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Abstract

:

Oedema disease (OD) in weaned piglets is caused by shigatoxigenic Escherichia coli (STEC), which produces the Stx2e toxin. The disease is controlled by early vaccination (for example, with Ecoporc Shiga®). Iron-deficiency anaemia (IDA) and cystoisosporosis are the most common clinical conditions in piglets. These conditions are managed mainly by the intramuscular injection of iron and application of toltrazuril (for example, Forceris®). In the present study, we sought to evaluate any effect on the efficacy of OD vaccination and iron/anticoccidial treatment resulting from a simultaneous application. An evaluation was carried out by measuring the development of neutralising antibodies against the Stx2e toxin, hematinic indices and oocysts shedding. Six litters from Stx2e-antibody-negative sows were included in the study, with 12 piglets in each litter. The piglets were randomly allocated into two groups on their second day of life (DOL): (T1) iron/anticoccidial treatment and vaccine were administered on different days, and (T2) products were administered simultaneously. Blood samples were collected to determine the levels of serum-neutralising antibodies, haemoglobin and haematocrit. Faecal matter was examined for the presence of oocysts of Cystoisospora suis. No differences were found between the two groups in terms of the development of neutralising antibodies. The levels of haemoglobin and haematocrit were lower (p < 0.05 and p = 0.08, respectively) when iron/anticoccidial treatment and vaccine were applied simultaneously but within the optimal range, based on current interpretive criteria for IDA. Oocysts were not detected in the faecal samples from the animals in either group. In conclusion, we found that, under the conditions of our study, the efficacy of OD vaccination and iron/anticoccidial treatment was not affected by the simultaneous use.






Keywords:


Oedema disease; cystoisosporosis; toltrazuril; vaccination; IDA; haemoglobin; gleptoferron












1. Introduction


Oedema disease (OD) is a form of enterotoxaemia caused by strains of Shiga-toxin-producing Escherichia coli (E. coli) (STEC). The disease occurs in pigs worldwide and is characterised by acute systemic enterotoxaemia. OD is known to result in high levels of mortality on affected farms; however, a subclinical form of the disease has also been described [1,2]. In a large-scale study carried out on industrial farms in Germany, the prevalence of E. coli encoding for Stx2e (STEC-2e) was found to be as high as 35.1% (95% confidence interval (CI) 31.0–39.1%) in pens, and 53.5% (95% CI 44.4–63.6%) on farms [3]. OD mainly affects piglets during the nursery period (the post-weaning stage of production). Vaccination is now considered one of the most important tools for protecting piglets against OD because it avoids the use of antimicrobials that may trigger selection for antimicrobial resistance. Vaccination also avoids the use of zinc oxide, which is considered to present an environmental risk [4,5] and has recently been banned in EU member states [6,7]. Modified recombinant Stx2e-based toxoid vaccines have proven effective not only against clinical manifestations of OD, including mortality, but also subclinical infection, which is characterised by impaired zootechnical performance and immunosuppression [7,8]. Vaccination of suckling piglets via intramuscular routes has been shown to induce the production of protective Stx2e-neutralising antibodies [9]. Vaccine efficacy has also been demonstrated in laboratory and field studies by the detection of neutralising antibodies after immunisation, and by significant reductions in morbidity and mortality in vaccinated pigs compared with control animals [2,9,10]. To protect piglets in the sensitive period of life after weaning at 21–28 days of life (DOLs) and onwards, it is now a well-established practice to vaccinate around DOL 4.



Iron-deficiency anaemia (IDA) is a global public health problem, not only for humans but also for animals. IDA is the most common mineral deficiency in neonatal piglets; such animals are now routinely subjected to parenteral iron supplementation during the first days of life [11]. In pigs, IDA has been associated not only with metabolic stresses such as an impaired immune response, increased sensitivity to infections, and impaired zootechnical performance but also behavioural disorders [12,13,14]. Cystoisospora suis is the causative agent of cystoisosporosis, a disease which causes diarrhoea. In piglets, cystoisosporosis is the most frequently occurring form of parasitic infection, with high prevalence rates reported in swine-producing countries [15].



It is now common practice worldwide for piglets to receive iron parenterally during their first days of life to prevent IDA and top up their limited stores of iron [11]. Interventions for the control of cystoisosporosis also take place during the first days of life [11,16], and vaccination against OD is also typically administered during the neonatal period. In the swine industry, there is an interest in vaccinating piglets at the same time as other procedures such as castration, tail docking, and teeth clipping are carried out. This reduces labour inputs and costs and minimises discomfort and handling stress, which promotes the welfare of animals [17,18].



Several studies have confirmed that vaccines underperform when certain conditions apply at the time of vaccination, including undernutrition and impaired health status resulting from IDA; with respect to the latter, the importance of iron status in vaccine response has already been reported [19]. In humans, the application of iron at the time of vaccination has been shown to improve immune response after administration of important vaccines, including the combined diphtheria and tetanus vaccine, the pneumococcal vaccine, and the measles vaccine [20,21,22].



The development of neutralising antibodies is frequently used to characterise vaccine take and protection (a correlate of protection (CoP)) [23].



The aim of the current study was to evaluate the effect of simultaneous application of iron/anticoccidial treatment and OD vaccine on the efficacy of vaccination in young piglets based on an evaluation of neutralising antibodies. We also evaluated parameters indicating the efficacy of the iron/toltrazuril product, including hematinic parameters, parasite-infection status, and the zootechnical performance of piglets.




