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Abstract

Our laboratory’s vaccine development strategy against the livestock parasite Fasciola
hepatica centres around disrupting key biological processes by combining groups of
antigens with similar/complementary functional actions into a single vaccine cocktail.
In this study the focus was on antioxidant protein vaccines and a protease inhibitor
vaccine aimed at disrupting the parasite’s ability to defend against oxidative stress and
protease-inhibitor balance, respectively. Two combinations of recombinantly
expressed antioxidants were assessed, namely peroxiredoxin (rFhPrx), thioredoxin
(rFhTrx) and thioredoxin-glutathione reductase (rFhTGR) (Group 1) and rFhPrx,
rEhTrx, and two superoxide dismutases (fFhSOD1 and rFhSOD3) (Group 2). The
protease inhibitor vaccine cocktail included representatives of each of the key secreted
protease inhibitor families, namely a Kunitz-type inhibitor (rFhKT1), a serpin (rFhSrp1)
and a stefin, (rFhStfl) (Group 3). The vaccine combinations were formulated in
adjuvant Montanide 61VG administered at five timepoints; two before experimental
challenge with 60 F. hepatica metacercariae and three after infection. The vaccine
combinations did not reduce the liver fluke burden, and only Group 2 displayed a
marginal reduction in egg viability (8.2 %). Despite previous results showing an effect
of liver fluke vaccines on overall weight gain in infected animals, no significant (P value
>0.05) impact on weight gain was observed in this study. Antibodies were elicited
against all the vaccine antigens within the cocktails and were maintained at high levels
to the end of the trial, due to our strategy of continuing vaccine administration after
infection. However, these responses were not boosted by the challenge F. hepatica
infection. A comparative analysis with previous vaccine data using a protease inhibitor
vaccine found no repeat of the promising outcomes associated with this vaccine,

indicating that the addition of rFhSrpl to the vaccine cocktail did not improve vaccine
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efficacy. Assessment of liver pathology across the two trials using a modified liver
enzyme score (glutamate dehydrogenase to platelet ratio) at eight weeks post
infection suggests an association with liver fluke burden above 45 flukes, which could
be used to predict liver pathology in future trials. The results reported in this study
highlight the ambiguousness in liver fluke vaccine development and the difficulty in
obtaining consistent and repeatable protection. This work stresses the need for
repetition of trials and the use of sufficiently sized groups to assess vaccine efficacy

with adequate statistical power.

Keywords: Fasciola hepatica; sheep; vaccines; antioxidants; protease-inhibitors
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1. Introduction

There has been extensive debate over the past decade of how we can meet the
challenges of a growing global population with the increased demand for animal
products while maintaining animal productivity and welfare and minimising the impact
on the environment (Hume et al., 2011). Critical to the maintenance of livestock
productivity is the control of helminth parasites in an everchanging climate that is
facilitating increased spread, prevalence and parasite survival (Morgan et al., 2013;

Caminade et al., 2015; Charlier et al., 2020).

The liver fluke, Fasciola hepatica, infects a wide range of mammals but is most widely
known for its negative impact on sheep and cattle production, which can be caused
by a burden of as few as 30 parasites (Toet et al., 2014). The clinical presentations of
fasciolosis (reviewed in Lalor et al., 2021) that occur following the ingestion of the
infective stage parasite, the metacercariae, include ill-thrift and detrimental effects on
growth rate, wool and milk production and fertility. It is also a significant cause of
abattoir liver condemnation (MacGillivray et al., 2013; Mazeri et al., 2017; Nyirenda et
al., 2019; Utrera-Quintana et al., 2022). In sheep, sudden death can follow the onset
of severe acute disease from large numbers of ingested parasites, although sub-
clinical infections, consisting of low fluke burdens which nevertheless impact animal

productivity, are more common (Stuen and Ersdal, 2022).

Current liver fluke control is reliant on anthelminthics, but in light of the emergence of
drug resistance a more strategic use of drugs dependent on the time of year and liver
fluke forecasts is encouraged alongside grazing management (SCOPS a; COWS;

Animal Health Ireland, 2021). Liver fluke vaccines are being evaluated to add to the
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repertoire of control strategies, and despite the great effort given to the identification
and manufacture of molecular vaccines, progress has been slow and inconsistent
(Spithill et al., 2022). Our pursuit of novel anti-fluke sub-unit vaccines focuses on
disrupting key parasite biological processes by combining several functionally-related

molecules, for example, antioxidants and protease inhibitors, in vaccine cocktails.

The study by Cwiklinski et al. (2022) recently showed that disrupting the parasite’s
protease-antiprotease balance impacts liver fluke egg viability and allows greater
weight gain in infected sheep. Here, the protease inhibitor vaccine cocktail was refined
to incorporate representatives of the three main classes of protease inhibitors actively
secreted by multiple F. hepatica life cycle stages, namely kunitz-type inhibitor 1
(FhKT1), serpin 1 (FhSrpl) and stefinl (FhStf1). Each of these protease inhibitors has
been shown to play an important role during the early stages of infection in regulating
parasite and/or host protease activity and potentially suppressing the host immune
response. They were selected based on their high levels of expression by the newly
excysted juveniles (NEJ) and immature flukes (Smith et al., 2016; De Marco Verissimo
et al., 2020; Smith et al., 2020; Cwiklinski et al., 2022; De Marco Verissimo et al.,

2022); stages that cause the most pathology during infection.

The antioxidants peroxiredoxin (FhPrx) and thioredoxin-glutathione reductase
(FhTGR) have been targeted in F. hepatica vaccine trials, either as single antigen
vaccines or in combination with other non-related antigens, with varied success
(Mendes et al., 2010; Maggioli et al., 2011b; Buffoni et al., 2012; Maggioli et al., 2016;
Zafra et al., 2021). In this study the aim was to target multiple players of the F. hepatica

antioxidant system, known to be important for defence against the early innate immune
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response directed towards the NEJ and the increased levels of oxidative stress
exerted on the migrating juveniles in the liver (Dorey et al., 2021; Calvani et al., 2022).
Omics and biochemical studies highlight the expression of these key components of
the thiol-dependent system by the NEJ, immature and adult flukes, namely FhPrx,
thioredoxin (FhTrx) and FhTGR (Dorey et al., 2021), and the metalloenzyme
antioxidants involved in defence against oxygen free radicals, the superoxide

dismutases (SODs; FhSOD1, FhSOD3; Calvani et al., 2022).

