life-cycle stages. The sporozoite, the first of two
stages, is injected into cattle by infected ticks and is exposed to humoral immune responses directed
against the surface antigens. The considerations for designing a subunit vaccine which targets the
intracellular schizont are different from those targeting the sporozoite stage. The most striking of these
differences stems from the fact that schizonts replicate within, and in synchrony with, the infected cells

inducing cancer-like immortalization of bovine lymphocytes. It thus follows that cell-mediated, as
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opposed to humoral immunity is essential for resolution of schizont parasitosis. Two experimental anti-
pathogen subunit vaccines at different stages of development are available for ECF. One based on
schizont antigens that are the target of CD8" T-cell responses in cattle immunized using infection and
treatment (Graham et al. 2006). The second is based on the sporozoite stage (Musoke at al. 1992) that
was consistently effective in inducing 70% protection in the laboratory, but achieved limited efficacy
under field tick challenge (Musoke at al. 2005). The research milestones that have underpinned the
identification and testing of the protective activity of these candidate subunit vaccines, as well as the
necessary further work to achieve a vaccine with adequate efficacy and coverage in an outbred cattle

population are outlined below.

2.2.1 Peptides derived from schizont antigens complexed with cattle class I MHC induce
protective CD8" T-cell responses

The basis of natural immunity induced by delivery of sporozoites from 7. parva-infected ticks in the
field is less certain. However, information available from cattle that are immune as a result of ITM
vaccination demonstrates the possibility of inducing long-term protective immunity artificially. A
number of findings from research devoted to exploring the requirements for the induction of this
protective immunity have reached the conclusion that class I MHC restricted cytotoxic T cells (CTLs)
specific for schizont-infected lymphocytes are the main effectors (McKeever et al. 1994). The most
compelling data in support of this conclusion was the demonstration that adoptive transfer of CD8"
enriched T cells between 7. parva immune and its naive identical twin calve can protect against
challenge (McKeever et al. 1994). By contrast, transfer of schizont specific antibodies from immune to
naive cattle fails to confer protection from challenge. These experimental observations, coupled with
strong correlational evidence of links between strain specificity of CD8" T-cell line with the outcome
of cross-protection experiments (Taracha et al. 1995), indicate that antigens recognized by 7. parva-

specific CD8" T-cells represent promising candidates for the development of subunit vaccines.
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Through analysis of the 7. parva genome, it is now clear that the majority of the 4000 annotated
protein-encoding genes in the 7. parva genome are transcribed in the intralymphocytic schizont stage
(Gardner et al, 2005, Bishop et al. 2005), although there has been little proteomics work to confirm
this. The main methodological challenge to the design of subunit vaccine has been how to
systematically identify candidate vaccine antigens within this large predicted schizont proteome.
Studies to date have generally taken one of two approaches to the discovery of immunogenic targets.
The more labor intensive of these approaches relies on the use of CD8" T-cells from 7. parva-immune
cattle to screen antigen-presenting cells co-transfected with class I MHC heavy chain cDNAs and
parasite cDNA libraries prepared from purified schizonts (Graham et al. 2006). Candidates are initially
identified on the basis of IFN-y release as assessed using ELISpot, and subsequently validated using
cytolytic assays based on measurement of chromium release from 7. parva infected bovine
lymphocytes that are recognized by CD8" T-cell lines. The parasite specific CDS" T-cells used in these
studies recognized multiple distinct antigens distributed across the genome and these have been
designated Tpl1-Tp8 (Graham et al. 2006). Only six of these eight antigens were ultimately validated as
candidates, but the nomenclature is based on the initial screens. A vaccination trial was subsequently
performed to investigate the efficacies of a number of these antigens. These experiments involved
immunization of 24 cattle and reported a degree of immunity to needle challenge with 7. parva
sporozoite stabilates in 30% of the vaccinates (Graham et al. 2006). Additionally there was a degree of
correlation of the level of protection with induction of cytolytic responses, although most antigens were
positive according to ELISpot (Graham et al. 2006). Subsequently, similar methodologies have been
used to identify additional 7. parva candidate antigens (MacHugh et al. 2009). Although the basis for
the observed level of protection is not fully understood, studies of the immune responses induced
following vaccination suggests that cattle of different class I MHC genotypes tend to recognize

different 7. parva antigens (Graham et al, 2008).
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The second approach follows directly from the findings of the first and is intended to expedite vaccine
candidate identification by in silico characterization of the functionality of cattle class I MHC
molecules (reviewed by Nene et al. 2012). Termed 'reverse vaccinology', the validity of this approach
will be demonstrated by concordance between CD8" T-cell epitopes predicted by machine learning
algorithms and those identified by screening expressed parasite cDNA with specific CD8" T-cell lines
(Hansen et al. 2014, Nene et al. 2012). Antigens identified using such predictions can be further
assessed for their suitability for inclusion in subunit vaccines based on recognition by cytokine-
secreting or tetramer-positive T cell populations (Nene et al. 2012, Svitek et al. 2014, Hansen et al.
2014). The ultimate test will then be to evaluate candidate antigens in vivo in cattle using defined

delivery systems, such as adenovirus priming and modified vaccinia virus (MVA) boosting.

Several concerns relating to the schizont antigen vaccine development approach are presented by the
complexity of the expressed cattle class | MHC loci and require attention to ensure that any predicted
candidate vaccine antigens offer sufficient coverage and efficacy (Ellis, 2004). For example, in contrast
to humans that have a fixed complement of three classical loci, six loci are available for transcription in
cattle, MHC gene content varies between haplotypes and most importantly currently available data,
albeit limited, strongly suggests that different cattle breeds often carry distinct alleles (Robinson et al.

2013). Based on the information documented in the FAO cattle database http://dad.fao.org/, 211 cattle

‘breeds’ are resident in the ECF endemic regions in eastern, central and southern Africa. Whereas there
has been extensive work carried out in European Bos taurus cattle (Holstein/Friesian) to investigate the
extent of class I MHC allelic polymorphisms, the expressed class I MHC sequences from African
taurine ‘breeds’ have not yet been analyzed in detail. In the absence of such data, it is impossible to
make wide predictions using reverse vaccinology approaches regarding candidate epitopes/antigens

that may have widespread efficacy in outbred African cattle populations. Consequently, at present there
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are no credible estimates of the number of antigens/epitopes that may need to be incorporated in a
recombinant antigen cocktail vaccine that will be effective in the control of ECF in African native, as

well as introduced cattle populations in the field.

2.2.2 An experimental recombinant anti-sporozoite vaccine induces antibody based protection

Analysis of serological responses in cattle following experimental as well as natural 7. parva challenge
demonstrated that antibodies directed against sporozoite surface epitopes are capable of neutralizing
infectivity of sporozoites for bovine lymphocytes and can be protective (Dobbelaere et al. 1984).
Studies using a panel of neutralizing monoclonal antibodies (mAb) have demonstrated that a 67
kilodalton (p67) antigen expressed by 7. parva as a major component of the sporozoite surface, but not
demonstrated to be expressed as a protein in either schizont or piroplasm stages, represents a major
target of neutralizing antibodies. It has been demonstrated that vaccination with E. coli expressed
recombinant p67 invariably protects approximately 70% of immunized cattle from the development of
severe disease following needle challenge with 7. parva sporozoite stabilates, regardless of the
recombinant expression system used. Following this successful experimental proof of principle, a field
trial was carried out to monitor the effects of vaccination with p67 on situations where cattle were
exposed to infective ticks. The results confirmed that immunization with p67 provides some protection
to cattle against 7. parva infection in the field although the efficacy was low at approximately 45 %
(Musoke et al. 1992, Bishop et al 2003, Musoke et al. 2005). The reasons for the lower efficacy in field
situations are not yet clearly understood, but any heterogeneity in the field isolates of 7. parva could
make such an outcome particularly likely. In addition, a tick challenge is different to a stabilate
challenge in the route of sporozoite entry and association of a complex cocktail of immunomodulatory

and anti-inflammatory tick-derived molecules (reviewed by Nuttall and Labuda 2004).
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One scenario that could have a profound effect on p67 vaccine efficacy in cattle is if 7. parva challenge
is from buffalo-associated ticks. This is because in comparative genomics studies, it has become
apparent that the gene encoding p67 is conserved in all cattle-derived populations of the parasite, whilst
a limited degree of polymorphism is present in buffalo-derived isolates (Nene et al. 1996; Nene et al.
1999; Musoke et al. 2005). Consequently, one concern that deserves attention to permit deployment of
the p67 vaccine in areas where buffalo and cattle co-graze with any expectation of effectiveness is
whether 7. parva parasites that originate from buffalo, and capable of causing severe disease in co-
grazing cattle, contain diverse or invariant p67 genotypes. Importantly, it would be useful to obtain
information on the extent of B cell epitope polymorphism of the gene encoding p67 among field
isolates originating from cattle exposed to buffalo associated ticks. In additional to documenting 7.
parva p67 polymorphisms, there are clearly further lines of investigation, relating to the mechanisms
that generate and maintain the diversity, that need to be pursued to fully explore the potential of this

candidate vaccine in situations where the wildlife reservoir of infection persists in the environment.
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2.3 Study objectives

The principal aim of the research described in this thesis is to elicit information about host and parasite
genotypes that determine immune responses to 7. parva induced in infected cattle. Increased
knowledge of these factors would have practical applications in terms of the choice of antigens for the
development of subunit vaccines suitable for filed use throughout the ECF endemic areas. There is little
doubt that class I MHC restricted CTLs specific for schizont-infected lymphocytes are one important
category of effectors induced by ITM live immunization for control of 7. parva. However, it still
remains unclear whether the allelic diversity at the expressed classical class I MHC loci is consistent
between cattle breeds or whether the repertoire is broader than indicated by current databases and
publications. Consequently there is insufficient information to predict the likely influence of MHC
genotypes on the antigenic specificity of CD8" T-cell responses to T. parva particularly in African
cattle. This paucity of host genotype data defines the overarching goal of the first part of this thesis

whose specific objectives included:

1)  Generating the first detailed catalogue of expressed class I MHC sequences from an African
taurine ‘breed’ resident in the ECF endemic areas. It is important to note that in addition to being
outbred, breeds in the strict sense exemplified by Holstein/Friesian are rare in Africa because
most cattle represent an admixture of alleles derived from taurine and indicine lineages (Machugh

et al. 1997). This objective encompassed the following:

a) Generating amplicons corresponding to the peptide binding regions of the expressed class I
MHC sequences from an African taurine (Ankole cattle) using primers based on the most
conserved sequences present in all publicly available cattle class I sequence databases which are
additionally conserved between cattle and the relatively distantly related European Bison

(Babik et al. 2012).
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b) High throughput, deep coverage bidirectional sequencing of barcoded, clonally amplified and

multiplexed class I MHC peptide binding region-derived amplicons on the Roche 454 platform.

¢) Discriminating between true variants and artifactual 454 pyrosequences and discarding reads
categorized as mis-called variants by successive filtering algorithms. This is particularly
relevant given that errors inherent to amplification and ultra-deep pyrosequencing mean that the

potential for some reads to be artifactual is high.

2)  Molecular characterization of allelic variants at the class I MHC locus of an exotic European
domesticated Bos taurus (Holstein) present in sub-saharan Africa by amplification of the

peptide binding region, plasmid sub-cloning of amplicons and chain termination sequencing.

3) Establishing the extent of the functional divergence between class I MHC 'haplotypes' expressed
in the African native (Ankole) and exotic (Holstein) Bos taurus resident in sub-Saharan Africa in
the context of assessing the influence of MHC genotypes on the antigenic specificity of CD8" T-

cell responses to 7. parva. To achieve this, the following sub-objectives can be identified:

a) Exploiting the large amount of currently available peptide-MHC binding data in machine
learning computational analysis that incorporates the complexities of peptide-MHC interaction

to reliably predict the peptide-binding repertoires of class | MHC alleles from the two 'breeds'.

b) Quantifying the predicted binding specificity distance between the expressed class I MHC
sequences from the African native and introduced Bos taurus cattle and incorporating the
distance scores into a phylogenic clustering algorithm to investigate the extent to which the

repertoire of the predicted class I MHC peptide-binding motifs may overlap.
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¢) Serodiagnosis of T. parva in a field population of African taurines (Ankole) and application of
an IFNy release assay to evaluate the ability of PBMCs and purified CD8" T-cells from ELISA
seropositive Ankole cattle to recognize currently identified candidate 7. parva CD8" T-cell
target antigens. It is worthy of note that the candidate antigens were identified by using immune
bovine CD8" T-cell lines from both Holstein-Friesian, European Bos faurus and Boran B.

indicus cattle to screen expressed 7. parva cDNA libraries.

4)  Codon-by-codon analysis of breed differentiated class | MHC allelic sequences to clarify what
processes may underpin selection primarily among amino acid positions that determine specificity

for antigenic peptide binding.

A second concern associated with 7. parva subunit vaccine development that deserves attention relates
to the fact that stocks of the parasite that are transmissible between cattle by ticks are not homogeneous
at many loci (Henson et al. 2012). This is exacerbated by the fact that a wildlife reservoir of infection
in African Cape buffalo (Syncerus caffer) is known to harbour parasites of much higher antigenic
diversity than those maintained in cattle often co-grazes with cattle. The stock heterogeneity is
exemplified by the gene encoding p67 which is conserved in all cattle-derived populations of the
parasite, although a limited degree of polymorphism is present in buffalo-derived isolates. It remains
unclear whether 7. parva parasites originating from buffalo, with diverse p67 genotypes, can infect and
cause severe disease in co-grazing cattle, in which case, immunisation with cattle derived recombinant
p67 may result in susceptibility to challenge with antigenically dissimilar (heterologous) isolates. To

provide clarity on these parasite genotype issues, the following objectives were set:
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1)  Characterization of heterogeneity in the p67 gene among field isolates of 7. parva originating
from cattle that were part of a field trial of ITM vaccines designed to evaluate protection afforded
to immunized animals that received 7. parva challenge from buffalo-associated ticks. The

objectives primarily involved the following:

a) Examining allelic variation, principally length polymorphism due to insertions and deletions
(indels), in the central region of the p67 gene. This is particularly relevant since available data
suggest that the gene encoding p67 is invariant among 7. parva parasites that are sustainably
transmitted between cattle by ticks and has a unique deletion not present in the vast majority of

genotypes present in buffalo.

b) Assessing the nature and extent of variation in the closely juxtaposed B cell epitopes that have

been mapped to the central region of the p67 protein among the field isolates.

2)  Shedding light on the mechanisms that underpin molecular evolution of the gene encoding p67,
the sporozoite surface protein that is the major target of neutralizing antibody activity and has
induced protection as a recombinant antigen. The in depth sub-objectives that are required to

deliver this objective are outlined below:

a) A preliminary reconstruction of the phylogenetic relationships between the p67 sequences using

a neighbor-joining (NJ) tree under the Jukes and Cantor model.

b) Selection of best-fit nucleotide substitution models for 7. parva p67 evolution by calculating the

likelihood scores of different models with varying sets of substitution rate parameters that are

capable of accommodating rate heterogeneity between sites
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¢)

d)

Exploration of maximum likelihood inferences of positive selection on the basis of a codon-by-
codon statistical analysis to determine the ratio of non-synonymous to synonymous

evolutionary changes across the p67 gene sequence dataset

Judging the possible influence of immunological selection in contributing to the evolution of
the p67 gene on the basis of whether the region of the gene encoding the B-cell epitopes has

undergone positive selection for sequence diversity.
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3.0 Chapter 3: Publication I

This chapter considers the extent to which recombinant subunit vaccine development for ECF control
based on induction of protective CD8" T-cell responses may be constrained by sequence diversity
present within the class I MHC loci of cattle. Given that the expressed class I MHC sequences of
African taurine cattle are yet to be analyzed in detail, this chapter reports on an initial study that
utilized amplicon-based pyrosequencing next generation sequencing (NGS) techniques combined

sophisticated processing algorithms to obtain reliable genotypes from Ankole cattle.

