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Nanoparticle vaccines usually prime stronger immune responses than soluble

antigens. Within this class of subunit vaccines, the recent development of

computationally designed self-assembling two-component protein nanoparticle

scaffolds provides a powerful and versatile platform for displaying multiple copies

of one or more antigens. Here we report the generation of three different

nanoparticle immunogens displaying 60 copies of p67C, an 80 amino acid

polypeptide from a candidate vaccine antigen of Theileria parva, and their

immunogenicity in cattle. p67C is a truncation of p67, the major surface protein

of the sporozoite stage of T. parva, an apicomplexan parasite that causes an often-

fatal bovine disease called East Coast fever (ECF) in sub-Saharan Africa. Compared

to I32-19 and I32-28, we found that I53-50 nanoparticle scaffolds displaying p67C

had the best biophysical characteristics. p67C-I53-50 also outperformed the other

two nanoparticles in stimulating p67C-specific IgG1 and IgG2 antibodies and

CD4+ T-cell responses, as well as sporozoite neutralizing capacity. In experimental

cattle vaccine trials, p67C-I53-50 induced significant immunity to ECF, suggesting

that the I53-50 scaffold is a promising candidate for developing novel nanoparticle

vaccines. To our knowledge this is the first application of computationally designed

nanoparticles to the development of livestock vaccines.

KEYWORDS

protein nanoparticles, nanoparticle vaccines, livestock vaccines, tick-borne disease,
East Coast fever, cattle, Theileria parva, Rhipicephalus appendiculatus
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1 Introduction

Recent technological innovations in protective epitope

identification, structure-based antigen design, mRNA, viral-

vectored and nanoparticle-based vaccine delivery platforms are

enabling new approaches to vaccine design (1). These advances,

coupled with a deeper understanding of vaccine-elicited

immunity obtained from, for example, systems approaches (2,

3), have propelled vaccine-related research into a new and

unprecedented era. However, as a field, livestock vaccinology

tends to slowly adopt novel technologies. Market size

considerations and the existence of vaccines against the major

high-intensity livestock production diseases in high-income

countries significantly influence whether global animal health

companies undertake product development, as the cost of

vaccines is usually borne by farmers. Hence, several livestock

diseases, especially in low- and middle-income countries

(LMIC), remain neglected problems and many existing

vaccines, such as those based on older technologies like

inactivated or tissue-culture passaged live attenuated

pathogens, remain as suboptimal disease control tools (4).

Among the novel technologies that are currently

revolutionizing vaccinology, the structure-based design of self-

assembling nanoparticle immunogens has become a key tool for

enhancing vaccine-elicited immunity. Several naturally occurring

nanoparticles, such as ferritin, encapsulin, and lumazine synthase

(5), have been used to increase the potency of antibody responses

against complex antigens such as oligomeric viral glycoproteins.

Simultaneously, the emergence of computational methods for

designing new self-assembling protein nanoparticles with

atomic-level accuracy has enabled the design of nanoparticle

scaffolds with structural features tailored to specific applications

(6–11). Over the last few years, computationally designed

nanoparticles have been used to display several antigens via

both genetic fusion and molecular adaptors such as SpyCatcher/

SpyTag (12, 13). Nanoparticle immunogens produced by both

methods have elicited significantly more potent antibody

responses than soluble antigen (14–25). Furthermore, the two-

component nature of many computationally designed

nanoparticles—that is, their construction from two distinct

protein subunits—enables their assembly in vitro from

independently purified proteins through simple stoichiometric

mixing (7, 9, 26). This control over the assembly process allows,

among other things, the controlled co-display of multiple

antigenic variants, an approach that has been used to design

nanoparticle vaccines that provide broadly protective immunity

against influenza viruses and coronaviruses (19, 23).

Theileria parva is an intracellular apicomplexan parasite

closely related to Plasmodium and Babesia, and is the

causative agent of East Coast fever (ECF), a leading tick-borne

disease of cattle in sub-Saharan Africa (27). ECF causes a notable

economic burden of approximately $596 million USD annually
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and over one million cattle die each year as a result of T. parva

infection (28). The disease can manifest as mild, moderate and

severe (usually fatal) clinical disease and can have devastating

impacts on the productivity of smallholder cattle farming by

reducing meat and milk yields (29). The only commercial

vaccines for control of ECF are based on an infection and

treatment method (ITM) of immunization developed in the

early 1970s. ITM depends on infection of cattle with a potentially

lethal dose of cryopreserved sporozoites and simultaneous

treatment with long-acting oxytetracycline (reviewed in (30)).

Although effective, ITM vaccines are expensive, non-trivial to

produce, require liquid nitrogen storage and antibiotic

treatment, and require specialized personnel for its

administration. Moreover, the immunity achieved with ITM is

strain-specific. Thus, the presence of a wildlife reservoir of T.

parva in buffalo, which is often immunologically distinct from

cattle-derived parasite, further complicates control of T. parva.

Novel ECF vaccines, especially those that simplify vaccine

production and delivery, are highly desirable. Several

candidate T. parva subunit vaccine antigens have been

identified, including those that are the targets of schizont-

infected lymphocyte-specific CD8+ T-cells generated by the

ITM vaccine and others that are the targets of sporozoite

neutralizing antibodies (reviewed in (31)).

Recent subunit vaccine development efforts targeting

sporozoite antigens have focused on p67C, an 80 amino acid

section from the C-terminal end of p67, a major cell surface

molecule of sporozoites, as p67C is more stable and easier to

express than full-length p67, and can also induce immunity to

ECF (32–34). However, both p67 and p67C are poorly

immunogenic and need 3 doses of 450 µg of soluble antigen to

generate a protective immune response. As a result, several

efforts have begun to assess whether the immunogenicity of

p67C can be improved using nanoparticle technologies. For

example, we have evaluated bovine immune responses to

soluble p67C (s-p67C) and p67C displayed on virus-like

particles (VLPs) via genetic fusion to hepatitis B core antigen

(HBcAg-p67C) or adsorbed to hollow silica-based nanoparticles

(SV-p67C). Both s-p67C and SV-p67C primed similar levels of

p67C-specific antibodies and CD4+ T-cell proliferative

responses, while SV-p67C primed a stronger IFN-g CD4+ T-

cell response than s-p67C. HBcAg-p67C primed a 2-3 fold

higher p67C-specific antibody response, but with very little

p67C-specific T-cell responses (35). The antibody data support

the notion that display of antigen in ordered arrays on VLPs

elicits a more robust antibody response than non-structured

particulate antigen, probably due to enhanced B-cell activation

by the former (36). In challenge experiments, immunization of

cattle with a combination of the two nanoparticle immunogen

formats, HBcAg-p67C and SV-p67C, resulted in an antigen

dose-sparing effect while providing the same level of

protection to ECF as s-p67C, despite a stronger challenge (35).
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To enhance the design of vaccines for controlling ECF, here

