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1 | INTRODUCTION

Abstract

The Theileria parva sporozoite surface antigen p67 is a target of the bovine
humoral immune response that generates antibodies capable of providing
protection against subsequent infection. As a result, p67 has been the subject
of efforts aimed at the development of an anti-sporozoite subunit vaccine.
Previous studies have identified neutralizing epitopes in the N- and
C-terminal regions of the full-length protein and shown that immunization with
a C-terminal fragment of p67 (p67C) alone is capable of eliciting protection.
To identify additional neutralizing epitopes in p67C, selections were con-
ducted against it using a phage-displayed synthetic antibody library. An anti-
body that neutralized the sporozoite in vitro was identified, and the crystal
structure of a Fab:peptide complex was elucidated. Mutagenesis studies
aimed at validating and further characterizing the Fab:peptide interaction
identified critical residues involved in binding and neutralization. This study
also validates distinct epitopes for previously reported neutralizing antibodies.
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of treatment preclude widespread access for many
farmers. An efficacious live-sporozoite-based infection

Theileria parva, the causative agent of East Coast fever
(ECF), is a tick-transmitted intracellular protozoan para-
site that infects cattle and causes an acute lympho-
proliferative infection, which is often lethal and exacts
substantial economic losses in countries in sub-
Saharan Africa (Nene & Morrison, 2016; Norval
et al., 1992). Disease control measures are exacer-
bated by the presence of an asymptomatic wildlife res-
ervoir of T. parva in African buffalo, although in cattle,
buffalo-type parasites present a different clinical condi-
tion called corridor disease. Though several conven-
tional methods (e.g., acaricides and chemotherapy)
can be used to control disease (Norval et al., 1992),
development of resistance, high costs, and inefficiency

and treatment method (ITM) of immunization is avail-
able, but it has been difficult to manufacture and deliver
this vaccine in a sustainable manner (Gharbi &
Darghouth, 2015; Perry, 2016; Radley et al., 1975). As
a result, efforts are ongoing to develop a cost-effective,
subunit vaccine that provides broad protection against
the diversity of circulating T. parva strains (Nene &
Morrison, 2016).

Inoculation of immune cattle with cryopreserved
T. parva sporozoites elicits antibodies that can neutral-
ize infectivity (Radley et al., 1975) by primarily targeting
a sporozoite surface antigen that is highly conserved
among cattle-isolated strains (Musoke et al., 1984;
Nene et al, 1996). The discovery of a common
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protective antigenic determinant led to the identification
of the surface antigen as the protein p67 (Nene
et al., 1992). Studies using recombinant, full-length p67
as an immunogen elicited immunity to sporozoite chal-
lenge (Bishop et al., 2003; Musoke et al., 1992; Musoke
et al., 2005). Based on these observations, and the fact
that isolated full-length protein can competitively inhibit
parasite entry (Shaw et al., 1995), p67 has been attrib-
uted a putative role in host cell recognition and entry to
facilitate the infection of bovine T and B cells. However,
the production of full-length p67 protein for use as a
vaccine remains a technical challenge, as yields are
unsuitable for widespread and cost-effective prophylac-
tic applications (Tebaldi et al., 2017).

Efforts to define epitopes on p67 that could form the
basis of a subunit vaccine revealed that sporozoite-
neutralizing, polyclonal antibodies—obtained by bovine
immunization with full-length p67—target regions in the N-
and C-terminal regions of p67 (Bishop et al., 2003; Nene
et al., 1999), suggesting the importance of these regions
in infectivity and immunity. Similar efforts identified murine
monoclonal antibodies (mAbs) AR22.7 and AR21.4, which
target discrete linear B cell epitopes in the N- or C-terminal
regions, respectively (Nene et al., 1999). In fact, it was
shown that levels of protection equivalent to immunization
with a near-full-length recombinant version of p67 could
be achieved by immunization with an 80-residue
C-terminal peptide referred to as p67C (residues 572—
651) (Bishop et al., 2003; Musoke et al., 2005). However,
repeated inoculations with high doses of p67C were
required to achieve immunity, thus precluding its wide-
spread use as a subunit vaccine. Consequently, efforts to
identify suitable p67 subunits and additional sporozoite
antigens (Nyagwange et al., 2018) for use as vaccines
are ongoing (Lacasta et al., 2018a; Lacasta et al., 2021a;
Lacasta et al., 2023; Nene & Morrison, 2016).

To determine whether p67C contains additional
neutralizing epitopes, we screened a phage-displayed,
antigen-binding fragment (Fab) library (Persson
et al., 2013) and identified an antibody (B11) that neu-
tralizes sporozoite in vitro and targets an epitope dis-
tinct from those previously reported. Structural
characterization of the Fab-B11:p67C complex by x-ray
crystallography revealed that the antibody recognizes a
20-residue polypeptide consisting of a helix preceded
by an N-terminal strand. To validate the structure and
determine critical binding residues, we used a series of
alanine-scanning variants of the 20-residue polypeptide
to evaluate interactions with Fab B11 by biolayer inter-
ferometry (BLI). In parallel, we also validated and com-
pared the potency of B11 antibodies to another
sporozoite-neutralizing monoclonal antibody (AR21.4)
reported to target linear epitopes within p67C (Nene
et al., 1999). Chimeric human IgG1 versions of these
murine antibodies were produced and specificities for
their putative peptide epitopes were confirmed. Overall,
our study provides details of epitopes within p67 that
can be targeted by antibodies for neutralization of

T. parva infectivity and validates recombinant tools that
will facilitate future inquiry into p67-directed, protective
immune responses against ECF in cattle.