The 454 GS FLX platform run yielded a total of 172,681 reads (over 56 million bases) from 17 Ankole
cattle and after discarding reads categorized as being of insufficient quality by an initial set of filters,
966 variants in exon 2 and 1642 variants in exon 3 were retained. To discriminate true allelic variants
from artifacts, especially where several functionally distinct alleles may differ by a single nucleotide,
the study adapted an allele calling workflow initially used for filtering some 86,153 reads from a wild
rodent with high copy number variation in the MHC class II DRB locus (Sommer et al. 2013). In the
end, only 27 reads were classed as legitimate sequence variants. The authenticity of these 'true' variants
was corroborated by class I MHC cDNA Sanger sequencing data. Of the 27 unique Ankole class I
MHC transcripts, only five (18.5%) shared 100% nucleotide identity with genes in the existing catalog
of known cattle class I MHC sequences, while 18 allelic variants (67%) were novel. The remaining
variants in the Ankole class I MHC catalog shared considerable sequence identity with either published
non classical class I sequences or null alleles suffixed 'N' based on IPD nomenclature conventions to
denote that they are transcribed but contains features that are inconsistent with expression as functional

proteins.

For comparison with the African taurine class I MHC transcripts, plasmid sub-clones containing a 632

base pair amplicon spanning exons 2 to 4 of the class | MHC alpha chain from European Holstein cattle
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resident in sub-Saharan Africa were also sequenced. As anticipated, the Holstein class I MHC data set
was dominated by sequences displaying 100% nucleotide identity with allelic variants present in the
existing cattle MHC repository. However, the analysis also indicated that novel Holstein class I
variants will continue to be discovered with increased sampling as exemplified by the discovery of two
new sequences in this study, one of which exhibited only 93.64% sequence similarity to any cattle class

I MHC molecule currently present in the databases.

The extent of the functional divergence between Ankole and Holstein class I MHC sequences was
assessed using in silico peptide binding analysis for functional clustering of class I MHC sequences
which provides a more useful and readily interpretable classification of likely peptide binding
specificities. The data clearly indicates likely functional differences between Ankole and Holstein class
I MHC and strongly suggests that a number of different antigens/epitopes will need to be incorporated
in a recombinant antigen cocktail vaccine to provide broad coverage. Furthermore, recognition of
currently identified candidate ‘Tp’ CD8" T-cell target antigens was assessed with an ex vivo gamma
interferon ELISpot assay using peripheral blood monocytes (PBMC) and purified CD8" T-cells from
Ankole cattle that were 7. parva positive according to an indirect ELISA based on a recombinant
version of the PIM antigen. It may be significant that the vaccine candidate antigens were originally
identified using CD8" T-cell lines from Holstein (European taurine) cattle to screen expressed T. parva
cDNA libraries. To summarize, PBMC from each of the eleven seropositive Ankole did not recognize
any of the six 'Tp' antigens. This includes the Tpl and Tp2 antigens, which are currently the main focus
of ECF recombinant vaccine trials involving an international consortium of laboratories. The findings
from this study confirm the need for development of a multivalent vaccine that can potentially

overcome the issue of cattle MHC diversity in the field in Africa.
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The nucleotide sequences of all the novel alleles described in this study have been submitted to a public
database and can be accessed from the European nucleotide archive with the accessions LN8886781-

LN8886805.

Full details of the scientific findings of this chapter have been subjected to peer review and published
as an original paper in Immunogenetics. In compliance with the copyright transfer statement to
Springer-Verlag Berlin Heidelberg, an author-created version of the published article appears overleaf.
The final publication, together with the supplementary material published electronically is available at

http://link.springer.com/article/10.1007%2Fs00251-016-0902-5.
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Abstract

There is strong evidence that the immunity induced by live vaccination for control of the protozoan
parasite Theileria parva is mediated by class I MHC-restricted CDS8" T-cells directed against the
schizont stage of the parasite that infects bovine lymphocytes. The functional competency of class |
MHC genes is dependent on the presence of codons specifying certain critical amino acid residues that
line the peptide binding groove. Compared with European Bos faurus in which class I MHC allelic
polymorphisms have been examined extensively, published data on class | MHC transcripts in African
taurines in 7. parva endemic areas is very limited. We utilized the multiplexing capabilities of 454
pyrosequencing to make an initial assessment of class I MHC allelic diversity in a population of
Ankole cattle. We also typed a population of exotic Holstein cattle from an African ranch for class I
MHC and investigated the extent, if any, that their peptide-binding motifs overlapped with those of
Ankole cattle. We report the identification of 18 novel allelic sequences in Ankole cattle and provide
evidence of positive selection for sequence diversity, including in residues that predominantly interact
with peptides. In silico functional analysis resulted in peptide binding specificities that were largely
distinct between the two breeds. We also demonstrate that CD8" T-cells derived from Ankole cattle
that are seropositive for 7. parva do not recognize vaccine candidate antigens originally identified in

Holstein and Boran (Bos indicus) cattle breeds.
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Theileria parva, CD8" T-cell epitopes, class I MHC, Ankole cattle, pyrosequencing
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Introduction

The protozoan parasite Theileria parva (T. parva) is responsible for East Coast fever (ECF), an acute
lymphoproliferative disease of cattle in eastern, central and southern Africa (Norval et al. 1992).
Transmitted by the tick Rhipicephalus appendiculatus, T. parva sporozoites are infective to mammalian
hosts and these differentiate rapidly into intracellular schizonts that immortalize bovine lymphocytes.
The Infection and treatment (ITM) procedure has been used as an approach to live vaccination for
control of 7. parva for over 40 years (Radley et al. 1975). Despite a high efficacy against field
challenge, there are a number of constraints to widespread deployment of ITM. The major ones are the
technical and ethical issues relating to production and subsequent delivery of live sporozoites using a
cold chain combined with the perception that 7. parva parasites that are foreign to an area may be

introduced (reviewed by Di Giulio et al. 2009).

Although monoclonal antibodies against a polymorphic 7. parva sporozoite surface molecule (Nene et
al. 1999; Obara et al. 2015) have been shown to neutralize infectivity in vitro (Musoke et al. 1982), at
present there is no direct evidence that ITM induces significant levels of antibody against the
sporozoite stage. In contrast, available data indicate that one important mechanism of protection
afforded by ITM is attributable to CD8" T-cells specific for the intra-lymphocytic schizont stage of T.
parva. Earlier time-course studies showed an association between the kinetics of class I MHC restricted
CDS8" T-cell cytotoxicity and remission of infection in immune animals (Emery et al. 1981; Eugui et al.
1981). The most compelling evidence for the role of CDS8" T-cells as major mediators of immunity to
T. parva came from a study in which transfer of CD8" T-cell enriched lymphocyte populations from an
immune animal to its naive chimeric twin conferred protection (McKeever et al. 1994). These
observations led to the screening of T. parva schizont cDNA libraries with CD8" T-cells from Holstein
and Boran cattle immunized by ITM, with the aim of defining the antigenic specificity of the protective

response (Graham et. al 2006). It was evident from the findings of the antigen screens that animals of
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different class I MHC genotypes recognized distinct antigens (Graham et. al 2008). A more recent
study utilizing a positional scanning combinatorial peptide library (PSCPL) driven analysis
corroborated the findings from the antigen screening experiments (Hansen et al. 2014). Taken together
with the evidence that different cattle breeds often carry distinct class I MHC alleles (Robinson et al.
2013), the fact that recognition of 7. parva CD8" T-cell target antigens is class I MHC restricted raises

the issue of the likely impact of MHC diversity on the coverage of epitope-based vaccines.

The number of ‘breeds’ so far documented from the ECF endemic region, based on the information

contained within the FAO breed database (http://dad.fao.org/) is two hundred an eleven in the eleven

countries where the disease currently occurs. However such breeds cannot be directly equated to
defined European breeds, such as the Holstein, since although ancestral African cattle populations
typically have taurine mitochondrial haplotypes, introgression of allelles into the nuclear genome from
Bos indicus has occurred at high frequency (Machugh, 1997; Anderung et al. 2007). Although
potentially serious challenges are presented by the complexity and diversity of expressed bovine MHC
loci in African cattle, there are currently significant on-going efforts to design vaccines based on CD8"
-T cells targeting 7. parva-infected lymphocytes using reverse vaccinology approaches (Nene et al.
2012; Hansen et al. 2014; Svitek et al. 2014; Graham et al. 2007). These are based on training neural
network software (Hoof et al. 2009) using the CD8" T-cell target antigens and epitopes described above
(Graham et al. 2006; 2008), with the predictions validated using tetramers designed to be recognized by

CDS8" T-cells designed from 7. parva antigen-peptide complexes (Svitek et al. 2014).

Available data on cattle class I MHC diversity demonstrates that majority of the variability among
allelic sequences reside in amino acid positions that determine specificity for peptide binding
(Robinson et al. 2013). A listing of cattle MHC alleles and a description of the nomenclature

convention is provided in the Immuno-Polymorphism database (IPD;
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http://www.ebi.ac.uk/ipd/mhc/bola/). By comparison to humans that have a fixed complement of three
classical class I loci (HLA-A, HLA-B and HLA-C), mapping and phylogenetic data (Holmes et al.
2003; Ellis 2004; Di Palma et al. 2002; Birch et al. 2006) support the grouping of cattle class I MHC
sequences into six classical loci (genes 1-6). Antigen binding and presentation capacity has been
demonstrated for products of all the six loci (Codner et al. 2012). A further level of complexity in cattle
class I MHC results from variations in gene content between haplotypes (Ellis et al. 1999; Ellis 2004).
Despite recent advances in assay throughput capabilities (Harndahl et al. 2009), the required scale
imposes practical limitations that make such experimental determination of the ligand selectivity of all
possible haplotypes impractical. However, the artificial neural network based MHC binding predictor,
NetMHCpan (Hoof et al. 2009; Nielsen et al. 2007) represents a significant advance in the possibility to
provide accurate predictions of peptide-class I MHC interactions, even across different species.
Although trained predominantly on peptide binding data covering human and nonhuman primates, the
versatility of NetMHCpan has been demonstrated in the analysis of the binding specificities of porcine
(Pedersen et al. 2011) and bovine (Svitek et al. 2014) class I MHC molecules. Most recently, PSCPL
analysis of peptide binding for bovine class I MHC molecules known to restrict 7. parva candidate
vaccine antigens provided data that proved useful for refining the predictive performance of
NetMHCpan (Hansen et al. 2014). Furthermore, procedures exist for validation of the natural
presentation and immunogenicity of the predicted epitopes based on selection of cytokine-secreting or
tetramer-positive T cell populations (Nene et al. 2012; Svitek et al. 2014; Hansen et al. 2014). Similar
approaches have recently been applied for prediction of bovine class I MHC restricted epitopes in foot

and mouth disease (Pandya et al. 2015).

A key information gap constraining application of the expedited epitope identification procedures in

strategies for 7. parva control is the paucity of class I MHC data for cattle populations in the endemic

regions of Eastern Africa. A major challenge to typing cattle for class I MHC is presented by a
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complex genomic organization that necessitates simultaneous genotyping of co-amplifying loci
(reviewed by Ellis 2004). In the current study, we utilized the depth and throughput of pyrosequencing,
coupled with the multiplexing capabilities of the 454 GS FLX platform to resolve variations at the
structurally important peptide-binding regions of class I MHC transcripts in a population of Ankole
cattle, an African taurine with demonstrated tolerance to infections with 7. parva (Paling et al. 1991).
For comparison, we also characterized a European Holstein population, introduced to East Africa, for
the sequence of the class | MHC alleles present. To gain perspective into differential ligand selectivity
of the alleles described in the present study, we derived functionally relevant allele groupings based on
sequence features defining peptide binding grooves using MHCcluster (Thomsen et al. 2013).
Application of this software provides evidence for major specificity groups, known as ‘supertypes’ in
cattle (Pandya et al. 2015), as previously described for humans by Sette and Sidney (1999), suggesting
that the constraint of class I MHC diversity for recombinant vaccine development for ECF control may
not be insurmountable. In the study described herein, the use of the MHCcluster software provided
evidence for minimal functional overlap between Ankole and Holstein peptide binding specificity,
suggesting a requirement for additional epitopes in ECF subunit vaccines designed to induce CDS" T-

cell based protection.
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Materials and Methods

Taurine samples, RNA isolation and ¢cDNA synthesis

Peripheral blood lymphocytes from seventeen African taurines (Ankole) were used for preparation of
pyrosequencing libraries, fourteen of which were from Ol Pejeta - a ranch that integrates game

conservancy with cattle production in central Kenya (www.olpejetaconservancy.org/). The other three

animals, originally from a farm in Uganda, were part of a herd used for genetic studies at ILRI. For
comparison, seventeen Holstein cattle, which were part of a vaccine trial that combined tick salivary
gland and a T. parva sporozoite antigen at ILRI (R. Bishop unpublished), were also typed by plasmid
sub-cloning of class I MHC amplicons and chain termination sequencing. Ficoll-based density
centrifugation was used for separation of peripheral blood mononuclear cells (PBMCs) from cattle
blood drawn into heparinized vacutainers. Cellular RNA was extracted from PBMCs using Trizol
(Invitrogen), quantified by measuring Abs,so with a nanodrop UV spectrophotometer (Ingaba biotech,
SA) and resolved by 1.2% agarose gel electrophoresis to determine integrity. Total RNA was used as
template for first-strand cDNA synthesis using a Superscript III Reverse Transcriptase kit

(Invitrogen).

Ankole class I MHC amplicon library construction and pyrosequencing

We generated PCR amplicons spanning 410 base pairs (bp) between conserved sequences in exons two
and three of class I MHC sequences from Ankole cattle using the Phusion High-Fidelity PCR kit
(Thermo scientific). For each sample, we introduced a unique ten-nucleotide multiplex identifiers
(MID) index to both the sense strand primer: Bov 7 (5'-GGCTACGTGGACGACACG-3") and the anti-
sense strand primer: Bov 11 (5'-CCCTCCAGGTAGTTCCT-3"). Thermal conditions and PCR mix
composition were as previously described (Birch et al. 2006). Following MinElute PCR purification
(Qiagen), the amplicons were quantified using a Nanodrop UV spectrophotometer (Inqaba biotech) and

normalized to equimolar concentrations. Adaptor ligation, library amplification by emulsion PCR, and
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bidirectional pyrosequencing of amplicons as one pool in 1/16 region of a 70 x 75 picotiter plate were

performed at ILRI using GS FLX Titanium chemistry (454 Life Sciences).

Variant calling: putative alleles, artefacts and chimeras

Since errors inherent to pyrosequencing mean that the potential for some proportion of the reads to be
artifactual cannot be excluded, we subjected the reads passing the standard GS FLX base-calling
criterion to a multilevel artifact filtering workflow. Foremost, reads that failed the following initial
filtering criteria were considered as putative artifacts and excluded from further analysis: (i) sequence
length of at least 196 base pairs which could allow reads to be assigned to either exon 2 or 3 ; (ii)
presence of complete MID sequences to allow reads to be disaggregated into the indexed individuals;
(i11) absence of base pair mismatches with the PCR primers sequences; (iv) reads that could be assigned
to either exon 2 or 3 on the basis of exonic nucleotide sequence alignment to the published reference
sequence, BoLA-3*00101; (v) a minimum phred scaled quality score value of 20 in more than 95% of
bases; and (vi) absence of ambiguous bases (‘N’ calls). Whilst the demultiplexing steps were
accomplished using the flexible barcode and adapter removal tool (FLEXBAR; Dodt et al. 2012), we
used the FASTX command line tools, FASTQ/A Trimmer and FASTQ Quality Filter

(http://hannonlab.cshl.edu/fastx_toolkit), for length trimming and quality filtering respectively. Exon

sequences were identified by similarity searches using the NCBI nucleotide BLAST program (Altschul

et al. 1990).

