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Abstract

Background: A comparative analysis was conducted between two immunisation proto-
cols using different amounts of protein extracts from adult Haemonchus contortus worms,
purified by thiol-Sepharose chromatography (625 pg/animal vs. 200 pg/animal). These
protocols involved either five or two inoculations of the immunogen, respectively. Methods:
To evaluate the level of immunoprotection, animals were challenged with L3 of H. contortus
two weeks after the last inoculation of the immunogen and humanely sacrificed at 8 weeks
post-infection. Parasitological, biopathological, and serological parameters were moni-
tored through the experiment. Parasite burden, abomasal-specific antibody responses,
and histopathological changes were determined at the end of the trial. Results: The
immunisation protocols resulted in similar reductions in cumulative faecal egg counts
(60.5-64.9%) and the total worm burden (47.5-50%) compared to non-immunized (control)
animals. Overall, these parasitological data showed an early recovery of the haematocrit
(PCV) after challenge in the immunised groups relative to control. Similarly, levels of
H. contortus-specific IgG and IgA antibodies increased in both the serum and gastric mu-
cus of immunised groups. Conclusions: These findings represent a further step towards
the potential application of this type of immunogen under field conditions, as protective
responses (associated with a reduction in faecal egg output) were achieved using a sim-
plified protocol, with lower immunogen doses and fewer inoculations required to induce
immunoprotection, thereby mitigating the pathological effects of the parasite and reducing
its ability to spread and infect susceptible hosts.
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1. Introduction

Although gastrointestinal nematodes (GINs) in ruminants do not usually cause very
high mortality rates, these parasitic infections lead to significant economic losses due to
reduced growth rates, decreased carcass quality, diminished milk production, and impaired
reproductive performance. Even subclinical infections can increase an animal’s susceptibil-
ity to other pathogens and consistently have a negative impact on animal welfare [1,2].

Among the alternative strategies to the use of anthelmintics for the control of GINs
in ruminants, the development of vaccines is being actively explored [3]. Many studies
have demonstrated that parasitic antigens of various types can induce a degree of im-
munoprotection, although not to the extent achieved against less complex organisms such
as protozoa [4]. Consequently, it appears unlikely that helminth vaccines will provide
full protective immunity. Instead, the aim is to stimulate a host immune response that
limits the number of worms completing their endogenous cycle, thereby mitigating the
adverse effects on animal health and productivity and/or reducing transmission to other
susceptible hosts [5].

Strategies for vaccination against GINs have included the use of different types of
native (somatic or from excretion/secretion (E/S) products) [6,7] and, more recently, recom-
binant immunogens [8-10]. This range of vaccine candidates has been extended by using
different methods of antigen presentation, including the use of different adjuvants [11,12],
routes of administration, and DNA-based vaccines [13,14], among others. These factors
have been associated with highly variable results in the level of immunoprotection achieved.
In the case of immunization strategies against H. contortus, a vaccine based on immunisa-
tion with hidden parasite antigens (H-gal-GP and H11) is currently on the market. This
vaccine has produced very good results in sheep [15] but has sometimes shown less ef-
fectiveness in goats [16]. These differences have been attributed to different evolutionary
strategies or to differences in the mechanisms involved in post-vaccination responses in
both species [17].

In the context of vaccine development against GINs, our research group has conducted
several immunisation trials in small ruminants using thiol-sepharose chromatography-
enriched protein fractions (TBSP) obtained from adult Haemonchus contortus (H. contortus)
worms [18]. These studies showed that these immunogens are able to induce significant
protection against the parasite, as evidenced by reductions in adult worm burden and
faecal egg count (FEC) following challenge with infective L3 of the parasite. This protective
response was associated with a Th2-type humoral immune response, which is already
present in immunised animals during the prepatency period [19,20].

All the previous studies using thiol-binding extracts from adult H. contortus, employed
protocols involving up to five inoculations administrated at weekly intervals, requiring
large quantities of immunogen. The present study aimed to evaluate simplified immuniza-
tion protocols. In this context, we assessed the level of protection through parasitological
and biopathological analyses in goats immunised with H. contortus adult worm fractions
(TBSP) using simplified protocols (fewer inoculations and lower concentration of immuno-
gen) compared to previous studies.

2. Materials and Methods
2.1. Parasites and Immunogens

A strain of Haemonchus contortus originally isolated from naturally infected goats in
Gran Canaria (Spain) was maintained in goats for this study. Protein extracts used as
immunogens were prepared following established protocols [19,20]. Adult worms were
processed to obtain soluble proteins, which were purified through buffer exchange and
affinity chromatography using Thiol-Sepharose (Amersham Pharmacia Biotech, Uppsala,
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Sweden). Proteins eluted with buffer containing 25 mM L-cysteine were desalted again
and referred to as TBSP fractions.