we studied the capacity of three computationally designed two-

component nanoparticle scaffolds to display p67C. We found

that a nanoparticle immunogen based on the I53-50 scaffold

outperforms the other two nanoparticles, as well as HBcAg-

p67C VLPs, in stimulating p67C-specific immune responses in

cattle, and provides superior protection against ECF compared

to s-p67C.
2 Materials and methods

2.1 Expression and purification of
assembled nanoparticles

For co-expression in E. coli, synthetic genes encoding both

nanoparticle components in a bicistronic operon were cloned

into the pET29b+ vector (Novagen) using the NdeI and XhoI

restriction sites (Table S1). Protein was expressed via IPTG

induction in Lemo21 or BL21*(DE3) cells, using 1 L of Luria

Bertani (LB) broth at 37°C for 3 hours. Cell cultures were

centrifuged at 4,000 g for 20 minutes. Cell pellets were stored

at -20°C. Cell pellets were thawed at room temperature and

subsequently resuspended in 25 mL of lysis buffer (50 mM Tris

pH 8, 500 mM NaCl, 0.75% CHAPS, 1 mM DTT, 50 mg/mL

DNase, 50 mg/mL RNase) and homogenized prior to

microfluidization. Lysates were centrifuged at 20,000 g for 20

minutes at 4°C. Clarified lysates were then applied to 5 mL Ni2

+-NTA gravity columns. The resin beds were washed with 5

column volumes of wash buffer (50 mM Tris pH 8, 500 mM

NaCl, 0.75% CHAPS, 1 mM DTT, 30 mM imidazole) before

eluting the nanoparticle components with 4 column volumes of

elution buffer (50 mM Tris pH 8, 500 mM NaCl, 0.75% CHAPS,

1 mM DTT, 500 mM imidazole). Finally, IMAC elutions were

concentrated to ~1-2 mL and injected onto a Superose 6 10/300

GL AKTA FPLC column (Cytiva) to remove any remaining host

cell protein, using 50 mM Tris pH 8, 150 mM NaCl as buffer.

The assembled nanoparticles eluted from the column around 10-

12 mL. Pure nanoparticle peak fractions were pooled for analysis

and stored at -80°C.
2.2 Expression and purification of
individual nanoparticle components

All p67C-nanoparticle trimer gene fusions were cloned into

the pET29b+ vector using the NdeI and XhoI restriction sites

(Table S1). These proteins, along with each complementary

nanoparticle component (pentameric I53-50B.4PT1, dimeric

I32-19B, and dimeric I32-28B), were separately expressed by

IPTG induction in Lemo21 or BL21*(DE3) cells in 1 L of LB at

37°C for 3 hours, with the exception of I53-50B.4PT1, which was

expressed at 18°C for 5 hours. Cell pellets were harvested by
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centrifugation at 4°C for 20 min at 4,000 g and stored at -20°C.

Cell pellets were thawed at room temperature and lysed and

IMAC-purified in the same manner as in the co-expressed

nanoparticle production section above, using either gravity

columns or a 40 mL Ni2+-NTA column on an AKTA FPLC

(Cytiva). Lastly, IMAC elution fractions were concentrated using

10 kDa MWCO spin filters (Amicon, Sartorius) to ~10 mL for

injection onto a HiLoad 16/60 Superdex 200 pg size exclusion

chromatography column on an AKTA FPLC (Cytiva) as a

polishing step to remove any higher order oligomers or

remaining host cell protein. The SEC buffer contained 50 mM

Tris pH 8, 500 mM NaCl, 0.75% CHAPS.
2.3 In vitro assembly of nanoparticles

Purified nanoparticle components were mixed at an

equimolar ratio, usually ranging from ~25-50 mM, adding

additional buffer to q.s. to the desired volume (usually 1-2

mL). Samples were incubated at room temperature for at least

30 min with gentle rocking prior to removing any insoluble

aggregate that may have formed with a 0.2 mm filter followed by

SEC on a Superose 6 10/300 GL column (Cytiva) (p67C-I32-19

and p67C-I32-28) or Superose 6 prep grade XK 50/60, 55 cm

column (Cytiva) (p67C-I53-50) to remove any soluble higher

order oligomers or unassembled residual component. The SEC

running buffer consisted of 50 mM Tris pH 8, 250 mM NaCl, 50

mM L-Glycine.
2.4 Dynamic light scattering

Particle size measurements were conducted in a Nano-DSF

(Unchained Laboratories) and data collected at 25°C. Briefly,

sample was applied to quartz capillaries in a cassette and ten

acquisitions of 5 seconds were obtained, using auto-attenuation

of the laser.
2.5 Negative stain electron microscopy

p67C nanoparticles were diluted to 75 mg/mL in 50 mM Tris

pH 8, 250 mMNaCl, and 50 mM glycine prior to application of 3

mL of sample onto freshly glow-discharged 300 mesh copper

grids. Next, nanoparticles were stained onto grids one of two

ways (1): p67C-I53-50 sample was incubated for 1 minute before

the grid was dipped in a 50 mL droplet of water and excess liquid

blotted away with filter paper. The grids were then dipped into 6

mL of 0.75% w/v uranyl formate stain. Stain was blotted off with

filter paper (Whatman), then the grids were dipped into another

6 mL of stain and incubated for ~70 s (2). p67C-I32-19 and

p67C-I32-28 samples were incubated for ~30 s before the grids

were blotted by filter paper and immediately 3 mL of 0.75% w/v
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uranyl formate stain was applied onto each grid. Incubation and

stain application was repeated two more times. Finally, the stain

was blotted away, and the grids were allowed to dry for at least 5

min. The samples were imaged in a Talos model L120C electron

microscope at 45,000×.
2.6 Soluble p67C expression

Bulk production and purification of s-p67C was outsourced

to GenScript Biotech Corporation as previously described (35).