The second set of analyses was intended to evaluate variant authenticity by detecting chimeric reads
and base miscalls based on intra and inter-amplicon comparisons as described in Sommer et al. (2013).
Briefly, identical reads from each MID indexed sample were collapsed into variants, using the

FASTQ/A Collapser tool (http://hannonlab.cshl.edu/fastx_toolkit) and singletons (variants represented

by single reads in an amplicon) were discarded. The variants, ordered by frequency, were aligned using
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MAFFT version 7.122 using the L-INS-i option with minor manual adjustments (Katoh et al. 2013).
The collection of aligned reads from indexed animals was stored in a SQLite database for downstream
analysis. SQL queries and custom Biopython scripts were written to classify variants as putative alleles
if they comprised the most frequent cluster and did not match any of the artefact definitions. The
remaining variants were designated as putative alleles, ‘unclassified’ variants or artifactual sequences
based on inter and intra-animal comparisons and frequency relative to artifacts within the same
amplicon as described elsewhere (Sommer et al. 2013). Artifacts were excluded from downstream
analysis. Finally we used a custom Biopython script to rank, separately for each animal, all the
potential combinations of the exon 2 and exon 3 variants classified as putative alleles according to their
abundance in the MID demultiplexed reads from an individual. Since the exon sequences were already
known at this step, we relied on partial identifying sequences to allow the inclusion of MID
demultiplexed reads that were too short to comprise the complete sequences of exon two and three in
this step. We further evaluated the reliability of the genotypes obtained by amplicon pyrosequencing by
comparing them to partial or full-length class I MHC cDNA Sanger sequencing datasets for the three

Ankole cattle from the ILRI herd.

Generation of cattle class I cDNA-PCR clone libraries and Sanger sequencing

We used enzyme Pfu DNA polymerase (Thermo scientific) to generate an amplicon that spans 632 bp
between conserved sequences in exons 2 and 4 of class | MHC sequences from the seventeen Holsteins
and three Ankole cattle. The inclusion of the three Ankole samples, already genotyped by
pyrosequencing, was intended to highlight the reliability of the pyrosequencing reads. We used cDNA
templates and the highly conserved primer pairs, Bov 7 (5'-GGCTACGTGGACGACACG-3") and Bov
14 (5'-GAAGGCCTGGTCTCCACAA-3"), for amplification as previously described (Birch et al.
2006). For the three Ankole cattle, full length class I MHC genes were also amplified from cDNA as

described in Birch et al. (2006). The amplicons were resolved on 1.2% ethidium bromide stained
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agarose gels, excised and purified with DNA gel extraction spin columns (Qiagen). PCR products were
sub-cloned into the pGEM T-Easy vector (Promega) and subsequently transformed into competent JM
109 Escherichia coli cells. From each animal, 10 positive (blue/white selection) clones were picked and
grown overnight in 5 ml of LB-Medium. Plasmid DNA was purified according to QlAprep Miniprep
Kit Protocol (QIAGEN) and insert presence confirmed by EcoRI digestion or by colony screening
PCR. Sanger sequencing of sub-cloned products was undertaken bidirectionally using T7 and SP6
primers. Reads from each clone, assembled into unidirectional contigs using CLCgenomics version

8.0.2 (http://www.clcbio.com/products/clc-genomics-workbench/), were subjected to the same artefact

and chimera filter as described for the Ankole data, but with a modification of the preprocessing
criterion to retain singletons after collapsing if they were carried by more than one animal. This
relaxation in stringency reflects the differences in throughput between pyrosequencing and Sanger

sequencing.

In silico clustering of cattle class I MHC sequences based on predicted ligand selectivity

We investigated overlaps, if any, in the predicted ligand selectivities of the Ankole and Holstein class I
MHC products based on NetMHCpan 2.8 predictions and used MHCcluster 2.0 (Thomsen et al. 2013)
to generate a specificity heat map and a functional tree constructed using 100 bootstrap calculations
and 50,000 peptides. The predictions are based on sequence features defining the peptide binding

grooves of the class | MHC products.

CDS8" T-cell specificities in the peripheral circulation of 7. parva infected Ankole cattle

We assayed 40 field Ankole serum samples for antibodies to 7. parva by enzyme-linked
immunosorbent assay (ELISA) using the recombinant polymorphic immunodominant molecule (PIM)
as described previously (Katende et al. 1998). IFN-y responses generated following stimulation of

PBMCs, as well as CD8" T-cell fractions, from serologically positive animals with complete sets of
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overlapping peptides representing 7. parva candidate vaccine antigens were assayed in an ex
vivo enzyme-linked immunospot (ELISpot) assay as described previously (Steinaa et al. 2012).
Briefly, sterile nitrocellulose-lined 96-well microplates (Millipore, Billerica, MA, USA) were coated
overnight at 4°C with anti-bovine IFN-y antibody (Serotec, Oxford, UK, catno. MCA1783) and
blocked with RPMI containing 10% heat-inactivated FBS for 2 hours at 37 °C. The cryopreserved
PBMCs were plated out in the coated wells in triplicate at 2 x 10° cells/well in 50 pl and an equal
volume of complete sets of overlapping peptide pools derived from the 7. parva vaccine candidate
antigens added at 1 pg/ml final concentration (Graham et al. 2006). Negative (no peptide) control
triplicate wells contained culture in supplemented RPMI medium. Cytotoxic T lymphocytes (CTLs)
from BV115 - an animal with demonstrated reactivity to Tpl, were used as positive assay control in
triplicate wells. The cells were incubated for 36 hours at 37 °C, 5% CO,. Spots were visualized by
incubation with primary rabbit polyclonal anti-bovine IFN-y antibody (Sigma—Aldrich, St. Louis, MO,
USA), secondary AP-conjugated monoclonal anti-rabbit antibody (Sigma—Aldrich) and Fast substrate
solution (Sigma—Aldrich). The results are expressed as the mean spot-forming units (SFU)/10°

PBMCs.
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Results

A high throughput assessment of class I MHC diversity from a population of Ankole cattle

We sequenced normalized, GS FLX adaptor flanked, 410 base pair amplicon libraries that extended
exons 2 and 3 of cattle class | MHC from seventeen Ankole cattle on a Roche 454 instrument. A total
of 172,681 reads (over 56 million bases) passed the standard GS FLX base-calling filters. Majority of
the bases that passed the GS FLX base-calling filters had a quality score value of more than 20 on the
Phred scale, indicating a base call accuracy of more than 95% (Supplementary figure 1). Furthermore,

the modal sequence length was consistent with the expected product size (Supplementary figure 2).
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Supplementary figure 1 Distribution of quality scores generated using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), across all bases that passed the GS FLX
base-calling filters. Center lines (red) show the medians; the box limits (yellow) indicate the 25th and
75th percentiles; the upper and lower whiskers extend to the 10th and 90th percentiles respectively and
the blue line represents the mean quality. The green, orange and red background partitions of the y axis
correspond to very good quality calls, calls of reasonable quality and poor quality calls respectively. n=
56,528,008 bases
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Supplementary figure 2 Length distribution over all sequences that passed the GS FLX base-calling

quality filters. The plot was generated using FastQC
(http://www .bioinformatics.babraham.ac.uk/projects/fastgc/).

Reads disaggregated on the basis of unique MID barcodes and further partitioned into individual exons
were used as input for two sets of filters intended to detect and eliminate errors known to influence the
reliability of pyrosequencing calls. The initial data quality check was restricted to filtering: (i) reads
bearing mismatches to amplification primers; (ii) reads with ambiguous bases (‘N calls); (ii1) reads
with intra-primer sequence lengths shorter than 196 base pairs; and (iv) reads containing more than 5%
low quality bases. Candidate variants that passed these initial filters were preprocessed for artifact
filtering by collapsing identical reads, while maintaining read counts, and discarding singletons. The
artifact filtering criterion excluded data from reads with bases that could be associated with chimerism

and/or miscalls on the basis of intra and inter-amplicon comparisons as described in Sommer et al.
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(2013). The distribution of read counts over all MID indexed samples after successive rounds of
filtering, normalized to sum to 1 (divided by the MID demultiplexed read counts) and partitioned into

exons 2 and 3 is shown in Fig. 1.
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Fig. 1 Distribution of relative read counts over all MID indexed samples after successive rounds of filtering generated using ggplot in the R
software. Counts are normalized to the initial number of reads after MID demultiplexing. Center lines show the medians; box limits indicate
the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented
by black dots. n =17 Ankole cattle.
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After removal of PCR and sequencing associated artifacts, 27 putative alleles were obtained from a
total of 966 exon 2 and 1642 exon 3 variants across the 17 Ankole samples (Table 1). The exonic
variants classed as ‘putative alleles’, as well as the ‘unclassified variants’ which were carried by each
of the 17 Ankole animals is shown in supplementary table 1. The latter includes a small number of
variants whose classification as either putative allele or artefacts was inconclusive. It should be
emphasized that this is a minimum estimate of alleles for these 17 animals and the stringent filtering
process may have resulted in some alleles being missed. It also possible that the primers did not
amplify all class I MHC loci from the Ankole, although they were designed to be as representative as
possible of MHC diversity in cattle (Birch et al. 2006) and are also conserved in European Bison
(Bison bonasus) (Babik et al. 2012). BLAST searches of the IPD and NCBI nucleotide databases
conducted with the nucleotide sequences of the 27 unique Ankole class I MHC transcripts identified
only five variants sharing 100% identity with published cattle classical class I MHC sequences. With
one exception, these previously reported sequences have been assigned to gene 2 and none has been
reported in Holstein cattle. Similarly, two variants matched published non classical class I MHC
sequences with 100% nucleotide identity. In addition to the characterized non classical class I
sequences, our analysis identified two putatively novel variants that share more than 99% nucleotide
identity with the published non classical allele BoOLA-NC2*00102 (Table 1). Furthermore, two of the
sequences, BoLA-Ank 12 and 16, share in excess of 98% nucleotide identity to BoLA-2*03201N, a
null allele suffixed 'N' based on IPD nomenclature conventions to denote that it is transcribed but

contains features that are inconsistent with expression as a functional protein.

Considerable variation was observed among the remainder of the sequences with respect to the percent
nucleotide identity to previously described cattle classical MHC 1 alleles. Interestingly, with a few
exceptions, these putatively novel classical class I variants share identities with published sequences

known to be expressed in breeds other than the Holstein. The diversity per site, excluding variants
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shown to share nucleotide identity with non-classical class I alleles was p = 0.09436(or 9.436%)
+0.00385. The nucleotide sequences designated as putatively novel in this study have been submitted to
the European nucleotide archive (LN8886781- LN8886805). In addition to the stepwise variant
validation procedure, a further consideration involved in evaluating the reliability of the genotypes
obtained by pyrosequencing related to comparing them to the genotypes obtained by cloning and
Sanger sequencing for the three Ankole cattle from the ILRI herd. Amongst the partial (632 bp) as
well as the full-length Sanger sequencing datasets, five distinct alleles were identified, namely BoLA-
Ank 04, 06, 08, 09 and 25. These matched the sequences retained from the amplicon pyrosequencing

data by the cascade of filters used for variant calling.
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Table 1 Sequence diversity present within the second and third exons of class | MHC genes in Ankole cattle

Read counts IPD BLASTn search

Workin .
allele ngme Individuals Allele Percent GenBank tcaéjefezgugngle

Exon 2 Exon 3 carmying allele MName identity Accession P
BoLa-ank_02 30 23 2 BolLA-2+00501 100 LMaas7a2 Hereford
BoLA-aAnk_05 150 L1 2 BolLA-2=0&001 100 LME88 Angus cross
BoLA-Ank_06 1550 1199 3 BoLA-2*04701 100 LMas 3 Charolais cross
BoLA-Ank_08 133 70 z BolLA-Z2*04501 100 LMEaETaET Charolais cross
BoLA-Ank_15 376 281 2 BoLA-3*05301 100 LMaaerod Charolais cross
BoLA-aAnk_01 TZ 37 1 BoLA-1*+04901 93.17 LMB357a1 Charolais cross
BoLA-Ank_19 434 1137 z BolLA-1*06101 97.06 LMB38 Angus cross
BoLA-Ank_21 315 245 1 BolLAa-1=02101 96.57 LrggsTes Holstein
BoLA-Ank_03 49 37 1 BoLA-2*04801 94, 85 LMBEE7TE3 Charolais cross
BoLA-Ank_11 2290 2139 3 BolLA-Z*06901 99.51 LMNB3a 720 Angus cross
BoLA-Ank_12 10 5 1 BoLA-2*03201N 95. 28 LM338TI Holstein
BoLA-Ank_13 73 658 1 BolLA-2=07101 94,36 LM88 2 Angus cross
BoLA-Ank_16 11 G062 z BoLA-2*03201N 95. 04 LM336T25 Holstein
BoLA-Ank_17 3704 3457 Z BoLA-2+04701 98.53 LMB8ETIE Charolais cross
BoLA-Ank_13 939 1007 2 BolLA-2=03001 93. 87 LM88sTeT Boran
BoLA-ank_27 11 15 2 BolLA-2=01602 94.12 LMB3Ea03 Charolais cross
BoLA-aAnk_04 2014 1707 2 BolLA-3=05002 98. 28 LMEesTed Angus cross
BoLA-aAnk_09 180 2B Z BoLA-3*+01101 a97. 06 LMBgETER Charolais cross
BoLA-Ank_10 80 11 1 BoLA-3+01101 96.32 LMaBRTED Charolais cross
BoLA-ank_14 30 25 1 BoLA-3*05001 a97. 06 LM3gETa3 Charolais cross
BoLA-Ank_26 857 76 2 BoLA-3=00403 95. 34 LMaasa02
BoLA-aAnk_23 3024 424 1 BoLA-3*05301 97.3 LM3gs800 Charolais cross
BoLA-ank_25 51 78 2 BolLA-6=01501 96.57 LMa8880M1 Holstein
BoLA-Ank_07 53 20 3 BolLA-NC1=00301 100 D'._',‘g_l-ﬂ,j-?}}":- Holstein
BoLA-4nk_24 111 32 1 BoLA-NC1=00601 100 JMTE2EEE Angus cross
BoLA-Ank_20 7ol 271 2 BoLA-NCZ2=00102 99. 75 Holstein
BoLA-Ank_22 104 87 1 BolLA-NC2=00102 99.51 Holstein
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Supplementary table 1 Frequency distribution of putative alleles and unclassified variants across 17 Ankole individuals

(A) Exon 2 variants

Putative alleles

sl 22 #3 29 £778 #808 #146 =147 2148 £36 237 =267 2168 2169 =170 2171 20 =201 =81 =85 =202 239 =111 242 Ur;crlgﬁﬂfmd
Ankelel 72 49 27 ¢ 0 0 0 o 0 0 O 9 0 0 0o o0 0 g 0 0 o 0 0 0 2
Ankole-2 0 0 0 9o O O O 0 0 1259 0 0 0 0o 0 0 g o0 o0 o 0 0 0 4
Ankele3 0 8 0 ¢ 0 0 0 o0 0 0 O 9 0 0 0 0 0 g 108 0 0 0 0 0 1
Ankeled O O 0 o O 0O O o 0O 0 O 9 0 0 0 0 0 g 7 0 0o 0 8 0 1
Ankele5 0 13 0 ¢ o0 0 O o 0 0 O 9 0 0 0o o0 0 g 0 0 o 0 0 0 1
Ankele6 0 O 0 7 0 0 M 2 6 0 0 0 0 0 o o0 0 g9 0 0 0o 0 0 0 0
Ankele7 0 0 0 26 O O O 53 46 25 0 0 0 0 0o o0 0 g o0 0 0o 0 0 0 3
Arkele8 0 2 0 g 0 0 0o 0 0 0 o0 0 0 0 0 4 g o0 0 0o 0 0 0 0
Ankeled 0 O 0 o O 0O % o 0 0 O 9 0 0 0o o0 0 g 0 0 o 0 0 0 2
Ankeleld 0 O 0 o9 0 0 18 o 0 0 0 10 4 2 o o0 0 g9 0 0 0o 0 0 0 0
Arkole-1l 0 47 0 13 0 ©0 0O o O 0 O o0 0 @ 73 S 10 g 0 30 0 0 g 0 0
Ankelel2 0 O 0 ¢ O 0 0 o 0 0 0 388 718 0 0 0 0 g 0 0 0 4733 0 0 10
Ankeleld 0 O 0 ¢ 0 0 28 o0 0 01817 o 0 0 0 0 3 g 0 0 0 148 o0 0 1
Ankolel4 0 0 0 o 0 0O 0O g 0 0O 0 3125 67 437 0 0 0 ;U5 0 0 3@ 173 o0 0O 8
Ankolel5 0 O 0 ¢ 304 0 0 o 0 0 0O 0 0 @ 0o o0 0 g 0 0 o0 0 90 0 0
Ankeleld 0 O 0 ¢ O 0O O o 0 0 O 0 0 0 0O 0 82 ¢ o0 0 0 0 0 0 0
Ankelel 0 O 0 ¢ O 5 0 o0 0 0 O 9 0 0 0 0 5 0 o o 0 g 4 0
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(B) Exon 3 variants
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Holstein class I MHC amplification, plasmid sub-cloning and Sanger sequencing

We characterized the class I MHC transcript profiles of 17 Holstein cattle by sequencing of plasmid
sub-clones containing a 632 base pair amplicon spanning exons 2 to 4 of the class I MHC alpha chain.
After testing for incorporation of the correct insert by PCR and EcoRI digestion, 10 positive plasmid
sub-clones from each animal were Sanger sequenced using T7 and SP6 primers. We subjected the
Sanger sequences to similar artifact and chimera filters as described for the Ankole data, but retained
singletons if they were carried by more than one animal.