2.2. Immunization Trials

Twenty-one healthy 9-month-old male goats (Majorera breed) were reared in covered
pens under conditions designed to preclude helminth infections. The animals were divided
into the following weight-balanced groups:

e  Group 1 (n = 6): goats immunized with a total of 625 ug TBSP in Freund complete and
incomplete adjuvants and challenged with H. contortus; immunization in this group
of animals was performed by weekly intramuscular injections of 50, 75, 100, 100, and
300 ug of TBSP extract over five consecutive weeks. Freund complete adjuvant was
used for the first immunization (50 ug), and Freund incomplete adjuvant for the fol-
lowing immunizations. This protocol has previously been used in several experiments
in goats demonstrating an immunoprotective effect against H. contortus. [19,20].

e  Group 2 (n = 6): goats immunized with a total of 200 ug TBSP in Freund complete
and incomplete adjuvants and challenged with H. contortus; immunization in this
group of animals was performed by weekly intramuscular injections of 100 ug TBSP
extract over two consecutive weeks. Freund complete adjuvant was used for the first
immunization and Freund incomplete adjuvant for the second.

o  Group 3 (n = 6): Freund adjuvant control. Animals in control group 3 underwent the
same inoculation protocol as animals in group 1, but elution buffer was used instead
of PBS-TSBP.

e  Group 4 (n = 3): This group contained uninfected and unimmunised animals and
served as a control for serological analysis.

To evaluate the level of immunoprotection, animals from groups 1, 2, and 3 were
challenged with 7000 L3 of H. contortus two weeks after the last inoculation of the immuno-
gen and humanely sacrificed at 8 weeks post-infection. The L3 used in the experimental
infections were obtained by coproculture (14 days at 25 °C) of faeces from goats monospecif-
ically infected with H. contortus. Larvae were recovered using the modified Baermann
technique following the protocol proposed by [21]. Experimental infections were carried
out by intraruminal puncture.

2.3. Haematological and Parasitological Analysis

Eggs per gram (EPG) were determined by a modified McMaster technique. To de-
termine the number of adult worms, after opening the abomasum of the slaughtered
animals and the collection of mucus samples from the gastric fundus (see Section 2.4),
the abomasums were washed with dH,O. A 200 mL aliquot of the total volume of liquid
obtained from each animal after abomasal washing was preserved in 5% formalin. These
samples were used for worm counts, which were then extrapolated to estimate the total
parasite burden based on the full volume recovered from each animal. Larval burden
was determined by digestion of mucosal scrapings with pepsin-HCl and expressed as the
number of immature worms per gram of mucosa [22].

For haematological determinations, blood samples were collected in test tubes con-
taining EDTA. Packed cell volume (PCV) was determined using a microhaematocrit, and
plasma protein (PP) was estimated using a refractometer (Comecta S.A.). The results for
both parameters are expressed in % and g/dL, respectively.

2.4. ELISA

Indirect ELISA was used, as previously described [19] to determine the presence of
specific antibodies against H. contortus adult worm fractions (TBSP) in serum samples.
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ELISA plates were coated with TBSP at a concentration of 5 micrograms/mL at 4 °C
overnight and serum samples were analysed at a dilution of 1/200 or 1/50 for IgG or IgA
determinations, respectively. Conjugates (Bio-Rad Laboratories, Inc. Hercules, CA, USA)
were employed at a dilution of 1/6000 (anti-goat IgG-peroxidase) or 1/1500 (anti-goat
IgA-peroxidase). Results were expressed as relative units according to the optical density
(OD) observed in a positive sample (a pool of five serum samples from goats that were
immunised with the same immunogen -TBSP from adult H. contortus worms- in previous
studies, which showed high levels of specific antibodies). Serum samples from animals in
group 4 were used as negative controls.

To assess specific mucosal IgG and IgA levels, abomasal mucus was collected by
superficial scraping of the mucosal surface. The samples were diluted at a ratio of 2.5 mL
buffer (0.1 M NayHPOy, 0.05 M NaCl, 3 mM NaNj3, 1 mM PMSF [Sigma-Aldrich Corp.,
St. Louis, MO, USA], and 5 mM EDTA; pH 7.1) per gram of mucus, homogenised, and
centrifuged at 18,000 g for 30 min. Supernatants were stored at —20 °C prior to ELISA
analysis. Optimal assay parameters were defined using pools of known positive and
negative mucus samples. TBSP concentrations for ELISA coating were 3.0 ug/mL for IgG
and 10.0 ug/mL for IgA detection. Mucus samples were diluted in PBS at 1:20 for IgG
and 1:5 for IgA. Detection employed peroxidase-conjugated anti-goat IgG (Bio-Rad Lab.
Inc. USA) at 1:1500 and anti-goat IgA (Acris GmbH, Heidelberg, Germany) at 1:1000, both
diluted in PBS.