2. Materials and Methods


2.1. General Husbandry and Management of Animals


The study was conducted between May 2022 and June 2022 on a commercial breeding-herd farm housing 595 sows in Spain. Sows and piglets were housed, fed, and managed according to the recommendations of Directive 2010/63/EU concerning standards of animal husbandry, hygiene, nutrition, welfare, housing, and care. The lactation barn included 12 identical rooms, each containing 12 cages. Six weeks prior to expected farrowing, 15 randomly selected sows (DNA genetics; third to sixth parturition) were sampled to check for the presence of serum-neutralising antibodies against Stx2e toxin. Six sows which tested negative were selected for the study. Seven days before farrowing, sows were assigned to a gestation barn on the same commercial farm, which was in line with standard farm practice. They were then moved to experimental lactation rooms, where they were assigned individual cages based on parity. Piglets (DNA sow × Pietrain boar) were weaned at DOL 28, and the study ended after DOL 60.



Within 48 h of birth, the piglets were individually weighed and identified with ear tags. Litters were equalised at 12 piglets/litter by cross-fostering among sows that were farrowed on the same day. The piglets included in the study had a minimum weight of 1 kg at inclusion and were clinically healthy, with similar sex ratios for each investigated group. Piglets were provided with high-quality, digestible creep feed from day 10 of lactation onwards and were weaned at DOL 28. Piglets were kept in the same litters, and treatment was randomly allocated within each litter by computer to give a randomised block design. Within each litter, there were six piglets per treatment.



At weaning (DOL 28), piglets were housed in climate-controlled nursery rooms with 12 pens per room, each with a partially slatted floor. The pens included one feeder and one waterer. Piglets which showed signs of illness, injury, or poor condition were excluded. Non-medicated pre-starter feed (commercial diet) was offered from weaning (DOL 28) to 14 days post-weaning. Non-medicated starter feed (commercial diet) was offered from 15 to 42 days post-weaning. All feeds were provided to the piglets ad libitum in pellet form from feeders placed inside the pens. Non-medicated water was also provided ad libitum from the drinkers. The environmental conditions during the study (temperature and ventilation rate) were automatically controlled according to the age of the piglets.




2.2. Products


The intramuscular formulation contained 30 mg/mL toltrazuril and 133 mg/mL iron (as gleptoferron) in a combo product (Forceris®, Batch number: 536BB, Ceva Santé Animale, Libourne, France) with a dosage of 1.5 mL per piglet. Vaccination was carried out using inactivated recombinant Stx2e toxoid vaccine (Ecoporc Shiga®, Batch number: 1481121C, Ceva Santé Animale, Libourne, France), 1 mL. Both products were administered according to their respective Summary of Product Characteristics (SPC).




2.3. Experimental Design, Blinding, and Treatments


We followed good clinical practice by using a parallel, randomised, observer-blinded, experimental block design to compare the two different treatment protocols. The experimental products were administered by a dispenser with a treatment allocation list. This dispenser did not participate in the rest of the study. A total of six litters from Stx2e-antibody-negative sows were included, and 12 piglets from each litter (72 piglets in total) were used in the study. The animals were randomly assigned to one of the two groups on their second day of life. Piglets in the T1 group were administered Forceris® and Ecoporc Shiga® on different days (24–48 h and 72–96 h after birth, respectively); those in the T2 group were administered Forceris® and Ecoporc Shiga® simultaneously (72–96 h after birth) (Figure 1). Early application of iron-based products is mandatory and standard practice nowadays as most piglets are born already anaemic and fatal IDA will develop without iron supplementation within the first week of age [24]. Moreover, OD causes significant losses due to its high mortality rate. The case mortality rate ranges from 50% to over 90% on affected farms, with no effective treatment available once clinical symptoms develop [1]. For ethical reasons and because there was a lack of effective rescue measures for both disease conditions, the control group (non-medicated and non-vaccinated) was not included in the study [25].




2.4. Serum Neutralisation Test


The development of serum-neutralisating antibodies in piglets and the proportion of animals that exceeded the established protective titre (>15) were evaluated using a non-commercial, validated in-house serum neutralisation test (SNT) by laboratories of Ceva Innovation Center GmbH, Dessau-Roßlau, Germany, developed based on the adopted protocol described by Pirro and colleagues [26]. A 4 mL blood sample was collected from each of the piglets (36 piglets/treatment group; 72 piglets in total) at DOL 28 and DOL 60. The tubes were centrifuged, and the serum samples (1 mL) were collected, transferred to Eppendorf tubes (Merck, Darmstadt, Germany), and frozen at −20 °C. Frozen samples were then transferred to the laboratory for testing. Dilution series with cell culture medium (DMEM (Cytiva, Logan, UT, USA), 10% FBS (Capricorn, Düsseldorf, Germany)- previously heat-inactivated, 2 mM GlutaMax (Thermo Fischer, Cambridge, UK) and 1% Penicillin/Streptomycin (Cytiva, Logan, UT, USA)) in a ratio of 1:2 were prepared from the piglet sera in the 96 well plates. A positive control (reference pig serum adjusted to a protective titer of 15) and a negative control (reference serum from confirmed Stx2e seronegative pig) were included in the test and treated in the same way. The dilutions were incubated at an atmosphere of 5% CO2 at 37 °C in a cell culture incubator with Stx2e at a constant volume and concentration. If neutralising antibodies were present in the investigated sera, they would effectively bind the toxin. A suspension of Stx2e sensitive Vero cells (ATCC CRL 1587) was added to preincubated 96 well plates. The serum samples were incubated for 4 days on Vero cells. Subsequently, the cell cultures were incubated with a chemical which is metabolised by living cells into a yellow dye (the cell proliferation reagent WST-1, Roche, Mannheim, Germany). Using this method, the viability of the cells could be measured photometrically. The relative viability of cells with serum was calculated with respect to the negative control (set to 100% viability) and the toxin control (set to 0% viability). Additionally, based on the negative control and toxin control, a 50% viability value was calculated. The reciprocal value of the last serum dilution, which had a relative viability of ~50%, was defined as the titer, i.e., the final result. The determination was carried out using two replicates per sample. The titration curve of the positive control was used as a reference.