Our analysis indicated the existence of 23 distinct class I MHC sequences in the Holstein population
genotyped in this study (Table 2). As anticipated, the call set was dominated by sequences displaying
100% nucleotide identity to allelic variants present in the definitive cattle MHC repository, the IPD,

available at www.ebi.ac.uk/ipd/mhc/bola. The skew in the distribution of these known gene products

over the class I MHC classical loci, characterized by a prominence for products of genes 1-3, is
consistent with published analyses (Codner et al. 2012). In the absence of an identical match in the IPD
database, the remaining sequences within the Holstein class I MHC dataset were conservatively
designated as putatively novel if their existence was independently supported by plasmid sub-clone
sequences from at least two animals. Two variants, working allele names BoLA-Hol 05 and BoLA-
Hol 10 (Table 2), met this criterion. Interestingly BoLA Hol 10 exhibited only 93.64% sequence
similarity to any cattle class I MHC molecule currently in the databases, suggesting that despite the
relatively limited diversity within the Holstein breed and intensive class I MHC sequence analysis in
recent years, the BoLA database is not yet complete. The two novel Holstein sequences have been

submitted to the European nucleotide archive (LN8886781- LN8886805).
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Table 2 Exonic sequence diversity present within the Holstein class | MHC genes

Allele frequency IPD BELASTn search

Working Mo. of plasmid Individuals Allele Percent GenBank Breed known
allele name sub-clones carrving allele  MName identity ~ Accession to express allele
BolLA-Hol_02 3 1 BoLA-1*+00902 100 0121149 Charolais cross
BoLA-Hol_19 2 2 BolLA-1*01901 100 0140362 Holstein
BDLA—HD]_21 6 1 BolLA-1*02301 100 Y09208 Holstein
BoLA-Hol_07 2 2 BolLA-2*01201 100 CO304655 Holstein
BoLA-Hol_09 1 1 BolLA-2*01802 100 0140361 Holstein
BoLA-Hol_11 4 2 BolLA-2=00802 100 LO2B35 Holstein
BoLA-Hol_04 1 4 BolLA-3=00201 100 X92870 Holstein
BolLA-Hol_08 3 1 BolLA-3*06601 100 INF92876 Angus cCraoss
BoLA-Hol_14 3 1 BolLA-3+05301 100 0121175 Charolais cross
BoLA-Hol_15 3 2 BolLA-3*01701 100 Y09206 HD15tE'_ir1
BolLA-Hol_17 4 2 BolLA-3=00403 100 IN792860.1 Holstein
BoLA-Hol_20 3 1 BolLA-3*01101 100 M24090 Holstein
BoLA-Hol_12 3 1 BolLA-6*01402 100 0140358 Holstein
BoLA-Hol_05 5 3 BolLA-2*02201 98. 04 LMESaE04

BolLA-Hol_10 3 2 BolLA-2=00501 93.64 LMEEEEOS

BoLA-Hol_06 4 1 BoLA-3%06501 97.56

BoLA-Hol_22 1 1 BolLA-1*01901 99.76

BoLA-Hol_16 4 4 BolLA-NC1=00301 100 CO140370 Holstein
BoLA-Hol_18 4 3 BolLA-MC1=00501 100 IN792885 Angus cross
BoLA-Hol_01 3 3 BolLA-WC2=00102 100 0140372 Holstein
BoLA-Hol_03 6 5 BoLA-MNC3=00101 100 D0140373 Holstein
BoLA-Hol_23 1 1 BolLA-NC1=00701 98.58

BoLA-Hol_13 1 1 BoLA-NC3=00101 99.27
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Departure from neutrality at the class I MHC locus in Bos taurus cattle

We used neighbor-joining (NJ) trees, calculated separately for the Ankole and Holstein class I MHC
datasets according to the Jukes and Cantor (JC) algorithm, as the basis for assessing the relative fits of
56 distinct models of nucleotide substitution. For each model, likelihood scores were calculated in
PAUP (Swofford, 2002) and the best-fit model for each dataset was selected using the Akaike
Information Criterion. We found evolution of both datasets to be consistent with the model TVM+I+G,
which assumes variation in base frequencies and transversion rates, as well as presence of invariable

sites and rate heterogeneity among sites.

Likelihood settings from the best fit nucleotide substitution model were used in a codon-by-codon
analysis to determine the ratio of nonsynonymous to synonymous evolutionary changes (dN/dS, w)
across each dataset. Specifically, we made maximum likelihood inferences of positive selection based
on fitting two sets of codon evolution models and evaluating model fit using the AIC approach - a
function of the logarithm of the likelihood (InL), and the number of estimated parameters (K) for each
model. The first codon evolution model set comprised the nearly neutral model (M1) and the positive
selection model (M2). M1 allows for two site classes: po, proportion of codons undergoing purifying
selection (0<wo<1) and p;, proportion of codons undergoing neutral evolution (w;=1), while M2
extends M1 by additionally allowing for p, proportion of codons undergoing positive selection (wy>1).
The second model set assessed @ based on a B distribution indicated by shape parameters p and g. We
implemented both the null B model (M7) which allows for 0<w(<1 and the positive selection plus
model M8, an extension of M7 to include a proportion of codons undergoing positive selection (w;>1).

The results of the analysis are shown in Table 3.
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Table 3 The Akaike information criterion (AIC) evaluation of the goodness of fit for different models of codon evolution.

Model fit Estimated w Site classes B distribution

Breed Model LnL K AlC wo w1 w2 po p1 p2 P q
M1 -2306.153228 46 4704.306456 0.06109 1 0.72527 0.27473

Ankole M2 2232131755 48 4560.26351 0.0605 1 7.2843 061741 0.28724 0.09536
M7 -2309.319323 46 4710.638646 0.146594 0.32814
Ma -2233.607141 48 4563.214282 7.00833 0.09676 0.14597 0.28104
M1 -2021.65299 34 4111.30598 0.04266 1 0.67663 0.32337

Holstein M2 -1976.487153 36 4024974306 0.04347 1 6.5286 0.63003 0.30727 0.0627
M7 -2025.182837 34 4118.365674 0.11398 0.22844
Ma -1979.071619 36 4030.143238 5.99023 0.07126 0.10506 0.20035

LnL, maximized log likelihoods; K, number of estimated parameters. The three site classes: purifying selection, neutral selection and
positive selection are denoted by ®0, w1 and w2 respectively, while p0, pl and p2 indicate the proportion of codons belonging to each of
the three site categories respectively. B distribution shape parameters are denoted p and q.
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For both datasets, M2 provided a better fit than M1 indicating that evolution at the class I MHC genes
in cattle is driven primarily by positive selection. Independent support for this conclusion came from
the models implementing the B distribution, with M8 providing better fit to both datasets than M7.
Since the p, parameter for M8 is not substantially different from that of M2, unless explicitly stated, the
positive selection remarks hereafter refer to estimates obtained under M2. For the Ankole and Holstein
datasets, 9.536 % and 6.27 % of the codons carried historical signatures of positive selection
respectively. Furthermore, w values of 7.2843 and 6.5286 for Ankole and Holstein class I MHC
datasets, respectively were substantially higher than 1. Similar estimates were obtained with M8 (Table
3). For codons identified as carrying signatures of positive selection, Bayes Empirical Bayes (BEB)
analysis was used to assess their posterior probability of falling into this site class. For both datasets,
the positively selected codons, their corresponding posterior probabilities, and their location relative to
sites known to be critical for antigen recognition by cattle class I MHC (Hansen et al. 2014) are shown

in Fig. 2.
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Fig. 2 Polymorphisms in amino acid sequence of the class I MHC peptide-binding regions (a; and a, domains) expressed in Holstein (A)
and Ankole (B) cattle. In the top panel, 1-9 represent the class I MHC peptide ligand positions numbered from the amino to the carboxyl
peptide termini, and mark the class | MHC residues that comprise the antigen binding groove (Hansen et al, 2014). Residue columns known
to have the most influence on cattle class | MHC binding specificity (F pocket) are marked 9, while those with evidence of positive selection
as revealed by Bayes Empirical Bayes analysis are indicated with a plus symbol (+). Single and double asterisks denote 95% and 99%
posterior probabilities of falling into the positive selection site class respectively.
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In silico analysis of peptide-binding motifs for Ankole and Holstein class I MHC proteins

Using the sequences described in the current study as input for in silico analysis, we sought to compare
the predicted peptide binding motifs of the Ankole and Holstein class I MHC transcripts as well as
investigate the extent to which the motifs overlap. Overlaps in the NetMHCpan predicted peptide-
binding motifs, conveyed in a specificity heat-map and a functional tree, were assessed using
MHCcluster (Fig. 3). A prominent feature of the results of these ligand selectivity analyses was the
short specificity distances among the Ankole class I MHC sequences, indicated by their juxtaposition
on the heat-map. Our results suggest considerable dissimilarity in the peptide binding preferences
between the Ankole and Holstein class I MHC products, as indicated by the specificity distances
between them on the heat-map. The differences in the predicted peptide binding preferences are further
depicted as clusters in the functional tree, while the functional repertoire of Ankole class I MHC is
exemplified by sequence logo representations of predicted binding motifs (Fig 4). Based on the height
of the stack of amino acid residues, and as indicated by the cattle class I MHC allelic variants
restricting known 7. parva CD8" T-cell antigens (Hansen et al. 2014), scrutiny of the predicted
specificity pattern for all the Ankole sequences revealed that besides the C- terminal residues, side
chains at position 2 had the second highest relative contribution to peptide binding (Fig 4). Additional
variations were predicted at other motif positions possibly resulting in additional functional divergence

among the Ankole class | MHC products.

52



Class I MHC functional divergence in target breeds for vaccination

Color Key

ﬂaﬁmwkmm

e F

{:ggggggl =

EERR mummnmm Mmmmamwmawmmmmmwm%ﬂmam

2:04T01 *
2 0120
06001 *
00501 =
01801
05301
300403

2

-4:15555:';|I||--
Il =

<<%
228

0

| _WI..___..___um

%%%25%%%;
<
&

289
PREE

58
==
W
%
&

:9-vr10d

S8
EEEiEs

:

&

g
=
g
3
3

SResNenss
Beer

£=%1od

258
228

WS040 E=v10d
L L0 E=v10d
EI”E £=v104d

-
<
&

oxgzo
LT

LOGe0:E-v10d
MO0 E=v10d
ML D E=Y10d

53



Class I MHC functional divergence in target breeds for vaccination

Fig. 3 Specificity heat-map visualization of the functional relationships between Ankole and Holstein class I MHC transcripts inferred in
MHCcluster. Ankole alleles are either prefixed “ANK” if they are novel or marked with an asterisk (*) if they have been described
previously. Similarly, novel Holstein sequences are prefixed “Hol”, while the previous described ones are prefixed “BoLLA” without the
asterisk marks. Inset is the legend showing the color key used to create the heat-map and the corresponding MHC specificity distance value
ranges.
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Fig. 4 Comparisons of predicted peptide-binding motifs for Ankole and Holstein class I MHC products. The MHCcluster 2.0 procedure
leverages the predictions generated by NetMHCpan 2.8 to group the class | MHC molecules into a number of functional clusters. On the
MHC functional distance tree, Ankole class I MHC transcripts are coloured red if they are novel or marked with an asterisk (*) if they have
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been described previously. Novel Holstein sequences are prefixed “Hol”, while previous described ones are prefixed “BoLA” without an
asterisk and are all coloured black. On the representative predicted binding motif sequence logos, Enriched amino acids (AA) are shown on
the positive y-axis and depleted (under-represented) amino acids on the negative y-axis. The height of the stack of AA residues represents the
level of conservation at a particular position, while the relative residue height denotes its frequency. Polar AA are depicted in green, basic
AA in blue, acidic AA in red and hydrophobic AA in black.
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Recognition of 7. parva candidate vaccine antigens in seropositive Ankole cattle

Studies using immune bovine CD8" T-cell lines from Holstein-Friesian cattle and the Boran breed of
Bos indicus to screen expressed parasite cDNA libraries have identified 7. parva candidate vaccine
antigens, designated Tp (Graham et al. 2006). Using these antigens as stimuli, we assessed their
recognition in 7. parva seropositive Ankole cattle by measuring cytokine (IFN-y) responses. As a pre-
requisite, we first determined the titers of 7. parva specific antibodies in Ankole sera by quantitative
antibody-detection ELISA based on the PIM antigen (Katende et al. 1998). The result of this analysis,
expressed as a percentage of the strong positive control serum, hereafter referred to as percent
positivity (PP), is shown in Fig. 5. Eleven of the 40 Ankole from the field screened were found to be

antibody positive for 7. parva.
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Fig. 5 Sero-prevalence of 7. parva in field Ankole cattle. The center line show the medians; box limits indicate the 25th and 75th percentiles
as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; the cross represents the
sample mean; the grey bar indicate 95% confidence intervals of the mean; data points are plotted as open circles. Results are given as a
percentage of the strong positive control serum (percent positivity, PP). Threshold PP = 20 and n = 40 Ankole -cattle.
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Detection and enumeration of IFN-y secreting cells in the peripheral circulation of 7. parva
seropositive Ankole cattle was assessed ex vivo by ELISpot upon stimulation of PBMCs from the
eleven seropositive cattle, with overlapping peptide pools derived from each of the defined 7. parva
candidate vaccine antigens (Graham et al. 2006). The breadth and magnitude of this cytokine response
for each of the eleven positive animals are shown in Fig. 6 as spot-forming units (SFU) per million
PBMC:s.

The no peptide control mean numbers of IFN-y SFU per 1.0 x 10° PBMCs were generally markedly
less than those obtained from CD8" T-cell lines (derived from animal BV115) with known Tpl
antigenic specificity that served as a positive control for the assay. The PBMCs from animals Ankole-
2 and Ankole-17, were positive in repeat experiments for peptide pools derived from antigens Tp4 and
TpS5, respectively (see Fig. 6). However, when the ex vivo IFN-y ELISpot assays were repeated using
CDS8" T-cell fractions purified from the PBMCs, the responses from all the Tp antigens were markedly
lower than the BV115 positive control, and none attained the empirical threshold of three times mean

SFU in Tp stimulated wells (Janetzki et al. 2015) compared to negative control wells (data not shown).
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cattle.
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Discussion
Whilst the expressed bovine class | MHC gene repertoire has been examined extensively in European
taurines in a number of studies, published analyses of class I MHC transcripts in African cattle is

limited (IPD; www.ebi.ac.uk/ipd/mhc/bola). Consequently, there is still uncertainty as to the likely

impacts of class I MHC diversity on the coverage of T. parva CD8" T-cell epitope based vaccines in
endemic regions. The current study utilized cDNA from a population of African taurines (Ankole) as
templates for the amplification of the domains of the class I MHC heavy chain that interact with
antigenic peptides, in order to provide an initial assessment of the levels of class I MHC diversity
among African taurine cattle. The amplicon libraries were typed by pyrosequencing using the Roche
454 GS-FLX chemistry, an approach that has proved useful in a wide range of situations, notably
cataloguing of the complement of class | MHC transcripts in organisms with high levels of complexity

at the class | MHC locus (O'Leary et al. 2009).