A citric acid-phosphate buffer containing 0.04% (w/v) o-phenylenediamine dihy-
drochloride (OPD) and 0.1% (v/v) HyO, was used as substrate. All samples were analyzed
in duplicate, and the optical densities (OD) were determined at a wavelength of 492 nm
(Multiskan Ascent 354, Thermo Labsystems Inc., Pittsburgh, PA, USA) [19,20].

2.5. Histology

Histological analysis was performed on tissue samples from the abomasal mucosa,
which were cut into 5 um thick sections and stained with Giemsa and haematoxylin-
eosin. The number of eosinophils, globule leukocytes, mast cells, and plasma cells were
determined. The counts of these cell subsets were conducted at 400x magnification in
40 randomly selected fields of 0.038 mm?, located in the upper and lower thirds of the
mucosa. The results were expressed as cells/mm? [19]. Histological evaluations were
performed in a blinded manner to reduce observational bias.

2.6. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics for Windows,
version 22.0 (IBM Corp., Armonk, NY, USA). For comparisons between groups at indi-
vidual time points, the non-parametric Mann-Whitney U test was applied. For variables
measured weekly throughout the study (e.g., serum IgA and IgG concentrations, faecal
egg count [FEC], packed cell volume [PCV], and pepsinogen levels) were analysed using a
repeated-measures General Linear Model (GLM), following assessment of data distribution
with the Shapiro-Wilk test. Data not normally distributed were square root transformed
before GLM analysis. The Wilcoxon signed-rank test was also employed to compare the
effect of the challenge on matched samples (from the same experimental group) throughout
the study. This test was used to analyse the evolution of parameters in each group such
as PCV and PP levels in samples from immunised (G1 and G2) and control (G3) groups.
Finally, the Spearman correlation test was used to analyse the association between the
various parameters evaluated in the study. p < 0.05 was considered statistically significant.
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3. Results
3.1. Parasitological and Haematological Results

Coproscopical data are presented in Figure 1 as faecal egg counts (FECs) (mean value
of eggs per gram of faeces == SEM-EPG). The prepatent period was found to be 3 weeks
in both the control and the immunised groups. Throughout the experiment, the mean
counts of both immunised groups showed mean EPG values that were lower than those
observed in the control group, particularly on week 7 p.i. At this time, faecal counts of the
control group reached the highest mean value (4855 EPG). The mean EPG values observed
in both immunized animals were lower than in the control group from week 4 p.i., showing
significant differences when they were compared at weeks 5, 6, and 7 p.i. Consequently,
the cumulative faecal counts showed lower mean values in the immunised animals with
a 60.5% (group 1) and a 64.9% (group 2) reduction in cumulative counts at the end of
the study.

Faecal Egg Counts

7000
6000
5000
4000
3000
2000
1000

Group 1

Group 2

Eggs/gram

Control

Weeks Post-infection

Figure 1. Faecal egg counts in groups immunized with TBSP from adult H. contortus worms (groups
1 and 2) and in control animals (group 3) after challenge with 7000 infective L3 larvae of the parasite.
Results are mean values of eggs per gram of faeces = SEM * p < 0.05.

Immature worm counts observed after digestion of the gastric mucosa were found
to be very low, with mean values of approximately 0.5 larvae/gram of mucosa, and no
differences were observed between the three groups investigated. In contrast, as shown in
Figure 2, the mean value of adult worm counts in the immunised groups was 568 + 178
(group 1) and 524 £ 203 (group 2), while the mean number of worms detected in the control
group was 1046 & 196 worms/animal. According to the data presented, the immunised
animals exhibited a 45.7% (group 1) or 50% (group 2) reduction in the total number of adult
worms compared to the control group, although these differences were not statistically
significant. Moreover, the analysis of the data according to the sex of the adult worms
revealed no significant differences.

The mean values of PCV levels in blood samples from all experimental groups are
shown in Figure 3. Following challenge, a significant decrease in this parameter was
observed during the first three weeks after infection., reaching minimum values at 3 weeks
p.i., coinciding with the conclusion of the pre-patent period. This reduction was more
pronounced in group 2 and the control animals. Significant differences were observed
between the mean PVC values observed in group 1 and the control group at this time
point. This parameter demonstrated a gradual recovery; nevertheless, it failed to reach the
initial values. During this period, the recovery process appeared to be more pronounced in
group 1, where no statistical differences with the initial values were detected from week 5
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post-infection. In contrast, in group 2 and the control, this recovery was not observed until
weeks 6 and 7 post-infection, respectively.