2 |

21 | A phage-derived synthetic Fab
binds specifically to p67

RESULTS

Given the ability of immunization with p67C to induce
immunity to ECF (Bishop et al, 2003; Musoke
et al., 2005; Nene et al., 1999), we sought to identify
neutralizing epitopes within p67C by conducting selec-
tions using a phage-displayed, synthetic human Fab
library (Persson et al., 2013). Following four rounds of
selection against immobilized GST-p67C fusion pro-
tein, 96 individual clones were isolated and evaluated
for binding to p67C by phage ELISA. This analysis
identified 26 clones that bound specifically to p67C and
not to the fusion tag, and DNA sequencing showed that
these clones all represented a single unique antibody,
which we named B11 (Figure 1a).

2.2 | Fab B11 binds full-length p67 and
an epitope in p67C

Binding of a range of concentrations of Fab B11 to full-
length p67 was verified by BLI, enabling determination of
a Kp value of 79 nM (Figure 1b). To evaluate the binding
and specificity of Fab B11 by ELISA, serial dilutions of
Fab protein were exposed to immobilized His-p67C and
negative control proteins (ubiquitin and bovine serum
albumin). Fab binding signals obtained following devel-
opment with an HRP-fused anti-kappa secondary 1gG
revealed dose-dependent binding to p67C with an ECsgq
of 25 nM and no detectable binding to either control pro-
tein (Figure 1c). We also used ELISAs to compare Fab
B11 with chimeric IgGs AR21.4 and AR22.7. All three
antibodies bound to full-length p67, and as expected,
IgG AR22.7 bound to p67N, whereas 1IgG AR21.4 and
Fab B11 bound to p67C (Figure 1d). We further dis-
sected the epitopes of Fab B11 and IgG AR21.4 by
ELISA with two fragments of p67C named p67" (Nene &
Morrison, 2016) (residues 572—612) and p672 (Norval
et al., 1992) (residues 613-651). These assays showed
that Fab B11 bound to p67”, whereas IgG AR21.4 bound
to p672 (Figure 1e), and non-overlapping epitopes were
further confirmed by the fact that both antibodies could
bind simultaneously to p67C (data not shown).

23 | p67-binding antibodies neutralize
sporozoites in vitro

Fab B11 was evaluated in parallel with its IgG1 analog
(lgG B11) and the chimeric IgG 21.4 (described in
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FIGURE 1 Characterization of Fab B11. (a) Sequences of Fab B11 CDRs. Only positions that were diversified in the phage-displayed library

are shown and are numbered according to the IMGT nomenclature (Lefranc et al., 2003). (b) Biolayer interferometry (BLI) association and
dissociation curves for indicated concentrations of Fab B11 (black) binding to immobilized p67. Binding signals were globally fit (gray) and the
calculated Kp value is shown. (c) ELISA for binding (y-axis) of serial dilutions of Fab B11 (x-axis) to His-p67C (black squares) and the negative
control proteins ubiquitin (white circles) and BSA (white triangles). (d) ELISA for binding (y-axis) of 50 nM Fab B11 (black), IgG AR21.4 (gray),
and IgG AR22.7 (white) to the following antigens (x-axis): Full-length p67, p67N (residues 21-225), and p67C (residues 572-651). (e) ELISA for
binding (y-axis) of 50 nM Fab B11 (black) and IgG AR21.4 (gray) to the following antigens (x-axis): p67C, p67", and p672. (f) Neutralization
activity in an in vitro sporozoite neutralization assay with bovine PBMCs. Five-fold serial dilutions of antibody from 250 nM were evaluated in the
sporozoite neutralization assay relative to a non-binding IgG isotype control. Error bars were derived from the standard deviation of technical
replicates run in triplicate and results shown are representative of experiments run in quadruplicate.

Nene et al., 1999) for neutralizing activity in a sporozo-
ite neutralization assay (Chege et al., 2024), relative to
a non-neutralizing isotype control IgG. Following a
30-minute pre-incubation with sporozoite, anti-p67 Ab
prevented the infection of bovine peripheral blood
mononuclear cells (PBMCs) as determined by flow
cytometric analysis, while the control antibody showed
no evidence of neutralization at any concentration. Both
IgGs exhibited essentially complete sporozoite neutrali-
zation at ~50 nM, while only ~30% inhibition was
achieved by Fab B11 at the same concentration.
Approximation of potencies by parametric fitting of neu-
tralization data resulted in ICsq values for IgGs B11 and
21.4 in the 15-20 nM range, while Fab B11 neutralized
with roughly 10-fold less potency, though the exact
values were not determined due to incomplete fitting of
the data (Figure 1f).

