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ABSTRACT

SINUS TUMORS OF ROCKY MOUNTAIN BIGHORN SHEEP: IN\EH IGATION OF AN
INFECTIOUS ETIOLOGY

Rocky Mountain bighorn sheep are an icon in Coloraéls our state animal, bighorn
sheep are a well-recognized symbol of the wildl¥édlands, and wilderness-centric people that
Colorado is famous for. Efforts to manage and eoresthis species are a priority in Colorado
and throughout western North America. As parhoke efforts a great deal of research has been
conducted to understand bighorn sheep respiratseaske, the leading infectious cause of death
in these animals. In the process of investigataspiratory disease in bighorn sheep in
Colorado, we discovered a surprisingly high ocawreecof sinus tumors within the upper
respiratory tracts of many animals. This diseaskrot been described previously and became
the focus of work for this dissertation. Herealve compiled our findings regarding the
characterization of bighorn sheep sinus tumorsth@desults of our efforts to identify an
infectious etiology for this disease.

Through the examination of naturally-occurringesgave identified characteristic
histologic and gross features of bighorn sheepssinmnors to define this disease. We also
analyzed factors associated with sinus tumorsaipalation level. The results of this study
suggest that bighorn sheep sinus tumors are attimfis disease, maintained within specific
geographic areas corresponding to distinct pomratof animals. Our results also suggest a
role for bighorn sheep sinus tumors in predispoaimgnals to secondary infections by bacterial

agents that can cause pneumonia.



To specifically test the hypothesis that bighdraep sinus tumors are a transmissible
disease, we experimentally inoculated bighorn slaeglpdomestic sheep lambs with a cell-free
filtrate derived from a naturally-occurring bighasheep sinus tumor and its associated exudates.
Within 18 months post-inoculation we demonstratadgmission of the disease to both bighorn
sheep and domestic sheep species, supporting path@gis that bighorn sheep sinus tumors
represent an infectious process. This experimsot@ovided an opportunity to examine
tumors early in development, further charactereedells comprising the tumors, and suggest
mechanisms for pathogenesis.

With evidence that bighorn sheep sinus tumorgauvsed by an infectious agent, we also
attempted to identify a specific etiology for thlisease. We primarily used PCR methods with
degenerate PCR primers to evaluate samples fronotrigsheep sinus lining tissues for the
presence of herpesviruses and retroviruses, whetvall-known causes of infectious tumors.
We successfully identified the presence of herpaband (likely endogenous) retroviral
sequences in our samples, but we were unabledafirassociation between these viruses and
the occurrence of sinus tumors.

Based on similarities between bighorn sheep sunu®rs and oncogenic retroviral
diseases of domestic sheep and goats, we spdyisicabened our samples for the presence of
Jaagsiekte sheep retrovirus (JSRV), and enzoasia t@mor viruses (ENTV-1 and ENTV-2).
We successfully identified ENTV-2-specific sequenfrem some of our samples, but an
association between this virus and bighorn sheeppsgumors was not clear. We found an
association between ENTV-2 and early tumor casgs)dit well-defined tumors.

While our PCR data alone did not definitively il ehENTV-2 as the cause of bighorn

sheep sinus tumors, our histologic, histochemarad, immunohistochemical results have helped



us to develop a hypothesis for the pathogenediggbbrn sheep sinus tumors, and provided
additional support for the hypothesis that thigdse is caused by ENTV-2. Our working
hypothesis for the pathogenesis of bighorn sheepsdumors is that epithelial cells of the sinus
lining are infected by ENTV-2, but that uninfecteeriosteal pluripotent cells are stimulated to
replicate, resulting in predominantly stromal tusioir his hypothesis is based on histologic
observations, histochemical stains used to diffeatncell types, and IHC results specifically
identifying the presence of ENTV antigen withinfsige epithelial cells of experimentally-
induced tumors, but not within the predominatimgmsial cells of the tumors. These results help
to explain why detection of the virus is uncommonvell-developed stromal tumors, but more
easily detected in early tumor cases with lessrsdtgroliferation.

Additional research will help to further eluciddbe pathogenesis of bighorn sheep sinus
tumors, and the potential role that tumors may pigyredisposing bighorn sheep to fatal
respiratory disease. The definitive identificatafran etiologic agent for bighorn sheep sinus
tumors, and the development of an antemortem dsgnassay will greatly enhance efforts to

understand and manage this disease.
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CHAPTER ONE - LITERATURE REVIEW
Bighorn Sheep Natural History
Evolutionary History of Sheep

The evolutionary history of sheep is surprisingtynplicated, with many contradictions
and uncertainty in the literature. Some of thisartainty can be attributed to a poor fossil
record. The mountainous habitat of early sheepribaned few fossil imprints, most of which
were ground away by multiple glaciations. Becanfshe poor fossil record, recent attempts to
reconstruct the evolutionary history of sheep halied on genetic studies to determine the
divergence of species based on “molecular clocklymes. These genetic studies yield
inconsistent data, likely based on differencesudiclg computational strategies, sample sizes,
and ultimately on interpretation of other data urthg the fossil record, and previously
published studies, both of which are routinely usedonstrain estimates of species divergence.

Taking into account the very wide range of estimatethe literature, the history of sheep
likely began in Asia about 2.5 million years agden sheep (genvis) first split from a
common ancestor with goats. This is based onittsiesheep-like fossils which appeared in
China approximately 2.42 million years &galthough the origin of the sheep species was
estimated by one well-cited study to be 6.8 mily@ars ago based on “morphological,
ethological and molecular informatidii”

Genetic estimates of the separation between matkeyMNorth American wild sheep and
European domestic sheep are inconsistent, in paduse these studies root their analyses using
either the 2.5 or 6.8 million year history of thengsOvis. Based on fossil evidence, it is certain
that, at the latest, separation of these specmg@d when sheep migrated from Asia (Siberia)

across the Beringia land bridge into North Ame(iskaska). This migration is estimated to



have occurred during the late Pleistocene Ice Ag®jnd 300,000 years ago during the lllinoian
glaciatior’* based on bighorn sheep-like fossils found in Adegting to this time peri6t*>
Therefore, based on fossil records, North Amerivda sheep and European domestic sheep are
separated by between 300,000 and 2.42 million y&faggolutionary time.

Genetic studies do tend to agree that the mosht@ommon ancestor to bighorn sheep

and domestic sheep appeared shortly after the epypmaof the genudvis?® 13

so it is likely
that the separation of bighorn and domestic sheefpser to 2 million years ago rather than
300,000 years ago, with a great deal of evolutetmvben the species occurring before sheep
crossed into North America (Figure 1.1). Bighoheep cluster phylogenetically with Siberian
snow sheep, the closest relative to the primitheep which crossed Beringia to North America.
The split between the predecessor to Siberian sth@&p/North American wild sheep and the
predecessor to modern European wild sheep appgehavé occurred shortly after the
appearance of the genQsis. (Table 1.1, Figure 1.1).

Cowan hypothesized that once sheep arrived in Namtkrica, the divergence of North
American wild sheep species was driven by subséglaciations within the Pleistocene aye
Korobitsyna proposed a timeline for these speaiatizased on “paleontological,
biogeographical, and chromosomal d&ta’According to this interpretation of events, aftee
lllinoian glacial period, the interglacial Sanganqmeriod saw a rise of ocean waters, flooding the
Bering Sea land bridge and likely isolating theestors of modern Siberian snow she®@pi$
nivicola) from sheep in North America. During this intexghl period, an ice-less corridor also

formed in the western United States. This allovegdnigration of sheep southward from

Alaska and Canada and into new habitat. When agt@siation period (the Wisconsin



Table 1.1: Classification of the wild species of the gess. Revised from Rezaei (201}

according to Nadler et. al (1973)

Common Name

Scientific Name

Dall Sheep Ovisdalli
Bighorn Sheep Ovis canadensis
Snow Sheep Ovisnivicola
Argali Ovis ammon
Asiatic Mouflon Ovisorientalis
Urial Ovisvignel
European Mouflon Ovismusimon
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Figure 1.1: Phylogeography of the wilfvis species. Original work by Rezaei et. al (2610)
The map shows the geographic distribution of thveisevild Ovis species according to the
classification by Nadler et. al (1973)Table 1. The chronogram is assembled based on a
history of genusOvis as 2.42 million years.



glaciation) commenced around 30,000 years‘agosheet of ice would have separated these
northern and southern sheep populations. The @ripopulation evolved to become thinhorn
sheep Qvisdalli), which currently range from Alaska to northerm@da, and have 2 recognized
subspecies, Dall's sheep\isdalli dalli), and Stone’s shee@yis dalli stonei). The southern
population evolved to become bighorn she@y ¢ canadensis), which currently range from
southern Canada to Mexico, and have three recadjsiziespecies: Rocky Mountain bighorn
sheep Qvis canadensis canadensis), desert bighorn shee@\is canadensis nelsoni), and Sierra
Nevada bighorn sheepyis canadensis sierrae)**%14

While the timeline proposed by Korobitsyna is supgd by fossil evidence, even the
most conservative genetic analyses, presumingrigm @f Ovis as only 2.42 million years ago,
estimates that bighorn and thinhorn sheep spli f8berian snow sheep 1.57 million years ago
(Figure 1.1), which would indicate that sheep cedssto North America long before the
lllinoian glaciation. Keeping all of these factansmind, it is probably safe to conclude that the
genusOvisis at least 2.4 million years old, that a commpeestor to bighorn and domestic
sheep lies close to the origin of the ge@wss, and that wild sheep in North America developed
unique characteristics of independent species basggographic separation by successive
glaciations.

Perhaps the most important perspective gaineddiscassion of sheep evolutionary
history is the definitive evolutionary distanceweén bighorn shee®yis canadensis) and
domestic sheepyisaries). These species are separated by perhaps midifoyears of
evolutionary time, during which each species hadved along with a distinct set of pathogens.
Subsequent human activity has brought domestiqostieg bighorn sheep species into contact.

In the process, we have exposed these animaldhogens for which each species has not had



millions of years to evolve an immune responseis Tdct should be considered when evaluating
any pathogen transmissible between these species.
Biology of Rocky Mountain Bighorn Sheep

This literature review focuses on Rocky Mountaighlorn sheep@vis canadensis
canadensis), which currently range from the mountains of $eubh Canada to New Mexico, and
account for the majority of the bighorn sheep autifyefound in Colorado. Rocky Mountain
bighorn sheep are the largest of the bighorn sheeepyerage-sized adult ram weighs
approximately 175 pounds and up to 320 potfifdwith his horns accounting for some 10% of
that body weight. This gives bighorn sheep raredahgest horns among ruminatitsAdult
ewes weigh closer to 120 pounidsand have small, slender horns, not nearly toatres’
proportions.

The majority of the year bighorns are found in drgedups, or bands, of animals. Adult
(> 2yrs) bighorn rams form male-only groups while spwambs, and juvenile rams range
together in ewe-lamb band$'*® The sizes of bighorn sheep bands vary, partiguléth
resource availability and time of year, but barmsiare most frequently in the 2-9 animal
range?*. Foraging groups numbering at least 5 animalsaggested as adequate to balance
time spent foraging versus time spent being aterpfedators, and a study in Rocky Mountain
National Park in 1970 demonstrated ram bands aveyadpout 6 animals/band, and ewes 8
animals/bantf® Several bands of bighorn sheep in a given gebirarea may have
overlapping ranges, interact regularly, and congettzer during the winter (breeding) months.
These larger groups of sheep with fairly regulat dimect interactions are considered a Aerd
and are likely to share habitat needs, genetiseades, and other factors important for

management. Herds of bighorns may then be fudbwrenected (primarily by long-distance



movements by rams) in a geographic region suchnasumtain range. These groups of herds
that are more loosely connected, but still maintagtors such as gene flow and transfer of
pathogens are considered a populaficand are managed in such a way that acknowletiges t
larger-scale connectivity.

Seasonal migration patterns vary, but in generaiMimter season (approximately
October through May) is spent at low elevationgvehg animals to take advantage of the
availability of better forage as compared to higdlevation$*. The summer season
(approximately May through October) is spent ahbigelevations as snow melt retreats and
grazing resources are available further away frowel elevation predatdis'** Some bighorn
herds do not migrate from summer to winter rangasrather use the same range
yearlond24'129'14.3

Breeding occurs during the winter season, typidalllate November and continuing
through Decemb&*%* At this time, ram and ewe bands mix togethemfag larger herds that
exist through all or part of the wintéf. Rams may migrate to winter ranges one to twothsn
earlier than ewes to establish dominance relatipssha spectacular displays and horn clashes.
These ram clashes are nearly completed and donamalationships established by the time
actual breeding begitfs.

The pre-breeding and breeding seasons are strésshdth rams and ewes. Firsthand
observations of rams fighting with each other aachksing ewes are dramatit”® These
descriptions not only document the pre-rut clagleteseen rams that bighorn sheep are famous
for, but also on the brutality that befalls the ewl@ring the breeding season — “chased all over
the country to the point of exhaustion... not onkfitag] a severe beating but knocked off rocks

fifteen or twenty feet high...I have watched thamwd into crevices...but the minute they get



onto their feet and come out they must race far thves”*?°. Once breeding is completed and
typically all of the ewes capable of bearing larabs impregnated, the ewe and ram groups
again separate, but remain on winter ranges Ungiehd of the winter season.

Following breeding in November/December, gestaisoestimated at 180 days, with
lambing occurring in late May through J3%&* In early to mid-May, ewes migrate to higher
summer ranges in preparation for lambing. Ewe pggdend to re-use the same area for lambing
year after yedr** suggesting that familiarity with summer rangesriportant to the survival of
young lambs. Based on typical lambing rangesdaalilambing area is a high, rocky area that
affords protection from coyotes, mountain lionsj ather terrestrial predatdfs During this
time in the early summer, the threat of predatiopears to outweigh the benefits of staying in
lower ranges for the ewes and young lafib&he rams in contrast (with no further interest i
the ewes or their new progeny) are still enjoyimg tcomparatively better resources at lower
elevations. The ram herds will eventually mignapeto higher summer ranges, following the
greening up of forage as the snow pack rett&ats

Ewes typically give birth to a single lamb, althbusvinning has been reportéd**
Unlike deer and elk, bighorn ewe mothers do nog tirekir lambs and wander away, but rather
stay close and call the lambs to them in any instar suspected dand&r'*® Supposedly, the
rambunctious lambs have been known to “fake” amala their mothers, just to delight in
seeing them respoffd. Once lambs are weaned, and winter weather béyiset in, ewe-lamb
bands again migrate down to lower elevations fotgmtion from the elements, and to again
form breeding herds, completing this seasonal cycle

Both groups of sexes, but most dramatically femdlase high fidelity to small home

ranges’. This distribution of small bands of bighorn shegth small home ranges reflects their



fragmented habitat, as well as the previously no@etl importance of ewe familiarity with a
small summer range. Given their high fidelity toadl home ranges, bighorn sheep ewes have
limited potential for dispersal and colonizationnefv habitaf. Bighorn sheep rams, however,
are more apt to disperse than ewes and movemetitesg rams beyond maternal home ranges
likely account for gene flow between fragmentedds®r

This brief description of bighorn sheep naturatdng is a superficial look at basic sheep
biology, and does not address the many factorsctivdtibute to population dynamics of the
species. Additionally, this discussion has focusedRocky Mountain bighorn sheep, and has
not touched on the differences between the subspetibighorn sheep. However, one can still
appreciate the features of bighorn sheep ecologghmontribute to disease transmission. These
include: Stressful time periods, particularly asated with the breeding season; gregarious
behaviors, again associated with the breeding sdastween ewes and rams, and between ewes
year-round; the intensity of direct interaction$nmen ewes and lambs within the perinatal
period; and finally the propensity of young ramslisperse great distances, spreading not only
genes but also potentially diseases within popuriatof bighorn sheep.
Population Declines and Respiratory Disease

The historical numbers of bighorn sheep in Northekica are uncertain. Previously,
accepted population estimates of bighorn sheep atsrgrior to invasion of habitat by early
white settlers were up to 2 million anim&I8* although more recently it has been suggested
that this number may be 10-fold too high Regardless, the number of wild sheep in North
America decreased dramatically as a result of xbensive hunting and loss of habitat that
accompanied the settlement of this re§idh The arrival of domestic sheep in mountain ranges

in the late 1800’s added to competition for ranggh whe already-depleted populations of



bighorn sheep, and in addition the arrival of damsesheep brought new pathogens. Steep
declines of bighorn sheep populations during teisqal have been attributed to continued
hunting and loss of habitdf®%? as well as epidemics of Scabies mifesofoptes spp) which
were likely acquired from domestic sheep, althottghsmission from domestic sheep has not
been definitively proveti*°*27 The termination of the scabies epidemic in biglsheep near
the turn of the 20th century was followed by moteracovery in bighorn populatioris??

By the 1920’s another decline in bighorn sheep faifmns was noticed, and bighorn
sheep populations plummeted in Glacier Nationak Péellowstone National Park, and Rocky
Mountain National Park®1% Deaths were attributed primarily to outbreaks of
bronchopneumonia. In 1939, Marsh wrote a revied3years’ history of disease losses in
bighorn sheep from the Sun River Game Preserveontdha, Glacier National Park,
Yellowstone National Park, and the National Bisang8". Marsh recognized two disease
syndromes: chronic bronchopneumonia in adult shesgh acute pneumonia in 2 to 3 month old
lambs. This report included excellent descriptiohslinical symptoms, gross pathology, and
histopathology.

Marsh reported that for the adult syndrome, incéd bighorn sheep herds the sheep
were thin, weak, and coughing, with difficulty btieag particularly after exertion. At necropsy,
Marsh noted subacute or chronic bronchopneumoritaseinsolidation, primarily affecting the
cranioventral and cardiac lobes of the lung, uguadcompanied by pleuritis and adhesions.
Histologically, Marsh noted congestion of alveatapillaries, peribronchiolar infiltrates of
chronic inflammatory cells, and filling of alvealiith “leukocytes” suggesting predominantly
neutrophils. Marsh reports similar necropsy firgdirof bronchopneumonia in dead lambs;

consolidation, suppuration, and necrosis of thietraganioventral and cardiac lung lobes, with



adhesions to the pericardium and chest3#all
These early descriptions match remarkably well withsequent descriptions of bighorn

4>%1333nd with outbreaks of bronchopneumonia thatstitiur sporadically

sheep pneumor
in bighorn sheep herds throughout western North haae All-age die-offs in adult bighorn
sheep typically occur in the winter months andlikedy associated with increased density of
sheep, the stress of the breeding season, andadedrautrition on winter ranggg*1%2133

A second type of outbreak occurs in 2-3 month afddds, which has been termed
“summer lamb mortality”. While the pneumonias diilis and lambs have distinct similarities
based on gross and microscopic pathology, a litkdxen all-age die-offs and summer lamb
mortality has not been proven. Summer lamb maytaften follows all-age winter die-offs;
lambs are born in normal abundance in the springgate decreased to a small percentage by the
summef>*®?! This summer lamb mortality can decimate bighsiteep populations, already
depleted from the preceding die-off and unablestouit new lambs into the population.
Summer lamb mortality can continue for an additidive years or mor&, making significant
recruitment into affected herds nearly impossible.

Outbreaks of bighorn sheep pneumonia (all-age fiseamd summer lamb mortality)
have been observed in Colorado bighorns for deda88''° In Colorado, populations of
bighorn sheep fell from approximately 8,000 in 19@2,235 in 1942 While a general
increase in the Colorado bighorn sheep herd has s more recently (6,045 in 1988 and
7,040 in 2007, these increases have been attributed mainly tmgement activities including
extensive trapping and relocation of stiepWhile these transplants appear to be augmenting

bighorn sheep populations based on an overall mgirethe total population, transplanted herds

are small and show limited potential for sustaihigbor growth without continued intervention
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1258128 The overall decline of bighorn sheep noted ®1820’s has indeed continued, with
many populations of Colorado bighorns resistingrpation by way of human intervention,
primarily transplants.
Proposed Causes of Bighorn Sheep Pneumonia

The cause of bighorn sheep pneumonia has beemearains, a debated topic. Early
investigations into die-offs of bighorn sheep, sashhose described above by Marsh, indicated
that pneumonia was primarily due to lungworm infacs, allowing secondary bacterial invasion
by Pasteurella bacteria. These bacteria were isolated from hoty and blood, suggesting that
the ultimate cause of death in these cases wainrsepticemia**° Based on these findings,
Potts made the diagnosis of “hemorrhagic septicermisecognized disease in domestic animals
characterized by fibrinous pneumonia and isolatibRasteurella bacteria from the lungs and
blood"*°.

At the time of these early investigations, the baat component of the pneumonia was
considered secondary to lungworm infection. Patkstudying the decline of bighorns in
Rocky Mountain National Park concluded “Apparemtpility caused by parasites, increasingly
activated by dietary deficiencies, and particuldlnly irritation and congestion caused by
lungworms, permit the deadly pneumonic bacteriartier the bloodstrear?”. This hypothesis
has been supported by others over the period dincead decline of bighorn sheep
population§*®>12113% |n the late 1970's, Spraker investigated sumiarab mortality in the
Pikes Peak herd in Colorado and determined thatrporia was associated with severe cases of
lungworm infection. In these lambs, very high Isad lungworm in ewes were transmitted
transplacentally to lambs via placental veins widehvered third-stage larvae to the fetal

liver'®s, These larvae migrated to newborn lamb lungsngutie first week of life, causing
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physical damage to the lungs that continued astongs reached maturity and began to
reproduce. Final maturation of lungworms and isgeat first stage larvae coincided with the
onset of pneumonia at approximately 6-8 weeks ef*ag The timing of this event correlated
well with the onset of summer lamb mortality at 2a8nths of age, and was thought to
predispose the lungs to bacterial infection.

Treatment of the Pikes Peak herd with anthelmintias followed by increased lamb
survival®, further supporting the hypothesis that lungwores\a significant factor contributing
to summer lamb mortality. Subsequent studies tigyegeng the effects of lungworm treatment
on lamb mortality, however, have not shown thiedimssociation in other hef8sand
lungworm infection has not been shown to succdysfulluce pneumonia in bighorn sheep
lambs experimentalf¢®. It is clear that lungworm is one factor with fhetential to contribute
to pneumonia in bighorn sheep, particularly in rdgao summer mortality of lambs in herds
where populations are heavily concentrated anddong loads are very high. However, it is
likely that lungworm is acting as a predisposingtda in bacterial bronchopneumonia.

While research has shown that lungworm infectiommadispose bighorn sheep to
pneumonia, it seems that ultimately bighorn shekteiand lambs are dying from severe
bacterial bronchopneumonia and sepsis. In 196@rgedPost provided a review of bighorn
sheep pneumonia, suggesting that the charactsradtibe pneumonia outbreaks and the
isolation ofPasteurella bacteria indicated a greater role for bacteria tas previously
considered. Like Potts, Post observed that theackexistics of the disease in bighorn sheep
were similar to outbreaks of hemorrhagic septicefaiso called shipping fever) in domestic
ruminants, caused [Basteurella bacteria, with possible contributing factors irtshg viruses

and stres§®. To differentiate the disease in wild ruminaftest referred to bighorn sheep
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disease as “pasteurellosis”, so as not to be cedfusth the more well-established disease of
hemorrhagic septicemia/shipping fever.