Number of Adult Worms
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G1 G2 Control
Experimental Groups

Figure 2. Mean adult worm counts (total, females and male worms) in groups immunized with TBSP
from adult H. contortus worms (groups 1 and 2) and in control animals (group 3) after challenge with
7000 infective L3 larvae of the parasite. Results are mean + SEM groups.
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Figure 3. Evolution of packed cell volume (PCV) in groups immunized with TBSP from adult
H. contortus worms (groups 1 and 2) and in control animals (group 3) after challenge with
7000 infective L3 larvae of the parasite. Results are mean percentage (%) values == SEM * p < 0.05.

A similar trend was observed when plasma protein levels were analysed (Figure 4).
Again, there was a decrease in this parameter during the first 3 weeks p.i., and an increase
thereafter. It is noteworthy that significant differences were observed between group 1 and
the control during weeks 4 and 5 p.i.

On the other hand, when analysing the evolution of this parameter in each of the
groups, in relation to the values observed at the time of challenge, using the Wilcoxon
signed rank test, no significant differences were observed in group 2. However, both
group 1 and the controls showed a significant reduction in PP levels during the first two
weeks p.i. in relation to the values found in each group at the time of the challenge.

Regarding the statistical associations between the biopathological and parasitological
data, negative correlations were always observed between both types of data. Thus, at
the end of the study, both cumulative faecal counts and number of worms showed a r
= —0.680 (p < 0.05) and r = —0.703 (p < 0.05), respectively, in relation to PCV. The same
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parasitological parameters were also negatively associated with PP levels (cumulative
faecal counts: r = —0.466, p = 0.052) (number of worms: r = —0.558; p < 0.05).

6.8
6.6
6.4

Group |
6.2 Group 2

6 A\ Control
5.8

5.4

Plasma Proteins (gr/dL)

0 1 2 3 4 5 6 7 8
Weeks Post-infection

Figure 4. Evolution of plasma proteins (gr/dL) levels in groups immunized with TBSP from
adult H. contortus worms (groups 1 and 2) and in control animals (group 3) after challenge with
7000 infective L3 larvae of the parasite. Results are mean 4+ SEM * p < 0.05.

3.2. ELISA Tests

Figure 5A shows the evolution of anti-H. contortus TBSP IgG levels in serum samples
after challenge (week 0 p.i.). After the challenge, both immunised groups did not show
significant differences in anti-TBSP IgG levels until the end of the study. Both groups of
immunised animals (G1 and G2) showed significantly higher levels of specific antibodies
at the time of experimental infection than those observed in the control group. After
experimental infection, animals in all experimental groups showed a response with an
increase in specific antibody levels, peaking at week 4 p.i. However, immunised animals
showed higher levels of specific IgG throughout the study, with significant differences from
the control group (except in group 2, at weeks 4 and 5 p.i.).

Analyses of associations between specific IgG levels and various parasitological
(worms and faecal egg count) and biopathological (PCV and PP) parameters were negative
for parasitological data and positive for biopathological data, but no statistical significance
was found. A similar trend was observed when serum anti-TBSP IgA levels were anal-
ysed. However, in this case, only animals immunised from G1 showed higher mean levels
than the control group throughout the study. Significant differences were observed at
5 weeks post-challenge (Figure 5B). On the other hand, the same type of association was
observed as in the specific IgG analyses, positive for PCV and PP values and negative for
parasitological data.

This type of association was also found, again without statistical significance, between
the levels of specific IgGs in the mucus, whereas they could not be detected when analysing
the IgA response. The mean values of both specific antibody isotypes (IgG and IgA)
observed in gastric mucus are shown in Figure 6, which demonstrates that the immunised
animals had higher mean values than the control ones, especially in G1, but these differences
were not statistically significant.
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Figure 5. Evolution of levels of specific IgGs (A) and IgAs (B) in serum against thiol-binding somatic
proteins (TBSP) fractions from H. contortus in groups immunized with TBSP from adult H. confortus
worms (groups 1 and 2) and in control animals (group 3) after challenge with 7000 infective L3 larvae
of the parasite. Results are mean + SEM * p < 0.05.

Specific Antibodies in Gastric Mucus
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Figure 6. Levels of specific IgGs and IgAs in gastric mucus against thiol-binding somatic proteins
(TBSP) fractions from H. contortus in groups immunized with TBSP from adult H. contortus worms
(groups 1 and 2) and in control animals (control, group 3) after challenge with 7000 infective L3 larvae
of the parasite at the end of the study. Results are mean £+ SEM.
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3.3. Histology

The results of the histological examination of the gastric mucosa of the animals in
the different experimental groups are shown in Figure 7. No differences were observed
between the different cell populations, except for plasma cells, which were significantly
increased in both immunised groups (G1 and G2) compared to the control group. No
association was found between the number of different cell populations analysed and the
parasitological, biopathological, and serological parameters studied, except for globule
leukocytes, whose presence in mucosal inflammatory infiltrates in both immunised groups
was negatively and significantly associated with PCV and PP levels at weeks 3 and 6
post-infection, with r-values ranging from —0.489 and —0.543 or —0.403 and —0.643 for
PCV and PP, respectively.