Briefly, residues 572-651 of T. parva (Muguga) p67 antigen were

cloned into pET-28a+ (Novagen) and expressed as a 114-residue

fusion protein, of which the terminal 80 residues encode p67C,

affinity purified under denaturing conditions and extensively

dialyzed against PBS followed by 0.22 mm filter sterilization and

storage at -80°C. As judged by SDS-PAGE, the protein was

greater than 95% pure.
2.7 Cattle immunogenicity and
experimental vaccine trial experiments

Holstein/Friesian and Ayrshire cattle (Bos taurus) from 6 to

9 months old and negative for T. parva antibodies as determined

by ELISA (37) were sourced from farms in the Kenyan highlands

from areas free of ECF. Animals were vaccinated against Foot-

and-Mouth Disease (FMD) using a quadrivalent vaccine three

weeks before the start of the experiment. All animals were

clinically assessed by the ILRI Institutional Veterinarian before

the start of the experiment and only healthy animals were

enrolled in the experiment. Animal experiments and routine

maintenance was in accordance with procedures approved by

ILRI’s Institute Animal Care and Use Committee (IACUC

experiment references 2016.15, 2017.08 for immunogenicity

studies and 2019.02 for the challenge experiment).
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For the nanoparticle immunogenicity studies, three animals

were randomly assigned to one of five experimental groups and

each animal received three doses of antigen, with 28-day

intervals between booster doses (Table 1). Animals received a

total 2 mL per inoculation, administered subcutaneously in the

neck, and were monitored for adverse clinical reactions at the

site of inoculation. All immunogens were diluted in PBS and

mixed with Montanide ISA 206 VG adjuvant (Seppic) in a 1:1

ratio following the manufacturer’s instructions. Group 1 animals

(BN035, BN050 and BN064) were immunized with 451 mg/dose
of p67C-I32-19; Group 2 (BN049, BN055 and BN068) were

immunized with 366 mg/dose p67C-I32-28, Group 3 (BN043,

BN054 and BN058) were immunized with 424 mg/dose of p67C-
I53-50; Group 4 animals (BM005, BM062 and BM065) received

100 mg/dose of soluble p67C; and Group 5 animals (BM135,

BM162 and BM203) were immunized with 300 mg/dose of

HBcAg-p67C (Group 4 and 5 animals groups were already

described in (35). All animals received an equivalent of 70 mg/
dose of p67C. None of the animals exhibited immediate or

delayed hypersensitivity, indicating safety of the immunogen

formulations. Samples of blood for preparation of serum and

peripheral blood mononuclear cells (PBMCs) were taken at

various times as indicated in the text.

For the experimental vaccine trial, thirty cattle were allocated

in two groups of 15 each (Table 1). Group 6 animals received three

doses (with 28-day intervals between booster doses) of 847 mg/
dose of p67C-I53-50 (equivalent to ~140 mg of p67C), formulated

with ISA 206 VG. Group 7 animals were kept unvaccinated to be

used as a control group to estimate the sporozoite challenge dose

in the cohort of cattle. Twenty-one days after the last boost, all

animals were given a subcutaneous syringe challenge of 1 mL of T.

parva Muguga sporozoites (stabilate #3087), as previously

described (35). After the challenge, all experimental cattle were

monitored daily for changes in rectal temperatures and other

clinical manifestations of ECF, which were used to calculate an

ECF score from 0 to 10 (38). The score was used to define whether
TABLE 1 Summary of immunogenicity and challenge experiment animal groups and immunogens.

Group Immunogen Doses Adjuvant p67C/inoculation
(µg/dose)

Total protein
(µg/dose)

Number of
animals Challenge

Group 1 p67C-I32-19 3 ISA 206 VG 70 451 3 N/A

Group 2 p67C-I32-28 3 ISA 206 VG 70 366 3 N/A

Group 3 p67C-I53-50 3 ISA 206 VG 70 424 3 N/A

Group 4* s-p67C 3 ISA 206 VG 70 100 3 N/A

Group 5* HBcAg-p67C 3 ISA 206 VG 70 300 3 N/A

Group 6 p67C-I53-50 3 ISA 206 VG 140 847 15 LD70

Group 7 N/A N/A N/A N/A N/A 15 LD70

*Previously reported in Lacasta et al., 2021 (35).
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animals were susceptible to ECF, a score of 6 and above, or

immune to ECF, a score of 5.99 and below. Serum samples and

peripheral blood mononuclear cells (PBMCs) were taken for

analyses at various times as indicated in the text.
2.8 Quantitation of IgG anti-p67C
antibodies

The quantitation of p67C-specific antibodies (in mg/mL)

present in serum samples was measured by extrapolating from a

standard curve, built with affinity purified p67C-specific

antibodies as described in (39). A reference pool of anti-p67C

antibodies was generated by mixing 2 mL serum from each

animal in the immunogenicity studies: BM135, BM162 and

BM203 immunized with HBcAg-p67, BN046, BN047 and

BN048 immunized with HBcAg-p67C + SV-p67C (35),

BM005, BM062 and BM065 immunized with s-p67C (35) and

BN043, BN054 and BN058 immunized with p67C-I53-50 (this

study, group 3), at day 77. Briefly, total IgG was isolated from the

pooled sera using protein G resin (Pierce) following the

manufacturer’s instructions. p67C-specific antibodies were

then purified from the total IgG using NHS-activated

Sepharose 4 Fast Flow (Cytiva) coupled with s-p67C in a 2:1

ratio, following the manufacturer’s instructions. About 5% of 15

mg IgG was recovered as p67C-specific antibodies (0.76 mg).

Antibody concentrations were determined using the Qubit

Protein Assay and used to generate a standard curve for the

ELISA with antibody concentrations ranging from 250 to 1.95

ng/mL on plates coated with s-p67C.