2.5. Hematinic Parameters and Parasitology Examination


Hematinic parameters (haemoglobin and haematocrit) were evaluated. To that purpose, at least 0.4 mL of blood per piglet was collected from jugular veins on days 28 and 60 of life and transferred to EDTA tubes. Blood samples were immediately labelled, stored at +5 °C and shipped for analysis within 24 h of collection. The levels of haematocrit and haemoglobin were then determined by Labopat (Segovia, Spain).



Piglets were classified into three categories according to their haemoglobin (Hb) concentrations: optimal iron status (Hb > 11 g/dL), subclinical iron deficiency (Hb 9–11 g/dL, buffer zone), or anaemia (Hb < 9 g/dL) [27]. The percentage of anaemic piglets was then calculated.



In addition, parasitological examination of individual faecal samples was performed using a previously described flotation method [28]. This involved a routine and accredited technique which was applied in the laboratory involved in the study. Samples were collected from individual piglets directly from the rectum on day 21 of life. In total, 72 faecal samples were evaluated, 36 from each treatment group. Faecal analyses were also conducted by Labopat (Segovia, Spain).




2.6. Performance Evaluation


The piglets were weighed individually on days 0, 21, and 60 of the study. The average daily gain (ADG) of the piglets was calculated for the following periods: 0–21 days, 21–60 days, and 0–60 days.



Any piglet mortality pre- or post-weaning, as well as the cause of death/cull, was investigated with a veterinary necropsy. All such necropsies were limited to establishing a probable cause of death.




2.7. Statistics


All researchers involved in this study (i.e., those performing daily procedures on the farm, those involved with data collection, and those involved with data analysis) remained blind until the final data analyses had been completed. The statistical software used was SAS v9.0 (Cary, NC 27513-2414, USA). The individual piglet was the experimental unit. The results of SNT were analysed considering both detectable neutralising antibodies (>0) and proportions of animals with protective titre (≥15). These variables were analysed as binary variables (each piglet with antibodies >0 and titre ≥15 was assigned a value of 1; otherwise, it was assigned a value of 0) using the chi-square test (proc FREQ of SAS). The percentage of piglets categorised as sub-anaemic or having an optimal concentration of haemoglobin was also analysed as a binary variable using the chi-square test (proc FREQ of SAS). For parameters measured multiple times (repeated measures), a linear mixed-effects model was used (proc MIXED of SAS). The fixed effects were the treatment group, the time of sampling, and their interaction. Body weight (birth weight) was included as a covariate, and sow (blocking variable) was the random effect.



For the evaluation of parasitological results (presence of oocysts), a linear model was used, including the fixed effects of the treatment group and litter (blocking variable). Initial body weight was also included as a covariate. The model used was ANOVA.



In all the statistical analyses, p ≤ 0.05 was considered statistically significant, while 0.05 < p ≤ 0.10 was considered a trend.





3. Results


3.1. Serum Neutralisation


The serum neutralisation test (SNT) showed no differences between treatments in the case of either parameter, i.e., seroconversion after vaccination or proportion of piglets which reached protective titre (Table 1); this was true for determinations made at DOL 28 and at DOL 60 (p > 0.05). It should be noted that time had influence on the number of animals with detectable neutralising antibodies (11.5% increase, p = 0.0157), and the proportion of animals with protective titre ≥ 15 (24.5% increase, p = 0.0004).




3.2. Haematinic Indices


Table 2 shows the proportions of animals with different statuses according to the current categorisation of IDA in piglets based on Hb levels. No piglets with a Hb concentration below 9 g/dL (anaemic) were detected during the study. Animals with Hb concentrations between 9 and 11 g/dL were considered sub-anaemic (buffer zone), and animals with concentrations above 11 g/dL were considered optimal.



There were no differences between treatments in any case; this was true for determinations made at DOL 28 and DOL 60 (p > 0.05). Notably, time did have an effect, with the number of piglets in the buffer zone increasing by approximately 30% between day 28 and day 60, while the percentage of piglets with the optimal concentration decreased by the same percentage (p < 0.001).



Further examination of individual Hb levels was then carried out, and exploratory data analysis detected one outlier belonging to the T1 group (3.2 g/dL). Similarly, exploratory data analysis of haematocrit detected two outliers. The first one was found in the haemoglobin-outlier animal mentioned above and, thus, belonged to T1 (9.5%). The second outlier detected belonged to T2 (6.46%). These animals were removed for further analysis.



Table 3 shows a comparison between administration protocols with respect to Hb and haematocrit concentrations in individual animals at different times. The concentrations of haemoglobin were lower (p < 0.0274) when treatments were administered simultaneously but were still within the optimal category (11.99 g/dL), expressed as the mean. The concentrations of haematocrit also tended to be lower (p = 0.079) in the simultaneous-treatment group. Concentrations of both Hb and haematocrit decreased between day 28 and day 60 (p < 0.05) in both treatment groups. The interactions of both parameters with respect to the administration protocol and sampling day were not significant (p > 0.05).




3.3. Evaluation of Presence of C. suis Oocysts


Oocysts of C. suis were not detected in any sample during the course of the present study.




3.4. Growth Performance


The choice of administration protocol did not affect (p > 0.05) growth performance (ADG) during the lactation period (from DOL 0 to DOL 21); consequently, body weights (BWs) at DOL 21 were similar in both experimental groups (Table 4).