Post defined pasteurellosis as “an acute, infestiegpiratory disease which terminates
by septicemic invasion”. Comparing the diseasaighorn sheep to diseases in domestic
animals, Post suggested that the course of thas#isa bighorns was consistent with domestic
animal pasteurellosis, and not lungworm infectibte felt that the rapid courses of the described
outbreaks were most consistent with “...a virulemgfamism and not the slow, debilitating
disease which usually results from parasitiSth”To support his hypothesis that transmission of
lungworms was not the primary cause of bighorn gipeumonia, Post also cited the normal
occurrence of lungworms in healthy bighorn shé&&p

However, like his observations of lungworms in nafktighorn sheep, Post also
concluded thaPasteurella bacteria could be isolated from normal bighorregh@nd he
recognized this as a problematic factor in interpgethe bacteria as being the primary cause of
pneumonia. In addition, Post commented on theiplelstrains oPasteurella isolated from
dead bighorns, and suspected that perhaps moretigestrain could be responsible for causing
diseast®. Because of the multiple factors apparently isedlin outbreaks of bighorn sheep
pneumonia, Post could not definitively list pas&dasis as the primary cause of this disease, but
he did suggest that, regardless of other contniguactors Pasteurella be more closely
considered as the ultimate cause of death for bighwith pneumoni&®.

As the focus of bighorn sheep respiratory diseasearch has shifted from lungworm to
Pasteurella, a great deal of information has been accumulstiggorting the hypothesis that
Pasteurella bacteria are the ultimate cause of fatal bighbeep pneumonia, and that these

organisms may have been introduced to bighorn sheelomestic speciés"*?
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1)

2)

3)

4)

5)

Pasteurella bacteria are consistently isolated from the pneumloings of bighorn
Sheef)3’48’50'59’98’133

Contact between bighorn sheep and domestic speaselseen documented directly prior
to outbreaks of fatal bronchopneumohid**°

Experimental comingling of domestic sheep with loighsheep results in fatal
bronchopneumonia in bighorn sheep while domesgegtiemain clinically norm@l
Experimental infection of healthy bighorn sheepwAasteurella bacteria from healthy
domestic sheep results in fatal bronchopneumortiginorn sheep.

The differential pathogenicity #fasteurella bacteria to domestic sheep and bighorn
sheep has been explained based on differences laukotoxin gene of bacteria that are

pathogenic to bighorn sheep but not domestic stieep

Despite the above evidence, researchers stilltfeceame issues that prevented Post

from concluding thaPasteurella bacteria were the primary cause of bighorn sheepimonia;
the presence of disease-causing bacterial straith® iupper respiratory tract of normal healthy
bighorn sheep', and the variability of bacteria isolated. Thisidem may be due, in part, by
inaccurate classification #fasteurella-type bacteria. Throughout this literature revidvave
chosen to usePasteurella bacteria” to refer to thBasteurellaceae family, a group of gram-
negative bacterial organisms that has experienagtipbe taxonomic revisions throughout
history. This diverse group contains both commleaisd pathogenic organisms, and the most
relevant genera to this discussion are those whaele been associated with bighorn sheep

pneumonia, including species within the gerfeageurella, Mannheimia, andBibersteinia.

Classically, thedPasteurella bacteria have been classified based on growtlracterstics
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of the bacteria under various conditions, on s@iolalifferentiation and, more recently, on
biochemical properti8& All of these classification schemes are basecbmperties of the
bacteria measuregk vivo, however, which may not correlate with pathogéwiof the bacteria
in vivo. Additionally, genotype data generated on a langive of bighorn sheepasteurella
bacteria isolates suggest that our current classifin schemes based on phenotypic properties
of the bacteria may not correlate with genotypioparties. However, neither the specific genes
responsible for the genetic variation seen in #iigly, nor the biological relevance of these
genes, have been determifted

While much work is left to be done, one certaindfégrof moving towards a genotypic
classification scheme fdtasteurella bacteria is the ability to use culture-independeathods
for bacterial classification. The challenges dfesding, transporting, and culturing bacteria
from remote locations and long-deceased carcasselékRly contributed to the historic variation
in quality and consistency of culture results. sTihas prevented relevant comparisons between
samples and between outbreaks, which will ultinydbel necessary to make conclusions
regarding the biological relevance of various pgdns. Culture-independent methods may help
to alleviate some of these complicatitiis

Because researchers are most concerned with aeféict presence of pathogenic
bacteria, one promising culture-independent diaimapproach to targeting pathogenic versus
nonpathogeni®asteurella bacteria is to focus on what virulence factorsrasponsible for
producing diseasi@ vivo, regardless of species. Multiple virulence fagtoave been identified,
but the virulence factor which appears to be mosetated with disease is leukotoxth
Leukotoxin is a bacterial enzyme capable of lysungjuring leukocytes, including neutrophils,

in the lung. This lysis of leukocytes is used lagteria to eliminate bactericidal neutrophils,
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preventing removal of the bacteria. As a sideetffigsing the neutrophils also spills the
digestive enzymes which are present in neutrojiiitsthe surrounding tisstie The lung tissue
is degraded by these digestive enzymes, and tisgradation may in fact be more harmful to
the lungs than the bacteria themselves. With dverast of PCR, researchers can target the
leukotoxin gene as an indicator of pathogenic biacte the lungs, instead of relying on the
growth of the organisms in culture where results la difficult to interprét.

Just as early investigators were unable to pinposihgle cause for bighorn sheep
pneumonia, researchers today continue to consadrrs other than bacterial infection as
possible primary causes for this disease. Besioiggvorm, other infectious agents considered
have included several viruses. The respiratonysés with the greatest serological prevalence in
bighorn sheep populations have consistently beemrgluenza-3 virus, and bovine respiratory
syncytial virug 1061112213213 g g|ggical data suggest that, while viral itifets may
predispose bighorn sheep to pneumonia, infectiatisthese agents may also be a common
occurrence, causing mild or subclinical diseaseeiris of otherwise healthy bighorn sh&ep
Non-infectious factors have also been consideradhases of bighorn sheep pneumonia
including nutritional deficiencies and str&s¥?33 These studies indicate that, like lungworm
infection and viral infections, non-infectious farg can be associated with outbreaks of
bronchopneumonia and may contribute to the pattesjemf this diseade

In recent literatureylycoplasma species of bacteria have been suggested to bmarpr
cause of bighorn sheep pneumonia. The considaratia role foiMycoplasma spp. in bighorn
sheep respiratory disease is not a recent develupnire 1970** Mycoplasma was first isolated
from cases of bighorn sheep pneumonia. At thag tivycoplasma was a known cause of

pneumonia and other diseases in livestock, bunbatieen previously associated with
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respiratory disease in bighorn sheep. This 19p@mpaentified Mycoplasma in the pneumonic
lungs of captive bighorn sheep during an outbraakyell as from nasal swabs of live sheep.
Attempts to culturéasteurella-type organisms from the same samples were unssfatdsut
histopathological findings were suggestive of ddgpbacterial pneumonia. The conclusion of
the paper was that “it seems likely that when thigHorn sheep respiratory disease] complex is
better defined there will be multiple etiologicaemts (viruses, bacteria, parasites) — some of
which will be found in clinically normal animalsthat may interact with each other as well as
environmental variables to result in overt diseaBkis report suggests that mycoplasmas should
be considered one of these possible agents amfiinvestigated*

More recently, experimental studies have confirrtied infection withMycoplasma spp.
can predispose bighorn sheep to bronchopneumathigéa by infection withPasteurella
bacterid®, and Mycoplasma species have been identified @umonic bighorn sheep lungs
using culture-independent meth&t¥"  Although evidence is mounting that Mycoplasma/ma
play a very important role in the pathogenesisighbrn sheep pneumonia, the inability to
produce pneumonia with Mycoplasma alfreuggests that Mycoplasma’s important role is to
predispose the lungs to invasion by bacterial pghe such aBasteurella bacteria.

It is interesting that even in the earliest invgstions into various pathogens as factors in
bighorn sheep respiratory disease, the same camcluss reached: multiple factors are likely
involved in the bighorn sheep respiratory diseasepiex. Features of the disease from a
clinical, histopathological, and epidemiologicaradpoint all point to various factors
predisposing bighorn sheep to bacterial pneumarthigh is the ultimate cause of death.
Experimental transmission studies of any pathod@meaexcepPasteurella species) fall,

suggesting that this family of bacteria is theletyec agent of bighorn sheep bacterial
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bronchopneumonia. However, it does seem thatdigmesing factor is necessary for the
proliferation of these pathogenic bacteria in tiggls, particularly in natural settings where
Pasteurella bacteria are present in apparently healthy animalkile the study undertaken here
focuses minimally on bacterial bronchopneumonig, gossible that the disease described here
(bighorn sheep sinus tumors) may be yet anothdribating factor to colonization of the lungs
by bacteria.

Initiation of Sinus Tumor Investigation

In 2009, the lower Poudre Canyon in Fort Colli@slorado had suffered for at least 10
years with summer lamb mortality. Over a 10 yearqal of observation, ewes in the herd
successfully lambed, but every year 100% of thebkaborn succumbed to fatal
bronchopneumonia at approximately 2-3 months of agethe population age structure
continued to shift towards old ewes and the ovg@@tlulation size slowly declined, it was
decided to cull the small (7 elderly animals) hrgirevent transmission of disease to other
nearby herds.

All seven animals were submitted for necropsiesvefal showed evidence of mild,
chronic bronchopneumonia, and many showed signssolved pneumonia (fibrous pleural
adhesions). There were no signs of active pneusrsarch as those associated with die-offs or
lamb mortalities. A mild to moderate lungworm loads noted in all cases based on the
presence of scattered lungworm nodules in the tHoasalal lung lobes. While there was no
evidence of active pneumonia to explain transmissidatal bronchopneumonia to newborn
lambs, we did find something that had never beenipusly described: All sheep examined had

soft masses present within the paranasal sinuGleapter two discusses the features of these
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masses in depth, but several features of the massesminiscent of oncogenic retroviruses of
domestic sheep and goats, which will be discussa@ thoroughly in this literature review.

The only previously described disease in bighoeephwith somewhat similar features to
the disease described here (sinus tumors of bigdteeap) is chronic sinusitis of desert bighorn
sheep. This disease was largely described by Bunitie 1970’s and 1980’s, and is
hypothesized to be caused by the migration of Hastaestrus ovis) larvaé**'%” Bunch
hypothesizes that bots migrate aberrantly frormtsal sinuses into the complex trabecular
regions of the paranasal sinuses soon after iofeeis an L2 larvae, but are unable to migrate
back out to the nasal sinus after maturing to gelat3 larva®. These displaced larvae then
incite a dramatic inflammatory response resultmgavere osteonecrosis and suppurative
exudate within the sinuses. Fistulous tracts comynmrm to the outside of the skull and
infection leads to the demise of the anitfhaWhile chronic sinusitis has some overlapping
characteristics with bighorn sheep sinus tumors sisanflammation and reaction of the sinus
lining, there are distinct differences. Chroniuusitis lacks significant tissue growth, bighorn
sheep sinus tumors lack a necrotizing processth@ndonsequences of chronic sinusitis are fatal
versus nonfatal sinus tumdts

Based on a thorough review of the literature amdgnal communications with wildlife
pathologists, veterinarians, and biologists fromoas western North America, it seems that this
study is the first to describe and investigatedahigty of sinus tumors in bighorn sheep. The
most similar diseases published in the literatueetlae oncogenic retroviral diseases of domestic
sheep and goats. This observation has led usrtoypothesis that sinus tumors of Rocky
Mountain bighorn sheep are caused by an infectigesit, and we have specifically searched for

the presence of oncogenic retroviruses in casbgbbrn sheep sinus tumors. The
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characteristics of oncogenic retroviral diseasedonfiestic sheep and goats are explored below.
Oncogenic Retroviruses of Domestic Sheep and Goats
Basic Retrovirology

The retrovirus familyRetroviridae) is an interesting group of viruses for many reaso
one of which is the ability of these viruses tegrate viral genetic material into the genome of
the infected host cell. This ability to alter hostl DNA creates two relatively unique
opportunities for retroviruses. First, when vigahetic material is inserted into the host genome,
it can alter the expression of normal host cellegen that region. Second, if the virus manages
to infect the germ cells of the host and integnatie the DNA of the host’'s sperm or egg, the
genetic material of the virus can be permanentpiporated into the DNA of every cell of the
host’s progeny, termed endogenization. These twmaeapts will be specifically explored in
regards to oncogenic retroviruses of domestic shadpoats below, but are best understood
given a brief background on basic retrovirology.

Retroviruses are an incredibly unique group afisés, with an elaborate but fascinating
replication strategy. Retroviruses contain a gemoffrtwo, positive-sense, single strands of
RNAZ. Retroviruses are the only diploid viruses wewmd, and the reason for this diploidy is
poorly understood. The current model for retroviral replication icates that only one
molecule of RNA is needed to create the singlendticf DNA which is integrated into the host
genome, so having two molecules of RNA seems eatnas for replicatioff. One theory on the
advantage of having two RNA molecules is that #@ad molecule is used to repair damage to
the genomé>

In addition to diploidy, retroviruses are also uregn how they use their positive sense

RNA genome for replication. Most positive senseRNfuses release their genome into the
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cytoplasm of the infected host cell. This is bessapositive sense RNA, by definition, is in a
form that can be recognized by the host cell agssage for translation. In other words,
positive sense viral RNA can be recognized as mgesdRNA by the host cell translation
machinery and immediately translated by the cédl wnral proteins which are then assembled,
packaged, and released as new virions. But retre®$ don’t use this approach. Instead,
retroviruses have a much more complicated, butanymways more effective strategy for
replication, whereby the virus reverse transcriteewn RNA into DNA, and that DNA (termed
cDNA) is then integrated into the host cell gendjared termed proviral DNAY. Viral

replication and assembly is then permanently deébly the host cell, with viral messages
emanating from the host cell nucleus.

The RNA genomes of the retroviruses are around Kbbases (kb), on the smaller side
of the range of viral genonf@s For reference, circoviruses, which encode fdy @mgenes, are
approximately 2 kb in length while herpesviruses, encoding over around 10@gjeare around
100-200 kb londf. The genes encoded by retroviruses are fairlplginwith 4 mandatory genes
encoded by all retrovirusegag, pro, pol, andenv??>. Thegag gene derives its name frognoup-
specificantigen, one of the first genes identified to differateithis family of viruses. Tlgag
gene is responsible for production of the viralsidpthe protein shell which encases the viral
genomé?.

Thepro andpol “genes” are variable between retroviruses, andiireately extensions
of thegag gene. Thero region encodes for proteases which cleavegégeandpol proteins to
produce the final, active proteins which functiarttie mature virf8. Thepol region encodes
for the retroviral polymerase, an essential viralt@n. The retroviral polymerase is the enzyme

which drives reverse transcription of viral RNAardDNA. Thepol region also encodes for
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integrase, the enzyme responsible for integratfdhenewly synthesized proviral DNA into the
host cell genonfé.

Finally, theenv gene encodes for the viral envelope, the surfaddransmembrane
proteins which are embedded in the lipid bilayenasl from the host cell and surround the viral
capsid. The viral envelope functions in cell efitfigction by the viru&. While all retroviruses
containgag, pro, pol, andenv, some retroviruses (complex retroviruses) alse fziditional
coding regions that are variably-named dependinthervirus, and in many cases have unknown
function€® In addition to these “coding” regions, or regighat are eventually translated into
proteins, there are also non-coding regions ofetreviral genome which do not encode for
proteins, but serve other functions that are nexgdsr replication of the virus. One of these
noncoding regions is the long terminal repeat (LTdgjion.

The LTR, along with an elaborate acrobatic feahefviral reverse transcriptase enzyme,
allows the virus to encode a signal for its owmsGiption. Within the integrated proviral DNA,
there are two copies of the LTR, both of which@mposed of the regions U3-R-U5. One LTR

is located at the upstream end of the DNA, andther at the downstream end (Figurel.2).

proviral DNA
U3|R|USE= gag | pro [ pol env ={U3|R|U5
k—I—J \—T—/
5’'LTR 3LTR
RNA genome
RIUSPE={ gag | pro | pol env = U3 [R

Figure 1.2: Retroviral structure, comparing proviral DNA and Rigenome.
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The LTR at the upstream end functions as a prontotéirect the host cell machinery to begin
transcription of proviral DNA into RNA. Howevehe transcriptional start site is at the U3-R
junction, and therefore only the R-U5 regions aesent at the 5’ end of the resulting RNA
molecule. The downstream LTR is important, in pagecause it includes a copy of the LTR for
restoring the upstream sequence. However, atdivastream end, the R region signals the
termination of transcription, and only R-U3 regi@rs present in the resulting downstream 3’
end of the viral RNA. During reverse transcriptiboth the missing 5’ and 3’ sequences are
restored. This is accomplished because copidsgeahissing sequences are present at the
opposite ends of the molecule and can serve teegplat DNA synthesis. The final result is
maintenance of the LTR, and therefore enhanceddrgmion of the area of the host genome
containing the viral sequerfée This becomes important in regards to how retusés can
enhance the expression of other nearby host geeis1 some cases allow for oncogenesis
(tumor formation).
Retroviral Oncogenesis

As previously mentioned, retroviral oncogenessults from the ability of retroviruses to
integrate into host cell DNA and alter gene expogssThis is classically accomplished in one
of two ways, separating most oncogenic retroviruisestwo groups: acute-transforming viruses
and non-acute transforming viru$e®. The acute-transforming viruses are the moreesgiye
of the two groups. These viruses have an oncogeittanto their genomes which, when
expressed, enhances cell growth and replic&tfin Because the oncogene (part of the proviral
DNA) is located downstream from an LTR promotingnicription, oncogene expression is
enhanced and a tumor results regardless of whendrls integrates. Tumors can form very

quickly, and often multiple integration events pod a tumor. Therefore, phenotypically,
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acute-transforming retroviruses are characterizecpid tumor formation and tumor foci are
multifocal and polyclon&l-®®

Interestingly, it is thought that retroviral oncogs of acute-transforming viruses have
been acquired through recombination events with $eguences, whereby normal growth-
enhancing “proto-oncogenes” of the host cell atienaitely swapped into the viral genome. In
most cases, this process requires swapping out etimaeportion of the viral genome, and
because all of the retroviral genes are fairlyi@ltfor replication, the acquisition of an
oncogene typically equates to loss of replicatiompetence of the virli®® Therefore, despite
rapid oncogenesis and aggressive tumors, the &raumsforming viruses typically require co-
infection by a related virus to provide the missgngteins necessary for replication.

In contrast, the non-acute transforming virusesalocarry a viral oncogene. These
viruses induce tumor formation when proviral DNAgluding an upstream transcription-
enhancing LTR, is inserted into the host genomeeregion which encodes for normal growth
and replication (in a region of a host “proto-oneng’f®. When this happens, the proviral LTR
directs enhanced transcription of the proviral DAt also enhances transcription of nearby
growth-promoting genes of the host. This is anarfgrt process, and the integration of proviral
DNA into the region of a proto-oncogene takes gnesmbers of infections, and therefore long
incubation times to tumor formati®h The resulting tumors are typically focal and mcdpnal,
with the single successful integration of provib®A near a proto-oncogene resulting in
genetically identical tumor cells, with identicatégration sites by the provifiis

While the lack of an oncogene makes the non-acatsfiorming viruses less aggressive
with longer incubation periods to tumor formatitiam acute-transforming viruses, they do have

an advantage. The lack of an oncogene means aayeines need to be swapped out in order to
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swap in the oncogene. This allows for retentionrdical viral genes, and therefore most non-
acute transforming retroviruses are replication jget@nt and do not require a viral co-infection
to reproduce.

The two major groups of oncogenic retroviruses diesd here, acute transforming and
nonacute transforming virus encompass most, bualhof the oncogenic retroviruses. These
two major groups result in tumors by either acdiasiof an oncogene from the host, or
integration upstream from a cellular proto-oncogelmeaddition to these mechanisms, there are
also viruses which contain an oncogene that isqddhe viral genome and has not been
acquired from the hd$t These include nonstructural genes that seremesgenes, as seen in
viruses such as bovine leukemia virus, and stratggenes that serve as oncogenes, as will be
explained for viruses such as JSRV and ERTV
Retroviral Endogenization

As described above, the integration of retroviexigtic material into the host genome
provides a means for oncogenesis. Additionalpralvides a means for endogenization.
Throughout evolutionary history, many species ideig humans have become infected with
retroviruses that have integrated into the hostisogne via reverse transcription, and replicated
using the host’s nuclear machinery. As some ddharuses infected the germ cells of the host,
some retroviruses could be passed vertically tgpoiiig as a permanent part of the genome.
Over time, mutations accumulated in the provirglussmce, and eventually these mutations
became incompatible with replication. Today, oeglogenous sequences of these now non-
replication-competent viruses are left as a remindl@ancient infections. In fact, 5-8% of the
human genome is composed of endogenous retroeijakemces. Interestingly, some

endogenous retroviruses maintain replication coemuet and may play a role in normal host
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functions, particularly in the reproductive tf&c¢for possibly in resistance to infection by
exogenous (infectious, disease-causing) vif’'Sé$*® However, most endogenous viruses have
no known function.

As fascinating as endogenous retroviral sequenegsheey provide a frustrating block to
molecular diagnostics. For the group of exogenetrsviruses focused on in this study, there
are at least 27 highly-homologous endogenous s@liences identified in domestic sieep
This means that, when using tumor tissue as a smfWhich contains DNA from the host
genome), for every copy of an integrated exogenaus that one attempts to amplify, there are
a minimum of 27 similar endogenous sequences whi be amplified from the host genome
instead. The similarity between exogenous virgueaces and endogenous sequences is
incredibly high, and only a few small regions o tpenome can be used to distinguish
exogenous from endogenous sequehtceSherefore, discovery of a new, related virus is
difficult by standard methods such as the use géderate PCR primers.

Additionally, sheep and goats that are naturaligated with oncogenic retroviruses do
not mount a detectable immune response to thessedi?’**® This lack of an immune response
is hypothesized to be due to similarities betwemtirgy regions of the endogenous and
exogenous viral sequené®s The inability to use serological assays as diatio tools adds to
the complications involved when investigating enteggetroviral diseases. Given these
limitations, the accomplishments of researchergstigating now well-described oncogenic
retroviruses are truly remarkable.