Maxisorp 96-well plates (Nunc) were coated with 0.5 mg/mL

of s-p67C diluted in PBS and incubated at 4°C overnight. After

blocking the plates for an hour at 37°C with 1% bovine serum

albumin (BSA, Merk) and 0.1% Tween20 (Merk) diluted in PBS

(blocking buffer), sera diluted at 1/10,000 and 1/100,000 in

blocking buffer were added to the plate and incubated 2 h at

37°C. The presence of p67C-specific antibodies was detected

with mouse anti-bovine IgG : HRP clone IL-A2 (Bio-Rad)

diluted at 1 mg/mL in the blocking buffer and incubated for 1

h at 37°C. The reaction was developed with 50 ml of TMB plus 2

(Kem-En-Tec Diagnostics) in the dark for 10 minutes at room

temperature and stopped using 50 mL of 0.5 M H2SO4

(Honeywell-Fluka). Plates were washed four times in between

each step using PBS containing 0.05% Tween20 and assays were

carried out in duplicates. The optical density at 450 nm was read

using Synergy HT ELISA reader (BioTek Instruments) and four-

parameter fits were generated from standard curve values with

GraphPad Prism v8 (GraphPad software). This curve was used

to convert absorbance of diluted samples into concentration of

p67C-specific antibodies. The results are expressed as mg/mL of

p67C-specific antibodies after correcting with the dilution factor.
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2.9 Measurement of p67C-specific IgG1
and IgG2, IgG specificity to overlapping
p67C synthetic peptides and sporozoite
neutralization assay

p67C-specific IgG1 and IgG2 subtype responses were assessed

by means of ELISA, as previously described (33) Briefly, plates

were coated with 0.5 mg/mL of p67C diluted in PBS. Serum

samples were 2-fold diluted in blocking buffer from 1/100 to 1/

12,800 and developed with sheep anti-bovine IgG1 and IgG2

HRP-conjugated (Bio-Rad). Half-max antibody titers were

calculated using OD values from an antibody dilution series

with GraphPad Prism v8 (GraphPad software). To further

characterize the antibody response, sporozoite neutralization

assays and the specificity to 10 overlapping 15-mer peptides to

p67C were also measured as previously described with slight

differences (33, 35). The 15-mer peptide sequences

(Supplementary Table S2) correspond to peptide 73 to 82 in a

Pepscan screen of antibody responses to full length p67 (40), with

the exception that the peptides were biotinylated and captured on

Immobilizer Streptavidin clear plates (Nunc). Serum samples were

diluted at 0.1 mg/mL of p67C-specific antibodies using blocking

buffer. Negative bovine serum was added to the diluted samples to

adjust the volume of bovine sera present in the reaction. The

results presented are the percentage of the signal for a particular

peptide compared to the sum of ODs for all peptides for a

particular sample (% signal sample X peptide X = OD sample X

peptide X/sum ODs sample X all peptides × 100).
2.10 CD4+ T-cell 3H-thymidine
proliferation assay and IFN-g ELISpot

Purified CD4+ T-cell responses were analyzed by IFN-g
ELISpot and 3H-thymidine CD4+ T-cell proliferation assays as

previously described (33, 35). The stimuli used in both assays

were: s-p67C at 20 mg/ml (equivalent to 2.5 mM) or a pool of 25-

mer synthetic peptides at 2 mM that overlap by 16 amino acid

residues covering the p67C sequence (Mimotopes Pty.). Media was

used as a general negative control, and ovalbumin (Merk) and 25-

mer peptides not related to T. parva (Mimotopes Pty.) were used as

negative controls. ConA at 2.5 mg/mL was used as a positive control.
2.11 Statistical analysis

Differences among Groups 1, 2, 3, 4 and 5 immune

parameters were assessed using a linear regression with a

group fixed effect, and multiple comparisons made with Holm

adjustment. Immune parameters assessed were natural log

transformed antibody titers at day 77, percentage of sporozoite
frontiersin.org
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neutralization and CD4+ T-cell responses (in R, package: stats).

Residual checks were carried out on all models to confirm

model assumptions.

Differences in ECF scores between the two challenged

groups (group 6 and 7) was assessed using a permutation test

of independence (in R, package: coin), that provides an

asymptotic exact distribution using the quasi-MonteCarlo

method. Protection for the two groups was compared using a

Fisher’s exact test (in R, package: stats) (41).
3 Results

3.1 Production and characterization of
p67C nanoparticle immunogens

Recent studies have demonstrated that weakly immunogenic

monomeric proteins can be improved by multivalent display on

protein nanoparticles (23). We displayed the p67C antigen on

three computationally designed, two-component protein

nanoparticle scaffolds with icosahedral symmetry: I53-50, I32-

28, and I32-19 (9). I53-50 is constructed from 20 trimeric (I53-

50A) and 12 pentameric (I53-50B) building blocks, while I32-28

and I32-19 each contain 20 trimeric (I32-28A, I32-19A) and 30

dimeric (I32-28B, I32-19B) components such that each

nanoparticle comprises a total of 120 subunits. We genetically

fused p67C to the N-terminus of each trimeric component so

that 60 copies of the antigen are displayed in a repetitive array on
Frontiers in Immunology 06
each nanoparticle exterior (Figure 1A). The amino acid

sequences of all novel proteins used in this study are provided

in Supplementary Table S1.

We co-expressed each pair of nanoparticle components in E.

coli in a bicistronic format (9) and extracted pre-assembled

nanoparticles from E. coli lysates using immobilized metal affinity

chromatography (IMAC) and size-exclusion chromatography

(SEC). In parallel, we expressed and purified soluble p67C as a

monomeric antigen (s-p67C). The SEC chromatogram of s-p67C

yielded a single major peak at the expected elution volume, while

the chromatograms of the nanoparticle immunogens all contained

peaks at the expected elution volume as well as peaks

corresponding to residual, unassembled components (Figure 1B).

The ratio of the two peaks varied across the three nanoparticles,

with p67C-I53-50 yielding the highest ratio of nanoparticle to

component peaks and p67C-I32-28 the lowest, suggesting that

p67C-I53-50 assembled to form the intended icosahedral

nanoparticle more efficiently than the other two immunogens.

SDS-PAGE of s-p67C and all three nanoparticles revealed bands

at the expected molecular weights, with no degradation observed

after a single freeze-thaw cycle (Figure 1C). Expression of p67C

epitopes on the nanoparticles was confirmed using bovine anti-

p67C polyclonal sera and a murine sporozoite-neutralizing mAb,

AR21.4, in immunoblots and ELISA, respectively (data not shown).

