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Abstract

:

The aim of this pilot study was to determine viral loads and distribution over the total length, at short distances, and in the separate layers of the intestine of virus-infected animals for future inactivation studies. Two calves, two pigs, and two goats were infected with bovine viral diarrhoea virus (BVDV), classical swine fever virus (CSFV), and peste des petits ruminants virus (PPRV), respectively. Homogenously distributed maximum BVDV viral loads were detected in the ileum of both calves, with a mean titer of 6.0 log10 TCID50-eq/g. The viral loads in colon and caecum were not distributed homogenously. In one pig, evenly distributed CSFV mean viral loads of 4.5 and 4.2 log10 TCID50-eq/g were found in the small and large intestines, respectively. Mucosa, submucosa, and muscular layer/serosa showed mean viral loads of 5.3, 3.4, and 4.0 log10 TCID50-eq/g, respectively. Homogenous distribution of PPRV was shown in the ileum of both goats, with a mean viral load of 4.6 log10 TCID50-eq/g. Mean mucosa, submucosa, and muscular layer/serosa viral loads were 3.5, 2.8, and 1.7 log10 TCID50-eq/g, respectively. This pilot study provides essential data for setting up inactivation experiments with intestines derived from experimentally infected animals, in which the level and the homogeneous distribution of intestinal viral loads are required.
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1. Introduction


Natural casings are edible sausage containers destined for human consumption, and the majority of these products consist of the submucosa layer of porcine, sheep, and small ruminant’s intestines. For cattle casings, the intact intestine, instead of the submucosa layer, is used. After slaughter, the intestines are removed from the animal, processed, and preserved by a salt treatment for 30 days. Natural casings are sourced and traded worldwide, which is associated with possible risks of contamination when casings are produced from animals living in areas where viral diseases are prevalent. Previous in vivo studies on the efficacy of the standard operating procedures for the production of casings in inactivating foot and mouth disease virus (FMDV) resulted in non-sufficient viral titers to measure virus inactivation, which is an important limitation when performing inactivation studies by animal experiments [1,2]. To circumvent this limitation, an in vitro 3D collagen matrix model was developed to determine the inactivation kinetics of four contagious animal viruses by either saturated sodium chloride (NaCl) or phosphate-supplemented NaCl (P-salt) at 4 °C, 12 °C, 20 °C, and 25 °C [3]. Because of the 3D collagen model usability, the European Food Safety Authority (EFSA) Panel on Animal Health and Welfare (AHAW) strongly recommends validation of this model by actual animal studies [4]. This resulted in a research strategy ultimately leading to an in vivo validation experiment [5]. This strategy started with a systematic review (SR), searching for published intestinal viral loads of 14 animal viruses to identify viruses with a high intestinal viral load. The SR showed that information about viral loads in the intestines was very limited and that major gaps concerning the location and distribution of the virus in the intestines exist. Additionally, the SR included a meta-analysis about published inactivation data of three viruses, i.e., bovine viral diarrhea virus (BVDV), classical swine fever virus (CSFV), and peste des petits ruminants virus (PPRV), which were selected based on their high intestinal viral loads [6]. The aim was to select one of these viruses for a final in vivo validation (inactivation) experiment using the intestines derived from virus-infected animals. However, before enrolling this validation study, four basic research questions had to be addressed: (i) Will the proposed animal infection models result in sufficient intestinal viral loads to measure at least 2 log10 reduction during the validation experiment? (ii) How is the virus distributed over the total length of the intestines? (iii) How is the virus distributed over the different layers of the intestines (mucosa, submucosa, muscular layer/serosa)? (iv) Is there a homogeneous distribution of the virus, measuring less than 1 log10 variation, over short distances within the intestines? Studies determining viral loads and virus distribution in a methodological manner throughout the entire intestinal tract of infected animals were not described before [6]. The answers to these questions are crucial for a proper sampling over a large area (~100 samples/1.5 m intestine) requiring a homogenous distribution of viral loads to prevent inconclusive results due to the lack of homogeneity. This pilot study was performed with three viruses, BVDV, CSFV, and PPRV, because of their previously described high viral loads.