However, although the ADG also remained similar in both groups between day 21 and day 60 (p > 0.05), the BW on day 60 tended to be higher (p = 0.1) in piglets which received both treatments simultaneously. Total ADG (from DOL 0 to DOL 60) also tended to be higher (p = 0.1) in the animals in the simultaneous-treatment group.




3.5. Mortality


Three piglets died during the study period: two in the lactation period (both on the second day of life) and one in the nursery period (on the thirty-first day of life). All three belonged to the T1 group, which received treatments on different days. None of them showed clinical signs of OD, and disease was excluded during the necropsy.





4. Discussion


OD is caused by Escherichia coli-producing Stx2e toxin (STEC), which is one of the major pathologies in nursery pigs, and it may cause considerable losses on affected farms [4,29]. The morbidity and mortality caused by clinical OD have led to the increased use of antibiotic medications and critically important antimicrobials (CIAs) such as colistin and fluoroquinolones, with consequent pressure from resistance development [5,7,9]. Even more concerning is the fact that antibiotics are generally not recommended in such cases. Because toxins in the Stx family are encoded by phages, antibiotic therapies may induce an SOS (cellular stress) response, promoting the release of toxins and increasing the severity of clinical disease [30,31]. As a result, strategies for the control of OD using vaccination with toxoids based on recombinant Stx2e have increased in importance.



In piglets, OD occurs mainly in the nursery stage of development, during the post-weaning period of production. Early vaccination of piglets at around the fourth day of life is, therefore, crucial to provide protection in the sensitive period after weaning. In the swine industry, the first week of life is also characterised by different treatments such as iron administration and metaphylactic anticoccidial product application, as well as management procedures such as castration, tail docking, and teeth clipping [17,18,32].



Currently, there are limited data on immune responses when vaccination is administered simultaneously with other pharmaceutical products. In the present study involving piglets, we sought to investigate neutralising antibodies as immunological responses to early vaccination against OD when a product containing iron and toltrazuril was administered during the same treatment session. The effect of iron/toltrazuril-based treatment was investigated at the same time. We then compared these responses with those observed in piglets who received vaccines and pharmaceutical products on different days. Under the conditions of the present study, we found that the simultaneous application of an iron/toltrazuril-based product and vaccination against OD provided a similar rate of animals with the presence of antibodies against Stx2e toxin and animals with antibody levels equal to or exceeding established protective titer (≥15). We found that the inactivated vaccine elicited strong humoral immune responses, as measured by SNT, with subsequent increases in the number of responding animals and animals exceeding protective titre, regardless of the choice of treatment protocol. Overall, only four animals did not exhibit any antibody development: three in the T1 group and one in the T2 group. This may represent normal variation in population.



The serum neutralisation test was used to assess the humoral immune response to the Stx2e toxin. SNT is regarded as the gold-standard functional serologic test. Neutralising antibodies are considered an effector part of the humoral response of the adaptive immune system; they protect sensitive cells by neutralising the biological effects of the Stx2e toxin after its release into blood circulation [24,33,34]. In the case of OD, the development and presence of neutralising antibodies are considered a correlate of protection (CoP); this was used in the development of the vaccine and continues to be employed for the evaluation of vaccination compliance in the field [3,35,36]. Different modifications of the toxin neutralisation (TN) test have been used for antibody limit testing in the development of other vaccines, e.g., in human medicine and diphtheria potency testing of toxoid vaccine [24,37]. In addition, animals with detectable Stx2e antibodies have been found to be protected based on the results of challenge trials during the development of vaccines (Ceva internal data, [38]). In the present study, two time points (DOL 28 and DOL 60) were used for evaluation, representing the onset of immunity (OI) and the end of the nursery period, respectively, when the animals are most sensitive to clinical OD.



In the field, antibiotics and other pharmaceutical products such as toltrazuril and iron are sometimes administered to pigs simultaneously with vaccines. It is, therefore, reasonable to assess the effects of such simultaneous administration on vaccination efficacy. A number of such assessments involving various antibiotics have been carried out by researchers. The authors of [39] found that some classes of antibiotics (ATB) with immunomodulating properties may influence the immune response to simultaneously applied vaccines. Antimicrobial therapy was found to modulate both cell-mediated and humoral post-vaccinal immune responses in pigs, and both positive and negative influences were described [39]. To the best of our knowledge, no such information concerning toltrazuril in piglets has previously been obtained. In the present study, we found that TZL did not influence vaccination response when this was measured based on the development of serum neutralisation antibodies. A previous study involving poultry suggested that therapeutic medication with toltrazuril does not interfere with the development of immunity and that medication with toltrazuril should be useful for treatment after vaccination with live anticoccidial vaccines, leading to an enhanced immune response [40]. The proposed mechanism was that, in treated chickens, the intracellular stages of the parasite, which were damaged by TZL stimulated the immune system of the host for a prolonged period [40]. In the present study, we did not observe any enhanced response when TZL was administered simultaneously with vaccine because the type of vaccine and the disease were both different; moreover, infection by Cystoisospora suis was not confirmed by parasitological examination during the present study.



