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Bovine Coronavirus (BCoV) is a member of a family of viruses associated with both enteric and respiratory diseases in a wide range of hosts. BCoV has been well-established as a causative agent of diarrhea in cattle, however, its role as a respiratory pathogen is controversial. In this study, fifteen calves were challenged intranasally with virulent BCoV in order to observe the clinical manifestation of the BCoV infection for up to 8 days after initial challenge, looking specifically for indication of symptoms, pathology, and presence of viral infection in the respiratory tract, as compared to six unchallenged control calves. Throughout the study, clinical signs of disease were recorded and nasal swabs were collected daily. Additionally, bronchoalveolar lavage (BAL) was performed at 4 days Post-challenge, and blood and tissue samples were collected from calves at 4, 6, or 8 days Post-challenge to be tested for the presence of BCoV and disease pathology. The data collected support that this BCoV challenge resulted in respiratory infections as evidenced by the isolation of BCoV in BAL fluids and positive qPCR, immunohistochemistry (IHC), and histopathologic lesions in the upper and lower respiratory tissues. This study can thus be added to a growing body of data supporting that BCoV is a respiratory pathogen and contributor to respiratory disease in cattle.
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INTRODUCTION

Coronaviruses (CoVs) are a large group of positive-sense RNA, enveloped viruses that cause a variety of diseases in numerous mammalian and avian hosts, including humans, cattle, pigs, chickens, cats, mice, and many other species (1, 2). Depending on the host and strain of coronavirus, the site of infection and disease manifestation can vary. In pigs, coronavirus infections mostly lead to enteric symptoms, but also have the ability to infect the nervous system (1, 3). A virulent feline coronavirus can cause systemic disease in cats by infecting macrophages and lymphatic tissue (3, 4). In chickens, some strains of coronavirus can affect the urogenital tract causing renal disease and diminished egg production (3). In 2008, Mihindukulasuriy et al. isolated coronavirus from the liver of a whale found deceased with respiratory disease and acute liver failure (5). As demonstrated by the recent pandemic strain of coronavirus, SARS-CoV 2, also known as COVID-19, these viruses have the potential to spread rapidly and cause a high degree of pathogenicity with the potential to be lethal (6–8).

Bovine coronavirus (BCoV) is a well-known cause of enteric disease in cattle, notably causing illnesses such as “winter dysentery” (1, 9–16). These illnesses can cause weight loss, dehydration, decreased milk production, depression, and potentially death, all of which can lead to significant economic loss (3). In addition to cattle, BCoV can spread to a variety of other ruminants, including elk, deer, and camels (17, 18). While BCoV is widely accepted as an enteric pathogen with a significant impact on the cattle industry, it is not often clinically regarded as a respiratory pathogen (19, 20). Furthermore, there is currently a shortage of BCoV challenge studies which effectively reproduce clinical respiratory disease and show gross and microscopic pathology (21–23).

In this study, fifteen calves were administered virulent BCoV intranasally (IN). The six control calves were not challenged but were housed in a separate room in the same building as the challenged calves. The data collected support that this BCoV challenge in calves resulted in clinical disease and respiratory infections as evidenced by the isolation of BCoV in BAL fluids and nasal swabs, as well as positive qPCR, IHC, and histopathology in the lungs and other tissues of the respiratory tract.



MATERIALS AND METHODS

Animals. Twenty-one newborn colostrum deprived (CD), single-sourced Holstein calves born within 48 hours of each other were received in a single shipment. All calves were ~4 weeks old and of similar weight at the start of the study. Blood samples collected at the time of arrival to the challenge facility to screen for the BoCV and BVDV infections confirmed that all animals were negative for these viral infections at the commencement of the study. Both male and female calves were included in the study. All animals arrived at the challenge facility and were acclimated for 6 days prior to challenge. Calves were bottle-fed a minimum of two quarts of milk replacer twice a day. Once they could be fed with a bucket, they additionally received 16% calf grower, as needed. Water was available ad libitum. Calves were randomly assigned to challenge or control groups. Fifteen calves were included in the challenge group (Group 1) and six calves were included in the negative control group (Group 2). All animals were housed in the same building; however, negative control calves were housed in a separate room apart from the challenge calves with solid walls in between. The air in the building goes through MERV30/30 filters prior to entry into the animal housing rooms, with an airflow sink pulling in one direction out of the rooms. Fresh personal protective equipment (PPE) (Tyvek suits, boots, gloves, etc.) were donned in between each animal room with the unchallenged, control calves (Group 2) always being attended to first for feeding, care, clinical observations, sample collection, and all other daily activities. Animal care personell wore disposable masks throughout the study. Challenge calves (Group 1) were randomly split into three subgroups of five calves, and on day 4, 6, or 8 Post-challenge one subgroup of calves was euthanized and the following fresh and fixed tissues were collected at the time of euthanasia: eyelids, nasal turbinates, tonsils, trachea, primary bronchus, distal bronchus, lung, and tracheobronchial lymph node. A cutoff was set for animals with an initial BCoV antibody titer >64 prior to challenge to be excluded from the study. One animal in group 1A was determined to have an antibody titer >64, and thus was substituted with calf #685 on day −1.

Veterinary care and observation. The health of the animals was managed by the on-site veterinarians. All animals were examined prior to the start of the study to determine overall health status. No adverse events, severe illness, or distress was observed that required medical intervention throughout the duration of the study. Daily observations for overall health of the animals were performed by the animal care staff prior to initiation of the study and by the study investigator through the duration of the study. No disease symptoms unrelated to BCoV infection were observed throughout the study. All calves were monitored for symptoms of clinical disease, respiratory rate, and rectal temperatures for 3 days prior to challenge and for up to 8 days Post-challenge.