2. Results


2.1. Animal Studies


2.1.1. BVDV


Both calves were active, appeared healthy, and were free of pestivirus antibodies at the start of the study. The clinical signs observed consisted mainly of an increased respiratory rate and fever. Calf 1 showed mild clinical signs between 2 and 6 days post-infection (dpi), calf 2 showed no clinical signs during that period, but nasal discharge was observed at 8 dpi. From 0 dpi, the body temperature of both calves started at 38.6 °C and showed a biphasic course typical of a BVDV infection. The first temperature peak was measured at 3–4 dpi, reaching 39.4 °C and 39.9 °C for calf 1 and 2, respectively. One day later, body temperatures normalized until a second peak reaching 41 °C, in both calves, at 8 dpi. Viremia started from 3 dpi, and similar qPCR titers for both calves were observed, reaching a maximum titer of approximately 3.9 log10 TCID50-eq/mL at 9 dpi. On that day, the animals were euthanized, and normal body temperature and no clinical signs were observed (Figure 1).




2.1.2. CSFV


Both pigs were active, appeared healthy, and were free of pestivirus antibodies at the start of the study. During the entire study, no fever was observed, and at 12 dpi, the pigs showed some loss of appetite. Viremia started 8 and 9 dpi for pig 2 and 1, respectively. The maximum blood titer equivalent (3.5 log10 TCID50-eq/mL) in pig 2 was reached 10 dpi. The blood titers of pig 1 were still increasing to 3.6 log10 TCID50-eq/mL at 13 dpi and on that day, the pig was euthanized (Figure 1).




2.1.3. PPRV


Both goats were active and healthy at the start of the study. At 7 dpi, both goats had a body temperature higher than 39.5 °C but less than 40 °C, resulting in a score of one. Their behavior was normal throughout the study; however, at 9 dpi, nasal discharge was observed in both animals. On this day (the end of the study), mucosal lesions in the mouth were observed in both goats, with scores of 1 and 2 for goat 2 and 1, respectively. During this study, elevated body temperatures were measured, rising from 39.0 °C/38.9 °C to 39.7 °C on 7 and 9 dpi for goats 2 and 1, respectively. At the end of the study (9 dpi), goat 2 had a normal body temperature, while goat 1 still had fever (39.7 °C). Viremia in both goats developed very similarly, and the first positive qPCR results were obtained 6 dpi. At 8 dpi, the maximum PPRV titer equivalents were 1.8 and 1.7 log10 TCID50-eq/mL for goats 1 and 2, respectively (Figure 1).





2.2. Intestinal Viral Loads


2.2.1. BVDV


As indicated in Figure 2 and Table S1, sufficient maximum mean BVDV viral loads of 6.3 and 5.8 log10 TCID50-eq/g were found in the ileum of both calves, and the amount of virus was homogenously distributed over short distances, showing ≤0.5 log10 variation (SD 0.1–0.2). A homogenous distribution was also found in the proximal sections 1–4 of the small intestines of calf 2, including duodenum and jejunum, but with lower levels of BVDV (~4.5 log10 TCID50-eq/g). The viral loads in the other sections, including colon and caecum, were not homogeneously distributed (Figure 2 and Table S1). In calf 1, most sections besides the ileum were negative, and only single samples were BVDV-positive in sections 2–4, colon, and caecum. All cleaning control samples were negative.



To summarize, the optimal location for future BVDV sampling is in the ileum because of sufficient viral loads that were evenly distributed in both calves.




2.2.2. CSFV


All intestine samples of pig 1 were positive, resulting in sufficient mean titers ranging from 4.2 (section 7 and colon) to 4.9 (section 1) log10 TCID50-eq/g. The samples per section showed homogenous distribution within 1 log10 variation (SD 0.06–0.4). The titer of the mucosa of pig 1 ranged from 5.1 (section 6) to 5.9 (section 1) log10 TCID50-eq/g, that for the submucosa ranged from negative (section 7) to 5.3 (section 1) log10 TCID50-eq/g, and the muscular layer/serosa values ranged from 3.3 (section 1) to 4.8 (section 7) log10 TCID50-eq/g (Figure 2 and Table S2). A paired t test analysis showed that the mucosa titers significantly differed from the submucosa (p 0.0068) and muscular layer/serosa (p 0.0008) titers, while no significant differences were found between the submucosa and muscular layer/serosa.



