bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Development of a yeast-based vaccine for Theileria parva infection in cattle

Shan Goh'#, Jeannine Kolakowski', Angela Holder?, Mark Pfuhl?, Daniel Ngugi!, Keith
Ballingall®, Kata Tombacz?, Dirk Werling*

! Department of Pathobiology and Population Sciences, Royal Veterinary College, Hatfield,
UK

2 Faculty of Life Science and Medicine, King’s College London, London, UK
3 Moredun Research Institute, Penicuik, Midlothian, UK

Present address: 4 School of Life and Medical Sciences, University of Hertfordshire, Hatfield,
UK;

Abstract

East Coast Fever (ECF), caused by the tick-borne apicomplexan parasite Theileria parva,
remains one of the most important livestock diseases in sub-Saharan Africa with more than 1
million cattle dying from infection every year. Disease prevention relies on the so-called
“Infection and Treatment Method” (ITM), which is costly, complex, laborious, difficult to
standardise on a commercial scale and results in a parasite strain specific, MHC class |
restricted cytotoxic T cell response. We therefore attempted to develop a safe, affordable,
stable, orally applicable and potent subunit vaccine for ECF using five different T. parva
schizont antigens (Tpl, Tp2, Tp9, Tpl0 and N36) and Saccharomyces cerevisiae as an
expression platform. Full-length native Tp2 and Tp9 as well as fragments of native Tpl were
successfully expressed on the surface of S. cerevisiae. In vitro analyses highlighted that
recombinant yeast expressing Tp2 can elicit IFNy responses using PBMCs from ITM-animals,
while Tp2 and Tp9 induced IFNy responses from enriched bovine CD8* T cells. A subsequent
in vivo study showed that oral administration of heat-inactivated, freeze-dried yeast stably
expressing Tp2 increased total murine serum IgG over time, but more importantly, induce Tp2
specific serum IgG antibodies in individual mice compared to the control group. While these
results will require subsequent experiments to verify induction of protection in neonatal calves,
our data indicates that oral application of yeast expressing Theileria antigens could provide an
affordable and easy vaccination platform for sub-Saharan Africa. Evaluation of antigen specific
cellular immune responses, especially cytotoxic CD8* T cell immunity in cows will further

contribute to the development of a yeast-based vaccine for ECF.
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Introduction

East Coast Fever (ECF), caused by the tick-borne apicomplexan parasite Theileria parva,
remains one of the most important livestock diseases in sub-Saharan Africa. More than one
million cattle succumb to ECF every year resulting in economic losses for mostly smallholder
farmers of approximately 300 million US dollars*2.

Treatment of ECF with the antiprotozoal drug buparvaquone is expensive and often ineffective
in altering disease progression'?. Disease prevention relies on the “Infection and Treatment
Method” (ITM). This involves inoculation of three different strains of live T. parva sporozoites
(Muguga cocktail) and simultaneous application of long-lasting oxytetracycline. ITM
production is costly, complex, laborious®* and difficult to standardise on a commercial scale
as each batch varies in parasite number and antigenic diversity>’. Consequently, antigen
characterisation of each batch by comparison of genetic markers is necessary for validation of
the vaccine®®. Although ITM can induce long-lasting protection, the resulting immunity is
strain specific. African buffalo-derived strains pose a high risk of reinfection due to extensive
antigenic variability in field strains®®. Cattle immunised by the ITM can remain carriers of T.
parva for many years*'? and a source of infectious ticks, raising concerns regarding the
introduction of new parasite strains into areas previously free of them?!113.14,

For these reasons, the development of subunit vaccines for ECF is an area of intense research.
However, a major hurdle in the development of subunit vaccines is the identification of
antigens that provide broad protection. In the case of ECF, such immune protection is provided
by induction of antigen specific, MHC class I restricted cytotoxic CD8* T cells'® and supported
by cytokines from and close contact to antigen specific CD4* T helper cells®®. Several studies
report variants in known T. parva antigens that are circulating in cattle or buffalo in different
regions®*”-19, A comprehensive analysis of antigenic variability in cattle-derived T. parva was
recently reported and the T. parva antigens Tpl, Tp2, Tp9, which are potential vaccine
candidates, were found to have extensive sequence diversity compared to Tp3, Tp4, Tp5, Tp6,
Tp7, Tp8 and Tpl10'°. Buffalo-derived T. parva similarly showed extensive antigenic
variability in Tp1 and Tp2°. In contrast, the widely used Muguga ITM cocktail comprises three
strains that are quite similar antigenically?. Subunit vaccines offer the opportunity to include
a greater repertoire of antigens, particularly with the advances made in the identification of
antigenic variants. Factors contributing to antigenic variability are sexual recombination after
cross-infection of a single host with multiple T. parva strains and, to a lesser extent, genetic

drift within defined geographical locations®2L,
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Saccharomyces cerevisiae is an ideal platform for expression of heterologous eukaryote
proteins. It is safe to consume and survives in the gastro-intestinal environment?22%, Easy
genetic manipulation and large-scale production, strong adjuvant properties?*2°, and long-term
antigen stability at room temperature?® are other reasons for its suitability as a vaccine platform.
Yeast-based vaccines have already been shown to stimulate protective immune responses
towards a broad range of bacteria, viruses and parasites in vivo?’%, Yeast cells are avidly
internalised by dendritic cells (DCs) which subsequently mature into potent antigen presenting
cells (APCs)?*3%, Recombinant antigens expressed by such yeasts are delivered into both MHC
class I and Il pathways and efficiently presented to MHC class Il restricted CD4* T helper and
MHC class | restricted, CD8* cytotoxic T cells?**2, DC production of proinflammatory
cytokines such as I1L-12 leads to the induction of CTL mediated immunity which makes yeast
particularly attractive in the control of East Coast Fever in cattle™®. This study was designed to
develop a novel yeast-based vaccine for protection against T. parva infection in cattle using
five of the above-mentioned vaccine antigens, including Tpl, Tp2, Tp9, Tp10 and N36. These
were chosen based on the number of CTL epitopes, sequence diversity and presentation by

MHC class | molecules.
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Materials and Methods

E. coli strains, yeast strains and media

Escherichia coli DH5a (Invitrogen), DH10B (New England Biolabs) and TOP10 (Invitrogen)
were used for cloning of recombinant plasmids. Positive transformants were selected on LB
medium (1% tryptone, 0.5% yeast extract, 1% NaCl; Oxoid) supplemented with ampicillin
(100 pg mL1, Sigma Aldrich) for 24h at 37°C. Saccharomyces cerevisiae strains EBY100
(MATa AGAT1::GAL1-AGAL1::URA3 ura3-52 trpl leu2A200 his3A200 pep4::HIS3 prb11.6R
canl GAL) (ATCC) and INVScl (MATa his3Al leu2 trp1-289 ura3-52 MAT his3Al leu2
trp1-289 ura3-52) (Invitrogen) were routinely grown in YPD medium (1% yeast extract, 2%
peptone, 2% dextrose) and used to express recombinant proteins. EBY 100 transformants were
grown in minimum dextrose agar (0.67% Yeast Nitrogen Base (YNB), 2% glucose, 0.01%
leucine) lacking tryptophan, while INVSc1 transformants were grown in SC minimal medium
(0.67% YNB, 2% raffinose, 0.01% each of adenine, arginine, cysteine, leucine, lysine,
threonine, tryptophan), 0.005% each of aspartic acid, histidine, isoleucine, methionine,
phenylalanine, proline, serine, tyrosine, valine) lacking uracil (SC-U) for three days at 30°C.
To induce expression of recombinant protein, EBY 100 clones were first grown in YNB-CAA
medium (0.67% YNB, 0.5% casamino acids) with 2% glucose overnight at 30°C to ODeoo of
2-5, then cells were resuspended in YNB-CAA medium with 2% galactose to ODseoo of 0.5-1
and grown at 22°C for up to 48h. To induce expression of recombinant protein in INVScl,
cultures were first grown in SC-U overnight at 30°C to ODsoo of 5-7, then resuspended in SC-
U medium with 2% galactose to ODeoo of 0.4 and grown at 30°C for up to 24h. Liquid cultures
were agitated at 250 rpm.

Construction of recombinant plasmids

T. parva genes encoding the predicted antigens Tpl, Tp2 and Tp9 were expressed for either
surface display in the pYD1 vector (Yeast Display Vector kit, Invitrogen) or for intracellular
expression using the pYES2/NTC vector (N-terminal Xpress and C-terminal V5 epitope,
Invitrogen). The pYD1 system used the yeast internal Apal/Ap2 system, which links the Apa2
protein via two disulphide bonds to the Apal proteins expressed on the yeast surface. For each
gene, the wild-type (WT) form or a codon-optimized version for subsequent expression in the
yeast system or in eukaryotic cells were amplified using specified primers (Table 1).

WT gene sequences of Tpl and Tp2 were amplified from cDNA prepared from total RNA

isolated from T. parva Muguga infected bovine peripheral blood mononuclear cells (PBMCs)
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using the Qiagen RNeasy Kit. Contaminating DNA was removed with DNase | (DNA-free
removal Kit, Invitrogen) and cDNA was prepared with AMV First Strand cDNA kit (New
England Biolabs) using oligo-dT to prime the reaction. PCR was carried out with gene-specific
primers (Table 1) using Phusion Hi-Fidelity PCR Mastermix (Thermo Scientific).

Amplicons of the native Tpl gene were digested with BamHI and Xhol FastDigest restriction
enzymes (Table 1) (Thermo Fisher Scientific) and directly ligated into either pYD1 or
PYES2/NTC plasmids with compatible restriction ends using T4 DNA ligase (Thermo Fisher
Scientific). The pYD1 expression vector is a low copy number plasmid designed for surface
display of proteins by high-jacking the Agal-Aga2 system of the yeast. Proteins are expressed
in-frame linked to Aga2, with a 5 V5 marker and a 3° Xpress marker. In contrast, the
PYES2/NTC expression vector is a high copy number plasmid designed for intracellular
protein expression in yeast (Suppl. Table 1). Plasmids were transformed into chemically
competent E. coli DH5a, DH10B (New England Biolabs) or TOP10 cells (Invitrogen), and
transformed E. coli were plated. Subsequent selection was carried out on LB (Oxoid)
supplemented with ampicillin (100 pg mL?, Sigma Aldrich). Recombinant plasmids were
prepared from positive E. coli clones and Sanger sequenced using plasmid specific primers for
validation.

Amplicons of the native Tp2 gene were ligated blunt-end into pJET1.2 (Thermo Scientific) and
transformed into chemically competent E. coli DH10B. Recombinants were sequenced and
used as template for Tp2 amplification and ligation into pYD1 as described for Tpl above.
The native Tp9 gene was amplified from pcDNA3_Tp9 (kindly provided by Dr. N. MacHugh,
Roslin Institute, Edinburgh, UK). Amplicons were cloned directly into pYD1 as described
above. Yeast codon-optimised sequences of the Tpl and Tp2 gene were synthesized by
GeneArt (Thermo Fisher Scientific) and codon-optimised sequences for expression of Tp2 and
Tp9 gene in eukaryotic cells were kindly provided by Dr. T. Connelley and Dr. N. MacHugh
(Roslin Institute, Edinburgh, UK).

