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ARTICLE INFO ABSTRACT
Keywords: Gastrointestinal nematode (GIN) infections are a serious drawback on small ruminant production. Since
Recombinant vaccine anthelmintic resistance has extended, optimisation of alternative non-chemical control strategies has attracted
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interest. Recently, a prototype recombinant vaccine protected immunologically mature sheep from Texel-cross
and Canaria Sheep breeds against Teladorsagia circumcincta. The level of protective immunity stimulated by
the vaccine varied between individuals and with age. Previous studies suggest that Canaria Hair Breed (CHB)
sheep is naturally resistant to GIN infection, with some evidence suggesting that this protection is present in
young lambs. Here, we sought to enhance this resistance by immunising three-month-old CHB lambs with a
T. circumcincta prototype recombinant vaccine. Following vaccination and a larval challenge period, levels of
protection against T. circumcincta infection were compared in CHB lambs with Canaria Sheep (CS) lambs (a breed
considered less resistant to GIN). Lambs from the resistant CHB breed appeared to respond more favourably to
vaccination, shedding 63% fewer eggs over the sampling period than unvaccinated CHB lambs. No protection
was evident in CS vaccinated lambs. At post-mortem, CHB vaccine recipients had a 68% reduction in mean total
worm burden, and female worms were significantly shorter and contained fewer eggs in utero compared to
unvaccinated CHB lambs. A higher anti-parasite IgGz level was detected in immunised CHB lambs compared to
unvaccinated control CHB animals, with data suggesting that IgA, globular leucocytes, CD45RA™, CD4*' and
CD8" T cells are implicated in this protective response. The development of effective immunity in vaccinated
CHB lambs did not reduce lamb growth rate as immunised CHB lambs had a significantly higher average daily
weight gain after challenge than their unvaccinated counterparts. Therefore, the protection of CHB lambs was
enhanced by immunisation at weaning, suggesting a synergistic effect when combining vaccination with pre-
sumed genetic resistance.

Abbreviations: ADG, Average daily gain; ALN, Abomasal Lymph Node; b.w, body weight; CHB, Canaria Hair Breed; CS, Canaria Sheep; ELISA, Enzyme-linked
immunosorbent assay; EPG, Eggs/g of faeces; FEC, Faecal egg counts; GIN, gastrointestinal nematodes; IFN-y, Interferon gamma; Ig, Immunoglobulin; IL-4, Inter-
leukin 4; IL-17A, Interleukin 17A; L3, third stage larvae; L4, fourth stage larvae; M, molar; MHC-II, Major Histocompatibility Complex II; ODI, Optical Density Index;
PBS, phosphate buffered saline; SEM, standard error of the mean; SI, Stimulation Index; T. circumcincta, Teladorsagia circumcincta; Tci-APY-1, calcium-dependent
apyrase-1; Tci-ASP-1, activation-associated secretory protein-1; Tci-CF-1, cathepsin F-1; Tci-ES20, 20 kDa protein of unknown function; Tci-MEP-1, astacin-like
metalloproteinase-1; Tci-MIF-1, macrophage migration inhibitory factor-1; Tci-SAA-1, an homologue of a protective antigen from Ancylostoma caninum; Tci-TGH-2,
TGF homologue.
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1. Introduction

Within sheep flocks, lambs are the most susceptible population to
gastrointestinal nematode (GIN) infection. Generally, they are exposed
to third stage larvae (L3) contaminated pasture as soon as they start
grazing. However, their immune systems are still immature and there-
fore they are less able to control parasitic burdens. Developing a pro-
tective immune response against nematodes may require repeated
contact with the parasites during the grazing season (Stear et al., 2000).
Protection typically starts with a phase of hyporesponsiveness to the
parasites, followed by the development of protective immunity and,
finally, the expression of a mature response that prevents the develop-
ment of severe disease (Greer and Hamie, 2016). Throughout the pro-
cess, which has been documented as complete at around 8 months of age
(Douch and Morum, 1993; Greer and Hamie, 2016), GIN can cause pa-
thology in young individuals, resulting in economic repercussions for
the sheep sector (Nieuwhof and Bishop, 2005; Lane et al., 2015; Mavrot
et al., 2015). Given this, alongside the increasing emergence of anthel-
mintic resistance (Gilleard et al., 2021), there is a high demand for
alternative methods to control GIN infections in sheep (Matthews et al.,
2016).

Vaccination against GIN offers an environmentally sustainable
alternative to anthelmintics but, so far, has had limited success in young
lambs with reports of poor protection following immunisation in three-
month-old lambs when compared to six to ten month-old animals
(Kooyman et al., 2000; Vervelde et al., 2001). Indeed, it is known that
younger individuals do not show evidence of immunological recognition
of the parasitic antigens (McClure et al., 1998) and display weaker re-
sponses to vaccination (Winter et al., 2000; Vervelde et al., 2001),
mostly ascribed to difficulties mounting secondary immune responses
(McClure, 2000; Greer and Hamie, 2016; Britton et al., 2020). However,
several GIN-resistant sheep breeds have shown a natural ability to
control these worms at a young age (Bahirathan et al., 1996; Gruner
et al., 2003; Rocha et al., 2005).