Jaagsiekte Sheep Retrovirus
Jaagsiekte sheep retrovirus (JSRV) is the cawsagent of ovine pulmonary

adenocarcinoma (OPA), an infectious disease of domgheep characterized by low-grade
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neoplastic proliferations of bronchiolar and ahaapithelial cell'%> These tumors are found
as multiple nodules within the lungs of affectedegih Histologically, the nodules contain
papillary projections of epithelial cells which cemmpress to form more solid structufes
Nuclear features of the tumor cells are relatinadnign, with uniform nuclei containing
infrequent mitotic figures. However, the extenpobliferation has led to the designation of
adenocarcinoma (malignant) versus adenoma (bénigfiypically, tumors are surrounded by a
thin stroma, but occasionally fibrosis is a promitkeature. In some cases, tumors are
infiltrated by aggregates of myxomatous tissuesymeably originating from mesodermal cells.
These myxomatous structures are comprised of spsithped cells embedded within a
basophilic matrix, and are generally associatet n&oplastic epithelial cells. Whether or not
these myxomatous stromal cells are also neoplagsiaot been determin&d?>

An additional histologic feature present in maageas of OPA is polypoid growths
arising from the bronchiolar epitheliifh These polyps are lined by normal epithelialsalid
contain a central core of connective tissue. Qfpetyps are accompanied by chronic
lymphoplasmacytic inflammation, and hyperplasi®dnchiolar associated lymphoid tissue. It
is uncertain whether polyps represent part of g@plastic process, or if they are merely
initiated by chronic inflammatiof

The lung lesions of OPA cause significant respmatlistress and, in early descriptions
of the disease, farmers in South Africa noted #figicted sheep looked as if they had been
chased or driven. This observation led to the ngrof the disease as jaagsiekte, meaning
“driving sickness” in Afrikaan¥®. Another feature of OPA is the production of atbemt fluid
by tumor cells in the lungs, which are secretorgature. Clinically affected animals that are

lifted by their hind end will exude abundant fligp to 300 mL) during the “wheelbarrow”
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tesf>. This fluid contains infectious JSRYV particlesidras been used to induce disease in
healthy sheés'*? The first retroviral particles were observediRA tumors by electron
microscopy in 19742 and the first report of transmission with OPAtjzées containing reverse
transcriptase activity was published in 1476

The oncogenesis of JSRV has been well-studiedaringecause of similarities between
ovine pulmonary adenocarcinoma and human lung c¥ndaitial investigations into whether
JSRV was an acute or non-acute transforming retrswiere not straightforward. JSRV
exhibits phenotypic characteristics consistent \&ihacute-transforming virus; multifocal
tumors, rapid induction of disease (in as littlel@lays experimentaff§f), and transformation
of cells in cultur®. However, investigations into the JSRV genomeaéad none of the
classically recognized oncogenes associated wittedgcansforming retroviruses. This
discrepancy was explained by experiments demoimsgirdtat the envelopgerotein (Env) was
necessary and sufficient to induce transformatforetisin vitro #°*“¢ demonstrating that JSRV
does contain an oncogene, but that oncogene i normal viral genome, tieav gene.
Exactly how Env contributes to oncogenesis is gtitler investigation.

As previously mentioned, theav gene encodes for proteins that are present wttiein
envelope coating the mature virus. These protaciade a surface (SU) protein which binds to
cellular receptors, and a transmembrane (TM) prnotdiich spans the viral envelope and
functions during fusion between the viral envelapd the host cell membraie The
transmembrane protein has a tail which, when ptesehe host cell membrane, sticks into the
host cytoplasm and can interact with host cellgingt This cytoplasmic tail contains a YXXM
motif, a motif that is well-recognized as an adiraf the PI3/Akt pathway of cell growth and

replication, commonly activated by neoplastic peses. This discovery theoretically provided
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an explanation for how thav gene functions as an oncogene, and was supported b
experiments examining PI3/Akt activity in JSRV @B TV’>. However, other experiments
have suggested that while the PI3/Akt pathway ivaied in transformed cells, it may not be
due to an interaction with the YXXM motff and it may not be the primary determinant of
oncogenesfs?.

Additionally, multiple other pathways have beenrfduo be activated bgnv and
research is ongoing to elucidate the exact mectreoincogenesi&®’® Figure 1.3 outlines
the multiple pathways thought to be involved in ¥SBmorigenesis, with question marks
denoting unknown mechanisms for activation. Despitgoing studies to further define JSRV
oncogenesis, it remains constant thatetihegene functions as oncogene, inducing
transformation in JSRV-infected cells, consisteithwan acute-transforming retrovirus.
Enzootic Nasal Tumor Virus

Enzootic nasal tumor virus (ENTV) is a close neabf JSRV, with high sequence
homology. The amino acid sequences are 92-97% logmas for various regions of the
genomé&®®” Two species of ENTV are recognized, ENTV-1 whidlects domestic sheep, and
ENTV-2 which causes disease in domestic goatsh Boises cause enzootic nasal tumors
(ENT), also known as ovine nasal adenocarcinoma’)ONEnzootic nasal tumors are
characterized by neoplastic masses within the rcasatly, typically originating from the
ethmoid turbinates within the caudal portion of tfasal cavity. These masses are typically
papillary in appearance, forming a cauliflower-ligg@wth that obstructs the nasal passages and

produces abundant mucus, the normal product of epghelial cells.
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Transformation >

Figure 1.3: Signaling pathways involved in JSR¥v-induced cell transformation (from
Hofacre and Fan 201%)

Like JSRV and lung tumors, virally-induced nasethors associated with ENTV are
composed of papillary growths of epithelial cellattcan consolidate to form solid masses. The

epithelial cells of the tumors generally have aitpemppearance and tumors very rarely
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metastasiz&*2 but the severity of the disease has again leddesignation of adenocarcinoma
versus adenoma. The most significant effectsisfdisease include respiratory distress,
invasion of the tumors through the cribiform plat® the braii****'*® and progressive loss of
body condition with death due to bacterial infeatamd/or toxemis.

While ENTV nasal tumors are considered epithéliaiors, there is also a significant
stromal component to many of the tuntdts In many cases, the submucosa of the affected
ethmoid turbinates is markedly expanded by a hyastip and edematous stroma, within which
neoplastic and hyperplastic epithelial cells arbedded. This mesenchymal population has not
been described as a neoplastic population, andrat@NA cannot be amplified from these
regions of the tumdt*. Similar to JSRV, polypoid masses are also odssociated with ENTV
tumors, particularly in nasal tumors of goats cduseENTV-2°,

Experimental transmission has not been as reddityonstrated for ENTV as it has been
for JSRV. Early studies of ENTV transmission ie tt850’s through the 1970’s reported
variable results. Some groups reported succesafismission and others were unable to
reproduce disease using similar mettiddgéfter viral particles were identified in nashlitls of
naturally infected goats with ENT, a transmissitudg using clarified and concentrated nasal
fluids as an inoculum reproduced disease in linfranasally infected goat kids, and 2 of 5 goat
kids infected by intrasinusal rodte The incubation period for this experiment wasd 26
months, much longer than the incubation periodsnted in JSRV transmission studies (as short
as 10 days). Other unpublished studies in domsiséep have shown similar low rates of
infection or have been unsucces$fif* The oncogenesis of ENTV appears to be very amil
to that of JSRV based on experiments using plasondtructs of the ENTV Env protein to

induce transformation of rodent fibroblagtsitro*. Further experiments using this model also
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suggested that the signaling pathway fordéimeoncogenes of both JSRV and ENTV are
similar’®.

Interestingly, experiments investigating ¢ gene have indicated that while e/
gene is responsible for oncogenesis, it does matalcthe cellular tropism of these viruse§™
Because JSRV appears to cause tumors strictlyeitutigs and ENTV appears to cause tumors
strictly in the nasal passages, it seems logiciltths cellular tropism would be related to the
env protein which interacts with a receptor on thetledl surface (Hyal 2§. Instead, it seems
that cell entry is not the limiting factor to cddutropism, but rather it is the expression of the
virus (after integration) that is limited by specitellular conditions. This tissue-specific viral
activation is suspected to occur by way of actoratf the LTR?. Indeed, the LTR is a highly
variable region between the viruses, and thus cexjidain highly variable cellular tropisms
between JSRV and ENTV. Interestingly, a recemtlarhas shown that, in mice, the LTRs of
both JSRV and ENTV are activated in both the lumd e upper airway, arguing against the
LTR as the sole determinant for tissue tropfém

While many questions still remain, a great deakstarch has been accomplished
investigating the molecular mechanisms behind J8fa¢ttion and oncogenesis. Much of this
work has been supported due to the similaritieadeh ISRV and human lung cancer, with
hopes that JSRV research may provide insights tharesms of oncogenesis in human cancer
patients. Less work has been done to investigatenblecular mechanisms of ENTV and the
likely myriad of differences between the two virss&Vhile the information provided here lends
a background for mechanisms of retroviral oncogenasvirus related to ENTV and JSRV may
have unique properties that cannot be explaineedoas our current understanding of sheep

retroviruses.
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CHAPTER TWO — DESCRIPTION OF A NEW DISEASE ENTITY

Summary

Here we describe 10 cases of paranasal sinus miafResky Mountain bighorn sheep
(Ovis canadensis canadensis). Among 21 bighorns from 11 herds in the stat€albrado, USA
that were examined, 10/21 (47.6%) individuals frdihl (36%) of the sampled herds had
masses arising from the paranasal sinuses. Affectamals included 9/17 (53%) of the females
and 1/4 (25%) of the males, ranging in age frontaamately 2 years to greater than 10 years.
Defining gross features of these masses includédteral or bilateral diffuse thickening of the
respiratory lining of the maxillary and/or fronthuses, with abundant seromucinous exudate in
the affected sinus cavities. Defining histologitesdtures of these masses included chronic
inflammation, and proliferation of both mesenchymmiadl epithelial cells of the mucosa and
submucosa. Epithelial changes included hyperptasiaucosal epithelium, hyperplasia of
submucosal glands and ducts, and neoplasia (ademmaaa). Mesenchymal changes included
submucosal myxedema, submucosal fibroplasia/fibytgine destruction, and neoplasia
(myxomatous fibroma). Specific immunohistochenyistind polymerase chain reaction for
Jaagsiekte sheep retrovirus and enzootic nasalrtunus were performed with negative results.
Materialsand Methods
Animals

In February, 2009 as part of ongoing respiratosgdse investigation and management
activities, a remnant (n=7) free-ranging band afdé bighorn sheep from the Poudre River

canyon in northern Colorado, USA was culled foryapon management purposes. Post-

! The work presented in this chapter was publisheléterinary Pathology 2011 May;
48(3):706-12. Title: Paranasal Sinus Masses of Rdbiuntain Bighorn Sheeyis
canadensis canadensis). Authors: Karen A. Fox, Sarah K. Wootton, Sandr@uackenbush,
Lisa L. Wolfe, Ivy K. LeVan, Michael W. Milleland Terry R. Spraker.
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mortem examinations were performed on each carbaasldition to variable lesions of chronic
bronchopneumonia, paranasal sinus masses werdigtent all seven animals. Following the
discovery of this novel lesion, all bighorn sheapmitted for necropsy to the Colorado Division
of Wildlife were screened for the occurrence ofiemmasses. From February 2009 through
September 2009, a total of 21 bighorn sheep oneofesge or older were examined including
17 females and 4 males, ranging in age from apprataly 2 years to greater than 10 years. For
the majority of cases, the post-mortem interval lgas than six hours, although some carcasses
had been frozen prior to examination and post-mortgerval could not be determined.
Histopathol ogy

For all carcass submissions, representative sactiball major organ systems present,
including paranasal sinus masses, were fixed in A8&tral buffered formalin. Selected
sections were embedded in paraffin blocks, seati@&-6 um, and stained with hematoxylin
and eosin for examination by light microscopy. e€8tdd sections were additionally stained using
the Periodic Acid Schiff (PAS) reaction, Alcian bl(pH 2.5) stain, and Masson’s trichrome
stain. Samples of all masses and exudates pregéin the paranasal sinuses were also
collected aseptically and stored at -80° C for aoloal diagnostics.
I mmunohistochemistry

To detect specific viral antigens of known shedporgruses, immunohistochemistry
(IHC) was performed on paranasal sinus masses (157 monoclonal antibody (mAb) with
reactivity for the envelope protein of enzooticaddamor virus (ENTV) and Jaagsiekte sheep
retrovirus (JSRV) as previously descritétl Briefly, samples were deparaffinized and antigen
retrieval was performed in a pressure cooker (teed20°C, hold for 3 minutes, allow to cool to

90°C, hold for 3 minutes) using Antigen Unmaskirajufon (pH 6) (Vector Laboratories,
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Burlingame, CA, USA). After cooling, endogenous@ede was quenched with 3% hydrogen
peroxide for 5 minutes. Slides were washed twesiior 10 minutes each with phosphate
buffered saline (PBS). The slides were incubatid av1:50 dilution of anti-JSRV envelope
mADb (from hybridoma cells) for 1 hour at room temgiare. This anti-JSRV envelope antibody
cross-reacts with the ENTV enveldpe Slides were washed and incubated with a 1:300
dilution of biotinylated horse-anti-mouse IgG (Vectaboratories) for 30 minutes at room
temperature. Slides were washed again and inailipate avidin:biotinylated enzyme complex
(Vectastain Elite ABC kit, Vector Laboratories),33diaminobenzidine tetrahydrochloride
(DAB) with nickel chloride enhancement was used agroxidase substrate and the sections
were counterstained with hematoxylin.

To further characterize proliferative and neoptasglls, IHC for vimentin and
pancytokeratin was performed using an indirectibibke system (ultraView Universal Alkaline
Phosphatase Red Detection Kit, Ventana Medicale®yst Tuscon, AZ, USA) designed for use
with an automated immunostainer (NexES immunohistodcal module, Ventana Medical
Systems). Primary antibodies used were pan-kefd@ntana Medical System) and vimentin
(Ventana Medical Systems).

Polymerase Chain Reaction

For polymerase chain reaction (PCR), genomic DNA eitracted from sample (n=9),
positive control (n=3), and negative control (nti$¥ue homogenates using phenol/chloroform
extractions'®. All tissues had been maintained at -80°C follmyiemoval at necropsy. Positive
control genomic DNA for JSRV was extracted fromguamor tissue of a 3 month old male
domestic sheepyis aries) with experimentally induced pulmonary adenocayoia. Positive

control genomic DNA for ENTV-1 was extracted fromsal tumor tissue of a 4.5 year old
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female domestic (Dorset breed) sheep with natucadburring nasal adenocarcinoma. Positive
control genomic DNA for ENTV-2 was obtained from approximately 3 year old domestic
goat Capra hircus) with naturally occurring disease. Negative conggehomic DNA used for
both ENTV and JSRV PCR was obtained from lung &ssiua 3 year old female domestic
(Suffolk breed) sheep lacking clinical signs of BNa@r JSRV. PCR was performed using
specific primers for JSRV, ENTV-1, and ENTV-2.

PCR for ENTV-1 was performed using specific prim@ramplify a 1400 base pair
product from theyag gene: fw 5-ATCCGTCCCTAGATTCGTC-3’ and rv 5'-
TGTTTAGACGGTGGAGGAAA-3'. Each 50 pL PCR reactioantained 45 pL Platinum®
PCR Supermix (Invitrogen), 40 pmol of each prinzard 100 ng of genomic DNA.
Thermocycling parameters included initial denaioraat 95°C for 2 minutes, followed by 30
cycles of denaturation at 95°C for 30 seconds, aimgeat 56°C for 30 seconds, and extension at
68°C for 45 seconds. Final extension was at 68t@G iminutes. PCR for ENTV-2 was
performed using specific primers to amplify a 188 pair product from the U3 regidrfw 5'-
GCAAAATGCCAGGACCTTGG-3 and rv 5-GATCTTATCTGCTTATTTCAG-3'. Each 25
ML PCR reaction contained 22 pL Platinum® PCR Supe(invitrogen), 20 pmol of each
primer, and 500 ng of genomic DNA. Thermocyclimgditions included initial denaturation at
95°C for 3 minutes, followed by 35 cycles of demation at 94°C for one minute, annealing at
55°C for one minute, and extension at 72°C for&tbads. Final extension was at 72°C for 3
minutes. PCR for JSRV was performed using spepifibers to amplify a 300 base pair
product from theyag gene: fw 5’-CCCCATCTCTGAAAATGCAC-3’ and rv 5'-
TGTTTAGACGGTGGAGGAAA-3'. Each 50 pL PCR reactioantained 45 pL Platinum®

PCR Supermix (Invitrogen), 40 pmol of each prinarg 200 ng of genomic DNA.
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Thermocycling conditions included initial denatuwatat 95°C for 2 minutes, followed by 40
cycles of denaturation at 95°C for 30 seconds, aimgeat 56°C for 30 seconds, and extension at
68°C for 45 seconds. Final extension was at 687G iminutes.

Results

Gross Pathology

Of the 21 carcasses examined, 10/21 animals hasesasising from the lining of the
paranasal (maxillary and/or frontal) sinuses, idoig 9/17 females and 1/4 males from 4/11
sampled herds. In the index herd where all 7 iddizis had paranasal sinus masses, all of the
animals were greater than 10 years of age. Sasigas for all other herds were very small
(n<3) and therefore prevalence for these herds wasahatlated.

Grossly, masses ranged from moderate and diffusleetiing of the sinus lining to solid
masses filling the sinus cavity. No discrete polgamasses were identified, and in only one
case, the mass extended to involve the palatines sind caudal nasal turbinates (case No. 10).
Lesions were bilateral in 8/10 cases and unilataraicases. In all cases, the bone underlying
the mass was either grossly invaded or had anuil@egitted surface suggesting bone
remodeling. The thickened sinus lining was eastlyarated from the underlying bone except in
one case (case No. 8), for which the mass sevirayged the bone surrounding the cornual
diverticulum of the frontal sinus, causing sloughof the horn and protrusion of the mass from
the top of the skull (Fig. 2.1). All masses weogriogenous, white, shiny, soft to gelatinous, and
frequently contained mucinous cysts. The affestads cavities were often filled with
seromucinous to mucopurulent exudate. In at astases, similar mucinous material had

been noted antemortem as nasal discharge.
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Additional necropsy findings of the respiratoryctrancluded moderate numbers of lungworm
nodules in 9/10 animals, bronchopneumonia in 3fitals, fibrous pleural adhesions
suggesting previous bronchopneumonia in 2/10 asinaald a tooth root abscess into the
maxillary sinus of one animal. Noestrus ovis larvae were seen in any of the carcasses
examined. Cause of death in all animals was censibito be unrelated to the paranasal sinus

masses, or other respiratory disease.
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Fig. 2.1. Coronal section of right side of skull with frongihus mass; bighorn sheep, case No. 8.
A homogenous, shiny, soft to gelatinous white nidisghe frontal sinus, with marked invasion
of the surrounding bone. The mass has destroyeldhe of the cornual diverticulum, with
sloughing of the horn and protrusion of the masmfthe top of the skull.




Fig. 2.2. Histopathology of frontal sinus mass from Figurg; bighorn sheep, case No. 8. The
mass (myxomatous fibroma) is composed of densesetténg bundles of plump spindle cells
supported by scant myxomatous stroma. The neaptasts have effaced the underlying bone,
with few remnant bone trabeculae present. Boretwae are often surrounded by a rim of
osteoblasts and fewer osteoclasts. Hematoxylireasah.
Fig. 2.3. Histopathology from the frontal sinus mass fromufeg2.1; bighorn sheep, case No. 8.
In this area of loosely arranged fibroblasts, stajrwith Alcian blue demonstrates a background
of acid mucopolysaccharides (blue). Alcian blue ¢bl).
Fig. 2.4. Histopathology of maxillary sinus mass; bighorneghecase No. 6. The mass is
composed of a hyperplastic myxomatous stroma, mittiifocal large cystic mucin-filled glands
lined by well-differentiated epithelial cells. Hatoxylin and eosin.
Fig. 2.5. Histopathology of maxillary sinus mass; bighorneghecase No. 7. This section of the
mass is composed of hyperplastic ductular and seidaithelial cells with multifocal areas of
dysplasia. Associated with the hyperplastic s@rfagithelium is marked, dense plasmacytic
inflammation. Hematoxylin and eosin.
Fig. 2.6. Histopathology of frontal sinus mass; bighorn sheage No. 10. The mass
(adenocarcinoma) is composed of sheets and neseppfastic epithelial cells severely invading
the submucosa, with moderate anisokaryosis, arissisy and many mitotic figures.
Hematoxylin and eosin.
Histopathol ogy

All paranasal sinus masses examined had compookbtgh epithelial and
mesenchymal proliferation within the mucosa andmutnsa of the sinus lining, and lesions
varied from hyperplasia to neoplasia (Table 1)ithightial and mesenchymal origin of cells was
confirmed using immunohistochemistry (IHC) for pgiokeratin and vimentin respectively.

The majority of the masses examined were predoetnay mesenchymal proliferation
within the submucosa. These masses containedudgbiom of well-differentiated spindle to

stellate cells forming a well-vascularized, loodematous or myxomatous stroma, to dense

fibroplasia and fibrosis (Table 2.1).
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Table 2.1. Histologic features for 10 cases of paranasal simasses in Rocky Mountain bighorn
sheep. A “+” sign indicates presence of the listestiologic feature.

Case Numbers

Histologic features

g)i/rr]rlﬁﬂic;plasmacytic N N N N N N N .\ .\ .\
Stromal Myxedema + + + + + + + + +
Stromal Fibrosis/Fibroplasia  + + + + + + + + +
Bone Invasion + + + +
Myxomatous Fibroma +

Ductular Hyperplasia + + + + + + + + +
Glandular Hyperplasia + + + + + +

Surface Epithelial
Hyperplasia

Adenocarcinoma +
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In selected cases, the presence of a myxomatous m@mposed of acid
mucopolysaccharides was confirmed by blue stainirtigg Alcian blue, and a lack of magenta
staining with the Periodic Acid Schiff (PAS) reaxti The presence of collagen fibers was
demonstrated by blue staining with Masson'’s triceo In all cases, spindle cells were well
differentiated despite frequent invasion of theanhdng bone.

A single mass (case no. 8) was diagnosed as a namwosifiboroma based on cellular
features including massive proliferation of welffeientiated fibroblasts and collagen bundles
(Fig. 2.2), and a variably loose myxomatous backgdo(Fig. 2.3). Although the cells were well
differentiated with minimal anisocytosis and an@losis and rare mitotic figures, the diagnosis
of neoplasia was made based on marked invasiodestclction of the surrounding bone in the
absence of significant inflammation. The remnamteébspicules were often rimmed by
osteoblasts and fewer osteoclasts (Fig. 2.2), siggeeither bone remodeling, or bone
production by the tumor. Additional differentiasnsidered for this mass included myxoma,
myxosarcoma, ossifying fibroma, fibrous dysplaaiad periosteal fibrosarcoma.