Eight EBY100 and INVScl yeast clones were selected and each cultured in 5 mL YNB-CAA
broth and SC-U broth for 16-18h, respectively. Plasmids were extracted using the Qiagen
Miniprep Kit using 425-600 um glass beads (Sigma Aldrich) for mechanical lysing of yeast
cells. Beads were added to the P1 solution and yeast cells were vortexed for 5 min, prior to the
addition of P2 solution. Subsequent steps were conducted as described in the kit manual.
Extracts were analysed for inserts by PCR with either pYD1_F/R primers, or pYES2/NTC_F/R
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primers (Table 1), and yeast clones containing the correct inserts were analysed subsequently

for antigen expression.

Analysis of Tp antigen expression by flow cytometry

T. parva antigen genes cloned into the pYD1 plasmid were expressed and protein displayed on
the yeast cell surface was detected using an antibody to the C-terminal V5 epitope. Yeast
expression was induced according to the manufacturer’s recommendations. Briefly, 18-20h
yeast cultures from each of the eight EBY 100 clones and one clone containing the empty pYD1
vector were prepared in separate 10 mL YNB-CAA 2% glucose at 30°C, 220 rpm to an ODsoo
of 2. Cells were pelleted, resuspended in induction medium YNB-CAA 2% galactose to an
ODeoo of 1 and grown for 48h at 20°C, 220 rpm. Cells equivalent to an ODeoo of 0.5 were
collected in duplicate at Oh, 24h, 48h and labelled with 4 ng uL"* mouse V5 specific primary
antibody (Invitrogen) followed by 4 ng puL* goat-anti-mouse-AF488 (Thermo Scientific). Cells
were resuspended in 1 mL FACSFlow buffer (BD Biosciences) and analysed by flow
cytometry using a FACSAria Il (BD Biosciences) with seven PMTs with standard filters (LP:
520 nm, BP: 530/30 nm; LP: 556 nm, BP: 576/26 nm; LP: 595 nm, BP: 601/20 nm; LP: 655
nm, BP: 695/40 nm; LP: 735nm, BP: 780/60 nm; BP: 660/20 nm; LP: 735 nm, BP: 780/60
nm), a 488 nm Argon and a 633 nm Helium-Neon Laser. Acquisition settings were defined
using unstained samples by adjusting voltage to the third logarithmic (log) decade of FSC and
Doublet Discrimination from the FSC-Width versus SSC-width signal. FSC was used as trigger
signal. Samples were acquired in the 530/30 nm fluorescence channel, using dot plot: SSC
versus AF488 fluorescence. Events were recorded using BD FACSDiva software (Version 7,
BD Biosciences), data were exported in FCS 2.0 file format and analysed using FlowJo
(Version 10, Windows Operating Software) and expressed using two parameters: (a)
percentage of cells AF488-positive cells and (b) Median Fluorescent Intensity (MFI).
Specificity controls used in flow cytometry experiments include unstained cells, isotype control
antibody (mouse 19G2a, Thermo Fisher Scientific), and cells stained only with the secondary
antibody. EBY 100 cells were analysed at Oh, 24h and 48h, and included clones containing an
empty pYD1 vector or clones expressing either Tp2 (native or yeast codon-optimised) or Tp9

(native or Bos taurus codon-optimised) at Oh, 24h and 48h.
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Quantification of antigens expressed in yeast

To quantify yeast surface displayed antigens, the two disulphide bonds between Agal and
Aga2 were cleaved as described previously with modifications®. To do so, 10 ml of induced
recombinant EBY100 cells were pelleted and frozen. Each pellet was resuspended in 2 mL
dithiothreitol (DTT) extraction buffer (2 MM DTT, 25 mM Tris-HCI, pH 8) and incubated for
2h at 4°C on a rocking platform. Cells were separated by centrifugation at 6,000 x g for 5 min
and cleaved proteins in the supernatant were concentrated and dialyzed with cleavage buffer
using an Amicon filter of 20kD MWCO (Millipore) according to manufacturer’s instructions.
Proteins were precipitated with the ProteoExtract Protein Precipitation Kit (Calbiochem) and
quantified by Coomassie (Bradford) Protein Assay (Thermo Scientific). Equal amounts of
protein for each set of samples (e.g. different time points of one clone) were loaded for SDS-
PAGE and Western blot.

Antigens expressed in pYES2/NTC were detected either by a C terminal V5 or HisG epitope.
Yeast expression was induced as described above and sampled at Oh, 4h, 8h, 12h or 14.5h, and
24h to test for antigen expression. Cells were lysed with YPER+dialyzable yeast protein
extraction reagent (Thermo Scientific) and Halt Protease Inhibitor Cocktail (Thermo
Scientific) according to the wet cell weight. Yield of protein was quantified using Coomassie
(Bradford) Protein Assay (Thermo Scientific). The amount of protein for each clone at different
time points was standardized, then precipitated with the ProteoExtract Protein Precipitation Kit
(Calbiochem). Equal amounts of protein for each set of samples (e.g. different time points of
one clone) were loaded for SDS-PAGE and Western blot.

SDS-PAGE and Western Blot analysis

SDS-PAGE was carried out using precast 4-20% gradient polyacrylamide gels (Expedeon) and
stained with InstantBlue (Expedeon). The PageRuler Prestained NIR Protein Ladder (Thermo
Scientific) was included. Proteins were transferred to PVDF membranes (Millipore) in run blot
buffer (Expedeon) and 20% methanol (VWR), washed in TBS-T buffer and blocked in TBS-T
with 5% skim milk (Sigma). Blots were incubated overnight at 4°C with agitation in blocking
buffer and anti-HisG-HRP (1:5000, Invitrogen), or anti-V5-HRP (1:5000, Invitrogen).
Chemiluminescent detection of blots was conducted with Luminata Forte (Millipore) in a G-
box illuminator with Epi Red and FRLP filters (Syngene) for visualizing ladder and samples,

respectively.
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Inactivation and viability assay of yeast

For in vitro and in vivo experiments, yeast was used in a heat-inactivated and freeze-dried form.
Yeast cultures were heat inactivated at a dilution of 1:20 in 1xPBS at 56°C for 1h. Inactivated
cell pellets were freeze-dried in a Lyodry Compact Benchtop Freeze Dryer (MechaTech
Systems) for 5-18h. Viability of cells was assayed by culturing a 10 ul loopful of freeze-dried
cells in 10 mL YPD broth at 30°C, 250 rpm for three days. In case of growth, positive broth
cultures were streaked onto YPD plates and incubated at 30°C for 3 days to ensure pure cultures

were obtained.

Immunisation of cows

Three castrated male Aberdeen Angus/Holstein Friesian cross calves (RVC, Bolton Park Farm)
were used. Animals were dewormed and tested negative for Bovine Viral Diarrhoea Virus
(BVDV), Mycobacterium bovis and Bovine Herpes Virus 1 (Infectious Bovine Rhinotracheitis,
IBR). All calves were born within 18 days of each other and identified by the last three digits
of their ear tag number: 224, 230, and 232. ITM was used for immunisation. Each calf, eight
to ten weeks old, was inoculated with 250 uL of T. parva Muguga (TpM) sporozoite stabilate
S71. Long lasting tetracycline was administered intramuscularly (i.m.) at the time of infection.
The drug dose was adjusted to the weight of the animals according to the manufacturer’s
recommendations. Four weeks after the first treatment each calf was inoculated with 3x10°
autologous TpM schizont infected bovine PBMCs to boost the immunity. Parasitized cells were
suspended in 0.5 mL 1xPBS and applied subcutaneously (s.c.) in front and slightly above the
right prescapular lymph node. No additional drug treatment was given. Animal treatment and
sampling was approved after initial AWERB assessment and under Home Office licence
(PPL7009059 and PPL60/4394)

MHC class | genotyping

The protective cell-mediated immune response to T. parva is dominated by an MHC class |
restricted response34. The range of expressed MHC class | allelic diversity was determined in
experimental animals 224 and 232 as described previously® with minor modifications®. Total
RNA was extracted using the Qiagen RNeasy Mini kit from either cell lines of known
genotypes as positive controls®” or lymphocytes of TpM infected calves. Contaminating DNA
was removed with the Turbo DNA-free™ kit (Applied Biosystems) before cDNA was
synthesized with the AMV LongAmp® Taq RT-PCR kit (New England Biolabs). A 500bp
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fragment covering the second and third exons common to all polymorphic MHC class | genes
as amplified from each cDNA using NEB Go Taq polymerase and ovine MHC class | generic
primers 416 and Cr as described in%. Each fragment was gel purified and sequenced in both
directions to ensure amplification of a range of MHC class I alleles. An optimized number of
24 cycles was used to eliminate amplification of chimeric alleles. Amplified fragments purified
by gel electrophoresis, were cloned in the Promega T-easy vector. Successfully transformed E.
coli were selected on ampicillin agar plates (100 pg mL™). Forty bacterial colonies from each
plate were screened by PCR for the presence of inserts. Subsequently, 38 clones from animal
224 and 36 clones from animal 232 were Sanger sequenced in both directions. Individual MHC
class | sequences were assembled from overlapping forward and reverse sequences of each
clone using the SeqMan Pro Programme within the DNAstar Lasergenell package. For
validation, individual MHC class | sequences derived from a minimum of two independent
clones were BLAST searched against the NCBI and IPD-MHC databases
(https://www.ebi.ac.uk/ipd/mhc/). The nucleotide sequence of a novel MHC class | transcript
identified in animal 232 was submitted to the European Nucleotide Archive (ENA) and

received the following database accession, (LR994465).

Generation of T. parva Muguga infected cell lines

Parasitized cell lines were generated by in vitro infection of bovine PBMCs obtained from the
calves before ITM immunisation®, Cell lines were maintained at 37°C under 5% COzin RPMI-
1640 Glutamax cell culture medium (Life Technologies, Gibco, Paisley, UK) supplemented
with 10% FCS (GIBCO), penicillin-streptomycin (100 units mL* and 100 pg mL™%, final
concentrations respectively, Sigma-Aldrich, Dorset, UK) and 50 uM (final concentration) of

2-mercaptoethanol (Sigma Aldrich).