Cellular Populations in
Abomasal Mucosa

100.0 *

80.0
o H Globule Leucocytes
€ 60.0
€ [
£ B Mast Cells
@ 40.0 M Eosinophils

20.0 H Plasma cells

0.0

G1 G2 Control

Experimental Groups

Figure 7. Level of cellular populations in the gastric mucosa in groups immunized with TBSP from
adult H. contortus worms (groups 1 and 2) and in control animals (control, group 3) after challenge
with 7000 infective L3 larvae of the parasite. Results are mean number of cells/mm? 4 SEM. * p < 0.05.

4. Discussion

The aim of the present study was to evaluate the efficacy of two immunisation proto-
cols using thiol-sepharose chromatography-enriched protein fractions (TBSP) from adult
H. contortus worms in goats. The results showed that both protocols, even when using a
lower immunogen dose and number of inoculations (200 ug/2 inoculations in group 2
vs. 650 pug/5 inoculations in group 1), conferred protection against the parasite. This was
evidenced by reductions in faecal egg count (FEC) and adult worm burden. These findings
are consistent with previous trials demonstrating the potential of TBSP extracts to induce
protective immune responses in small ruminants [18-20,23].

The reduction in FEC observed in both immunised groups (60.5% in group 1 and 64.9%
in group 2) is comparable to the levels of protection reported previously using similar
immunogens [18-20,23] and can be considered relevant when compared to the numerous
studies that have evaluated the immunoprotective effect of different native and recom-
binant H. contortus proteins/extracts [3,17,24]. The reduction in faecal egg counts after
immunisation observed in the present study suggests that the simplified protocol (lower
immunogen dose and lower number of inoculations), could offer a practical and field-
applicable strategy to significantly reduce environmental egg shedding, a crucial factor in
controlling the spread of H. contortus, as it directly limits the number of infective larvae
available to infect other animals. Similarly, the faecal egg count results are consistent with
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the adult worm burden results (47.5% in group 1 and 50% in group 2), further supporting
the efficacy of both immunisation protocols tested. This concordance indicates a direct
impact on the parasite’s ability to establish and/or persist in the host, reinforcing the
conclusion that both protocols provide similar levels of immunoprotection.

Haematological analysis revealed a decrease in PCV and PP values following challenge
with H. contortus L3 larvae, a typical response to this infection due to blood and protein
loss in the host’s abomasum [25]. However, PCV levels gradually recovered in vaccinated
animals. By week 6 post-infection (group 1) and week 7 (group 2), PCV values were not
significantly different from those recorded at the time of challenge. In contrast, mean
PCV levels in the control group remained below baseline. These findings suggest that
vaccination helps to reduce parasite burden and mitigate some of the physiological damage
caused by the infection, supporting the consistency of the parasitological results.

Although biopathological responses varied considerably in the goat breed used in
this study [26], the overall recovery of PCV levels was more evident in vaccinated animals
compared to controls, consistent with observations from previous vaccination trials against
this parasite [27]. This improvement was more pronounced in group 1; however, no
significant differences were observed between the two vaccinated groups in the evaluated
parameters. These results suggest that the simplified immunisation protocol provides
comparable protection to the five-dose regimen against the parasite’s pathogenic effects,
resulting in faster PCV recovery in both cases.

All these parasitological and haematological findings were accompanied by increased
levels of specific antibodies (IgG and IgA) in the serum and gastric mucosa of the im-
munised groups compared with the control group. As observed in previous studies, the
development of these serological responses suggests that the extracts used do not contain
hidden antigens, based on the secondary antibody response detected at the serum level
following challenge. This aligns with previous findings indicating that Th2-mediated
humoral immune responses play a key role in protective immunity, either in naturally
resistant sheep breeds [28] or experimentally induced by TBSP extracts in goats [19,20]. The
higher levels of specific antibodies in group 1, particularly at the time of challenge, may
explain the more pronounced recovery of PCV levels in this group. However, the absence
of a significant correlation between antibody levels and parasitological parameters suggests
that additional immune mechanisms may also contribute to the protection [8,11,29] or that
the results are a consequence of the variability observed in these parameters within the
different experimental groups [12].

