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Abstract

The Office International des Epizooties (OIE) Animal Health Code cassgdbovine
anaplasmosis as a notifiable disease. Many species of theAyaplasma cause anaplasmosis.
Co-infections with two or mor@naplasma spp. occur in cattle. A competitive ELISA is
regarded as a reliable test for identifyilagmarginale-infected cattle. However, cross-reactivity
among relatednaplasma spp. has been reported when using cELISA. In the absence of
effective treatment strategies and vaccine availability, anapksroontrol strategies are
primarily focused on disease identification and prevention and development of
chemosterilization strategies. Four studies were completed to improvagnesis, treatment,
and control of bovine anaplasmosis. In the first study, a real-time gRTwWREReveloped to
detect as few as 100 copies of 16S rRNA of #otimarginale andA. phagocytophilumin the
same reaction. This detection limit was equitable to the minimum infectitefioneA.
marginale bacterium. In the second study, gRT-PCR results determined needle-fotiernje
was superior to needle injection for controlling iatrogenic transmissidnroérginale in cattle.
The gRT-PCR demonstrated 100% sensitivity by 21 days post-infection and 21 days prior t
100% sensitivity with cELISA. The third study determined the pharmacokip@taaneters of
chlortetracycline in group fed, ruminating Holstein steers: volume oflaisioh (40.9 L/kg);
rate constant (0.0478% dose-normalized area under the curve (0.29 h-pgL); clearance (1.8
Lkgh); elimination half-life (16.2 h); maximum concentration/dose (4.5 nyyarid time of
maximum concentration (23.3 h). Dose linearity was confirmed for oral chlastelirse
dosages of 4.4, 11, and 22 mg/kg/day. The final study establishedian pharmacokinetic-
pharmacodynamic relationship between chlortetracycline and anaplas@enoiEs clearance in
bovine plasma (85.3 ng/mL). The gRT-PCR confirmed chemosterilization aill
chlortetracycline-treated cattle within 49 days of treatment. Fumibrer, qRT-PCR was an
effective alternative to the subinoculation of splenectomized cattledarate and precise
disease classification. The diagnosis, treatment, and control of anapksmamsienhanced
through the application of gRT-PCR. Further studies are necessary foridatgriine
mechanism of action between chlortetracycline binding to the 30S ribosdnmafginale and

carrier clearance.
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Preface

Anaplasmosis is a complex and challenging disease for stakeholders inléhe catt
industry, foreign policy and research communities alike. Anaplasmosis, causadpbgsma
marginale, is one of the most prevalent tick-transmitted, rickettsial diseaseglefwatldwide
(Dumler et al., 2001; Kocan et al., 2003; Uilenberg, 1995). Clinical disease symptomg in adul
cattle acutely-infected witA. marginale include, but are not limited to, anemia, fever, icterus,
lethargy, and death (Merck, 2008; Radostits et al., 2000). In 2003, anaplasmosis wasestimate
cost the United States cattle industry over $300 million per year (Kocan et al., 28(i@). C
infected with anaplasmosis following natural infection and vaccination withAheplasma spp
remain lifelong carriers. Moreover, abortion, high mortality, reduced mi#&umtion, extensive
treatment costs, and weight loss are key economic considerations of this disease.

Many of the current methods used for the diagnosis, treatment, eradication, aobaont
bovine anaplasmosis present many problems to the cattle industry. Histpviaadination has
been used to modulate disease severity. In some countries, naive cattle aateghocul
intravenously with bovine blood infected witimaplasma centrale for reducing disease
morbidity prior to infection withA. marginale. The appropriately-timed application of
insecticides is recommended for reducing biological transmission by hg#ragous arthropods
(De Wall, 2000; Peter et al., 2005; Rodriguez-Vivas et al., 2004). Due to the lack atargnif
success with treatment strategies, vaccine availability, and proderaetor control,
anaplasmosis control strategies should primarily concentrate on esthlnlistteods for disease
prevention.