In the present study, three F. hepatica vaccine combinations were evaluated, two
cocktails of antioxidant proteins and one protease inhibitor protein cocktail in sheep
experimentally infected with F. hepatica metacercariae. Vaccine efficacy was
assessed as the impact on liver fluke burden and egg number and viability, in addition
to overall markers of animal health. Lastly, the results of this study were compared to
previously reported vaccine trials to discern the impact of liver fluke burden on animal
health markers. The data shows that despite eliciting potent and sustained immune
responses to our vaccine cocktails, these did not protect sheep against a single

challenge of F. hepatica metacercariae.

2. Materials and methods

2.1 Ethical statement

Experimental procedures on animals received approval from the Teagasc Animal
Ethics Committee (Ireland) (approval number TAEC2021-298) and were conducted
under authorization from the Health Products Regulatory Authority (Dublin, Ireland;
authorization number AE19132/P115) in accordance with the EU Directive

2010/63/EU.



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

2.2 Production of recombinant proteins

The eight F. hepatica gene sequences selected for this vaccine trial were confirmed
by analysis of the F. hepatica genome (WormBase ParaSite: PRIJEB6687 and
PRJEB25283; Cwiklinski et al., 2015), and prepared for recombinant expression as

previously described (Table 1).

Recombinant expression of the F. hepatica antigens was carried out using two
expression systems. Three antigens (rFhCL1, rFhKT1, and rFhStf-1) were expressed
with a C-terminal His-tag using methylotrophic yeast Pichia pastoris and purified using
the protocol previously described (Collins et al., 2004; Smith et al., 2016; Cwiklinski et
al., 2022). The remaining six antigens (rFhPrx, rEhSrpl, rFhSOD1, rFhSOD3, rFhTr,
rFhTGR) were expressed with a C-terminal His-tag using Escherichia coli and purified
using the protocol described previously (De Marco Verissimo et al., 2020; Calvani et
al., 2022). New pET-28a(+) vectors with a C-terminal His-tag (GenScript) were
prepared for the antioxidant sequences (FhPrx, FhTrx, FhTGR) used in this study. The
FhTGR sequence contained a selenocysteine to cysteine mutation at position 592, as

previously described by Maggioli et al. (2011b).

Protein concentration and purity for all the expressed proteins were verified by
Bradford Protein Assay (Bio-Rad) and by 4-20 % SDS-PAGE gels (Bio-Rad) stained
with Biosafe Coomassie (Bio-Rad), respectively. The gels were visualised using a

G:BOX Chemi XRQ imager (Syngene).

2.3 Vaccine trial design
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Sixty crossbreed sheep, four-months of age (2 ewes, 7 rams, 51 wethers), reared in
Co. Galway, Ireland on farms considered to be liver fluke-free, were purchased and
housed at the Teagasc sheep research farm at Athenry, Co. Galway. All sheep were
treated on arrival to the research farm with monepantel (Zolvix, Elanco Inc. 2.5 mg/kg)
and vaccinated with Scabivax Forte (MSD Animal Health) and Heptavac P (MSD
Animal Health). While housed, sheep were fed a diet of ad-lib grass silage with 0.4 kg
of concentrates per day with free access to water. Three weeks post-housing all sheep
were tested for liver fluke eggs by faecal egg count (FEC) and for anti-FhCL1 serum
antibodies (L6pez Corrales et al., 2021) and were considered liver fluke-free. Animals
were subsequently allocated into four groups based on body weight: Group 1 (G1):
vaccinated with vaccine 1 (rFhPrx, rEhTrx, rFhTGR) and infected (n=15, male), Group
2 (G2): vaccinated with vaccine 2 (rFhPrx, rFhSOD1, rFhSOD3, rFhTrx) and infected
(n=15, male), Group 3 (G3): vaccinated with vaccine 3 (rFhKT1, rFhSrpl, rFhStfl1) and
infected (n=15, male) and Group 4 (G4): unvaccinated and infected (n=15; 13 male, 2
female). The number of animals per group was calculated by power analysis based
on parasite burden at necropsy, assuming infection establishment rates in
unvaccinated animals between 50-70 % and average reduction in parasite number
between 20-40 % in vaccinated animals, as per our previous studies (Cwiklinski et al.,
2022) and other published studies in the literature (Toet et al., 2014; Spithill et al.,
2022). Ten days after the first vaccine administration sheep were turned out to liver
fluke-free pasture where they were exposed to gastrointestinal nematodes (GIN).
Sheep were re-housed from 6 weeks post-infection (WPI) and maintained indoors as
described above until the end of the trial. Following exposure to pasture individual
FEC for Nematodirus spp. other Trichostrongylus spp. and Strongyloides pappilous

were performed on individual samples, followed by pooled monitoring using the
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FECPAK method (further details provided in Supplementary Table S1). The animals
were treated according to these results; they remained infected with GIN until the end

of the trial (Supplementary Table S1).

The vaccinated animals (G1-G3) received five subcutaneous injections, each
comprised of a total protein amount of 150 pug, made up of 50 pug of each antigen
except for the SOD proteins, which were each administered as 25 pg, mixed in
Montanide 61VG (Seppic; ratio of adjuvant: antigen, 60:40) to a final volume of 2 ml.
The first two vaccinations were administered three weeks apart, followed by oral
infection with 60 visually viable F. hepatica metacercariae (Italian isolate; Ridgeway
Research Ltd) in 10 ml water using a 10 ml syringe lacking a needle four weeks after
the second vaccination. Each animal was monitored for coughing/expelling the water
directly after the infection dose was administered. The remaining three vaccinations

were administered at four WPI and at eight-week intervals thereafter.

Body weight was assessed throughout the trial every three to four weeks, ten
timepoints in total (Weeks 0, 3, 7, 11, 15, 19, 23, 27, 31 and 34). FEC were carried
out within two weeks of sample collection (5 g, stored at 4 °C until processing) at 18,
22 and 26 WPI using standard sedimentation protocols for the detection of F. hepatica
eggs as previously described (Lopez Corrales et al., 2021). Animals were euthanised
at 27 WPI by captive blot, followed by immediate exsanguination. At necropsy, the
liver and gall bladder were recovered and photographed for assessment of gross

pathology, and total enumeration of fluke burden and parasite eggs was carried out.