Whilst the catalogue of Holstein class I MHC transcripts obtained in the current study was in general

agreement with published data (www.ebi.ac.uk/ipd/mhc/bola), the results of our evaluation of the

Ankole transcripts pointed to minimal overlap in the ligand selectivity of the class I MHC products
between the two breeds. Foremost, our data suggest a high level of inter-taurine sequence divergence,
with the great majority of the Ankole class I MHC allelic sequences described in the present study
being designated as putatively novel (Table 1). Notably, the nucleotide BLAST searches of the cattle
section of the IPD revealed that in general, the Ankole class I MHC allelic variants shared higher
nucleotide identities with sequences that are not known to be expressed in the extensively studied
Holstein breed. In contrast, using the Holstein allelic sequences described herein as the query
sequences, BLASTN similarity searches showed that with few exceptions, one of which was
dramatically distinct in sequence, the African Holstein sequences shared 100% sequence similarity to

already published cattle class I MHC sequences (Table 2)
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The results of the codon-based statistical tests that we performed separately on the Ankole and Holstein
class I MHC datasets, revealed patterns of evolution that markedly exceeded those predicted by
neutrality. Positive selection of amino acid diversity was evident from the highly contrasting levels of
nonsynonymous versus synonymous substitutions and the list of codons identified as carrying
signatures of positive selection included those that code for residues that line the functionally important
F pockets. Taken together, the evidence that the polymorphisms are generated and maintained by
positive selection for amino acid diversity, and the concordance between the location of positively
selected sites and known antigen binding sites are consistent with potential differences in the spectrum
of T. parva epitopes recognized by CD8" T-cells from the two breeds. This prediction is consistent with
the results of a previous study that demonstrated that only one of the eight 7. parva CD8" T-cell target
antigens, designated Tp2, was recognized by T cells from animals of different MHC backgrounds
(Graham et al. 2008). Similarly, a separate study utilizing experimental peptide-binding data generated
by PSCPL analysis coupled with a high-throughput peptide—class | MHC dissociation assay (Harndahl
et al. 2009) found limited evidence for cross binding of known T. parva epitopes to different MHC
genotypes (Hansen et al. 2014). In addition to the role of class I MHC diversity in the context of
recognition by CD8" T-cells, there is data strongly suggesting that other selective forces also contribute
to diversity of class I MHC loci in cattle and significant associations have been demonstrated between

MHC haplotypes and production and fertility traits (Codner et al. 2011).

Despite the marked differences in exonic sequence diversity within the peptide binding regions of class
I MHC allelic sequences expressed in Ankole and Holstein cattle, allelic polymorphism per se are not
necessarily sufficient to infer functional differences. A variety of algorithms have been used for
prediction of peptide binding to class | MHC and a tool called MHCcluster that functionally clusters
MHC molecules based on their predicted binding specificity proved particularly useful when applied to

our analysis of Ankole and Holstein class I sequences. The classification of allelic sequences based on
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their predicted specificity distances, as indicated by different intensities of the colors in a heat-map (see
Fig. 3), resulted in the juxtaposition of the Ankole alleles, while the Holstein alleles formed separate
functional specificity clusters. Although a comprehensive definition of cattle class I MHC ‘supertypes’
is beyond the scope of the current study, it may be reasonable to conclude that the observed differences
in the predicted ligand selectivity might result in differential peptide recognition by CD8" T-cells from

the two breeds.

More directly relevant to ECF vaccine development is the question of whether the dissimilarities seen
in in silico class | MHC ligand predictions are sustained in ex vivo tests assaying differential cytokine
responses to defined 7. parva antigen between the two taurine lineages. To address this, we employed
pools of peptides derived from 7. parva vaccine candidate antigens selected by immunoscreening of 7.
parva cDNA libraries using Holstein and Boran cattle immunized by ITM with the 7. parva Muguga
stock (Graham et al. 2008). These peptides were utilized to stimulate PBMCs and also purified CD8"
T-cells isolated from 7. parva seropositive Ankole cattle and assayed by gamma interferon ELISpot.
Two of the eleven seropositive Ankole cattle were reproducibly positive for antigens Tp4 and Tp3,
respectively. However, cytokine responses could not be demonstrated using purified Ankole CD8" T-
cells. It seems possible that the Tp4 and Tp5 ELISpot responses may have been the result of CD4" T-
cell responses. Whether polymorphisms within the target antigens in the Ankole population or the time
point of infection in the field Ankole cattle contributed to the negative outcome of the IFN-y ELISpot
assay using purified CD8" T-cells remains to be demonstrated. However the failure of purified CD8"
T-cells from the Ankole cattle sampled in this study to recognize antigens previously shown to contain
CDS8" T-cell epitopes recognized in the context of other bovine haplotypes, is worthy of further

investigation.
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Our findings, highlighting inter-taurine differences in class I MHC diversity and functional capability,
are also broadly consistent with, and extend, findings from studies that examined recognition of the
same T. parva candidate vaccine antigens by CD8" T-cells derived from Zebu (Bos indicus) cattle
(Akoolo et al. 2008). With the exception of the Tp2 antigen, this study showed that the known 7. parva
CDS8" T-cell target candidate vaccine antigens were not recognized by CD8" T-cells from any of the
animals studied. With respect to Tp2, it concluded that this 7. parva candidate antigen constituted only
a minor CD8" T-cell specificity in the single animal that appeared to be responding and importantly,
noted that the target Tp2 epitope was distinct from those previously identified using CD8" T-cells

derived from Bos taurus cattle.

The data that we report herein reveals a surprising degree of functional divergence within the class I
MHC of two different but relatively closely related taurine lineages and emphasizes the value of the
MHCecluster software tool relative to simple comparison of sequences. Given these findings, it will be
important to apply similar approaches, more comprehensively to the Ankole breed and also to a wider
range of African cattle populations. This will contribute to understanding whether class I ‘supertypes’
can be defined for African cattle and the number of antigens/epitopes that may need to be incorporated

in a recombinant antigen cocktail vaccine that is effective for control of = ECF in the field.
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4.0 Chapter 4: Publication II

This chapter evaluates the hypothesis that induction of widely effective humoral immunity in cattle
against the infective stage of 7. parva may be constrained by the dynamic nature of parasite
populations in the field particularly where the cape buffalo wildlife reservoir of 7. parva co-grazes. The
chapter presents the findings from a study that characterized heterogeneity in the p67 gene among field
isolates of 7. parva originating from cattle that were part of a field trial of ITM vaccines designed to
evaluate protection afforded to immunized animals that received 7. parva challenge from buffalo-

associated ticks.

Ten discrete p67 allelic sequences were identified from the samples examined, with an overall level of
DNA polymorphism of 19.6%. This contrasts strongly with the complete conservation of nucleotides at
the p67 locus, including introns and the third base in codons, in cattle-transmissible parasites. Allelic
sequences varied considerably in size principally due to the 129 and 174 base pair deletions in the
central region of the p67 gene. An alignment of predicted allelic amino acid sequences corresponding
to two closely juxtaposed epitopes in the central region of the p67 protein revealed both in-frame
deletions and nonsynonymous substitutions resulting in a truncated protein and relatively low overall
amino acid conservation respectively. In sum, these findings suggest that a p67 based vaccine suitable
for field use should incorporate the polymorphic epitopes to enhance the protection conferred by the

current conserved p67 vaccine antigen.

The findings from this study also offer insights into the evolution of the 7. parva p67 locus. In
particular, the chapter presents data indicating that (i) the majority of nucleotide substitutions at the p67
locus results from transitions (mutations that conserve the nucleotide base chemistry) rather than
transversions (mutations that substitute purines for pyrimidines, or vice-versa), (ii) the codon

substitution model that captures the proportion of codons undergoing positive selection provides a
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better fit to the p67 data than the one based on neutral evolution indicating an evolutionary patterns that

is consistent with the positive selection.

The chapter concludes that 7. parva parasites originating from buffalo, with diverse p67 genotypes, can
infect and cause severe disease in co-grazing cattle and therefore careful consideration will be required
in the design of p67 based vaccines in areas where buffaloes are present. The findings also highlight the
fact that buffalo- derived 7. parva can sometimes break through the immunity induced by ITM
immunization and induce severe clinical reactions, in areas with a high tick challenge. The sequences
described in this report are available from the European Nucleotide Archive at http://www.ebi.ac.uk/

ena/data/view/LK054504-LK054513.

The scientific findings from the analyses conducted in this chapter have been subjected to independent
peer review and published as an original open access paper in Parasitology Research. The final

publication is available at http://link.springer.com/article/10.1007%2Fs00436-015-4358-6. An author-

created version of the published article appears overleaf.
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Abstract

Protective immunity induced by the infective sporozoite stage of Theileria parva indicates a potential
role for antibodies directed against conserved serologically reactive regions of the major sporozoite
surface antigen p67 in vaccination to control the parasite. We have examined the allelic variation and
determined the extent of B-cell epitope polymorphism of the gene encoding p67 among field isolates
originating from cattle exposed to infected ticks in the Marula area of the rift valley in central Kenya
where the African cape buffalo (Syncerus caffer) and cattle co-graze. In the first of two closely
juxtaposed epitope sequences in the central region of the p67 protein, an in-frame deletion of a 7 amino
acid segment results in a truncation that was observed in parasites derived from cattle that co-grazed
with buffalo. In contrast, the variation in the second epitope was primarily due to non-synonymous
substitutions, resulting in relatively low overall amino acid conservation in this segment of the protein.
We also observed polymorphism in the region of the protein adjacent to the two defined epitopes but
this was not sufficient to provide statistically significant evidence for positive selection. The data
indicates that B-cell epitopes previously identified within the p67 gene are polymorphic within the
Marula field isolates. Given the complete sequence identity of the p67 gene in all previously
characterised 7. parva isolates that are transmissible between cattle by ticks, the diversity observed in
p67 from the Marula isolates in combination with the clinical reaction of the infected cattle is

consistent with them originating from ticks that had acquired 7. parva from buffalo.
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Introduction

Theileria parva is an apicomplexan protozoan parasite of cattle that is transmitted by the tick
Rhipicephalus appendiculatus, and is the causal agent of East Coast Fever, a frequently fatal disease of
cattle in eastern and southern Africa (Norval et al. 1992). The tick inoculates T. parva sporozoites that
are infective to the mammalian host and these differentiate rapidly into an intracellular schizont that
immortalizes bovine lymphocytes, subsequently 7.parva differentiates into a piroplasm stage that is
infective to erythrocytes. Transmission to cattle can originate from ticks that have fed on African Cape
buffalo (Syncerus caffer), the major wildlife reservoir of 7. parva, in which case there is a different
clinical syndrome, known as ‘corridor disease’ involving low levels of schizont parasitosis and
piroplasm parasitaemia. Transmission by ticks that have previously fed on other cattle results in typical
East Coast Fever symptoms with higher levels of parasites. Previous studies using both variable
number tandem repeats (VNTRs) and antigen genes have revealed genetic differences between
parasites transmissible among cattle and those found in buffalo (Oura et al. 2011; Pelle et al. 2011),

suggesting that the two sets of parasites represent distinct populations.

Theileria parva has been the subject of more than 40 years of research aimed at development of a
recombinant vaccine using antigens derived from both the sporozoite and schizont stages (reviewed in
Morrison 2009; McKeever et al. 1999). The closest approach to an effective anti-sporozoite vaccine to
date has used a recombinant version of p67, the major sporozoite surface antigen of 7. parva. The p67
protein induces a consistent level of 70% efficacy against either heterologous or homologous needle
challenge using sporozoite stabilates in the laboratory (Musoke et al. 1992; Bishop et al. 2003) and
reduced severe disease by approximately 45% in field trials where cattle were exposed to infective
ticks ( Musoke et al. 2005). Five regions of the p67 protein sequence that are reactive with anti-

sporozoite monoclonal antibodies and also correlate with the results of an in vitro parasite-neutralizing
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assay have been identified using PepScan analysis (Nene et al. 1999). The central region of the p67
gene includes two closely linked epitopes that are the target of host B cell responses, and whose
sequences in the 7. parva Muguga reference stock are ' TKEEVPPADLSDQVP '® and *”

LQPGKTS *". These are subsequently referred to as epitopes 1 and 2, respectively.

While the p67 gene is variable among buffalo-derived isolates, the predicted p67 protein appears to be
invariant in cattle-derived stocks of 7. parva that are transmissible between cattle by ticks (Nene et al.
1996; Nene et al. 1999; Musoke et al. 2005). A method of live vaccination known as infection and
treatment (ITM) was developed approximately 40 years ago (Radley et al. 1975) and there is evidence
that the protection induced by ITM is attributable primarily to class I MHC-restricted CD8" cytotoxic T
cells (McKeever et al. 1994). However, this cytotoxic T cell response is strain-specific and strongly
dependent on the bovine class | MHC phenotype of the host (Taracha et al. 1995). This may constrain
development of a broadly cross-protective recombinant vaccine that mimics the cellular responses
induced by ITM and highlights the potential importance of the conservation of the p67 antigen in
cattle-derived T. parva. Extensive sequence divergence in the central region of the p67 gene in buffalo
derived parasites from South Africa has recently been described (Sibeko et al. 2010). However, the
p67 vaccine has not yet been tested in areas where the parasite challenge is mainly from 7. parva
originating from buffalo. We focus in the study described herein on in-depth analysis of p67 B-cell
epitope polymorphism in cattle-infective isolates from a specific geographical locality in central Kenya
where buffalo and cattle co-graze. In addition, we examine whether any codons show signatures of

positive selection in the central region of the p67 gene.
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Materials and Methods

Parasite isolates and genomic DNA extraction

Genomic DNA preparations were made from eighteen cryopreserved pellets of 10" T. parva schizont-
infected lymphocyte cultures initially isolated from cattle that co-grazed with the African Cape buffalo,
using the DNeasy® Tissue Kit (Qiagen, Germany) according to the manufacturer’s instructions. The
cattle were part of a field trial of ITM vaccines performed in the year 2000 to explore protection
afforded to immunized animals that received a 7. parva challenge from buffalo-associated ticks at
Marula farm, central Kenya (Pelle et al. 2011). The trial was carried out in strict accordance with the
recommendations in the standard operating procedures of the ILRI's Institutional Animal Care and Use
Committee (IACUC). Fifty three of the 113 tick-exposed cattle developed clinical disease and died;
mortality was observed in 40 immunized animals and 13 of the control cattle. Most animals exhibited
clinical and parasitological features typical of those induced by buffalo-derived 7. parva (Norval et al.
1992) with a low schizont parasitosis and low, or in some cases, no piroplasm parasitaemia. As in table
1, among the eighteen cattle from which schizont-infected lymphocyte cultures were generated from
lymph node biopsies were non-immunised controls, as well as those immunised with one of the
following stabilates: 7. parva Marikebuni stabilate 3014 (Morzaria et al. 1995); T. parva Marikebuni
stabilate 316 (Payne 1999) and 7. parva composite trivalent Muguga cocktail stabilate FAO 1
(Morzaria et al. 1999). All cattle were monitored daily from day seventeen after exposure and the

clinical reactions are summarized in table 1.
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Table 1 Classification of 7. parva p67 alleles based on indels and B cell epitope sequence variation

Antibody epitope Deletion (bp)
T.parva Animal Vaccine p&7 seguence Zllele
strain Ho. stebilate Aeocession Epitope 1 Epitope 2 129 174 type
Huguga M 7582121 TEEEVEEADLSDQVE LOPEETS + -
FENEZ AFOTSLITT7 .1 it immeee e + - 1
Maruls
H1lg& (SED) 31§ IROS4513 + _
Marula N3z (FD) FAO 1
Buffalo TAATOZ-L oo - -
Marula N4 (HR) FAO 1 LEOS4504 . B .. - -
Marula N17 (MR} FAO 1 LEOS4505 . - - z
N HZs (HR) 318 LEO5450&
Marula N3 (SR} FRO 1 T mmmmmmmmmmmmsms mmmsees - -
Marula H31 (M) FAO 1 LEOS4507 ... LB - -
ENDWE_35 JE442245.1 000 ... .m—————=— CEM.BE.D - +
Welz4 2-5 JH44zz248.1 20— EM.E.D - +
Marula N7 (MR} 3014 LEO54508 2 ... ... ——————m _EN.BE.D - +
Marula N8 (SRBD) 31s
Marula H1 (HR) 3014 LEOS4E08 o _EN.E.D _ +
Marula N13(MR) Control
Marula Nz7 (HR) 31g
Marula N10 (HR) Control
3
Marula N1z (MR) Control
LEOS4510 L ——————— CEM.BE.D - +
Marula Hzg (HR) Control
Marula HZ2E (HR) FRO 1
Maruls N11 (NR) 3ls LEOS4511 ... .——————— _EN.R.D - +
Marula N33 (SRD) Fa0 1 LE0S4512 ... ——————- _EN_R.D - +
Itz8-13 JE442245.1 eI B CEM.BE.D - +
Marl 45 JH44Z2244 .1 eI KB EM.E.D - +
HIP5_1-1& JHE44ZZ46.1 P EM_B_D - +
FNPlOZ-5 JH442247.1 eI KB EM.E.D - +