Stimulation and enrichment of CD8* T cells

Antigen specific CD8" effector T cells were expanded from whole blood after ITM
immunisation. Expansion involved stimulation with gamma irradiated (100 Gy) autologous
TpM lines. Effector and stimulator cells were co-cultured at an effector to stimulator ratio of
20:1 in 2 mL complete culture medium (5x108 effector: 2.5x10° stimulator cells per well of a
24 well plate). Co-cultures were incubated at 37°C in 5% COz2 for one week, harvested and
purified over a Ficoll-Paque density gradient (GE Life Sciences). Viable effector cells were re-
stimulated at an effector to stimulator ratio of 10:1 (2.5x10° effector: 2.5x10° stimulator cells)

for another week and enriched for CD8 by complement mediated lysis of CD4* and yo-T cells
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as described?®. Ficoll-Paque purified cells were plated at a concentration of 5x102 cells per well
in a 96 well plate and re-stimulated with 1x103 irradiated TpM cells in the presence of 100
units mL"* of recombinant human IL-2 (Proleukin®, Novartis) for future use.

Successful enrichment of CD8* or CD4* T cells was confirmed by flow cytometry. The effector
cell suspension was stained with 4 pg mL™* of primary antibodies (Table 2) targeting four
different T cell populations as well as 4 ug mL* of goat-anti-mouse 1gG AF488 secondary
antibody (Thermo Scientific). Acquisition and data analysis were performed as mentioned

above.

Cytotoxicity assay

The CytoTox96® Non-Radioactive Cytotoxicity Assay (Promega, Cat no. G1780) was
performed according to the manufacturer’s instructions (G1780 Literature # TB163). Briefly,
duplicate wells were seeded with TpM infected target cells at a concentration of 1x10* cells
per well. Enriched CD8* T effector cells were added in decreasing concentrations to achieve
effector to target ratios from 20:1 to less than 1:1 per well. Co-cultures were maintained in
phenol red-free RPMI-1640 medium (GIBCO) with 2% FCS and incubated at 37°C in 5% CO..
The percentage of cytotoxicity was calculated as recommended by the protocol using Excel
(software version 2019 for Windows10). Briefly, values were first corrected for culture
medium background. The experimental LDH release (ODuago) was divided by the maximum
LDH release (ODag0) and further multiplied by 100.

Assessment of cytokine production and cytokine producing cells

IFNy production was measured to assess the response of bovine PBMCs or enriched CD8" T
cells to yeast expressing Tp antigens. PBMCs were either freshly isolated from whole blood or
from cells archived under liquid nitrogen. Enriched CD8* T cells were generated as described
above and used on days 10 to 17 post stimulation. Autologous PBMCs were thawed from
Nitrogen stocks, while TpM infected cells were used as a positive control. Effector (2.5x10%)
and yeast (2.5x10%) cells were co-cultured in 96-well plates at 37°C in 5% CO2 for 72h. PBMC
(5x10%) were added where enriched CD8* T cells represented the effector cells. Cell culture
supernatants were analysed with the bovine IFNy ELISA development kit (MABTECH, Cat
no. 3119-1H-20) according to the manufacturer’s instructions. Optical density was measured
in a SpectraMax M2 plate reader (Molecular Devices).

Ethanol-activated low fluorescent PVDF 96-well plates (Millipore) were coated with
monoclonal antibodies to bovine IFNy and IL-2 (MABTECH). Duplicate wells were seeded

10
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with 1x10° cells per well of cryopreserved bovine PBMCs (rested overnight before use) that
contained either complete culture medium (RPMI-1640 + 10% FBS, GIBCO), yeast cells
expressing either empty plasmid or Theileria antigens at 2x10° cells per well, or TpM infected
cells at 1x10* cells per well. Positive control wells containing PMA (50 ng mL) and
lonomycin (1 pg mL1) (Sigma-Aldrich) were seeded with a reduced number of PBMCs, at
2.5x10* cells per well. Additionally, wells containing only TpM infected cells were seeded.
Plates were incubated at 37°C in 5% CO:2 for 46h. Subsequently, plates were washed with
1xPBS and incubated with detection antibodies, IFNy-BAM and IL-2-biotin (MABTECH).
This was followed by incubation with fluorophore labelled secondary antibodies, anti-BAM-
490 and streptavidin-550 (MABTECH). Finally, plates were incubated with a fluorescence
enhancer (MABTECH). Cytokine producing cells were counted using an automated
fluorescence plate reader (AID-iSpot reader, Autoimmun Diagnostika GmbH). Antigen-
specific responses were calculated by deducting the number of spots formed in the background
wells from the spots developed in response to the yeast, Theileria antigens and TpM infected
cells. For the wells incubated with TpM infected cells the number of spots from TpM

background wells were also deducted.

Bacterial expression and purification of recombinant T. parva schizont antigen Tp2
Expression of full-length native Tp2 cloned into pET-19b was initially tested in E. coli BL21
Star (DE3) (Thermo Scientific) and SHuffle (New England BioLabs). For expression
screening, positive transformants of both strains were grown in 10 mL LB medium (1%
tryptone, 0.5% yeast extract, 0.5% NaCl; Sigma Aldrich) supplemented with ampicillin (100
pg mLt, Melford Labs) for 3h at 37°C and induced with IPTG for 14h overnight at 20°C. Cells
were harvested by centrifugation at 4,000 x g for 15 min at 4°C and resuspended in 2 mL of
purification buffer (20 mM sodium phosphate + 0.5 M NaCl, pH 7.5). The cell suspension was
sonicated for 2 min (10s on, 10s off, 30% amplitude) to collect the total cell protein fraction
(T). Another centrifugation at 4,000 x g for 30 min was followed by collection of the
supernatant containing the soluble protein fraction (S). Expression samples were checked on
SDS-PAGE 4-20% gradient gels (NuPage) stained with InstantBlue (Expedeon).

Large scale expression was performed as described previously3®4°, Essentially, Tp2 was
expressed in E. coli BL21 Star (DE3) (Thermo Scientific) cells using overnight induction at
20°C. Soluble protein, after cell lysis with a French Press, was purified using enterokinase

digest, HisTrap HP, and 5 mL affinity columns (GE Healthcare) on an AktaPure
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chromatography system. Purified Tp2 in the eluted fractions was identified by SDS-PAGE and
Western blotting as described above.

Fractions containing Tp2 were pooled and concentrated to 5 mL for clean up by preparative
Size Exclusion Chromatography (SEC) (Generon ProteoSEC 3-70 kD) (SEC buffer: 20 mM
PO4, 250 mM NacCl, 0.02% NaNs, pH 7.5). Monomer and dimer species were pooled separately
and concentrated to 2.5 mL using VivaSpin 20 centrifuge concentrators with 5 kD MWCO by
centrifugation at 2,000 x g. Samples were buffer exchanged into NMR buffer (20 mM sodium
phosphate pH 7.0, 50 mM NacCl, 0.02% NaNs) using PD10 desalting columns (GE Healthcare).
Samples were concentrated further to a volume of ~300 pL, mixed with 5% of D20 (Sigma
Aldrich), adjusted to a pH of 7.25 with HCI and transferred into a 5 mm NMR tube (Shigemi).
Protein for a N labelled sample was expressed in modified minimal media as described
previously**#2 with purification and sample preparation as described for the unlabelled
samples. NMR spectra were recorded on Bruker Avance I11 700 and 800 MHz spectrometers
equipped with cryoprobes. 1D and 2D 'H->N HSQC spectra were recorded with standard
pulse-sequences provided by the manufacturer.

Molecular weights of apparent monomer and dimer fractions were characterized by Size
Exclusion Chromatography-Multiangle Light Scattering (SEC-MALS) using a FPLC system
(Shimadzu) with integrated degassing chamber as well as separate scattering and refractive
index detectors (Wyatt technologies). Data analysis was conducted using the manufacturer’s
software. Circular Dichroism (CD) analysis of both the monomer and dimer fraction was
performed with an Applied Photophysics Chirascan Plus instrument. Far UV CD spectra were
recorded using a rectangular 0.5 mm Quartz Suprasil cuvette (Starna Scientific Ltd.) with a
bandwidth of 1 nm, 1 nm stepsize and 1.5 s accumulation time per point. Spectra for each
sample were recorded at room-temperature for the far UV (200-250 nm) and near UV (250-
400 nm) followed by a Melting Curve monitored in the far UV region. Samples were measured
in NMR buffer with and without DTT.

Immunogenicity of S. cerevisiae expressing Tp2

The immunogenicity of Tp2 stably expressed on the surface of S. cerevisiae was assessed by
measuring the antibody response in mice. Two groups of ten female, five-week-old BALB/c
mice were immunised orally with 30 mg of inactivated, freeze-dried yeast dissolved in 100 pL
of 1xPBS and containing either the empty plasmid or extracellularly expressing Tp2 on day O,
15, 30, 45 and 60. Blood was collected for serum preparation on day (-4) and at the end of the

trial on day 90. Blood was stored at -20°C until further use. This study was conducted by
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Clinvet (Bloemfontein, RSA) and approved by the ClinVet Institutional Animal Care and Use
Committee (IACUC; study number CG411-CV18/178).

Measurement of total 1gG and Tp2 specific IgG in mouse serum

The total 1gG concentration in mouse serum was determined using the 1gG (Total) Mouse
Uncoated ELISA Kit (Invitrogen, Cat no. 88-50400) according to the manufacturer’s
instructions. Serum samples were diluted 1:10,000 before addition to ELISA plates. The optical
density was measured at 450 nm with a Multiscan FC Plate Reader (Thermo Scientific).

To assess Tp2 specific 1gG production, Nunc MaxiSorp™ Flat bottom 96-well ELISA plates
were coated with Tp2 monomer (10 pug mL-1, 100 pL per well) at 4°C overnight. After blocking
(1xPBS + 0.1% Tween™20 + 1% BSA) for 2h at RT, mouse serum samples (diluted 1:30)
were added to each well and incubated with cross-absorbed anti-mouse IgG HRP polyclonal
antibody (diluted 1:10,000) (STAR117P, Bio-Rad) for 2h at RT on a Multiscan FC Plate
Reader (Thermo Scientific) at medium shaking speed. After four washes in 1XxPBS with 0.05%
Tween™20, plates were developed with TMB substrate solution (Invitrogen) for 20 min at RT.
The enzymatic reaction was stopped by adding 2N H2SO4 (R&D Systems) to each well and the
plates read at 450 nm using a Multiscan FC Plate Reader (Thermo Scientific). ELISA results
were presented as normalised ODaso with the mean ODa4so values of blank wells subtracted from

the sample well values.