Challenge material. The virulent BCoV respiratory challenge strain was MN-1988, originally isolated from a 1-week old calf submitted to the Veterinary Diagnostic Lab in St. Paul, Minnesota. The isolate was propagated in CD calves, reisolated, and then propagated in HRT-18 cells. The challenge virus target dose was 7.0 log10 TCID50 per calf (6.4 log10 TCID50 per mL) in a 4 mL dose. Five, 5 mL aliquots of frozen virulent BCoV respiratory challenge strain MN-1988 were quickly thawed and pooled. Twenty milliliters of pooled virus was diluted in Dulbecco's Modified Eagle's Medium (DMEM) (Hyclone) and divided into 4 mL doses within an hour prior to administration to the calves while being kept on ice for the entirety of the time between dilution and administration. The challenge virus was tested for potency immediately after dilution and determined to have a titer of 7.1 log10 TCID50 per 4 mL dose (6.5 log10 TCID50 per mL). Administration of the challenge material to the calves was performed intranasally via a Flexineb (BreathEazy, Worchesterchire, UK) equine nebulizer (foal/pony size) until all of the viral-containing fluid had been nebulized, ~2–3 min.

Blood sample collection and serum neutralization titers. Blood samples were also collected on the day of euthanasia (day 4, 6, or 8 Post-challenge). Blood was collected in a serum separator tube (10 to 15 mL). The blood samples were incubated at 37 ± 2°C for 30 to 120 min and then centrifuged at 2,000 rpm for 20 min to separate the sera. The sera were heat-treated for 30 min in a 56°C water bath. Serum samples were tested for SN antibody titers to BCoV.

Serum samples were prepared in serial 2-fold dilutions up to 1:8,192 and were tested in triplicate wells. Approximately 50–500 TCID50 per well of the BCoV SN virus was added to the diluted serum samples. The plates containing a mixture of the serum samples and virus were incubated for 60 ± 10 min in a 37 ± 2°C in a 4–6% CO2 humidified chamber to allow any antibodies present in the serum to neutralize the SN virus. The sera/virus mixtures were then transferred to 96-well tissue culture plates containing confluent monolayers of HRT-18 cells. The test plates were incubated at 37 ± 2°C in a 4–6% CO2 humidified chamber for 5 days. The cells were fixed with methanol, reacted with specific anti-BCoV monoclonal antibody at a 1:20,000 dilution in PBS, and stained with an anti-mouse IgG-FITC conjugate (SeraCare; Milford, MA). Cells were examined with a fluorescent microscope and scored for the presence or absence of fluorescence. Titers were calculated using the Spearman-Karber 50% end point method and expressed as log10 TCID50 per mL.

Nasal swab collection and processing. Two sterile polyester swabs (one per nostril) were used to collect nasal secretions from each animal on day −1 and day 1 Post-challenge through the day of euthanasia. The nasal swabs were inserted ~6 inches into each nostril and gently rubbed against the nasal mucosal surface, then both swabs were placed into a tube containing 2.5 mL of cold nasal swab media (DMEM supplemented with gentamicin at 200 ug/mL, penicillin-streptomycin at 100 IU/mL and 100 ug/mL, and amphotericin B at 5.0 ug/mL) and placed on ice. The nasal swabs were then vortexed in the transport media and the fluid was squeezed from the swab by pressing the swab against the wall of the tube. The fluid was centrifuged at 1,000 g for 10 min at 2–8°C. Samples were stored at ≥−70°C before being tested for viral titers.

Bronchoalveolar lavage. Fifty milliliters of chilled, sterile PBS was administered to each calf using a 1.8 mm endoscopic microbiology aspiration catheter (MILA International, INC) and endoscope (Whittemore VET-8015). Calves were restrained with their heads extended so that the upper respiratory tract formed a straight line and the catheter was placed into the trachea via the ventral meatus of the nasal passage. Once in the trachea the tube was gently advanced until it reached the bifurcation of the trachea to reach the bronchi. The 50 mL PBS was carefully administered and the liquid immediately re-aspirated using the same tube. The recovered fluid was transferred into a sterile container and held on ice before being centrifuged at 1,000 g for 10 min at 2-8°C. Samples were stored at ≥−70°C before being tested for viral titers.

Viral titers from collected samples. 10-fold serial dilutions of the nasal swab or bronchoalveolar lavage (BAL) samples from each animal were added to four wells of a 96-well microtiter plate containing confluent monolayers of HRT-18 cells. The plates were incubated for 5 days at 37 ± 2°C in a humidified 4–6% CO2 incubator. The cells were then fixed with methanol, incubated with anti-BCoV monoclonal antibody, and stained with an anti-mouse IgG-FITC conjugate. Cells were examined with a fluorescent microscope and scored for the presence or absences of fluorescence. Virus titers were calculated using the Spearman-Karber 50% end point method and expressed as log10 TCID50/mL.

BCoV PCR of tissue samples. Fresh tissue samples were collected at the time of euthanasia, placed in separate plastic bags, and shipped on ice to the Iowa State University Veterinary Diagnostic Laboratory (ISU VDL). Fresh tissues were processed and analyzed at the ISU VDL as previously described (24). RT-rt PCR primers used were specific for the S gene of BCoV.

Histopathology and BCoV IHC. Tissue samples (nasal turbinates, trachea, bronchus, deeper bronchus, lung, tracheobronchial lymph node, tonsil, and eyelid) collected at the time of euthanasia were immediately placed in a 10% neutral buffered formalin solution and shipped to ISU VDL for H&E and IHC evaluation. The nasal turbinates, trachea, proximal bronchus, and distal bronchus were evaluated and scored for histopathology and IHC by a blinded diagnostic pathologist (Rahe) using an Olympus BX41 microscope. For histopathology scoring of airways, the following grading scheme modified from Larios Mora et al. was used (25). 0 = Normal epithelium with no evidence of inflammatory infiltrates. 1 = Minimal detectable epithelial cell necrosis, loss, or hyperplasia with sparse inflammatory cell (neutrophils, lymphocytes, or plasma cells) infiltrates in the lamina propria. 2 = ~10% of epithelium is necrotic, lost, or hyperplastic with mild inflammatory cell infiltrates. 3 = Between 10 and 50% of epithelium is necrotic, lost, or hyperplastic with moderate inflammatory cell infiltrates. 4 = Between 50 and 100% of the respiratory epithelium is necrotic, lost, or hyperplastic with moderate to severe inflammatory cell infiltrates. The lung, eyelid, tracheobronchial lymph node, and tonsil and were also evaluated for histologic lesions and IHC staining.