Clinical reactions of cattle exposed to tick challenge at Marula farm are in parenthesis and abbreviated
as follows: SRD — severe reaction and died; SR — severe reaction; MR — mild reaction; NR — non-
reactor; FD — found dead. Curly braces enclose animals from which the same sequence type was

obtained, ‘." epitope positions which have a conserved residue; '-' gapped positions in the antibody
epitopes.
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Amplification and sequencing of the gene encoding 7. parva p67

The amplification of the gene encoding p67 was performed using genomic DNA templates with primer
pair IL 613 3 (ACAAACACAATCCCAAGTTC)and IL 792 2 (CCTTTACTACGTTGGCQG),
designed to amplify a 900 base pair (bp) internal fragment containing part of exon 1 and part of exon 2
separated by the 29-bp intron sequence (Nene et al. 1996). These conserved primers amplify multiple
po7 alleles (Nene et al. 1996; Sibeko et al. 2010). The polymerase chain reaction (PCR) reagents and
cycling parameters were as described previously (Nene et al. 1996). The PCR products were
purified after fractionation through 1.2% agarose gels, using the QIAQuick gel extraction kit (Qiagen).
The amplicons were sequenced bi-directionally using IL 613 3 forward and IL 792 2 reverse primers
using Sanger dideoxy technology. Sequences were assembled and edited using the CLC Genomics

Workbench version 6.0.

p67 linear epitope sequence alignments, variant calling and sequence logo creation

Basic local alignment search tool (BLAST) version 2.2.29+ (Altschul et al. 1990) search against a local
database containing a repertoire of 7. parva isolates in East and South Africa assigned the Marula
query nucleotide sequences based on alignment scores to one of the four previously identified 7. parva
po67 allele categories. The 13 sequences derived from 7. parva p67 antigen gene included in the local
database were retrieved using the BLAST utility of the NCBI nucleotide database and had GenBank

accessions: XM_758212.1, U40703.1, AF079177.1, JX442251.1, JX442249.1, JX442247.1,

JX442246.1, 1X442245.1, AF079176.1, JX442248.1, 1X442244.1, JX442250.1 and AF079175.1.The

sequences included in the local database were used as references in a multiple sequence alignment with
p67 sequences from isolates genotyped in this study covering the polymorphic central region of the
gene. The alignment was generated with MAFFT version 7.122 using the L-INS-i option (Katoh et al.

2002), with minor subsequent manual adjustments. The program seg2logo version 1.2 (Thomsen et al.
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2012) was used to create a Kullback-Leibler sequence logo by calculating the information content as a
function of the observed and background probability of residues at each position in the alignment
region spanning the mapped targets of host B-cell responses. In addition, estimates of p67 gene
polymorphism, 7, calculated as the average number of nucleotide differences per site, were generated

with DnaSP version 5 (Librado et al.2009).

Selection of best-fit nucleotide substitution models for 7. parva p67 evolution

The phylogeny of the 7. parva p67 antigen gene sequences was inferred from an optimal subset of the
alignment generated as described above. This alignment subset was determined by the number of
residues in gap-free columns by the program MaxAlign version 1.1 (Gouveia et al. 2007). We
performed a preliminary reconstruction of the phylogenetic relationships between sequences using a
neighbor-joining (NJ) tree (Saitou et al. 1987) under the Jukes and Cantor (JC) model. The NJ-JC tree
served as the basis for calculating the likelihood scores for 56 different nucleotide substitution models
with varying sets of substitution rate parameters capable of accommodating rate heterogeneity between
sites. The best fitting model for the p67 data was selected based on the Akaike Information Criterion
(AIC = =2InL + 2K ), a function of the maximized log-likelihood (InL) and the number of estimated
parameters (K) for a model (Wagenmakers et al.2004), using the program Modeltest version 3.06

(Posada et al. 1998).

Assessing model fits by using Akaike information criterion (AIC)

The phylogeny of the 7. parva p67 antigen gene sequences was estimated with the maximum-

likelihood (ML) criterion and the parameters from the best-fit nucleotide substitution model, using
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PAUP version 4 (Swofford 2002). Estimations of ds and dn were performed using the codeml program
from the PAML package version 4 (Yang 2007). These estimates were obtained under two different
models of evolution: the nearly neutral (M1) and the positive selection (M2) models. M1 assumes two
categories of sites, one evolving under purifying selection (0 < dn/ds < 1) and the other neutral (dn/ds =
1). Model M2 adds to these an additional category of positively selected sites (I < dn/ds). Both models
were fitted by allowing different nucleotide frequencies for each codon position. The Akaike
information criterion was used to seek the fitted model where the information loss based on the

expected relative Kullback-Leibler distance as defined by AIC differences (A;) was minimal.
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Results

P67 gene variants among 7. parva isolates from Marula ranch (central Kenya)

We sequenced the central region of the 7. parva p67 gene from a collection of cultured schizont-
infected lymphocytes recently isolated from cattle which had been exposed to tick challenge within
Marula farm where the African buffalo co-grazed (Pelle et al. 2011). We generated an alignment of the
amplified internal fragment of the 7. parva p67 gene, which contains 900 base pairs in the reference 7.
parva Muguga isolate. The alignment contains 27 sequences, nine of which are available in GenBank
and 18 of which are derived from the Marula isolates (Fig. 1). There were 10 different p67 sequences
represented among the total of 18 from Marula, each of which was derived from a schizont culture
isolate from a different animal (Table 1). None of the ten sequences was the same as the p67 sequences
of the 7. parva stocks within the immunizing stabilates, all of which are identical to one another
(Nene et al. 1996, M. Norling and J. Silva in preparation).The Marula sequences described in this
report are available from the European Nucleotide Archive at

http://www.ebi.ac.uk/ena/data/view/LK054504-L. K054513 and animals from which the same sequence

type was obtained are shown in table 1. Among the alleles sequenced from the Marula isolates, the
overall DNA polymorphism, 7, within and outside the mapped B-cell epitopes in the amplified central
fragment of the p67 gene was 0.19627 (19.6%). All sequences were divided into three allele types, 1
through 3, defined by the presence or absence of two indels (Table 1). The indel set comprised both a
129 bp deletion (allele type 1) and an additional 174 bp deletion (allele type 3). Fifty seven percent of
the sequences were within p67 allele type 3 based on the indels and only 10% were within allele size
type 1. Approximately one third of all sequences in the Marula isolate collection were assigned to p67
allele type 2 on the basis of sequence similarity to allele type 1 combined with the absence of the 129

bp deletion (Table 1).
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Epitope 1 Epitope 2
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Fig. 1 Multiple deduced amino acid sequence alignment of a section of the amplified internal fragment
of the T. parva p67 gene generated using the multiple sequence alignment program, MAFFT version
7.122 (Katoh et al. 2002) ." Amino acid (aa) positions which have a conserved residue;'-' gapped aa
positions; number of Marula isolates carrying an allele is indicated in parentheses. The epitopes
recognised by anti-sporozoite monoclonal antibodies are boxed.

Sequence polymorphism between antibody epitopes within the p67 gene for Marula isolates

We determined the degree of sequence variation within epitopes 1 and 2 of the 7. parva p67 gene in the
Marula field isolates. The predicted protein sequences were compared with the previously
characterized p67 protein sequences derived from East and South African isolates (Sibeko et al. 2010).
Within the region encoding the mapped epitopes, the high level of nucleotide sequence polymorphism

translated into coding changes that resulted in amino acid mutations relative to the 7. parva Muguga

reference allele (XM _758212.1), a cattle-type p67 sequence ( Nene et al. 1996). These variants are

shown in Table 1. Among the sequences assigned to allele type 1 and 2, epitope 1 was remarkably
conserved, perfectly matching the reference sequence. However, an in-frame deletion of a 7 amino acid
segment was observed in a majority of the Marula sequences, all of which were assigned to allele type
3. This truncated epitope sequence resulting from the deletion appears to be a unique feature of the p67

indel-defined allele type 3. In contrast, epitope 2 sequences were less homogeneous among the
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sequences assigned to allele types 1 and 2 due to a nucleotide substitution that conferred a predicted
amino acid change, with the consensus glutamine, *'°Q, being replaced by proline, P. Additionally,
there were non-synonymous mutations in epitope 2 relative to the reference sequence in all of the

isolates assigned to p67 allele type 3.

Position specific enrichment and depletion of residues within the p67 linear epitopes

Information content, a function of the observed and background probability for a particular column in
the multiple sequence alignment was calculated for each position spanning the mapped epitopes to
assess their relative contributions to epitope polymorphisms and visualized in a Kullback-Leibler logo.
As can be seen in figure 2, seq2logo (Thomsen et al. 2012) captures the extent of B-cell epitope
polymorphism in 7.parva p67 among field isolates by taking advantage of pseudo count estimates and
sequence weighting to deal with data redundancy and the low number of observations respectively.
The amino acids enriched at each epitope position are shown on the positive Y axis and the

corresponding depleted amino acids are on the negative Y axis.
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Epitope 1 Epitope 2
0.6-
0.4+
oof KEE] |
. IIBRAE 1
@ OooptEHEEILS NS,
BEFFEEEEESEETEE
IESsEEE -— g = i—; -
akkﬁiiigg E* E‘Ag
T T
] LL & & L
-0.4- EE E
: §S g
0.6+ AA A

Fig. 2 Kullback-Leibler logo for sequences corresponding to B cell epitopes 1 and 2 for sporozoite
neutralizing antibodies on the 7. parva p67 based on a multiple alignment of the predicted amino acid
sequences within the central region. Enriched amino acids (aa) are shown on the positive y-axis and
depleted (under-represented) amino acids on the negative y-axis. The height of the column of aa
residues represents the level of conservation at a particular position, while the relative residue height
denotes its frequency. Polar aa are depicted in green, basic aa in blue, acidic aa in red, and hydrophobic
aa in black.

Analysis of Marula p67 sequences revealed an excess of nucleotide substitutions resulting from
transitions relative to transversions.

To investigate the nature of diversity in the sequenced p67 alleles, the model of nucleotide substitution
that represents the best fit to the data, to be used for phylogenetic inference, was established by
statistical testing. This was assessed by the Akaike information criterion (AIC), a function of the
maximized log-likelihood (InL) and the number of estimated parameters (K) for a model. The p67

dataset was best explained by the TIM+I+G model of evolution. This model assumes variable base
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frequencies, variable transition rates, two transversion rates, a proportion of invariable sites (I) and a
gamma distribution with shape parameter (o). With the corresponding base frequencies taken into
consideration, maximum-likelihood estimates of substitution rates revealed more transitions than
transversions. In particular, the A-to-G transition occurred most frequently, 65% of the sites were
invariable (p-inv) and the gamma shape parameter (o) was less than 1, the latter indicating a relatively

slow rate of evolution at the p67 locus (Table 2).

Table2 AIC model selection and maximum-Likelihood estimates from best-fit model (TIM+I+G)

LIC nucleotide substitution model selection

Model -1nL E LIC delta weight cumfeight
TIM+I+H= 3243.4773 =] 8502 .954¢ 0.0000 0.208& 0.208&
TrHN+I+E= 3244 5530 7 &@503.10&0 0.1514 0.1534 0.40Z21
E8luf+I+= 3245.0501 7 &8504_1802 1.2256 0.1130 0.5151
HEY+I+H= 3245.1783 & &504 3525 1.3373 0.1037 0.8188
TIMH= 3245.183%9 7 &8504_3733 1.4253 0.10Z3 0.7211
TrH+H= 3245.3713 & a504_T4z27 1.7881 0.0853 0.80&5
EZluf+= 3245.741% [ &505.4833 Z.5253 0.058%9 0.8¢654
HEY+H= 3247.54Z2¢ 5 &8505.8853 Z2.5307 0.0482 0.513&
TIM 3313.7852 & &8633.5703 136.8157 4_50e-31 1.0000
E20 3358.1204 1 &8718.2407 215_28%1 0.00e+00 1.0000
Jc 3368.59549 a &8737.9837 235.0352 0.00e+00 1.0000

HMaximim-Likelihood estimates from best-fit model (TIM+IHE)

- . bmono-site rate wvariation
Base freguencies

fregh = 0-3548 Proportion of inwvariable sites (I) = 0.3332

fregt = 0.2131

fregk = 0.z104 Variable sites (&)

fregl = 0.221& Famma distribution shape parameter = 0.&4735
Substitution model

Fate matrix

Ria) [A-C] = 1.0000 Bibk) [BR-G] = 2.5858 Ric) [A-T] = 1 3315

Rid) [C-G] = 1.3319 Ble) [C-T] = 1.7247 B(f) [E-T] = L noon

The Akaike information criterion (AIC), a function of the maximized log-likelihood (InL) and the
number of estimated parameters (K) used to select the best fitting model. Delta denotes the AIC
differences. Also shown are the Maximum-Likelihood estimates of base frequencies,
nucleotide substitution rates, and rate heterogeneity parameters (proportion of invariable sites and
shape parameter of the gamma distribution).
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Spatial clustering of positively selected codons in the p67 gene

We made maximum likelihood inferences of positive selection based on the AIC approach to compare
the fit of models M1, the quasi-neutral model, which allows for two site classes (dn/ds = 1, 0< dn/ds <
1) relative to a positive selection model, M2, with three site classes (dn/ds = 1, 0< dn/ds < 1 and dn/ds >
1). As shown in table 3, fitting the codon substitution model that captures the proportion of codons for
which dn/ds > 1 within the p67 gene provided a better fit than M1 (minimum AIC value). In the best fit
model (M2), about 53% of the codons are strongly conserved (average dn/ds = 0.11037), 35% are
consistent with neutral evolution (dn/ds = 1.0) and the other 10% of codons exhibit dn/ds values
suggesting evolution under positive selection (average dn/ds = 2.95491). Bayesian posterior
probabilities calculated using Bayes empirical Bayes (BEB) (Yang et al. 2005) in M2 revealed the
codons with signatures of positive selection (Table 4). However, in the case of most codons, the
standard error interval includes dn/ds = 1, and the posterior probability of any codon evolving with

dn/ds > 1 is never equal to, or larger than, 95% and therefore not significant at this level.

Table 3 Parameters and Akaike information criterion (AIC) scores of the p67 gene under codon site
models.

Model K InL Alc, A duylds<a dulds = 1 1< dyfds

M1 49 1260 3618 2.0 Pi0.54325 p:0.45675
W: 0.09055 W:1.00000

M2 51 1257 2616 o.0 B 0.53538 p: 0.35855

' 0.10607
Ww: 0.11037 W: 1.00000 2

.954391

Em

The Akaike information criterion (AIC), a function of the maximized log-likelihood (InL) and the
number of estimated parameters (K) used to select the best fitting model. o is the Akaike weight and p
gives the proportion of codon sites belonging to each of the dn/ds ratio classes, A; denotes AIC
differences.
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Table 4 Posterior probabilities (Pr) and estimated dn/ds ratios (post mean +- SE for dn/ds) calculated
using Bayes empirical Bayes (BEB) analysis for sites likely to be under positive selection on the T.
parva p67 gene identified using the reference stock 7. parva Muguga.