However, we were unable to obtain information on the

conformation of p67C on the nanoparticles as AR21.4 binds to a

linear epitope (40) and no conformation-specific mAbs for p67C

have been reported.
A

B

C

FIGURE 1

Design and purification of two-component nanoparticles displaying p67C co-expressed in vivo. (A) Design models of three distinct icosahedral
nanoparticles displaying p67C, shown to scale. (B) Preparative size exclusion chromatography of s-p67C antigen and nanoparticles displaying
p67C. Clear peaks were observed at the expected retention times for soluble antigen and nanoparticles (NP); excess component peaks were
also observed for the nanoparticles. (C) SDS-PAGE of soluble p67C antigen and nanoparticles displaying p67C after purification by SEC. Bands
were observed at the expected molecular weights for the two components of each nanoparticle. The left and right lanes for each nanoparticle
are samples pre- and post-freeze/thaw, respectively.
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3.2 Comparison of anti-p67C antibody
responses induced by p67C-
nanoparticles in Bos taurus cattle

To assess the immunogenicity of the different p67C

nanoparticles, three groups of three cattle were immunized with

a three-dose regimen of p67C nanoparticle formulated with ISA

206 VG as adjuvant and measured as p67C-specific IgG in mg/mL.

The immune responses in this cohort of cattle (Figure 2 and

Table 2) were compared with the responses of two other groups of

three cattle immunized with s-p67C or HBcAg-p67C given the

same dosing regimen, which were described in an earlier

publication (35). The half-max p67C-specific ELISA data from

the latter was re-quantified as p67C-specific IgG in mg/mL. This

newly developed ELISA permits a more accurate comparative

analysis of anti-p67C antibody responses between time points,

individual animals, and experiments (Supplementary Table S3). It

is apparent that cattle immunized with p67C-I53-50 nanoparticles

gave the highest antibody response (Figure 2).

Antibody levels at day 77 are from a time point of particular

interest, as this is when cattle would be given a sporozoite

challenge in experimental vaccine trials (33–35). At this

timepoint, p67C-I50-53 induced the highest anti-p67C

antibody response, followed by p67C-I32-28 (p < 0.05), while

the performance of p67C-I32-19 was equivalent to s-p67C

(Table 2). The anti-p67C antibody responses varied from a

low of 252 mg/mL to a high of 18,508 mg/mL. HBcAg-p67C

was the second-best immunogen and performed better than

p67C-I32-28, p67C-I32-19 and s-p67C. Boosting of antibody

responses was most evident in cattle immunized with p67C-I53-
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50 (Figure 2). At day 133, most anti-p67C antibody levels were

substantially reduced compared to the peak at day 77

(Supplementary Table S3).

Measurement of p67C-specific half-max ELISA IgG1 and

IgG2 levels at day 77 demonstrated that an antibody isotype

switch to IgG2 occurred in cattle that received p67C-I53-50 and

p67C-I32-28, but not in those receiving p67C-I32-19 (Figure 3A

and Table 2). Similar results were observed in animals receiving

HBcAg-p67C (35).

Sporozoite neutralization assays were also performed using

the day 77 sera (Figure 3B and Table 3). Cattle in group 3 (p67C-

I53-50) had the highest levels of neutralizing antibodies and group

1 (p67C-I32-19) the lowest (p = 0.049), mirroring the levels of

total p67C-specific antibodies elicited by each immunogen. The

results from group 1 and group 3 cattle were similar to those

induced by s-p67C and HBcAg-p67C, respectively (35). We note

that in its current format, the sporozoite neutralization assay is a

qualitative rather than quantitative assay.
3.3 Measurement of bovine CD4+ T-cell
responses to p67C induced by the
p67C nanoparticles

An enriched population of CD4+ T-cells, purified from

PBMCs obtained at day 70, was used to measure T-cell

proliferation and IFN-g secretion responses to s-p67C and

overlapping 25-mer p67C synthetic peptides (Figure 4 and

Table 3). In both assays, cattle immunized with p67C-I53-50

mounted the best immune response, whereas cattle immunized
FIGURE 2

Kinetics of anti-p67C specific total IgG levels from day 0 to day 133, approximately two and a half months after the third antigen dose. Antibody
titers from cattle immunized with p67C-I32-19 (Group 1), p67C-I32-28 (Group 2), p67C-I53-50 (Group 3), s-p67C (Group 4) or HBcAg-p67C
(Group 5); from previous experiments (35), are presented.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1015840
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lacasta et al. 10.3389/fimmu.2022.1015840
with p67C-I32-19 mounted the weakest response. Cattle that

received p67C-I32-28 mounted an IFN-g response to s-p67C but

not to synthetic p67C peptides. In our previous studies (35),

cattle immunized with s-p67C mounted a good response in both

T-cell assays, whereas the response in HBcAg-p67C immunized

cattle was very weak, similar to that induced by p67C-I32-19.
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3.4 Linear p67C peptide
antibody specificity of sera from
immunogenicity studies

In addition to measuring the kinetics of the global anti-p67C

antibody response during the immunization regimen, we
A B

FIGURE 3

IgG subtypes and neutralizing capacity of sera. (A) Detection of IgG subtypes at day 77 is expressed as the ratio of IgG1 to IgG2 anti-p67C
responses. (B) Neutralization capacity of serum of animals immunized with p67C-I32-19 (Group 1), p67C-I32-28 (Group 2) or p67C-I53-50
(Group 3) at day 77. The results are presented as the percentage of reduction of infection compared with the pre-immunization sera from the
same animals. Individual animals, mean and standard error of the mean bars are presented. Group 1 and 3 showed significant differences when
applying multiple comparison with Holm adjustment after linear regression (p=0.049).
TABLE 2 Summary of antibody titers for immunogenicity studies in cattle.

