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Progress: 
Objective 1. Develop strategies to prevent transmission of Mannheimia haemolytica from domestic sheep to bighorn sheep.

Strategy:  M. haemolytica is an important pathogen of pneumonia in BHS.  A toxin produced by this bacterium which is cytolytic to the leukocytes (hence termed the leukotoxin) is the critical virulence factor of this organism.  M. haemolytica has been shown to consistently cause fatal pneumonia of bighorn sheep (BHS) under experimental conditions.  However, M. haemolytica has been isolated from BHS pneumonic lungs much less frequently than Bibersteinia (Pasteurella) trehalosi. These observations suggest that there may be an inhibitory effect of B. trehalosi on the growth of M. haemolytica.  Recent studies conducted in our laboratory to investigate this phenomenon have, indeed, proven that B. trehalosi inhibits the growth of M. haemolytica, which enabled us to develop a novel strategy to prevent transmission of M. haemolytica from domestic sheep (DS) to BHS. We hypothesized that intranasal administration of B. trehalosi will eliminate or significantly reduce M. haemolytica from the nasopharynx of DS and hence will abrogate transmission of these organisms to BHS. 
Progress:   We isolated several strains of B. trehalosi that do not produce the leukotoxin.  Two groups of 4 DS each were used for the inoculation experiment.  These DS consistently carry Lkt-positive M. haemolytica in their nasopharynx.  However, to assist with enumeration, we also inoculated all sheep with a strain of M. haemolytica tagged with a green fluorescent protein marker. An intra-nasal dose of 1x109 CFU of M. haemolytica-GFP were given to all sheep in each group three times over a period of three weeks using an atomizer.  At the end of the three week period, one group of animals was given an intra-nasal dose of leukotoxin-negative B. trehalosi (1x109 CFU) using an atomizer.  The inoculation was repeated weekly over a period of three weeks. The B. trehalosi strain was marked with an antibiotic resistance marker (nalidixic acid resistance) to distinguish it from existing strains. As expected, neither exposure induced disease in DS.  The second group of animals received the same dose of a control bacterium (Moraxella cuniculi) that does not inhibit the growth of M. haemolytica, as a density control. Every week following these inoculations the nasopharynx of the animals were swabbed. Swabs were cultured and the identity of putative B. trehalosi and M. haemolytica was determined by routine biochemical tests and by species-specific and GFP-specific PCR assays. The number of colony-forming units (CFU) of both B. trehalosi and M. haemolytica was quantified by mass of swab material (per unit weight of nasal / pharyngeal secretion) using a CFU assay. Inoculation of leukotoxin-negative B. trehalosi, but not the control bacterium (Moraxella cuniculi), into the nostrils of DS sheep resulted in the reduction of leukotoxin-positive M. haemolytica in the nasopharynx of the inoculated animals (Figure 1).  Although the reduction in the number of CFU of M. haemolytica was significant, it was not completely eliminated.  Hence, in the next phase of the study, we wanted to eliminate M. haemolytica from the nasopharynx of DS before the inoculation of B. trehalosi.  The expectation was that prior elimination of M. haemolytica would help the inoculated leukotoxin-negative B. trehalosi to better colonize the nasopharynx of the DS, and prevent subsequent entry and colonization by leukotoxin-positive M. haemolytica.  
In the second phase of the study, we subcutaneously inoculated one group of four DS an antibiotic (tildipirosin), while the other group was inoculated with saline.  Every week following these inoculations, the nasopharynx of the animals was swabbed. Swabs were cultured and the identity of putative M. haemolytica was determined by routine biochemical tests and by species-specific PCR assays. The number of CFU of M. haemolytica was quantified by mass of swab material (per unit weight of nasal / pharyngeal secretion) using a CFU assay. Administration of the antibiotic greatly reduced leukotoxin-positive M. haemolytica from the nasopharynx of all the four animals.  The four animals that did not receive the antibiotic continued to carry the leukotoxin-positive M. haemolytica in their nasopharynx.  However, M. haemolytica was not completely eliminated by the antibiotic.  This phase of the study is being repeated with another antibiotic (Ceftiofur) that kills M. haemolytica in vitro.   
Objective 2. Develop vaccines that will protect bighorn sheep from Mannheimia hemolytica-caused pneumonia. 

Strategy 1: Use of a mutant of M. haemolytica that produce inactive leukotoxin, as vaccine candidate.
Progress:  Five adult BHS were intermittently inoculated with a mutant of M. haemolytica that produces inactive leukotoxin over a period of 100 days.  Swabs were collected on a regular basis to isolate the mutant and/or any leukotoxin-positive members of Pasteurellaceae.  Blood was collected on days 0, 21, 36, 60, 67 and 74 to determine the induction of leukotoxin-neutralizing antibodies and anti-surface antigen antibodies.  