Positively selectivesite  Amino acid Pr (dylds 1) post mean +- SE for dyfds
151 T 0.645 2.257 +- 1.363
166 G 0.268 2.815 +- 1.394
104 N 0.686 2.259 +- 1.212
204 E 0.532 1.893 +- 1.094
205 L 0.545 1.907 +- 1.080
208 T 0.772 2.505 +- 1.294
237 L 0.801 2.596 +- 1.323
262 G 0.535 1.871 +- 1.047
2 H 0.745 2.469 4+- 1.335

Q 0.671 2.247 +- 1.243
7 0.654 2.238 +- 1.291

87



B-cell epitope polymorphisms in the p67 sporozoite antigen

Discussion

We present evidence for p67 alleles grouped into three distinct indel types within a single 7. parva
population infecting cattle that were part of a field trial of ITM vaccines designed to evaluate
protection afforded to immunized animals that received a 7. parva challenge from buffalo-associated
ticks (Pelle et al. 2011). All of these p67 alleles were derived from 7. parva genotypes, present in the
Marula tick population, since although ITM immunization typically induces a persistent carrier state in
cattle, both Marikebuni and the Muguga, Serengeti and Kiambu V stocks within the trivalent FAOI
Muguga cocktail, have an identical p67 sequence, that differs from the p67 sequences of any of the
Marula isolates. Comparable levels of heterogeneity at the 7. parva p67 locus have recently been
reported in South Africa (Sibeko et al. 2010). Classification relative to previously described alleles was
based on presence or absence of 129 and 174 base pair indels in the central region of the p67 gene. We
show that parasites with a 174 base pair deletion (allele type 3) were most frequent in the isolates from
the cattle under challenge at Marula farm. Whether there is any underlying selective advantage that the
deletion might confer is unclear. One possibility is that epitope 1 is truncated and therefore not

recognized in parasites containing the 129 bp sequence but with the 174 bp deleted.

The 10 different T. parva p67 sequences described herein (derived from a total of 18 sequences)
were distinct at a minimum of 144 nucleotides excluding sequence reads covering indels.This contrasts
strongly with the complete conservation of nucleotides at the p67 locus, including introns and the third
base in codons, in cattle-transmissible parasites (Nene et al. 1996, Musoke et al. 2005). We assessed
the nature and extent of variation in the two closely juxtaposed B-cell epitopes that have been mapped
to the central polymorphic region of the p67 protein (Nene et al. 1999). Our analysis demonstrated that
all allele type 1 sequences containing the 174 bp sequence but lacking the 129 bp sequence were

identical to the prototype Muguga (XM_758212.1) at both epitopes analyzed. This was also the case
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for the isolates within the indel-defined allele type 2 with the exception of a single variation present in
two isolates. The high level of conservation of these epitopes suggests that they are candidates for
inclusion in multivalent vaccines with the potential to reduce establishment of infection when challenge
occurs with multiple 7. parva genotypes. Indeed, neutralizing antibodies directed against conserved
epitopes have been found to be correlates of protection against infective sporozoites in several species
of parasitic protozoans within the phylum apicomplexa including Plasmodium (Weedall et al. 2007),
Eimeria (Wallach et al. 2008) and Theileria parva (Musoke et al. 1992).

Although studies with monoclonal antibodies have defined '® TKEEVPPADLSDQVP '®| as a p67
epitope in 7. parva isolates that are transmissible between cattle by ticks ( Nene et al. 1999), our
analysis reveal a deletion variant in this region that is common to all type 3 alleles, suggesting that it
may not represent a B cell epitope in many buffalo-derived 7. parva parasites. Interestingly, there is a
high level of conservation of the epitope sequence flanking the deletion in the isolates carrying allele
type 3. The amino acid sequence of epitope 2 in allele 3 isolates is also conserved but distinct from
that of allele types 1 and 2, although not altered in length. Collectively, these findings support the
hypothesis that these p67 regions are potential targets for inclusion in a combinatorial vaccine
formulation that includes immunodominant B cell epitopes. Vaccine strategies similar to those being
pursued for the polymorphic merozoite surface protein (MSP) 1 malaria protein could also be
applicable to 7. parva. In the case of MSP 1, it has been suggested that focusing on both the conserved
C-terminal region (Blackman et al. 1994) in combination with polymorphic subtype-restricted epitopes
(Tetteh et al. 2005) to create chimeric constructs could be a viable vaccine development strategy. For 7.
parva p67, a vaccine could also incorporate conserved epitopes located outside the p67 central region,
for example in the C-terminal region in which no polymorphism has been reported, within a single

chimeric construct.
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We used the multiple sequence alignment generated from the p67 dataset described in table 1, to
investigate what modality of selection may have contributed to the evolution of the p67 gene. Such
tests typically assume a particular phylogeny and can be influenced by the nucleotide substitution
model selected (Yang et al. 1994). After optimization of the parameters, an AIC analysis indicated that
the TIM+I+G model of substitution represented the best fit to the p67 polymorphism data. AIC is an
efficient alternative to likelihood ratio tests (Posada et al. 2004) and has recently been implemented in
the identification of the codon-substitution model that best fits sequence polymorphisms in a region of
VAR2CSA —a Plasmodium falciparum protein involved in placental sequestration in the mammalian
host (Dahlbéck et al. 2006). We detected a subset of codons with signatures of positive selection using
codon-based likelihood analysis based on the observed dn/ds rate ratio (Yang et al. 2000). The
parameters defining the codon evolution model used in this study were derived by capturing
heterogeneity of dn/ds across multiple sites, with positive selection inferred when dn/ds > 1. Under the
codon model that provided the best fit to the data, model M2, about 10% of codons showed potential
evidence of positive selection (average dn/ds = 2.95). However, despite the demonstration of
evolutionary patterns consistent with the effects of positive selection, none of the amino-acid sites in
gap-free alignment columns in the p67 gene identified by maximum likelihood analysis had a highly
significant (> 95%) posterior probability of being positively selected (Table 4). It is possible that the
high dn/ds ratio observed for several amino acids results from allelic dynamics and does not
accurately reflect the effect of selection (Kryazhimskiy et al. 2008). Interestingly, none of the codons
located within defined linear epitopes recognized by monoclonal antibodies show signatures of positive
selection. These results are consistent with a recent study that showed no preferential distribution of
sites under positive selective pressure within T cell epitopes in candidate vaccine antigens from the
pathogenic 7. parva schizonts (Pelle et al. 2011). Among the 115 cattle exposed to challenge at
Marula, from which the 18 isolates analysed were derived, approximately 80 % of those that developed

severe disease and died, exhibited features associated with corridor disease, specifically low schizont
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parasitosis and piroplasm parasitaemia, irrespective of whether they were isolated from vaccinated or
control cattle (R. Bishop and A. Musoke, unpublished data). One conclusion from this study is
therefore that 7. parva parasites originating from buffalo can infect and cause severe disease in co-
grazing cattle and have diverse p67 genotypes, unlike the conserved p67 sequence observed in 7. parva
populations that have adapted to transmission between cattle. The data also suggests that buffalo-
derived 7. parva can sometimes ‘break-through’ the immunity induced by Infection and treatment

immunisation and induce severe clinical reactions, in areas with a high tick challenge.
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Discussion and recommendations

5.0 Chapter 5: Overall discussion and recommendations

The research described herein has primarily focused on understanding the potential impacts of
variations in the host and parasite genotypes for the development of protective immunity in response to
subunit vaccination for control of 7. parva. It has long been hypthesised based on the protective
mechanism demonstrated for the infection and treatment method that a strategy based on induction of
protective CD8" T-cells offers one potential route for development of subunit vaccines against 7. parva
infections. This study has provided strong evidence that implementation of such a vaccine strategy has
to overcome significant constraints imposed by class I MHC diversity present among African cattle
'breeds' residing in the ECF endemic regions. Such variability has been recognized previously, but no
systematic analyses of class I variability in African cattle appear to have been conducted. This paucity
of data is attributable largely to the complexity of cattle MHC genetics (Ellis 2004) and is illustrated by
the duration it has taken to generate a reference list of expressed class | MHC alleles carried by the
inbred European Holstein cattle (Robinson et al. 2013). In particular, studies cataloguing the repertoires
of class I MHC genes in cattle have to address the need for simultaneous genotyping of multiple co-
expressed loci that are difficult to analyse by routine PCR amplification and Sanger sequencing
approaches. This problem is exacerbated by the fact that the expressed gene complement varies
between haplotypes. This complexity is illustrated by the long time it has taken to generate a reference
list of expressed class I MHC alleles expressed by the inbred European Holstein cattle populations

(Robinson et al. 2013).

It is worthy of note that ‘breeds’ in the strict sense exemplified by European Holstein or Friesian are
rare in Africa, because most cattle contain an admixture of alleles derived from taurine and indicine
lineages (MacHugh et al. 1997, Anderung et al. 2007). This represents one reason why although the
expressed class I MHC sequences of African taurine cattle has not yet been analyzed in detail, it can be

expected that allelic polymorphism and haplotype composition will vary significantly between
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individuals.

The current study adapted recent advances in MHC typing for use in African cattle populations. In
particular, the study utilized the multiplexing capabilities and depth of coverage of the GS FLX 454
pyrosequencing platform (454 Life Sciences). However, high throughput sequencing data require
careful interpretation for MHC typing as there is little doubt that some of the sequence variants
generated by these approaches are artefactual and this may obscure the detection of 'true' rare variants
(Babik et al. 2009). Consequently, the data presented here excluded a specified number of reads classed
either as 'putative artifacts' or 'chimeras' following passage through a series of sequence filtering
algorithms. The design of the typing also allowed comparisons to be made between the genotypes
obtained by amplicon pyrosequencing and those obtained by class | MHC cDNA Sanger sequencing
for a subset of the samples analyzed. Overall, the data suggests that use of amplicon pyrosequencing in
conjunction with robust read filtering algorithms can achieve the level of accuracy of Sanger
sequencing and therefore has the potential for routine application in unraveling the complexities of

cattle MHC genetics.

It is worth mentioning that it does not suffice to simply catalog expressed class I MHC sequences from
an African native (Ankole) and exotic (Holstein) Bos taurus cattle as functional differences between
alleles are not readily explicable. In the current study, machine learning and phylogenic clustering
algorithms were necessary to reliably deliver a functional classification of the MHC molecules using
information drawn solely from the residues that interact with peptides (Thomsen et al. 2013). The most
important information revealed by analysis of the data is not that the Ankole class I MHC differ from
other Bos taurus animals (in this case Holstein) per se, but the scale of the predicted class I MHC
functional divergence despite the fact that the two populations analyzed are both within the Bos taurus

lineage and therefore share a relatively recent common ancestor on an evolutionary timescale.
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One conclusion supported by all the analyses undertaken in this study is that there is convincing
evidence that the overlap between the peptide binding specificities of cattle class | MHC molecules is
likely to be largely confined to alleles belonging to the same ‘breed’. These differences carry the
implication that the repertoire of class I alleles expressed by different cattle breeds will determine the
number of antigens/epitopes that may need to be incorporated in a recombinant antigen cocktail

vaccine before field use at a scale encompassing multiple cattle populations can be contemplated.

The constraint of class I MHC diversity for recombinant vaccine development for ECF control may
seem insurmountable, especially given that based on FAO statistics, 200 phenotypically distinguishable
zebu, taurine and indicine-taurine crossbreeds are resident in areas known to sustain endemic 7. parva

infections in eastern, central, and southern Africa (FAO;_http://dad.fao.org/). However, grouping class |

products based on sequence features defining their peptide binding grooves as implemented in this
study and elsewhere (Pandya et al. 2015), provides evidence for major specificity groups, known as
‘supertypes’ in cattle. Such ‘supertypes’ have previously been described for humans by Sette and
Sidney (1999). Consequently, cellular responses induced by live vaccination can potentially be
mimicked by immunization with a restricted set of epitopes covering the specificity defined by class I
MHC allele ‘supertypes’ without compromising coverage of cattle populations with an epitope-based
vaccine. For this strategy to be pursued, data on class | MHC genotypes from a wider range of African
cattle, especially 'breeds' that comprise pastoralists’ herds and those important to smallholder dairy
farmers in ECF endemic regions would have to be generated. Such efforts will certainly benefit from
the work described in this thesis that has clearly established the feasibility and value of new high

throughput sequencing technologies in tackling the complexity of cattle MHC genetics.
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The findings from the in silico analysis that suggested significant functional divergence between the
Ankole and Holstein class I sequences were confirmed by subsequent ex vivo data collected using T-
cell lines from 7. parva infected cattle. In particular, recognition of recently identified candidate ‘Tp’
CDS8" T-cell target antigens was assessed in ex vivo ELISpot assays using PBMCs and purified CD8"
T-cells from Ankole cattle that were serologically positive for 7. parva based on a recombinant version
of the T. parva PIM antigen. Its worthy of note that 7. parva CDS8" T-cell target vaccine candidate
antigens were originally identified using CD8" T-cell lines derived primarily from Holstein-Friesian
cattle to screen 7. parva cDNA expression libraries. To summarize, in PBMC derived from each of the
eleven seropositive Ankole, there were no animals that were positive by ELISpot following
sensitization by peptide pools derived from the Tp antigens. Positivity is defined as a gamma interferon
response significantly greater than three times the medium control, which is the normally accepted
standard for definition of an ELISpot response. This suggests that none of these eleven animals
recognized any of the six Tp antigens. This includes the Tpl and Tp2 antigens, which are
immunodominant in the context of the class I haplotypes so far investigated and are currently the main
focus of ongoing ECF recombinant vaccine trials being performed by an international consortium of

laboratories.

The BV115 animal included as a positive control for the ELISpot assay was by contrast positive since
only the Tp1 peptide pool, which was previously determined to be recognized by this animal, provided
significant responses in the ELISpot assay. Additionally, the media control and peptide pools from
other antigens, including Tp7 which has previously been shown to be negative using CD8" T-cells
derived from BV115, did not generate a response. Furthermore, experience from relying on Tp specific
cell lines (experimentally seeded into total PBMC isolated from the same animals) has suggested a
detection level down to approximately 0.03% of PBMCs, which is a relatively low threshold of

detection and provides support for the suggestion that this study would have detected T cells specific
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for these antigens if they were present in the Ankole cattle.

There are no previous studies that have analysed recognition of candidate CD8" T-cell target antigens
by a population of African taurine cattle kept by pastoralists following immunization by ITM for
control of 7. parva or field challenge. This is important since 7. parva recombinant vaccine
development projects seek to reproduce the T-cell based protection induced by ITM. The results
described herein are consistent with the findings from an earlier study that demonstrated failure of T-
cell lines from Bos indicus cattle to recognize the currently identified CD8" T-cell target antigens
(Akoolo et al. 2008). Bos indicus cattle are generally believed to have resulted from an independent
domestication from a widely geographically separated population of the now extinct Auroch (Bos
primigenius) separated from the taurine lineage by several hundred thousand years of evolution. Taken
together, these data allow reasonably firm conclusions to be drawn on the need to develop a multivalent
vaccine that can potentially overcome the issue of genetic heterogeneities between cattle 'breeds'. For
immediate purposes, it is necessary to comprehensively define cattle class I MHC ‘supertypes’ as a
basis for selection of antigens for inclusion in a multivalent recombinant vaccine for field use.
Combined with an appropriate cocktail of ‘supertpe’ epitopes with broad class I MHC binding
specificity, an antigen delivery system that induces long-term T cell-based immunity in cattle, and is
scalable and affordable to resource poor farmers will need to be developed. This is not yet
commercially available for humans or livestock, although experimental progress is promising in murine
model systems. The results are also consistent with the hypothesis that cattle infected with 7. parva
through delivery of sporozoites by R. appendiculatus ticks may possibly be immune through other

effector mechanisms than induction of CD8+ T-cells.
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One other conclusion that has emerged from this study is that for robust humoral immunity against the
early stage of the parasite to be achieved, it is desirable to develop vaccines that allow for the dynamic
nature of parasite populations in the field. In particular, this study investigated the extent of sequence
diversity within the gene encoding p67, the T. parva sporozoite surface protein that is a major target of
antibodies that can neutralize the establishment of infection and induce protection against
subcutaneous needle challenge with homologous and heterologous sporozoite stabilates. To provide a
more informed picture of the possible impacts of heterologous parasite challenge on protection
afforded to p67 immunised cattle, this study also assessed whether the defined B-cell epitopes within
the p67 protein are conserved between parasites isolated from clinically reacting cattle in regions where
there is a reservoir of disease in wildlife. The findings demonstrate considerable variation among 7.
parva p67 alleles, with the encoded proteins varying widely in size due to length polymorphism,
primarily indels within the central region of the p67 gene. This is in marked contrast to the absolute
conservation of the p67 gene among parasites transmissible between cattle by ticks. This data suggests
that buffalo-derived 7. parva, with diverse p67 genotypes; 'break through' the immunity induced by
recombinant p67 and induce severe clinical reactions in co-grazing cattle. In this context, it is relevant

that there is as yet no field trial of recombinant p67 against a buffalo-derived 7. parva tick challenge.