Statistical analysis

Data from fluorospot assay, APC and yeast cell titration, total IgG serum ELISA and Tp2
specific 1gG serum ELISA was analysed using GraphPad Prism (v 8.1.1) (GraphPad Software,
San Diego). For the PBMC fluorospot assay, the corrected number of spots for the pYD1
control and pYD1_Tp2 were compared by two independent samples t-test. For APC and yeast
cell titration, data was transformed to log scale for subsequent non-linear regression analysis.
For analysis of murine IgG ELISA data, the absorbance values of sample wells were corrected
for unspecific signal from blank wells. For total serum IgG analysis, the absorbance values of
the standard curve were plotted and the concentration of total IgG in each sample interpolated
in GraphPad Prism. The increase in total serum IgG over time was calculated for both groups
and a two way independent samples t-test performed. For murine Tp2 specific serum IgG
analysis, the increase in absorbance over the study period was calculated for both groups and

a two way independent samples t-test performed to compare both means.
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Results

Expression of Tpl, Tp2 and Tp9 in yeast

Five T. parva schizont expressed genes coding for Tp1, Tp2, Tp9, Tp10 and N36 antigens were
initially selected for expression in yeast. Each gene was cloned into the pYD1 vector and the
level of surface antigen expression determined by flow cytometry. Screening of eight yeast
clones per gene at 24h and 48h identified clone specific variation in surface expression (Fig.
1). Clones with the highest surface expression were selected for subsequent experiments (Fig.
1/ Table 3). Codon optimisation had no impact on expression levels, hence native sequences

for each protein were subsequently used.

Consistently very low levels of expression were detected for Tp1 while identification of surface
expression of Tpl0 and N36 failed. As Tpl, Tpl0 and N36 genes are considerably larger
(1,629bp, 1,329bp and 1,662bp, respectively) compared to Tp2 (453bp) and Tp9 (945bp), two
strategies were developed in attempts to increase expression of Tpl, whereas expression of
Tp10 and N36 was abandoned. The first strategy involved the expression of Tpl subunits
TplNa, TpINb and TpiNc, in pYD1 in a manner that preserved the antigenic epitope in all
fragments (Suppl. Fig. 1). Resulting clones showed low and variable V5 (0.5-18%) as well as
Xpress expression (3-9%) (Fig. 1D-F). Tp1Na_E7 was selected as the highest expressing clone.
In contrast, V5 expression of TplNc was low (3-12%; Fig. 1F), but Xpress expression
relatively high (48-63%; Table 3). Clone Tp1lNc_E4 was subsequently selected (Fig. 1F/ Table
3). All TpINb clones showed similar V5 expression (25-49%, Fig. 1E/ Table 3) with
TpINb_E2 displaying stable and moderate V5 expression similar to Tp2N_E5 and TpON_E5
clones (Fig. 1B and C/ Table 3).

The low detection of Tp1Na could have been a result of inaccessible epitopes within the surface
displayed Tp1Na and therefore poor detection. Consequently, attempts were made to cleave
surface displayed Tp1Na at 24h and 48h after induction of the yeast cell surface. Western blot
analysis using an anti-V5-antibody labelled with HRP only resulted in bands of 50kD, 55kD
and 80kD in clone TplNa E1 after 48h induction (Fig. 2A). Protein cleaved from the
Tp1Nc_E4 clone was included as a positive control. Here, a band at 90kD could be observed
(Fig. 2B). Theoretical molecular weights of Tp1Na (50kD) and Tp1Nc (41kD) suggest that the
proteins could be either glycosylated or aggregated.

For the second strategy, the full-length TpIN gene was ligated into pYES2/NTC and
introduced into EBY100. Intracellular Tp1N expression of eight clones was assessed by anti-

HisG Western blot analysis at five different time points post induction. Clones Tp1N_In2 and
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Tp1N_In6 showed equally high and reproducible expression at 14.5-16h with a major band at
86kD band (Fig. 2C). The theoretical molecular weight of recombinant Tp1N is 69kD.

MHC class | genotyping of cows reveals differences in MHC class | haplotypes

Previous experiments have highlighted variation in the CD8* cytotoxic T cell (CTL) response
of cows to different Tp antigens**#4. The possibility of immunodominance associated with
MHC class | restricted CD8* cytotoxic T cell responses was evaluated by genotyping animals
224 and 232 at functional MHC class I loci. A broad range of alleles was detected at four of
the six predicted MHC class | loci 1, 2, 3 and 4 (Table 4) in cow 224. Three of these alleles
have previously been associated with serologically defined MHC class | specificities Al4
and/or A15% which are known to restrict the CTL response to Tp9%. In contrast, the
distribution of MHC class I alleles derived from animal 232 was more limited. Four sequences
appear either identical or are very similar to alleles assigned to locus 3. A novel allele was
identified in animal 232 (Accession LR994465) along with two non-classical MHC class |
genes. Three of the classical alleles identified in animal 232 are associated with known
serological MHC class | specificities, but only one of these specificities was previously

associated with CD8* cytotoxic T cell responses to Tp9%e.

T. parva antigens expressed in S. cerevisiae elicit an IFNy response but not an IL-2
response from bovine PBMCs in vitro

Successful control of ECF involves induction of a MHC class | restricted CTL response that
targets parasite-infected white blood cells. Here we evaluate the response to T. parva antigens
stably expressed on the surface of yeast. PBMCs from three cows previously immunized by
the ITM were incubated with yeast cells. The number of IFNy and IL-2 producing cells was
measured by fluorospot. The IFNy response differed between the three animals (Fig. 3A-C).
IFNy producing cells were identified in all wells while IL-2 production was only observed in
the positive control (Fig. 3D, IX). PBMCs from all three cows responded to yeast expressing
Tp2 compared to yeast containing an empty pYD1 plasmid (green bars). This response was
statistically significant for cow 224 (p<0.05). Furthermore, elevated numbers of IFNy
producing cells were identified in PBMC cultured with yeast expressing Tp1l_Nc for cow 224
and 230, and for Tp9 for animal 232. However, none of these responses reached significance
at p < 0.05. In contrast, yeast expressing the Tpl_Nb fragment had a suppressive effect with a

decrease in IFNy producing cells below the empty plasmid background in cows 224 and 232.
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To determine if the variation in response of PBMC from different cattle to Tp antigens is
evidence for immune dominance associated with MHC class | restricted cytotoxic T cell
response we then assessed whether Tp antigens expressed on S. cerevisiae were able to induce
a CTL response.

T. parva antigens presented by S. cerevisiae induce MHC class | restricted CD8" CTL
responses in vitro

To verify this hypothesis, PBMC isolated from all three immunised cattle were stimulated with
autologous, gamma irradiated TpM infected cell lines and enriched for CD8 or CD4 T cell
markers. The frequency of cells expressing CD4, CD8, WC1 (yd T cells) and NKp46 (NK
cells) markers was assessed by flow cytometry which confirmed CD8* or CD4* T cell
enrichment to 90% and 95%, respectively (Suppl. Fig. 2A). The cytotoxic activity of both
enriched cell populations was assessed by quantitative measurements of lactate dehydrogenase
(LDH) released upon cell lysis. Increasing concentrations of CD8* T cells led to an increased
lysis of TpM infected target cells. In contrast, CD4* T cells showed almost no cytotoxic activity
(Suppl. Fig. 2B and C). The cytotoxic activity of CD8* T cells was restricted to autologous
TpM infected cell lines. CD8* T cells from cattle 224 effectively Kkilled autologous target cells
while heterologous TpM from animal 232 were not lysed (Suppl. Fig. 2D). Equally, effector
cells from animal 232 only reacted to autologous target cells (Suppl. Fig. 2E). This could have
occurred due to a MHC class | restricted T cell response in cattle with varying MHC class |
haplotypes 4’

For subsequent assays, IFNy produced by enriched, cytotoxic CD8* T cells towards yeast
expressing T. parva antigens was assessed as a marker for cell-mediated Kkilling, similar as
described earlier % .

Initial experiments highlighted a strong IFNy production by APCs causing a misleading
background signal. Thus, both APCs (Suppl. Fig, 2F) and yeast cells (Suppl. Fig. 2G) were
titrated to identify suitable numbers per well and optimise the signal-to-noise ratio.

From the range of T. parva antigens expressed in yeast, IFNy production by CD8* effector T
cells was observed towards native Tp2 and Tp9 (Fig. 4). Successful stimulation only occurred
in co-cultures of yeast, APCs and T cells indicating that the antigens had to be processed and
presented to T cells by APCs. The magnitude and antigen specificity of the immune response

varied between animals. While Tp9 induced a strong reaction from animal 224 (Fig. 4A), only
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a marginal response was shown from cow 232. In contrast, Tp2 elicited a marginal response
from cow 224 but no detectable reaction from animal 232 (Fig. 4B). Both cows showed an
increased IFNy production towards TpM infected cells. The response to Tp9 by one of the cows
supports the concept of using yeast as a vector to deliver Theileria antigens, however, the
variability between animals and absence of response to many of the antigens suggests that the

system requires further optimisation.

Bacterially expressed Tp2 exhibits a stable and well-defined protein structure

Native Tp2 was the antigen showing consistently high extracellular expression in yeast,
induction of a significant IFNy response from bovine PBMCs during fluorospot analyses and
stimulation of cytotoxic CD8+ T cells from one out of two animals. Previous identification of
seven different CTL epitopes further supports Tp2 as an attractive candidate for evaluation of
its immunogenic potential in vivo (Table 3). This first required the synthesis of this protein.
Bacterial expression was initially tested in standard BL21 Star as well as SHuffle E. coli cells
45 The latter were engineered to produce soluble, folded proteins with correct disulphide bonds
as Tp2 is predicted to contain six disulphide bonds based on the presence of 12 cysteines in its
sequence “8. Interestingly, SDS-PAGE analysis of both total cell protein (T) and soluble protein
(S) showed a distinct band at 22 kD in BL21 Star but not in SHuffle cells (Fig. 5A). The
expected molecular weight of recombinant Tp2 was about 19.7 kD indicating the detected
protein could be Tp2 which seems to be expressed mostly soluble in BL21 Star (Fig. 5A).
Subsequent digestion of soluble Tp2 protein by enterokinase for 4h and 16h resulted in a band
of 15-16 kD, which was very close to the expected molecular weight (Fig. 5B). Preparative
expression of Tp2 was performed in BL21 Star in LB and M9 media producing about 10 mg
L* LB and about 4 mg L* M9 of pure protein. Further purification by SEC following affinity
chromatography revealed the protein in most fractions starting from the exclusion volume
corresponding to an apparent molecular weight of >70 kD all the way to the approximate
monomer molecular weight (uncut) of around 20 kD (Suppl. Fig. 3A). Peaks in the
chromatogram at 70, 105 and 126 min correspond roughly to molecular weights of 68, 37 and
18 kD which are a good approximation of tetramer, dimer and monomer. To get a better MW
estimate, the apparent dimer and monomer fractions were analysed by SEC-MALS (Suppl.
Figure 3B). The apparent dimer eluted after 4.7 min while the scattering signal revealed a
molecular weight of 43.9 +- 1.3 kD for the main peak. A shoulder at 5.5 min had a very noisy

scattering signal which nevertheless was clearly identifiable as monomer. The apparent
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monomer eluted after 5.5 min and had a clear scattering signal of a monomer with a molecular
weight of 23.8 +- 4.5 kD. No other species were detected in the monomer fraction.