Although typically less prominent than the mesemehlproliferation, all masses were
characterized by hyperplasia of epithelial compdmercluding the pseudostratified ciliated
surface epithelium, submucosal serous and muceamsigl and submucosal simple cuboidal
ductular epithelium (Table 2.1). Frequently, massantained clusters of well-differentiated
acini deep within the submucosa, as well as mamge laystic structures containing abundant
intraluminal (PAS-positive) mucin, lined by wellfthrentiated epithelial cells (Fig. 2.4).
Hyperplastic epithelial cells occasionally demoatstd multifocal dysplasia but lacked

prominent features of neoplasia (Fig. 2.5).
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Two masses were diagnosed as adenocarcinoma hasieel presence of poorly
differentiated epithelial cells forming sheets aotid nests of cells deep within the submucosa,
in addition to more differentiated tubuloacinaustures. One of these cases (case No. 10)
additionally had frequent mitotic figures and maderanisocytosis and anisokaryosis (Fig. 2.6).

Both hyperplastic and neoplastic masses frequentiyained a significant population of
inflammatory cells. Lymphoplasmacytic sinusitissahagnosed in 10/10 cases, characterized
by dense infiltrates of well-differentiated plaso®ls and fewer lymphocytes, associated with
proliferating epithelial cells (Fig. 2.5), and os@mnally located within perivascular spaces.
Additionally, cystic masses occasionally contaiimgchluminal suppurative exudate suggesting
secondary bacterial infection. Aerobic culturesimius exudate from one case (Case no. 10)
yielded heavy growth dPasteurellaceae. Similar inflammatory lesions were not presenthie
sinus linings of unaffected animals.

Histopathology of retropharyngeal lymph node wagqeemed for all cases, with no
evidence of neoplastic metastasis. Moderate t&eddymphoid hyperplasia, and increased
numbers of plasma cells in lymph node sinuses, weted in all cases.

Molecular diagnostics

Genomic DNA was extracted from 9/10 masses asaggblositive and negative controls.
None of the 9 samples, nor negative controls wesgige by PCR using specific primers for
JSRV and ENTV. IHC for envelope protein, with demstvated reactivity for both ISRV and
ENTV!*" was performed for 7/10 cases, and results werativegor all cases examined. The

single case that was not evaluated by PCR was ateally IHC.
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Discussion

Following the discovery of paranasal sinus mass&$4 Rocky Mountain bighorn sheep
from a single herd in Colorado, we hypothesized tthese masses represented a novel disease
entity. To further investigate this hypothesis, saenpled additional animals to document the
occurrence of this disease, to further charactéhealisease, and to test for viral agents that are
known to cause similar diseases in domestic sheegaats.

Although the gross pathology and histopathologthefe masses was variable, defining
gross and histologic features were present inaakks. Defining gross features of all masses
included diffuse thickening of the respiratory tigiof the maxillary and/or frontal sinuses, and
abundant seromucinous exudate in the affected senies. This gross lesion varied in
severity, with the most severe cases charactebyedasses filling the sinus cavity and
markedly invadion and destruction of the underlyoge.

The defining histopathological feature of all masaas proliferation of both
mesenchymal and epithelial cells, with neoplasiag@mchymal or epithelial) at the most
extreme end of a presumed continuum of changes.

These features are not unlike features of the rezed disease entity, enzootic nasal
tumor (ENT), of domestic sheep and goats. Clilycalomestic sheep and goats affected by
ENT have abundant seromucinous nasal discfatgye #9°114148130Grossly, masses originate
from the ethmoid turbinates and expand to fill tlasal cavity, with frequent invasion of the
surrounding paranasal sinuses associated with terpamsiorf**#*® Tumors vary from soft,

shiny, white gelatinous masses to firm, meaty,ranglar, grey-red masség>8#14810

Histologically, these tumors are classified as adems®® 141 adenopapilloma&®>**° or low
y

44



grade adenocarcinonfag®438>114.148.150 Ngn_neoplastic, hyperplastic inflammatory polype
occasionally found adjacent to neoplastic maés&s'

Inflammatory polyps are focal, raised, often peduai®d masses, with an edematous,
often chronically inflamed fibrovascular core, khley mucosal epitheliufi When associated
with ENT, these hyperplastic masses have been pealio be pre-neoplastic lesions, but this
association has not been pro¥én Histologically, polyps of affected domestic shesd goats
have a highly edematous stroma, and marked lympkogcytic infiltrate¥*'* The overlying
epithelium is often hyperplastfc*

Similarities between ENT and paranasal sinus masdaghorn sheep include the
presence of seromucinous nasal discharge clinjaakygross finding of a soft white mass in the
sinus cavity, and classification of some masseslasocarcinoma. Additionally, the
inflammatory nasal polyps often associated with ESi@re characteristics with the hyperplastic
masses described here for bighorn sheep, althougighorn sheep the mass is a diffuse
thickening of the sinus lining, and not a disciadéy/poid mass.

Prominent differences between ENT and the massesided here are location
(paranasal in bighorn sheep and nasal in domédstigpsand goats) and malignancy
(predominantly hyperplastic masses in bighorn slaaeppredominantly neoplastic masses in
domestic sheep and goats). Interestingly, in ogledon sheep case the mass did extend to
involve the nasal turbinates (Case no. 10), arglrttass was classified as an adenocarcinoma.

Other prominent differences between the two estiielude the papillary appearance
and often grey-red color of ENT tumors that is ciwdracteristic of bighorn sheep masses, and
the prominent mesenchymal population present loigichlly in bighorn sheep masses but

infrequently described for ENT.
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Because the masses discovered in bighorn sheepamevhat reminiscent of ENT, we
considered enzootic nasal tumor virus (ENTV) olosely related retrovirus as a possible
etiology. Due to the close-relatedness of ENT\the Causative agent of ENT in domestic
sheep), ENTV-2 (the causative agent of ENT in ddimgeats), and Jaagsiekte sheep retrovirus
(JSRV), we screened samples for all 3 viruses. r@gative findings indicate that these specific
retroviruses are unlikely to be involved in thehmatenesis of the lesion described here.
Alternative hypotheses for the cause of these msasskide infection by other viral agents,
genetic predisposition, toxins, and chronic inflaation including chronic bacterial infections.

Chronic inflammation associated with the nasal @etfrus ovis, has been suggested as a
possible associated condition occurring with B&f, although no association has been proven.
Oestrus ovis infection is relatively common in bighorn sheejpl éinus may be a source of
chronic inflammation in the sinus cavities. Howe@estrus ovis larvae or eosinophilic
infiltrates were not found in the cases examinetthis study. A syndrome of chronic sinusitis
has been reported in desert bighorn sh@sps(canadensis nelsoni), and is attributed to aberrant
migration ofOestrus ovis larvaé®'°” These lesions are characterized by extensive bon
destruction in the maxillary and frontal sinused are described predominantly as osteonecrosis
and osteolysfs'®'%” However, some cases of chronic sinusitis witeagsis have been
diagnosed after decomposition of soft tisStjemnd therefore the diagnosis of either chronic
sinusitis or paranasal masses should be made autioa for desiccated specimens.

While the cause of bighorn sheep paranasal singsesaemains uncertain, the
continuum of lesions among cases suggests a setobahy. However, the examination of
additional cases and more extensive diagnosti¢dwihecessary to further define this disease

and investigate possible infectious etiologies.
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Regardless of etiology, the changes to the normatgespiratory mucosa, space
occupying nature, abundant mucus production, ané bovasion of these masses may affect
normal upper respiratory function, and are factorsonsider when investigating bighorn sheep
respiratory disease. Therefore, continued suarask for paranasal sinus masses, in addition to
continued attempts to identify an inciting caus#, lve important for future management of

affected herds.
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CHAPTER THREE — FACTORS ASSOCIATED WITH BIGHORN SHE SINUS TUMORS
Summary

To determine possible factors associated with biglsbeep sinus tumors, we explored
the distribution of sinus tumors based on variabfesge, sex, geographic distribution,
morbidity, and co-infections with bacterial organss We used a series of Fisher’'s exact tests to
investigate potential associations between thegterfaand the presence of sinus tumors. We
found sinus tumors to be nonrandomly distributealggaphically, with nearly all cases of sinus
tumors restricted to three herds of bighorn shéldps supports the hypothesis that sinus tumors
are an infectious disease, maintained within aeitd#ected populations. We also found sinus
tumors to be associated with the presence of pneiaroausing bacterial agents in sinus lining
tissues, suggesting the potential for sinus tuntmadlow increased proliferation of these
potentially pathogenic organisms in the upper respiy tract. No significant relationships were
found between sinus tumors and age, sex, or meypalthough trends in these categories may

warrant further investigation.

Introduction

Bighorn sheep sinus tumors are a recently-descdissse in Rocky Mountain bighorn
sheep. While several characteristics of the deseasemble oncogenic retroviral diseases of
domestic sheep and goats, the cause of bighorip siraes tumors remains unknowhWe
suspect that bighorn sheep sinus tumors are cdaysaa infectious agent, likely a viral agent,
based on similarities to known virally-induced tundéseases. Such a disease could have
significant implications for bighorn sheep popuas, and we were interested in further
examining this disease at a population level. Te@owve created specific diagnostic criteria,

based on gross pathology, to categorize lesiobgglmorn sheep paranasal sinuses as tumor-
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positive, tumor-suspect, and tumor-negative. Véa tletrospectively examined population
variables to determine if tumor-positive and tumegative cases were randomly or
nonrandomly distributed across the population émhevariable. Variables we considered
included geographic distribution, morbidity (basedcause of death and presence of concurrent
respiratory disease), co-infections with bactesiglanisms, age, and sex.
Methods
Cases

From February 2009 through July 2012 we examinedah of 136 bighorn sheep
carcasses. Carcasses were obtained through ColBealls and Wildlife (free-ranging or
captive animals found dead or euthanized and stdxhfivr necropsy) and through taxidermists
(after removing the skull cap/horns for taxidernmg rest of the skull was donated for
examination). Cases included full carcasses (naf@)partial carcasses (n=74). Partial
carcasses included taxidermy cases, and other ftasgkich at least the head, but not the entire
carcass, was available for examination. Caseaded male (n=68) and female (n=68), with
ages ranging from 9 months to >10 years. Animaisiger than 9 months were not included in
the study based on the inability to assess thellagxsinus cavity for lesions, as no molars have
erupted from the maxillary sinus cavity and immattogoth material fills the sinus cavity. Six of
the 136 carcasses were desert bighorn st@ap ¢anadensis nelsoni), and the remaining 130
carcasses were Rocky Mountain bighorn shéefs(canadensis canadensis).

The most likely cause of death was recorded basdustory and necropsy findings.
Causes of death included hunter-killed (n=43),csttoy vehicle (n=28), capture mortality (n=8),
predation (n=5), fall from cliff (n=5), other traann=>5), cull due to ill thrift (n=5), cull due to

disease in population (n=7), cull due to interattioth domestic animals (n=2), death from
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respiratory disease (n=5), death from other dis@ask), and unknown history (n=22). If lungs
were present for examination, lesions of ongoingrerious pneumonia were recorded.
Geographic location was recorded as the ColoradasRend Wildlife bighorn sheep
management unit (SMU) and data analysis unit (DAU).
Diagnostic Criteria

For each carcass, we grossly examined the patasiasa cavities, and categorized each
carcass as tumor-negative, tumor-suspect, or tynositive based on the criteria provided in
Table 3.1. Criteria were determined after all sds&d been examined, due to the known
continuum of gross lesions that characterize tisisas@®. With this continuum of lesions, it
was difficult to determine cutoffs for negativespect, and positive criteria prior to seeing the
entire spectrum of lesions. After all of the lemdad been examined and recorded, categorical
criteria were determined with the intention of nmakthe “suspect” category inclusive to cases
which could be part of the bighorn sheep sinus tudsease spectrum, but could also be due to
other nonspecific diseases causing thickeningetthus lining. The “positive” criteria were
designed to be exclusive to cases of bighorn shieels tumors. Each lesion examined fell
exclusively into one of the three categories basethe criteria developed. Histologic criteria
were not included in the categorical criteria besganiot all samples were suitable for histological
examination. However, for those tissues examingilogically, the tumor-suspect cases
demonstrated primarily features of hyperplasia,levtiie tumor-positive cases demonstrated
hyperplastic, as well as dysplastic and/or neojglésatures. Examples of gross lesions of
tumor-negative, tumor-suspect, and tumor-positages are illustrated in Figures 3.1 through

3.14.
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Table 3.1: Gross criteria for bighorn sheep tumor-negativendususpect, and tumor-positive
cases.

Category Criteria for inclusion

Negative No thickening of sinus lining, and
No mucus in sinus cavities, and
No cystic expansions of sinus lining

Suspect Sinus lining thickened, but <5 mm, and/or
Mucus present in sinus cavities, and/or
Cystic expansions of sinus lining

Positive Sinus lining thickened to > 5 mm and
Thickened tissue is edematous with a wet appealamte
Invasion or remodeling of underlying bone
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Gross I mages, Bighorn Sheep Sinus Tumors

Hryil

Figure 3.1: Bighorn sheep with snotty nose, reflecting mucusiwithe sinus cavities.

Figure 3.2: Tumor-negative case demonstrating normal, paparsihus lining.

52



Figure 3.4: Tumor-positive case with thickened maxillary sitingng > 5 mm thick. Also note
wet/edematous appearance to the tissue and paal@is within the sinus cavity.
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Figure 3.6: Tumor-positive case with cystic expansions of ttexittary sinus lining. This
lesion was found in association with a sinus tu(patured in Figure 3.7).
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Figure 3.7: Tumor filling right maxillary sinus of bighorn sheekull. Lateral view, with outer
bone removed, exposing maxillary sinus which igdilwith tumor material.

¥
#
3

.

Figure 3.8: Sinus tumor filling maxillary sinuses bilaterallyate inspissated purulent exudate in
maxillary sinus on left side of image), and paklyidilling frontal sinus, with destruction of the
surrounding bone (near top of image).
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Figure 3.9: Bighorn sheep sinus tumor of frontal sinus. Ineaghrough skull has caused
sloughing of the horn. View is through top of hedgrevious horn base.

Figure 3.10: Cross section of skull from Figure 3.9, showing eurfilling the frontal sinus and
destroying normal bone.
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Figure 3.11: Unilateral tumor in frontal sinus (left side of igg) of a yearling bighorn sheep
ram.

Figure 3.12: Skull from Figure 3.11 with tumor tissue removeupwing extensive remodeling
of bone underlying the tumor.
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Figure 3.14: Sinus tumor from Figure 3.13, extending into horn.
Analysis of factors associated with sinustumors
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To investigate bighorn sheep sinus tumors at allptipn level, we retrospectively
conducted statistical analyses of various facteasi@ble for each carcass including geographic
location, morbidity (determined by cause of deatti @ncurrent respiratory disease), bacterial
co-infections, age, and sex. To evaluate our dafas possible associations between sinus
tumors and these specific variables, we applieddath@ving methods for each factor:
Geographic Location

Epidemiologically-relevant geographic locationalatere available for 127/136
carcasses. The remaining 9 carcasses were capivals from the Colorado Parks and
Wildlife Foothills Wildlife Research Facility (FWRFand these carcasses were not included in
the geographic location analysis based on captiiaas originating from multiple free-ranging
source herds in Colorado. For the 127 free-rangmmals, geographic location was recorded as
the Colorado Parks and Wildlife sheep manageman{siMU) and Colorado Parks and
Wildlife data analysis unit (DAU) in which each cass was found. A DAU may be composed
of multiple SMUs, and reflects epidemiologicallyereant groupings of herds that create larger
populations, accounting for herd movements andant®ns. To statistically examine whether
or not geographic location was a factor in the o@nce of sinus tumors, our null hypothesis
was that tumors are randomly distributed across Skl DAUs. To test this hypothesis, we
performed a series of two-tailed Fisher's exadsteemparing the number of tumor-positive and
tumor-negative bighorn sheep from each individbdlUSor DAU to the number of tumor-
positive and tumor-negative bighorn sheep fronotder SMUs or DAUs combined. Tumor-
suspect animals were not included in the analy&ip-value <0.05 was considered statistically

significant.
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Morbidity

Bighorn sheep sinus tumors do not appear to béabdisease. However, we
hypothesized that the presence of sinus tumotseimpper respiratory tracts of bighorn sheep
might make sheep more susceptible to other respyrdiseases and causes of death (morbidity).
We specifically hypothesized that disruption of timper respiratory sinuses by tumors might
decrease clearance of bacterial pathogens anddeacreased lesions of bronchopneumonia in
the lungs.

A direct measurement of morbidity was not avagaibbm our dataset. Therefore, to
investigate morbidity, we evaluated causes of dedtiin our dataset to identify categories for
which morbidity could have been a contributing éactSuspected causes of death were
available for 113/136 carcasses examined. Cads=ath included hunter-killed (n=42), struck
by vehicle (n=28), capture mortality (n=7), predat(n=5), fall from cliff (n=5), other trauma
(n=5), cull due to ill thrift (n=4), cull due to skkase in population (n=7), cull due to interaction
with domestic animals (n=2), death from respirattisease (n=6), and death from other disease
(n=2). Of these causes of death, hunter-killed thanly category for which we considered
morbidity to be an unlikely contributing factor.hi§ is because bighorn sheep, like most hunted
animals, are hunted primarily for trophy or constiom It is therefore unlikely that hunters
would purposely select for an unhealthy animalfakt, hunters will potentially select for the
healthiest of the animals in the population. HRbother categories besides “hunter-killed”, we
considered the causes of death to potentially bre mieely for an animal which is otherwise
compromised. To statistically examine whetherarginus tumors are associated with
morbidity, our null hypothesis was that tumors r@edomly distributed across all causes of

death, including hunter-killed. To test this hypedis, we performed a two-tailed Fisher’s exact
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tests comparing the number of tumor-positive amglotunegative bighorn sheep that were
hunter-killed to the number of tumor-positive anchbr-negative bighorn sheep from all other
causes of death combined. Tumor-suspect animais e included in the analysis. A p-value
<0.05 was considered statistically significant.

In regards to morbidity, we specifically hypotteesd that disruption of the upper
respiratory sinuses by tumors might decrease clearaf bacterial pathogens and lead to
increased lesions of bronchopneumonia in the luhgsigs were present for examination in
57/136 carcasses examined. For each of thesessas;dhe lungs had been assessed for lesions
of bronchopneumonia including consolidation of evaantral lung lobes, pleuritis, or fibrous
adhesions (suggesting previous, healed bronchopm@ain To statistically examine whether or
not sinus tumors are associated with pneumonianallhypothesis was that tumors are
randomly distributed across all categories of llegjons, including lesions of pneumonia and
normal lungs. To test this hypothesis, we perfalméwo-tailed Fisher’'s exact test comparing
the number of tumor-positive and tumor-negativenbrg sheep that also had evidence of
pneumonia to the number of tumor-positive and tumeggative bighorn sheep that had no
significant lung pathology. Tumor-suspect aninvaése not included in the analysis. A p-value
<0.05 was considered statistically significant.

Presence of Potentially Pathogenic Bacteria

To further investigate the hypothesis that bighgireep sinus tumors prevent optimal
clearance of bacterial pathogens from the upp@iragsry tract, we used PCR assays to assess
sinus lining tissues for the two leading candidatidsacterial pathogens believed to be
associated with fatal bronchopneumonia in bighbteep;Pasteurellaceae bacterid®®”*%°*%nd

Mycoplasma ovipneumoniae***>?%8” These PCR results were compared between tunsitivgo

61



and tumor-negative groups of animals.

Fresh tissue from the sinus lining was collectad] yielded amplifiable DNA as
assessed by GAPDH PCR, from 97/136 carcasses. aB&ys for leukotoxin A (the main
virulence factor oPasteurellaceae bacterid”**"y, andMycoplasma ovipneumonia were
performed for each sample. PCR primers and cydamglitions are given in Table 3.2. Primers
for the leukotoxin A gendKtA) were designed by aligning &bsteurellacaea IktA gene
sequences available through GenB4ndnd identifying conserved regions between athef
species. Conserved regions were then screengdifioer candidates using Primer3 softwate
Mycoplasma ovipneumonia primers (LMF and LMR) have been previously usedrplify this
organism from postmortem bighorn sheep lung tiSsuositive and negative PCR results for
each assay were compared between tumor-negativteiguad-positive sheep groups. Tumor-
suspect animals were not included in the analy&ip-value <0.05 was considered significant.

Table3.2: PCR primers and reaction conditions for bacter@RRassays.

Primers Expected Reaction Details Cycling
product Conditions

Leukotoxin A 945 bp 25 uL reaction 1 cycle
Lkt900fw: -22.5 uL Platinum PCR | 95C x 10 min
5-GCCCGTTATCTTGCGAATTT-3 SuperMix (Invitrogen) | 35 cycles
Lkt90O0rv: -100 ng genomic DNA | 95C x 30 sec
5-TACCACCAAATAAGCGGTCA-3 -0.4uM each primer 60C x 30 sec

72C x 60 sec

1 cycle

72C x 3 min
Mycoplasma ovipneumoniae 419 bp 25 uL reaction 1 cycle
LMF: -22.5 uL Platinum PCR | 94C x 5 min
5-TGAACGGAATATGTTAGCTT-3 SuperMix (Invitrogen) | 35 cycles
LMR: -100 ng genomic DNA | 94C x 30 sec
5-GACTTCATCCTGCACTCTGT-3’ -0.4uM each primer 55C x 30 sec

72C x 30 sec

1 cycle

72C X 7 min
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Age

Age data were available for 106/136 carcasses ieegn Age was determined by
examination of horn growth rings, based on disprijpaate growth of horns throughout the
season as nutrition quality varies from spring toter. This aging system is likely accurate to
about 10 years of age, and therefore animals waraged beyond 10+ years. Animals younger
than 9 months were not included in the study basetthe inability to accurately assess the
paranasal maxillary sinus cavity due to uneruptetht material.

Because the 10+ year age category included meiligé groups, we could not evaluate
each year individually. Therefore, we grouped agescategories of 0-3 years, 4-6 years, 7-9
years, and 10+ years. To statistically examinetiadreor not age was a factor related to bighorn
sheep sinus tumors, our null hypothesis was timbts are randomly distributed across all age
classes. To test this hypothesis, we performeastiassof two-tailed Fisher's exact tests
comparing the number of tumor-positive and tumagatiee bighorn sheep from each age class
to the number of tumor-positive and tumor-negakighorn sheep from all other age classes
combined. Tumor-suspect animals were not includede analysis. A p-value <0.05 was
considered statistically significant.

After conducting our analyses for various facters,identified a possible confounding
factor for our age analysis — a single SMU liketytributing to over-representation of the 10+
age group in the tumor-positive category, with tiipositive status likely related to geographic
distribution and not age of the animals. We cdlgdofor this factor and repeated the analysis.
Sex

Sex data were available for all 136 carcasses ieginwith 68 males and 68 females

examined. To statistically examine whether orset was a factor associated with bighorn
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sheep sinus tumors, our null hypothesis was tmabts are randomly distributed across both sex
categories. To test this hypothesis, we performtto-tailed Fisher's exact test comparing the
number of tumor-positive and tumor-negative magghbrn sheep to the number of tumor-
positive and tumor-negative female bighorn sheepmor-suspect animals were not included in
the analysis. A p-value <0.05 was consideredssiezaily significant.