Contrarily, the influence of iron on both immunity and vaccination efficacy has been well reported, especially in studies of human medicine. IDA at the time of vaccination has been associated with decreased response to different types of vaccines, and primary response to some vaccines has been improved by simultaneous supplementation with iron [41]. Piglets are born with limited iron stores, and many are born in an anaemic state (Hb levels < 9 g/dL) [24,42]. The foetal reserves of iron in newborn piglets are generally low, and this contributes to overall iron deficiency when Fe administration is delayed [42]. Early parenteral administration of iron is crucial for future development and growth in piglets. Such administration may also promote a proper response to early vaccination. On the other side, no information on the possible effect of vaccination and consequent immune stimulation on the pharmacokinetics/pharmacodynamics of iron and toltrazuril-based products is currently available. The metabolism of iron injected intramuscularly, where cells of the immune system (reticuloendothelial cells) play the role, is not properly understood. In the present study, however, we did not observe any differences in haematinic indices between the two treatment-protocol groups. No anaemic piglets were recorded, and similar proportions were recorded for both optimal and buffer-zone categories. Considering the mean Hb status of individual animals on the 28th day of life, we found that concentrations in the simultaneous-application group (T2) tended to be lower (p = 0.087) but still exceeded the threshold for the optimum category based on the current classification of IDA in piglets (>11 g/dL) [27]. In light of this, we may say that the clinical relevance of such a difference is probably negligible. The same pattern was observed for HMT on DOL 28. For Hb and HMT, decreases in concentrations over time were observed in the two treatment-protocol groups (p < 0.05). In the present study, we found that age significantly influenced Hb and HMT levels, in line with the findings of previously published studies showing that the composition of feed after weaning plays an important role after an initial drop following peak concentration resulting from parenteral Fe application. The values obtained at the end of the present study were also within a recently proposed reference range for nursery pigs [43]. However, with respect to the hematinic parameters which characterise iron storage and iron saturation capacity, considered early IDA indicators, we found no differences between our two treatment-protocol groups. In light of this, we may say that the pharmacodynamics of the iron part (hematinic indices) were not negatively influenced by simultaneous application.



Zootechnical parameters play a key role in animal performance, and these parameters include factors that may be negatively affected by pathogens but are also not effective in veterinary control programmes. As expected, the choice of administration protocol did not significantly influence zootechnical performance or growth in piglets during the observational period. For the lactation period from birth to 21 days, the ADG results were similar in the two study groups. Consequently, the BW values on day 21 were also similar. However, the BW on day 60 and the global ADG (from day 0 to day 60) tended to be higher in the animals which were administered treatments simultaneously.



In conclusion, according to the results of our study, we found that simultaneous vaccination against OD with a toxoid vaccine and the administration of an iron/anticoccidial (TZL) product did not negatively impact the humoral response, as measured by the serum neutralisation test.



In addition, the application of iron/toltrazuril-based treatment was not influenced by vaccination at the same time, as measured by a panel of haematinic indices and parasitological evaluation. Our study provides pilot information of clinical interest because both treatments (iron administration and vaccination against OD) are indicated to be administered at the same moment of piglets’ lives to prevent clinical signs and possible mortality caused by OD and the development of IDA. This also applies to the metaphylactic treatment of cystoisosporosis on positive farms, where the early application of TZL is vital for effective treatment. Indeed, early application may be seen as crucial for effective protection against all conditions. As previously discussed, the early administration of iron to piglets can improve the efficacy of vaccination due to the resulting improvement in IDA status.



More practically, interest in combining different treatment protocols on farms is based on reducing the number of manipulations and handling of very young piglets who are already handled often during the neonatal period for purposes such as navel-cord care, teeth clipping, tail docking, ear notching for identification, castration of males, and litter transfer. Combined treatments can reduce stress in animals and improve their welfare, while, at the same time, reducing human labour requirements [44].




5. Conclusions


According to the results of our study, simultaneous vaccination against OD with a toxoid vaccine and the administration of an iron/anticoccidial (TZL) product did not negatively impact the humoral response of vaccinated animals, as measured by the serum neutralisation test. The application of iron/toltrazuril-based treatment was not influenced by vaccination at the same time, as measured by a panel of haematinic indices and parasitological evaluation (Cystoisospora suis oocyst shedding). The presented study provides pilot information of clinical interest because both treatments (iron/anticoccidial treatment administration and vaccination against OD) are indicated to be administered at the same moment of piglets’ lives to prevent clinical signs and possible mortality caused by OD and the development of IDA.







Author Contributions


Conceptualisation, D.S., H.K., N.G. and J.M.; draft of article, D.S. and M.R.; critical revision of the article, H.K., A.-K.D. and N.G.; animal phase of the study, M.R. and L.d.F.; SNT test performance, A.-K.D.; statistical analysis, A.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The protocol was reviewed and approved by the investigators. This study was a randomised controlled trial conducted in compliance with the Good Clinical Practice Guidance Document #85, 9 May 2001 (VICH GL9). Animal care and experimental procedures used in this study followed regulations and guidelines of the Spanish Government for the protection of animals used for scientific research (Real Decreto 223/88 BOE 67: 8509-8511). Welfare approval was granted by the ethical committee of CEU Cardenal Herrera University—study number approval: CEEA 22/045.




Informed Consent Statement


The owner’s consent to perform the study was completed by the farmer prior to herd enrolment.




Data Availability Statement


Data are available upon reasonable request.




Acknowledgments


The support provided by animal and laboratory technicians in these experiments is gratefully acknowledged.




Conflicts of Interest


Authors D.S., H.K., N.G. and A.D. are employees of CEVA Sante Animale, France. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Fairbrother, J.M.; Nadeau, E. Collibacillosis. In Diseases of Swine, 11th ed.; Zimmerman, J., Karriker, L.A., Ramirez, A., Schwartz, K.J., Stevenson, G.W., Zhang, J., Eds.; Wiley-Blackwell: Hoboken, NJ, USA, 2019; pp. 807–834. [Google Scholar]

	



Kausche, F.M.; Dean, E.A.; Arp, L.H.; Samuel, J.E.; Moon, H.W. An experimental model for subclinical edema disease (Escherichia coli enterotoxemia) manifest as vascular necrosis in pigs. Am. J. Vet. Res. 1992, 53, 281–287. [Google Scholar] [CrossRef]

	