IHC for detection of BCoV-specific antigen (nucleocapsid) was performed on fixed tissue as previously described utilizing equal parts of ascites IDs BC26C8.2C, BC22H5.3C, BC22F8.3C at a 1:400 dilution (Reference to be added, accepted manuscript). The following grading scheme was used for IHC scoring: 0 = no signal, 1 = mild signal (rare epithelial cells or leukocytes have intracytoplasmic staining), 2 = moderate signal (multifocal groups of epithelial cells or leukocytes have intracytoplasmic staining) 3 = abundant signal (multifocal to coalescing groups of epithelium or leukocytes have intracytoplasmic staining).



RESULTS

Clinical disease observations suggest both respiratory and enteric symptoms. Calves challenged with BCoV displayed clinical symptoms of disease, most frequently nasal discharge, mild cough, and diarrhea (Supplementary Table S1). The challenge calves (Group 1) started displaying nasal discharge at day 4 Post-challenge, at which time 3 out of 15 (20%) of the calves had moderate discharge. Seven of the 10 (70%) challenge calves that remained in the study until day 6 or 8 Post-challenge had moderate nasal discharge on at least 1 day Post-challenge. Fever (rectal temperatures of 103.0°F or greater) was detected in 5 of 15 animals during the first 4 days of infection. Elevated respiratory rates (>60/min) were observed in 3 of 15 calves over that same time period (Supplementary Tables S2, S3). Only one calf (ID #647) displayed an elevated respiratory rate as well as a fever; however, the elevated respiratory rate preceded the fever by 1 day. Clinical symptoms peaked at day 5 Post-challenge with 9 out of 10 (90%) remaining challenge calves displaying some symptoms of BCoV infection, most commonly nasal discharge (Supplementary Table S1). Notably, on day 6 Post-challenge 60% of the remaining challenge calves were observed to have a mild cough, while none of the control calves had coughing symptoms throughout the duration of the study. Diarrhea was observed in a control calf on day 3 and another on day 6, subsequently leading to the development of minor clinical signs.

Viral shedding detected in nasal secretions and bronchoalveolar lavage fluid show presence of BCoV in the respiratory tract. BCoV was isolated from nasal swab secretions of all challenge calves starting from day 1 Post-challenge through day 7 Post-challenge (Table 1 and Supplementary Table S4). On the final day of the study, day 8 Post-challenge, 2 of the remaining 5 challenge calves (40%) still had detectable BCoV titers in nasal secretions. BCoV infection titers peaked at day 5 Post-challenge for the challenge group with an average titer of 6.6 log10 TCID50/mL in the nasal secretions. Control calves maintained negative results for BCoV isolation until day 6 Post-challenge. By day 8 Post-challenge, both of the remaining control calves had positive nasal swab titers for BCoV.


Table 1. Average nasal swab virus shedding titers (Log10 TCID50/mL).
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Bronchoalveolar lavage (BAL) fluid was collected from all calves on day 4 Post-challenge. Briefly, using an endoscope, a catheter was gently advanced until it reached the bifurcation of the trachea and sterile PBS administered and immediately recollected. BCoV was isolated from BAL fluid from all but one challenge calf (Group 1) (93.3%) with an average viral titer of 3.52 log10 TCID50/mL. Only one out of six control calves (Group 2) (16.7%) had a BCoV positive BAL sample (BCoV titer of 2.5 log10 TCID50/mL). Isolation of BCoV from the BAL fluid and the nasal swab samples are evidence for viral infection of the respiratory tract for at least 7 days Post-challenge in the calves.

Supplementary Figure S1 shows a representative image taken using the endoscope at the time of the BAL of the terminal bronchi of a challenge calf, 4 days Post-challenge. This image shows a mass of mucous and tissue debris on the luminal wall of the bronchi, which was a typical observation in the respiratory tracts of the challenge animals during this procedure along with tissue debris that was collected with the lavage fluid. None of the control calves had mucous build up or debris apparent at the time of BAL.

Serum neutralization antibody titers suggest an immune response developing toward the resolution of BCoV infection. All calves included in the study had antibody titers ≤ 1:64 to BCoV prior to challenge, meeting the predetermined cutoff for being seronegative. Control calves maintained seronegative BCoV antibody titers throughout the study. On day 8 Post-challenge, 3 out of 5 challenge calves had antibody titers of 128, resulting in an overall geometric mean SN titer (GMT) of 90.5 indicative of the initiation of a humoral immune response specific to BCoV (Table 2 and Supplementary Table S5).


Table 2. Summary of serum neutralization antibody titers (Geometric mean SN titer*).
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BCoV nucleic acids detected by RT-rtPCR in respiratory tract tissues. Fresh tissue samples were taken at the time of euthanasia and submitted to a diagnostic lab for RT-rtPCR to evaluate the presence of BCoV. The mean BCoV nucleic acid levels of challenged (Group 1) animals were particularly high in the nasal turbinates, tonsil, lung, and trachea on days 4 and 6 Post-challenge (Figure 1). However, by day 8 Post-challenge only the tonsil and nasal turbinates still had detectable BCoV nucleic acid. Six out of ten challenged calves (Group 1) were PCR positive in the eyelid at days 4 and 6 Post-challenge, though all day 8 Post-challenge animals were negative. Similarly, the tracheobronchial lymph node had positive Ct counts in seven of ten calves at days 4 and 6 Post-challenge, with all animals negative by day 8. On day 8 Post-challenge, at least one negative control (Group 2) calf had a positive Ct count in all evaluated tissues besides the tracheobronchial lymph node and eyelid.


[image: Figure 1]
FIGURE 1. BCoV RT-rtPCR results at days 4, 6, or 8 Post-challenge. All tissue types submitted (nasal turbinate, eyelid, tonsil, trachea, lymph node, bronchioles, and lung) tested positive (CT counts <35) for BCV by qPCR in some or all of the challenge calves (100% of the tonsil samples, 87% of the nasal turbinate, 73% of the trachea, 67% of the lung, 53% of the bronchiole, 47% of the lymph node, and 40% of the eyelid samples). Only two of the six control calves (the calves euthanized on day 8 of the study) had qPCR positive tissues at the time of euthanasia.