2.4 | The crystal structure of fab B11 in
complex with p67C" reveals a discrete
epitope

Having used binding studies with recombinant protein
fragments to narrow the epitope for Fab B11 to the
41-residue fragment p67' (Figure 1e), we solved
the crystal structure of the Fab-B11:p67C (Nene &
Morrison, 2016) complex at a resolution of 2.0 A with
an Ryok and Ryee of 20.3% and 26%, respectively
(Figure 2 and Table 1). The crystals grew in space
group P1 with two Fab:peptide complexes in the asym-
metric unit. The two complexes were highly similar, with
an average backbone root mean square deviation
(RMSD) of 0.35A, so only one of the complexes is
described here.
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FIGURE 2 Crystal structure of Fab B11 in complex with p67C".
(a) Fab B11 is shown as a ribbon with the light chain (LC) and heavy
chain (HC) colored light or dark gray, respectively, except for the
CDRs (as defined by the IMGT nomenclature (Lefranc et al., 2003)),
which are colored as follows: L1, (blue), L2 (magenta), L3 (cyan), H1
(vellow), H2 (orange), H3 (red). p67C'2 (the 20-residue region of
p67C (Nene & Morrison, 2016) that was resolved in the electron
density map) is shown as a green ribbon with the N-terminus
rendered as a sphere. The side and top-down views of Fab B11 are
shown at left and right, respectively.

The model comprised residues 1-212 and 2—-217 of
the Fab light and heavy chains, respectively, and resi-
dues 579-598 of the p67" peptide (Figure 2). Although
the peptide used in the crystallization contained 41 resi-
dues, only 20 residues were visible in the electron den-
sity map, and we speculate that the unresolved
residues at either end of the peptide do not interact with
the Fab and are disordered in the crystal. The
C-terminal region (residues 585-598) of the visible pep-
tide forms an a-helix that resides within a cleft between
the VH and VL domains, whereas the N-terminal region
(residues 580-583) forms a B-turn that interacts with
the heavy chain CDRs. The C-terminal region was also
predicted to form an a-helix in several secondary struc-
ture prediction algorithms, including AlphaFold.

2.5 | Binding assays with synthetic
peptides define minimal epitopes for Fab
B11 and IgGs AR21.4 and AR22.7

Structural analysis suggested that only a small number
of residues within a 20-residue stretch of p67 (residues
579-598) made contacts with Fab B11 (Figure 2). We
hypothesized that this 20-residue peptide, which
we named p67C*@, should be sufficient to bind to Fab
B11 with the same affinity as full-length p67. To test this
hypothesis, we established a BLI assay that used
immobilized biotinylated peptides representing the anti-
gen to measure interactions with solution-phase Fab
B11. We synthesized a biotinylated 25-residue peptide
encompassing residues 574-598 of the antigen (5 resi-
dues were added to the N-terminus to obviate steric

Diffraction data
Resolution (A)

TABLE 1 Data collection and refinement statistics for the crystal
structure of the Fab-B11:p67" complex.
Protein complex Fab B12/p67C’
PDB ID 8UX6
Data collection
Beam line NECAT-24-ID-E
Wavelength (A) 0.97918
Crystal Native
Unit cell parameters
Space group P1
a, b, c(A) 39.0, 75.6, 90.6
a,By() 69.3,77.6,76.1

83.85-2 (2.05-2.00)%

Unique reflections 64,860 (4175)
Completeness (%) 87.3 (88.5)
Rpim 0.059 (0.241)
Overall I/sl 7.8 (3.4)
Multiplicity 2.2(2.2)
Wilson B-factor 29.2
Refinement statistics
Resolution (A) 19.52-2.00
Rwork/Rfree 0.204/0.251
RMSD bond lengths (A) 0.008
RMSD bond angles (°) 0.94
Number of protein atoms 6556
Number of water atoms 498
Number of other atoms 148
B-factor average 424
B-factor macromolecules 42.2
B-factor water 41.9
B-factor other 51.8
Ramachandran statistics (molprobity)
Preferred (%) 97.5
Allowed (%) 25
Disallowed (%) 0
Clash score 7.4

2Values in parentheses represent highest-resolution shells.

hinderance from the sensor surface), and we confirmed
high-affinity binding (Kp =22 nM, Figure 3a). Insofar
as binding to the peptide is several-fold better than to
the full-length p67 (Kp = 79 nM, Figure 1b), it suggests
that the structure of functionally folded, full-length sur-
face protein may pose a modest steric obstacle to
binding.