A prototype recombinant sub-unit T. circumcincta vaccine has been
described as protective in Texel-cross lambs and in Texel-cross ewes
around the periparturient period (Nisbet et al., 2013, 2016a, 2016b). It
has also proven effective in 6-month-old Canaria Sheep (CS) breed,
where immunisation reduced worm length and numbers of worm eggs in
utero in vaccinates (Gonzalez et al., 2019). Serum IgA, 1gG, and
abomasal globule leucocytes and CD4" T cells may be underpinning this
effect (Machin et al., 2021). However, in Canaria Hair Breed (CHB)
immunisation of 6-month-old sheep did not protect vaccinates, sug-
gesting the high level of inherent resistance in CHB lambs by this age
could be masking the effect of vaccination (Gonzdlez et al., 2019). This
raises the question whether the vaccine could be protective in younger
lambs of these breeds. Therefore, here we evaluated the effect of this
vaccine in three-month-old CHB and CS lambs. Aspects of the immune
response generated by vaccination as well as effects on lamb perfor-
mance were also assessed in this study.

2. Materials and methods
2.1. Animals

The immunisation protocol was described in detail by Nisbet et al.
(2013) and Gonzalez et al., (2019). Three-month-old CHB (N = 24) and
CS (N = 24) lambs were purchased from several farms located in Gran
Canaria. Animals were treated on arrival with fenbendazole (Panacur
2.50, Intervet, France) at the dosage recommended by the manufacturer
(0.2 ml/kg b.w.) and were kept worm-free until the beginning of the
trial. Lambs were fed with forage, feed and water ad libitum throughout
the experiment. Within breed, animals were randomly assigned to
vaccinated (CHB-VAC, CS-VAC) or control groups (CHB-Control,
CS-Control), with each group containing 12 animals (N = 12). During
the experiment, one animal from group CHB-VAC was euthanised for
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reasons not related to the experimental procedure. At the end of the trial,
another animal within this group was removed due to suspected hor-
monal imbalance since its physical development was abnormally low
(weighing 8 kg compared to the mean 26 kg of the rest of CHB lambs).

The experiment was designed according to the Spanish Legislation
(RD 53/2013), approved by the Animal Welfare Ethics Committee of the
Universidad de Las Palmas de Gran Canaria (OEBA_ULPGC_003_2014)
and subsequently ratified by the local competent authority. Local
granulomas were detected in the injection site in several lambs. They
were frequently examined by the designated veterinarian until they
subsided without systemic consequences.

2.2. Experimental design

The vaccine prototype, described previously by Nisbet et al. (2013),
consisted of a cocktail of 8 recombinant proteins (Tci-APY-1, Tci-ASP-1,
Tci-CF-1, Tci-ES20, Tci-MEP-1, Tci-MIF-1, Tci-SAA-1 Tci-TGH-2). Tci--
MEP-1 was formulated with 2 M urea in phosphate buffered saline (PBS)
with 5 mg Quil A (Vax Saponin, Guinness Chemical Products Ltd) while
the rest of the antigens were administered as a mixture in a single in-
jection with 5 mg of the adjuvant in PBS. The cocktail containing 50 pg
of each protein was administered three times, three weeks apart, on days
0, 21 and 42 of the experiment (Nisbet et al., 2013) in two separate sites
in the anterior axilla. Concurrently, the control groups received three
immunisations using the same proportions and quantities of PBS/Quil A
and PBS-Urea/Quil A. Starting on day 42, coinciding with the final
immunisation, sheep were trickle infected orally with 2000 L3 of
T. circumcincta (MTci2 strain, Weybridge, UK) three times a week, for
four weeks (Nisbet et al., 2013).

2.3. Parasitology and performance evaluation

The protocol described in Gonzalez et al. (2019) was followed.
Briefly, rectal faecal samples were collected from the animals three
times a week starting 14 days after the start of the L3 challenge period (i.
e., day 56) until day 79. At the end of the experiment (day 82-85) an-
imals were euthanised to perform post-mortem sampling of abomasal
contents. Strongyle faecal egg counts (FEC) (expressed as eggs/g, EPG),
worm burden, female worm length and its eggs in utero were determined
using standard techniques (MAFF, 1989; Gonzalez et al., 2019).

Lambs were weighed on days 8, 22, 62 and 77 of the experiment
using a livestock scale (KERN EOS 150K50XL, KERN AND SOHN GmbH,
Baligen, Germany). The average daily gain (ADG) was calculated for a
period during the pre-challenge period (from day 8-22, ADG pre-
infection) as well as for a period during the post-challenge period
(from day 62-77, ADG post-infection).

2.4. Enzyme-linked immunosorbent assay (ELISA)

Animals were bled from the jugular vein five days before post-
mortem (day 77) (Machin et al., 2021). Antibody ELISA were carried
out on serum samples (1:200) to detect serum IgA (1:8000), IgG; and
IgGy (1:1000) levels specific to native somatic L3, L4 and adult
T. circumcincta antigens (5 pg/mg) (Nisbet et al., 2010; Hernandez et al.,
2016; Machin et al., 2021). Further details of this protocol have been
thoroughly described in Machin et al. (2021). Optical densities were
transformed using the optical density index (ODI) described by Strain
and Stear (2001). One point zero was added to ODI values to the to
prevent negative data from interfering with the statistical analysis.

2.5. Lymphocyte stimulation assays

Abomasal lymph nodes (ALN) were collected at post-mortem to
obtain single cell suspensions. Lymphocyte stimulation assays were
carried out by incubating ALN cells with L4 or adult T. circumcincta
somatic antigen (5 pg/ml) according to the previously described method
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(Machin et al, 2021). Negative (ALN+PBS) and positive
(ALN+Concavalin A) controls were run in parallel to the samples. Pro-
liferation was measured by the incorporation of methyl->H thymidine
during the final 18 h of culture and expressed as Stimulation Index (SI)
by dividing the proliferation of samples incubated with T. circumcincta
antigen by that from PBS controls.