The findings of this PhD program of study have the potential to significantly impac
local, interstate, and international movement of cattle between endemic ancdeome
regions. A highly sensitive and specific quantitative RT-PCR (qRT-PCRY asss developed
for the detection oA. marginale andA. phagocytophilumin the same reaction. A needle-free
injection system was validated by the qRT-PCR for the control of iatrogee&@seis
transmission. The application of the gRT-PCR assay was instrumental intehairag the time
of chemosterilization as well as establishingithevo dose-response relationship between

plasma drug concentration and chemosterilization.
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The following literature review is subdivided into eight sections. The prinoarysfof
this PhD program has been centered on anaplasmosis causaddoginale. Therefore, the
focus of this literature review will be directed towards the literatureageplies toA. marginale.
Information may be included for bo# centrale andA. phagocytophilumwhen relevant to the
discussion. Furthermore, certain topics will be covered without an in depth revieev of t

literature for the sake of increasing the breadth of knowledge of both the authbeaeader.
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CHAPTER 1 - Literature Review

Etiology

Bovine anaplasmosis, causedAnaplasma marginale, was first described by Sir Arnold
Theiler in South Africa in 1909 (Kocan et al., 2008)aplasma marginale was detected along
the intracellular margin of infected red blood cells by light microscomonation of stained
blood smears. Howeveh, marginale is not the exclusive species of the geAnaplasma that is
an etiologic agent of this hemoparasitic disease in cattle (Liu et al., ZB@5¢ausative agents
of bovine anaplasmosis (familnaplasmataceae) are grouped by their distinction as obligate
intracellular bacteria that replicate within a mammalian eukaryoticdetishembrane-derived
vacuole (Dumler et al., 2001; Rikihisa, 1991). This categorization includes the shdmes,

A. centrale, A. marginale, andA. phagocytophilum. Furthermore, anaplasmosis has been
classified as a notifiable disease by the Office International deedfgg (OIE) in the
Terrestrial Animal Health Code 2.4.1 (OIE, 2009).

Anaplasma marginale receives the most attention from the cattle industry due to its
socioeconomic impact and influence on international trade restrictions worldwodever, the
significance ofA. marginale as an economically significant disease is frequently underestimated
due to seasonal outbreaks and endemic stability (Rogers and Shiels Ab@p&sma bovis,
formerly known aghrlichia bovis, infects bovine mononuclear cells; however, these infected
cells are rarely found in peripheral blood (Dumler et al., 2081gplasma centrale, a less
virulent cohabitant of the centralized intracellular region of the erythgpts/tised as a live
vaccine to reduce morbidity and mortality in cattle subsequently infectediwntarginale
(Kocan et al., 2000Anaplasma phagocytophilum, formerly E. phagocytophilum, infects
myeloid cells (granulocytes and monocytes) of many mammals. Bovine anagisstause by
A. phagocytophilum, is typically reported as a self-resolving febrile disease of ¢&ttisterla
and Braun, 1997). Even thoughphagocytophilum has been identified as an economically
important disease in cattle (Hoar et al., 2008; Pusterla and Braun, 1997; Pusterl®87y the
prevalence of this pathogen in the United States is unknown (Hoar et al., 2008). However,
research interest has evolved for the development of disease models in catila.due t
phagocytophilum being the etiologic agent of human granulocytic ehrlichiosis (de la Fuente et
al., 2006).



Transmission

Horizontal transmission
Horizontal transmission occurs between anaplasmosis carriers to sulecapitnals. The
foremost recognized mode of horizontal transmission of bovine anaplasmosis iechbyiack
vectors. The tick vectors include the genrgas, Boophilus, Dermacentor, Hyalomma, Ixodes,
Ornithodoros, andRhipicephalus. Biological transmission o&. marginale by ticks occurs after
extensive multiplication in tick gut and salivary tissues (Kocan et al., 2000)cknddicycle
aids in the transmission of anaplasmosis. However, ticks do not acquire anaplasmosis
transovarially. In general, ticks are multi-host feeders during develogroenthe larval,
nymphal, and adult stages (Vredevoe, website accessed October 1, 2009). Ornfeedstick a
carrier animal, tick transmission of anaplasmosis occurs intra- and tdiakbgt®nce a female
tick develops to the adult stage, she must engorge on a blood meal prior to matiagnale
tick. The female tick then releases from the parasitized animal for ovipogMiiter oviposition,
the female tick may die (hard ticks) or attach to another host for feedingi¢ksf. Male ticks
are purported as the most problematic vector (Kocan et al., 2000; Stiller and Coan, 1998). This
due to the shorter feeding period of ticks and disease transmission during multipigs§e€&te
percentage of ticks infected during feeding is related to the circulatingtparas(Eriks et al.,
1989; Eriks et al., 1993). However, a key clarification to the discussion is that rsoiatiés of
A. marginale are tick-transmissible (Morley and Hugh-Jones, 1989a; Scoles et al., 2005).
Anaplasma marginale differs from otherAnaplasma spp. by the ability to be transmitted
mechanically by haematophagous arthropods and blood-contaminated fomites éKakca
2000). In a review by Ewing, 12 species of Muscidae, 8 species of Tabanidae, and 3 species of
Culicidae were reported as mechanical vectow. afarginale (Ewing, 1981). Mosquitos may
also play a less significant role in transmission (Richey, 1991). In one sabdyids were
capable ofA. marginale transmission from infected calves to splenectomized calves in as few as
10 bites over a 2 hour time period (Hawkins et al., 1982). However, the role of tabanids as an
anaplasmosis vector may be overemphasized due to this study being conducted oritbalves w
parasitemias of 35 to 87%. In controlled studies typical of field infection, tickes teen