Histopathology evaluation and BCoV direct detection by IHC in respiratory tract tissues. At the time of euthanasia, upper and lower respiratory tract tissue samples were stored in formalin and submitted to a diagnostic laboratory for immunohistochemistry (IHC) and histopathology evaluation. The evaluated airways frequently displayed some degree of epithelial attenuation and inflammatory infiltrate with most severe lesions in the tracheas of challenged calves at days 6 and 8 Post-challenge (Figures 2, 4C). The nasal turbinates of all challenged calves showed some level of pathology at day 6 Post-challenge, displaying epithelial erosion or ulceration with infiltration of the submucosa by lymphocytes, plasma cells and neutrophils (Figure 4D). Epithelium of bronchi from both challenged and control calves were often multifocally affected similar to that observed in the trachea. The lung, tracheobronchial lymph node, tonsil, and eyelid were also evaluated and were frequently unremarkable with only rare crypt abscesses in the tonsil and scant neutrophil infiltrates in the lung.


[image: Figure 2]
FIGURE 2. Histopathology scores of fixed tissues at days 4, 6, or 8 Post-challenge. Tissues evaluated from challenge calves showed increased pathology in the nasal turbinates and trachea when compared to the control calves. Differences in tissue pathology were less apparent in bronchus samples between the two groups. 1 = Minimal detectable epithelial cell necrosis, hyperplasia, and sparse inflammatory cell (neutrophils, lymphocytes, or plasma cells) infiltrates in the lamina propria. 2 = Approximately 10% of epithelium is necrotic or hyperplastic with mild inflammatory cell infiltrates. 3 = Between 10 and 50% of epithelium is necrotic or hyperplastic with moderate inflammatory cell infiltrates. 4 = Between 50 and 100% of the respiratory epithelium is necrotic or hyperplastic with moderate to severe inflammatory cell infiltrates.


The tracheas of challenged animals showed mild IHC staining on day 4 Post-challenge which steadily declined to the point of all animals testing negative by day 8 Post-challenge. IHC revealed the nasal turbinates had frequent BCoV staining of epithelium with all challenged (Group 1) animals IHC positive at day 6 Post-challenge (Figures 3, 4F). The tonsil and bronchus had moderate IHC staining in several challenged animals at 4 and 6 days Post-challenge. The eyelid, deeper bronchus, and lung had mild staining in rare animals, and the tracheobronchial lymph node was uniformly negative across all time points. One negative control (Group 2) animal at day 8 Post-challenge was positive in the trachea, bronchus, and deeper bronchus.


[image: Figure 3]
FIGURE 3. BCoV IHC scores in fixed tissues at days 4, 6, or 8 Post-challenge. Immunohistochemistry analysis of the tissues showed positive staining for BCV infection in all of the different tissue types from challenged calves, except for lymph node. The diagnostic laboratory scored the tissues as negative (0), some positive staining (1), moderate positive staining (2) or extensive positive staining (3). All of the challenged calves had moderate to extensive levels of positive staining in the nasal turbinates on day 6 Post-infection. There was a reduction in the incidence and extent of positive staining by day 8 Post-challenge, which may indicate some resolution of the BCV infection. Only one of the control calves had IHC positive tissues on day 8.
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FIGURE 4. Representative images of histopathology (H&E) lesions and BCoV IHC in challenged calves. (A and B) Trachea at day 4 Post-challenge and nasal turbinates at day 6 Post-challenge from negative control calves, respectively. (C) Trachea on day 4 Post-challenge displaying epithelial ulceration with infiltration of the lamina propria by mixed inflammatory infiltrates. (D) Nasal turbinate on day 6 Post-challenge with locally extensive exfoliation and erosion of epithelium with infiltration of the lamina propria by lymphocytes and plasma cells. (E) Trachea on day 4 Post-challenge showing mulitfocal epithelium with intracytoplasmic detection of BCoV antigen. (F). Nasal turbinate on day 6 Post-challenge with mulitfocal intact epithelium with intracytoplasmic BCoV antigen staining via IHC.




DISCUSSION

Coronaviruses are part of a family of viruses associated with both enteric and respiratory diseases in a wide range of hosts (1, 3–8). BCoV has been well-established as a causative agent of diarrhea in cattle; however, its role as a respiratory pathogen and its contribution to the bovine respiratory disease complex is controversial (9–16, 19). In this study, fifteen calves were challenged intranasally with virulent BCoV in order to observe the clinical manifestation of the BCoV infection for up to 8 days after initial challenge, looking specifically for indication of clinical symptoms, pathology, and presence of viral infection in the respiratory tract, as compared to unchallenged control calves.

Challenged calves displayed a high incidence of clinical symptoms, both enteric and respiratory in nature, including elevated rectal temperatures, diarrhea, nasal discharge, and coughing (Supplementary Tables S1–S3). Symptoms peaked at 5 days Post-challenge with 90% of the remaining challenged calves showing clinical symptoms of disease. The most commonly reported symptoms in challenge calves were nasal discharge, coughing, and diarrhea.

Serum neutralization antibody titers to BCoV in challenge calves were beginning to rise at the end of the study (8 days Post-challenge), suggesting the development of an active humoral immune response. It is reasonable to hypothesize that the BCoV-specific antibody response would have reached a higher titer had serum collection continued past day 8 Post-challenge.

Nasal swabs were collected from calves 1 day prior to challenge and then 1 day through 8 days Post-challenge. Nasal viral shedding was detected from all challenged calves for the first 7 days Post-challenge, with 40% of remaining calves still shedding BCoV on the final day of the study (Table 1). Additionally, bronchoalveolar lavage performed 4 days after challenge also yielded viable BCoV from the lungs in all but one challenged calf (Table 3). These data suggest that BCoV is able to establish an infection and replicate in the lower respiratory tract and in the upper respiratory tract for at least 7 days after initial exposure.


Table 3. Average bronchoalveolar lavage titers (Log10 TCID50/mL).
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Five randomly selected challenge calves and two negative control calves were euthanized on days 4, 6, or 8 Post-challenge each. At the time of euthanasia, tissue samples (nasal turbinate, trachea, tonsil, bronchi, lung, bronchial lymph node, and eyelid) were collected from each calf and submitted to a diagnostic laboratory for histological examination, immunohistochemistry, and quantitative PCR to determine the presence and amount of BCoV in the tissues (Tables 4, 5). The BCoV nucleic acid levels of challenged animals were particularly high (correlating to lower CT values) in the nasal turbinates, tonsil, lung, and trachea on days 4 and 6 Post-challenge (Figure 1). Six out of ten challenged calves were PCR positive in the eyelid at days 4 and 6 Post-challenge. Similarly, the tracheobronchial lymph node had high Ct counts in seven of ten calves at days 4 and 6 Post-challenge. Only the tonsil and nasal turbinates still had detectable BCoV nucleic acid by day 8 Post-challenge.