2.6. Cytokine ELISA

Stimulated ALN were examined through capture ELISAs to evaluate
the antigen specific secretion of interferon (IFN)-y, interleukin (IL)— 4
and IL-17A as seen in Machin et al. (2021). To quantify the cytokines of
interest, samples were diluted 1:2 for IFN-y or undiluted for IL-4 and
IL-17A. All values were blank corrected, and concentrations determined
from the standard curves included in all plates (Machin et al., 2021).
2.7. Phenotyping of ALN cells by flow cytometry

Single colour flow cytometry was carried out in resuscitated ALN
cells using the monoclonal antibodies at pre-optimised concentrations

using a MACSQuant® Analyzer 10 (Miltenyi Biotech, Germany) and
were analysed using FlowJo vX for Windows 7 (Machin et al., 2021).
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2.8. Histology and immunohistochemistry

Two abomasal tissue samples of the anthropiloric region were
sampled to perform histological and immunohistochemical staining
following previous protocols (Balic et al., 2000a; Gonzalez et al., 2011;
Machin et al., 2021). For each individual histological sample, cells were
counted in 30 fields of 0.049 mm? at 400x magnification (40x) (Motic
BA310E) and expressed as cells/mm?. Eosinophils and mast cells were
counted in fields adjacent to the lamina propria while globule leucocytes
were counted in the luminal margin of the mucosa. In the
immunohistochemistry-stained samples, positively stained cells were
counted in 20 fields of 0.06 mm? (CD4" using Olympus CX31) or 0.049
mm? (CD8%, y8*, CD45RA™ and MHC-II" using Motic BA310E) located
next to the lamina propria and luminal margin of the mucosa at 400x
magnification (40x).

2.9. Statistical analysis

Statistical analysis was performed with the IBM SPSS Statistics 24.0
programme and the R version 4.0.2 (R Core Team, 2021) and figures
were also produced using the R software. FEC, cumulative FEC, worm
burden, length and eggs in utero, immunoglobulins, mean abomasal cell
counts, proliferation, cytokine data and flow cytometry data were
transformed, analysed and correlated as specified in Machin et al.

Fig. 1. Faecal egg counts after parasite chal-
lenge in two Canarian sheep breeds vaccinated
against Teladorsagia circumcincta. Mean FEC
+ SEM are shown for Canaria Hair Breed (CHB)
(Panel A) and Canaria Sheep (CS) (Panel B)
trickle infected with T. circumcincta L3 after the
final vaccination. Vaccinated (“VAC”) groups
are represented by dark lines; adjuvant-
recipient only (“Control”) groups are repre-
sented by lighter lines. Asterisks indicate sta-
tistically significant differences (p < 0.05)
between groups for a specific time-point.

CHB-Control
== CHB-VAC

80

CS-Control
- CS-VAC

80
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(2021). Weight data were tested for normality with the Shapiro and Wilk
test and were compared through general linear model. Pre- and
post-infection ADG values were analysed using the non-parametric
Mann-Whitney U test. Least Significance Difference test was used as
reference. Probabilities with p value < 0.05 were considered statistically
significant.

3. Results
3.1. Parasitological and performance data

Lambs from all groups began to shed T. circumcincta eggs by day 14
after challenge (day 56 after the first vaccination) (Fig. 1A-B). Within
the CHB lamb group, FEC was lower in vaccinates than in controls
throughout the experiment, reaching statistical significance on days 77
and 79 of the experiment (p < 0.05) (Fig. 1 A). Both vaccinated and
unvaccinated CS lambs showed similar levels of egg shedding after
challenge, except on day 68 when vaccinates excreted significantly more
eggs than controls (p < 0.05) (Fig. 1B). Mean =+ standard error of the
mean (SEM) cumulative FECs in CHB were 711 ( & 254) EPG in vacci-
nates and 1953 ( + 632) EPG in the control group, representing an
overall 63% reduction in egg excretion in vaccinated CHB lambs (p <
0.05). In CS, mean cumulative FECs were 4278 ( £+ 1037) EPG in
vaccinated and 2905 ( + 1088) EPG in the control group. When
comparing between breeds, CHB vaccinates shed significantly fewer
eggs than CS vaccinates and controls (p < 0.05).

At post-mortem, CHB-VAC lambs harboured mean worm counts of
1147 ( &+ 374) compared with 3587 ( + 817) in CHB-Control lambs (p
< 0.05). The adult female worms from CHB-VAC lambs were shorter
than those from CHB-Control lambs (7.75 + 0.1 mm and 8.31
+ 0.08 mm, respectively) (p < 0.01) and less prolific (11 + 0.48 eggs in
utero in CHB-VAC as opposed to 17 + 0.1 in CHB-Control lambs) (p <
0.01). This represents a 62%, 70% and 36% reduction in worm burden,
length and eggs in utero, respectively (Figs. 2A, 2B, 2C). Worm burden
levels at post-mortem between CS vaccinates (4613 + 652) and controls
(2900 + 644) were not statistically different (p = 0.163), and neither
were female length (7.95+ 0.07 vs 7.99 £+ 0.07) (p =0.190) or
numbers of eggs in utero (15 £ 0.6 vs 14 + 0.6) (p = 0.506) (Figs. 2A,
2B, 2C). When comparing vaccinated groups, significantly fewer worms
were recovered from CHB vaccinates than CS vaccinates (p < 0.01) and
the levels of stunting and reduction in eggs in utero were also signifi-
cantly different (p < 0.01) between these groups. However, between
control CHB and CS groups, statistical analysis did not find differences in
worm burden (p = 0.509), worm length (p = 0.530) or eggs in utero
(p = 0.217).