Group Animal
ID

p67C-specific
IgG (µg/ml)

Ratio IgG1/IgG2
(day 77)

Half-max p67C-specific
IgG1 (day 77)

Half-max p67C-specific
IgG2 (day 77)

Day
77

Day
133

Group 1 (p67C-
I32-19)

BN035 607.02 60.38 2229 2229 0

BN050 412.43 148.45 1569 1569 0

BN064 251.59 27.95 1384 1384 0

Group 2 (p67C-
I32-28)

BN049 1342.16 593.07 4 6316 1469

BN055 1255.10 198.43 14 3122 229

BN068 1596.97 236.57 10 9029 938

Group 3 (p67C-
I53-50)

BN043 2292.79 191.96 68 6528 96

BN054 5431.88 317.51 9 11928 1333

BN058 18508.03 2319.06 10 27967 2934

Group 4 (s-p67C) BM005 556.31 210.42 3,207* 3,207* Not detected*

BM062 347.94 184.29 2,600* 2,600* Not detected*

BM065 343.14 145.52 12* 3150* 255*

Group 5 (HBcAg-
p67C)

BM135 4569.33 1240.93 7* 12274* 1,682*

BM162 2209.45 1041.57 15* 11,345* 753*

BM203 4018.22 790.38 8* 16,394* 2,018*

*Previously reported in Lacasta et al., 2021 (35).
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measured the ability of these sera to react with a series of ten

overlapping 15-mer synthetic peptides from p67C. These

peptides had been previously used in a Pepscan analysis to

map sequences recognized by p67-specific murine mAbs and the

reactivity of sera from cattle immunized with full length p67

(40). Serum samples from day 28, 42, 56 and 77 from each

animal in this study were adjusted to a concentration of 0.1 mg/
ml of anti-p67C antibodies. A re-assessment of the specificity of

bovine antibodies induced by s-p67C and HBcAg-p67C
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described above was also included. Hence, the strength of the

signal detected in the peptide ELISA heatmap should reflect the

relative abundance of p67C peptide reactivity within the bovine

polyclonal response.

For all immunogens, the immunization regimen appears to

focus the antibody response following antigen boosts so that at

day 77, two to four peptides constitute an immunodominant

response (Figure 5). s-p67C sera bound to peptides 74, 75, 79

and 80. This reactivity was also seen with sera to the p67C
TABLE 3 Summary of CD4+ T-cell proliferation IFNg-ELISpot and seroneutralization assay results for immunogenicity studies on cattle.

Group Animal ID

CD4+ proliferation index IFNg-SC*/million CD4+ (ELISPOT) % SN**

s-p67C 25-MER s-p67C 25-MER

Group 1 (p67C-I32-19) BN035 1.28 0.68 18.49 64.73 11

BN050 2.64 2.88 0.00 26.25 20

BN064 9.61 2.27 7.77 0.00 22

Group 2 (p67C-I32-28) BN049 76.84 7.44 38.16 15.26 48

BN055 11.34 1.64 11.11 27.76 24

BN068 31.36 14.32 24.12 9.65 51

Group 3 (p67C-I53-50) BN043 12.61 4.05 35.19 70.38 36

BN054 0.00 3.02 61.90 581.91 87

BN058 145.15 86.18 96.61 135.26 75

*SC: secreting cells.
**SN: seroneutralization.
fron
A B

FIGURE 4

The responses of enriched CD4+ T-cell from immunized cattle to different stimuli were measured in cattle from immunogenicity studies.
(A) The p67C-specific proliferative cellular response; and (B) the p67C-specific IFNg-secreting cells per million of CD4+ T-cells in individual
animals from group 1 to 3. Two different stimuli were used: soluble protein (sol. p67C) and a pool of 25-mer p67C overlapping peptides (p67C
peptides). Negative stimulus responses are also included: ovalbumin and irrelevant peptides (irr. peptides). In both panels individual animals
(n=3), the mean and standard error of the mean bars are shown.
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FIGURE 5

Pattern of antibody reactivity to p67C 15-mer overlapping peptides in animals subjected to immunogenicity studies. Pattern of IgG reactivity to
overlapping 15-mer p67C peptides (named pins, as previously described in (40)), at day 28, 42, 56 and 77 after first dose of antigen.
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nanoparticles, but with an increasing shift to dominance of

peptide 74 and 75 reactivity with p67C-I32-28 and p67C-I53-

50 sera. HBcAg-p67C sera bound to peptide 75, 77, 79 and 80.

We had previously demonstrated that sporozoite neutralizing

murine mAbs AR21.4 and 1A7 bound to peptides 78 and 79 and

79 and 80, respectively, identifying the overlapping sequences of

SERQPSL and PSLVITD as playing an important functional role

in mAb recognition (40). Reactivity with peptide 79 and 80 was

present in all sera tested, and highest in HBcAg-p67C and lowest

in p67C-I53-50 sera. However, the antibody response to peptide

78 was very poor in all samples, except for p67C-I32-19 sera. The

reactivity of most sera with peptide 75 is interesting as this peptide

is recognized by the anti-p67 mAb 38.1 with no sporozoite

neutralizing capacity (40).
3.5 Assessment of p67C-I53-50 to
induce immunity to East Coast fever in
Bos taurus cattle

Our small-scale comparative immunogenicity study

indicated that the p67C-I53-50 nanoparticles induced the

highest level of p67C-specific antibody, sporozoite neutralizing

capacity and T-cell responses. Hence, we designed an
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experimental vaccine trial where a group of 15 cattle in group

6 were immunized with a dose of p67C-I53-50 containing ~140

mg of p67C antigen at weeks 0, 4 and 8. We selected this dose of

antigen based on previous results where a combination of two

nanoparticle immunogen formats, HBcAg-p67C and SV-p67C,

each one delivering ~70 mg p67C antigen, resulted in an efficacy

of 53% against an LD90 sporozoite challenge (35). Our intention

was to test whether a single immunogen could replace a two-

immunogen formulation by inducing similar levels of immunity

to ECF. We observed no apparent side effects to this

immunization regimen.

For this vaccine trial, we produced the p67C-I53-50

nanoparticle immunogen by in vitro assembly. We have found

that in vitro assembly facilitates endotoxin removal and typically

yields nanoparticles with less contaminating host cell protein. In

this case, SDS-PAGE, UV/vis absorbance, DLS, SEC, and negative

stain electron microscopy all indicated that in vitro assembly of

p67C-I53-50 yielded highly pure, monodisperse nanoparticles

(Figure 6). Although we were also successful in assembling

p67C-I32-19 and p67C-I32-28 nanoparticle immunogens in

vitro, we observed signs of aggregation following assembly,

particularly for p67C-I32-19 (Figures 6A, B).