2.4  Egg hatch assay (EHA)
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Eggs recovered from the gall bladder from each animal were enumerated and the
hatch rate was evaluated using F. hepatica egg hatch assay protocols previously
described (Fairweather et al., 2012; Cwiklinski et al., 2022). Briefly, approximately 100
eggs from each animal were placed in duplicate in a 12-well plate in 1 ml of tap water
and embryonated in the dark at 26 °C for 14 days. Embryonation assessment was
carried out after exposure to light for 30 min. Egg hatching was stimulated by an
overnight incubation at 4 °C, followed by a 30 min incubation at 26 °C and exposure
to light. Egg development was determined using the protocol by Fairweather et al.

(2012).

2.5 Analysis of anti-F. hepatica antigen specific antibodies (total IgG) in sheep sera
samples by ELISA

Flat-bottom 96 well microtitre plates (NuncTM Maxisorp TM, Thermo Fisher Scientific)
were coated with 100 ul of 5 pg/ml of the individual recombinant antigens (based on
coating saturation ELISA to determine the optimal concentration), or positive control
(rFhCL1) in 0.05 M carbonate buffer (pH 9.6) and incubated overnight at 4 °C. After
five washes with 100 ul of PBS-0.05 % Tween 20 (PBST), 100 pl/well of blocking buffer
(2 % bovine serum albumin diluted in PBST) was added and the plates incubated for
1 h at 37 °C, followed by five washes with PBST. Serial dilution of the sera samples
and the secondary antibody was carried out to determine the optimal dilution to be
used in the assay. Sheep sera samples were diluted in serum dilution buffer (PBS, 0.5
% Tween-80, 0.5 M NaCl) at 1: 10,000. One hundred pl of the diluted serum samples
were added in triplicate to the plates and incubated for 1 h at 37 °C. After washing five
times, 100 pl/well of HRP-conjugated donkey anti-sheep IgG (Thermo Fisher

Scientific) diluted in blocking buffer (1: 25,000) was added and the plates were

10
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incubated for 1 h at 37 °C. Following five washes, 100 pl/well of 3,3,5,5'-
Tetramethylbenzidine (TMB; Sigma-Aldrich) was added and the plates incubated at
room temperature for 5.5 min. The reaction was stopped by the addition of 100 pl/well
of 1 M sulphuric acid (Sigma-Aldrich) and the optical density was determined at a
wavelength of 450 nm (OD450) in a PolarStar Omega spectrophotometer (BMG

Labtech).

2.6 Haematological analysis and liver enzyme assays

Blood samples were collected for haematological analysis and biochemical analysis.
Serum liver enzyme levels (glutamate dehydrogenase, GLDH, and gamma glutamyl
transferase, GGT) were determined using the UV (DGKC; Randox Laboratories Ltd)
and Szasz (Glenbio Ltd) methods, respectively, and analysed on an AU480 clinical
chemistry analyser (Beckman Coulter Inc), at six time-points during the trial: (a) Week
0; at the beginning of the trial, (b) Week 3; post-primary vaccination, (c) Week 7; pre
challenge (0 WPI), (d) Week 15; 8 WPI, post three vaccinations, (e) Week 27; 20 WPI
and (f) Week 33; 26 WPI, at necropsy. Haematological analysis was performed using
an Advia 2120 haematology analyser and included red blood cell counts, platelet
counts, total haemoglobin, and differential white blood cell count defined as a
percentage of the total cell count for lymphocyte, neutrophil, eosinophil and monocyte

subsets.

Liver enzyme to platelet ratios were calculated using the formula derived for the
aspartate aminotransferase (AST) to platelet ratio index (APRI) developed by Wai et
al. (2003).

Liver enzyme/upper normal value x 100
Platelet count (10°/L)

11
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The upper normal values in sheep for glutamate dehydrogenase (GLDH; iu/L) and
gamma glutamyl transferase (GGT; iu/L) used in the calculations were 25 and 50,

respectively (University of Guelph; Jackson and Cockcroft, 2002).

2.7 Comparative analysis with previous F. hepatica vaccine trials

The vaccine cocktail used by Cwiklinski et al. (2022) contained three recombinant
stefins (rFhStf-1, rFhStf-2, rFhStf-3) and a Kunitz type inhibitor (rFhKT1) formulated in
adjuvant Montanide 61VG, which was administered three times by sub-cutaneous
injection prior to infection with F. hepatica metacercariae (Trial 2: Italian isolate,
Ridgeway Research Ltd). Data from the haematological and biochemical analyses
generated in this previous study were compared with the corresponding data from this

trial, and graphically represented using GraphPad Prism (v5. 03).

2.8 Statistical analysis

Statistical analysis was carried out using GraphPad Prism (v5.03). Group comparisons
were assessed for normal distribution using the D’Agostino and Pearson omnibus
normality test and the Shapiro Wilk normality test. All data was analysed using One-
way ANOVA with Tukey’s Multiple comparisons, with the exception of the GLDH data
that was analysed as non-parametric data using the Kruskall-Wallis Test with Dunn’s

multiple comparisons test. P values of <0.05 were considered significant.

3. Results
3.1 Recombinant production of the F. hepatica vaccine antigens
Recombinant protein production was carried out using two approaches, a bacterial (E.

coli) and a yeast (P. pastoris) expression system. Independent of the expression

12
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system, all the recombinant proteins were produced with a C-terminal six-His-tag for
purification by one-step Nickle-chelate affinity chromatography, which resulted in
proteins of high yield and purity. All the proteins were analysed by SDS-PAGE, which

showed bands at the expected molecular sizes (Fig.1; Table 1).

3.2 Assessment of liver fluke burden by enumeration of adult flukes and eggs

At necropsy total adult liver fluke enumeration was carried out to determine the
parasite burden in the vaccinated animals compared to the F. hepatica infected control
group (Table 2). Across the four groups a wide range of 4-67 adult flukes were
recovered, reflecting a parasite take of the original infective dose of between ~7 % and
100 %. The infective metacercarial dose was prepared to ensure 60 viable parasites
on visible inspection; therefore, in the case of the animal with 67 adult flukes, more
viable metacercariae were administered than intended. No protection was observed
within the vaccinated groups (G1-G3) compared to the control group (G4), with no

significant difference observed between the groups.

FEC were carried out at three timepoints after patency had been reached, namely 18,
22 and 26 WPI (Table 3). No significant differences were observed between the
vaccinated groups compared to the control group; all groups shed comparable

numbers of eggs, which increased as the infections progressed.