Table 4. Summary of qPCR results (number and percent positive).
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Table 5. Summary of IHC results (number and percent positive).
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Six negative control calves were not challenged, but were housed in a separate room in the same building as the challenge calves. On days 6 through 8 Post-challenge, one of the remaining unchallenged control calves began having positive titers for BCoV shedding in the nasal swab samples. While this calf did not have clinical symptoms through the end of the study, this same control calf was positive for BCoV nucleic acid by PCR in all evaluated tissues other than the tracheobronchial lymph node and eyelid. IHC for this calf was positive in the trachea, bronchus, and terminal bronchus evidencing active BCoV infection. The control calves were housed in the same building as the challenged calves and were likely exposed to the challenge virus a few days after the other calves were challenged despite the biosecurity measures that were in place. Control calves were always attended to the before the challenge calves with fresh PPE (Tyvek suits, gloves, boots, etc.) worn in each pen and changed between groups. However, despite all the preventative measures taken, the data suggest that a breach in biosecurity lead to the inadvertent infection of the control group. Infection prior to placement is unlikely, as the animals tested negative before entering the facility and never seroconverted. While this incidence was unintentional its occurrence displays the highly infectious nature of this virus and the ease at which it is transmissible.

In this study, calves were challenged by administering the virus intranasally, other research groups have shown viral shedding from the respiratory tract even with naturally occurring infections (20, 26–28). The detection of viral shedding in the nasal swab samples, as well as detection of BCoV in the respiratory tissue samples by PCR and IHC, from the inadvertently-infected control calf in the present study also bolsters claim that BCoV causes a respiratory infection. The histopathology results provide additional proof that beyond just infecting cells, BCoV causes microscopic pathology in the upper and lower respiratory tract. However, this data would support that the virus does not infect the lung parenchyma as has been previously reported (29). Nearly all animals in this study, control and challenged calves, displayed some levels of epithelial attenuation, necrosis, or regeneration in the bronchus and terminal bronchi (Figures 2, 4). While the majority of epithelial injury can be attributed to infection, suppored by the IHC, the BALs that were carried out on 4 days Post-challenge likely also caused damage to this epithelium and may be the cause of some histopathology lesions in the trachea and bronchi.

BCoV has been reported among the most frequently detected viruses in calves with respiratory symptoms (30, 31) and can lead to the occurrence of simultaneous infections with other pathogens. Fahkrajang et al. showed that infection with BCoV enhances the adherence of bacteria like Pasteurella multocida to upper and lower respiratory tract cells due to the upregulation of two major bacterial adhesion molecules (32). This increased susceptibility to additional infections can lead to severe incidence of pneumonia (33–35). It has also been shown that in some cases BCoV can cause chronic subclinical infections which could be a persistent source of vial shedding and may attribute to disease reoccurrence in the same group of cattle (10, 26, 36, 37). Evidence of antibody titers or vaccination against BCoV has also been shown to reduce the risk of respiratory disease is cattle (26, 38–40).

Previous studies have also evaluated the presence of BCoV shedding in both the respiratory and enteric tracts (26–28, 39, 41, 42). Additional studies have demonstrated high levels of cross-protection and cross-neutralization between isolates taken from enteric and respiratory BCoV infections (43, 44). Genotyping of clinical isolates from feces and nasal secretions did not show distinct genetic sub-lineages based on disease type (45, 46). Genetic clustering is more apparent on the basis of year and location of isolation, rather than disease manifestation (47). While close phylogenetic analysis shows clusters of Asian-American and European lineages (47, 48), comparison of the available whole genome sequences reveal a level of genetic similarity to the challenge virus used in this study of >98% for BCoV isolates globally.

BCoV has been shown to have remarkable antigenic similarities to the human coronavirus strain OC43 (HCoV-OC43), as well (49–51). Both the HCoV-OC43 virus and BCoV use N-acetyl-9-O-acetylneuraminic acid to attach to host cells (52). HCoV-OC43 symptoms in humans are typically synonymous with those of the common cold (53); however, HCoV-OC43 and BCoV are in the same genera of beta-coronaviruses as the SARS viruses and the MERS virus, as well as the Murine Hepatitis Virus, which is a mouse-infecting strain of coronavirus often used in the laboratory setting to study coronavirus disease mechanisms (1, 54, 55). Coronaviruses in general are the largest known RNA viruses with genomes between 27 and 31.5 kilobases (56). Due to the nature of the RNA viral genome, coronaviruses have a high mutation rate, as well as a high rate of recombination (54, 57). The high rate of mutation and recombination of the genome, along with the ability to be harbored as long-term or persistent infections in some animals, increases the risk that a viral mutant with an extended host range might arise (54). Vijgen et al. were the first to fully sequence the HCoV-OC43 genome and subsequently compare it to the BCoV genome, as well as other beta-coronaviruses. Genomic comparison revealed that HCoV-OC43 and BCoV demonstrated the highest similarity in all but one gene, with 99.6% identity on the nucleotide level (54). Based on phylogenetic analysis, they were able to trace the likely evolutionary split to as recent as 1890 (54). The similarity in the antigenic and genomic nature of BCoV to coronaviruses that are known to cause respiratory infections in humans strengthens the notion that BCoV is a respiratory pathogen in cattle, and that cattle have the potential as a zoonotic transmission source of coronavirus.

While previous studies support the claim of BCoV as a respiratory pathogen, there has been a shortage of BCoV challenge studies which effectively reproduce clinical respiratory disease and show gross and microscopic pathology. In this study, the data support that this BCoV challenge results in respiratory infections as evidenced by the isolation of BCoV in BAL fluids and positive qPCR, IHC, and histopathology findings in the lungs and other respiratory tissues, in addition to the clinical observations and viral isolation from the respiratory passage.
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Supplementary Figure S1. Endoscopic image of bronchial bifurcation of BCV challenge calf. This is a representative image taken at the time of bronchoalveolar lavage from a calf 4 days after challenge with BCoV. A clear buildup of mucous and debris were observed, in addition to hyperemia and inflammation, on the lumen of the bronchi. Debris and mucous such as that shown in this image (white arrows) was observed in all of the challenge calves, while no such observations were made in the control, unchallenged calves.