Monomer and dimer fractions purified using preparative SEC were further analysed by 1D
NMR spectroscopy. The spectrum of the monomer fraction contains numerous sharp and well
resolved resonance lines in both the high- and low-field regions of the spectrum indicating a
folded protein (Fig. 5C). In contrast, the dimer fraction barely contains resolved, visible peaks
in the high- and low-field regions of the spectrum, indicative of an unfolded protein (Fig. 5D
and 5E). The role of disulphide bonds in the stability of the monomer structure was explored
by adding 10 mM of the reducing agent DTT. Significant changes became apparent only after
2h in both high- and low-field ends of the spectrum while full unfolding of the protein was
observed after four days (Suppl. Fig. 3E). The NMR properties of the monomer fraction were
further explored using a ®N labelled sample. The H-®N Heteronuclear Single Quantum
Correlation (HSQC) experiment gave an excellent spectrum with about 190 peaks, very close
to the number expected for a protein of about 180 amino acids (the protein still had the his-tag
attached) (Suppl. Fig. 3C). The peak dispersion is excellent with only a small number of more
intense peaks overlapping in the centre.

Circular dichroism (CD) spectra were recorded to determine the overall content of secondary
structure and the thermal stability of the monomer fraction. DTT treatment was applied to
explore the effect of disulphide bonds on protein structure and stability. The CD spectrum at
RT in the absence of DTT clearly belongs to a well folded protein with minima (208 and 223
nm) close to those of a-helices and R-sheets (Fig. 5F). Best Secondary Structure (BeStSel) 4°
analysis of the spectrum predicted more than 50% of defined regular secondary structure
distributed almost equally between a-helix, B-sheet and turns. Addition of DTT reduced the
intensity of the CD signal to about 20% and caused small but significant shifts of the minima
to 205 and 220 nm indicative of a less folded protein (Fig 5G). The near UV CD spectrum of
the protein without DTT showed significant peaks which disappeared completely upon
addition of DTT (Fig 5H). Only the melting curve of Tp2 without DTT could be analysed
giving a melting temperature of 77°C. However, the melting temperature is only a rough
estimate because the unfolding does not appear to be completed at approx. 95°C (Suppl. Fig.
3D). It was concluded that the correct protein was synthesised and that at least part of it

exhibited a stable and well-defined structure.

Oral administration of yeast expressing Tp2 induces a antigen specific antibody response

in mice
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In advance of an immunisation and challenge experiment in cattle, we sought to determine
whether oral administration of yeast expressing Tp2 on its surface would induce an immune
response in mice. Oral administration of yeast expressing Tp2 resulted in an increase in total
IgG serum levels over the study period higher than that observed in the control group that was
given yeast expressing the empty plasmid (Fig. 6A). Mice that received yeast expressing native
Tp2 had an increased concentration of Tp2 specific 1gG antibodies compared to the control
group (Fig. 6B). Although these differences weren’t statistically significant, both results
indicate that oral administration of yeast expressing specific Theileria antigens increased total

as well as induced an antigen specific 1gG response.

Discussion

The development of a protective vaccine for ECF is a challenging task. Animals treated with
the ITM protocol can remain life-long carriers and can potentially spread vaccine strains into
areas previously free from them. It requires a continuous cold chain in liquid nitrogen, co-
treatment with oxytetracycline, skilled personnel for delivery and is laborious to produce
(reviewed in®). Consequently, the development of a subunit vaccine with minimal risks and
easier production processes is necessary. Multiple avenues are currently being pursued to
achieve this246:51-54: however, the majority of these approaches appear limited to specific MHC
class | haplotypes, or the induction of an antibody response.

We believe that an ideal vaccine platform to protect against T. parva infection should induce
an early, cross-protective, MHC class | dependent, cytotoxic CD8" T cell response as well as
the production of (neutralising) antibodies induced by cross-presentation. Furthermore, it
should allow for an affordable large-scale production that is easy to standardise, be transported
and administered independently of the farming system from day 1 on (sucklicg calf) and should
remain stable at room temperature. These criteria highlighted yeast as an ideal candidate for
the delivery of T. parva antigens.

Ten proteins expressed by T. parva schizonts (Tpl-Tpl10) have previously been identified as
targets for cytotoxic CD8* T cells 2%47, and distinct CTL epitopes were identified in eight of
them 4755, In the present study, five antigens (Tpl, Tp2, Tp9, Tp10 and N36) were selected
based on the number of CTL epitopes, sequence diversity and presentation by MHC class |
molecules. Of these, Tpl, Tp2 and Tp9 were previously identified as antigens with the highest
nucleotide and amino acid diversity %6, While both Tp1 and Tp9 possess only one known CTL
epitope, Tp2 consists of seven potential epitope regions 435 at least two of which are presented

differently by different MHC class | molecules and elicit separate CD8* T cell responses 4.
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This makes Tp2 particularly attractive as a potential vaccine candidate. In contrast, Tp10 could
offer broader cross-protection in cattle due to a more conserved sequence with only moderate
nucleotide diversity °°.

Of the five antigens chosen for expression, we were only able to express the full-length native
Tp2 and Tp9 genes in EBY 100 yeast, resulting in surface expression of the corresponding
proteins. In contrast, we were only able to express fragmented forms of Tpl within yeast and
were unable to transform yeast successfully with Tp10 and N36. Compared to Tp2 and Tp9,
genes coding for Tpl, Tpl0 and N36 have relatively long reading frames (1,629bp, 1,329bp
and 1,662bp, respectively), and these may be too large to be successfully expressed using this
yeast-expression plasmid. Furthermore, at least in case of Tpl, glycosylation may have
contributed to unsuccessful protein expression. Indeed, Western Blot analysis of recombinant
full-length Tpl and its two fragments, Tp1Na and Tp1Nc reinforced potential glycosylation as
all three products did run at a molecular weight substantially higher than predicted.
Recombinant yeast expressing heterologous proteins is considered to be a genetically modified
organism (GMO) and therefore strictly regulated. However, inactivated GMO’s are no longer
considered to be GMQ’s. Therefore, prior to immunisation we performed a heat-inactivation
step followed by freeze-drying to achieve thermostability. Heat-inactivation also exposes p-
glucans on the yeast cell surface and increases immune recognition of S. cerevisiae 7. This has
proven beneficial as orally administered, heat-inactivated yeast showed increased binding to
dectin-1 on M-cells and APCs %€, The result was induction of mucosal sIgA, systemic IgG
as well as cell-mediated immune responses 24252930.61.62 with efficient cross-priming 2.
Enhanced uptake of recombinant yeast by APCs should accelerate processing and presentation
of Tp antigens to cytotoxic CD8" T cells by MHC class | molecules and to CD4* T helper cells
by MHC class Il proteins. However, downstream inactivation and freeze-drying of yeast also
reduce recombinant protein expression (Dowling and Werling, unpublished data) leading to a
potential loss of immunity towards the antigens.

Nevertheless, ex vivo exposure of bovine PBMCs to yeast expressing Tp1Nc, native Tp2 and
Tp9 successfully elicited IFNy responses. The absence of any IL-2 production might suggest
that out of the T cell population mainly CD8* T cells contributed to the IFNy response, as IL-
2 has been shown to not be necessary for the early induction of a CTL response 3. As Theileria
specific CD8" T cell mediated immunity is restricted by MHC class | proteins each determined
by individual class | genes within the MHC haplotypes present in each animal, MHC class |
incompatibility is likely to cause differential antigen recognition by the three animals

analysed®’. Interestingly, IFNy reactions of enriched cytotoxic CD8* T cells to recombinant
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yeast were different compared to PBMCs from the same animals. Previous work showed
increased IFNy production from bovine PBMCs towards recombinant full-length Tp9
expressed in HEK293T cells compared to the control “6. Depletion of specific T lymphocyte
subsets from PBMCs highlighted CD4* rather than CD8" T cells as major source of IFNy.
Thus, it is likely that the change in cell composition from FluoroSpot assay to ELISA analysis
could have caused the differential IFNy responses due to a reduction of CD4* T cells.
Additional stimulation of antigen specific CD4* T cells was previously shown to be essential
to induce lysis of Tp-infected cells in vitro 6. In this study, the authors demonstrated that target
cell lysis by CTLs required CD4* T cell derived cytokines, while activation of naive CTLs only
occurred after close contact to immune CD4* T cells. Thus, it can be argued that a successful
vaccine against T. parva schizonts needs to prime both CD8* and CD4* T cells 6.

The MHC class | region in cattle is characterised by haplotypes which vary in the number of
classical MHC class I genes as well as high levels of allelic diversity in each {Hammond, 2012
#637}. The range of MHC class | diversity was different in both animals studied here, one with
a broad range of diversity at four of the predicted classical class I genes and one with a more
restricted range of alleles. Differences between these animals in their cellular response to
individual antigens does provide additional support to the hypothesis that different MHC class

| haplotypes are associated with variation in immune responses towards certain Tp antigens.

Expression of Tp2 in standard E. coli strains produced surprisingly high levels of soluble and
apparently folded Tp2 protein without the need for assistance with the correct formation of
disulphide bonds. The protein contains twelve cysteine residues predicted to form six
disulphide bonds. Suggestions for the precise disulphide pattern vary between different
prediction programmes, possibly due to the low level of sequence conservation. Both NMR
and CD analysis show some evidence for B-structure which agrees well with known structures
of disulphide rich proteins 6467, Although the formation of disulphide bonds in the reducing E.
coli cytosol is unexpected, evidence clearly supports disulphide bond formation in a variety of
proteins in reducing environments . The existence of a number of different size oligomers
suggests that correct formation of disulphide bonds only occurs in about 25% of total
synthesised protein. The remaining 75% form a range of higher order oligomers potentially
through a disulphide enhanced domain swapping mechanism °. Both NMR and CD spectra
indicate the importance of disulphide bonds in maintaining the protein structure as it unfolded
after addition of DTT, albeit with a very slow kinetics at room temperature (Suppl. Fig. 3E).

This underlines a high level of stability, in agreement with the CD melting curves. It is at
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present not sure that the bacterially expressed protein has assumed its native structure.
However, the excellent quality of the 1D and 2D NMR spectra, the high content of secondary
structure, the resistance to thermal unfolding as well as the contribution of the disulphide
bridges to the overall stability provide substantial indirect evidence that the protein is folded
correctly. These data show that functional and well folded Tp2 can be expressed recombinantly
in bacteria which might open interesting avenues for treatment of ECF. The excellent quality
of the spectra would even suggest that protein observed NMR screening could be used in the
future for small molecule drug development 7°.