Enumeration of the eggs recovered from the gall bladder found that more eggs were
recovered from the vaccine groups than the control group (Table 4). Assessment of
egg viability using the egg hatch assay showed no inhibitory effect was observed for

vaccine groups 1 (G1) and 3 (G3) compared with the control group (G4); however, a

13
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marginal reduction in egg viability of 8.7 % was observed for vaccine group 2 (G2)

compared with the control group 4.

3.3 Antibody responses

Typically, F. hepatica vaccine trials employ a strategy of three vaccine doses before
the animals are experimentally or naturally infected. In our previous vaccine trials,
antibody responses to the vaccine antigens were observed to wane over the course
of the experimental trial, indicating a lack of boosting from infection with F. hepatica.
Therefore, in this study, additional vaccine doses were used to assess whether they
would prolong the antibody responses to enhance our vaccine efficacy. Five vaccine
doses were administered, two of which were given prior to challenge with F. hepatica
metacercariae. The remaining three doses were administered following infection at
key developmental time-points for the parasite, namely during the early liver migratory
stages (4 WPI), when the parasites reached patency (12 WPI) and after establishment

within the bile ducts (20 WPI).

Strong IgG antibody responses were induced by the vaccination protocol for all the
vaccine antigens in each of the three vaccine cocktails (Fig.2), apart from rFhTGR in
G1 (Fig. 2A) from which lower OD values were observed than for rFhCL1. For each of
the vaccine antigens, the antibody responses were sustained as the trial progressed,
and for the majority of the antigens were observed at the highest mean values at the
end of the trial. Importantly, however, analysis of the natural response during F.
hepatica infection in those animals not vaccinated, highlighted that the majority of the
vaccine antigens used in this study do not elicit a significant antibody response and

are thus considered not immunogenic during natural infection (Fig.2D). Antibody

14
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responses were observed for rFhStfl and rFhKT1 following 20 WPI but these were
low relative to those observed for rFhCL1, which has been shown to be a major F.

hepatica immunogen (L6pez Corrales et al., 2021).

3.4 Impact of liver fluke on weight gain and levels of haemoglobin

It has been previously shown that F. hepatica vaccines can result in a positive effect
on weight gain over the course of a vaccine trial and are associated with increased
levels of haemoglobin indicative of a reduction in the risk of blood loss and anaemia
(Cwiklinski et al., 2022). In this study, the average weight of the sheep at the beginning
of the vaccine trial was 42.7 kg. However, no significant differences in weight gain by
the end of trial were observed between the vaccinated animals and the control group
(Fig.3; G1: 45.3 kg; G2: 47.3 kg; G3: 45.5 kg; G4: 48.2 kg; P value >0.05). Analysis of
the daily weight gain (DWG) calculated at four-week intervals further shows that all the
animals in the study displayed a similar weight gain profile irrespective of their

vaccination status (Supplementary Fig. S1).

No significant differences were observed in the levels of haemoglobin between the
four groups (P value >0.05). At 8 WPI haemoglobin levels are within the typical normal
reference range (10 - 15 g/dL), despite harbouring liver migrating parasites that can
cause extensive damage that can lead to haemorrhaging. By 20 WPI, consistent with
the adult parasites extensively blood feeding, the haemoglobin levels were trending

below the lower limit in all four groups.

3.5 Assessment of liver pathology

15
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Fasciolosis is associated with increased levels of liver enzymes, including glutamate
dehydrogenase (GLDH) and gamma glutamyl transferase (GGT), detectable within
serum reflecting the liver damage caused by the migrating parasites (reviewed Lalor
et al., 2021). While the levels of these enzymes increase as the disease progresses,
they are often not reflective of parasite burden and resulting pathology (Cwiklinski et

al., 2022).

In human health, biomarkers can be used to estimate liver fibrosis and liver
dysfunction, including combinations of markers that can improve sensitivity and
specificity of the tests, such as the aspartate aminotransferase (AST) to platelet ratio
index (APRI) developed by Wai et al. (2003). In this study we used a similar approach
by calculating the ratio of GLDH and GGT to the platelet count at three timepoints
during the trial (8 WPI, 20 WPI and 26 WPI) and correlating this value to the adult liver
burden and levels of haemoglobin (Fig. 4; Supplementary Fig. S2 and S3). Based on
the APRI scoring of 0.5 denoting minimal to no liver damage, a similar cut-off for the
GLDH and GGT enzymes was used, with scores greater than 0.5 indicative of liver

pathology.

No correlations between the number of adult fluke and liver enzyme to PLT ratio scores
were observed at any timepoint and there were no differences depending on the
vaccination status of the animals. Similarly, no correlations were observed for the
haemoglobin data at the respective time-points. However, comparative analyses
across the three timepoints revealed that the highest number of values above 0.5 were
observed for the GLDH PLT ratio comparisons at 8 WPI, indicating a high level of

pathology was being caused at this timepoint when the parasites are migrating within

16
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the liver (Fig. 4; Supplementary Fig. S2). A similar trend was not observed for GGT,

which was understandable given that GGT is a marker of damage to the bile ducts.

Assessment of gross liver pathology at necropsy revealed low levels of pathology
(Supplementary Fig. S4A), predominantly associated with the left lobe, with examples
of bile duct hyperplasia and fibrosis typically seen during F. hepatica infection
(Sangster et al., 2022). The liver pathology scores showed moderate, but significant,
positive correlation with the number of adult flukes recovered at necropsy (r = 0.4370;
p <0.001; Supplementary Fig. S4B). While no correlation was observed between the
gross pathology scores and the liver enzyme to platelet ratios, the low GLDH/GGT
PLT ratio scores reflected the overall low level of gross pathology observed in these

animals.

3.7 Effect of liver fluke burden on parameters associated with fasciolosis —
comparative analyses between F. hepatica vaccine trials

Haematological and biochemical data from the comparative groups from our current
study were compared with the data from Cwiklinski et al. (2022), namely control F.
hepatica infected sheep and sheep vaccinated with the protease inhibitor cocktail. One
of the differences between these trials was the parasite dose given, here 60 parasites
were administered in comparison to 150 parasites in our previous trial, which resulted
in a higher liver fluke burden being observed (45-142; Fig. 5a). The aim of this analysis
was to determine how liver fluke burden may impact parameters, such as eosinophilia,
weight loss and anaemia, typically associated with fasciolosis (Fig. 5 and Fig. 6). The
profile of eosinophilia was the same for both trials, with a predominance of these cells

observed at 8 WPI (Fig. 5B), irrespective of the number of adult parasites recovered
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at necropsy. In contrast, lower platelet counts were observed in the trial with higher
fluke burdens that were significantly different in the corresponding control and
vaccinated groups at 8 WPI and during the chronic phase of infection corresponding
to 20 WPI and 16 WPI depending on the trial schedule. The significantly different
platelet count observed between the two trials, indicates that sheep breed/age may
impact these cellular counts and should be considered when interpreting such results

(Fig. 5C).