We also used BLI to estimate affinities and validate
peptide epitopes for the previously reported neutralizing
IgGs AR21.4 (Figure 3b) and AR22.7 (Figure 3c). In this
case, we took advantage of previously reported qualita-
tive binding data with peptide arrays (Nene et al., 1999)
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FIGURE 3 Antibodies binding to minimal p67 epitopes. (a) Fab B11 binding to p67 residues 574—598 (biotin-
GGGSLRGLDLSEEEVKKILDEIVKD). (b) IgG AR21.4 binding to p67 residues 612—628 (PSGRSSERQPSLGPSLVGGGSK-biotin). (c) IgG
AR22.7 binding to p67 residues 204—220 (ELKKTLQPGKTSTGETTGGGSK-biotin). BLI association and dissociation curves (black) are shown
for indicated concentrations (black) of antibody binding to immobilized biotinylated peptide. Binding signals were globally fit (gray) and the

calculated Kp values are shown.

to identify 17-residue peptides predicted to bind to 1gG
AR21.4 (residues 612-628, PSGRSSERQPSLGPSLV)
or IgG AR22.7 (residues 204-220, ELKKTLQPGKTST-
GETTS). Peptides were designed based on the 2 over-
lapping peptides described in Nene et al. (1999) by
combining the overlapping 7-mer regions of the two pep-
tides into a single peptide with an additional 5 native
amino acids on either end and a biotinylated G4S linker
on the N-terminal end. Each chimeric 1IgG bound with
high affinity to its cognate peptide (Kp = 15 and 7.5 nM
for AR21.4 or AR22.7, respectively) (Figure 3b, c) and
exhibited no detectable binding to non-cognate peptides
(data not shown). Taken together, these results reveal
that Fab B11 and IgGs AR21.4 and AR22.7 recognize
three distinct, short peptide epitopes, each of which can
be targeted to neutralize infection by T. parva
sporozoites.

2.6 | Alanine-scanning reveals critical
binding residues of the Fab B11 epitope

We used the BLI assay to systematically quantify the
contribution of each residue within p67C'? to the ener-
getics of the binding interaction with Fab B11. We con-
ducted an alanine scan of p67C'@ using a panel of
peptides in which each peptide contained an alanine
substitution in place of one of the 20 residues, as ala-
nine substitutions have been shown to give a good
measure of the contribution of each side chain to bind-
ing without perturbing mainchain conformations
(Wright & Lim, 2001).

The alanine-scan data were used to compute the
ratios (Ala/WT) of the Kp values for each alanine ana-
log compared with the WT peptide (Table 2). Notably,
none of the ratios were significantly <1, indicating that
there are no significant negative interactions between

TABLE 2 Binding kinetics for alanine-substituted p67C'@ variants
binding to Fab B11°.

Ratio kon Kot
Variant® (Ala/WT)° XD (nM) (103M's7) (10*s")
WT 1 22+ 1 15+ 1 33+1
R579A 1.4 31+ 1 27 +1 8.0 1
G580A 110 2400 +260 18+ 1 440 + 30
L581A  >1000 NBD NBD NBD
D582A 4.3 94+2 14 + 1 14 +1
L583A 9.1 200 + 5 7.3+1 15 + 1
S584A 7.3 160 + 4 72+ 1 111
E585A 4.2 932 15 + 1 14 + 1
E586A 1.9 43+ 1 27 +1 111
ES87A 5 110+ 3 13+ 1 14 + 1
V588A  >1000 NBD NBD NBD
K589A 11 250 + 8 9.0+1 23+ 1
K590A 25 53 1 24 +1 13+ 1
1591A 34 74+2 16 + 1 12 1
L592A  >1000 NBD NBD NBD
D593A  >1000 NBD NBD NBD
E594A 1.2 27 1 37+1 10 + 1
I595A 0.9 20 + 1 34 +1 7+1
V596A 2.1 47 + 1 29 + 1 14 + 1
K597A 91 2000+ 140 4.7 +1 96 + 1
D598A 4.8 106 + 4 24 +1 25+ 1
P599A 0.9 20 + 1 39+ 1 7.9+1
S600A 2.3 51+ 1 24 + 1 121
D601A 1.6 36 + 1 29+ 1 111

@Binding kinetics were determined by BLI with biotinylated peptides
immobilized on streptavidin-coated tips and Fab B11 in solution. The globally fit
Kb, kon, and ko values are reported with errors from a 7-point, 3-fold dilution
series of Fab from 2000 to 2.7 nM.

PVariants were represented by synthetic peptides in the context of the following
WT peptide: biotin-GGGSLRGLDLSEEEVKKILDEIVKD.

°The Ala/WT ratio was determined from the respective Kp, values.
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the Fab and antigen. However, six alanine substitutions
had a significant negative impact on binding (Ala/WT
>90), indicating that the corresponding six residues
contribute favorably to the interaction. Alanine substitu-
tions for four residues (Leu®®', Val®®®, Leu®®?, Asp®®)
had a major impact on affinity, as evidenced by no
detectable binding in the assay (Ala/WT >1000), and
for two other residues (Gly®®° and Lys®%"), alanine sub-
stitutions had a moderate impact on affinity
(Ala/WT = 110 or 91, respectively). Thus, these results
show that within the small 20-residue peptide p67C*2,
an even smaller subset of six residues contributes most
of the binding energy for the Fab B11 paratope.

2.7 | Mapping the functional epitope on
the structural epitope

To visualize the functional epitope within p67C'2, we
mapped the alanine-scanning results onto the structure
of the Fab-B11:p67C'@ complex (Figure 4a). The com-
plex of Fab B11 with p67C'? results in the burial of a
total of 1531 A? of surface area, with 721 and 810 A2
on the antibody and antigen side, respectively. The
structural paratope of Fab B11 is evenly divided
between the light and heavy chains, which contribute
342 A% (47.4%) and 379 A (52.6%) of buried surface
area, respectively. Within this extensive interface, there
are myriad hydrophobic and hydrophilic interactions
that together explain the high affinity and specificity of
the interaction.