When comparing lamb growth during pre- and post-infection periods
within breed, ADG was significantly higher in vaccinated CHB lambs
than in CHB-Controls after challenge had begun (p < 0.05) (Fig. 3A). CS
groups showed comparable ADG during both pre- and post-challenge
periods (Fig. 3B).

3.2. Humoral immune response

Immunoglobulin G isotype levels against L3 antigen were signifi-
cantly higher in CS control groups than in CHB control groups (p < 0.05)
(Table 1). Similarly, the same isotype against L4 T. circumcincta antigen
was statistically elevated in vaccinated CHB lambs when comparing
with the other groups (p < 0.05) (Table 2). IgA levels against the L4
antigen were significantly higher in control CHB than in vaccinated and
control CS groups (p < 0.05) (Table 2). Immunoglobulin production
against the adult antigen was not statistically significantly different
between groups for any of the isotypes studied (Table 3).

A negative correlation between serum levels of IgA against L3 anti-
gen and worm length was observed only in CHB vaccinated group, while
the association was positive with cumulative FEC (Table 1). In addition,
in sera from CS vaccinated lambs, a negative association between
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specific L4 serum IgG; against cumulative FEC was observed (Table 2). A
positive correlation between IgG; against L4 antigen and eggs in utero
was shown in CHB vaccinated group. Only IgG, against L4
T. circumcincta antigen was negatively and significantly associated with
eggs in utero in CHB control group (Table 1). No statistically significant
correlations were detected between immunoglobulin levels against the
adult antigen and parasitological parameters (Table 3).

3.3. Cellular immune response

Proliferation of ALN cells collected at post-mortem was higher
following stimulation with somatic antigens from adult when compared
to L4 stages of T. circumcincta (L4 relative to adult estimate = —1.27
+ 0.25SE, F = 25.71, p < 0.001). Meanwhile, there were no effects of
breed, vaccination, or any of the interactions between the three vari-
ables. Supernatants from stimulated cultures were collected to analyse
IL-4 and IFN-y secretion. Generally low levels of IFN-y were detected in
all groups, but there was a statistically supported effect of vaccination
status, with vaccinated animals showing lower IFN-y secretion (estimate
= —0.81 £ 0.26SE, F = 10.02, p = 0.002). There was, however, no
support for effects of breed or antigen, or any interactions between the
variables. IL-4 secretion was influenced by both vaccine and antigen
treatments, with lower IL-4 production in vaccinated animals (estimate
= —1.14 + 0.49SE, F = 5.46, p = 0.021) and in cells treated with media
compared to adult and L4 antigens (estimate for media versus adult
antigen = —2.23 + 0.60SE; overall effect of antigen F = 7.71, p <
0.001). There were, however, no effects of breed, or any of the in-
teractions. In general, there were no significant differences between
breeds or vaccine treatment in the cell markers studied, except for a
lower percentage of WC1 cells in the CS breed (F = 6.31, p = 0.016;
Fig. 4).

Several cell populations were identified and enumerated in samples
from the abomasal wall of the lambs (Table 4). Eosinophil counts were
significantly higher in vaccinated CHB lambs than in vaccinated CS
lambs and CD4™ cell counts were higher in vaccinated CHB than in CHB
controls (p < 0.05). CD45RA™ cell counts were significantly higher in
CHB-Control lambs in comparison with the other three experimental
groups (p < 0.05). The other cell populations studied did not show
significant differences in their counts between the four experimental
groups.

Correlation studies between abomasal cell populations and parasi-
tological parameters showed negative associations between the numbers
of some of these cells and several parasitological parameters (Table 4).
Eosinophil counts were negatively correlated with cumulative FEC,
worm burden and fecundity in the CHB-Control lambs. Globule leuco-
cyte counts were negatively associated with numbers of eggs in utero in
both CHB groups and in vaccinated CS lambs. Mast cell numbers were
negatively associated with parasitological variables in the CS groups
only. CD4" cell numbers were significantly, and negatively, correlated
with adult worm burden in vaccinated CHB lambs. Similarly, CD8" cell
numbers were negatively associated with adult worm burden and cu-
mulative FEC in vaccinated CHB lambs only. CD45RA™ cell numbers
were also negatively correlated with parasitological variables in both
vaccinated groups. MHC-II" stained cell numbers were negatively
associated with egg excretion and fecundity in both CHB groups but not
in CS groups (Fig. 5).

4. Discussion

This study demonstrated that CHB lambs were protected against
T. circumcincta through immunisation with a prototype recombinant
subunit vaccine. Vaccinated CHB lambs were able to control egg
excretion, worm burden, length of female worms and egg levels in utero.
Anti-parasite IgA and IgG levels and the presence of globular leuco-
cytes, CD45RA™, CD4" and CD8™ T cells in abomasal tissue appears to
be associated with this response. In contrast, no evidence of protection
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Fig. 2. Effects of immunisation against Teladorsagia circumcincta in two Canarian sheep breeds on worm establishment, length and fecundity. Mean worm burden
(Panel A), worm length (Panel B) and eggs in utero (Panel C) &+ SEM are shown for sheep trickle infected with T. circumcincta L3 after the final vaccination. Vaccinated
(“VAC”) groups are represented by dark boxplots; adjuvant-recipient only (“Control™) groups are represented by lighter boxplots.
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Fig. 3. Effects of immunisation against Teladorsagia circumcincta in two Canarian sheep breeds on production performance. Daily weight gain + SEM for Canaria Hair
Breed (CHB) (Panel A) and Canaria Sheep (CS) (Panel B) are shown before and after trickle infection with T. circumcincta L3 after the final vaccination. Vaccinated
(“VAC™) groups are represented by dark boxplots; adjuvant-recipient only (“Control”) groups are represented by lighter boxplots.

was determined in CS vaccinated lambs.