REFERENCES

 1. Fehr AR, Perlman S. Coronaviruses: an overview of their replication and pathogenesis. In: Coronaviruses: Methods and Protocols. (2015). p. 1–23. doi: 10.1007/978-1-4939-2438-7_1

 2. Chilvers MA, McKean M, Rutman A, Myint BS, Silverman M, O'Callaghan C. The effects of coronavirus on human nasal ciliated respiratory epithelium. Eur Respir J. (2001) 18:965–70. doi: 10.1183/09031936.01.00093001

 3. Perlman S, Netland J. Coronaviruses post-SARS: update on replication and pathogenesis. Nat Rev Microbiol. (2009) 7:439–50. doi: 10.1038/nrmicro2147

 4. Rottier PJM, Nakamura K, Schellen P, Volders H, Haijema BJ. Acquisition of macrophage tropism during the pathogenesis of feline infectious peritonitis is determined by mutations in the feline coronavirus spike protein. J Virol. (2005) 79:14122–30. doi: 10.1128/JVI.79.22.14122-14130.2005

 5. Mihindukulasuriya KA, Wu G, St. Leger J, Nordhausen RW, Wang D. Identification of a novel coronavirus from a beluga whale by using a panviral microarray. J Virol. (2008) 82:5084–8. doi: 10.1128/JVI.02722-07

 6. Harrison AG, Lin T, Wang P. Mechanisms of SARS-CoV-2 transmission and pathogenesis. Trends Immunol. (2020) 41:1100–15. doi: 10.1016/j.it.2020.10.004

 7. Wang MY, Zhao R, Gao LJ, Gao XF, Wang DP, Cao JM. SARS-CoV-2: Structure, biology, and structure-based therapeutics development. Front Cell Infect Microbiol. (2020) 10:587269. doi: 10.3389/fcimb.2020.587269

 8. V'kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and replication: implications for SARS-CoV-2. Nat Rev Microbiol. (2021) 19:155–70. doi: 10.1038/s41579-020-00468-6

 9. Saif LJ. Bovine respiratory coronavirus. Vet Clin North Am - Food Anim Pract. (2010) 26:349–64. doi: 10.1016/j.cvfa.2010.04.005

 10. Clark MA. Bovine coronavirus. Br Vet J. (1993) 149:51–70. doi: 10.1016/S0007-1935(05)80210-6

 11. Boileau MJ, Kapil S. Bovine coronavirus associated syndromes. Vet Clin North Am. (2010) 26:123–46. doi: 10.1016/j.cvfa.2009.10.003

 12. Fulton RW, Step DL, Wahrmund J, Burge LJ, Payton ME, Cook BJ, et al. Bovine coronavirus (BCV) infections in transported commingled beef cattle and sole-source ranch calves. Can J Vet Res. (2011) 75:191–9.

 13. Chae JB, Park J, Jung SH, Kang JH, Chae JS, Choi KS. Acute phase response in bovine coronavirus positive post-weaned calves with diarrhea. Acta Vet Scand. (2019) 61:36. doi: 10.1186/s13028-019-0471-3

 14. Mebus CA, White RG, Stair EL, Rhodes MB, Twiehaus MJ. Neonatal calf diarrhea: results of a field trial using a reo-like virus vaccine. Vet Med Small Anim Clin. (1972) 67:173–4.

 15. Mebus CA, Stair EL, Rhodes MB, Twiehaus MJ. Neonatal calf diarrhea: propagation, attenuation, and characteristics of a coronavirus like agent. Am J Vet Res. (1974) 34:145–50.

 16. Woode GN, Bridger JC, Meyling A. Significance of bovine coronavirus infection. Vet Rec. (1978) 102:15–6. doi: 10.1136/vr.102.1.15

 17. Jin L, Cebra CK, Baker RJ, Mattson DE, Cohen SA, Alvarado DE, et al. Analysis of the genome sequence of an alpaca coronavirus. Virology. (2007) 365:198–203. doi: 10.1016/j.virol.2007.03.035

 18. Alekseev KP, Vlasova AN, Jung K, Hasoksuz M, Zhang X, Halpin R, et al. Bovine-like coronaviruses isolated from four species of captive wild ruminants are homologous to bovine coronaviruses, based on complete genomic sequences. J Virol. (2008) 82:12422–31. doi: 10.1128/JVI.01586-08

 19. Ellis J. What is the evidence that bovine coronavirus is a biologically significant respiratory pathogen in cattle? Can Vet J. (2019) 60:147–52.

 20. Park SJ, Kim GY, Choy HE, Hong YJ, Saif LJ, Jeong JH, et al. Dual enteric and respiratory tropisms of winter dysentery bovine coronavirus in calves. Arch Virol. (2007) 152:1885–900. doi: 10.1007/s00705-007-1005-2

 21. Reynolds DJ, Debney TG, Hall GA, Thomas LH, Parsons KR. Studies on the relationship between coronaviruses from the intestinal and respiratory tracts of calves. Arch Virol. (1985) 85:71–83. doi: 10.1007/BF01317007

 22. Saif LJ, Redman DR, Moorhead PD, Theil KW. Experimentally induced coronavirus infections in calves: viral replication in the respiratory and intestinal tracts. Am J Vet Res. (1986) 47:1426–32.

 23. Ellis J, Erickson N, Gow S, West K, Lacoste S, Godson D. Infection of calves with in-vivo passaged bovine parainfluenza-3 virus, alone or in combination with bovine respiratory syncytial virus and bovine coronavirus. Can J Vet Res. (2020) 84:163–71.

 24. Rahe MC, Magstadt DR, Groeltz-Thrush J, Gauger PC, Zhang J, Schwartz KJ, et al. Bovine coronavirus in the lower respiratory tract of cattle with respiratory disease. J Vet Diagnostic Investig. (2022). doi: 10.1177/10406387221078583. [Epub ahead of print].