demonstrated to be more efficient vectors of anaplasmosis than Tabanidae aid®/lois the
order of >240-fold and >300-fold, respectively (Scoles et al., 2005; Scoles et al., 2008).

| atrogenic transmission

latrogenic transmission & marginale by blood-contaminated fomites has been
demonstrated to occur during routine animal husbandry procedures (as review&thbgdi
1948). A non-exhaustive list of blood-contaminated fomites that may spreaatginale are
needles, dehorning equipment, nose tongs, tattooing tools, ear tag equipment, anshcastrati
devices (De Wall, 2000; Kocan et al., 2000; Rodriguez-Vivas et al., 2004). In an iatrogeni
transmission study (Reeves and Swift, 1977), a cow was identified as ansamagit carrier
through serologic evaluation with the complement fixation test; additionallyfé¥eiere
determined seronegative. The seropositive cow followed by 5 seronegative tveife loaded
into an alley system. The carrier cow was then vaccinated intramugeullr physiologic
saline by an automatic syringe (a conventional needle injection techniqog)ddlby the serial
vaccination of 5 heifers at 1 minute intervals with the same needle. The ordectbmjvas
recorded. The remaining heifers served as non-injected controls. At thea&60 day study,
only the first heifer receiving an intramuscular injection was iatrogiyicéected. These
results are similar to the iatrogenic transmission study described in CBapi®wvever, a
comparison was made in this study between conventional needle injection and dreeedle-
injection system. Furthermore, the iatrogenic transmission model descriGbédpter 3 was a
more robust evaluation of iatrogenic transmission with each injection techRigjleving 10
replicates of a sham intramuscular vaccination with each technique withouectisinfor
replacement of injection equipment, needle-free injection was found to be superior to
conventional needle injection for the prevention of iatrogenic transmissfameirginale.

Due to all cattle not being castrated, dehorned, ear-tagged, or tattooed, Iy ihéke
vaccination is the leading cause of iatrogenic transmissidnroérginale. However, disease
prevention strategies during vaccination have been considered impracticahamezal, or
potentially deleterious to the procedure (Andrews and Lamport, 1985; Makoschegemd B
2004). In a survey of fifty-five large animal veterinary practices, 32% did nbiaexge
hypodermic needles between each cow (Anderson and Silviera, 2008). Resourcesrhave bee

dedicated to the development of needle-free injection devices for improving tlesgngcand
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throughput of cattle during vaccination. Needle-free injection techniques have proeen to b
efficacious for the delivery of vaccines in cattle (Hollis et al., 2005; Huaab, 005; Manoj et
al., 2004). However, research has suggested the potential for blood product trangfethdurin
use of needle-free injectors for consecutive injections (Sweat et al., 2000). Emsglatas not

significant enough to cause iatrogenic transmissioh ofarginale during needle-free injection

as described in Chapter 3.

Vertical transmission

Vertical transmission in cattle is the transfer of disease from thealher gestating calf
in utero. Anaplasma marginale causes abortion in acutely infected cattle (Radostits et al., 2000).
However, abortion is neither absolute in acutely infected cows nor in carrier dosvs. T
relationship betweem utero transmission and trimester of pregnancy was described in the
literature (Zaugg, 1985). Six pregnant, susceptible cows were inoculatedWwtiiraa isolate
of A. marginale during each trimester of pregnancy. Through subinoculation of splenectomized
calves with blood samples from fetuses at various stages of developmeng-aotbptrally into
intact calves, it was determined ti@utero transmission occurs during the second and third
trimesters of pregnancy. However, abortion occurred in one cow 22 days aftertioaalging
the third trimester. Unfortunately, the findings of this study were confoundttlpotential for
inadvertent contamination of fetal blood samples collected during the surgery hitityita
infect susceptible calves after birth.