As in the immunogenicity studies, we measured the

temporal evolution of anti-p67C antibodies in mg/mL and
A

B

D

EC

FIGURE 6

Biophysical characterization of in vitro-assembled two-component nanoparticles displaying p67C. (A–C) From left to right, SDS-PAGE, UV/vis
absorbance, and DLS data are provided for (A) p67C-I32-19, (B) p67C-I32-28, and (C) p67C-I53-50. The left and right lanes for each
nanoparticle are samples pre- and post-freeze/thaw, respectively. The DLS data for p67C-I32-28 and the DLS and UV/vis data for p67C-I32-19
suggest the presence of aggregates. (D) Negatively stained electron micrographs are shown for each nanoparticle immunogen after purification
by SEC. (E) Preparative SEC of a >100 mg batch of p67C-I53-50 nanoparticle on a Superose 6 prep grade XK 50/60 column yielded a single,
symmetric peak corresponding to the nanoparticle immunogen.
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CD4+ T-cell immune responses at day 70 (Figure 7), as well as

reactivity with synthetic p67C peptides (Figure 8). All cattle

mounted p67C-specific antibody and T-cell responses, however,

there was a wider variation in this cohort of cattle than in our

earlier immunogenicity study (Table 4 and Supplementary Table

S4). The pattern of p67C synthetic peptide reactivity was as in

the immunogenicity studies and the focusing of peptide specific

responses to peptide 74 and 75 after the antigen prime is more

evident than in the immunogenicity study.

Twenty-one days after the last antigen boost, all cattle in

group 6 as well as 15 unvaccinated cattle (group 7) were given a

needle sporozoite challenge. The latter group was included to

estimate the challenge potency in this cohort of cattle, which we

noticed can vary between experiments. Clinical parameters were

determined as previously described (35) and the experiment was

terminated on day 21 post-infection. To reduce the use of cattle,

we did not include an adjuvant control as this has been

previously described (34), and in this experiment an irrelevant

nanoparticle control would not be expected to induce immunity

to ECF.

A clinical index was calculated for cattle in both groups and

used to determine immune status to ECF and the sporozoite

challenge dose (Figure 9 and Table 5). In terms of severity of

ECF clinical disease, an index lower than 0.99 is considered to be

a non-reactor to challenge, 0.99-3.99 a mild reaction, 3.99-5.99 a

moderate reaction and 6.0 and above as a severe reaction.

Animals with an index of 5.99 and lower are classified as

immune to ECF. Thus, 5 cattle in group 7 and 12 in group 6

were classified as immune to ECF (33% and 80%, respectively).
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In group 6, six of the 12 ECF immune cattle had an ECF clinical

index of less than two, whereas in group 7 only one of the six

immune cattle had an index of less than three. Cattle were

treated with buparvaquone when animals reached an ECF index

of 6.5, the humane endpoint. There is a statistically significant

difference in immunity to ECF between group 6 and 7 cattle (p =

0.025) and in ECF score indices (p-value = 0.003). In this

experiment, the sporozoite challenge was calculated to be ~LD70.
4 Discussion

Computationally designed nanoparticles have recently

emerged as a promising platform for multivalent display of

one or more antigens. In most cases reported to date, these

scaffolds have been used to display viral glycoprotein antigens,

including RSV F (21), HIV-1 Env (11, 14, 15, 42), SARS-CoV-2

Spike (18) and its receptor binding domain (23), EBV gH/gL

(43), and influenza hemagglutinin (19). Here we evaluated

whether three different computationally designed nanoparticles

could also be effective in enhancing the immunogenicity of a

polypeptide candidate vaccine antigen from a protozoan parasite

that affects cattle. We found that one nanoparticle immunogen,

p67C-I53-50, was superior to the soluble antigen s-p67C and to

the other two nanoparticles tested, p67C-I32-28 and p67C-I32-

19, in priming p67C-specific and sporozoite neutralizing

antibody responses, as well as IFN-g CD4+ T-cell responses.

The enhanced potency of p67C when displayed on I53-50 is

similar to previous studies comparing I53-50-based nanoparticle

immunogens to soluble antigens (14, 21, 23). p67C-I53-50 also

induced stronger immune responses than HBcAg-p67C VLPs.

Our study provides new information on the immunogenicity of

the I32-28 scaffold. Although not as potent as the I53-50, both

promote antibody switching of the bovine antibody response

judged by the presence of IgG2 antibodies, whereas only IgG1

antibodies were induced by the I32-19 scaffold. p67C is a poorly

immunogenic protein and it has been useful as a model antigen

to evaluate different nanoparticle-based antigen delivery

vehicles. Although preliminary, our data suggest that the I53-

50 nanoparticle scaffold could be useful in improving the

potency of livestock vaccines, especially as it can be easily used

to co-display multiple antigens (23). It is also a highly

thermostable molecule (26) and can be lyophilized, making it

a good platform for use in remote rural areas in low- and

middle-income-countries where the delivery of vaccines is a

challenge due to inadequate cold chains.

The differences we observed in the immunogenicity of the

three p67C nanoparticle immunogens we tested are intriguing. A

unique feature of computationally designed nanoparticle

scaffolds is that they allow specific structural features to be

precisely and accurately varied, but there have been few

studies to date that directly compare the same antigen
A B

FIGURE 7

Immune responses in Group 7 (p67C-I53-50) animals.
(A) Kinetics of Ag-specific IgG titers measured in sera. The days
of antigen injection are represented by black arrows, the day of
challenge is represented with a gray arrow. (B) p67C-specific
CD4+ proliferation increases measured at 2 weeks after the last
boost (day 70). Two different stimuli were used: soluble protein
(sol. p67C) and a pool of 25-mer p67C overlapping peptides
(p67C pept.). Negative stimulus responses are also included:
ovalbumin and irrelevant peptides (irr. pept.). The median and
the 25th and 75th percentile are shown as a box and the min and
max values are shown with black bars. Individual animals (n=15)
are also presented as black circles.
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displayed on different nanoparticle scaffolds. Where these have

been done, higher valency, i.e., the number of copies of the

antigen displayed on the nanoparticle immunogen, appears to

correlate with higher immunogenicity (43, 44). Furthermore,

I53-50 nanoparticles displaying prefusion human RSV F-protein

on 33%, 67%, and 100% of the 20 nanoparticle trimers elicited
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antibody responses that increased in magnitude with increasing

valency (21). Nevertheless, higher valency does not always lead

to higher immunogenicity, as comparing the results obtained

here to a previous study in which 240 copies of p67C were

displayed on HBcAg VLPs suggests that p67C-I53-50 is a more

potent scaffold for display of this antigen.
FIGURE 8

Pattern of antibody reactivity to p67C overlapping peptides in animals under challenge experiment. Pattern of IgG reactivity to overlapping 15-
mer p67C peptides (named pins, as previously described in (40)), at day 28, 42, 56 and 77 after first dose of antigen.
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In the present study, each of the three computationally

designed nanoparticles we directly compared displayed 60

copies of p67C, so the difference in their immunological

performance must be attributed to other factors. Although

somewhat speculative, it is possible that I53-50 is more

physically stable in vivo than the other two nanoparticles, and

this may account for its higher immunogenicity. We note that

I32-19 and I32-28 both showed signs of instability, particularly

when assembled in vitro. Furthermore, I53-50 has been

previously noted to be an unusually stable assembly, a

property that has been shown in some cases to improve the

stability of antigens genetically fused to its components (21, 26).