 25. Mora AL, Detalle L, van Geelen A, Davis MS, Stohr T, Gallup JM, et al. Kinetics of respiratory syncytial virus (RSV) memphis strain 37 (M37) infection in the respiratory tract of newborn lambs as an RSV infection model for human infants. PLoS One. (2015) 10:e0143580. doi: 10.1371/journal.pone.0143580

 26. Oma VS, Tråvén M, Alenius S, Myrmel M, Stokstad M. Bovine coronavirus in naturally and experimentally exposed calves; viral shedding and the potential for transmission. Virol J. (2016) 13:100. doi: 10.1186/s12985-016-0555-x

 27. Cho KO, Hoet AE, Loerch SC, Wittum TE, Saif LJ. Evaluation of concurrent shedding of bovine coronavirus via the respiratory tract and enteric route in feedlot cattle. Am J Vet Res. (2001) 62:1436–41. doi: 10.2460/ajvr.2001.62.1436

 28. Storz J, Stine L, Liem A, Anderson GA. Coronavirus isolation from nasal swab samples in cattle with signs of respiratory tract disease after shipping. J Am Vet Med Assoc. (1996) 208:1452–5.

 29. Ridpath JF, Fulton RW, Bauermann FV, Falkenberg SM, Welch J, Confer AW. Sequential exposure to bovine viral diarrhea virus and bovine coronavirus results in increased respiratory disease lesions: clinical, immunologic, pathologic, and immunohistochemical findings. J Vet Diagnostic Investig. (2020) 32:513–26. doi: 10.1177/1040638720918561

 30. O'Neill R, Mooney J, Connaghan E, Furphy C, Graham DA. Patterns of detection of respiratory viruses in nasal swabs from calves in Ireland: a retrospective study. Vet Rec. (2014) 175:351. doi: 10.1136/vr.102574

 31. Castells M, Giannitti F, Caffarena RD, Casaux ML, Schild C, Castells D, et al. Bovine coronavirus in Uruguay: genetic diversity, risk factors and transboundary introductions from neighboring countries. Arch Virol. (2019) 164:2715–24. doi: 10.1007/s00705-019-04384-w

 32. Fahkrajang W, Sudaryatma PE, Mekata H, Hamabe S, Saito A, Okabayashi T. Bovine respiratory coronavirus enhances bacterial adherence by upregulating expression of cellular receptors on bovine respiratory epithelial cells. Vet Microbiol. (2021) 255:109017. doi: 10.1016/j.vetmic.2021.109017

 33. Bryson DG. Calf pneumonia. Vet Clin North Am Food Anim Pract. (1985) 1:237–57. doi: 10.1016/S0749-0720(15)31326-8

 34. Fulton RW, Blood KS, Panciera RJ, Payton ME, Ridpath JF, Confer AW, et al. Lung pathology and infectious agents in fatal feedlot pneumonias and relationship with mortality, disease onset, and treatments. J Vet Diagnostic Investig. (2009) 21:464–77. doi: 10.1177/104063870902100407

 35. O'Connor A, Martin SW, Nagy É, Menzies P, Harland R. The relationship between the occurrence of undifferentiated bovine respiratory disease and titer changes to bovine coronavirus and bovine viral diarrhea virus in 3 Ontario feedlots. Can J Vet Res. (2001) 65:143–50.

 36. Kapil S, Trent AM, Goyal SM. Excretion and persistence of bovine coronavirus in neonatal calves. Arch Virol. (1990) 115:127–32. doi: 10.1007/BF01310629

 37. Crouch CF, Bielefeldt Ohmann H, Watts TC, Babiuk LA. Chronic shedding of bovine enteric coronavirus antigen-antibody complexes by clinically normal cows. J Gen Virol. (1985) 66:1489–500. doi: 10.1099/0022-1317-66-7-1489

 38. Plummer PJ, Rohrbach BW, Daugherty RA, Daugherty RA, Thomas KV, Wilkes RP, et al. Effect of intranasal vaccination against bovine enteric coronavirus on the occurrence of respiratory tract disease in a commercial backgrounding feedlot. J Am Vet Med Assoc. (2004) 225:726–31. doi: 10.2460/javma.2004.225.726

 39. Lathrop SL, Wittum TE, Loerch SC, Perino LJ, Saif LJ. Antibody titers against bovine coronavirus and shedding of the virus via the respiratory tract in feedlot cattle. Am J Vet Res. (2000) 61:1057–61. doi: 10.2460/ajvr.2000.61.1057

 40. Workman AM, Kuehn LA, McDaneld TG, Clawson ML, Chitko-McKown CG, Loy JD. Evaluation of the effect of serum antibody abundance against bovine coronavirus on bovine coronavirus shedding and risk of respiratory tract disease in beef calves from birth through the first five weeks in a feedlot. Am J Vet Res. (2017) 78:1065–76. doi: 10.2460/ajvr.78.9.1065

 41. Franzo G, Drigo M, Legnardi M, Grassi L, Pasotto D, Menandro ML, et al. Bovine coronavirus: variability, evolution, and dispersal patterns of a no longer neglected betacoronavirus. Viruses. (2020) 12:1285. doi: 10.3390/v12111285

 42. Hasoksuz M, Hoet AE, Loerch SC, Wittum TE, Nielsen PR, Saif LJ. Detection of respiratory and enteric shedding of bovine coronaviruses in cattle in an Ohio feedlot. J Vet Diagnostic Investig. (2002) 14:308–13. doi: 10.1177/104063870201400406

 43. El-Kanawati ZR, Tsunemitsu H, Smith DR, Saif LJ. Infection and cross-protection studies of winter dysentery and calf diarrhea bovine coronavirus strains in colostrum-deprived and gnotobiotic calves. Am J Vet Res. (1996) 57:48–53.