Within the 721 A? structural epitope on p67C*2, the
functional epitope consisting of the six residues that
were hits in the alanine-scan represents a much smal-
ler buried surface area of 398 A% This functional epi-
tope contains two hydrophobic clusters that interact
with the Fab B11 paratope (Figure 4a). In one cluster,
the peptide adopts a loop conformation, and Gly®®°
presses against the side chains of Ser®™" and Tyr®?".
Gly is the only amino acid that is smaller than Ala, and
an alanine substitution at this position could cause a
steric clash. Leu®®" resides in a pocket containing the
side chains of Ser®®", Ser®™™ Ser®" Ser,%H and
Tyr113", and the main chain atoms of lle®®" and Thr°"
(Figure 4b-i). The complete abrogation of binding
observed upon mutation of Leu®®" to Ala (Table 2) sug-
gests that these interactions are critical. Following the
loop and beginning at residue GIu®®®, the peptide
adopts a helical conformation, and the second hydro-
phobic cluster consists of Val®®® and Leu®®2, which
interact with residues in CDR-H3 (Pro'%®" Gly'0%"
Ala""*") and the light chain (Tyr®®- and Tyr'°"") through
complementary burial of hydrophobic side chains
(Figure 4b-ii). Mutation of either Val®®® or Leu®®? to Ala
also eliminated binding of the peptide by Fab B11, fur-
ther confirming the importance of these residues and
the energy that hydrophobic interactions contribute to

the overall peptide-binding landscape. The remaining
two residues (Asp®® and K°%) in the functional epitope
are hydrophilic, and they reside on a largely solvent-
exposed face of the helix (Figure 4b-iii). The side chain
of Asp®® makes a hydrogen bond with the side
chain of Tyr®®“. In contrast, Lys®®" does not interact
with Fab B11, and we could not model the electron
density beyond the gamma carbon of the side chain.
While the complete loss of binding observed upon
mutation of Asp®®® to Ala supports the importance of
this interaction, the strong impairment of binding
observed when Lys®% is mutated to Ala was not pre-
dicted from the structure. However, as mentioned, the
C-terminal region of p67 including residues 585-598
has a strong helical propensity. We speculate that the
periodicity of the oppositely charged Asp®®® and Lys®%’
residues may be important for stabilizing the helix, and
substitution of either residue with alanine may result in
a greater energetic cost for the peptide to adopt a heli-
cal conformation that positions the hydrophobic side
chains on the opposite face of the helix for favorable
interactions with Fab B11.

Taken together, our structural and functional ana-
lyses define a short and discrete neutralizing epitope
within p67, consisting of a 20-residue peptide within
which five side chains make contacts that contribute
most of the binding energy with the Fab B11 paratope.

3 | DISCUSSION
We have identified a discrete, neutralizing epitope com-
prised of T. parva p67 residues 579-598 by structural
characterization of a 41-residue polypeptide in complex
with the neutralizing, synthetic Fab B11. While immuni-
zation of cattle with p67C—an 80-residue C-terminal
fragment of p67—has been shown previously to elicit
neutralizing antibodies and provide immune protection
against T. parva (Lacasta et al., 2018, 2021), there are
limited reports of well-characterized, sporozoite-
neutralizing antibodies with defined epitopes (Nene
et al., 1999) to inform epitope-directed, subunit vaccine
development efforts. The detailed characterization of a
novel neutralizing antibody and its epitope—and the
validation of two other recombinant antibodies targeting
neutralizing epitopes (IgGs AR22.7 and AR21.4)—
provides an important set of tools to support this aim.
Previous studies reported a non-neutralizing murine
mADb (38.9) that targeted peptide pin 75 (***EEEVKKIL-
DEIVKDP®%®) (Nene et al., 1999) as well as sera from
cattle that were immune to ECF and targeted peptide
pin 74 (°"’SLRGLDLSEEEVKKI*'). Notably, this con-
firms that the epitopes of both mAbs and immune sera
can overlap with the epitope for Fab B11
(°®°GLDLSEEEVKKILDEIVKD®%®) determined in this
study (Nene et al., 1999). However, peptide-binding
studies such as these, generally conducted at 25°C,
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FIGURE 4 The functional epitope of p67C'@ for binding to Fab B11. (a) Open book view of the p67C":Fab-B11 complex. The 20-residue
p67C'@ peptide (left) and Fab B11 (right) are shown as transparent surfaces. p67C'2 residues are colored red or green if alanine substitutions
did or did not reduce binding significantly (Ala/WT >6), respectively, and residues that do not contact Fab B11 are colored gray. Side chains are
shown for residues that were hits in the alanine scan. Fab B11 residues are colored red or green if they contact p67C"? residues that were or
were not hits in the alanine scan, respectively, and other residues in the light and heavy chains are colored light or dark gray, respectively. Side
chains are shown for residues that contact p67C* residues that were hits in the alanine scan. (b) Details of the molecular interactions between
Fab B11 and p67C'? residues (i) G®®° and Leu®®", (i) Val®® and Leu®®?, and (iii) Asp®®® and K°%7. p67C"? residues are colored green. Fab B11
residues are colored as follows: CDR-L2, (magenta), CDR-L3 (cyan), CDR-H1 (yellow), CDR-H2 (orange), CDR-H3 (red), framework (gray). Fab
B11 side chains that interact with the relevant p67C'@ residues are shown, and hydrogen bonds are shown as dashed lines.