Importantly, the polymorphism among alleles of the p67 antigen includes sequence differences in sites
encoding epitopes that are the targets of neutralizing antibodies. Only six of the 15 residues in the first
of two closely juxtaposed epitope sequences in the central region of the p67 protein were identical
among the alleles of the p67 antigen described herein and just three residues were conserved in the
second epitope. The 18 p67 sequences contained three variants of the first epitope, differing mainly due
to an in-frame deletion of a seven-amino acid (21 base pair) segment resulting in a truncated protein.
By contrast, the three variants of the second epitope differed primarily due to coding changes that

conferred amino acid substitutions. One conclusion supported by these differences is that there is
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evidence to suggest that the p67 genotype selected for vaccination may lack efficacy against field

challenge with buffalo-derived T. parva.

Although the field isolates of 7. parva do not have identical p67 sequences, the observation of
considerable overlap in the pattern of polymorphisms between antibody epitopes within the buffalo-
derived p67 alleles suggests that the constraint of p67 diversity for recombinant vaccine development
for ECF control may not be insurmountable. Clearly, functional studies would be required to confirm
that neutralizing antibodies differ in their ability to recognize allelic variants of the epitopes and based
on the outcome of these experiments, multiple epitopes could be combined in a single construct. The
p67 sequence diversity findings if extended to isolates from additional buffalo-derived populations in a
more comprehensive analysis highlight the potential for simultaneous immunization with vaccine
constructs expressing multiple p67 allelic variants to achieve broad protection in the field. An
additional hurdle that will need to be overcome in order to develop an effective anti-sporozoite vaccine
will be to demonstrate protection against a 7. parva infected tick challenge, rather than the needle
challenges that have been employed to date. The importance of this is emphasized by the reduced
efficacy of p67 in field trials (Musoke et al. 2005) relative to experimental laboratory challenges

(Musoke et al. 1992, Bishop et al. 2003).

To summarize, sub-unit vaccine development for control of ECF in cattle is ultimately likely to require
a multi-faceted approach which will incorporate a cocktail of antigens derived from the sporozoite and
schizont stages in order to achieve a robust immunity. It is therefore not surprising that considerable
donor resources are currently being expended on attempts to induce T cell-based vaccines using the
schizont antigens used in this study, by an international consortium of laboratories (Nene et al. 2012).
In addition, efforts are also underway to optimize the p67 sporozoite vaccine and identify additional

antigens to permit deployment in the field. Initial attempts to combine delivery of recombinant p67
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with schizont antigens are also ongoing. Ultimately a tick antigen component may also need to be
included to enhance protection in the field (Olds et al. 2012). The data presented here helps to provide
an evidence-based analysis of the factors that will be important for development of subunit vaccines
with adequate efficacy and coverage. The recommendation is that priority should be given to grouping
of cattle class I MHC alleles into functional ‘supertypes’ once extensive cattle polymorphism data is
collated so as to better inform the feasibility of generating T cell based vaccines with a high population
coverage regardless of 'breed' differences. It could also be helpful at this point to re-assess the field
performance of the p67 vaccine with the major adjustment being the simultaneous immunization with

vaccine constructs expressing multiple p67 allelic variants and/or additional sporozoite antigens.
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The dissemination of Theileria parva immortalized bovine lymphoblasts into lymphoid and non-
lymphoid tissues results in East Coast Fever — a disease that continues to ravage cattle herds owned by
resource poor small holder farmers and pastoralists throughout eastern, central, and southern Africa.
The shortcomings of available control options are exemplified by failing acaricides and
chemotherapeutics, and the technical and operational inadequacies of the live vaccination regime
termed infection and treatment method (ITM). These constraints have provided impetus towards the
development of subunit vaccines intended to render genetically diverse out-bred cattle populations

immune to challenge by antigenically distinct parasites in the field throughout the endemic areas.

Schizont antigens complexed with cattle class I MHC induce CD8" cytotoxic T-lymphocytes (CTLs)
that are the major effectors for immune control of 7. parva. However, at present, there is insufficient
information to predict the constraints to recombinant vaccine development based on induction of
protective CTLs that may be imposed by functional divergence within cattle class I MHC genes. The
first of the two broad studies described herein, utilized amplicon-based next generation sequencing
combined with rigorous read processing algorithms to obtain reliable class I MHC genotypes from a
field population of African native Bos taurus (Ankole). The study then leveraged progress in 'reverse
immunology' to infer the extent of functional difference among the class I MHC alleles expressed by
Ankole cattle as well as by exotic (Holstein) cattle. Finally, the study sought to ascertain if the
dissimilarities seen in the in silico predictions of class | MHC peptide binding specificities between the
two taurine lineages could be corroborated by ex vivo tests assaying cytokine responses to defined

T. parva antigens.

The major findings from the first study included: (i) the identification of 18 novel cattle class I MHC

allelic sequences in Ankole cattle, (ii) the evidence of positive selection for sequence diversity
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including in residues that predominantly interact with peptides in Ankole class I MHC, (iii) the
evidence from in silico functional analysis of peptide binding specificities that are largely distinct
between the two breeds and (iv) the demonstration that CD8" T-cells derived from Ankole cattle that
were seropositive for 7. parva did not recognize vaccine candidate antigens originally identified in
Holstein cattle breeds. This includes the immunodominant Tpl which is currently the main focus of
ongoing ECF recombinant vaccine trials. Taken together, the data clearly demonstrates that overlap
between the peptide binding specificities of cattle class I MHC molecules is likely to be largely
confined to alleles belonging to the same breed. These differences have the implication that a number
of different antigens/epitopes will need to be incorporated in a CD8" T-cell based recombinant antigen

cocktail vaccine to provide broad coverage.

In addition to the cellular responses, a contribution of humoral responses in mediating immunity
against the sporozoite stage of the parasite has been documented. The closest approach to an effective
anti-sporozoite vaccine to date has used a recombinant version of p67, the major sporozoite surface
antigen of 7. parva that is the target of antibodies that can potentially neutralize the establishment of
infection. However, exposure of p67 immunized cattle to field tick challenge has resulted in very
limited protection relative to experimental laboratory trials. The second study sought to shed light on
the possible impacts of heterologous parasite challenge on the protection afforded to p67 immunized
cattle. The concern was that whereas the gene encoding p67 is conserved in all cattle-derived
populations of T. parva, it remained unclear whether parasites that originate from buffalo, and capable
of causing severe disease in co-grazing cattle, contain diverse or invariant p67 genotypes. The primary
analysis involved examining allelic variation, principally length polymorphisms and amino acid
diversity in the closely juxtaposed B cell epitopes mapped to the central region of the p67 protein. The

study also sought to shed light on the mechanisms that underpin molecular evolution of the p67 gene.
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The findings included: (i) the identification of ten discrete p67 allelic sequences with an overall DNA
polymorphism of 19.6%. This contrasts with the complete conservation of nucleotides at the p67 locus,
including introns and the third base in codons, in cattle-transmissible isolates, (ii) the demonstration
that the p67 allelic sequences described herein varied widely in size principally due to the 129 and 174
base pair deletions in the central region of the gene, (iii) the identification of an in-frame deletion and
nonsynonymous substitutions in the two closely juxtaposed B cell epitopes in the central region of the
p67 protein respectively, (iv) the demonstration of an evolutionary pattern within the 7. parva p67
locus that is consistent with the effects of positive selection. In sum, these findings suggest that a p67
based vaccine suitable for field use, particularly where a wildlife reservoir of infection is present,
should incorporate polymorphic epitopes as an improvement to the current conserved p67 vaccine

antigen.

The totality of the data presented here provides a more informed picture of the development needs of
subunit vaccines satisfying both the efficacy and coverage criteria. The key recommendation is that
priority should be given to grouping cattle class I MHC alleles into functional ‘supertypes’, once
extensive polymorphism data is collated so as to better inform the feasibility of generating CD8" T-cell
based vaccines with a high population coverage regardless of 'breed' differences. It could also be
helpful to re-assess the field performance of the p67 vaccine based on simultaneous immunization with

vaccine constructs expressing the allelic variants described herein.
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Zusammenfassung

Betrachtung der Genotypen von Wirt und Parasit in Bezug auf die Wahl von Subunit-

Impfstoffantigenen zur Immunisierung von Rindern gegen Theileria parva

Theileria parva, der Erreger des Ostkiistenfiebers, verursacht im Ostlichen, zentralen und siidlichen
Afrika eine Erkrankung von grofler wirtschaftlicher Bedeutung, wobei die an Ressourcen armen
Kleinbauern und Pastoralisten am meisten darunter zu leiden haben. Der Erreger dringt in
Lymphozyten der Rinder ein und ruft eine unkontrollierte Teilung und Immortalisierung der infizierten
Wirtszellen Zellen hervor. Das Fehlen geeigneter Kontrollmalnahmen wird durch umweltschadliche
Akarizide und Chemotherapeutika sowie durch technische und operative Unzuldnglichkeiten der
Immunprophylaxe (,infection and treatment method - ITM*) verdeutlicht. Diese Beschriankungen
haben die Entwicklung von Subunit-Impfstoffen gefordert, um in endemischen Gebieten genetisch
unterschiedliche Rinderpopulationen gegen eine Infektion durch antigenetisch verschiedene

Feldstimme zu immunisieren.

Schizonten-Antigene, die in Form von Petiden von MHC-Klasse-I-Molekiilen infizierter Rinder-Zellen
prisentiert werden, induzieren CD8" zytotoxische T-Lymphozyten (CTLs), die als Haupteffektoren der
Immunkontrolle gegen 7. parva fungieren. Derzeit gibt es allerdings ungeniigende Informationen um
die Einschriankungen fiir die Entwicklung eines rekombinanten Impfstoffes basierend auf der
Induktion von protektiven CTLs vorherzusagen, die durch die funktionelle Divergenz des Rinder-
Klasse I MHC bedingt sind. Um zuverlédssige Klasse | MHC Genotypen von einer Feldpopulation des
in Afrika beheimateten Bos taurus Rindes (Ankole) zu erhalten, benutzte diese Studie Amplikon-
basierte Sequenzierungen kombiniert mit rigoros gefilterten Sequenz-Algorithmen. Auflerdem, nutzte

die Studie den erzielten Fortschritt in der ,, reverse Immunologie®, um das Ausmal} der funktionalen
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Unterschiede zwischen den Klasse I MHC Allelen, die durch die Ankole und exotische (Holstein-)
Rinder exprimiert wurden, zu bestimmen. SchlieBlich wurde versucht festzustellen, ob die
beobachteten Unterschiede in den in silico-Vorhersagen der Klasse | MHC Peptid-Bindungsspezifititen
zwischen den beiden taurinen Linien durch die Zytokinbildung durch CTLs auf eine Stimulation mit

definierten 7. parva-Antigenen bestitigt werden kénnen.

Die wichtigsten Ergebnisse dieser Studie waren: (i) die Identifizierung von 18 neuen Klasse I MHC
Allelsequenzen bei Ankole Rindern, (ii) der Nachweis fiir eine positive Selektion fiir Sequenzvielfalt
des Ankole Klasse I MHC, einschlielich der Positionen, die vorwiegend mit Peptiden interagieren,
(i11)) die Beweise aus der in silico-funktionellen Analyse von Peptidbindungsspezifititen, die sich
weitgehend zwischen Ankole und Holstein Rinderrassen unterscheiden, und (iv) dass CD8" -T-Zellen,
die aus Ankole-Rindern stammten, die fiir 7 parva seropositiv waren, keine Impftkandidaten-Antigene

erkannten, die urspriinglich in Holstein Rindern identifiziert wurden.

Dies schlieft das immun-dominante Tpl Antigen ein, das der Schwerpunkt der laufenden
rekombinanten Impfstoff-Studien gegen Ostkiistenfieber ist. Zusammengenommen zeigen die Daten
eindeutig funktionelle Unterschiede zwischen den in verschiedenen Rinderrassen exprimierten Klasse I
MHC Genen und deuten stark darauf hin, dass eine Anzahl von verschiedenen Antigenen / Epitopen in
einen rekombinanten Antigen-Cocktail-Impfstoff auf CD8" -T-Zellen integriert werden miissen, um

eine breiten Impfschutz zu erzielen.
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Zusitzlich zur Rolle der CTLs wurde auch die Bedeutung der humoralen Immunantwort bei der
Schutzvermittlung gegen die Sporozoite des Parasiten analysiert. Der naheliegenste Ansatz fiir einen
wirksamen Anti-Sporozoiten-Impfstoff war bisher die Verwendung einer rekombinanten Version von
p67, dem Haupt-Sporozoiten-Oberflichen-Antigen von 7. parva, dass das Angriffsziel von
Antikorpern ist, die moglicherweise die Entstehung einer Infektion neutralisieren konnen. Jedoch
filhrte in einem Feldversuch eine Zeckenexposition bei mit p67 immunisierten Rindern nur zu einem

sehr beschrinkten Schutz im Vergleich zu experimentellen Labortests.

Die zweite Studie untersuchte die moglichen Auswirkungen eines heterologen Parasitenchallenges auf
den Schutz von mit p67 immunisierten Rindern. Wéhrend das fiir p67 kodierende Gen in allen in
Rindern vorkommenden 7. parva Populationen konserviert ist, ist nicht bekannt, ob die aus dem Biiffel
stammenden Parasiten, die eine schwere Erkrankung bei Rindern verursachen, verschiedene oder
unverdnderte p67-Genotypen enthalten. Die primédre Analyse befaite sich zunédchst mit Allele-
Variationen, vor allem Langenpolymorphismen und Aminosdurevielfalt in den eng benachbarten B-
Zell-Epitopen, die der zentralen Region des p67-Proteins zugeordnet sind. Ein weiteres Ziel der Studie

war die molekularen Mechanismen der Evolution des p67-Gens aufzukliren.

Hierbei wurden folgende Ergebnisse erzielt: (i) die Identifizierung von zehn diskreten p67-
Allelsequenzen mit einem Gesamt-DNS-Polymorphismus von 19,6%. Dies steht im Gegensatz zu der
vollstindigen Konservierung von Nukleotiden am p67-Locus, einschlieBlich Introns und der dritten
Base in Codon, in von Rindern iibertragbaren Isolaten, (ii) der Nachweis, dass die hier beschriebenen
p67-Allelsequenzen hauptsdchlich aufgrund der 129- und 174-Basepaar-Deletionen im zentralen

Bereich des Gens variierten, (iii) die Identifizierung einer In-Frame-Deletion und Substitutionen, die zu
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Aminosdureveranderungen in den zwei eng benachbarten B-Zellepitopen im zentralen Bereich des p67-
Proteins fiithren, (iv) die Demonstration eines Evolutionsmusters innerhalb des 7. parva p67-Lokus,
was im Einklang mit den Effekten der positiven Selektion steht. Zusammenfassend deuten diese
Befunde darauf hin, dass ein p67-basierter Impfstoff, der fiir den Feldgebrauch geeignet ist,
insbesondere wenn ein Wildtierreservoir der Infektion vorhanden ist, die polymorphen Epitope als eine

Verbesserung des gegenwairtig konservierten p67-Impfstoffantigens enthalten sollte.

Basierend auf diese Daten ist zu empfehlen die Gruppierung von Rinder-Klasse-I-MHC-Allelen in
funktionelle "Supertypen" Prioritdit zu erhalten, sobald umfangreiche Polymorphismus-Daten
zusammengetragen sind, um die Herstellung von CD8 " T-Zell-basierten Impfstoffen mit einem breiten
Anwendungsbereich zu verbessern, unabhingig von den unterschiedlichen Rinderrassen, zu
ermoglichen. Es konnte auch hilfreich sein, die Feldeignung des p67-Impfstoffes, basierend auf der
gleichzeitigen Immunisierung mit Impfstoftkonstrukten, die die hier beschriebenen Allelvarianten

exprimieren, neu zu bewerten.
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