Histopathological analysis revealed an increase in plasma cell infiltration in the gastric
mucosa of immunized animals, indicating a local immune response. This finding is in
accordance with previous studies that have highlighted the importance of mucosal im-
munity in controlling gastrointestinal nematode infections [30]. The presence of plasma
cells in the mucosa may contribute to the production of local antibodies that could play
a role in limiting parasite establishment and/or fecundity, although in this case no clear
relationship could be established between the type of cells infiltrating the mucosa and the
parasitological, biopathological, or serological findings. With regard to globule leukocytes,
although vaccinated animals did not show higher mean values than the control ones, it
was the only effector cell population that could be associated with increased resilience to
vaccination-induced infection, as shown by the negative correlations with PCV and PP
levels in the vaccinated groups, supporting the idea that these cells could play an important
role against this parasite [19,30].
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5. Conclusions

This study demonstrates that immunisation with TBSP extracts of adult H. contortus
worms can induce a significant reduction in faecal egg counts in infected goats, even
when using simplified protocols involving fewer inoculations (2 vs. 5) and lower doses
of immunogen (200 pug/animal vs. 625 pg/animal). Immunisations also resulted in a
reduction in adult worm counts that does not reach statistical significance, which could
be determined by the variability observed when analysing this parameter and the sample
size. This reduction in parasite load that could contribute to the observation of lower
cumulative faecal egg counts, together with the improvement in the recovery of some
haematic parameters such as PCV in vaccinated animals, support the potential of these
immunisation protocols as a possible strategy to control H. contortus infections in goats.
However, further research is required to optimise immunization protocols and assess the
benefits of combining TBSP extracts with other immunogens or adjuvants. A limitation
of this study is the use of controlled experimental conditions, which may not fully reflect
field environments. Therefore, additional studies under natural infection conditions and in
larger animal populations are essential to evaluate the practical efficacy and scalability of
these vaccines.

Author Contributions: Conceptualization, A.R. and ].M.M.; methodology, M.M.C.-F,, ].A.M., O.F,,
M.CD.R,EC,JRH-F,ER, AR, and ].M.M.; formal analysis and investigation, M.M.C.-F,, ] A.M.,
O.F,M.CDR, EC,]JRH.-F, and ER; resources, A.R. and ].M.M.; writing—original draft prepara-
tion, M.M.C.-F,, J.A. M., and ].M.M.; writing—review and editing, M.M.C.-E, ].AM., O.F, M.C.D.R,,
E.C, JRH-F, ER,, AR, and ].M.M,; supervision, ] M.M. and A.R.; project administration, O.E;
funding acquisition, A.R. and ].M.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Spanish Ministry of Science and Innovation (project n.
PID2022-1368680B-100). Del Rio, M.C. was funded by a pre-doctoral formation program of Research
personnel of the Canary Islands Government: “Agencia Canaria de Investigacién, Innovacién y
Sociedad de la Informacién de la Consejeria de Universidades”, “Ciencia e Innovacién y Cultura”
and “Fondo Social Europeo Plus (FSE+), Programa Operativo Integrado de Canarias 2021-2027, Eje 3
Tema Prioritario 74 (85%)”; [TESIS2021010015].

Institutional Review Board Statement: Experiments were performed following the rules of the
Spanish (RD 53/2013) and European (Directive 2019/63/EU) legislation and supervised by the
Ethics and Animal Experimentation Committee of the University of Las Palmas de Gran Canaria
(OEBA_ULPGC_22/2019, approval date 26 September 2019).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.
Acknowledgments: We thank the technical assistance of E. Diaz and J. Sosa.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Besier, R.B.; Kahn, L.P; Sargison, N.D.; van Wyk, J.A. Diagnosis; Treatment and Management of Haemonchus contortus in Small
Ruminants. Adv. Parasitol. 2016, 93, 181-238. [PubMed]

2. Taylor, M.A.; Coop, R.L.; Wall, R.L. Parasites of Sheep and Goats (Parasites of the Digestive System). In Veterinary Parasitology,
4th ed.; Taylor, M.A., Coop, R.L., Wall, R.L., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2016; pp. 436-474.

Britton, C.; Emery, D.L.; McNeilly, T.N.; Nisbet, A.].; Stear, M.]. The potential for vaccines against scour worms of small ruminants.

Int. |. Parasitol. 2020, 50, 533-553. [CrossRef]

Zaheer, T.; Abbas, R.Z.; Imran, M.; Abbas, A.; Butt, A.; Aslam, S.; Ahmad, J. Vaccines against chicken coccidiosis with particular

reference to previous decade: Progress; challenges; and opportunities. Parasitol. Res. 2022, 121, 2749-2763. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/27238006
https://doi.org/10.1016/j.ijpara.2020.04.003
https://doi.org/10.1007/s00436-022-07612-6

Vaccines 2025, 13, 708 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Claerebout, E.; Geldhof, P. Helminth vaccines in ruminants: From development to application. Vet. Clin. N. Am. Food Anim. Pract.
2020, 36, 159-171. [CrossRef]

Meier, L.; Torgenson, P.R.; Hertzberg, H. Vaccination of goats against Haemonchus contortus with the gut membrane proteins
H11/H-gal-GP. Vet. Parasitol. 2016, 229, 15-21. [CrossRef]