The average titer of all small intestine samples (sections 1–8) was 4.5 log10 (SD 0.1), while the mean submucosa titer was 3.4 log10 (SD 1.5), and only the submucosa titer in section 1 was higher than the titers of all four whole intestine samples from that section. No layer samples were taken from the ileum. None of the intestine samples of pig 2 were positive, except for two samples in the ileum and one caecum sample; none of the separate layers were positive (Figure 2 and Table S2). All cleaning control samples were negative.



To summarize, CSFV sampling can be performed in all sections of the intestinal tract, resulting in sufficient viral loads which are homogenously distributed. The viral loads in the submucosa layers of pig 1 were in most sections lower than in the whole intestine samples. However, this was observed only in one out of two animals, and most samples of the other pig were negative.




2.2.3. PPRV


PPRV was homogenously distributed in the ileum of both goats within 1 log10 variation (SD 0.3/0.2), resulting in sufficient maximum mean viral loads of 4.8 (goat 1) and 4.4 (goat 2) log10 TCID50-eq/g. The samples of all other intestine sections were positive, showing mean titers ranging from 3.0 (section 2) to 4.6 (section 8) and 2.0 (section 3) to 4.3 (section 10) log10 TCID50-eq/g for goats 1 and 2, respectively (Figure 2 and Table S3). Sections 1, 4, 6 (goat 1) and 1, 3–5, 7, 8, 10 (goat 2) showed less than 1 log10 variation, and the mean titers gradually increased with approximately 1 log10 from section 7 towards the ileum (~8 meter). The viral load in the separate layers of the small intestine, mucosa, submucosa, and muscular layer/serosa were determined, and sections 1, 2, and 4 of goat 1 and sections 2, 3, and 4 of goat 2 resulted in a mixture of mucosa and muscular layer/serosa due to technical difficulties while learning the scraping technique to separate the different layers; the related results are indicated with an asterisk in Table S3 and, therefore, may not reflect the actual titers. When excluding these sections for the mucosa and muscular layer/serosa, the titers of the mucosa of goat 1 ranged from 3.1 (section 5) to 5.7 (ileum) log10 TCID50-eq/g, those of the submucosa ranged from 1.5 (section 6) to 4.5 (section 9) log10 TCID50-eq/g, and those of the muscular layer/serosa ranged from negative (section 3) to 3.4 (ileum) log10 TCID50-eq/g. The mucosa titers of goat 1 significantly differed from the submucosa (p 0.0031) and muscular layer/serosa (p < 0.0001) titers, while no significant differences were found between submucosa and muscular layer/serosa.



For goat 2, the mucosa titers ranged from 2.4 (section 6) to 4.5 (section 10) log10 TCID50-eq/g, those of the submucosa ranged from negative (section 2) to 4.1 (section 9) log10 TCID50-eq/g, and those of the muscular layer/serosa ranged from negative (sections 7 and 9) to 2.3 (section 1 and 10) log10 TCID50-eq/g. The muscular layer/serosa titers of goat 2 significantly differed from the mucosa (p 0.0065) and submucosa (p 0.0223) titers, while no significant differences were found between the submucosa and the mucosa. During homogenization of the frozen intestine samples of goat 1, seven cleaning controls were performed, of which two were positive (2.2 and 1.0 log10 TCID50-eq/g), and the others were negative. Five cleaning controls were performed for goat 2, of which one was found positive (1.3 log10 TCID50-eq/g), and the others were negative. Because the majority of the cleaning controls were negative and most intestine samples showed higher titers, the influence of contamination on the final intestine results was estimated to be relatively low.



To summarize, sampling PPRV in the ileum will result in sufficient maximum titers and minimal variation over short distances. The majority of the submucosa viral loads were lower than those of whole intestine samples.