The incidence oin utero transmission has been documented in observational studies in
which surgical collection of blood did not occur (Bird, 1973; Potgieter and van Rensburg, 1987;
Zaugg and Kuttler, 1984). Potgieter and van Rensburg reporieditano transmission rate of
7.7% in calves born to both acutely infected and carrier cows. Therefore, acutenrdéthe
dam is not necessary for vertical transmission to the fetuanthero transmission rate @k.
centralein acutely infected, splenectomized cows was 30.8%. Furthermore, transplacenta
transmission oA. marginale andA. centrale was possible in each trimester of pregnancy.Ahe
marginale transmission rate is consistent with a prevalence study in 58 calves bornetio carr
cows (6.7%, data unpublished). Thnsutero transmission rate was as determined by the qRT-

PCR described in Chapter 2, not by serologic methods.



Pathogenesis

The progression of anaplasmosis, caused.lmyarginale, is typified by four stages of
variable duration; (1) peracute/incubation, (2) acute/developmental, (3) caevdesnd (4)
carrier (Radostits et al., 2000; Richey, 1991).The peracute phase (1) is deasribe time from
infection of a susceptible animal until a detectable parasitemia occursThéouration (4-6
weeks) of this subclinical stage of infection is influenced by the isatat@amber of infective
A. marginale bacteria. The start of the acute phase (2), which coincides with the first signs of
clinical disease, is signaled by an increase in body temperature. The badofite phase is
signaled by the first signs of reticulocytes in the circulation. The appeawof reticulocytes
(erythropoiesis) occurs much earlier in the acute phase in youngerduadtto a regenerative
anemia; however, a paradoxical non-regenerative anemia is typical in atidier This non-
regenerative anemia observed during the acute phase is the reason whylcgéés of age
display clinical signs of anaplasmosis and have high mortality rates. Thodwfithe acute
phase is generally 4-9 days. Clinical signs appear during the acute phasdiriital signs
develop, the need for clinical intervention is inapparent (Alfonso et al., 1996). The period
typified by the convalescent phase (3) is from the release of reticidagyienormal blood
values return. Upon the return of normal blood values, the carrier state (4) begins ansksont
until death or chemosterilization.

A cyclic rickettsemia is a characteristic of the carrietes{ieser et al., 1990). In the
carrier state, the number of infected erythrocytes ranges fromhoi@er milliliter at 5 week
intervals (Eriks et al., 1993). This steady rise and rapid decline pathBalckettsemias level
variation seen in the acute phase. The host immune respohseaqyinale infection depends
upon the production of anti-parasitic and anti-erythrocytic antibodies inducing the
erythrophagocytosis of parasitized erythrocytes (Jatkar and Kreier, T3&9jnechanism by
which anaplasmosis eludes the host immune response is unknown; however, the lack of
conservation of gene sequences encoding Major Surface Protein (MSEhswtfignaplasma
spp. has been the focus of research (de la Fuente et al., 2005). The analysis ef the out
membrane fraction oA marginale has led to the characterization of 6 major polypeptides: MSP-
la, MSP-1b, MSP-2, MSP-3, MSP-4, and MSP-5 (as reviewed by Palmer and McElwain, 1995;
Tebele et al, 1991).



Clinical findings

A seasonal distribution of cattle presenting with clinical disease durirguthener and
fall is typical of infection withA. marginale. However, infection and the subsequent need for
medical intervention is common year-round in tropical regions when naivearatilgroduced
into endemically stable herds. Additionally, iatrogenic transmission alsssigtes the need for
diligent attention to the symptoms of this disease and subsequent potentiat-di@uyeh
treatment.