Schallig, H.D.; Van Leeuwen, M.A.; Cornelissen, A.W. Protective immunity induced by vaccination with two Haemonchus contortus
excretory secretory proteins in sheep. Parasite Immunol. 1997, 19, 447-453. [CrossRef]

Matthews, ].B.; Geldhof, P.; Tzelos, T.; Claerebout, E. Progress in the development of subunit vaccines for gastrointestinal
nematodes of ruminants. Parasite Immunol. 2016, 38, 744-753. [CrossRef] [PubMed]

Bu, Y, Jia, C.; Tian, X.; Aimulajiang, K.; Memon, M.A; Yan, R.; Song, X.; Xu, L.; Li, X. Immunization of goats with recombinant
protein 14-3-3 Isoform 2 (rHcftt-2) induced moderate protection against Haemonchus contortus challenge. Pathogens 2020, 9, 46.
[CrossRef] [PubMed]

Hasan, M.; Zhang, Z.; Fu, Y.; Wang, T,; Yan, R.; Li, X.; Ehsan, M.; Haseeb, M.; Lakho, S.A.; Haider, A.; et al. Immunization
with PLGA nanoparticle-encapsulated Haemonchus contortus excretory-secretory protein rHcES-15 enhances protection in mice.
Vaaccines 2023, 11, 1794. [CrossRef]

Piedrafita, D.; Preston, S.; Kemp, J.; de Veer, M; Sherrard, J.; Kraska, T.; Elhay, M.; Meeusen, E. The effect of different adjuvants on
immune parameters and protection following vaccination of sheep with a larval-specific antigen of the gastrointestinal nematode
Haemonchus contortus. PLoS ONE 2013, 8, €78357. [CrossRef]

Gonzélez-Sanchez, M.E.; Cuquerella, M.; Alunda, J.M. Vaccination of lambs against Haemonchus contortus with the recombinant
rHc23 antigen. Vet. Parasitol. 2018, 252, 8-13.

Sun, W.; Song, X.; Yan, R.; Xu, L.; Li, X. Vaccination of goats with a glutathione peroxidase DNA vaccine induced partial protection
against Haemonchus contortus infection. Vet. Parasitol. 2011, 182, 239-247. [CrossRef]

Han, K.; Xu, L.; Yan, R.; Song, X.; Li, X. Vaccination of goats with glyceraldehyde-3-phosphate dehydrogenase DNA vaccine
induced partial protection against Haemonchus contortus. Vet. Immunol. Immunopathol. 2012, 149, 177-195. [CrossRef]

Kebeta, M.M.; Hine, B.C.; Walkden-Brown, S.W.; Kahn, L.P,; Doyle, E.K. Protective efficacy of Barbervax® in Merino weaner
sheep trickle infected with five doses of Haemonchus contortus infective larvae. Vet. Parasitol. 2021, 292, 109386. [CrossRef]
Smith, D. Barbervax®, a Vaccine for Haemonchus contortus Infection of Sheep: Attempts to Extend the Registration Claim to Include Goats;
Final Report for Project B.AHE.0215; Meat & Livestock Australia: North Sydney, NSW, Australia, 2016.

Addudi, I; Sajovitz, E; Hinney, B.; Lichtmannsperger, K.; Joachim, A.; Wittek, T.; Yan, S. Haemonchosis in sheep and goats, control
strategies and development of vaccines against Haemonchus contortus. Animals 2022, 12, 2339. [CrossRef] [PubMed]

Molina, J.M.; Martin, S.; Herndndez, Y.I.; Gonzalez, J.E; Ferrer, O.; Ruiz, A. Immunoprotective effect of cysteine proteinase
fractions from two Haemonchus contortus strains adapted to sheep and goats. Vet. Parasitol. 2012, 188, 53-59. [CrossRef] [PubMed]
Molina, ] M.; Hernandez, Y.I.; Martin, S.; Ferrer, O.; Rodriguez, F.; Ruiz, A. Immune response in goats vaccinated with thiol-
binding proteins from Haemonchus contortus. Parasite Immunol. 2018, 40, e12569. [CrossRef] [PubMed]

Molina, ].M.; Herndndez, Y.I; Ferrer, O.; Conde, M.M.; Rodriguez, F; Ruiz, A. Inmunization with thiol-binding proteins from
Haemonchus contortus adult worms partially protects goats against infection during prepatency. Exp. Parasitol. 2023, 248, 108512.
[CrossRef]

Risa, D.; Mamo, G.; Waktole, H.; Haile, G.; Terefe, G. Goats are more susceptible to Haemonchus contortus infection than sheep
under similar experimental settings. Sci. Rep. 2024, 14, 25379. [CrossRef]

Ministery of Agriculture Fisheries and Food (MAFF). Manual of Veterinary Laboratory Diagnostic Techniques, Reference Book No. 418;
Her Majesty’s Stationery Office: London, UK, 1989.