Two out of the five inoculated animals died due to severe pneumonia caused by the mutant M. haemolytica, suggesting that the virulence of the M. haemolytica was not adequately attenuated.  One animal had a leukotoxin-neutralizing titer of 1/200 on day 21. None of the other animals had any leukotoxin-neutralizing antibodies.  The mutant was not isolated from any of the nasal/pharyngeal swabs collected when the animals were alive.  This approach has been abandoned because of the problem with the mutant.
Strategy 2: 1. A virus that does not cause any disease in BHS (or DS) will be genetically engineered to carry the genes coding for leukotoxin and other protective antigens of M. haemolytica (Figure 2).
Progress:  We selected bovine herpesvirus 1 to develop this vaccine.  Herpesviruses have large genomes which are amenable to insertion of foreign genes.  Another advantage of bovine herpes virus 1 and other alpha-herpesviruses is that they undergo latency and subsequent reactivation, which means that the vaccine virus will remain latent in the body with subsequent reactivation. During reactivation, along with the viral proteins, the M. haemolytica antigens will also be produced, which is equivalent to giving a booster dose of the vaccine.  Another advantage is that the virus is shed by the immunized animals during reactivation.  It is likely that the shed virus will immunize the unimmunized animals in the vicinity.
Although bovine herpesvirus1does not cause disease in BHS, we are using an attenuated mutant bovine herpesvirus 1 developed in our laboratory.  In a pilot study, one BHS was inoculated with the mutant virus.  The mutant did not cause any clinical signs of disease except elevated rectal temperature for one day, indicating the safety of this virus as a vaccine virus.  The mutant virus-inoculated BHS shed the virus (Figure 3).  It also underwent latency in the inoculated BHS. 

We have identified the immunogenic domain (the domain that will induce an immune response) of the leukotoxin and an outer membrane protein of M. haemolytica.  In the coming months, we will insert the immunogenic domain of the leukotoxin and an outer membrane protein of M. haemolytica into the virus vector to construct the vaccine virus that will deliver the immunogenic domain of the leukotoxin and outer membrane protein to the animals that vaccine virus.    
Summary:  This is an ongoing study.  During the period funded by this grant, significant progress has been made.  The first objectives of this study is to develop strategies to prevent transmission of Mannheimia haemolytica from domestic sheep to bighorn sheep. We have tested the utility of leukotoxin-negative Bibersteinia trehalosi to eliminate leukotoxin-positive M. haemolytica from the nasopharynx of domestic sheep, as a means to prevent transmission of M. haemolytica from domestic sheep to bighorn sheep.  Although B. trehalosi did reduce M. haemolytica from the nasopharynx of domestic sheep, it did not completely eliminate it. Therefore, future studies will utilize B. trehalosi in conjunction with an antibiotic pre-treatment. The second objective is to develop vaccines that will protect bighorn sheep from M. hemolytica and other leukotoxin-producing members of the family Pasteurellaceae. We tested the plausibility of using a mutant M. haemolytica that produces an inactive leukotoxin. Unfortunately, this mutant was still virulent and hence this approach has been abandoned.  We have tested a mutant bovine herpesvirus 1 as a vaccine vector to deliver the immune response-inducing domains of the leukotoxin and an outer membrane protein. The experiments conducted so far have yielded promising results.  The mutant bovine herpesvirus 1 infects bighorn sheep, but does not cause disease.  It undergoes latency in the inoculated animals.  We have identified the immune response-inducing domains of the leukotoxin and an outer membrane protein. We will insert these domains into the mutant bovine herpesvirus 1 to develop the vaccine. If successful, this approach should help to immunize bighorn sheep before translocated to a new locale.  However, the availability of this vaccine for use in the field will take several more years.
Figure 1. The control group of animals was inoculated with a bacterium (Moraxella cuniculi) that does not inhibit the growth of M. haemolytica in vitro. The treatment group (Rx group) of animals was inoculated with leukotoxin-negative B. trehalosi.  There was significant reduction of leukotoxin-positive M. haemolytica in the nasopharynx of the treatment group whereas there was no significant reduction in the control group.  However, the B. trehalosi inoculation did not completely eliminate M. haemolytica from the nasopharynx of the animals. 
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Figure 2: Schematic diagram of mutant bovine herpes virus-1 (BHV-1) carrying the immunogenic domain of leukotoxin and outer membrane protein. 



Figure 3: Shedding of mutant bovine herpes virus-1 by the inoculated bighorn sheep
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