In the absence of suitable small animal challenge models, investigations of the recombinant
yeast in vitro were followed by evaluating its immunogenicity after oral administration in vivo.
Yeast itself already possesses strong adjuvant properties as it is recognized by pathogen
recognition receptors such as TLR2, TLR4, Dectin-1 as well as DC-SIGN and results in
activation of the NF-kB pathway °. Therefore, it was not surprising that we identified a rise in
total 1gG serum levels in both treatment and control group over the study period of 90 days
(Fig. 6A). However, individual mice treated with yeast extracellularly expressing native Tp2
showed an increase in total 1gG serum levels higher than that of the control group. Bacterially
expressed Tp2 protein was subsequently used in the same setup to further confirm the
specificity of the reaction. As expected, oral administration of yeast transfected with the empty
plasmid did not increase Tp2-specific IgG serum levels over the study period of 90 days (Fig.
6B). In contrast, mice treated with yeast extracellularly expressing native Tp2 did develop 1gG
antibodies detectable with purified Tp2.

While our results will require subsequent challenge experiments to verify induction of
protection in cattle, these proof of concept data indicate that oral application of yeast expressing
Theileria antigens could provide a cheap and easy vaccination platform for sub-Saharan Africa.
The freeze-dried yeast, which is stable for many months (unpublished data) would not rely on
the presence of uninterrupted cooling chains, could provide a platform to deliver multiple
antigen combinations, which could be provided from birth as part of normal milk-replacement
supplements. Evaluation of antigen specific cellular immune responses, especially cytotoxic
CD8* T cell immunity, in cows will further contribute to the development of a yeast-based

vaccine for ECF.

Acknowledgment
This work was funded by the Bill and Melinda Gates Foundation (BMGF) and the Department
for International Development (DFID) of the United Kingdom [OPP1078791]. We would like

22


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

to give our special thanks to Prof. Simon Draper [University of Oxford, Jenner Institute] for
his valued comments and suggestions during the planning of this study. KB receives funding
from the European Union’s Horizon 2020 research and innovation programme under grant
agreement no. 731014KB (VetBioNet) and acknowledges the support received from the
Scottish Government’s strategic research programme. We would also like to express our great
appreciation to the RVC farm staff who devoted a lot of effort for the animal care and in making

sure that the animal studies involving cattle went as planned.

Author contributions

S.G,, D.N, K.T., AH. D.W.: designed and supervised animal experiments, supervised the
MHC class | typing, tested antigen expression, conducted ELISA, ELISpot, flow cytometry
assays, performed CTL assays, analysed all the data, generated the figures, and wrote the
manuscript; K.B.: performed MHC class | typing and analysed data; J.K.: generated Tp2
vector; M.P. generated purified Tp2 protein and performed biophysical studies; J.K.: analysed
murine serum samples and developed Tp2 ELISA. S.D. provided input in the experimental set-
up; D.W.: conceptualized and designed experiments, supervised immunology experiments,
provided inputs to analyses of data; S.G., A.H., J.K and D.W. wrote manuscript; All authors

agreed on manuscript

23


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

References

1 Nene, V. et al. The biology of Theileria parva and control of East Coast fever - Current
status and  future trends. Ticks Tick Borne Dis 7, 549-564,
doi:10.1016/j.tthdis.2016.02.001 (2016).

2 Nene, V. & Morrison, W. I. Approaches to vaccination against Theileria parva and
Theileria annulata. Parasite Immunol 38, 724-734, doi:10.1111/pim.12388 (2016).
3 Radley, D. E. et al. East coast fever: 3. Chemoprophylactic immunization of cattle using

oxytetracycline and a combination of theilerial strains. Veterinary Parasitology
Volume 1, 51-60 (1975).

4 Perry, B. D. The control of East Coast fever of cattle by live parasite vaccination: A
science-to-impact narrative. One Health 2, 103-114, doi:10.1016/j.0onehlt.2016.07.002
(2016).

5 Di Giulio, G., Lynen, G., Morzaria, S., Oura, C. & Bishop, R. Live immunization
against East Coast fever--current status. Trends Parasitol 25, 85-92,
d0i:10.1016/j.pt.2008.11.007 (2009).

6 Odongo, D. O. et al. Quantification of Theileria parva in Rhipicephalus appendiculatus
(Acari: Ixodidae) confirms differences in infection between selected tick strains. J Med
Entomol 46, 888-894, doi:10.1603/033.046.0422 (2009).

7 Patel, E. H. et al. Molecular characterization of live Theileria parva sporozoite vaccine
stabilates reveals extensive genotypic diversity. Vet Parasitol 179, 62-68,
doi:10.1016/j.vetpar.2011.01.057 (2011).

8 Oura, C. A. et al. A panel of microsatellite and minisatellite markers for the
characterisation of field isolates of Theileria parva. Int J Parasitol 33, 1641-1653
(2003).

9 Norling, M. et al. The genomes of three stocks comprising the most widely utilized live
sporozoite Theileria parva vaccine exhibit very different degrees and patterns of
sequence divergence. BMC Genomics 16, 729, doi:10.1186/s12864-015-1910-9
(2015).

10 Morrison, W. I., Connelley, T., Hemmink, J. D. & MacHugh, N. D. Understanding the
basis of parasite strain-restricted immunity to Theileria parva. Annu Rev Anim Biosci 3,
397-418, doi:10.1146/annurev-animal-022513-114152 (2015).

11 Oura, C. A. et al. Theileria parva live vaccination: parasite transmission, persistence
and heterologous challenge in the field. Parasitology 134, 1205-1213,
d0i:10.1017/S0031182007002557 (2007).

24


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

12 Skilton, R. A., Bishop, R. P., Katende, J. M., Mwaura, S. & Morzaria, S. P. The
persistence of Theileria parva infection in cattle immunized using two stocks which
differ in their ability to induce a carrier state: analysis using a novel blood spot PCR
assay. Parasitology 124, 265-276, d0i:10.1017/s0031182001001196 (2002).

13 McKeever, D. J. Live immunisation against Theileria parva: containing or spreading
the disease? Trends Parasitol 23, 565-568, doi:10.1016/j.pt.2007.09.002 (2007).

14 Magulu, E. et al. Detection of carrier state and genetic diversity of Theileria parva in
ECF-vaccinated and naturally exposed cattle in Tanzania. Vet Parasitol Reg Stud
Reports 17, 100312, doi:10.1016/j.vprsr.2019.100312 (2019).

15 McKeever, D. J. et al. Adoptive transfer of immunity to Theileria parva in the CD8+
fraction of responding efferent lymph. Proc Natl Acad Sci U S A 91, 1959-1963 (1994).

16 Taracha, E. L., Awino, E. & McKeever, D. J. Distinct CD4+ T cell helper requirements
in Theileria parva-immune and -naive bovine CTL precursors. J Immunol 159, 4539-
4545 (1997).

17 Rukambile, E. et al. Population genetic analysis of Theileria parva isolated in cattle and
buffaloes in Tanzania using minisatellite and microsatellite markers. Vet Parasitol 224,
20-26, doi:10.1016/j.vetpar.2016.04.038 (2016).

18 Salih, D. A. et al. Genes encoding two Theileria parva antigens recognized by CD8+
T-cells exhibit sequence diversity in South Sudanese cattle populations but the majority
of alleles are similar to the Muguga component of the live vaccine cocktail. PLoS One
12, 0171426, doi:10.1371/journal.pone.0171426 (2017).

19 Hemmink, J. D. et al. Ancient diversity and geographical sub-structuring in African
buffalo Theileria parva populations revealed through metagenetic analysis of antigen-
encoding loci. Int J Parasitol 48, 287-296, doi:10.1016/j.ijpara.2017.10.006 (2018).

20 Hemmink, J. D. et al. Limited genetic and antigenic diversity within parasite isolates
used in a live vaccine against Theileria parva. Int J Parasitol 46, 495-506,
d0i:10.1016/j.ijpara.2016.02.007 (2016).

21 Katzer, F., Lizundia, R., Ngugi, D., Blake, D. & McKeever, D. Construction of a
genetic map for Theileria parva: identification of hotspots of recombination. Int J
Parasitol 41, 669-675, doi:10.1016/j.ijpara.2011.01.001 (2011).

22 Blanquet, S., Meunier, J. P., Minekus, M., Marol-Bonnin, S. & Alric, M. Recombinant
Saccharomyeces cerevisiae expressing P450 in artificial digestive systems: a model for
biodetoxication in the human digestive environment. Appl Environ Microbiol 69, 2884-
2892, d0i:10.1128/aem.69.5.2884-2892.2003 (2003).

25


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

23 Hudson, L. E. et al. Functional heterologous protein expression by genetically
engineered probiotic yeast Saccharomyces boulardii. PLoS One 9, e112660,
doi:10.1371/journal.pone.0112660 (2014).

24 Stubbs, A. C. et al. Whole recombinant yeast vaccine activates dendritic cells and elicits
protective cell-mediated immunity. Nat Med 7, 625-629, doi:10.1038/87974 (2001).

25 Bazan, S. B., Walch-Ruckheim, B., Schmitt, M. J. & Breinig, F. Maturation and
cytokine pattern of human dendritic cells in response to different yeasts. Med Microbiol
Immunol 207, 75-81, doi:10.1007/s00430-017-0528-8 (2018).

26 Kumar, R. Investigating the long-term stability of protein immunogen(s) for whole
recombinant yeast-based vaccines. FEMS Yeast Res 18, doi:10.1093/femsyr/foy071
(2018).

27 King, T. H. et al. A whole recombinant yeast-based therapeutic vaccine elicits HBV X,
S and Core specific T cells in mice and activates human T cells recognizing epitopes
linked to viral clearance. PLoS One 9, 101904, doi:10.1371/journal.pone.0101904
(2014).

28 King, T. H. et al. GI-19007, a Novel Saccharomyces cerevisiae-Based Therapeutic
Vaccine against Tuberculosis. Clin Vaccine Immunol 24, doi:10.1128/CV1.00245-17
(2017).

29 Patterson, R., Eley, T., Browne, C., Martineau, H. M. & Werling, D. Oral application
of freeze-dried yeast particles expressing the PCV2b Cap protein on their surface
induce protection to subsequent PCV2b challenge in vivo. Vaccine 33, 6199-6205,
doi:10.1016/j.vaccine.2015.10.003 (2015).

30 Wang, L. J. et al. Protective immune response against Toxoplasma gondii elicited by a
novel yeast-based vaccine with microneme protein 16. Vaccine 36, 3943-3948,
doi:10.1016/j.vaccine.2018.05.072 (2018).

31 Munson, S. P., J.; King T.; Lu, Y.; Kelley, V.; Guo, Z.; Borges, V.; Franzusoff, A. in
Cancer Vaccines and Tumor Immunity (ed James W. Hodge Rimas Orentas, Bryon D.
Johnson) Ch. Chapter 9, (Wiley-Liss, 2008).

32 Howland, S. W. et al. Inducing efficient cross-priming using antigen-coated yeast
particles. J Immunother 31, 607-619, doi:10.1097/CJI.0b013e318181c87f (2008).

33 Klis, F. M., de Jong, M., Brul, S. & de Groot, P. W. Extraction of cell surface-associated
proteins from living yeast cells. Yeast 24, 253-258, doi:10.1002/yea.1476 (2007).