Berger, P.I.; Hermanns, S.; Kerner, K.; Schmelz, F.; Bauerfeind, R.; Schüler, V.; Ewers, C.; Doherr, M.G. Cross-sectional study: Prevalence of oedema disease Escherichia coli (EDEC) in weaned piglets in Germany at pen and farm levels. Porc. Health Manag. 2023, 9, 49. [Google Scholar] [CrossRef] [PubMed]

	



Fricke, R.; Bastert, O.; Gotter, V.; Brons, N.; Kamp, J.; Selbitz, H.J. Implementation of a vaccine against Shigatoxin 2e in a piglet producing farm with problems of Oedema disease: Case study. Porc. Health Manag. 2015, 1, 6. [Google Scholar] [CrossRef] [PubMed]

	



Lillie-Jaschniski, K.; Köchling, M.; Lindner, T. Erste Erfahrungen mit dem Einsatz von ECOPORC SHIGA, der neuen Vakzine gegen die Ödemkrankheit-Auswertungen aus Feldversuchen in Deuschland. Tierärztl. Umschau. 2013, 68, 377–382. [Google Scholar]

	



Bednorz, C.; Oelgeschläger, K.; Kinnemann, B.; Hartmann, S.; Neumann, K.; Pieper, R.; Bethe, A.; Semmler, T.; Tedin, K.; Schierack, P.; et al. The broader context of antibiotic resistance: Zinc feed supplementation of piglets increases the proportion of multi-resistant Escherichia coli in vivo. Int. J. Med. Microbiol. 2013, 303, 396–403. [Google Scholar] [CrossRef]

	



Mesonero-Escuredo, S.; Morales, J.; Mainar-Jaime, R.C.; Díaz, G.; Arnal, J.L.; Casanovas, C.; Barrabés, S.; Segal, J. Effect of Edema Disease Vaccination on Mortality and Growth Parameters in Nursery Pigs in a Shiga Toxin 2e Positive Commercial Farm. Vaccines 2021, 9, 567. [Google Scholar] [CrossRef] [PubMed]

	



Sperling, D.; Isaka, N.; Karembe, H.; Vanhara, J.; Vinduska, J.; Strakova, N.; Kalova, A.; Kolackova, I.; Karpiskova, R. Effect of the vaccination against Shiga toxin 2e in a farm with history of oedema disease, caused by atypical Escherichia coli producing Shiga toxin (STEC). Vet. Med.-Czech. 2022, 67, 510–518. [Google Scholar] [CrossRef]

	



Bastert, O.; Fricke, R.; Sudendey, C.; Gnielka, D.; Luder, O. Effect of vaccination with ECOPORC SHIGA on overall mortality and use of antimicrobial medication due to edema disease (ED). In Proceedings of the 5th European Symposium of Porcine Health Management (ESPHM), Edinburgh, UK, 22–24 May 2013; p. 202. [Google Scholar]

	



Lee, S.I.; Ntakiyisumba, E.; Won, G. Systematic review and network meta-analysis to compare vaccine effectiveness against porcine edema disease caused by Shiga toxin-producing Escherichia coli. Sci. Rep. 2022, 12, 6460. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Lipinski, P.; Starzyński, R.R.; Canonne-Hergaux, F.; Tudek, B.; Oliński, R.; Kowalczyk, P.; Dziaman, T.; Thibaudeau, O.; Gralak, M.A.; Smuda, E.; et al. Benefits and risks of iron supplementation in anemic neonatal pigs. Am. J. Pathol. 2010, 177, 1233–1243. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Dong, Z.; Wan, D.; Yang, H.; Li, G.; Zhang, Y.; Zhou, X.; Wu, X.; Yin, Y. Effects of Iron Deficiency on Serum Metabolome, Hepatic Histology, and Function in Neonatal Piglets. Animals 2020, 10, 1353. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Li, Y.; Hansen, S.L.; Borst, L.B.; Spears, J.W.; Moeser, A.J. Dietary Iron Deficiency and Over supplementation Increase Intestinal Permeability, Ion Transport, and Inflammation in Pigs. J. Nutr. 2016, 146, 1499–1505. [Google Scholar] [CrossRef]

	



Knight, L.; Dilger, R.N. Longitudinal Effects of Iron Deficiency Anemia and Subsequent Repletion on Blood Parameters and the Rate and Composition of Growth in Pigs. Nutrients 2018, 10, 632. [Google Scholar] [CrossRef] [PubMed]

	



Hinney, B.; Cvetkovic, V.; Espigares, D.; Vanhara, J.; Waehner, C.; Ruttkowski, B.; Selista, R.; Sperling, D.; Joachim, A. Cystoisospora suis control in Europe is not allways effective. Front. Vet. Sci. 2020, 7, 113. [Google Scholar] [CrossRef] [PubMed]

	



Joachim, A.; Schwarz, L. Coccidia in Swine: Eimeria Species, Cystoisospora (sin. Isospora) suis. In Encyclopedia of Parasitology; Springer: Heidelberg/Berlin, Germany, 2015; pp. 1–5. [Google Scholar]

	



Noonan, G.; Rand, J.; Priest, J.; Ainscow, J.; Blackshaw, J. Behavioural observations of piglets undergoing tail docking, teeth clipping and ear notching. Appl. Anim. Behav. 1994, 39, 203–213. [Google Scholar] [CrossRef]

	



Marchant-Forde, J.N.; Lay, D.C., Jr.; McMunn, K.A.; Cheng, H.W.; Pajor, E.A.; Marchant-Forde, R.M. Postnatal piglet husbandry practices and well-being: The effects of alternative techniques delivered in combination. J. Anim. Sci. 2014, 92, 1150–1160. [Google Scholar] [CrossRef] [PubMed]

	