3. Discussion


A prerequisite for testing intestinal virus inactivation is a homogeneous distribution of sufficient viral loads throughout the entire intestine. No previous studies on this subject have been performed [6]. The present study fills this gap by answering the four research questions indicated in the introduction. Sufficient viral loads of BVDV, CSFV, and PPRV were found in the small intestines of their host animals, making it possible to measure at least a 2 log10 reduction (99% reduction) in a future inactivation experiment (question (i)). The viral loads were evenly distributed either over the total length (CSFV) or in the ileum (BVDV and PPRV) of the small intestines, showing minimal variation (≤1 log10) in virus titers over short distances, which is important to measure the effect of inactivation (questions (ii) and (iv)). Regarding the different layers, CSFV and PPRV showed maximum and minimal viral loads in the mucosa and muscular layer/serosa layers, respectively (question (iii)). Specific to their purpose and relevant to international trade, the viral loads found in the submucosa layer (natural casing) were in general lower than in the whole intestine samples and showed more variation between the different sections. Therefore, for any future inactivation experiments, whole intestine sampling is preferred over sampling only the submucosa layer, and represents a worst-case scenario because of its higher viral loads.



Previous intestinal BVDV viral loads from 4 up to 7.3 log10 TCID50/g in in the ileum during a period of 6 to 10 dpi [7,8,9] confirmed the findings of the present study.



The CSFV intestinal viral loads found in the present study are in line with those of previous studies, showing maximum titers of 6.8 and 4.7 log10 TCID50/g in the ileum and jejunum, respectively [5,10]. Moreover, the inactivation study following this pilot analysis confirmed the homogeneous distribution of viral loads [5]. From outbreak situations and experimental data, it is known that CSFV infection of older pigs (in the present study at slaughter age of 6 months) may result in subclinical signs [11,12,13,14,15]. The clinical results obtained here were confirmed in the inactivation study, showing no fever and mild clinical signs [5]. Thus far, the presence of CSFV was not quantified per intestinal layer, mucosa, submucosa, and muscular layer/serosa in infected pigs. However, the presence of CSFV was detected by immunohistochemistry (IHC) in the superficial and crypt mucosal epithelial cells of the ileum and in macrophages and lymphocytes of the Peyer’s patches [16,17]. Previous studies involving natural casings derived from CSFV-infected pigs have shown the presence of infectious viruses in natural casings (submucosa) after processing; however, in none of these studies, the amount of the virus was quantified [18,19,20].



A recent study showed maximum viral loads of a local Bangladeshi PPRV strain BD/PPRV/2015/1 by qPCR in the duodenum, jejunum, and ileum, the latter showing the highest amount of virus, similar to the results of the present study [21]. During the past years, IHC studies have shown the presence of numerous PPRV strains in the small intestines, confirming the involvement of the mucosal layer (lamina propria, surface, and crypt epithelial cells) as well as of the submucosa layer (Peyer’s patches) during infection [22,23,24,25,26,27,28].



The present study shows the limitations of animal testing, which resulted in negative or very low intestinal viral loads in one of the two BVDV- and CSFV-infected animals, despite the fact that these viruses were selected because of their high viral loads in the intestines and the documented application of similar inoculation doses and routes [6,9,10,28]. Increasing the power of the experiment was not in line with the 3R’s disciplines of replacement, reduction, and refinement regarding animal welfare, because this was an exploratory experiment. The urge for replacement of animal testing was the primary incentive for the development of the 3D collagen matrix model [3]. The current study confirms this need, allowing testing the inactivation of sufficient and homogenous levels of virus without the use of animals and without the need to compromise between whole intestine or submucosa.



The present study focused on experimentally infected animals during an acute infection, but in a field situation, BVDV- and PPRV-persistently infected (PI) animals may also exist, shedding the virus for a long period of time [29,30]. Although PI animals were not the subject of this study, it would be quite interesting to investigate in future studies whether the intestinal viral titers of PI animals contain comparable levels of viral loads as those in acutely infected animals.