After conducting all of our analyses for varioastbrs, we then identified two possible
confounding factors for our sex analysis. Firstdascribed for age, we identified a single SMU
that was likely contributing to over-representatadrihe 10+ age group in the tumor-positive
category, with tumor-positive status likely relatedgeographic distribution and not age of the
animals. Second we identified likely over-repréagan of males in the tumor-negative
category, with tumor-negative status likely relatedbeing hunter-killed and not sex of the
animals. We controlled for these factors and regzbthe analysis.

Results
Geographic Location

To analyze geographic location as a possible faetated to the occurrence of bighorn
sheep sinus tumors, we performed a series of Fsseact tests analyzing the variables of
tumor category and geographic location. Our nytidthesis was that bighorn sheep sinus
tumors are randomly distributed across all sheepagement units (SMUs) and data analysis
units (DAUs). For most SMUSs, p-value was not digant, possibly reflecting small sample
sizes. A significant p-value was found for onlyotivee-ranging SMUs. One of these units
contained no positive cases, consistent with aamaom distribution of negative cases in this
unit (p=0.0360). The other unit contained our deixcases of bighorn sheep sinus tumors and a

total of 8 positive cases, consistent with a nodoam distribution of positive cases in this unit
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(p<0.0001). When the analysis was performed basddAUs, we found a significant p-value
for four DAUs. One of these DAUs contained the Skihich showed a nonrandom distribution
of negative cases (p=0.0360). The other three Dgtidsved a nonrandom distribution of
positive cases within each of these three unitsa{pe<0.0001, p-value=0.0269, and p-
value=0.0403). Taken together, these three DAWsagoed all but one of the SMUs with
tumor-positive animals (Figure 3.15). This findisdhighly suggestive that bighorn sheep sinus
tumors are nonrandomly distributed geographicaligh location in three specific DAUs being a

significant factor associated with having sinus ousn

Tumor Category

- Positive
- Negative T
E No sample

Figure 3.15. Map of Colorado Parks and Wildlife sheep managemeits (SMUS), illustrating
the distribution of bighorn sheep sinus tumor casésmber labels represent the number of
positive and suspect cases combined, over thertomaber of cases examined for each SMU.
Bold outlines represent data analysis units (DAfdswhich we determined a nonrandom
distribution of tumor-positive cases.
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Morbidity

To analyze morbidity as a possible factor relatetihe occurrence of bighorn sheep sinus
tumors, we performed a Fisher’s exact test anaythe variables of tumor category and cause
of death. Our null hypothesis was that bighorreph&nus tumors are randomly distributed
across all causes of death, including hunter-kiéled non-hunter-killed animals. We found 0/33
(0%) cases of sinus tumors in hunter-killed bighsineep versus 18/53 (34%) cases of sinus
tumors in non-hunter-killed bighorn sheep (Figur63. These data demonstrate a non-random
distribution of tumor-negative cases among huniéeekanimals (p<.0001). Given our
presumptions about morbidity and cause of deadisetlllata support the hypothesis that sinus
tumors may be associated with morbidity in bighsieep populations.

Additionally, in regards to morbidity, we specdity hypothesized that disruption of the
upper respiratory sinuses by tumors might decreleseance of bacterial pathogens and lead to
increased lesions of bronchopneumonia in the lufigsanalyze pneumonia as a possible factor
related to the occurrence of bighorn sheep sinusts, we performed a Fisher’s exact test
analyzing the variables of tumor category and pranianlesions. Our null hypothesis was that
bighorn sheep sinus tumors are randomly distribatedss all categories of lung lesions
including animals with pneumonia lesions and laglsignificant lung lesions. We found 9/15
(60%) of animals with pneumonia lesions to havesitumors, and 7/26 (27%) of animals
lacking significant lung lesions to have sinus tusn@=.0506) (Figure 3.16). While this p-value
minimally exceeds the significance cutoff of p<Q.0%ere does appear to be a trend towards a
nonrandom distribution of sinus tumors in animaithJesions of pneumonia. Taken together,
our data regarding morbidity support the hypoth#sas bighorn sheep sinus tumors can cause

morbidity in a population, with a trend towards corrence of pneumonia and sinus tumors.
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Bighorn Sheep Sinus Tumors, by Cause of Death, Bighorn Sheep Sinus Tumors, by Lesions of

p<0.0001 Pneumonia, p=0.0506
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Figure 3.16: Evaluation of morbidity in bighorn sheep with sirtusnors. P-values were
calculated using a two-tailed Fisher’'s exact td$te tumor-suspect category was omitted from
the analysis but is included in the figure for refece.
Presence of Potentially Pathogenic Bacteria

To further evaluate the hypothesis that bighoeeghsinus tumors prevent normal
clearance of potentially pathogenic bacterial orgyas from the upper respiratory tract, we
compared PCR results for two assays detecting quelj documented bacteria associated with
fatal bronchopneumonia in bighorn sheklyroplasma ovipneumoniae, andPasteurellaceae
bacteria carrying thitA gene. We compared the results of these assaysdretumor-positive
and tumor-negative animals and found positive P€Rits forM ovipneumoniae in 1/50 (2%)
tumor-negative and 5/14 (36%) of tumor-positivenaals (p=0.0014). Similarly, we found
positive PCR results fdktA in 3/50 (6%) tumor-negative and 5/14 (36%) tumosipve
animals (p=0.0097) (Figure 3.17). These data sstggaonrandom distribution of positive PCR
results for bacterial agents among tumor-positivenals, supporting the hypothesis that bighorn

sheep sinus tumors can interfere with the nornereince of potentially pathogenic bacterial

organisms from the upper respiratory tract.
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PCR results for M. ovipneumoniae, by tumor PCR results for IktA, by tumor category,

category, p=0.0014 p=0.0097
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Figure 3.17: Evaluation of potentially pathogenic bacterial arigans within the sinus tissues of
bighorn sheep sinus tumor-positive and tumor-negathimals. P-values were calculated using
a two-tailed Fisher’s exact test. The tumor-suspategory was omitted from the analysis but is
included in the figure for reference.

Age

To analyze age as a possible factor related tod¢berrence of bighorn sheep sinus
tumors, we performed a series of Fisher’'s exats @salyzing the variables of tumor category
and age class. Our null hypothesis was that bighbeep sinus tumors are randomly distributed
across all age classes. We initially found a nodoam distribution of tumor-positive cases for
the 10+ age group. However, after completing iy analyses, we identified one factor
which may have confounded these results. The ®kys found to have a nonrandom
distribution of tumor-positive cases when compdeedll other SMUs contained our 7 index
cases of bighorn sheep sinus tumors. All seveéhasfe cases were females in the 10+ age class.
Based on our analysis of geographic location, welcmled that tumor-positive status of these
index cases was likely based on location. Becthisgyroup of index cases accounted for 7/10
(70%) of the positive cases in the 10+ age clhgse 7 cases were omitted from the analysis and
the analysis was repeated. No significant diffeeawas then found between the 10+ age class

and all other age classes (p=0.0604). Resultstenen in Figure 3.18.
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Bighorn Sheep Sinus Tumors, by Age Class Bighorn Sheep Sinus Tumors, by Age Class
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Figure 3.18: Bighorn sheep sinus tumors, by age class. P-valees calculated using a two-
tailed Fisher’s exact test. The tumor-suspectgoatewas omitted from the analysis but is
included in the figure for reference.

Sex

To analyze sex as a possible factor related to¢barrence of bighorn sheep sinus
tumors, we performed a Fisher’s exact test anaiyttie variables of tumor category and sex.
Our null hypothesis was that bighorn sheep sinoota are randomly distributed between both
sex categories. Our initial findings suggeste@@random distribution of tumor-positive and
tumor-negative cases, with males more likely taumeor-negative, and females more likely to
be tumor-positive (p=0.0006) (Figure 3.18). Howewadter completing all of our analyses, we
identified two factors that might have confounded analysis of sex. First, the only SMUs
found to have a nonrandom distribution of tumorHpes cases when compared to all other
SMUs contained the herd with our 7 index casesgsfdyn sheep sinus tumors. All seven of
these cases were females in the 10+ age clasgd Basour analysis of geographic location, we
concluded that tumor-positive status of these inmeses was likely based on location. Because
this group of index cases accounted for 7/16 (4dPthe positive female cases, these 7 cases
were omitted from the analysis.

Second, we concluded in our morbidity analysis theater-killed animals had a
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nonrandom distribution of tumor-negative cased. hahter-killed animals were male,
accounting for 33/49 (67%) of tumor-negative malees. We therefore considered hunter-
killed status to be a confounding factor for the aralysis. We re-analyzed our data, omitting
all hunter-killed animals and the 7 index casekighorn sheep sinus tumors in aged female
animals. Our revised results showed no significkiférence between male and female animals,
based on tumor status (p=0.7353) (Figure 3.19ks&hesults suggest that tumor-positive and
tumor-negative cases are randomly distributed amaalg and female sex categories. This
result implies that sex was not likely to be a camfding factor in our analyses of hunter-killed

animals and geographic distribution.

Bighorn Sheep Sinus Tumors, by Sex Bighorn Sheep Sinus Tumors, by Sex (excluding
p=.0006 hunter-killed and 7 index cases), p=0.7353
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Figure 3.19: Bighorn sheep sinus tumors, by sex category. Begalvere calculated using a
two-tailed Fisher’s exact test. The tumor-suspattgory was omitted from the analysis but is
included in the figure for reference.

Discussion

To assess bighorn sheep sinus tumors at a papulatiel, we created diagnostic criteria,
based on gross pathology, to categorize casesumor-positive, tumor-suspect, and tumor-
negative groups. We then evaluated the distribusfidumor-positive and tumor-negative
groups across multiple population variables. THastrs included geographic location,

morbidity, co-infections with potentially pathogerbacteria, age, and sex. Of these factors, we
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found a nonrandom distribution of positive casegrvbonsidering geographic location,
morbidity, and co-infections with potentially patfemic bacteria. We found a random
distribution of positive and negative cases whemsgering age and sex.

Our analysis of geographic location demonstratedraandom distribution of cases
across the state of Colorado. We chose to analyzdata based on sheep management units
(SMUs) and data analysis units (DAUs). We condiiete analysis based on SMUs, which are
designed for ease of management purposes. Wh#e tlnits often contain fairly distinct herds
of sheep, they do not necessarily reflect the ngygpatterns and interactions of multiple herds.
For this reason we also conducted our analysisdbas®AUs, which are designed to account
for larger, connected populations of sheep heBi#sed on these analyses, we found only a
single SMU to have a nonrandom distribution of tuipositive cases, but three DAUs to have a
nonrandom distribution of tumor-positive casedalt, all tumor-positive bighorn sheep cases,
except one, were clustered within three DAUs (Feg8ul5), with each DAU showing a
significantly increased chance of containing a fisianimal as compared to all other DAUs
combined. This finding supports our hypothesis bighorn sheep sinus tumors are an
infectious agent, with maintenance of an infectiagent within specific geographic regions.

Our analysis of morbidity suggests that hunteletlibnimals, assumed to be
predominantly healthy animals, show a nonrandormibligion of tumor-negative cases, while
animals with evidence of pneumonia show a trendatd#/a nonrandom distribution of tumor-
positive cases. We hypothesized that animals suiths tumors may be more susceptible to
pneumonia due to decreased clearance of poternpiaihogenic bacterial organisms from the
upper respiratory tract. To further examine tlasgbility, we used PCR assays to screen sinus

lining tissue from animals with and without tumdwos potentially pathogenic bacteria including
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leukotoxin A-carryingPasteurellaceae, andMycoplasma ovipneumoniae. For both agents, there
was a nonrandom distribution of positive PCR residt tumor-positive sheep versus tumor-
negative sheep. While these data may suggedbititadrn sheep sinus tumors allow for
decreased clearance of bacterial pathogens ansposd to pneumonia, we cannot conclude
cause and effect from our analysis. It is posditde sheep with bacterial pneumonia are more
likely to accumulate pathogenic bacteria in theisioavities, causing chronic inflammation that
can progress to neoplasia. This possibility cafult@er examined by controlled experimental
transmission studies.

Our initial analyses of sex and age appeareddw shnonrandom distribution of tumor-
positive cases in female animals over the age geH0s, and a nonrandom distribution of
tumor-negative cases in males. However, we falttthese data might be skewed due to
confounding factors. We previously determined thatter-killed animals showed a nhonrandom
distribution of tumor-negative cases, presumabBeldaon categorization as non-morbid animals.
We also previously determined that a single SMUasdtba nonrandom distribution of tumor-
positive cases, presumably based on geographitdada an area with high tumor prevalence.
This SMU contained all female animals over the aigk0 years and we felt that this fact could
have skewed our age and sex analyses. By omittintgr-killed animals from our sex analysis,
and these 7 index cases from our age and sex aralye found a nonrandom distribution of
tumor-positive and tumor-negative cases based eraad sex.

Taken as a whole, our assessment of bighorn dieep tumors on a population level
suggest that bighorn sheep sinus tumors are hagdgciated with specific geographic locations,
and are likely associated with morbidity, particlylan regards to bacterial bronchopneumonia.

Implications of these findings for management idelprevention of interactions between
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animals from tumor-positive and tumor-negative gapaons, and heightened surveillance of
tumor-positive populations for bacterial bronchapmenia. Interpretations of these data may
evolve as additional information is obtained regagdhe cause of bighorn sheep sinus tumors

and what role this disease may play in the larggupe of bighorn sheep respiratory disease.

73



CHAPTER FOUR — EXPERIMENTAL TRANSMISSION

Summary

Bighorn sheep upper respiratory sinus tumors aeeently-described disease affecting
Rocky Mountain bighorn sheep. While an infectietislogy is suspected for the tumors, a
specific etiologic agent has not yet been iderdifid o test the hypothesis that bighorn sheep
sinus tumors are caused by an infectious agenineoellated four bighorn sheep lambs and four
domestic sheep lambs intranasally with a cell-filerate prepared from tissues and exudates
associated with a naturally-occurring bighorn sh&aps tumor. Within 18 months post-
inoculation, three of the four inoculated domesteep and one of the four inoculated bighorn
sheep developed a tumor at the site of inoculatioth, features similar to naturally-occurring
bighorn sheep sinus tumors. These findings supperypothesis that bighorn sheep sinus
tumors are caused by an infectious agent. Hisikoddly, the experimentally-induced tumors
were composed of stellate to spindle cells embeddidn a myxomatous matrix (myxoma),
with marked bone proliferation that was highly rarecent of fetal bone production by
intramembranous ossification. Stellate to spirdliés stained positively with vimentin, S100,

and alpha smooth muscle actin. A periosteal offigirihese tumors is suspected.

Introduction

Bighorn sheep sinus tumors occur primarily wittiie maxillary and frontal paranasal
sinuses of Rocky Mountain bighorn sheep, and rémge a thickening of the sinus lining to
solid, gelatinous masses filling the sinus cavified\ssociated with the masses, it is also
common to see mucinous exudate within the sinugiesayvand cystic expansions of the sinus
lining (Chapter 3). Histologically, bighorn shesipus tumors contain proliferative epithelial

and stromal cells, with both populations rangirapfrhyperplasia to neopladfa However, in
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the vast majority of cases, the stromal populasgeredominant, and is composed of spindle
cells embedded within a mucinous matrix. Thesefityxomatous masses often invade and
destroy the underlying bone, although minimal ldkamical staining has been performed to
characterize the invasive spindle cell populatigaditionally, chronic lymphoplasmacytic
inflammation is commonly associated with bighoreesh sinus tumor$ but the role of
inflammation as a primary or secondary processibabeen evaluated.

Due to some similarities between bighorn sheepssinmors and oncogenic retroviruses
of domestic sheep and goats, these tumors wenaaltighypothesized to be caused by enzootic
nasal tumor virus (ENTV), Jaagsiekte sheep retosvidSRYV), or a closely-related oncogenic
retrovirus. However, initial screens of naturadigeurring bighorn sheep sinus tumors were
negative for these viruses by PCR and IHC

Multiple characteristics of bighorn sheep sinusdsrare suggestive of an infectious
cause, including geographically clustered casegesiog local maintenance of an infectious
agent (Chapter 3), and a lack of predilection fggchanimals that would be expected with a non-
infectious tumor (Chapter 3). Although a speddfimlogy has not been identified for bighorn
sheep sinus tumors, we suspect that this diseaseised by an infectious agent. To test this
hypothesis, we experimentally inoculated bighoreeghand domestic sheep lambs with a cell-
free filtrate derived from homogenates of a natyratcurring case of a bighorn sheep sinus
tumor. We monitored these inoculated animals ifgmssof tumor development over a period of
18 months using radiographic methods. Any tumioas developed were examined

histologically and characterized by histochemitairsng to further define this disease.
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Materialsand Methods
Animals and Facilities

A total of 10 animals were used for this studgjuding five domestic sheepyis aries)
and five Rocky Mountain bighorn shedpv(s canadensis canadensis). The domestic sheep
were a mixed breed of Dorset, East Friesian, amaluae breeds, and were acquired from a
sheep dairy herd in Bushnell, Nebraska (Irish Cr&aminy). The bighorn sheep were acquired
from the Colorado Parks and Wildlife, Foothills dlife Research facility (FWRF) in Fort
Collins, Colorado, with breeding animals descenfdech multiple wild herds within the state of
Colorado. All experimental animals were housethatFWRF throughout the study.

Lambs were allowed to suckle colostrum from theimd at birth, but were separated
from dams within 48 hours of birth. The domestid dighorn sheep were housed at opposite
ends of the facility throughout the experiment, &ordeach species lambs were separated into
groups of treatment (n=4) and control (n=1) animdleeatment animals were housed together,
but treatment and control pens were separated lepsitsix feet and double fencing.
Biosecurity measures were taken to avoid trandfpathogens between pens by staff.
Preparation of Inoculum

Tumor material and associated mucinous exudates eadlected post-mortem from an
adult female bighorn sheep with a naturally-ocawgsinus tumor, within two hours of death.
The tumor was present within the maxillary sinud &ontal sinus, with extension into the
cornual sinus, causing a deformity of the hornteA€ollection of the tumor tissue and
associated exudates, this material was immeditrgehgferred on ice to the laboratory, where it
was homogenized in sterile phosphate-buffered salsing a dounce homogenizer. The

resulting homogenate was clarified by centrifugat 8,000 g for 30 minutes, and the
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supernatant was passed through a 0.45 micron fiiteating a cell-free filtrate. The filtrate was
divided into 1.75 mL aliquots, and frozen at -8@f@il inoculation (within 8 weeks of
preparation).
I noculation of Animals

At approximately 48 hours of age, all treatmentlda were inoculated intranasally and
unilaterally with 1.75 mL of filtrate prepared assdribed above and thawed on ice. Domestic
sheep were inoculated in the right nasal cavityl@gtdorn sheep in the left nasal cavity. The
inoculum was administered using a rigid plasticah&accine applicator, inserted through the
nostril to approximately the level of the mediahttaus. This level of the nasal cavity
corresponds to the rostral aspect of the ethmohdrntates. The inoculum was administered into
the nasal cavity while the lamb’s head was posdibparallel to the ground to avoid swallowing
of the inoculum. The lambs were calm and breathimrgnally during inoculation. The
inoculum was heard bubbling within the nasal cawiityh the animals’ breaths. An identical
procedure was used to administer sterile salimanasally and unilaterally to each of the
negative control lambs.
Monitoring of Animals

All animals were clinically assessed at least gwen weeks for any signs of respiratory
distress, discomfort, or nasal exudate. Everynvemths for the first eight months, all animals
were assessed radiographically using standardgeaaphbic films. At nine months post-
inoculation, all animals were assessed by compot@dgraphy (CT), which was repeated at the
anticipated termination of the study, 18 months{osculation. For three bighorn sheep, the
study was extended past 18 months, and for thelbadoals, CT was repeated at the

termination of the study 22.5 months post- inocafat Every month, nasal swabs were
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collected and stored in RNAlater (Qiagen, Inc. Viala, CA, USA) at -80°C.
Post-mortem Examinations and Histopathology

At the termination of the study for each animbkep were euthanized and necropsied
immediately following final screening by CT. Aterepsy, two sets of tissues were collected
from each animal, including samples of the froatadl maxillary sinus lining, ethmoid
turbinates, and nasal scrolls, including any massesher abnormal tissues. One set of tissues
was collected in 10% neutral buffered formalin, #mel other was frozen at -80°C for molecular
diagnostics. Selected fixed tissues were embeinhdearaffin blocks, sectioned at five microns,
and stained with hematoxylin and eosin.
Histochemical and I mmunohistochemical Stains

For tumors identified in the upper respiratoryusies, additional staining was performed
including the histochemical stains Alcian blue (p13), and periodic acid-Schiff (PAS), as well
as the immunohistochemical stains vimentin (Leigasistems, PA0033), S100 (Leica
Biosystems, PA0900), alpha smooth muscle actincéLBiosystems, PA0943), and osteocalcin
(Thermo Scientific Pierce Antibodies, MA1-20786nmunohistochemical staining was
performed using a Leica BOND-MAX automated IHC séai(Leica Biosystems).
Results
Clinical Assessment

Mild nasal exudates were rarely noted in lambsughout the study, and occurrence was
transient. The degree and character of exudatedidiffer between treatment and control
animals, and these findings were attributed tosigant rhinitis within both treatment and control
groups. No other significant clinical findings wearoted, including no evidence of discomfort

and no respiratory distress.
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Radiology and Computed Tomography
Domestic Sheep

At two months post-inoculation (mpi), no signifitachanges were seen in any of the
domestic sheep lambs radiographically. At four,mamlight opacity was noted on the
inoculated side of the nasal cavity in two of ftneatment domestic sheep (DS 3, DS 4, data not
shown). In both cases, slight progression of éiseoh was noted by radiology at six and eight
mpi. Due to the low resolution of the lesions tgnslard radiographs, computed tomography
was then conducted at nine mpi to further asseskesiions. Computed tomography confirmed
soft tissue opacities in the nasal cavity of twandstic sheep (DS 3, DS 4) on the side of
inoculation, at approximately the level of inocudatat the rostral ethmoid turbinates (Figure
4.1). The masses measured 1.6 cm x 1.9 cm (Dgh8)1.4 cm x 1.1 cm (DS 4). Both masses
appeared to be arising from the soft tissues litinegnasal turbinates, and both were
characterized by a rim of relatively radiodenssuessurrounding a core of more radiolucent
tissue, consistent with a core of low-density stBdue or fluid (Figure 4.1). Additionally,
radiodense stippling was noted within the lesi@osisistent with calcification or ossification in
these areas. No other lesions were noted in drgy tieatment or control domestic sheep at nine
mpi.