Within the flock, young lambs are more likely to suffer severe GIN
infections, partly because at the time they start grazing and contacting
with parasites their immune system may be relatively immature and
therefore less able to control the nematode burden (Manton et al., 1962;
Smith et al., 1985; Barger, 1988; Colditz et al., 1996; McClure et al.,
1998; Vervelde et al., 2001). Consequently, by vaccinating lambs
against GIN at an early age, young animals could be better protected

against larval challenge and overcome the production effect of para-
sitism, preserving animal health and welfare, all of which are the pri-
ority goals of immunisation. However, a lack of response to
immunisation has been recurrently observed with different vaccine
prototypes against several GIN in young lambs (Bitakaramire, 1966;
Urquhart et al., 1966; Smith and Angus, 1980; Smith et al., 1985;
Kooyman et al., 2000; Vervelde et al., 2001; Nisbet et al., 2016b). An
exception to this paradigm is when hidden antigens, such as H11 and
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Table 1
Levels of serum immunoglobulins against L3 Teladorsagia circumcincta antigen in Canaria Hair Breed (CHB) and Canaria Sheep (CS) after challenge and vaccination
against T. circumcincta and correlation with parasitological variables. IgA, IgG; and IgG. levels against L3 antigen are shown as mean of Optical Density Index (ODI)
+ SEM.

L3 Correlation

Isotype Group Mean ODI + SEM Cumulative FEC Worm burden Worm length Eggs in utero

IgA CHB-VAC 1.459 + 0.126% 0.659* 0.491 -0.667* -0.517
CHB-Control 1.546 + 0.189° 0.119 -0.140 -0.100 -0.318
CS-VAC 1.867 4+ 0.184 -0.196 -0.308 0.014 -0.084
CS-Control 1.899 + 0.159% 0.071 -0.056 -0.105 -0.371

1gG CHB-VAC 1.200 + 0.101° 0.207 0.200 -0.05 0.15
CHB-Control 1.078 4+ 0.043* -0.274 -0.539 -0.405 -0.597
CS-VAC 1.175 4+ 0.089* -0.284 -0.175 0.147 -0.046
CS-Control 1.265 + 0.012°* -0.418 -0.434 -0.189 -0.301

18G» CHB-VAC 1.212 + 0.079%° 0.507 0.432 -0.126 -0.017
CHB-Control 1.097 + 0.042? 0.042 0.091 -0.023 -0.191
CS-VAC 1.278 + 0.120%° -0.305 -0.392 0.231 -0.056
CS-Control 1.413 + 0.138° -0.426 -0.315 -0.224 -0.203

Statistically significantly differences (p < 0.05) between groups for a specific isotype and antigen are represented with different letters. Significant correlations are
represented with “*” at p < 0.05.

Table 2
Levels of serum immunoglobulins against L4 Teladorsagia circumcincta antigen in Canaria Hair Breed (CHB) and Canaria Sheep (CS) after challenge and vaccination
against T. circumcincta and correlation with parasitological variables. IgA, IgG; and IgG2 levels against L4 antigen are shown as mean of Optical Density Index (ODI)
+ SEM.

L4 Correlation

Isotype Group Mean ODI + SEM Cumulative FEC Worm burden Worm length Eggs in utero

IgA CHB-VAC 1.393 + 0.106° 0.056 -0.285 0.050 -0.200
CHB-Control 1.639 + 0.205% 0.221 0.126 -0.027 -0.391
CS-VAC 1.239 + 0.063° -0.100 0.361 0.168 0.312
CS-Control 1.162 + 0.071° -0.262 -0.392 0.140 -0.147

18Gy CHB-VAC 1.322 + 0.082° -0.270 -0.018 0.500 0.767*
CHB-Control 1.158 4+ 0.023* -0.544 -0.501 -0.068 -0.314
CS-VAC 1.324 £ 0.091* -0.725%* -0.531 -0.126 -0.406
CS-Control 1.206 + 0.089° 0.121 0.140 0.21 -0.140

1gGy CHB-VAC 1.37 £+ 0.085% 0.145 0.036 0.117 0.109
CHB-Control 1.042 + 0.026" -0.357 -0.406 -0.573 -0.682*
CS-VAC 1.053 + 0.081° -0.557 -0.483 -0.049 -0.329
CS-Control 0.980 + 0.112° 0.504 0.615 0.566 0.238

Statistically significantly differences (p < 0.05) between groups for a specific isotype and antigen are represented with different letters. Significant correlations are
represented with “*” at p < 0.05.

Table 3
Levels of serum immunoglobulins against adult Teladorsagia circumcincta antigen in Canaria Hair Breed (CHB) and Canaria Sheep (CS) after challenge and vaccination
against T. circumcincta and correlation with parasitological variables. IgA, IgG; and IgG, levels against adult antigen are shown as mean of Optical Density Index (ODI)
+ SEM.