are only intended to show binding, estimate critical
interactions, and validate structural findings, and appar-
ent binding under physiological conditions has not been
determined. While the key infective stages of the func-
tional assay herein were conducted at 37°C, thus sup-
porting the primary finding—that blockade of this
epitope is effective in reducing infection in vitro—
additional studies are required to contextualize and val-
idate these findings in vivo toward the aim of transla-
tion. Together, the observations above suggest only
that the bovine humoral immune response to sporozo-
ite infection can generate immunoreactivity that over-
laps with that of a synthetic antibody to the same region
that neutralizes sporozoite infection in vitro.

Thus, it remains an open question (1) whether the
Fab B11 epitope is a bona fide target of neutralizing
antibodies generated during the in vivo bovine humoral

response and (2) whether this peptide identified as the
target of Fab B11 can elicit a protective immune
response. First, further studies are required to deter-
mine conclusively whether bovine antibodies generated
following in vivo immune challenge with p67C do
indeed target a region overlapping with this epitope. By
isolating clonal bovine anti-p67 IgGs and verifying
whether their epitopes overlap, this could enable func-
tional characterization of those antibodies and whether
they contribute to the in vivo neutralization of sporozoite
challenge, which would further need to be demon-
strated. In laboratory stocks of T. parva derived from
cattle and used to generate antigens for study and
immunization, p67 expressed in the sporozoites has
been determined to be invariant (Nene et al., 1996) and
thus, immune sera and isolated bovine antibodies
derived from inoculation are useful biological samples
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for exploring these questions. However, T. parva iso-
lates from cattle populations in some regions of Africa
do exhibit sequence diversity in p67 (Mukolwe
et al., 2020), and buffalo populations constitute a reser-
voir of T. parva diversity that can readily cross the spe-
cies barrier. These sources of natural diversity must
also be considered in any sort of binding/neutralization
study. Second, it has not yet been established whether
the 20-mer peptide identified can indeed trigger a neu-
tralizing immune response in vivo independently of the
p67C immunogen. Though immunization of cattle with
a naked or adjuvanted synthetic peptide may not be
feasible or cost-effective at this time, our in vitro results
do support additional translational studies aimed at
determining modalities of peptide presentation that
could be effective in eliciing a robust immune
response, including expansion of both B and T cells
specific for the peptide antigen. The limited efficacy of
immunization with recombinant p67C has led to the
idea that epitope display in a more ordered manner
through use of nanoparticles could enhance immunity
(Lacasta et al., 2021; Xu et al., 2023), and a series of
non-overlapping peptide epitopes with potential to elicit
bovine immune responses, as discussed here, could
aid in devising innovative multivalent, peptide-
nanoparticle display strategies for immunization. While
this is a substantial effort to bridge the translational gap
between our work and an effective addition to an exper-
imental peptide-directed vaccine, studies are currently
underway to investigate these questions.

Similar approaches that use (poly)peptide epitopes
known to be targeted by neutralizing antibodies have
been employed to develop vaccines for other parasites.
In individuals immunized with the circumsporozoite pro-
tein PfCSP of Plasmodium falciparum, the parasite that
causes malaria, the most potent neutralizing antibodies
target repeat regions found in the structurally disor-
dered central region and confer protection from parasi-
temia in experimental animal models (Murugan
et al., 2020). Two vaccines that display extended seg-
ments comprised of both these repeat motifs and the
C-terminal region of CSP coupled to a synthetic immu-
nogen have been shown to induce a protective immune
response (Anon, 2015; Datoo et al., 2024). While these
vaccines are now authorized for use and expected to
impact the malarial burden, neither produce sterilizing
immunity. Further, disparities in efficacy and durability
of protection between the two vaccines, suggest that
gaps in our understanding persist and further improve-
ments are needed. An experimental vaccine using a
discrete 15-residue peptide derived from the junction
between the N-terminal and central repeat regions of
PfCSP provided long-lasting though non-sterilizing
immunity in animal models of infection, suggesting pos-
sible ways in which additional non-repeat peptidic
regions may enhance efficacy and/or durability in exist-
ing epitope-based vaccines (Jelinkova et al., 2021).

The surface proteins of other parasites targeted by
neutralizing antibodies have also been used to develop
peptide-based vaccines that have shown experimental
efficacy against Leishmania (Petitdidier et al., 2019),
Schistosoma (Arnon et al., 2000) and hookworm (Bartlett
et al., 2020) infections, suggesting the broad applicability
of this approach. The addition of a third putative neutraliz-
ing epitope within the p67C polypeptide and an antibody
that can be used to validate its targeting provide impetus
and tools for continued investigation of the potential utility
of an experimental peptide-based vaccine for T. parva.