In conclusion, the results of this pilot study show that it is possible to set up an inactivation experiment with the intestines of animals experimentally infected with one of the examined viruses. To measure inactivation with sufficient viral loads, the whole intestine should be used instead of the submucosa layer (natural casing). Furthermore, these animal experiments should be executed with great attention to timing to determine the right moment for necropsy.




4. Materials and Methods


4.1. Viruses


In this study, three virulent virus strains were used: CSFV strain Paderborn 277, isolated in 1997 during the classical swine fever outbreak in the Paderborn area of Germany [31], BVDV type 1b strain 4800 (non-cytopathic), isolated from a persistently infected calf in 1993 [32], and PPRV strain CI/89, a pathogenic field strain isolated in Ivory Coast in 1989 and kindly provided by the Pirbright Institute (UK) [33].




4.2. Animal Studies


The animal experiment was approved by the national ethical committee (CCD) under code AVD 401002016687. Animals (pigs, calves, goats), at the age of approximately 6 months, were obtained from conventional farms with a high health status in the Netherlands. Before arrival at the high containment unit (HCU) facilities of Wageningen Bioveterinary Research (WBVR), the selected pigs and calves were free of pestivirus antibodies, as determined using the pan-pesti NS3 ELISA (Priocheck BVDV Ab, Thermofisher Scientific, Breda, The Netherlands). All animals were inoculated via the intranasal route; for CSFV and BVDV, these is a common route for experimental infection, while for PPRV, either the subcutaneous or the intranasal route are commonly applied. Several PPRV studies showed no differences in the final outcome depending on the infection route; therefore, the intranasal route was chosen, since this route reflects the natural way of PPRV transmission [33,34].



Two calves were infected with 2 mL 5 log10 TCID50/mL of BVDV (1 mL/nostril); the inoculation dose and route was based on a previous publication on the same strain of BVDV [9]. Two pigs were inoculated with 2 mL 5.0 log10 TCID50/mL CSFV (1 mL/nostril), based on previous publications [10,35]. Two goats were inoculated with 1 mL 4.8 log10 TCID50/mL PPRV (0.5 mL/nostril), which is similar the doses employed in previous publications on this strain [33,36]. The health of the animals was monitored daily by rectal temperature measurements, and clinical observations were based on previously described clinical scoring lists for each virus [24,37,38]. Each individual clinical score added up to a total score per day to monitor whether humane endpoints (HEP) were reached. EDTA-stabilized blood samples were taken on day 0 (prior to inoculation), day 3, and daily from day 6 till the end of the study and analyzed immediately by quantitative real-time PCR (qPCR) to determine the relative virus titer after 1:1 dilution in PBS. All animals were euthanized in the acute phase of the disease, aiming at the peak of viremia.