Stoffel, N.U.; Drakesmith, H. Effects of iron status on adaptive immunity and vaccine efficacy: A review. Adv. Nutr. 2024, 8, 100238. [Google Scholar] [CrossRef] [PubMed]

	



Savy, M.; Edmond, K.; Fine, P.E.; Hall, A.; Hennig, B.J.; Moore, S.E.; Prentice, A.M.; Mulholland, K.; Schaible, U.; Prentice, A.M. Landscape analysis of interactions between nutrition and vaccine responses in children. J. Nutr. 2009, 139, 2154S–2218S. [Google Scholar] [CrossRef]

	



Stoffel, N.U.; Uyoga, M.A.; Mutuku, F.M.; Frost, J.N.; Mwasi, E.; Paganini, D.; Zimmermann, M.B.; van der Klis, F.R.M.; Malhotra, I.J.; Desiráe LaBeaud, A.; et al. Iron deficiency anemia at time of vaccination predicts decreased vaccine response and iron supplementation at time of vaccination increases humoral vaccine response: A birth cohort study and a randomized trial follow-up study in Kenyan infants. Front. Immunol. 2020, 11, 1313. [Google Scholar] [CrossRef]

	



Jiang, Y.; Li, C.; Wu, Q.; An, P.; Huang, L.; Wang, J.; Chen, C.; Chen, X.; Zhang, F.; Zhang, X.; et al. Iron-dependent histone 3 lysine 9 demethylation controls B cell proliferation and humoral immune responses. Nat. Commun. 2019, 10, 2935. [Google Scholar] [CrossRef]

	



Plotkin, S.A.; Gilbert, P.B. Nomenclature for immune correlates of protection after vaccination. Clin. Infect. Dis. 2012, 54, 1615–1617. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Sperling, D.; Freudenschuss, B.; Shrestha, A.; Hinney, B.; Karembe, H.; Joachim, A. Comparative efficacy of two parenteral iron-containing preparations, iron gleptoferron and iron dextran, for the prevention of anaemia in suckling piglets. Vet. Rec. Open 2018, 5, e000317. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



European Medicines Agency. CVMP Assessment Report for Forceris (EMEA/V/C/004329/0000). 2019. Available online: https://medicines.health.europa.eu/veterinary/en/documents/download/3b5c3354-7761-435c-aeb0-f31c5abc73fe (accessed on 21 February 2019).

	



Pirro, F.; Wieler, L.H.; Failing, K.; Bauerfeind, R.; Baljer, G. Neutralizing antibodies against Shiga-like toxins from Escherichia coli in colostra and sera of cattle. Vet. Microbiol. 1995, 43, 131–141. [Google Scholar] [CrossRef] [PubMed]

	



Bhattarai, S.; Nielsen, J.P. Early indicators of iron deficiency in large piglets at weaning. J. Swine Health Prod. 2015, 23, 10–17. [Google Scholar] [CrossRef]

	



Joachim, A.; Ruttkowski, B.; Sperling, D. Detection of Cystoisospora suis in faeces of suckling piglets—When and how? A comparison of methods. Porcine Health Manag. 2018, 19, 20. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Linggood, M.A.; Thompson, J.M. Verotoxin production among porcine strains of Escherichia coli and its association with oedema disease. J. Med. Microbiol. 1987, 24, 359–362. [Google Scholar] [CrossRef] [PubMed]

	



Skinner, C.; Patfield, S.; Stanker, L.H.; Fratamico, P.; He, X. New high-affinity monoclonal antibodies against Shiga toxin 1 facilitate the detection of hybrid Stx1/Stx2 in vivo. PLoS ONE 2014, 9, e99854. [Google Scholar] [CrossRef] [PubMed]

	



Bielaszewska, M.; Idelevich, E.A.; Zhang, W.; Bauwens, A.; Schaumburg, F.; Mellmann, A.; Peters, G.; Karch, H. Effects of antibiotics on Shiga toxin 2 production and bacteriophage induction by epidemic Escherichia coli O104:H4 strain. Antimicrob. Agents Chemother. 2012, 56, 3277–3282. [Google Scholar] [CrossRef] [PubMed]

	



Schmid, S.M.; Steinhoff-Wagner, J. Impact of Routine Management Procedures on the Welfare of Suckling Piglets. Vet. Sci. 2022, 9, 32. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Karmali, M.A.; Mascarenhas, M.; Petric, M.; Dutil, L.; Rahn, K.; Ludwig, K.; Arbus, G.S.; Michel, P.; Sherman, P.M.; Wilson, J.; et al. Age-specific frequencies of antibodies to Escherichia coli verocytotoxins (Shiga toxins) 1 and 2 among urban and rural populations in southern Ontario. J. Infect. Dis. 2003, 14, 1724–1729. [Google Scholar] [CrossRef]

	



Reymond, D.; Karmali, M.A.; Clarke, I.; Winkler, M.; Petric, M. Comparison of the western blot assay with the neutralizing-antibody and enzyme-linked immunosorbent assays for measuring antibody to verocytotoxin 1. J. Clin. Microbiol. 1997, 14, 609–613. [Google Scholar] [CrossRef]

	



Gordon, V.M.; Whipp, S.C.; Moon, H.W.; O’Brien, A.D.; Samuel, J.E. An enzymatic mutant of Shiga-like toxin II variant is a vaccine candidate for edema disease of swine. Infect. Immun. 1992, 60, 485–490. [Google Scholar] [CrossRef] [PubMed]

	



Kerner, K.; Bridger, P.S.; Köpf, G.; Fröhlich, J.; Barth, S.; Willems, H.; Bauerfeind, R.; Baljer, G.; Menge, C. Evaluation of biological safety in vitro and immunogenicity in vivo of recombinant Escherichia coli Shiga toxoids as candidate vaccines in cattle. Vet. Res. 2015, 46, 38. [Google Scholar] [CrossRef] [PubMed]

	



Dular, U. Comparative studies of the in vivo toxin neutralization and the in vitro Vero cell assay methods for use in potency testing of diphtheria component in combined vaccines/toxoids. 1: Standardization of a modified Vero cell assay for toxin-antitoxin titration of immunized guinea-pig sera. Biologicals 1993, 21, 53–59. [Google Scholar] [CrossRef] [PubMed]

	



CVMP Assessment Report for ECOPORC SHIGA (EMEA/V/C/002588/0000), EMA/CVMP/2235/2013. Available online: https://medicines.health.europa.eu/veterinary/en/documents/download/9a3f471e-f3c8-4c9b-8e1a-e527eaee6cc3 (accessed on 7 February 2013).