4 |
41 |

METHODS AND MATERIALS
Production of p67 proteins

A DNA fragment encoding full-length p67 with a
C-terminal His-tag (Genscript) was cloned into
a pSCST mammalian expression vector using
restriction-free cloning methods. HEK Expi293 cells
were transiently transfected with the expression plas-
mid using FECTO-Pro reagent (Polyplus transfection)
following the manufacturer’s protocol. After 5 days, the
cell media was harvested, and p67 protein was purified
by affinity chromatography using Ni-NTA beads. The
protein preparations were analyzed by SDS-PAGE to
assess identity and homogeneity and stored at —80°C.

The DNA fragments encoding for p67C, p67C", and
p67C? were purchased as gblocks (IDT, lowa)
and cloned into the pHHO0103 bacterial expression vec-
tor (Teyra et al.,, 2017) with N-terminal GST/6XHis
fusion tags (with a TEV cleavage site between the two
tags) using restriction-free cloning methods (Van Den
Ent & Léwe, 2006). Sequence-verified plasmids were
transformed into Escherichia coli BL21 (DE3) cells
(Novagen) and grown at 37 °C in 2YT media supple-
mented with 100 pg/mL carbenicillin until they reached
mid-log phase, at which point protein production was
induced with 0.5 mM IPTG (CAR666.5, Bioshop) and
the cultures were grown overnight at 18°C with shak-
ing. Cells were harvested and lysed in lysis buffer
(25 mM Tris (pH 7.5), 150 mM NaCl, 20 mM imidazole,
5 mM 2-mercaptoethanol) by repeated freeze—thaw
cycles, then clarified from cell debris by centrifugation
at 30,000 x g at 4°C for 40 min before purification
using Glutathione Sepharose 4B (GE17-0756-05,
Sigma) followed by on-column cleavage of the GST-tag
with TEV protease (where necessary) in the same
buffer. Protein preparations were assessed for purity
and homogeneity by SDS-PAGE and stored at —80°C.

4.2 | Production of Fab B11 protein

DNA fragments encoding the variable domains of Fab
B11 were cloned into the RH2.2 Escherichia coli
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expression vector using standard molecular biology
techniques, and a sequence-validated construct was
transformed into E. coli BL21 (DE3) cells (Novagen). A
culture harboring the expression plasmid was grown in
2YT media supplemented with 100 pg/mL carbenicillin
to mid-log phase, at which point, protein production
was induced by the addition of 1 mM IPTG (CAR666.5,
Bioshop), and the culture was grown overnight at 28°C
with shaking at 200 rpm. Cells were pelleted by centri-
fugation, frozen at —80°C for 30 min, resuspended in
lysis buffer (PBC, 1% (V/V) Triton X-100, 2.5 U/mL ben-
zonase (71206-03, Novagen), 2 mM MgCI2, 0.2 mM
PMSF, 1 mg/mL lysozyme (LYS702.1, Bioshop)), and
gently nutated for 2 hours at 4°C. Lysate was cleared
at 20,000 x g for 30 min, and Fab protein was purified
with rProtein A Sepharose® Fast Flow (GE Healthcare)
following a 2 h incubation at 4°C with shaking. The
beads were washed with 40 mL PBS, and protein was
eluted with elution buffer (50 mM NaH,PO,4, 100 mM
H3PO,4, 140 mM NaCl, pH 2.8) and neutralized with
1 M Bis-tris propane-HCI, pH 11.0. Protein yield and
purity were determined by OD,gg measurement
and visualization on a Coomassie-stained SDS-
PAGE gel.

4.3 | Production of chimeric IgG
proteins

The amino acid sequences of the variable heavy and
light chain regions of mouse antibodies AR21.4
and AR22.7 were reverse translated and DNA frag-
ments encoding the variable regions were synthesized
(Twist Bioscience) and cloned into the corresponding
regions of the pSCSTa human Ig1 and hk vectors,
respectively. The resultant constructs were amplified,
purified, and transfected into Expi293 cells as
described previously for IgG expression (Miersch
et al., 2022). Expressed human IgG1 protein was puri-
fied by affinity chromatography with Protein A Sephar-
ose (17127904, Cytiva) and buffer exchanged and
concentrated using Amicon Ultra-15 Centrifugal Filter
devices (UFC805096, Millipore).

44 | Phage display selections

The phage-displayed synthetic Fab library (Persson
et al., 2013) was cycled through 4 rounds of binding
selections with p67C immobilized on 96-well plates
(M9410-1CS, Thermo Scientific)) as described
(Fellouse & Sidhu, 2006). After the fourth round, 96 indi-
vidual phage clones were amplified and analyzed by
phage ELISA. Clones that bound to p67C but not to
negative control proteins (ubiquitin and BSA) were sub-
jected to DNA sequence analysis to decode the
sequences of the Fab variable domains.