At 18 mpi, nine of the ten animals were re-scanmitd computed tomography. One of
the treatment domestic sheep with a mass notedeatmpi (DS 3) was not re-scanned at 18 mpi
because the animal died in the interim, for reasmmelated to the study. At necropsy, the mass
appeared similarly-sized to its proportions atrihiee mpi scan (Figure 4.1). The other domestic
sheep with a mass noted at nine mpi (DS 4), wasaaned at 18 mpi, and CT demonstrated

progression from the nine mpi scan (from 1.4 cmixcn to 4.7 cm x 1.2 cm). An additional
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treatment domestic sheep that did not have a tatie nine mpi scan (DS 5), had a mass
lesion within the nasal cavity, on the inoculatetesat approximately the level of inoculation
near the rostral ethmoid turbinates at 18 mpi (fegul). This mass lesion measured 3.2 cm X
1.5 cm at the 18 mpi scan. As with the lesiond)8r3 and DS 4, the mass lesion seen for DS 5
also had significant radiodense stippling, sugggssignificant ossification or mineralization
(Figure 4.1).

In addition to three of four inoculated domestieah lambs (DS 3, DS 4, and DS 5)
showing tumors at the site of inoculation by 18 napiditional lesions were also seen in other
regions of the upper respiratory tract. One offthe inoculated domestic sheep (DS 2) did not
develop a tumor at the site of inoculation, but&mpi this animal did have a small (2.0 cm x
0.75 cm) mass on the uninoculated side of the rcasatly within the nasal scrolls. Interestingly,
this lesion on the uninoculated side was much @&srtbstral in the nasal cavity as compared to
the lesions in the other domestic sheep. Thistesi hypothesized to be the result of animal-to-
animal transmission within the treated domestiepheAn additional, smaller mass (1.9 cm x
1.0 cm, not shown in images) was also seen in D8sHal to the inoculation site at 18 mpi. No
lesions were noted in the control domestic shed8 anpi.

Bighorn Sheep

For the bighorn sheep, no masses were noted infahg animals by nine mpi by
standard radiographs or computed tomography. Ahp8 CT scan demonstrated a soft tissue
mass within one of the four inoculated bighorn gh@HS 5), on the side of inoculation, at
approximately the level of inoculation, within thestral ethmoid turbinates (Figure 4.1). This
mass was approximately 0.5 cm x 0.6 cm in sizeh witim of relatively radiodense tissue and a

core of more radiolucent tissue, similar to finding the domestic sheep. No other bighorn
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sheep showed lesions at this time. Two of thertreat bighorn sheep (BHS 2, BHS 3) were
euthanized and tissues collected at 18 mpi, whaecontrol bighorn sheep (BHS 1) and
remaining treatment bighorn sheep (BHS 4 and BH8esg given an extended incubation
period to assess progression of the lesion in Bld8dbto allow additional time for lesion
formation in BHS 4. At 22.5 mpi, the remaining hagn sheep were scanned by CT. No
additional lesions were noted, and no significangpession of the mass in BHS 5 was noted.
The study was terminated, and the remaining animeate euthanized and necropsied.
Mucus-filled cysts of the Maxillary Snus Lining

One additional finding in both the bighorn sheed damestic sheep was the presence of
mucus-filled cystic expansions of the maxillaryusdining. One inoculated bighorn sheep
(BHS 4) and one inoculated domestic sheep (DS @&ystl multifocal cystic structures arising
from the sinus lining of the maxillary sinus (dat shown). In one case, the cysts were
contralateral to the side of inoculation, and ia thher case, the cysts were ipsilateral to the sid
of inoculation. These cysts have previously baeseoved in bighorn sheep sinuses, often

associated with sinus tumors, but not exclusivefoaiated with sinus tumors (Chapter 3).
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9 mpi 18 mpi Necropsy

DS 2
Negative

DS 3

DS 4

DS 5

BHS 5

Figure4.1: Summary of findings for CT scans and necropsy exainegperimentally-

transmitted sinus tumors in domestic sheep andbigbheep. Most tumors developed only on
the side of inoculation (right side for domestiesp, left side for bighorn sheep, with images
representing the animals facing towards the reades)y CT images of tumors, note the rim of
radiodense tissue surrounding a core of more nackoilt tissue (most clearly demonstrated for
DS 4, nine mpi scan) and the radiodense stippliradl tumors at the 18 mpi scans and necropsy
images, consistent with mineralization or ossifmabf the tumors. All animals not represented
by images here did not develop sinus tumors. F®BDan additional smaller mass was also
seen on the side of inoculation further rostrah®image shown here.

Gross Pathology
Post-mortem examinations of the nasal and parbsasses demonstrated lesions
consistent with the CT radiographical interpretatod soft tissue masses with multifocal
mineralization or ossification. The masses wergbdy ossified/mineralized, but were

otherwise soft, with a gelatinous consistency, amhite to translucent color. Also consistent

with the CT findings, on gross examination twolgé einimals (DS 2, BHS 4) examined had
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cystic, mucus-filled structures, arising from threrlg of the maxillary sinus. The cystic
structures could be peeled away from the underlgme, although the exposed bone showed
remodeling beneath the cyst, with apparent borepéen in this area. In both the treatment
and control animals, scant mucus was present lithiegurfaces of nasal turbinates and not
significantly associated with tumors or cysts.
Histopathol ogy

Histologically, the experimentally-induced tumanghis study had characteristics similar
to those observed in naturally-occurring bighoreeghsinus tumors. Tumors were
predominated by stellate to spindle cells embedd#dn a mucinous matrix (Figure 4.2) that
was positive for Alcian blue (pH 2.5) (Figure 4a8)d negative for PAS, consistent with acid
mucopolysaccharides found within other myxomatousdrs. As expected, this stromal
component demonstrated invasion and remodelingeo$tirrounding bone. Cells were
relatively benign in appearance, but the experialBrinduced tumor cells demonstrated a more
stellate phenotype than is typically seen in ndignaccurring cases, and these stellate cells had
occasional mitotic figures (Figure 4.4). Epithkirevolvement was limited, with adenomatous
hyperplasia of submucosal glands occurring adjatceohe tumor (DS 3), and associated with
cystic expansions of the maxillary sinus liningoime case (Figure 4.5, DS 2). Interestingly,
experimentally-induced tumors lacked the hypergplasisurface epithelium that is often seen
with naturally-occurring cases. Also unlike natlyr@ccurring bighorn sheep sinus tumors,
inflammation was not a prominent finding in the exmentally-induced tumors. No
lymphoplasmacytic inflammation was seen, and orilg meutrophilic inflammation was seen,
associated with submucosal gland hyperplasia.

One prominent finding in the experimentally-indddamors, seen occasionally in
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naturally-occurring cases but to a lesser degras,marked production of bone. Frequent
islands of bone and osteoid were embedded witlgiriuimors (Figure 4.2), consistent with the
radiodense stippling seen on CT scans. Interdgtitigese islands of osteoid and bone
demonstrated organization that was highly remimsoéfetal bone formation by
intramembranous ossification, with features suggegsirderly progression through phases of
bone production and maturation. These featurdsded proliferation of stellate cells
reminiscent of primitive mesenchyme (Figure 4.4)4 aests of suspected osteoprogenitor cells,
appearing to arise from the periosteum of adjabene spicules. Nests of osteoprogenitor cells
appear to demonstrate differentiation to osteoislastls, with or without small central lakes of

osteoid (Figure 4.6), and larger islands compos$edeen bone (Figure 4.7) and mature bone

(Figure 4.8).

Figure 4.2: Experimentally-induced tumor predominated by stelta spindle cells embedded
within a myxomatous matrix, with prominent boneguotion. DS 4, H&E, 4x objective.

84



Figure 4.3: Staining of myxomatous background light blue, cstesit with acid
mucopolysaccharides that characterize myxomas.,[2&#n blue (pH 2.5), 4x objective.

Figure 4.4: Experimentally-induced tumor composed of stellatsgindle cells embedded
within a myxomatous matrix. DS 4, H&E, 20x objeetiv
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Figure4.5: Submucosal gland hyperplasia associated with cggpansions of the maxillary
sinus lining. DS 2, H&E, 10x objective.

Figure 4.6: Experimentally-induced tumor showing features restient of fetal bone formation
by intramembranous ossification, including ostdomination (arrow). DS 5, HE, 20x objective.
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Figure 4.7: Experimentally-induced tumor showing features restient of fetal bone formation
by intramembranous ossification, including formataf woven bone. DS 5, HE, 10x objective.

Figure 4.8: Experimentally-induced tumor in a domestic sheewéhg features reminiscent of
fetal bone formation by intramembranous ossifigatidlote the orderly progression from woven
bone (to right of image) to mature bone (to lefirnége). DS 5, H&E, 10x objective.
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I mmunohistochemistry

To further characterize the population of strooels which predominated in the
experimentally-induced tumors, we applied a pah@H& markers including vimentin, alpha
smooth muscle actin (SMA), S100, and osteocal€ime stellate to spindle stromal cells were
strongly positive for vimentin, SMA, and S100 (Figs 4.9, 4.10 and 4.11). This staining
pattern can be consistent with a diagnosis of myxas myxomas are consistently positive for
vimentin, with variable staining reported for S1&t SMA. Specifically regarding sheep, there
are only two case reports of myxomas that incluteacterization by IHC, and both of these are
case reports of pulmonary myxomas. In both cagasying of stellate to spindle tumor cells
with vimentin was positi&'%! In one case staining of the tumor cells withGaAd SMA was
negativ&®, while in the other case staining with S100 wasitpe@ and staining with SMA was
not performet’. In the human literature, odontogenic and cardiggomas have been
extensively studied, with variable IHC positivityrfS100 and SM&"". Both of these myxoma
subtypes in humans are hypothesized to originata frluripotent mesenchyr#fe*4 perhaps
explaining the lack of a definitive immunohistocheat profile. Based on these previous reports,
the findings in this study of tumor cell positivitgr vimentin, SMA, and S100 are not
inconsistent with other cases of myxomas.

Additionally, in the cases of experimentally-tramged tumors examined here, positive
staining with osteocalcin occurred only within ttedls lining islands of osteoid and bone (Figure
4.12) and not the osteoprogenitor-like cells wrapipear intermediate in phenotype between the
osteoblasts and the stellate to spindle cellsetthrounding mesenchyme. This finding
suggests multifocal, gradual differentiation toeadtlastic cells, consistent with

intramembranous ossification originating within thaltipotent cells of the periosteum.
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Because the experimentally-induced tumors dematestrderly and heterogeneous
proliferation, consistent with normal periosteablgeration (during fetal life), these findings
argue against an origin from a clonally expandings-infected, transformed neoplastic cell.
Rather, these tumors may represent a normal resfmynhe periosteum to abnormal levels of

growth factors, perhaps provided by an infected cel

cells by positive staining with vimentin. DS 4meéntin IHC, 4x objective.
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Figure 4.10: Experimentally-induced tumor showing positive siagnwith alpha smooth muscle
actin (SMA). SMA is a variable IHC marker of myxam DS 4, SMA IHC, 4x objective.

Figure 4.11: Experimentally-induced tumor with demonstratiorSaf0 positive staining. S100
is a variable IHC marker of myxomas. DS 4, S10Q |Mx objective.
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Figure 4.12: Bone production by an experimentally-induced tushemonstrating positive
staining for differentiated osteoblasts (arrow) aode. DS 4, osteocalcin IHC, 20x objective.

Discussion

Recently, we described a syndrome of sinus tuindRocky Mountain bighorn she&b
with multiple features suggestive of an infectietislogy. These features include occurrence
within wild populations at high numbers with no apgnt age predilection (Chapter 3), and
distinct geographical clustering of cases (ChapterHowever, despite indications that bighorn
sheep sinus tumors are an infectious diseaseliadreens for likely infectious agents were
negative.

To investigate the hypothesis that these tum@&ansed by an infectious agent, we
inoculated bighorn sheep and domestic sheep lartbhsawell-free filtrate originating from the
tissues and exudates of a naturally-occurring biglsbeep sinus tumor. The results of this
experiment demonstrate transmission of the tunmb®th domestic sheep and bighorn sheep.

While sample sizes in this experiment were small mm statistical analysis was performed, the
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occurrence of tumors was highly suggestive of rassion due to the administered inoculum.
Only inoculated animals developed tumors, the tsmdrich developed all had characteristics
consistent with bighorn sheep sinus tumors, andast cases the tumors formed specifically at
the site of inoculation.

For the domestic sheep, all four of the inoculatennals developed tumors. Three of
those four inoculated animals developed tumorsiBpalty at the site of inoculation. While an
additional, smaller tumor formed in one case att@rdocation within the nasal cavity, the
tumor at the site of inoculation was the first da@est tumor seen. In one of the four inoculated
domestic sheep no tumor formed at the site of itadicun, but a small tumor did form at a more
rostral location in the nasal cavity late in thedst This tumor, and possibly the smaller tumor
in the previously-mentioned sheep, may represanasio-animal transmission between the
treatment animals which were housed together thmowigthe study.

For the bighorn sheep, only one of the four inatad animals developed a tumor. This
tumor was similar to those that formed in the ddmnesheep in that it occurred at the site of
inoculation, and had characteristics consistertt wéturally-occurring bighorn sheep sinus
tumors. The lack of tumors in the other three ulated bighorn sheep seems inconsistent with
the more dramatic results observed in the domsekgep. Because the sample sizes are small
for this study, is it possible that there is nangigant difference between the two species’
responses to administration of the inoculum. Algively, domestic sheep may be more
susceptible to the disease, possibly suggesting stegree of host adaptation by the etiologic
agent to bighorn sheep that is lacking in domesfteep.

The mucus-filled cystic expansions of the maxllsinus lining seen in one bighorn

sheep and one domestic sheep in this experimestlieen seen associated with naturally-
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occurring bighorn sheep sinus tumors, but it iseutan whether or not these are part of the
same disease process. The locations of the cgstsvot consistent with the locations at which
the sheep were inoculated, but cysts did develbpinnnoculated animals. Discovery of the
specific etiology for this disease will help tothuer define whether these cystic structures are
nonspecific findings or are related to tumor depeient.

Because of the consistently-observed intense ehinoilemmation seen in naturally-
occurring cases of bighorn sheep sinus tumorspanduse of the well-described bacterial
pneumonias of bighorn sheep, we considered balciigieation as a potential cause for these
tumors via initiation of chronic inflammation whichay progress to neoplasia. In this study,
bacterial agents were eliminated from the inocuhynfiltration through a 0.45 micron filter, and
the resulting tumors lacked significant inflammatiolhe successful transmission of tumors
using an inoculum that excluded bacteria, anddhbk of inflammation in the experimentally-
induced tumors, suggest that bighorn sheep siiusriiare not caused by bacterial infections
leading to chronic inflammation. Rather, we suspleat bacterial infections seen in naturally-
occurring cases of bighorn sheep sinus tumorsrateply a secondary process, due to
decreased clearance of agents by the alteredlgimg This may have implications for sinus
tumors as predisposing agents to bacterial infestin the upper, and possibly lower respiratory
tracts.

In addition to testing whether or not bighorn ghemus tumors are infectious, this study
also provided an opportunity to further charactettze histologic and immunohistochemical
features of these masses. The experimentally-editlanors were composed of stellate to
spindle cells embedded within a myxomatous matutxvath relatively benign features,

consistent with myxomas. Bone production by thredts was prominent, but orderly and highly

93



reminiscent of fetal bone formation by intramemlmasossification, suggesting a periosteal
origin for the cells. Immunohistochemical stainnegults supported the diagnosis of myxoma
and confirmed multifocal osteoblastic differentiatiin the tumors. Taken together, these
findings suggest that the tumors examined herenesylt from inappropriate stimulation of the
periosteum by growth factors promoting orderly ffevation of primitive mesenchyme, rather
than clonal expansion by a virus-infected, tramsft neoplastic cell. The epithelial component
of the naturally-occurring tumors may be a comborabf a response to growth factors,
hyperplasia in response to secondary bacteriattiofes or, possibly, these cells may be targeted
by the infectious agent.

This experiment has demonstrated transmissiomgbbbn sheep sinus tumors to both
domestic and bighorn sheep via intranasal inoaratf a cell-free filtrate originating from a
naturally-occurring bighorn sheep sinus tumor. oation of the tumors at the site of
inoculation, the lack of tumors in control animalad the reproduction of features consistent
with naturally-occurring cases all indicate suctdgsansmission of the disease, and therefore
an infectious etiology for the tumors. Furtherreltéerization of the tumors by histopathology
and immunohistochemical staining suggests origgmfperiosteum, with orderly proliferation of
primitive mesenchyme and bone production. Futtudias to identify a specific infectious
etiology for this disease, and to identify the hoedt targeted for infection, will allow further

investigation into the pathogenesis of this lesion.
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CHAPTER FIVE — INVESTIGATION OF A SPECIFIC ETIOLOGY
Introduction

Bighorn sheep sinus tumors are a recently-destdimease in Rocky Mountain bighorn
sheep®. Tumors are typically located within the parahasaxillary and frontal sinuses, and are
characterized by stromal proliferation of spindé#i<>, likely arising from the multipotent
periosteum lining the bone of the sinus cavitiesgi@er 4). Epithelial proliferation is also
common, but not as prominent as the stromal papulathich invades and destroys underlying
bone. Multiple features of these tumors are ssiygeof an infectious etiology, including a
nonrandom distribution of cases geographically (#a3), and experimental reproduction of
the disease by intranasal inoculation of a ceb-fikrate into the nasal cavities of domestic
sheep and bighorn sheep lambs (Chapter 4).

Bighorn sheep sinus tumors are reminiscent of geaiz retroviral diseases of domestic
sheep and goats including Jaagsiekte sheep retsoMERV) and enzootic nasal tumor virus
(ENTV). In domestic sheep JSRV causes multifocéinpnary adenocarcinonas®, while
ENTV causes nasal adenocarcinomas within the ethidbinates of domestic sheep (ENTV-
1)****and domestic goats (ENTVZ3¥% Despite similarities, initial screens of bighatmeep
sinus tumors by PCR and IHC for JSRV, ENTV-1, alNTE-2 were negativ®. Based on a
suspected viral etiology for bighorn sheep sinmsdrs, we conducted a series of experiments to
investigate the specific etiology of this disease.

Cell Culture

Histologically, bighorn sheep sinus tumors docwttain viral inclusions or other

hallmarks of viral infection. However, we weredrgsted to determine if signs of viral infection

(cytopathic effects) may be seen if the cells wgoavn in tissue culture. Additionally, growing
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infected cells in culture may ultimately providenathod for virus growth and production for
experimental studies, as well asiawitro platform for researching the virus without reqogyi

the use of live animals. To further examine theutas features of bighorn sheep sinus tumors,
and to possibly provide material for future expemts, three bighorn sheep sinus tumors were
propagated in cell culture during the course of thrbject.

Methods

Approximately 1 gram of bighorn sheep sinus tutigsue was collected at necropsy
within 2 hours of death, placed in a 50 mL contohle with PBS, and transported to the
laboratory on ice. The material was then washeskttimes with sterile PBS, with a
centrifugation step following each wash. Four vessWvere then performed using a solution of
PBS with 5% penicillin/streptomycin antibiotic addeTissues were then only handled within a
laminar flow hood and sterile instruments.

The tissue was split among at least 4 tissue auftasks with DMEM media
supplemented with 10% fetal bovine serum, 1% Lrangi, 1% penicillin/streptomycin
antibiotics, and 0.1% amphotericin antifungal agehfter 24 hours, cells had begun to adhere to
the bottom of each flask, and the large piecessfie were removed. The adhered cells were
washed with sterile PBS and new media was addetls @ere subsequently washed and new
media added every 3-5 days. If cells were spliidgin new passages, the cells were trypsinized
until approximately 75% of the cells were detachad] those cells were transferred to a new
flask, or frozen in liquid nitrogen for archival.

Results
All of the tissues grown in cell culture proliféed well for approximately three passages,

after which cell proliferation stopped or slowe@uhatically. During the first passage, there was
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a mix of epithelial (Figure 5.1) and fibroblastkidure 5.2) cells, although as the cultures
matured, the epithelial cells were quickly outgrawynthe fibroblasts. Cytopathic effects were
observed in all tumor cell cultures and includedtmucleated cells (Figure 5.3) and
cytoplasmic vacuolization (Figure 5.4). These pwthic effects can be associated with viral
infection but are not suggestive of a specific siru

Indicators of neoplasia included foci of cellsuelly proliferating despite contact with
surrounding cells (lack of contact inhibition). Wéhthis effect was seen in both epithelial
(Figure 5.5) and fibroblastic (Figure 5.6) cellse fibroblastic population was more dramatically
affected. In one tumor cell culture, fibroblastpeatedly formed balls of cells that would pull up
off of the culture flask surface (Figure 5.7). Wihbese cells were mildly trypsinized, agitated
to separate the cells, and re-plated, the cellddvoum a monolayer and then repeat the process
of balling up and pulling off of the culture flaskirface. The predominance of fibroblast
proliferation versus epithelial cell proliferatioacapitulates the histologic features of the

naturally occurring tumors, which are predomindigdnvasive, proliferating fibroblastic cells.

97



Figure5.1: Epithelial cells in tissue culture, bighorn shegqus tumor.

Figure5.2: Fibroblasts in tissue culture, bighorn sheep stoosor.
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Figure 5.3: Multinucleated cell in tissue culture, bighorn gheeaus tumor.

Figure5.4: Cytoplasmic vacuolation in tissue culture, bighsheep sinus tumor.
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Figure5.5: Focus of robust epithelial cell proliferation isdue culture, demonstrating lack of
contact inhibition which is a characteristic of p&sia, bighorn sheep sinus tumor.