Martin, S.; Molina, ].M.; Herndndez, Y.I; Ferrer, O.; Mufioz, M.C.; Lépez, A.; Ortega, L.; Ruiz, A. Influence of immunoprotection
579 on genetic variability of cysteine proteinases from Haemonchus contortus adult worms. Int. . Parasitol. 2015, 45, 831-840.
[CrossRef]

Camas-Pereyra, R.; Bautista-Garcia, G.A.; Pérez-Anztrez, G.; Duran-Cortes, Z.C.; Reyes-Guerrero, D.E.; Maza-Lopez, J.; Olmedo-
Judrez, A.; Lopez-Arellano, M.E. Excreted/secreted 15-kDa proteins and serine protease peptides from Haemonchus contortus act
as immune-response enhancers in lambs. Pathogens 2024, 13, 604. [CrossRef] [PubMed]

Kaplan, R.M.; Burke, ].M. Managing anthelmintic resistance in gastrointestinal nematodes of small ruminants. J. Anim. Sci. 2009,
87 (Suppl. 514), E47-E56.

Garcia Casas, C.; Moreno, A.; Caporte, J.; de la Haba, M.R. Characterization of the Canary racial goat groups with erythrocyte
genetic markers. Small Rumin. Res. 1992, 7, 361-368. [CrossRef]

Bassetto, C.C.; Almeida, FA.; Newlands, G.E].; Smith, W.D.; Amarante, A.ET. Repeated vaccination against Haemonchus contortus
provides continuous protection to young grazing sheep. Vet. Parasitol. 2020, 287, 109273. [CrossRef]

Albuquerque, A.C.A; Bassetto, C.C.; Almeida, F.A.; Hildersley, K.A.; McNeilly, T.N.; Britton, C.; Amarante, A.F. Differences in
immune responses to Haemonchus contortus infection in the susceptible Ile de France and the resistant Santa Ines sheep under
different anthelmintic treatment regimens. Vet. Res. 2019, 50, 104. [CrossRef]


https://doi.org/10.1016/j.cvfa.2019.10.001
https://doi.org/10.1016/j.vetpar.2016.08.024
https://doi.org/10.1046/j.1365-3024.1997.d01-148.x
https://doi.org/10.1111/pim.12391
https://www.ncbi.nlm.nih.gov/pubmed/27726158
https://doi.org/10.3390/pathogens9010046
https://www.ncbi.nlm.nih.gov/pubmed/31935869
https://doi.org/10.3390/vaccines11121794
https://doi.org/10.1371/journal.pone.0078357
https://doi.org/10.1016/j.vetpar.2011.05.024
https://doi.org/10.1016/j.vetimm.2012.06.016
https://doi.org/10.1016/j.vetpar.2021.109386
https://doi.org/10.3390/ani12182339
https://www.ncbi.nlm.nih.gov/pubmed/36139199
https://doi.org/10.1016/j.vetpar.2012.03.010
https://www.ncbi.nlm.nih.gov/pubmed/22487211
https://doi.org/10.1111/pim.12569
https://www.ncbi.nlm.nih.gov/pubmed/29959770
https://doi.org/10.1016/j.exppara.2023.108512
https://doi.org/10.1038/s41598-024-74112-1
https://doi.org/10.1016/j.ijpara.2015.06.006
https://doi.org/10.3390/pathogens13070604
https://www.ncbi.nlm.nih.gov/pubmed/39057830
https://doi.org/10.1016/0921-4488(92)90169-5
https://doi.org/10.1016/j.vetpar.2020.109273
https://doi.org/10.1186/s13567-019-0722-3

Vaccines 2025, 13, 708 13 of 13

29. Zhao, G.; Yan, R.; Muleke, C.L; Sun, Y.; Xu, L.; Li, X. Vaccination of goats with DNA vaccines encoding H11 and IL-2 induces
partial protection against Haemonchus contortus infection. Vet. J. 2021, 191, 94-100. [CrossRef]

30. Pérez, J.; Garcia, PM.; Herndndez, S.; Mozos, E.; Cadmara, S.; Martinez-Moreno, A. Experimental haemonchosis in goats: Effects of
single and multiple infections in the host response. Vet. Parasitol. 2003, 111, 333-342. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.tvjl.2010.12.023
https://doi.org/10.1016/S0304-4017(02)00385-0

	Introduction 
	Materials and Methods 
	Parasites and Immunogens 
	Immunization Trials 
	Haematological and Parasitological Analysis 
	ELISA 
	Histology 
	Statistical Analysis 

	Results 
	Parasitological and Haematological Results 
	ELISA Tests 
	Histology 

	Discussion 
	Conclusions 
	References