AD Correlation

Isotype Group Mean ODI + SEM Cumulative FEC Worm burden Worm length Eggs in utero

IgA CHB-VAC 1.252 + 0.059% 0.496 0.455 -0.217 -0.050
CHB-Control 1.284 + 0.130 0.123 -0.133 -0.451 -0.556
CS-VAC 1.330 + 0.081% -0.381 -0.217 -0.200 -0.214
CS-Control 1.307 + 0.057% -0.366 -0.347 -0.098 -0.060

18Gy CHB-VAC 1.078 + 0.040% 0.370 0.539 -0.083 0.350
CHB-Control 1.050 + 0.031% -0.118 -0.462 -0.159 -0.369
CS-VAC 1.091 + 0.038% -0.473 -0.490 -0.091 -0.357
CS-Control 1.068 + 0.042% -0.007 0.056 0.049 -0.385

1gG, CHB-VAC 1.029 + 0.014* 0.527 0.576 -0.317 -0.300
CHB-Control 1.018 + 0.011° 0.119 -0.133 -0.255 -0.045
CS-VAC 1.020 + 0.018° -0.423 -0.119 -0.249 -0.322
CS-Control 1.038 + 0.035% -0.203 -0.056 -0.200 -0.396

Statistically significantly differences (p < 0.05) between groups for a specific isotype and antigen are represented with different letters. Significant correlations are
represented with “*” at p < 0.05.

H-gal-GP from H. contortus have been used in vaccines, inducing high to the parasites in the field does not occur (Kooyman et al., 2000).
levels of circulating IgG in a range of ages of lambs (Broomfield et al., Hence, lambs need around 3 priming doses and booster vaccinations
2020; Kebeta et al., 2021). However, as this type of antigens are nor- every 6 weeks to maintain acceptable levels of protection (Kebeta et al.,
mally not exposed to the immune system, a natural boost from exposure 2020).
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Fig. 4. Phenotypic profile of abomasal lymph node cells in two Canarian sheep breeds after challenge and vaccination against Teladorsagia circumcincta. The
expression of CD4", CD8" and y8™" T cells, NK, CD21" B cells and CD14" (monocytes and macrophages) cells is represented. Results are shown as boxplots with IQR
+ SEM. Vaccinated (“VAC”) groups are represented by dark boxplots; adjuvant-recipient only (“Control”) groups are represented by lighter boxplots.

The age of lambs can be key when it comes to vaccine efficacy, as low
responses observed in young lambs to some immunogens can be due to
the animals not being fully immunocompetent. In which case, vaccina-
tion can be impacted by the inability of an immature immune system to
translate vaccination into effective immunity. Young lambs develop
weak adaptive immune responses (Manton et al., 1962; Smith et al.,
1985; Barger, 1988; Colditz et al., 1996; McClure et al., 1998; Vervelde
et al.,, 2001) with low CD4" and CD8" counts and immunoglobulin
levels (Watson et al., 1994; Colditz et al., 1996), although populations of
vd T cells and B cells in peripheral blood are similar to mature sheep
(Colditz et al., 1996). This suggests that while there is an adequate pool
of B cells in young lambs, a relative deficiency in T cell help may result in
less efficient induction of adaptive immune responses and, conse-
quently, protection would be negatively impacted. This would be
consistent with our recent study of the abomasal transcriptome of
Texel-cross lambs immunised with the same T. circumcincta vaccine used

in this study, in which protective immune pathways associated with T
cell activation and polarisation were present in 6-month but not
3-month-old lambs (Liu et al., 2021). Likewise, great individual and
inter-breed variation in immunity, which may be more related with
metabolic than chronological lamb age, has been observed (Greer and
Hamie, 2016).

Not all sheep breeds are equally susceptible to GIN (Piedrafita et al.,
2010). Several breeds have shown ability to control these worms at a
relatively young age (Bahirathan et al., 1996; Gruner et al., 2003; Rocha
et al., 2005) and it is possible that some breeds may respond earlier to
vaccines (Piedrafita et al., 2010). The results of our study are in agree-
ment with these reports, as protection from the impacts of GIN infection
in CHB lambs, a breed previously described as having some levels of
resistance to H. contortus (Gonzalez et al., 2008) and T. circumcincta
(Gonzalez et al., 2019), was enhanced through vaccination at weaning,
indicating synergy between genetic and vaccine-induced protection.
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Table 4
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Immune cell counts in the abomasal wall in Canaria Hair Breed (CHB) and Canaria Sheep (CS) after challenge and vaccination against Teladorsagia circumcincta and

correlation with parasitological variables. Mean (cells/mm?) + SEM in abomasal tissue are shown.