Figure 5.6: Focus of robust fibroblastic proliferation in tigsaulture, demonstrating lack of
contact inhibition which is characteristic of neagih, bighorn sheep sinus tumor.
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Figure5.7: Progression of fibroblastic focus of proliferationtissue culture, as shown in Figure
5.6. The fibroblastic cells have grown on top atke other in multiple layers, which have then
balled up and pulled off of the surface of thekldsighorn sheep sinus tumor.
Conclusions

We successfully propagated three naturally-ocegrbighorn sheep sinus tumors in
tissue culture, and observed cytopathic effectdtinucleated cells, vacuolization) consistent
with viral infection. We also observed a lack ohtact inhibition and the formation of foci with
uncontrolled proliferation, consistent with neojdasBoth epithelial and fibroblastic cells were
present in culture, and both populations demorestreytopathic effects and neoplastic features.
Of the two populations, fibroblastic cells demoattd more dramatic proliferation. This is

consistent with histologic features seen in nalys@tcurring tumors, where stromal cells

predominate and account for much of the invasivebier of the tumors.
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Electron Microscopy
Nasal secretions

Given our early observations of copious mucus iwithe nasal and paranasal sinuses of
bighorn sheep with sinus tumors, and the apparansmissibility of this disease, we suspected
that these mucinous secretions might be harboairggelnumbers of infectious virus particles,
and that these viral particles might be visiblenlegative contrast electron microscopy (EM).
We prepared nasal secretions from three bighorepsagected by sinus tumors, and one animal
categorized as tumor-suspect that had abundannoushasal discharge, but no tumor at
necropsy.
Methods

Approximately 5 mL of mucus for each sample wasified by centrifugation at 8,000
rpm for 30 min at 4°C. The supernatant was thercentrated at 100,000 g for 2 hrs at 4°C.
The resulting pellet was resuspended in 250 uLNES (Tris, Na, EDTA, SDS) buffer, and
centrifuged again at 100,000qg for 2 hrs at 4°C @av&0%/20% sucrose gradient. The sucrose
interface was collected, including 1 mL on eithelesof the interface. The collected material
was centrifuged again at 100,000 g for 2 hrs°@}, 4nd the supernatant poured off of the pellet.
The pellet was saved in the small amount of TNES(=e at the bottom of the tube, the tube
covered in parafilm, and transported on ice toENefacility (Wyoming State Veterinary
Laboratory, Laramie, WY) where pellets were dilytsiined, and loaded onto grids for EM
evaluation.
Results / Conclusions

The three samples of nasal exudates from anim#istwnors all demonstrated variably-

sized and shaped blebs ranging from 70 nm to 10ihrdiameter. The particles were smudged,
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with no distinct zones of electron density. Exéladar viral particles from ENTV are described
as being “round in shape, 90-110 nm in diametehn a1t electron-dense zone surrounded by a
clear zone and a membrane with numerous spike8 (6v)™°. No particles matching this
description were seen in the samples of nasal ¢gsidi@m bighorn sheep with sinus tumors.
No particles at all were seen in the sample froenbiighorn sheep with nasal exudates, but
lacking a sinus tumor. We concluded that we weaable to detect viral particles by negative
contrast EM within these samples.
Cdl culture

Based on observations of cytopathic effects iméig sheep sinus tumors propagated
vitro, we attempted EM using tissue culture materiahfeonaturally-occurring bighorn sheep
sinus tumor. This material grew well in culturepgucing expansive nests of epithelial cells
early on (Figure 5.5) and robustly proliferatinigroblasts in later passages. The proliferative
fibroblasts showed robust growth past the poirexgfected contact inhibition, forming balls of
cells growing on top of each other, which oftenlpd®ff the bottom of the flask (Figure 5.6).
These balls of cells could be quickly lifted frohetculture with minimal trypsinization, agitated
by pipetting to disrupt the aggregate, re-plated, the same process of growth and balling up
was noted for two additional passages. The vagsmé epithelial cells contained perinuclear
dark aggregates that we could not further iderfffigure 5.8). To further assess the perinuclear

material, we prepared the sample for thin-sectibh E
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Figure5.8: Perinuclear aggregates seen in epithelial celissue culture and further examined
by thin section electron microscopy. Bighorn shg@ps tumor.

Methods

We fixed the contents of the tissue flask contajrabnormal epithelial cells (Figure 5.8)
by washing the cells and adding 4% gluteraldehgdé&do hours. We then used a sterile tissue
culture scraper to selectively scrape only thesnekepithelial cells, releasing these fixed cells
from the bottom of the flask. We collected theafixe/cells, and centrifuged the material at 200
g for 5 minutes, to form a pellet of cells. Thess were embedded in amber, and examined by
thin section EM (D. N. Rao Veeramachaneni, Color@tiie University, Animal Reproduction
and Biotechnology Laboratory).
Results/Conclusions

Three cells were examined by thin-section EM. dAlthe cells examined contained
intracytoplasmic structures that were most consistéth degenerative organelles, but could not

be further identified. Other features of the caltéed by Dr. Veeramachaneni included nucleolar
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fusion to the nuclear membrane, which he recograwea possible feature of neoplasia. No viral
particles were seen. We concluded that the pdeaustructures observed in cell culture were
likely degenerate organelles, and that we were lertaldetect viral particles in bighorn sheep
sinus tumor cells propagated in tissue culture.
Polymerase Chain Reaction

Polymerase chain reaction (PCR) was the predormmathod we used to attempt to
identify the causative agent of bighorn sheep sinowrs. Given our hypothesis that this
disease is similar to the oncogenic retrovirusegoofiestic sheep and goats (JSRV and ENTV),
we first tested specifically for those agents widgative resulfd. Because we suspected a viral
etiology for bighorn sheep sinus tumors, we theedwdegenerate PCR primers designed to
amplify well-conserved regions of the viral genotoecreen naturally-occurring tumors for the
presence of oncogenic retroviruses and herpesgirudhen applicable, sequences amplified
using degenerate PCR primers were used to cre&epfAers specific to the sequences
amplified from bighorn sheep samples. These spgmiimers were then used to screen tumor-
positive, tumor-suspect, and tumor-negative bighlstieep sinus tissue samples to determine if
there was an association between the identifiacs\and the occurrence of tumors. Multiple
primer sets were employed during the course ofitivisstigation. Those with results reported
here are included in Table 5.1, including the elgproduct size, reaction details, and cycling

conditions.
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Table5.1: Primer sequences and cycling conditions for PCRti@as used to investigate
possible infectious etiologies for bighorn sheemusitumors.

Primers Expected Reaction Details Cycling
product Conditions
Herpesvirugpol gene 2" round:| Round 1: Round 1 and
DFA(fw): ~220 bp | 50 pL reaction Round 2:
5’-gayttygcnagyytntaycc-3’
-45 pL Platinum PCR | 1 cycle
ILK(fw): SuperMix (Invitrogen) | 94°C x 3 min
5’-tcctggacaagcagcarnysgcnmtnaa-3’ -1000 ng genomic DNA 60°C x 2 min
-0.2 uM each primer 72°C x 1 min
KG1(rv): (DFA, ILK, KG1) 45 cycles
5’-gtcttgctcaccagntcnacncceytt-3’ 94°C x 30 sec
Round 2: 46°C x 1 min
TGV(fw): 50 pL reaction 72°C x 30 sec
5’-tgtaactcggtgtayggnttyacnggngt-3’ 1 cycle
-45 pL Platinum PCR | 72°C x 7 min
IYG(rv): SuperMix (Invitrogen)
5’-cacagagtccgtrtcnccrtadat-3’ -3 pL product (Rd 1)
-0.2 uM each primer
(TGV, IYG)
Bighorn sheep rhadinovirus ~150 bp | _25 pl reaction: 1 cycle
5'BHS(fw): 22.5 pL Platinum PCR | 94°C x 3 min
5’-ccatgcttaaaaattgcagagact-3’ SuperMix 39 cycles
-0.8uM each primer 94°C x 30 sec
3'BHS(rv): -100 ng genomic DNA | 56°C x 30 sec
5’-cacgcaaactagcgtgttctt-3’ 72°C x 30 sec
1 cycle
72°C X 7 min
Retroviruspol gene ~130 bp | 50 pL reaction: 10 cycles:
LPQG(fw): -45 pL Platinum PCR | 94°C x 1 min
5’-tggaaagtgytrccmcargg-3’ SuperMix 37°C x 2 min
-0.2uM each primer 72°C x 3 min
YMDD(rv): -1000 ng genomic DNA| 30 cycles:
5’-ctiagiakrtcrtccatrta-3’ 94°C x 30 sec
55°C x 1 min
72°C x 1 min
Retrovirus tRNA binding site amghg ~1140 bp | _25 pL reaction: 1 cycle:
gene -22.5 pL Platinum PCR| 92°C x 2 min
K12 tRNA (fw): SuperMix 15 cycles:

5’-canbtggcgcccaacgtggggce-3’

GAG-D (rv):

-0.4 uM each primer
-200 ng genomic DNA

92°C x 10 sec
61°C x 30 sec
68°C x 45 sec
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5-cawtkttcaaaaaaytcagatttcca-3’

20 cycles:
Increase

extension by
40 sec every 4
cycles

1 cycle:
68°C X 7 min

JSRVgag gene
JSRV Scr(fw):
5’-ccccatctctgaaaatgcac-3’

JSRV Scr (rv):
5’-tgtttagacggtggaggaaa-3’

~320 bp

25 UL reaction:

-22.5 UM Platinum PCRH

SuperMix
-0.8 uM each primer
-100 ng genomic DNA

1 cycle:
95°C x 2 min

40 cycles:

95°C x 30 sec
56°C x 30 sec
68°C x 45 sec

1 cycle:
68°C x 3 min

ENTV-1 gag gene
FragB(fw):
5’-atccgtccctacattcgtc-3’

FragB(rv):
5’-ccttgaacatctgttttggacc-3’

~1400 bp

25 pL reaction:

-22.5 pL Platinum PCR
SuperMix

-0.8 uM each primer
-100 ng genomic DNA

1 cycle:
95°C X 2 min

40 cycles:
95°C x 30 sec
56°C x 30 sec
68°C x 2 min

1 cycle:
68°C X 2 min

ENTV-2 LTR, U3 region (hemi-nested
PCI(fw):
5’-gcaaaatgccaggaccttgg-3’

PCII(rv):
5’-gatcttatctgcttattttcag-3’

PCIII(fw):
5’-ccctcaggaagtcttaaaag-3’

Round:
~180 bp

Round:
~75 bp

25 L reaction:

-22.5 pL Platinum PCR
SuperMix

-0.8 uM each primer
-100 ng genomic DNA

1 Round
(PCI, PCII):

1 cycle:

95°C x 10 min
35 cycles:
95°C x 30 sec
55°C x 30 sec
72°C x 1 min

1 cycle:
72°C x 3 min

2" Round:
(PCII, PCIII)
Decrease
annealing
temp to 53°C

ENTV-2 LTR (BHS specific)
KfLTR(fw):
5’-gccaccctcaggaagtctta-3’

~100 bp

25 L reaction:

-22.5 pL Platinum PCR
SuperMix

1 cycle:
95°C x 10 min

40 cycles:
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-0.8 uM each primer | 95°C x 30 sec
KILTR(rv): -100 ng genomic DNA | 53°C x 30 sec
5’-caatcaccggatccttatgt-3’ 72°C x 1 min

1 cycle:
72°C x 3 min

Herpesvirus degenerate PCR primers

The oncogenic potential of herpesviruses is wadbgnized, with tumors caused by
herpesviruses found in a variety of species inclgdiirds, amphibians, primates, and
humang®™ Oncogenic herpesviruses are typically withinghbfamilyGammaher pesvirinae,
and these viruses can cause neoplasia by viraftnanation of individual cells, leading to
clonal expansion and neoplasia, and/or by parasigreals causing proliferation of normal, non-
transformed celfS. To investigate herpesviruses as a potentialectarsighorn sheep sinus
tumors, we used degenerate PCR primers againdt-aamserved region of the DNA
polymerase gene to amplify a novel gammaherpesfrions samples of bighorn sheep sinus
tumors. We then screened samples of normal anakiadah bighorn sheep sinus lining tissues to
determine whether or not this novel virus is asaed with bighorn sheep sinus tumors.
Methods

Bighorn sheep sinus lining tissues were colleetedescribed in Chapter 3. Genomic
DNA was extracted by phenol/chloroform extractiasspreviously describ& and screened for
amplifiable DNA by GAPDH PCR. A subset of sampfiesn tumor-positive tissues was
screened for the presence of herpesviruses by B@B degenerate primers designed to amplify
a well-conserved region of the DNA polymerase §&heThe primer sequences and cycling
conditions are listed in Table 5.1. Resulting prctd were analyzed by gel electrophoresis on a
1.5% agarose gel, and bands of the expected si2€ p®) were extracted from the gel. This

extracted DNA was purified, cloned, and sequenc&idning was performed by ligation with a

108



pPpGEM-T Easy cloning vector (Promega) and transfdionanto One Shot TOP10 chemically
competent E. coli (Invitrogen). Sequencing wagquared using a 3130xL Genetic Analyzer
(Applied Biosystems) at Colorado State UniversitgtBomics and Metabolomics Facitily (Fort
Collins, CO). Based on the resulting sequence;reated PCR primers internal to the
degenerate primer sequences, specific to our sample
Results/Conclusions

We successfully amplified an approximately 220ebair fragment of DNA from the
polymerase gene of a gammaherpesvirus. This segquwegs similar, but not identical, to a
previously published rhadinovirus described in nmutheef. The bighorn sheep virus

contained two consistent base pair substitutiom® fthe mouflon sequence (Figure 5.9).

ovie musgimon

! GCTTCCATGCTTAAAAATTGCAGAGACTGTTACTCTGCAAGGACGGACT| 60
ovie canadensis !

CTGGCTT
CTGGCTTGCTTCCATGCTTAAAAATTGCAGAGACTGTTACTCTGCAAGGACGGACT] 60
CTGGCTTGCTTCCATGCTTAAAAATTGCAGAGACTGTTACTCTGCAAGGACGGACT

ofe o
oo
- -

C
C
C

o

ovie musimon 61 IATGCTAGAAAAGACTAAGCACTACGT'( AAGGCTTGCAGCCCATGGATATAGAARAAATC 120
ovie canadensgie 6/ ATGCTAGAAAAGACTAAGCACTACGT|T|IGAAGGCTTGCAGCCCATGGATATAGAARAAATC| 120
ATGCTAGAAAAGACTAAGCACTACGTYGAAGGCTTGCAGCCCATGGATATAGAAAAAATC

ovie musimon 121 TG((AAAGGCCTATACTI:ATTTCAGAAGAACACGCTAGTTTG(GTGTAATA171
ovie canadensie 2] |[TGCCAAAGGCCTATACICIAATTTCAGAAGAACACGCTAGTTTGCGTGTAATIC /171
TGCCAAAGGCCTATACYAATTTCAGAAGAACACGCTAGTTTGCGTGTAATM

Figure 5.9: Alignment of a portion of thpol gene from two ruminant rhadinoviruses. The top
line (Ovis musimon) is a previously published sequence amplified ftbmperipheral blood of a
mouflon sheep. The bottom lin@\{s canadensis) is the sequence of a novel rhadinovirus,
amplified from sinus tissue of a Rocky Mountainhogn sheep sinus tumor.

Additional sequence information could not be oladifrom the bighorn sheep virus using
degenerate primers exterior to the 220 base pairesee. In addition to the sequence shown in
Figure 5.9 from a mouflon sheep, similar sequehea® also previously been amplified from
the peripheral blood of animals representing numeraminant speciés None of the animal

of various species in this study displayed illnassggesting a nonpathogenic role for the

viruse<®. However, to investigate whether or not this bighsheep rhadinovirus could be the
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cause of bighorn sheep sinus tumors, we createdg?i@iers specific to the sequence amplified
from bighorn sheep tissues, and screened all a&dlsamples (including tumor-positive, tumor-
negative, and tumor-suspect tissues) using theszafigpgprimers.
Herpesvirus specific PCR primers
Methods

Specific PCR primers were designed to amplify @ ip fragment of the bighorn sheep
rhadinovirus identified by degenerate primer PCRescribed above. We used these primers to
screen 97 bighorn sheep tissue samples for thempre®f viral DNA. Tissue samples
originated from bighorn sheep sinus lining that wakegorized as tumor-positive, tumor-suspect
or tumor-negative by criteria previously descril§j€thapter 3). DNA was extracted from tissues
by phenol-chloroform extraction, and amplifiable BMWas demonstrated by GAPDH PCR.
Primer sequences and cycling conditions are listddble 5.1.
Results/Conclusions

We screened 97 bighorn sheep sinus lining tisaogpkes by PCR using primers specific
for bighorn sheep rhadinovirus. We found 50/9724%®f samples to be positive for the bighorn
sheep rhadinovirus. Based on tumor category, wedd/14 (50%) of tumor-positive tissues,
18/33 (55%) of tumor-suspect tissues, and 25/5@%]58f tumor-negative tissues to be positive
for the bighorn sheep rhadinovirus. There wastatissical difference in PCR results between
tumor-positive and tumor-negative groups (p=1.9uFe 5.10) based on a Fisher’s exact test

(GraphPad QuickCalcs, graphpad.com).
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PCR results for bighorn sheep rhadinovirus, by
tumor category, p=1.0
100%
90% -
32:: 7 15 25
60% -
50% L — rhadinovirus PCR neg
40% - m rhadinovirus PCR pos
30% -
20% -
10% -
0% [ [
tumor-pos  tumor-suspect  tumor-neg

Figure 5.10: Results of PCR assay for bighorn sheep rhadinovrased on tumor category. No
significant difference was found for PCR resultsA@en tumor-positive and tumor-negative
groups. Tumor-suspect data are shown for referdrutevas not included in the statistical
analysis.

Conclusions, Herpesvirus PCR

To screen bighorn sheep sinus tumors for the poesef a herpesvirus, we employed
established degenerate PCR primers to amplify topoof the herpesvirus DNA polymerase
gene. This proved to be an effective strategy,vemauccessfully amplified DNA from a novel
gammaherpesvirus (rhadinovirus) from our sampl&e. found this virus to be present in 52% of
bighorn sheep sinus lining tissue samples, withparent association between presence of
virus and presence of tumors (Figure 5.10). Wihiérole of this virus in bighorn sheep is
unknown, we found no evidence to suggest a rolé®bighorn sheep rhadinovirus in the
development of bighorn sheep sinus tumors. A simmfladinovirus was amplified from
domestic sheep during the initial search for aadtibus agent causing enzootic nasal tulors

and this virus was also determined to be an in¢aldimding. Additionally, similar
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rhadinoviruses have been found widespread in rumipapulations in the absence of diséase
While these viruses are an interesting finding @mald play a role in future research, the
bighorn sheep rhadinovirus described here doeapyar to be the cause of bighorn sheep sinus
tumors.
Retrovirus degenerate PCR primers

The oncogenic potential of retroviruses is welbwmn, and retrovirally-induced tumors
have been described in species ranging front*fish human¥. Oncogenic retroviruses of
domestic sheep and goats (JSRV, ENTV-1, and ENT¥aB¥e neoplastic diseases in the upper
and lower respiratory tracts of these animals kpression of the viral oncogerasy 814¢
causing neoplastic transformation and clonal expansf infected cells. Given some
similarities of bighorn sheep sinus tumors to prasly-described oncogenic retroviruses of
domestic sheep and goats, we focused much of tartsebn attempting to amplify exogenous
retrovirus proviral DNA from bighorn sheep sinushtar samples.
Methods

To screen bighorn sheep sinus tumor samples égprissence of retroviral integrated
proviral DNA, we employed degenerate PCR primeesjghed to amplify a well-conserved
region of the retroviral RNA polymerase gene, al§ asspecific primers for JSRV, ENTV-1,
and ENTV-2. Any products amplified of the expecs&zk were cloned and sequenced as
described above. If a resulting sequence was fokely to represent an exogenous virus, we
screened tumor-positive, tumor-suspect, and turegative bighorn sheep sinus lining tissue
samples for the presence of this proviral DNA ttedaine if the virus was associated with
bighorn sheep sinus tumors.

Bighorn sheep sinus lining tissues were colleetsd genomic DNA was extracted by
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phenol-chloroform extractions previously descrifedA subset of tumor-positive samples were
screened for the presence of retroviruses by P@g degenerate primers (LPQG (fw) and
YMDD (rv)) designed to amplify a well-conserved i@yof the RNA polymerase gefte

Primer sequences and cycling conditions are listddble 5.1. Because genomic DNA
extracted from sinus tumors was expected to comtadtogenous retroviral sequences, we also
extracted RNA to use as a starting template, expgetiiat most endogenous viruses are not
replication-competent and therefore do not produicd RNA. We extracted RNA from tissues
and fluids associated with naturally-occurring lmghsheep sinus tumors using RNA-bee (Tel-
Test Inc.) according to the manufacturer’s insiarg. The extracted RNA was then DNAse
treated and cDNA was synthesized using reversedrigation and the reverse primer YMDD.
The resulting cDNA was then used as a templatedoventional PCR using the degenerate
retrovirus primers as described above. Contraltieas were conducted using cDNA
synthesized in the absence of reverse transcriptader DNAse treatment.

A second set of retrovirus degenerate PCR primvers employed that were designed to
selectively amplify exogenous sequences from gea@MA. The forward primer (K12 tRNA)
was designed within the retrovirus tRNA bindingseind the reverse primer (gag-D) was
designed within a variable portion of tgag gené’. Primer sequences and cycling conditions
can be found in Table 5.1.

For all PCR products resulting from retrovirus elegrate primer PCR, products were
visualized by gel electrophoresis, and any prodoftctee expected size were extracted from the
gel, cloned, and sequenced as described aboven ¥yipdicable, sequences were aligned with
known exogenous and endogenous retroviral sequamckeghylogenetically analyzed with

MacVector software (utilizing the ClustalW prograta)create a basic guide tree.

113



Results

Using PCR with genomic DNA from sinus tumor agaxting template, and degenerate
retrovirus primers for thpol gene (LPQG, YMDD), we amplified a product of thepected
length, approximately 130 base pairs. The prodiast gel-extracted, cloned, and two colonies
were selected for sequencing. Both sequences egdonjth endogenous retroviral sequences
(Figure 5.11, 061909B and 060909C), not unexpegtaatsidering the starting template of
genomic DNA.

To avoid amplifying endogenous sequences, we dltempted reverse transcriptase PCR
methods using RNA (from tumor material and exudadssa starting template. Using this
approach, we again successfully amplified prodatthe expected length. These products were
cloned and sequenced, with an additional 19 se@gestalyzed. Again, all sequences aligned
with endogenous sequences (Figure 5.11). Themdasdthis result may have been the presence
of contaminating DNA (despite DNAse treatment amellack of a product in our DNAse treated
control with no reverse transcriptase), or the gmes of replication-competent endogenous
viruses.

Because our approach using degenerate PCR priargetihg theool gene (LPQG,

YMDD) identified only endogenous-like sequences,attempted another previously published
PCR approach using degenerate retrovirus PCR mi(Ket2 tRNA (fw) and gag-D (rv))
designed to amplify only exogenous retroviral seqpes from genomic DNA. Using this
approach, we successfully amplified a product efakpected length from genomic DNA
extracted from bighorn sheep sinus tumor samgtege products were cloned and sequenced,

with sequences having high similarity to endogent8RV sequences (data not shown).
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Figure5.11: Phylogenetic analysis of 130 bp fragments of theveal pol gene, amplified

using degenerate primers LPQG (fw) and YMDD (r?yeviously published endogenous and
exogenous retroviral sequences were retrieved @emBank and are included in the tree.

Novel sequences amplified in this study are inallae 7-8 character alphanumeric coded entries
in the tree.

Because we have been highly suspicious of an @miogetrovirus as the cause of
bighorn sheep sinus tumors, we attempted to amy@tfpviral proviral DNA from bighorn
sheep sinus tumor tissues and exudates. We usddigsed degenerate retroviral primers to

amplify conserved regions of the genome using BNA and RNA as starting templates. We



hypothesized that if virus-infected cells were presn high numbers then we would readily
amplify that sequence, even in the presence ofgemnis sequences. As the results reflect, we
did not readily amplify an exogenous virus. llikely that contaminating DNA from
endogenous sequences, or RNA from replication-ctanpendogenous viruses, interfered with
our ability to demonstrate an exogenous virus uiege methods. Alternatively, the causative
agent of bighorn sheep sinus tumors is not a retrev In either case, the methods we attempted
did not appear to be an effective strategy forifigdhe cause of this disease.
Retrovirus specific PCR primers
Methods

Because bighorn sheep sinus tumors are reminis€@ntcogenic retroviruses of
domestic sheep and goats (JSRV, ENTV-1, and ENTW&)performed PCR assays to screen
bighorn sheep sinus tissue samples for the presdnmeviral DNA from each specific virus.
Tissues screened included tumors, as well as tugative and tumor-suspect tissues.
Genomic DNA was extracted with phenol-chloroforndascribed above. Due to possible
contamination issues with ENTV-2 amplicon, final B2 PCR was performed using freshly
extracted genomic DNA and new reagents. For thessequent extractions, tissues were
homogenized in sterile PBS using a Mini-BeadbeatéioSpec) system, with tubes containing
Lysing Matrix A (MP Biomedical). DNA was extracteding a QlAamp DNA Mini Kit
(Qiagen) according to manufacturer’s instructions.