26


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

34 Goddeeris, B. M., Morrison, W. I., Toye, P. G. & Bishop, R. Strain specificity of bovine
Theileria parva-specific cytotoxic T cells is determined by the phenotype of the
restricting class | MHC. Immunology 69, 38-44 (1990).

35 Ellis, S. A. et al. Variation in the number of expressed MHC genes in different cattle
class I haplotypes. Immunogenetics 50, 319-328 (1999).

36 Goh, S. et al. Identification of Theileria lestoquardi Antigens Recognized by CD8+ T
Cells. PL0oS One 11, e0162571, doi:10.1371/journal.pone.0162571 (2016).

37 Vasoya, D. et al. Rapid identification of bovine MHCI haplotypes in genetically
divergent cattle populations using next-generation sequencing. Immunogenetics 68,
765-781, doi:10.1007/s00251-016-0945-7 (2016).

38 Wilkie, G. M., Kirvar, E. & Brown, C. G. Validation of an in vitro method to determine
infectivity of cryopreserved sporozoites in stabilates of Theileria spp. Vet Parasitol
104, 199-209 (2002).

39 Rostkova, E., Burgess, S. G., Bayliss, R. & Pfuhl, M. Solution NMR assignment of the
C-terminal domain of human chTOG. Biomol NMR Assign 12, 221-224,
d0i:10.1007/s12104-018-9812-9 (2018).

40 Zaleska, M., Pollock, K., Collins, 1., Guettler, S. & Pfuhl, M. Solution NMR assignment
of the ARC4 domain of human tankyrase 2. Biomol NMR Assign 13, 255-260,
d0i:10.1007/s12104-019-09887-w (2019).

41 Marley, J., Lu, M. & Bracken, C. A method for efficient isotopic labeling of
recombinant proteins. J Biomol NMR 20, 71-75, d0i:10.1023/a:1011254402785 (2001).

42 Burgess, S. G., Bayliss, R. & Pfuhl, M. Solution NMR assignment of the cryptic sixth
TOG domain of mini spindles. Biomol NMR Assign 9, 411-413, doi:10.1007/s12104-
015-9620-4 (2015).

43 Connelley, T. K. et al. CD8 T-cell responses against the immunodominant Theileria
parva peptide Tp249-59 are composed of two distinct populations specific for
overlapping 11-mer and 10-mer epitopes. Immunology 149, 172-185,
d0i:10.1111/imm.12637 (2016).

44 MacHugh, N. D. et al. CD8+ T-cell responses to Theileria parva are preferentially
directed to a single dominant antigen: Implications for parasite strain-specific
immunity. Eur J Immunol 39, 2459-2469, doi:10.1002/eji.200939227 (2009).

45 Hammond, J. A. et al. Cattle MHC nomenclature: is it possible to assign sequences to
discrete class | genes? Immunogenetics 64, 475-480, doi:10.1007/s00251-012-0611-7
(2012).

27


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

46 Fry, L. M. et al. Gene gun DNA immunization of cattle induces humoral and CD4 T-
cell-mediated immune responses against the Theileria parva polymorphic
immunodominant molecule. Vaccine, doi:10.1016/j.vaccine.2019.02.009 (2019).

47 Graham, S. P. et al. Characterization of the fine specificity of bovine CD8 T-cell
responses to defined antigens from the protozoan parasite Theileria parva. Infect Immun
76, 685-694, do0i:10.1128/1A1.01244-07 (2008).

48 Lobstein, J. et al. SHuffle, a novel Escherichia coli protein expression strain capable of
correctly folding disulfide bonded proteins in its cytoplasm. Microb Cell Fact 11, 56,
d0i:10.1186/1475-2859-11-56 (2012).

49 Micsonai, A. et al. BeStSel: a web server for accurate protein secondary structure
prediction and fold recognition from the circular dichroism spectra. Nucleic Acids Res
46, W315-W322, doi:10.1093/nar/gky497 (2018).

50 Bishop, R. P. et al. A review of recent research on Theileria parva: Implications for the
infection and treatment vaccination method for control of East Coast fever. Transbound
Emerg Dis 67 Suppl 1, 56-67, doi:10.1111/tbed.13325 (2020).

51 Svitek, N. et al. An Ad/MVA vectored Theileria parva antigen induces schizont-
specific CD8(+) central memory T cells and confers partial protection against a lethal
challenge. NPJ Vaccines 3, 35, doi:10.1038/s41541-018-0073-5 (2018).

52 Lacasta, A. et al. Immune parameters to p67C antigen adjuvanted with ISA206VG
correlate with protection against East Coast fever. Vaccine 36, 1389-1397,
doi:10.1016/j.vaccine.2018.01.087 (2018).

53 Svitek, N., Awino, E., Nene, V. & Steinaa, L. BoOLA-6*01301 and BoLA-6*01302, two
allelic variants of the A18 haplotype, present the same epitope from the Tp1 antigen of
Theileria parva. Vet Immunol Immunopathol 167, 80-85,
d0i:10.1016/j.vetimm.2015.06.007 (2015).

54 Tinega, A. N. et al. Fusion of a cell penetrating peptide from HIV-1 TAT to the
Theileria parva antigen Tp2 enhances the stimulation of bovine CD8+ T cell responses.
Vet Immunol Immunopathol 130, 107-113, doi:10.1016/j.vetimm.2009.01.008 (2009).

55 Pelle, R. et al. Two Theileria parva CD8 T cell antigen genes are more variable in
buffalo than cattle parasites, but differ in pattern of sequence diversity. PLoS One 6,
e19015, doi:10.1371/journal.pone.0019015 (2011).

56 Sitt, T., Pelle, R., Chepkwony, M., Morrison, W. |. & Toye, P. Theileria parva antigens
recognized by CD8+ T cells show varying degrees of diversity in buffalo-derived

28


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

57

58

59

60

61

62

63

64

65

66

67

68

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

infected cell lines. Parasitology 145, 1430-1439, doi:10.1017/S0031182018000264
(2018).

Gantner, B. N., Simmons, R. M., Canavera, S. J., Akira, S. & Underhill, D. M.
Collaborative induction of inflammatory responses by dectin-1 and Toll-like receptor
2. J Exp Med 197, 1107-1117, doi:10.1084/jem.20021787 (2003).

Elder, M. J. et al. beta-Glucan Size Controls Dectin-1-Mediated Immune Responses in
Human Dendritic Cells by Regulating IL-1beta Production. Front Immunol 8, 791,
d0i:10.3389/fimmu.2017.00791 (2017).

Kamiya, T. et al. beta-Glucans in food modify colonic microflora by inducing
antimicrobial protein, calprotectin, in a Dectin-1-induced-1L-17F-dependent manner.
Mucosal Immunol 11, 763-773, doi:10.1038/mi.2017.86 (2018).

Rochereau, N. et al. Dectin-1 is essential for reverse transcytosis of glycosylated SIgA-
antigen complexes by intestinal M cells. PLoS Biol 11, 1001658,
doi:10.1371/journal.pbio.1001658 (2013).

Han, B. et al. Oral yeast-based DNA vaccine confers effective protection from
Aeromonas hydrophila infection on Carassius auratus. Fish Shellfish Immunol 84, 948-
954, d0i:10.1016/j.fsi.2018.10.065 (2019).

Kumar, R. & Kumar, P. Yeast-based vaccines: New perspective in vaccine
development and application. FEMS Yeast Res 19, doi:10.1093/femsyr/foz007 (2019).
D'Souza, W. N. & Lefrancois, L. IL-2 is not required for the initiation of CD8 T cell
cycling but  sustains  expansion. J Immunol 171, 5727-5735,
d0i:10.4049/jimmunol.171.11.5727 (2003).

Chatrenet, B. & Chang, J. Y. The disulfide folding pathway of hirudin elucidated by
stop/go folding experiments. J Biol Chem 268, 20988-20996 (1993).

Sanyal, G. et al. Spectroscopic characterization of tick anticoagulant peptide. Biochim
Biophys Acta 1249, 100-108, doi:10.1016/0167-4838(95)00022-m (1995).
Krokoszynska, 1., Dadlez, M. & Otlewski, J. Structure of single-disulfide variants of
bovine pancreatic trypsin inhibitor (BPTI) as probed by their binding to bovine beta-
trypsin. J Mol Biol 275, 503-513, doi:10.1006/jmbi.1997.1460 (1998).

Lu, H. S. etal. Crystal structure of human epidermal growth factor and its dimerization.
J Biol Chem 276, 34913-34917, doi:10.1074/jbc.M102874200 (2001).

Cremers, C. M. & Jakob, U. Oxidant sensing by reversible disulfide bond formation. J
Biol Chem 288, 26489-26496, doi:10.1074/jbc.R113.462929 (2013).

29


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

69 Huang, Y., Cao, H. & Liu, Z. Three-dimensional domain swapping in the protein
structure space. Proteins 80, 1610-1619, doi:10.1002/prot.24055 (2012).

70 Pellecchia, M. et al. Perspectives on NMR in drug discovery: a technique comes of age.
Nat Rev Drug Discov 7, 738-745, doi:10.1038/nrd2606 (2008).

30


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.30.428938; this version posted January 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figure Legends

Figure 1: Positive N-terminal V5 surface staining of EBY100 yeast expressing different T.
parva schizont antigens of native sequence (A) Tp1, (B) Tp2, and (C) Tp9. Eight clones were
analysed by flow cytometry after 24h (orange) and 48h (blue) post induction for each antigen.
Results displayed represent one of two independent experiments and are corrected for positive
staining of EBY100 yeast at Oh post induction. Red lines were included to alleviate the
comparison of antigen expression. Unsuccessful identification of native Tpl was followed by
analysis of three Tpl fragments (D) TplNa, (E) TplNb, and (F) TplNc. Clones stably

expressing comparably high amounts of antigen could then be selected for all antigens.

Figure 2: A) and B) Western blot analysis of yeast surface displayed Tp1Na and Tp1Nc
recombinant proteins. DTT-cleaved proteins from eight clones of Tp1lNa and one clone of
Tp1Nc were adjusted in concentration so that each set of samples at Oh, 24h and 48h (indicated
by 1,2,3 respectively) were standardised to the same amount. AntiAnti-HisG-HRP antibody
was used. M: PageRuler pre-stained NIR Protein Ladder from Thermo Scientific. Image
generated by merging images from exposure to near infra-red and no light. Clone Tp1Na_E1
and Tp1Nc_E4 were selected for further experiments. C) Western blot of TpIN_In2, Tp1IN_In6
and LacZ_Inl yeast clones, were LacZ_Inl is a positive control. Cultures were induced for
14.5h and 16h and lysed. Proteins were purified, precipitated and standardised to 20 mg per
well. Recombinant protein was detected using anti-HisG-HRP antibody (1:2,500).