B e WiLEY L
4.5 | Sporozoite neutralization assay
Recombinant antibodies Fab B11, IgG B11, and 1gG
AR21.4 were tested for their ability to inhibit the in vitro
infectivity of T. parva sporozoites alongside irrelevant
human IgGs using a seroneutralization assay, as previ-
ously described with slight modifications (Chege
et al.,, 2024). Briefly, antibodies serially diluted 5-fold
from 250 to 0.0032 nM were pre-incubated with sporo-
zoites from batch 25/24 diluted at 1 in 5 in complete
RPMI for 30 min. The sporozoite/antibody mixture was
added to bovine PBMCs and incubated for 12 days at
37°C in 5% CO,. Infected cells were detected by anti-
PIM staining and FACS analysis, and the results were
expressed as the percentage of neutralization com-
pared to the level of infection without antibodies.

4.6 | ELISAs

Antigen or negative control proteins (5 pg/mL in PBS)
were immobilized overnight at 4°C with shaking in
microwell plates (M9410-1CS, Thermo Scientific). Fab-
phage, Fab proteins, and IgG proteins were used as
primary reagents, as described (Birtalan et al., 2008),
and binding signals were detected with HRP-fused anti-
M13 (27-9421-01, GE Healthcare), anti-FLAG M2
(F1804-50UG, Sigma), or anti-Fc (AB_2337579, Jack-
son Immunoresearch) secondary antibodies, as appro-
priate. Plates were washed 8 times between each step
using PBS supplemented with 0.25% Tween 20. The
reaction was developed for 2 min with TMB substrate
(KP-50-76-03, Mandel) and stopped with 1.0 M phos-
phoric acid. Absorbance was read at a 450 nm wave-
length on an H1 Synergy plate reader (Biotek).

4.7 | Biolayer interferometry

BLI was used to measure the binding kinetics (k,, and
kof) of Fab B11 for p67 and its derivative peptides. Full-
length p67 protein (0.2 pM in PBS) was immobilized on
an AR2G sensor (ForteBio). Biotinylated peptides
(Custom, Abclonal) were immobilized on streptavidin
capture (SA) sensors (ForteBio) at various concentra-
tions (1.2, 0.12, and 0.04 pM) to control for surface
crowding effects and avidity. A 3-fold dilution series of
2 uM Fab B11 or a negative control Fab was prepared
in assay buffer (PBS, 1% BSA, 0.05% Tween 20), and
following equilibration with assay buffer, loaded biosen-
sors were dipped for 600 seconds into protein- or
peptide-coated wells and subsequently transferred
back into assay buffer for 600 s. Binding response data
were corrected by subtraction of the response from
either a non-binding control Fab or non-binding biotiny-
lated control peptide and fitted with a 1:1 binding model
using ForteBio Octet Systems software 9.0.
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4.8 | Crystallization and data collection

Fab B11 protein was purified using Protein A Sephar-
ose and concentrated to 14 mg/mL. Fab protein was
incubated with polypeptide at a 1:1.1 molar ratio for 2 h
at 4°C. The Fab-B11:p67C" complex was subjected to
gel filtration on a Superdex 75 16/600 GL column
(GE Healthcare) and equilibrated in 20 mM HEPES
pH 7.5, 150 mM NaCl. The purity of the Fab-B11:p67"
complex was assessed by SDS-PAGE of relevant puri-
fication fractions, which were then concentrated to
12 mg/mL using Amicon Ultra-4 filters (Millipore;
UFC810024), flash frozen in 100 pL aliquots in liquid
nitrogen, and stored at —80°C. The Fab-B11:p67" com-
plex was subjected to crystallization screening with
several commercial 96-well screens using the Mosquito
LCP crystallization robot (SPT LabTech). Initial hits
were obtained from the GRAS2 screen (Hampton
Research, Aliso Viejo, CA). Needle-like crystals
appeared in multiple different conditions after several
days, and these were further optimized for size and
shape. For structure determination, crystals were
obtained from 0.1 M HEPES, pH 7 containing 25%
PEG 6000 (w/v) and 0.2 M CaCl,. The crystals were
cryoprotected by equilibration in a similar buffer con-
taining 20% ethylene glycol, followed by flash-freezing
in liquid nitrogen. Diffraction data were collected at a
wavelength 0.97918 A using Argonne National Labora-
tories (Chicago) beamline 24-ID-E (NE-CAT). Data
were integrated with MOSFLM (Battye et al., 2011) and
scaled and merged with AIMLESS (Anon, 1994).

4.9 | Structure determination

The structure of the Fab-B11:p67C"' complex was
determined by molecular replacement using a
SWISS-MODEL model of the Fab heavy and light
chains. Molecular replacement was performed with
PHASER (McCoy et al., 2007) within the PHENIX
Crystallography suite (Adams et al., 2002) with the
variable and constant domains of the heavy and light
chains used as individual search models (Table 1).
Following molecular replacement, significant differ-
ence density could be observed for all Fab domains
and for the peptide, which was modeled using the
graphics package COOT (Emsley & Cowtan, 2004).
Refinement of the model was carried out by Phenix.
refine within the PHENIX suite and COOT, in the
PHENIX suite, which included water picking. Finally,
TLS parameters were generated from the Fab-B11:
p67C (Nene & Morrison, 2016) complex coordinates
(Painter & Merritt, 2006) and used during refinement
(Urzhumtsev & Afonine, 2013). The final model con-
tained good geometry with a low clashscore, and no
backbone dihedrals were found in the disallowed or
unfavorable region of the Ramachandran Plot.
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