PCR reactions were performed using primers spefcifiregions of the exogenous
retroviral sequences that varied from endogenogsesees, and also varied between JSRV,
ENTV-1, and ENTV-2. Because of the high homologywneen these three viruses, as well as

endogenous viruses, specific primers are diffitudesign, and the location of adequate primers
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is limited to a few small regions including a véimaregion of thegag gene and portions of the
LTR. The JSRV specific primers (JSRV Scr (fw an)) were designed to amplify an
approximately 320 bp fragment located within a aiale region of thgag gene. The ENTV-1
primers (Frag B (fw and rv)) were designed to afg@n approximately 1500 bp fragment
located within a variable region of tgag gene. The ENTV-2 primers (PCI (fw), PCII (rv),dan
PCIII (fw)) were designed to amplify either a 189 fragment (PCI and PCII), or an
approximately 75 base pair fragment of the U3 negibthe LTR, by hemi-nested approach (PCI
and PCII followed by PCIl and PCIIl). Primer seqoes and cycling conditions can be found in
Table 5.1.
Results

A total of 97 bighorn sheep sinus lining tissuesevscreened for the presence of JSRV,
ENTV-1 and ENTV-2 by PCR specific to each virusll samples were negative for JSRV and
ENTV-1. However, we did obtain some positive restdr ENTV-2 by various PCR methods.
While these results do not definitely identify EN-RVas the causative agent of bighorn sheep
sinus tumors, there is indication of an associdbetween the virus and the disease. The process
by which these results were obtained and intergnsteutlined below.

Early in this investigation, a subset of bighoneep sinus tumors were screened for the
presence of ENTV-2 provirdSusing previously published primers designed toldyna
fragment of the U3 region of the L?Rwhich is variable between endogenous/exogenous
sequences as well as between the exogenous segidend8RV, ENTV-1, and ENTV-2. The
primer sequences and cycling conditions can bedauffable 5.1. The published protocol for
these ENTV-2 specific primers included a hemi-ngsiigproach, with PCI (fw) and PCII (rv)

used in the first round, and PCIlI (fw, internalR€1 and PCIl) and PCII (rv) used in the second

117



round. However, as described in the original maion of these primers, only the first round
was required to produce a PCR product of the erpesize when applied to tumor material from
domestic goafS. For this reason, our initial screen of bighdneep sinus tumors only included
the first round of PCR, yielding negative restilts_ater in the investigation, we screened
additional samples for ENTV-2 using the compleanhnested approach with some
inconsistent positive results. Based on thesetsesué screened all previously extracted bighorn
sheep sinus lining tissues using the hemi-nestd’l &proach. Our results were inconsistent,
however, and we struggled with possible contanomadf the PCR reaction. For this reason we
did not statistically analyze the results of thenreested PCR approach, but we did take the
results as evidence that ENTV-2, or a related yimey be present in some of the bighorn sheep
sinus tumor samples.

To further investigate ENTV-2 as a possible etyglor bighorn sheep sinus tumors, we
attempted to acquire more sequence data using EN3pecific PCR primers, and to then
design new PCR primers, specific to the productglified from bighorn sheep. Because the
hemi-nested PCR product was only 75 base paiength, designing internal primers based on
this sequence was not possible. To acquire maygesee information, we attempted to
optimize the PCR conditions to yield the largerQ base pair product, expected from the first-
round reaction. We were unable to visualize amdbaf the expected size in the first round,
but optimization of the hemi-nested protocol allowesualization of a very faint second, larger
band in the ?' round of PCR in addition to the expected seconmdor5 bp product.

The larger band, presumed to represent low aroglitin of the expected first round
product, was amplified by band-stlapproach. While visualizing the gel by UV-trans-

illumination, the band of interest was stabbedmdel multiple times with a P20 pipette tip.
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The tip was then submerged in a PCR tube contathmgeagents for the first-round PCR
reaction, the reaction mix was agitated, the pggtt was removed, and the first round PCR
protocol was repeated using this gel-stabbed nah@&sia starting template. PCR conditions were
slightly altered, by lowering the number of amgigtion cycles from 35 to 25. The resulting
product was an intense, single band at approximna&# base pairs of length. The PCR product
was purified, and sent for direct sequencing wiyielded 134 base pairs of sequence internal to
PCl and PCII, identical to the published ENTV-2@se&gce. We used this sequence information
to develop primers internal to PCl and PCII. Prisneere designed using Primer 3 softwate
and the expected product was 106 bp in lengthmdtrsequences and cycling conditions are
listed in Table 5.1. These new primers (KfLTR @nd rv)) were used to screen a subset of
samples, and we successfully amplified a produth@®xpected length (approximately 100 bp)
from several bighorn sheep tissue samples.

Based on previous contamination issues, we wdantbd sure that the bighorn sheep
tissue samples were not contaminated with ENTV-@lenon. Therefore, all bighorn sheep
tissue samples were re-extracted using the QlAahA Blini kit (Qiagen) as described above.
One sample was unavailable for re-extraction. rEselting 96 newly-extracted genomic DNA
samples were screened for the presence of ENTVRE tise kfLTR bighorn sheep specific
primers. The PCR results were consistent basetlipiicate runs of randomly-selected samples,
and there was no evidence of contamination by P@plieon based on no-template-control
reactions in each PCR run.

The results of the ENTV-2 PCR demonstrated 2122684 of the samples tested were
positive for ENTV-2. Of these, 2/14 (14%) of turpwsitive, 7/49 (14%) of tumor-negative,

and 12/33 (36%) of tumor-suspect tissues wereigesir ENTV-2 (Figure 5.12). While there
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was so significant difference between the tumoiitp@sand tumor-negative groups, there was a
significant difference between the tumor-suspedttamor-negative categories (p=.0300) using
a Fisher’s exact test (GraphPad QuickCalcs, grapbpe). This may suggest an association
between the virus and early cases of bighorn shieeis tumors. However, the tumor-suspect
category was created specifically because thispgeould also include other disease processes
besides early tumor formation. To further evaluhgesignificance of the ENTV-2 positive

results in tumor-suspect cases, we analyzed tlessi#ts based on geographic location.

ENTV-2 PCR results, by tumor category
p=1.0 (pos vs neg); p=.0300 (suspect vs neg)
100%
90%
80%
70% 21
60% 7 12 42
50% ENTV-2 neg
40% M ENTV-2 pos
30% -
20%
- B
0% -
tumor-pos tumor-suspect tumor-neg

Figure5.12: ENTV-2 PCR results, by tumor category. No sigmificdifference was found
between tumor-positive and tumor negative samplgsthere was a significantly higher
percentage of tumor-suspect cases that were PCGRvpder ENTV-2 when compared to
tumor-negative cases.

Previously, we determined that bighorn sheep dimon®rs are non-randomly distributed
geographically in free-ranging bighorn sheep hemdit tumor-positive cases clustered into a

few specific populations of sheep (Chapter 3). Wigothesized that if ENTV-2 was associated

with a disease process other than tumors, geogragatation would not make a difference when
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considering the ENTV-2 PCR result. We thereforamalyzed our ENTV-2 PCR results for the
tumor-suspect category based on location withimaotr-positive or non-tumor-positive herd.
Only free-ranging populations were included in éimalysis. We found that in tumor-positive
herds, 7/11 (64%) of tumor-suspect cases wereipo$itr ENTV-2, while in non-tumor-
positive herds, only 3/18 (17%) of tumor-suspesesavere positive for ENTV-2 by PCR
(p=.0143). This significant difference between tuspositive and non-tumor-positive herds
suggests that the association between tumor susgses and ENTV-2 positive PCR results is

likely associated with early cases of bighorn she&eps tumors.

Tumor-suspect cases PCR positive for ENTV-2
PCR, by geographic location, p=0.0169

100%
90% -
80% - 4
70% |
60% | 15
50% - ENTV-2 neg
40% -
30% -

20% -

m ENTV-2 pos

10% -
0% -

tumor-pos herd non-tumor-pos herd

Figure 5.13: Evaluation of tumor-suspect cases from tumor-pasiind non-tumor-positive
herds, based on PCR results for ENTV-2. When exetuby herd tumor status, we found a
significantly increased percentage of ENTV-2-pesititumor-suspect cases in herds with
tumors, than in herds lacking tumors.

Conclusions

We evaluated bighorn sheep sinus tissues that twerer-positive, tumor-suspect, and

tumor-negative for the presence of specific oncagestiroviruses of domestic sheep and goats
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(JSRV, ENTV-1, and ENTV-2) using previously-pubkshspecific PCR primers. Results for
JSRV and ENTV-1 were consistently negative, butideamplify ENTV-2 from some tissues.
Based on this finding, we obtained additional segeespecific to the bighorn sheep samples,
created specific PCR primers based on this sequandescreened 96 bighorn sheep sinus tissue
samples for the presence of this ENTV-2-like virige found an association between the virus
and tumor-suspect (early tumor) cases.

The discrepancy in ENTV-2 PCR results between tusngpect and tumor-positive
cases may be due to the proportion of epithelidd eersus stromal cells in these tissues.
Previous experiments have indicated that the strporéion of bighorn sheep sinus tumors
likely represents proliferation of the periosteumreésponse to growth factors, versus clonal
expansion by an infected, transformed cell (ChagpteBased on our knowledge of ENTV-1
and ENTV-2 it is likely that only epithelial celland not stromal cells, are infected by the
virus**. Because bighorn sheep sinus tumors appeartt fiesn proliferation of an un-
infected population of cells, we hypothesize ttlsatuamors grow, infected (epithelial) cells
comprise a smaller and smaller proportion of tedy making these infected cells less and less
likely to be represented in a tumor tissue sampleese insights help to explain our inability to
amplify integrated provirus from well-developed tors versus early tumor cases.
| mmunohistochemistry

Immunohistochemistry was performed by Dr. Saraloiém on the initial 10 bighorn
sheep sinus tumors identified, as described in @n&p The antigen used for this preliminary
IHC was against the envelope protein of ENTV-1, dathonstrated cross reactivity with JSRV.
No positive staining was noted in the naturallywocng tumors that were examined.

Immunohistochemistry was repeated following thecegsful transmission of tumors to domestic
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and bighorn sheep (Chapter 4). The experimentadlyced tumors were evaluated by IHC,
again using an antigen directed against the engglogtein of ENTV and JSRV.
Methods

Immunohistochemistry was performed as previouscdbed using a monoclonal
antibody (mADb) with reactivity for the envelope pm of JSRV, with demonstrated cross-
reaction for ENTV>'*” Briefly, samples were deparaffinized and antiggrieval was
performed in a pressure cooker (heat to 120°C, fosl@ minutes, allow to cool to 90°C, hold
for 3 minutes) using Antigen Unmasking Solution (HVector Laboratories, Burlingame, CA,
USA). After cooling, endogenous peroxide was ghedowvith 3% hydrogen peroxide for 5
minutes. Slides were washed two times for 10 nemetach with phosphate buffered saline
(PBS). The slides were incubated with a 1:50 difubf anti-JSRV envelope mAb (from
hybridoma cells) for 1 hour at room temperaturédeS were washed and incubated with a
1:300 dilution of biotinylated horse-anti-mouse I@Q@ector Laboratories) for 30 minutes at
room temperature. Slides were washed again amdbated with avidin:biotinylated enzyme
complex (Vectastain Elite ABC kit, Vector Labora&s). 3,3’-diaminobenzidine
tetrahydrochloride (DAB) with nickel chloride enle@ment was used as a peroxidase substrate
and the sections were counterstained with hematoxyl
Results

IHC staining was evaluated microscopically, andifpee staining was identified as
punctate, granular, dark-brown staining of the plgem or similar staining of cell-product such
as mucus. This staining was significantly différisom the lighter-brown, less aggregated
staining present throughout the slides, charatien$ background staining.

Positive staining was only identified in scattesedface epithelial cells lining the sinus
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tissues (Figure 5.14). Positive-staining epithe@ls often were mucus-producing cells, and the
mucus within these cells stained intensely positiveheenv protein (Figure 5.15). A lack of
staining of adjacent mucus-producing cells ruletitoe possibility of nonspecific staining of
mucin (Figure 5.15). Positive staining was nonsieethe stromal portions of the tumors (Figure
5.16), or other stromal components of the tissids staining was seen in submucosal glands,
including regions of submucosal gland hyperpla3issues evaluated included nasal turbinates,
maxillary sinus lining, and/or tumor material franoculated and un-inoculated animals. Slides
were read blindly, and categorized as IHC posibivaegative without knowledge of tumor
status. Positive staining was noted in at leasttmsue sample from all animals that developed
tumors, as well as a sample from a single bighbeep that did not develop a tumor, but did
develop a mucus-filled cyst in the maxillary sitim$ng. Positive staining was not identified in

tissues from negative control animals, or from étdel animals that failed to develop lesions.

Figureb5.14: IHC for ENTV, sinus lining adjacent to experimehtahduced tumor. Note the
patchy staining of surface epithelial cells (arrbvidHS 5.
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Figure5.15: IHC for ENTV, nasal turbinates adjacent to expentay-induced tumor
(presumed to represent animal-to-animal transmmgsiblote the staining of scattered mucus-
producing cells. The lack of staining in adjacesgits (arrows) rules out nonspecific staining of
mucin. DS 2.

Figure5.16: IHC for ENTV, experimentally induced tumor. Noteetlack of staining in the
stromal tumor (towards bottom left), but scattegpeditive staining in the overlying surface
epithelial cells (arrows). DS 4.
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Conclusions

Experimentally-induced sinus tumors of bighorneghand domestic sheep (Chapter 4)
were stained for the envelope protein of JSRV aN@\Eusing a monoclonal antibody against
this protein. While the tumors themselves, predatad by stromal cells, were negative for the
envelope protein, scattered positive staining wamahstrated in mucus-producing surface
epithelial cells scattered throughout the tissddbh@sinus cavities. Specifically, positive
staining was seen in the cytoplasm and the muadupt of these cells. Positive staining was
seen only in tissues from animals which develogsths in the sinus cavities. No positive
staining was noted in tissues from inoculated aturthat failed to develop lesions, or from
negative control animals. These findings supguatitypothesis that bighorn sheep sinus tumors
are caused by ENTV-2 or a similar virus. Additibtyahese findings support the hypothesis
that bighorn sheep sinus tumors are predominatedhinyected stromal cells, complicating PCR

diagnostics targeting integrated proviral DNA i tikmors.
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CHAPTER SIX — CONCLUSIONS

Rocky Mountain bighorn sheep populations haveggiad for nearly a century with fatal
respiratory disease. In the course of investigatiis disease in bighorn sheep in Colorado,
USA, we discovered a high incidence of previousigescribed sinus tumors in the upper
respiratory tracts of these animals. Tumors whezacterized by epithelial and stromal
proliferation, although the stromal component wisropredominant, and responsible for
invasion and destruction of the underlying bonesdtiated with these tumors, it was common
to find abundant mucinous exudate, presumablymaigig from hyperplastic epithelial cells.
Chronic inflammation was also a common and prontihestologic finding, with inflammatory
cells concentrated near the epithelial surface.

On a population level, we found that tumors wesa-randomly distributed
geographically, with all tumor-positive animals stiered within a few specific populations of
sheep, suggesting that bighorn sheep sinus tum@enanfectious disease. Further supporting
this hypothesis, we did not find an associatiomien age and tumor formation that would be
expected for a non-infectious tumor. Additionaille found that bighorn sheep with sinus
tumors were more likely to be infected with potahyi pathogenic bacterial organisms in the
upper respiratory tract than bighorn sheep lackings tumors. Although the cause and effect
relationship between bacterial infections and stnusors cannot be determined from our data, it
is possible that sinus tumors may predispose bigkloeep to upper respiratory, and perhaps
lower respiratory, tract infections by potentighlgthogenic bacteria. This hypothesis is further
supported by our finding of a trend towards theeased occurrence of pneumonia lesions in
bighorn sheep with sinus tumors as compared toobingbheep lacking sinus tumors. We

suspect that bighorn sheep sinus tumors are actiode disease that, in addition to tumor
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formation, predisposes bighorn sheep to bacteriattions of the respiratory tract through
decreased clearance of pathogens by the altenesl lgimg.

In addition to our findings at the population Ieseggesting that bighorn sheep sinus
tumors are an infectious disease, some featurdgesé tumors are also reminiscent of oncogenic
retroviral diseases of domestic sheep and goaB®\JENTV-1, and ENTV-2), further
suggesting a possible infectious, and perhapsuviedipetiology for the disease in bighorn sheep.
To test our hypothesis that bighorn sheep sinustsiare caused by an infectious agent, we
inoculated bighorn sheep and domestic sheep lamfasasally with a cell-free filtrate
originating from a naturally-occurring bighorn spesnus tumor. We successfully transmitted
this disease to both bighorn sheep and domestepstygecies, and concluded that bighorn sheep
sinus tumors are an infectious disease.

The experimental transmission study also allonetblianalyze experimentally-induced
tumors without many of the confounding factors seematurally occurring cases, helping us to
understand a bit more about the pathogenesis sé tlesions. Naturally-occurring cases
frequently contained abundant chronic inflammatraimsing the question of whether or not any
or all of the lesions observed were a result obolrinflammation and progression to neoplasia.
Experimentally-induced tumors developed in the abs®f significant secondary bacterial
infections. Bacteria were excluded from the inaculby filtration, and the tumors which
developed lacked significant inflammation. Froradé findings we concluded that
experimentally-induced tumors were not caused lgrgb inflammation. This helps us to
interpret the findings from naturally-occurring easvhere we observed an association between
sinus tumors and bacterial infections but coulddetermine cause and effect. The results of the

experimental transmission study rule out bacténigictions as the driving force for tumor
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formation, supporting our hypothesis that bactengdctions are secondary to sinus tumor
formation.

The experimental transmission study also allonetbiexamine the histologic features of
early tumors, which can provide information abowgdgesses occurring early in tumor formation,
and the pathogenesis driving formation of the lesioDetailed histologic and
immunohistochemical analysis of the experimentaltjuced tumors demonstrated that the
predominant, stromal portion of the tumor was noostsistent with a myxoma, likely
originating from the periosteum. Additionally, faees of the tumors were highly reminiscent of
fetal bone formation by intramembranous ossifiegteonormal function of the periosteum. This
suggests that the stromal portion of bighorn stsgeys tumors may result from stimulation of
the periosteum to proliferate in an orderly fashimmd not by uncontrolled clonal expansion of a
transformed/infected cell.

The findings of the experimental transmission gtielp to interpret our PCR results
from naturally-occurring cases of bighorn sheepsitumors. We screened tissues from bighorn
sheep tumor-positive, tumor-suspect, and tumorinegeases by PCR for specific retroviruses
of domestic sheep and goats. Our results indicGatemssociation between tumor-suspect cases
and ENTV-2, an oncogenic retrovirus of domestictgtlaat causes nasal adenocarcinoma in this
species. Interestingly, while we were often abldetect proviral DNA from ENTV-2 in tumor-
suspect cases, tumor-positive cases were typicatigtive for ENTV-2. Our findings regarding
stromal cell proliferation in experimentally-indutgimors become relevant when considering
these PCR results. Based on our knowledge ofviefmncogenesis in domestic sheep and
goats, ENTV-1 and ENTV-2 target epithelial cells fiafection. While stromal proliferation

may be associated with tumors, stromal cells goe#jly negative for integrated proviral DNA.
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Based on this information, we hypothesize thahbig sheep sinus tumors are
predominated by proliferative stromal cells of geiosteum that are uninfected cells, but are
responding to growth factors released by infecegitigelial) cells. We suspect that, as tumors
grow, the stromal population progressively outnuraliiee epithelial population, and therefore
early cases which contain a lower proportion afrsial cells have a greater chance of yielding
infected epithelial cells when sampled. This waoenglain our PCR results which suggest the
ability to detect proviral DNA in early tumor casésit not later in the disease process when the
tumor is predominated by uninfected stromal cells.

Our IHC data support this hypothesis and helpuarther understand our PCR results.
IHC using an antibody against the envelope pratédFSRV and ENTV demonstrated positive
staining in tissues from animals with experimegtaiduced tumors. Positive staining was only
associated with surface epithelial cells, includimg intracellular mucus being produced by
these cells. Positive staining was often verylpatwith large areas of negatively staining cells
interspersed with clusters of strongly positivdscellThese IHC findings support the hypothesis
that the stromal population of bighorn sheep stousors is not infected by virus, and that rather
epithelial cells are the infected population.

The patchy, intensely-positive staining of surfapéhelial cells also helps us to
understand the discrepancy between our inabilietect infected cells, and the ease of
transmission of this disease. If infected celes@atchy, it would be expected to see rare PCR
positive cases, especially as stromal cells beqoore and more predominant and epithelial
cells are less likely to be sampled. Howevehd épithelial cells that are infected are highly
productive, it helps to explain why the diseassoisnfectious, despite our inability to

consistently detect provirus.
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Taking all of these findings together, it seerksli that bighorn sheep sinus tumors are
caused by ENTV-2. Our working hypothesis is thlil&-2 infects mucus-producing surface
epithelial cells in a patchy manner, but that itdeccells produce high amounts of virus. We
suspect that these infected cells also producetrtagtors to stimulate stromal proliferation of
nearby cells such as the multipotent periosteuscaBse these uninfected proliferative stromal
cells predominate in the tumors, detection of ENIWroviral DNA in tumors is unlikely to be
an effective strategy for disease diagnosis aneedlance. However, based on our successful
transmission of the disease, and our hypothesisrfeted cells produce high quantities of
virus along with mucus, we suspect that detectioriral RNA from nasal secretions may be a
more effective strategy, which can also be appist@mortem to populations of bighorn sheep.

Future directions for this project include:

1. Development of an assay for detection of ENTV-aMRNA.

2. Application of the RNA assay to wild populationsbihorn sheep for disease
surveillance.

3. Detection of viral RNA in the inoculum used for exjnental transmission, and from
swabs or tissues collected from animals with expenitally-induced tumors to fulfill
Koch’s postulates and more definitively identify EX2 as the cause of bighorn sheep
sinus tumors.

4. Cloning and sequencing the entire virus to deteenaimy differences between published
sequences of ENTV-2 and this virus in bighorn sheep

5. Further investigation into the role of growth fast@n driving stromal proliferation of
bighorn sheep sinus tumors, and investigationwitg infected epithelial cells do not

undergo transformation to neoplasia.
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