Correlation
Cell population Group Mean (cells/mm?) + SEM Cumulative FEC Worm burden Worm length Eggs in utero
Eosinophils CHB-VAC 119.18 + 27.89% -0.075 -0.079 0.267 0.067
CHB-Control 91.21 + 11.73% -0.669* -0.580* -0.027 -0.655*
CS-VAC 60.15 + 19.41° -0.161 -0.469 -0.042 -0.301
CS-Control 81.92 + 18.44%° -0.369 -0.252 0.028 -0.189
Globule Leucocytes CHB-VAC 243.4 + 57.08° 0.458 0.079 -0.233 -0.767*
CHB-Control 213.15 + 73.68% -0.347 -0.217 -0.236 -0.727*
CS-VAC 164.11 + 58.99% -0.592* -0.559 -0.385 -0.580*
CS-Control 132.25 + 36.68% -0.489 -0.238 -0.462 0.091
Mast cells CHB-VAC 30.06 + 8.73% 0.634* 0.515 -0.333 -0.650
CHB-Control 40.98 + 12.54% 0.151 0.273 -0.173 -0.218
CS-VAC 40.81 + 15.06 -0.744** -0.444 -0.465 -0.479
CS-Control 18.87 + 4.47% -0.707* -0.609* -0.266 -0.298
CD4" CHB-VAC 69.25 + 22.38% -0.376 -0.673* 0.583 0.283
CHB-Control 26.33 + 3.74° 0.178 0.091 0.297 -0.006
CS-VAC 60.87 + 13.75% -0.525 -0.308 -0.322 -0.217
CS-Control 54.48 + 12.91%" -0.170 -0.182 -0.343 0.189
CcD8* CHB-VAC 109.18 + 22.37* -0.857** -0.867** 0.567 0.500
CHB-Control 79.76 + 31.72% 0.039 -0.350 -0.036 0.027
CS-VAC 68.79 + 14.87% 0.361 0.119 -0.063 0.098
CS-Control 68.67 +11.77% -0.213 -0.315 -0.035 0.217
yo+ CHB-VAC 28.16 + 6.91° -0.462 -0.620 0.251 0.059
CHB-Control 13.95 + 3.83° 0.174 0.165 0.278 0.155
CS-VAC 27.42 £9.71% -0.039 0.175 0.014 0.280
CS-Control 22.15 + 4.26% -0.675* -0.480 -0.529 -0.497
CD45RA" CHB-VAC 10.45 + 2.96" -0.032 -0.141 -0.770* -0.728*
CHB-Control 23.08 + 5.44% 0.186 0.301 0.282 0.045
CS-VAC 7.31 + 2.67° -0.552 -0.593* -0.470 -0.474
CS-Control 7.90 + 1.88° -0.170 -0.056 -0.399 0.182
MHC-IT" CHB-VAC 40.82 + 21.88% -0.584 -0.477 0.623 0.563
CHB-Control 21.01 +9.88* -0.758** -0.547 -0.205 -0.683*
CS-VAC 64.46 + 22.59% -0.060 -0.203 0.357 -0.007
CS-Control 44.39 +13.09% -0.277 -0.070 -0.413 0.238

Statistically significantly differences (p < 0.05) between groups for a specific cell population are represented with different letters. Significant correlations are rep-

resented with “*” at p < 0.05 and “**” at p < 0.01.
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Fig. 5. Graphic representation of the possible immune mechanisms implicated in the response for Canaria Hair Breed and Canaria Sheep trickle infected with
Teladorsagia circumcincta L3 after the final vaccination. Humoral and cellular elements associated with protection were represented within a circle for each group
(dark lines for vaccinates and lighter lines for controls). Elements included in the overlapped surface between vaccinates and controls indicate it is shared by

both groups.

The vaccine cocktail used had a high impact in this experimental
T. circumcincta study in 3-month-old CHB lambs. Worm establishment,
growth and fecundity were impaired in vaccinated CHB lambs. Previous
vaccination trials using this vaccine in older Texel-crossbred have also
shown reductions in worm number and FEC (Nisbet et al., 2013) and use
of this vaccine in 6-month-old CS lambs impacted worm length and
fecundity but not on worm burden (Gonzalez et al., 2019). Although
vaccinated 3-month-old Texel-crossbred lambs were protected in com-
parison to their non-vaccinated counterparts, FEC and worm burdens
were higher than in older (6 month old) Texel-cross vaccinated lambs

(Liu et al., 2021). Interestingly, parasitological data (FEC levels, worm
counts) in 3-month-old vaccinated CHB lambs was very similar to that
recorded in 6-month-old vaccinated CHB lambs and substantially lower
than in vaccinated six-month-old CS lambs, when animals were exposed
to an identical experimental infection (Gonzalez et al., 2019).

Lambs of 3-4 months are able to develop similar immune response
mechanisms to older sheep, although quantitatively, these are lower
than 10-12 months lambs, at which point immunity is considered
mature (Smith et al., 1985; McRae et al., 2015). Sheep immune re-
sponses against T. circumcincta initially impact worm length and, later,
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worm burden (McRae et al., 2015). However, in the work described
here, both worm length and worm burden were impacted by day 40
post-infection in vaccinated CHB lambs, suggesting a strong and effec-
tive immune response to immunisation.

Interestingly, in 6-month-old CHB lambs, vaccination did not add to
the, already substantial impact of natural breed resistance to
T. circumcincta, (Gonzalez et al., 2019) (Fig. 6). However, the data
presented here demonstrate that, at weaning, vaccination of CHB lambs
can significantly boost natural breed resistance to control worm
numbers and enhance weight gain in this breed. It is notable, however,
that abomasal lymph node lymphocyte responses to parasite antigens in
all lamb groups were low, with some animals not responding at all, and
no differences in cell population counts were observed across groups.
This still suggests certain level of immaturity in the immune response of
this age of lamb, in contrast to lambs of 6 months (Machin et al., 2021).

Although lymphocytes did not proliferate in vitro, all groups pro-
duced IL-4 when they were cultured with parasitic antigens. IL-4 is a key
cytokine in GIN control (Venturina et al., 2013) in addition to GL acti-
vation (McRae et al., 2015). A similar response was observed in a pre-
vious vaccination trial with CHB/CS lambs of six months of age. Local
lymph node lymphocytes cultured in the presence of parasite antigens
produced IL-4 independently of vaccination status or breed (Machin
etal., 2021). Interestingly, lymphocytes from older lambs also produced
IFN-y, particularly in CHB (Machin et al., 2021), while only the control
group of three-month-old CHB lambs produced this cytokine in the
present work. Lower production of IFN-y by blood lymphocytes has also
been previously described in young lambs (Watson et al., 1994; Colditz
et al., 1996).