As would be expected higher fluke burdens observed in the Cwiklinski et al. (2022)
trial data were associated with higher levels of circulating serum liver enzymes (Fig.
6). Analysis of the data using the GLDH PLT ratio scores indicated extensive damage
associated with F. hepatica infection occurred particularly at 8 WPI across all groups
independent of vaccine status (Fig. 7). This was also reflected in the corresponding
liver gross pathology scores at necropsy, of which 70 % of the livers had pathology
scores rated as moderate to severe. The higher GLDH PLT ratio values were also
associated with a trend towards lower haemoglobin levels compared with the current
trial, indicative of the potential for clinical signs associated with anaemia during the
later stages of infection with higher parasite burdens (Fig. 7B). Re-analysis of the data
in this context, reveals that there may be a threshold relating to the number of adult
parasites in terms of the utility of using the liver enzyme to PLT ratios to determine the

severity of liver pathology during the early phase of infection.

4. Discussion

We have embarked on a programme of discovery for vaccines against fasciolosis in

ruminants focused on candidates that are expressed and secreted by NEJ, the early
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infective stage. Proteins whose functions have been shown to be involved in the
parasite’s interactions within the host environment were of prime interest as vaccine
targets as our aim is to disrupt the critical processes involved in defence
against/evasion of free radicals, and regulation of host and parasite proteases. Several
of these vaccine antigens, such as FhPrx and FhTGR, have been trialled previously,
with varying success, indicative of a common theme amongst F. hepatica vaccine trials
of a lack of reproducible vaccine efficacy (reviewed by Spithill et al., 1999; Toet et al.,
2014; Spithill et al., 2022). The results of the present vaccine study found that the three
vaccine cocktails did not reduce the adult liver fluke burden, nor the egg number and
viability. Limited effects on animal health parameters were also observed, with no
differences in the weight gained over the course of the trial and no effect on the
haemoglobin levels. In this study, modifications were made (addition of rFhSrpl and
reducing the stefin component to just rFhStf1) to the protease inhibitor vaccine cocktalil
that previously displayed detrimental effects on egg viability (Cwiklinski et al., 2022),

which may have affected the outcome.

A factor contributing to the inconsistencies and variation observed for F. hepatica
vaccine trials is adjuvant selection (Spithill et al., 2022). In our trials we aim to be
consistent, using the same adjuvant, currently Montanide 61VG, which has been
reported to be particularly suitable for enhancing the immunogenicity of antigens
(Khorasani et al., 2016). This adjuvant was also used in the recent study combining
rFhPrx with leucine aminopeptidase (rFhLAP), cathepsin L peptidase (rFhCL1) and
helminth defence molecule (rFhHDM), which elicited significant vaccine protection in
sheep against a challenge infection of 150 F. hepatica South Gloucester isolate

metacercariae (reduction in adult fluke numbers of 37.2 %; Zafra et al., 2021). Other
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vaccine studies, which include antioxidant molecules have used either Freund’s
adjuvant/Freunds Incomplete adjuvant or Quil A, and have demonstrated significant
vaccine efficacy in rabbits (rFhTGR, Maggioli et al., 2011b) but not in cattle (rFhTGR;
Maggioli et al., 2016), or goats (rFhPrx; Mendes et al., 2010; Buffoni et al., 2012).
Freund’s adjuvant is a powerful immunopotentiating formulation but is not suitable for
use in livestock (Stills, 2005) and thus identifying a safe alternative adjuvant is an
important criteria in early vaccine formulation studies and before downstream
commercialisation can be considered. However, discovery of the correct antigen
cocktail and adjuvant formulation presents a logistical and costly obstacle when using

ruminants in vaccine studies.

A consistent result observed in F. hepatica antioxidant vaccine studies including that
reported here is the increase of antigen-specific antibodies induced by vaccination.
The antibody profile observed in previous cattle and goat studies displayed an initial
increase following vaccination, which declined as the trial progressed (Mendes et al.,
2010; Buffoni et al., 2012; Maggioli et al., 2016), whereas the efficacious study in
rabbits displayed an initial delayed response around vaccination/parasite challenge
followed by a high antibody response that was maintained until the end of the trial
(Maggioli et al.,, 2011b). Similar high antibody levels were induced in rabbits
vaccinated with a recombinant fatty acid binding protein (rFh15), particularly when the
time between immunisation and challenge infection was increased (Casanueva et al.,
2001). In the present study a vaccination protocol was employed that differed to
previous studies and was inspired by the multiple doses of Barbervax given to protect
sheep against Haemonchus contortus (Broomfield et al., 2020); in this study two

vaccine administrations were given before challenge infection and three vaccine doses
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after the challenge. This regime had the desired effect of maintaining the high antibody
levels throughout the trial, albeit it did not induce significant protective effects. The
general assumption is that higher antibody titres to vaccines would result in enhanced
protection but the data suggests that selection of antigens and the immune response
induced by adjuvant are more important factors to be considered. It should be noted

that cellular immune responses were not assessed in this study.

It has been suggested that induction of IgG2 antibodies is correlated with protection
against liver fluke in cattle (Mulcahy et al., 1998); however, the exact protective role of
vaccine-induced antibodies against F. hepatica remains largely unexplored due to the
lack of sufficient studies reporting vaccine efficacy. Elimination of the early stage NEJ
parasites is thought to be mediated by antibody-dependent cell cytotoxicity (ADCC,;
reviewed by Spithill et al., 2022), therefore vaccines targeted against the early stage
antigens are considered more promising as they would elicit antibodies that could
induce ADCC killing of these stages. Antibodies likely also play a role in inactivating
the proteins against which there are targeted, either by directly effecting protein activity
or inducing opsonisation, by binding to the respective parasite native enzymes.
However, as shown by Morrison et al. (1996), while vaccine-induced antibodies may
have an effect on the activity of the respective vaccine antigen, this is not the sole

mechanism involved in vaccine protection and reduced liver fluke burdens.