Figure 3: IFNy responses by bovine PBMCs to yeast cells expressing T. parva schizont
antigens determined by fluorospot analysis. PBMCs from cow A) 224, B) 230 and C) 232 were
assayed in duplicate on four separate occasions. Data are shown as the mean number of spots
(xSEM) generated in response to antigen minus the number of background spots generated by
PBMCs alone. For the wells incubated with TpM infected cells the number of spots from TpM
background wells was also deducted. Where the mean number of spots produced in response
to Theileria antigens was less than background the number of spots was reported as zero. D)
Typical IFNy and IL-2 dual fluorospot images from bovine PBMCs incubated with EBY 100
yeast cells expressing different T. parva schizont antigens. The empty plasmid pYD1
represented the negative control while TpM infected cells incubated with PBMCs as well as
stimulation with PMA and ionomycin served as positive control. While an increased IFNy
response towards pYD1 TplNc, pYD1 Tp2 and pYD1 Tp9 was observed, no IL-2

production was detected.
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Figure 4: IFNy production of antigen specific CD8" effector T cells towards yeast expressing
different T. parva antigens or towards TpM infected cells as positive control. Results displayed
represent three/four independent experiments after correction for background signal. Red lines
highlight an IFNy concentration of 100 pg mL™. Increased IFNy production only occurred in
co-cultures of yeast, CD8* T cells and APCs, indicating that phagocytosis and processing of
yeast by APCs was essential for T cell stimulation. A) While cow 224 responded to Tp9N and
marginally to Tp1N_In6 as well as Tp2N, B) cow 232 only recognised TpON.

Figure 5: A) SDS-PAGE of small-scale test expression of Tp2 in BL21 STAR and SHuffle
cells. Whole cell lysate is shown prior to (T) and after centrifugation (S). The expected MW
for the protein including the His-tag is ~20 kD. B) Digestion of purified Tp2 with Enterokinase
using two different incubation times. Samples with Enterokinase (+) are compared to those
incubated for the same time but without the enzyme (-). Molecular weights for the protein with
and without His-tag are indicated by arrows. C) One dimensional *H NMR spectrum of the
monomer fraction of purified Tp2. Note the sharp peaks at either end of the spectrum. D) One
dimensional *H NMR spectrum of the dimer fraction. E) NMR spectra from the monomer and
dimer fractions overlayed with a focus on the regions with resolved peaks. F) Temperature
series of far UV CD spectra of the monomer protein fraction without DTT treatment. Spectra
were recorded from 6 to 95°C, indicated by colour gradient from blue to red. The black line
indicates the wavelength at which the melting curve was extracted. Minima at 208 and 223 are
indicative of a substantial content of secondary structure (a-helix: 14.4%, b-strand: 28.2%,
turn: 14.6%, random coil: 42.8%). G) Series of CD spectra recorded for the monomer fraction
after addition of DTT. The spectrum is much weaker, and the minima have slightly shifted (205
and 220nm) indicative of a loss of structure. In addition, the same temperature curve from 6 to
95°C causes only a very small change in the CD signal. H) Near UV CD spectrum of the Tp2
monomer fraction without (solid lines) and with DTT (dashed lines). The spectrum in the
absence of DTT shows clear negative peaks for the aromatic side chains indicative of the
existence of a hydrophobic core while the sample with DTT has no signal at all suggesting the

absence of a hydrophobic core.

Figure 6: A) Increase in total IgG serum levels over the study period of 90 days. Mice where
treated with yeast either expressing native Tp2 (EBY100 _pYD1 Tp2N) or carrying an empty
plasmid (EBY100 pYD1). Oral administration of yeast expressing Tp2 resulted in a

significantly higher increase of total 1IgG serum levels (p < 0.05) compared to the control group.
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Where the increase in 1gG serum levels produced in response to recombinant yeast was less
than background, the concentration is reported as zero. B) Increase in Tp2 specific 1gG serum
levels over the study period of 90 days. Mice were treated with yeast either expressing native
Tp2 (EBY100_pYD1_Tp2N) or carrying an empty plasmid (EBY100_pYD1). Treatment with
yeast expressing Tp2 resulted in a significant increase of absorbance (p < 0.05) while no
equivalent change could be observed for the control group. Where the increase in absorbance
in response to recombinant yeast was less than background, the concentration is reported as

Zero.
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Table 1. Summary of primers used for cloning of T. parva antigen sequences into the pYD1 and pYES2/NTC

expression vector

Target Forward primer Reverse primer

TplN 5’>-TACGGATCCATGAGGGTCAAAAAAGTT-3’ 5’-ATCTCGAGAAGGGTGTTTAATTTTTGAG-3’

TplN 5- 5’-ATCTCTCGAGAAGGGTGTTTAATTTTTGAGG
TATGGATCCAAAACAATGAGGGTCAAAAAAGTTTT-3”

TplNa 5’-TACGGATCCATGAGGGTCAAAAAAGTT-3’ 5’-ATCTCGAGCTTAACTTCTTGCGAACCTA-3’

TpiNb 5’-TACGGATCCATATTCTTCAAAAACGACG-3’ 5’-ATCTCGAGAAGGGTGTTTAATTTTTGAG-3’

TpiNc 5’-TACGGATCCACATATACTTCAGGAGTTTATATGG-3” | 5’-ATCTCGAGTACTGGAAGACCTGTTTGT-3’

Yeast-codon
optimised Tpl

5’-TACGGATCCATGAGAGTCAAGAAGGTTTTG-3”

5’-ATATCTCGAGCAAGGTATTCAACTTTTGAGC

Tp2N

5’-TACGGATCCGGTAATTGTAGTCATGAAGAACTAA-
3 2

5’-ATCTCGAGTGAAGTGCCGGAGGCTT-3’

Yeast-codon

optimised Tp2

5’-TACGGATCCGGTAACTGTTCTCATGAAGAATTG-3’

5’-ATCTCGAGAGAAGTACCAGAGGCTTCAC-3

Bos taurus codon-

optimised Tp2

5’-TACGGATCCGGCAACTGCAGCCACG-3’

5’-ATCTCGAGGCTGGTTCCAGAGGCCTCG-3’

TpON

5’-TACGGATCCGATCCTGATGATGATGTATTTG-3’

5’-AGCTCGAGTTGTTTTGTCCATGGTTTATT-3’

Bos taurus codon-

optimised Tp9

5’-TACGGATCCATGGACCCCGACGATGA-3’

5’-ATATCTCGAGCTGCTTGGTCCAGGGCT-3’

pYD1 plasmid 5’-AGTAACGTTTGTCAGTAATTGC-3’ 5’-GTCGATTTTGTTACATCTACAC-3’
pYES2/NTC 5’-GCTGTAATACGACTCACTATAGGG-3’ 5’-GCGTGAATGTAAGCGTGAC-3’
plasmid
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Table 2. Summary of primary antibodies used for confirmation of antigen surface expression

Reactivity Antibody (source) Final concentration
(ng mLY)

Mouse Anti-CD8, bovine IL-A105 (Sigma-Aldrich, 91072535) 4

Mouse Anti-CD4, bovine IL-A11 (Sigma-Aldrich, 91072511) 4

Mouse Anti-WC1, bovine Clone CC15 (Invitrogen, MA516616) 4

Mouse Anti-CD335, bovine NKp46 (Biorad, AKS1) 4
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Table 3. Summary of yeast clones expressing T. parva Muguga antigens

Features Yeast clone
Tp1Na_E1 TpiNa_E7 Tp1Nb_E2 Tp1Nc_E4 TpIN_In2/In6 Tp2N_ES TpPON_E5
Plasmid backbone pYD1 pYD1 pYD1 pYD1 PYES2/NTC pYD1 pYD1
Yeast strain EBY100 EBY100 EBY100 EBY100 INVSc EBY100 EBY100
Antigen gene (native sequence) Tpl Tpl Tpl Tpl Tpl Tp2 Tp9
Gene length (bp) 900! 900! 10292 6603 1629 4534 9454
Amino acid position 1..300 1..300 200..543 121..340 1..705 1..313 1..477
Encompassed known CTL epitopes® Tpla1a-224 Tpla14224 Tpla1a224 Tpla14224 Tpla1a224 Tp227.37 TpO199-228
VGYPKVKEEML VGYPKVKEEML VGYPKVKEEML VGYPKVKEEML VGYPKVKEEML SHEELKKLGML AKFPGMKKSK
Tp240-48
DGFDRDALF
Tp249-59
KSSHGMGKVGK
Tp2s0:59°
SSHGMGKVGK
Tp296-104
FAQSLVCVL
Tp298-106
QSLVCVLMK
Tp2138-147
KTSIPNPCKW
Expression’ (%) 1.69, 2.468 18, 0.5° 46, 20 58, 29.710 Not quantified! 54,16 27,40
Optimal expression time (h) 48 24 24 48 12-14.5 24 48

1) Nucleotides 1..900 of Tp1 gene; 2) Nucleotides 601..1629 of Tp1 gene; 3) Nucleotides 361..1020 of Tp1 gene; 4) Predicted signal peptide sequence not included; 5) Graham et al., 2008; Pelle et
al., 2011; Hemmink et al., 2016; 6) Connelley et al., 2016; 7) Percentage of cells positive for N-terminal V5 epitope expression by flow cytometry (n=2) for all except stated otherwise; 8) V5 epitope
expression analysed by flow cytometry comparable to other clones but selected as highest expresser based on visual inspection of signals on Western blot for HisG tag; 9) Tp1Na_E7 was selected
for further analysis by Western blot due to inconsistent /5 epitope expression, but high Xpress epitope expression by flow cytometry; 10) Xpress epitope expression with additional confirmation via

Western blot; 11) Due to internal protein expression and based on visual inspection of signals on a Western blot for HisG tag, Tp1N_In2/In6 was selected as the highest expresser.

36


https://doi.org/10.1101/2021.01.30.428938
http://creativecommons.org/licenses/by-nc-nd/4.0/

Table 4. MHC class | alleles and associated serological specificities found in cows 224 and 232

Cow Allele Differences Number of sequenced clones with the allele Associated serological specificity (SSP)* Breed the allele is mostly detected in?

224 BolA-class I-1*00901 - 7 Al5 Holstein
BolA-class I-2*02501 - 2 A14/A15 Holstein
BolA-class 1-2*¥03202 - 7 - Angus cross
BolA-class 1-3*06801 - 11 - Angus cross
BolA-class I-4*02401 - 10 A14/A15 Holstein
BolA-class I-NC1*0101 3 bp differences 1 - -

232 BolA-class I-3¥00401 1 bp difference 2 A33 Hereford

100% identity to Bibi-N*01201 and
BolA Accn no L02832

BolA-class I-3*01001 - 5 A10 Boran
BolA-class I-3*02701 - 8 A20 Holstein
BolA-class I-3*03601 - 13 - Holstein
BolA-class I-NC2*00103 - 2 - -
BolA-class I-NC3*0101 2 bp differences 3 - -
BolLA-class I-New 31 bp differences 2 - -

from BolLA-2*01601

* Hammond et al. 2012
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