	



Augustyniak, A.; Pomorska-Mól, M. Vaccination Failures in Pigs—The Impact of Chosen Factors on the Immunisation Efficacy. Vaccines 2023, 11, 230. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Greif, G. Immunity to coccidiosis after treatment with toltrazuril. Parasitol. Res. 2000, 86, 787–790. [Google Scholar] [CrossRef]

	



Zimmermann, M.; Stoffel, N.; Uyoga, M.; Karanja, S. Effects of Anaemia and Iron Supplementation on Vaccine Response: A Birth Cohort Study and a Randomized Trial Follow-Up Study in Kenyan Infants. Curr. Dev. Nutr. 2020, 4 (Suppl. S2), nzaa054_187. [Google Scholar] [CrossRef]

	



Svoboda, M.; Vaňhara, J.; Berlinská, J. Parenteral iron administration in suckling piglets—A review. Acta Vet. Brno 2017, 86, 249–261. [Google Scholar] [CrossRef]

	



Ježek, J.; Starič, J.; Nemec, M.; Plut, J.; Oven, I.G.; Klinkon, M.; Štukelj, M. The influence of age, farm and physiological status on pig hematological profiles. J. Swine Health Prod. 2018, 26, 72–78. [Google Scholar]

	



Martínez-Miró, S.; Tecles, F.; Ramón, M.; Escribano, D.; Hernández, F.; Madrid, J.; Orengo, J.; Martínez-Subiela, S.; Manteca, X.; Cerón, J.J. Causes, consequences and biomarkers of stress in swine: An update. BMC Vet. Res. 2016, 12, 171. [Google Scholar] [CrossRef]








[image: Vaccines 12 01004 g001] 





Figure 1. Two experimental groups were established on the second day of life (DOL). Piglets in group T1 were administered Forceris® and Ecoporc Shiga® on different days (24–48 and 72–96 h after birth, respectively); piglets in group T2 were administered Forceris® and Ecoporc Shiga® simultaneously (72–96 h after birth). 
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Table 1. Proportions (%) of animals with detectable neutralising antibodies of both ≥ 0 and ≥ 15 on the 28th and 60th days of life when vaccine and iron/anticoccidial treatment were administered on different days (T1) or simultaneously (T2).
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Treatment

	
Detectable Neutralising Antibodies (≥0)

(%)

	
Detectable Neutralising Antibodies (≥15)

(%)






	
Day 28

	
T1—Different days

	
87.88 b

	
69.70 b




	
T2—Simultaneously

	
83.33 b

	
63.69 b




	
Day 60

	
T1—Different days

	
96.97 a

	
90.91 a




	
T2—Simultaneously

	
97.22 a

	
91.67 a




	
P treatment

	
0.6549

	
0.7161




	
P time

	
0.0157

	
0.0004




	
P treatment × time

	
0.0983

	
0.0047








P treatment represents the p-value of the treatment as fixed effect. P time represents the p-value of the time of sampling as fixed effect. P treatment × time represents the p-value of the interaction between the treatment and the time as fixed effect. a, b: Different letters in the same column indicate significant differences in the interaction between treatments and time (p ≤ 0.05).













 





Table 2. Proportions of piglets categorised as sub-anaemic or having optimal haemoglobin concentration (9–11 g/d and above 11 g/dL, respectively) on days 28 and 60 of life when vaccine and iron/anticoccidial treatment were administered on different days (T1) or simultaneously (T2).
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Treatment

	
Buffer Zone

(%)

	
Optimal

(%)






	
Day 28

	

	




	
      T1—Different days

	
0.00

	
100.00




	
      T2—Simultaneously

	
5.56

	
94.44




	
Day 60

	

	




	
      T1—Different days

	
30.30

	
69.70




	
      T2—Simultaneously

	
36.11

	
63.89




	
P treatment × time

	
<0.0001








Buffer zone = subclinical iron deficiency (Hb 9–11 g/dL). Optimal = optimal iron status (Hb > 11 g/dL). P treatment × time represents the p-value of the interaction between the treatment and the time as a fixed effect.













 





Table 3. Concentrations of haemoglobin (g/dL) and haematocrit (%) detected in blood samples of piglets on days 28 and 60 of life when the vaccine and iron/anticoccidial treatment were administered on different days (T1) or simultaneously (T2).
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	Treatment
	Haemoglobin

(g/dL)
	Haematocrit

(%)





	Day 28
	
	



	      T1—Different days
	13.18 a
	40.21 a



	      T2—Simultaneously
	11.44 b
	39.45 a



	Day 60
	
	



	      T1—Different days
	12.84 c
	36.30 b



	      T2—Simultaneously
	11.15 c
	35.32 b



	SEM
	0.203
	0.548



	P treatment
	0.0274
	0.0792



	P time
	<0.0001
	<0.0001



	P treatment × time
	0.8324
	0.8199







P treatment r