The selection of target molecules for the development of F. hepatica vaccines has
been debated for the past three decades, with most studies opting for parasite
molecules that are postulated to interact with the host, expected because of their

presence in the excreted/secreted (ES) proteins and/or on the tegumental surface of
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the parasites (Toet et al., 2014; Cwiklinski and Dalton, 2022; Spithill et al., 2022).
Extensive biochemical analyses of the proteins used in this vaccine study has been
carried out to confirm that our recombinant expression protocols produce correctly
folded and functional proteins. With the exception of rFhTGR, all the proteins displayed
functional activity in line with their predicted protein classification that infers that these
molecules have the potential to act on host molecules (McGonigle et al., 1997; Sekiya
et al., 2006; Smith et al., 2016; De Marco Verissimo et al., 2020; Calvani et al., 2022;
Cwiklinski et al., 2022). It is also worth noting that while FnTGR has been observed in
proteomic studies of the secreted proteins from NEJ (Lalor et al., 2021), it is not
present with any great abundance and could explain the poor boosting of response

following challenge infection.

Proteomic analysis has also revealed that in addition to being present within the ES
protein fraction, all proteins in the vaccine cocktails are also contained within the
extracellular vesicles (EV) derived from adult liver fluke ES (Murphy et al., 2020).
Specific analysis of the EV composition from NEJ and immature fluke have yet to be
carried out, however, given the transcript and protein profiles during these stages it is
likely that the protease inhibitors and antioxidant molecules used are also present
within NEJ EVs. Recent studies using parasite EV vaccines that contain a range of
immunomodulatory proteins have shown protective immunity can be induced against
subsequent infection (Trelis et al., 2016; Coakley et al., 2017; Shears et al., 2018;
Chaiyadet et al., 2019; Mossallam et al., 2021). While targeting the immunomodulatory
molecules contained within the F. hepatica EVs could be considered promising from
a vaccine candidate selection point of view, the lack of protection by the vaccine

cocktails in this study suggests these proteins may be hidden within the vesicles,
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preventing their exposure to the host immune system during natural infections (Drurey

and Maizels, 2021).

We have previously reported that vaccination against liver fluke can have a positive
effect on animal health parameters, such as protecting against the weight loss typically
observed with liver fluke infections (Cwiklinski et al., 2022). In this study, a marked
difference was not observed between the weights of vaccinated and non-vaccinated
animals. However, assessment of liver pathology markers based on human markers
of fibrosis did present relevant insights into the influence of parasite burden on liver
pathology and haematological parameters, indicating that severity of infection could

be determined at 8 WPI when animals are infected with more than 45 parasites.

Comparative inter-trial analyses revealed haematological differences between the
animals used in this study compared with previous trials. The two cohorts of animals
used in these studies differed slightly in terms of sheep breed and age; 8-month-old
Texel cross sheep were used by Cwiklinski et al. (2022) compared with the 4-month-
old cross breed sheep used in this study. However, across the published reports of
liver fluke vaccine trials in sheep there is large variability in trial design, with animals
ranging from 4 months to 1 year old, representing a variety of different sheep breeds,
including for example Merino (Perez-Caballero et al.,, 2018; Zafra et al., 2021),
Corriedale (Maggioli et al., 2011a; Norbury et al., 2018; Wesolowska et al., 2018),
Galician  autochthonous breeds (Orbegozo-Medina et al, 2018) and
Katahdin crossbreeds (Katahdin x East Friesian, Ortega-Vargas et al., 2019
Katahdin x Suffolk, Villa-Mancera et al., 2021). Recent studies have shown that sheep

breed and age can impact vaccine efficacy and host responses to Teladorsagia
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circumcincta infection (Gonzalez et al., 2019; Liu et al., 2022). The effects of these
animal parameters have not been investigated for F. hepatica vaccine development;
however, they may be contributing to the inconsistencies in vaccine efficacy observed

between different trials.

Helminth vaccine trials are typically carried out under controlled experimental settings
using oral infection of the parasite of interest. Field trials have been performed in cattle
to assess the efficacy of a Cooperia oncophora vaccine, however only Cooperia egg
counts and an assessment of C. oncophora and Ostertagia ostertagi larvae on pasture
were performed in this study (Vlaminck et al., 2015). In this study, sheep were turned
out onto pasture where they were exposed to a number of trichostrongyle
gastrointestinal nematodes. Animals were monitored by FEC, which formed the basis
on which drug treatment was administered according to standard practices (SCOPS
b). This approach deviates from typical F. hepatica vaccine trials; however, it provides
a more natural comparable setting to the typical parasite exposure that sheep are
subjected to on pasture and is the scenario in which any suitable liver fluke vaccine
must function. Moving forward, it will be important to consider the role of other
pathogens and carry out vaccine trials in the field to assess the impact of co-infections
on animal immune health and how they may influence our vaccine strategy particularly
in relation to the type of adjuvant required to boost the most appropriate immune

response.

Conclusion

To advance the development of liver fluke vaccines, we believe it is important to report

data from trials whether they induce protection or not, particularly in regards to the
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composition of the multivalent vaccines. Different combinations of antioxidants and
protease inhibitors, as well as other molecules that act at the host-parasite interface,
have shown some protective efficacy against F. hepatica, so there is a need to
continue to evaluate the liver fluke vaccine studies to discern which combinations of
proteins and adjuvants are likely to have the greatest effect. While parasite burden
and other parasitological measures such as egg counts have primarily been
considered the most important readout for vaccine efficacy, going forward a broader
approach is needed and, in particular, one that focuses more on parameters of animal

health and welfare.
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Figure Legends

Fig. 1. Purification of recombinant proteins. 4-20 % SDS-PAGE analysis of the
recombinant vaccine antigens. (A) G1: Antioxidants Fasciola hepatica peroxiredoxin
(rFhPrx), thioredoxin (rFhTrx) and thioredoxin-glutathione reductase (rFhTGR),
expressed in an E. coli expression system. (B) G2: Antioxidants F. hepatica
peroxiredoxin (rFhPrx), thioredoxin (rFhTrx), and two superoxide dismutase proteins
(rFhSOD1 and rFhSOD3), expressed in an E. coli expression system. (C) G3:
Inhibitors F. hepatica Kunitz-type inhibitor (rFhKT1) and stefin (rFhStf1) expressed in

a yeast expression system and serpin (rFhSrpl) expressed in E. coli.