Additional studies will be required to more broadly define the

role of nanoparticle scaffold stability in the immunogenicity of

nanoparticle vaccines. A recent study along these lines that

investigated antigen stability in vivo highlighted the role of

proteases in defining immunogenicity and the epitope

specificity of vaccine-elicited antibodies (45).

Mapping of epitopes on p67 has been restricted to Pepscan

analyses of the reactivity of bovine antibody responses and p67-

specific murine mAbs to synthetic 15-mer overlapping peptides

(40). Unfortunately, little is known about conformational

epitopes on p67. Immunization of cattle with full-length p67

resulted in a dominant recognition of peptides 79, 80, and 81

encoded within p67C, whereas peptides 78, 79, and 80 are
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recognized by sporozoite neutralizing mAbs. In this study,

immunization of p67C as a soluble antigen or in a

nanoparticle format also resulted in a poor response to peptide

78, a maintained antibody reactivity with peptide 79 and 80, and

a novel reactivity with peptide 74 and 75. Peptide 75 is

recognized by a non-neutralizing mAb. The functional

consequences of these peptide reactivity patterns will require

further study.

As p67C-I53-50 nanoparticles were easier to work with and

induced superior immune responses to p67C-I32-28 and p67C-

I32-19, we only carried out an experimental vaccine trial with the

former, using three immunizations with 140 mg of antigen per

dose. Relative to control cattle, the p67C-I53-50 nanoparticle

exhibited a vaccine efficacy close to 50%. This may appear low

but represents promising data as the median ECF index in the

control group was 6.50, while that in the experimental group was

3.68 (p-value 0.03). The efficacy data is like that seen in

experimental vaccine trials with s-p67C with an antigen dose of

450 mg (33) and the efficacy induced by a combination of HBcAg-

p67C and SV-p67C (35). As ECF in the control cohorts in each of

the experiments varied from an LD70~LD90 it is difficult to make

direct comparisons between these small-scale experiments.

Nevertheless, the data suggests that I53-50 permits dose sparing

of the p67C antigen and it can replace the combination of two

nanoparticles, HBcAg-p67C and SV-p67C, used previously.
TABLE 4 Summary of immune parameters measured in Group 6 (challenge experiment).

Animal ID

p67C-specific IgG (µg/ml) CD4+ proliferation index

Day 77 Day 91 s-p67C 25-MER

BP084 6150 838 60.24 43.13

BP085 16088 1231 12.08 1.07

BP086 672 570 8.56 1.14

BP087 16721 1069 29.23 1.52

BP088 12112 941 46.30 34.92

BP089 5823 508 47.46 7.54

BP090 11053 765 0.80 0.37

BP091 7380 460 11.17 2.05

BP092 7861 543 3.78 1.28

BP094 8154 450 11.53 4.91

BP095 7380 622 1.74 0.81

BP097 795 1080 35.72 14.74

BP098 957 382 2.21 0.65

BP099 2638 1539 2.34 2.10

BP119 2173 1415 1.13 2.03
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FIGURE 9

ECF scores of animals in group 6 (p67C-I53-50) and group 7 (challenge control). The median and the 25th and 75th percentile are shown as a
box and the min and max values are shown with black bars. Individual animals are also presented (n=15). A blue line separates the protected and
non-protected animals (ECF score equal or higher than 6). Using a permutation test of independence, the significance of the differences
between groups is **p<0.003.
TABLE 5 Summary of protection results and statistical analysis of protection and ECF score differences between groups 6 and 7.

Group 6 ECF score S/I Group 7 ECF score S/I

BP084 3.68 I BP102 3.82 I

BP085 5.71 I BP103 2.97 I

BP086 6.5* S BP104 6.5* S

BP087 0.60 I BP105 5.73 I

BP088 6.5* S BP106 6.5* S

BP089 1.08 I BP108 6.5* S

BP090 3.78 I BP109 6.5* S

BP091 1.75 I BP110 6.5* S

BP092 5.60 I BP111 6.5* S

BP094 1.32 I BP112 5.46 I

BP095 4.81 I BP113 6.5* S

BP097 6.5* S BP096 6.5* S

BP098 2.90 I BP115 4.88 I

BP099 0.47 I BP116 6.04 S

BP119 0.60 I BP118 6.5* S

Median 3.680 Median 6.5

Analysis of protection (yes-1/no-0)

Fisher’s exact test p-value = 0.025

Group 6 Group 7

Immunity level 12/15 (80%) 5/15 (33.3%)

Exact 95% CI 51.9%, 95.7% 11.8%, 61.6%

Analysis of ECF scores

Permutation test of independence p-value = 0.003

*Final ECF score set to 6.5 (humane-end point).
S., susceptible; I., immune, CI. Confidence interval.
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Although p67C remains a promising candidate vaccine

antigen, the combinatorial effect of adding additional targets of

sporozoite neutralizing antibodies to an experimental vaccine

awaits testing. For example, we know that the p67 antigen

contains additional sporozoite neutralizing epitopes (32, 40),

and we have identified other sporozoite antigens which induce

neutralizing antibodies (46). The higher immunogenicity

associated with the I53-50 scaffold and the ease of production

and manipulation of the nanoparticles strongly support the use

of this platform in further studies and could lead to the

development of more effective vaccines for ECF. Conversely,

application of such computationally designed nanoparticles to

other livestock diseases for which protective antigens are well-

defined (47–49), or can be identified via homology to human

pathogens (50–52), may be a useful strategy for efficiently

applying this novel vaccine delivery technology to improve

global health and well-being.
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