 44. Cho KO, Hasoksuz M, Nielsen PR, Chang KO, Lathrop S, Saif LJ. Cross-protection studies between respiratory and calf diarrhea and winter dysentery coronavirus strains in calves and RT-PCR and nested PCR for their detection. Arch Virol. (2001) 146:2401–19. doi: 10.1007/s007050170011

 45. Tsunemitsu H, Saif LJ. Antigenic and biological comparisons of bovine coronaviruses derived from neonatal calf diarrhea and winter dysentery of adult cattle. Arch Virol. (1995) 140:1303–11. doi: 10.1007/BF01322757

 46. Suzuki T, Otake Y, Uchimoto S, Hasebe A, Goto Y. Genomic characterization and phylogenetic classification of bovine coronaviruses through whole genome sequence analysis. Viruses. (2020) 12:183. doi: 10.3390/v12020183

 47. Vlasova AN, Saif LJ. Bovine coronavirus and the associated diseases. Front Vet Sci. (2021) 8:643220. doi: 10.3389/fvets.2021.643220

 48. Salem E, Dhanasekaran V, Cassard H, Hause B, Maman S, Meyer G, et al. Global transmission, spatial segregation, and recombination determine the long-term evolution and epidemiology of bovine coronaviruses. Viruses. (2020) 12:534. doi: 10.3390/v12050534

 49. Hogue BG, King B, Brian DA. Antigenic relationships among proteins of bovine coronavirus, human respiratory coronavirus OC43, and mouse hepatitis coronavirus A59. J Virol. (1984) 51:384–8. doi: 10.1128/jvi.51.2.384-388.1984

 50. Lapps W, Brian DA. Oligonucleotide fingerprints of antigenically related bovine coronavirus and human coronavirus OC43. Arch Virol. (1985) 86:101–8. doi: 10.1007/BF01314116

 51. Mounir S, Labonte P, Talbot PJ. Characterization of the nonstructural and spike proteins of the human respiratory coronavirus OC43: Comparison with bovine enteric coronavirus. Adv Exp Med Biol. (1994) 324:61–7. doi: 10.1007/978-1-4615-2996-5_10

 52. Krempl C, Schultze B, Herrler G. Analysis of cellular receptors for human coronavirus OC43. Adv Exp Med Biol. (1995) 380:371–4. doi: 10.1007/978-1-4615-1899-0_60

 53. Vabret A, Mourez T, Gouarin S, Petitjean J, Freymuth F. An outbreak of coronavirus OC43 respiratory infection in Normandy, France. Clin Infect Dis. (2003) 36:985–9. doi: 10.1086/374222

 54. Vijgen L, Keyaerts E, Moës E, Thoelen I, Wollants E, Lemey P, et al. Complete genomic sequence of human coronavirus OC43: molecular clock analysis suggests a relatively recent zoonotic coronavirus transmission event. J Virol. (2005) 79:1595–604. doi: 10.1128/JVI.79.3.1595-1604.2005

 55. Voth LS, O'Connor JJ, Kerr CM, Doerger E, Schwarting N, Sperstad P, et al. Unique mutations in the murine hepatitis virus macrodomain differentially attenuate virus replication, indicating multiple roles for the macrodomain in coronavirus replication. J Virol. (2021) 95:e00766-21. doi: 10.1128/JVI.00766-21

 56. Lai MM, Cavanagh D. The molecular biology of coronaviruses. Adv Virus Res. (1997) 48:1–100. doi: 10.1016/S0065-3527(08)60286-9

 57. Sánchez CM, Gebauer F, Suñé C, Mendez A, Dopazo J, Enjuanes L. Genetic evolution and tropism of transmissible gastroenteritis coronaviruses. Virology. (1992) 190:92–105. doi: 10.1016/0042-6822(92)91195-Z

Conflict of Interest: The authors and investigators for these studies are present or previous employees of Merck Animal Health.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Soules, Rahe, Purtle, Moeckly, Stark, Samson and Knittel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-09-878240-t001.jpg
Group Pre-Challenge (Day —1) Day 1 Day2 Day3 Day4 Day5 Day6 Day7 Day8

Challenge 0.0 37 6.2 6.4 6.0 6.6 55 4.0 1.4
Control 0.0 0.0 0.0 0.0 0.0 00 08 46 58





OPS/images/fvets-09-878240-t002.jpg
Group Pre-challenge Day4. Day6 Day8

Challenge 410 422 485 0.5
Control 57.0 45.3 32.0 453

“For determination of the GMT, any sample with an antibody titer <64 was assigned a
value of and was recorded as 32.





OPS/images/fvets-09-878240-g003.gif
Eyelid

Traches

BCOVIHC score
[

oo soi o
T one e

(TOneR

Tacheabronchistymph node

Bayme scre

H
H
i

o Negative contrl
= BCoV Challenged





OPS/images/fvets-09-878240-g004.gif





OPS/images/fvets-09-878240-t005.jpg
Group Bronchioles Eyelid Lung Lymph node Nasal turbinate Tonsil Trachea Deep bronchus

Challenge 715 (47%) 2/15(13%) 1145 (7%) 045 (0%) 715 (47%) M5 (47%) 315 (20%) 2/15 (13%)
Control 1/6 (17%) 0/6 (0%) 06 (0%) 0/6 (0%) 076 (0%) 0/6 (0%) 1/6 (17%) 1/6 (17%)





OPS/images/fvets-09-878240-t003.jpg
Group BAL viral titer Number and % BCoV positive

Challenge 352 14715 (98.3%)
Control 0.42 1/6(16.7%)





OPS/images/fvets-09-878240-t004.jpg
Group Bronchioles Eyelid Lung Lymph node Nasal turbinate Tonsil Trachea

Challenge /15 (53%) 6/15 (40%) 10/15 (67%) 715 (47%) 14/15 (939%) 15/15 (100%) 11/15 (73%)
Control 1/6 (17%) /6 (0%) 1/6 (17%) 0/6 (0%) 2/6 (33%) 116 (17%) 116 (17%)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bovine Coronavirus Infects the Respiratory Tract of Cattle Challenged Intranasally



		Introduction



		Materials and Methods



		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Bovine Coronavirus Infects the
Respiratory Tract of Cattle
Challenged Intranasally





OPS/images/fvets-09-878240-g001.gif
Toml

5
-
g
%
g
-4
k
s

e et
5 PR ] tl §
£ - RN A
i Bal Ha
e Tar e T e b Tarrarn
e sone o
. e
AIEED R
3 i 3= "
g & ‘ H
R Tarsrarsn T T T
e —
oot remcan 8 Nogaiveconl
H » Gosrinsml
3





OPS/images/fvets-09-878240-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