Fig.2. Total IgG responses to the vaccine antigens. Mean optical density (OD)
values for total IgG antibodies to the vaccine antigens in the three vaccine groups (A:
G1; B: G2; C: G3) and infected control group (D: G4) at six time-points during the
vaccine trial. Antibody responses to Fasciola hepatica infection are displayed as mean
OD values for total IgG antibodies to the recombinant cathepsin L peptidase in all four

groups. Data represented as + standard deviation. Arrows highlighting when the
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animals were vaccinated (Vac) and infected with F. hepatica metacercariae (Inf) are

shown on each graph.

Fig.3. Measures of animal health affected by fasciolosis. (A) Graphical
representation of total weight gain + standard deviation during the vaccine trial,
calculated as the difference between the weight at week 23 and the starting weight at
the beginning of the trial. (B) Levels of haemoglobin (+ standard deviation) measured
as g/dL in blood samples taken at 8 weeks post infection (WPI) and 20 WPI. Normal

values typically range between 10 and 15 g/dL as shown by the dashed lines.

Fig.4. Associations between markers of fasciolosis. (A) Comparison between
adult fluke number at necropsy with the ratio of the level of glutamate dehydrogenase
(GLDH; units/l) in serum compared with the number of platelets in blood samples
(PLT) at 8 weeks post infection (WPI) (GLDH PLT ratio). (B) Comparison between
level of haemoglobin at 8 WPI (g/dL) with a ratio of the level of glutamate
dehydrogenase (GLDH; units/l) in serum compared with the number of platelets in
blood samples (PLT) at 8 WPI. G1, vaccine group 1 (blue); G2, vaccine group 2 (red);
G3, vaccine group 3 (black); G4, control Fasciola hepatica infected group (purple).
Dashed line represents a ratio of GLDH PLT of 0.5, below which fibrosis is not

indicated.

Fig.5. Comparison of Fasciola hepatica vaccine trials: Profile of haematology
parameters. Markers of F. hepatica infection from this vaccine trial were compared
with the previously published study by Cwiklinski et al. (2022) carried out at the

Moredun Research Institute, evaluating a F. hepatica protease inhibitor vaccine
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cocktail. T_G3: group 3, animals vaccinated with the F. hepatica inhibitor cocktail in
Teagasc trial, grey. T_G4: group 4, control infected group in Teagasc trial, black.
M_G2: group 2, control infected group in Moredun trial, dark blue. M_G3 and M_G4:
group 3 (teal) and group 4 (light blue), respectively, representing animals vaccinated
with the F. hepatica inhibitor cocktail in Moredun trial. (A) Graphical representation of
the number of adult flukes recovered at necropsy at the end of the respective trials.
(B) Level of eosinophilia during the vaccine trial time-course represented as a
percentage of the total cells, calculated from blood samples taken at three time-points,
0 weeks post infection (WPI), 8 WPI and 20 WPI (Teagasc trial) or 16 WPI (Moredun
trial) + standard deviation. (C) Number of platelets (PLT; x 10%L) in blood samples
taken at 0 WPI, 8 WPI and 20 WPI (Teagasc trial) or 16 WPI (Moredun trial) + standard
deviation. Statistical analyses were carried out by separately comparing the control
infected groups and the vaccine groups in each trial (c and h: P <0.05; f: P <0.01; a,

b, d, e and g: P <0.001).

Fig.6. Comparison of Fasciola hepatica vaccine trials: Profile of liver enzymes.
Markers of F. hepatica infection from this vaccine trial were compared with the
previously published study by Cwiklinski et al. (2022) carried out at the Moredun
Research Institute, evaluating the F. hepatica inhibitor vaccine cocktail. T_G3: group
3, animals vaccinated with the F. hepatica inhibitor cocktail in Teagasc trial, grey.
T_G4: group 4, control infected group in Teagasc trial, black. M_G2: group 2, control
infected group in Moredun trial, dark blue. M_G3 and M_G4: group 3 (teal) and group
4 (light blue), respectively, representing animals vaccinated with the F. hepatica
inhibitor cocktail in Moredun trial. (A) Level of glutamate dehydrogenase (GLDH,;

units/L) in serum analysed at three time-points, 0 weeks post infection (WPI), 8 WPI
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and 20 WPI (Teagasc trial) or 16 WPI (Moredun trial), £ standard deviation. (B) Level
of gamma glutamyl-transferase (GGT; units/l) in serum analysed at three time-points,
0 WPI, 8 WPI and 20 WPI (Teagasc trial) or 16 WPI (Moredun trial), £ standard
deviation. Statistical analyses were carried out by separately comparing the control

infected groups and the vaccine groups in each trial (a: P <0.01; b: P <0.001).

Fig.7. Comparison of Fasciola hepatica vaccine trials: GLDH PLT ratio at 8
weeks post infection (WPI). Ratio of glutamate dehydrogenase (GLDH; units/l) in
serum to the number of platelets in blood samples (PLT) at 8 WPI was compared to
(A) the number of adult flukes recovered at necropsy and (B) the level of haemoglobin
at 8 WPI (g/dL), using data from this study and the study previously published by
Cwiklinski et al. (2022). This study: T_G3: vaccine group 3, black; T_G4: control F.
hepatica infected group, purple. Cwiklinski et al. (2022) study: M_G2: control F.
hepatica infected group, grey; M_G3: vaccine group 1, orange; M_G4: vaccine group
2, gold. Dashed line represents a ratio of GLDH PLT of 0.5, below which fibrosis is not

indicated.

Supplementary Material
Supplementary Table. S1. Profile of nematode infection based on eggs in faeces

following exposure to pasture.

Supplementary Fig. S1. Profile of weight gain over the 24 weeks of the trial

displayed as daily weight gain (DWG). Graphical representation of the DWG

calculated at four-week intervals + standard deviation for the four animal groups. (A)

34



921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

G1, vaccine group 1 (blue); (B) G2, vaccine group 2 (red); (C) G3, vaccine group 3

(black); (D) G4, control F. hepatica infected group (purple).