4.3. Intestine Sampling


The viral load in the intestines of experimentally infected calves, pigs, and goats was determined over the full-length of the small and large intestines. Additionally, the viral loads were determined in the separate layers of the small intestines, i.e., mucosa, submucosa, muscular layer/serosa (Table S4). Feces were manually squeezed out of the small intestines and flushed with water from the large intestines. Based on its length, the small intestines were divided in either 8–9 (calves/pigs) or 10 equal sections (goats). The length of each section varied from 3.2 to 3.6 m for calves and 1.9 to 2.1 m for pigs, and was 1.7 m for goats. From the center of each section, four consecutive samples with a length of 1 to 4 cm were taken, and each cut was made with a clean disposable knight to prevent cross-contamination. Each sample was weighed and weighed between 1 and 7 g. Because the ileum was located at the end of section 8 (pigs/calves) or 10 (goats), either additional sampling in the ileum was performed, which was the case for calf 2, both pigs, and goat 2, or the center sampling of the last section was replaced by sampling in the ileum of calf 1 and goat 1 (Table S4). From the small intestines of the PPRV-infected goats and CSFV-infected pig mucosa, submucosa and muscular layer/serosa samples were taken of each section (~20 cm) next to the four other samples. To approach a situation similar to the production process, the separation of the different layers was performed manually by an expert from the casing industry with the use of a specific scraping device. Most separations were performed by the expert, who also provided training, transferring his skills, for future studies. Briefly, after manually removing the feces, each small intestine section was cleaned by a 20 min soak in clean warm water (47 °C), followed by rinsing at the water tap. Subsequently, the mucosa was removed and collected in a first round with the scraping device, followed by a firmer scraping, removing and collecting the muscular layer/serosa, which finally resulted in the production and collection of the submucosa layer. The separate layers were verified macroscopically; however, some small residual amount of either the mucosa or the muscular layer or both might be present in the submucosa, as was previously described in histological studies of manually and mechanically processed sheep casings [39]. The cleaning process of porcine casings was quite similar to that of the sheep casings; thus, the conclusions obtained for sheep casings are also valid for porcine casings [40]. The intestines of the calves were processed differently, because, in this case, only the whole intestine is used as a sausage casing; therefore, it was not relevant to determine the viral load in the different layers [41]. From the large intestines of CSFV-infected pigs and BVDV-infected calves, 4 consecutive samples were taken from the caecum and at the center of the colon. Each sample was weighed and weighed between 2 and 7 g. The total lengths of the large intestine of pigs 1 and 2 were 4.9 m and 3.4 m, respectively. The total lengths of the large intestines of calf 1 and 2 were measured but not noted. Colon and caecum were not sampled from PPRV-infected goats because these intestinal parts have very little relevance for the casing industry, as indicated in Annex 1 on the ENSCA website [42].




4.4. Intestinal Viral Loads


The intestinal samples were immediately stored at −70 ± 5 °C; thereafter, the frozen intestinal samples were ground with the use of a cryogenic tissue lyser (Proficook), as previously described [5]. To obtain 20% tissue homogenates, cold medium, in a quantity of 4 volumes of the weight of each sample was added, e.g., 12 mL of medium to 3 g of sample. After processing each sample, the tissue lyser was decontaminated with Decon 90 (Agar Scientific, Stansted, UK), followed by rinsing with medium to prevent cross-contamination; random cleaning control samples, after medium rinsing, were taken. BVDV samples were homogenized in the presence of Eagle’s Minimum Essential Medium (EMEM), 2% fetal bovine serum (FBS), and 5% antibiotics; CSFV samples in EMEM, 5% FBS, and 10% antibiotics; PPRV samples in Dulbecco’s Modified Eagle’s Medium (DMEM), 10% FBS, 1% l-glutamine (2 mM), 100 U/mL penicillin, and 100 µg/mL streptomycin. All homogenates and cleaning control samples were clarified by centrifuging at 1966–2570× g for 10 min at 4 °C and stored at −70 °C until qPCR testing.




4.5. Quantitative RT-PCR


To determine the viral load and homogeneity of the virus distribution over each intestine section, all samples were tested by quantitative RT-PCR, detecting BVDV, CSFV, or PPRV [43,44,45,46]. To quantify the amount of virus DNA/RNA present, a standard curve was obtained using known titers of BVDV 4800, CSFV Paderborn, or PPRV CI/89, in parallel the analysis of the homogenized samples; therefore, the results are expressed in log10 TCID50 equivalents (TCID50-eq). Because PCR detects viral RNA derived from infectious and non-infectious virus, the qPCR results represent a relative measure for the viral load. In the validation experiment following the present pilot study, it was shown that the equivalent qPCR titers were similar to the virus titers obtained by virus titration in cultured cells [5].
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Figure 1. Clinical scores, body temperatures, and viremia results. Dotted lines at body temperatures indicate the temperature range regarding the onset of fever. Dotted line at viremia indicate the detection limit of the qPCR. 
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Figure 2. Mean and individual intestinal viral loads per virus expressed as log10 TCID50-eq/g are indicated by the red (animal 1) and blue circles (animal 2), error bars indicate the standard deviation. The viral loads in the different intestinal layers, mucosa (green □), submucosa (black ○), and muscular layer/ serosa (purple ◊) are based on a single sample per intestine section. For raw data, see Table S1 (BVDV), Table S2 (CSFV) and Table S3 (PPRV). 
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