Similarly to a previous vaccination trial with 6-month-old CS lambs,
no major differences in cell populations in the abomasum between
vaccinates and controls were observed, which is in contrast with trials in
other breeds using vaccines for related worms such as H. contortus
(Kooyman et al., 2000). The only exceptions were the elevated eosino-
phil and CD4" counts in vaccinated CHB lambs compared to vaccinated
CS lambs and control CHB, respectively. Globular leucocytes have been
associated with the control of T. circumcincta in sheep with acquired
resistance (Gruner et al., 2004; McRae et al., 2015; Albuquerque et al.,
2019), manifested as rapid larval rejection (Balic et al., 2000b). This cell
type was negatively associated with parasitological data in the work
here, independently of vaccination status or breed and a similar
response was observed in older animals (Machin et al., 2021), suggesting
that this response is independent of age in these breeds.

The levels of some other cell types were also negatively associated
with parasitological parameters and some of these potential immune
responses might be associated with breed resistance. For instance, MHC-
II" cells in the abomasum were only negatively associated with

Canaria Hair Breed

Canaria Sheep
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parasitology in CHB controls, suggesting recruitment of antigen pre-
senting cells is important for protection in this breed. Also, CD4" and B
cells (CD45RA) were associated with protection here; other authors have
described increases in these cell types with another prototype vaccine
against H. contortus in goats (Zhao et al., 2012). The vaccine may have
induced similar response in both breeds, but it was more effective in the
CHB lambs and, perhaps, this difference could be unravelled with a more
detailed study of the response. CD8" could be a critical cell type in
protection because it was only negatively associated with worm burden
and cumulative FEC in the vaccinated CHB group. CD8™ cells were not
associated with protection in six-month-old vaccinated CS lambs in a
previous study but they were present at elevated levels in six-month-old
CHB lambs (Machin et al., 2021). CD8™ cells are involved in type-1 re-
sponses (Spellberg and Edwards, 2001) and, in terms of natural immu-
nity, have been traditionally linked with susceptibility to GIN (Gill et al.,
2000; Pernthaner et al., 2005; Craig et al., 2014; McRae et al., 2015),
with type 2 responses associated with protection. However, in this study,
CD8™" cells may play a role in successful vaccination as early type 1 re-
sponses have been shown to be predictive of vaccine-induced protection
in older Texel cross-bred lambs vaccinated with this T. circumcincta
vaccine (Liu et al., 2021). In fact, recent studies have found upregulation
of transcripts encoding proteins associated with type 1 response in small
ruminants resistant to GIN at 35 days after challenge (Aboshady et al.,
2020) and it is possible that a mixed, or sequential, typel/type 2
response could be optimal instead of the type-2-biased response, tradi-
tionally accepted as being protective. In addition, a successful vaccine
incorporating E/S antigens of GIN developed both type 1 and type 2
responses (Vervelde et al., 2001).

A negative association between T. circumcincta-specific IgA and
worm length was observed in vaccinated CHB lambs and T. circumcincta-
specific IgG, may be also involved in protection because higher levels of
this isotype were detected in vaccinated CHB than in the other groups.
Both immunoglobulins showed similar patterns in successfully vacci-
nated six- month-old CS lambs (Machin et al., 2021). Besides, vaccinated
cross-bred Texel lambs produced higher total IgG against T. circumcincta
L4 ES antigens than control animals (Nisbet et al., 2013). These immu-
noglobulins have been considered relevant in protection of sheep
against GIN infections through natural immunity (Stear et al., 1995;
Pernthaner et al., 2005; McRae et al., 2015). Worm-specific IgG, has also
been associated with protection in sheep with a vaccine against
H. contortus (Knox et al., 2005). Using different immunogens against
H. contortus, 1gG; and IgA were associated with protection, and lower
production was observed in younger lambs that responded less well to
the vaccine (Vervelde et al., 2001). Generally, lower levels of immu-
noglobulins can be detected in younger lambs than in mature lambs
(Smith et al., 1985; Watson and Gill, 1991; Watson et al., 1994). It is

Fig. 6. Schematic representation of immunity
dynamics in 3 and 6-month-old Canaria Hair

Breed (CHB)(left panel) and Canaria Sheep
lambs (CS)(right panel) in two vaccination tri-
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possible the CHB lambs were able to produce enough immunoglobulins
at this younger age.

Finally, daily weight gain was higher in vaccinated CHB lambs than
in control CHB lambs in this trial. Protection against H. contortus with
the commercial vaccine Barbervax® -composed of two native integral
membrane proteins isolated from the intestinal brush border of adult
worms- has not been associated with weight gain in lambs in other trials
(Kebeta et al., 2020, 2021) in contrast with what is described here. This
is particularly intriguing because, even though the vaccine induced a
protective immune response, it did not have (in the context of this
relatively short time frame) a negative production cost. There has been
concern about the “metabolic cost” of the development of a protective
response against worms in young lambs due to the energy and protein
required to develop an effective response (Greer, 2008; Greer and
Hamie, 2016). Both negative -favourable- and positive -unfavourable-
associations between lamb weight and worm burden have been
observed in different trials. However, lamb growth is generally stunted
while developing an immune response (Kimambo et al., 1988; Greer and
Hamie, 2016). In the work presented here, the vaccine did not impair
growth in the CHB lambs.

In conclusion, the combination of genetic resistance and an effective
vaccine, could be a good example of integrated control strategy for
T. circumcincta. Several immunoglobulins and cells may be involved in
the effective response of 3-month-old CHB lambs. In future, a more
detailed study of the response to the vaccine in lambs could unravel the
most relevant mechanisms in protection to improve this vaccine
prototype.
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