Supplementary Fig.S2. Comparison between adult fluke number at necropsy
with a ratio of the level of liver enzymes in serum compared with the number of
platelets in blood samples (PLT). (A-C) Ratio derived from the level of glutamate
dehydrogenase (GLDH; units/l) in serum compared with the number of platelets in
blood samples (PLT) at 8 weeks post infection (WPI), 20 WPI and 26 WPI,
respectively. (D-F) Ratio derived from the level of gamma glutamyl-transferase (GGT,;
units/l) in serum compared with the number of platelets in blood samples (PLT) at 8
WPI, 20 WPI and 26 WPI, respectively. G1, vaccine group 1 (blue); G2, vaccine group
2 (red); G3, vaccine group 3 (black); G4, control Fasciola hepatica infected group
(purple). Dashed line represents a ratio of liver enzyme PLT of 0.5, below which

fibrosis is not indicated.

Supplementary Fig.S3. Comparison between level of haemoglobin with a ratio
of the level of liver enzymes in serum compared with the number of platelets in
blood samples (PLT). (A-C) Ratio derived from the level of glutamate dehydrogenase
(GLDH; units/l) in serum compared with the number of platelets in blood samples
(PLT) at 8 weeks post infection (WPI), 20 WPI and 26 WPI, respectively. (D-F) Ratio
derived from the level of gamma glutamyl-transferase (GGT; units/l) in serum
compared with the number of platelets in blood samples (PLT) at 8 WPI, 20 WPI and
26 WPI, respectively. G1, vaccine group 1 (blue); G2, vaccine group 2 (red); G3,
vaccine group 3 (black); G4, control Fasciola hepatica infected group (purple). Dashed

line represents a ratio of liver enzyme PLT of 0.5, below which fibrosis is not indicated.
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Supplementary Fig.S4. Graphical representation of liver pathology scores. (A)
Scoring system 0: No signs of damage/infection; 1: Mild local fibrosis/damage; 2:
Severe local fibrosis/damage or mild generalised fibrosis/damage; 3; Severe local
fibrosis/damage and calcified bile ducts or severe generalised fibrosis/damage. (B)
Correlation analysis between liver pathology score and number of adult flukes
recovered at post-mortem (Spearman correlation, r = 0.4370; p <0.001). G1, vaccine
group 1 (blue); G2, vaccine group 2 (red); G3, vaccine group 3 (black); G4, control

Fasciola hepatica infected group (purple).
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956  Table 1. Expected molecular sizes of the recombinantly expressed Fasciola hepatica
957  proteins.
Protein Gene id Molecular Reference
size
(kDa)

Peroxiredoxin  U88577 25 Sekiya et
(FhPrx) maker-scaffold10x_439 pilon-augustus-gene- al., 2006;

0.21 this study
Thioredoxin AJ250097 12 Dorey et al.,
(FhTrx) maker-scaffold10x_143 pilon-augustus-gene- 2021, this

0.62 study
Thioredoxin-  AM709787 66 Maggioli et
glutathione maker-scaffold10x_303_pilon-snap-gene-0.30 al., 2011
reductase
(FhTGR)
Superoxide AF071229 16 Calvani et
dismutase 1 BN1106_s3189B000243 al., 2022
(FhSOD1) maker-scaffold10x_61_pilon-snap-gene-0.36
Superoxide BN1106_s4478B000037 18 Calvani et
dismutase 3  maker-scaffold10x_713_ pilon-snap-gene-0.105 al., 2022
(FhSOD3)
Kunitz-type BN1106_s8826B000029 6 Smith et al.,
inhibitor 2016
(FhKT1)
Stefin 1 BN1106_s4651B000094 11 Cwiklinski et
(FhStf1) maker-scaffold10x_815_pilon-snap-gene-1.92 al., 2022
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Serpin 1

(FhSrp1)

MT419773
BN1106_s3864B000104

maker-scaffold10x_114 pilon-snap-gene-0.90

41

De Marco

Verissimo et

al., 2020

958

959

960
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961  Table 2. Number of adult liver fluke recovered at necropsy.

Group” Mean fluke burden £SD Range % protection

(Adult flukes recovered per animal)

Gl 37.47 +14.95 16-67 0
(16,22,22,23,26,29,32,40,43,43,44,46,47,62,67)

G2 35.93+14.61 4-60 0
(4,23,23,25,26,29,34,35,41,43,45,49,51,51,60)

G3 32.47 + 8.643 20-45 0
(20,22,23,23,26,29,30,31,35,36,39,41,42,45,45)

G4 31.53 +13.33 8-56

(8,17,18,19,21,27,32,32,33,36,41,41,42,50,56)

962  "GLl: vaccinated with vaccine 1 (rFhPrx, rEhTrx, rFhTGR); G2: vaccinated with vaccine 2
963  (rFhPrx, rFhSOD1, rFhSOD3, rFhTrx); G3: vaccinated with vaccine 3 (rFhKT1, rFhSrp1,

964  rFhStfl); G4: control, unvaccinated and infected.

965
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973
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976

977

978

979

980

Table 3. Faecal egg count represented as egg per gram (EPG).

Mean FEC (EPG) £ SD

Group” 18 WPI 22 WPI 26 WPI

Gl 220.2 +94.29 278.5 +166.4 364.6 +197.9
G2 242.1 +109.0 265.8 + 91.73 331.6 + 140.5
G3 229.3 + 67.52 257.7 +£116.7 305.3 +104.3
G4 195.4 + 90.29 199.2 +£ 85.95 253.2+131.0

WPI, weeks post-infection

AG1: vaccinated with vaccine 1 (rFhPrx, rEhTrx, rFhTGR); G2: vaccinated with vaccine 2
(rFhPrx, rFhSOD1, rFhSOD3, rFhTrx); G3: vaccinated with vaccine 3 (rFhKT1, rFhSrpl,

rFhStf1); G4: control, unvaccinated and infected.

Table 4. Eggs recovered from gall bladder at necropsy and relative egg embryonation and

hatch rate.

Group” Number of eggs + SD % Embryonation % Hatch rate % protection *

G1 66,233 *+ 84,483 85.3+13.2 58.6 +17.1 0
G2 173,287 + 271,268 79.1+ 155 50.0+15.6 8.7
G3 81,693 * 75,249 85.5+9.0 58.6 +12.4 0
G4 49,370 *+ 62,360 84.4+7.2 54.8+14.6

AG1: vaccinated with vaccine 1 (rFhPrx, rFhTrx, rFhTGR); G2: vaccinated with vaccine 2
(rFhPrx, rFhSOD1, rFhSOD3, rFhTrx); G3: vaccinated with vaccine 3 (rFhKT1, rFhSrp1,

rFhStf1); G4: control, unvaccinated and infected.

*Based on mean hatch rate relative to the egg hatch rate of eggs recovered from G4 control

infected animals.
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