A differential diagnosis list includes infectious and non-infectious diselaaesause
anemia and icterus (Table 1.1). All ages of cattle are susceptible toonfeth A. marginale
(Bird, 1973; Zaugg, 1985; Zaugg and Kuttler, 1984). However, clinical disease antitynorta
rates increase with age (Richey, 1991). Typically, cattle less tham bfyege become infected
without exhibiting any clinical signs of disease. As the age of cattle sesemorbidity and
mortality rates rise during the acute phase of disease. A febrile respdnesh coincides with a
detectable parasitemia, is typically the first sign of infection. Urdattke present with clinical
disease supported by a diagnosis of anaplasmosis caufedhnginale, treatment is not
warranted (Alfonso et al., 1996). Abortion causedhbgnarginale occurs in acutely infected and
carrier cows (Correa et al., 1978; Zaugg, 1985; Zaugg and Kuttler, 1984).

Anaplasmosis, caused By phagocytophilum, is typified by a much shorter incubation
period of 6.3 + 1.2 days (Pusterla and Braun, 198%plasma phagocytophilum bodies are first
observed between 4-8 days of infection. The duration of the detectable parasitemia is
approximately 10 days. Clinical signs include pyrexia (40.2 -°€jJ,decreased milk
production, respiratory distress, abnormal locomotion, and nasal discharge. However, these
clinical signs resolve without treatment in adult cattle. Abortion is repasteddur in the last 2
months of gestation. A list of clinical signs has been prepared for comparisoriAtwe
marginale andA. phagocytophilum (Table 1.2)

Disease caused I8y centrale is typically subclinical. Additionally, splenectomized and
intact cows that were both acutely and chronically infected Avitlentrale did not abort during
acute infection or the carrier state (Potgieter and van Rensburg, 1987). Tehafisiesise caused

by A. centrale will not be discussed.



Diagnosis

Necropsy

Post-mortem findings are typical of death caused by anemia. Geretadsee pallor, an
enlarged, red-brown discolored spleen, and enlarged liver and gall bladder arerconaings.
Icterus may be present depending on the time of death during the acute phase ofldisease
blood film preparations can be made from the incised surface of the spleen and li\etedtion

of parasitized erythrocytes.

First generation diagnostic methods

Since first discovered by Theiler in 1909, the foundation for diagnosis of anaplagnosis
based on light microscopy, a first generation diagnostic method. First gemeliagnostic
methods rely on the growth or visualization of the organism of interest. These nmedlieds
limited sensitivity and lack adequate specificity to differentiatevéen morphologically similar
pathogens, normal structures, and stain artifacts. A diagnosiswerginale infection by light
microscopic examination of stained blood smears is made from blood collected dagunthnt.

A method for staining blood smears and performing percent parasitized eryghrocyt
counts is included in Chapter 3. The “feathered edge” of the blood smear is examined for
parasitized erythrocytefnaplasma marginale are found along the intracellular margin of
erythrocytes. These dense, basophilic bacteria are 08¥li@ diameter. A minimum of 500
erythrocytes should be examined at 1000X magnification to detect a paraslfgrarasitized
erythrocytes are observed, a percent parasitized erythrocyte couns{Rigk) be calculated
according to the method in ChapterBaplasma phagocytophilum infection is also detected in
Giemsa stained blood smears at 1000X magnification. A minimum of 500 leukocytes
(neutrophils, eosinophils and monocytes) should be examined to detect a parasitemia.
Cytoplasmic inclusions of parasitized leukocytes are typically firstrobd between 5.7 + 1.0
days post-infection and up to 15.1 + 2.8 days post-infection. The average duration of a detectable
parasitemia is 10.4 + 2.8 days (Pusterla and Braun, 1997).

Failure to observe blood cells parasitized wiitimarginale or A. phagocytophilum does
not rule out disease (Pusterla et al., 1997; Richey, 1991). When screening cAtthediainale,
the disease incidence determined by light microscopy was only 8.9% as edrwparserologic
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method (indirect fluorescent antibody) that determined incidence to be 68% (Akinimohde a
Dipeolu, 1984). Due to cyclic rickettsemias in carrier cattle (Eriks et &9;French et al.,
1998), disease classification by light microscopic examination of stained hazdssis only
reliable during the acute phase of infection (Gale et al., 1996a). As ddsariBbapter 3, the
sensitivity of light microscopy is maximized during peak parasitemiaecatiite phase of
infection (Reinbold et al., 2009b).

The subinoculation of naive, splenectomized calves with up to 500 mL of whole blood
from cattle of unknown disease status has served as the gold standard testderdeissdion.
However, this gold standard method is neither cost-effective nor is animatevelfpported.
Therefore, the determination Af marginale disease status has depended upon several second
generation methods (Amerault and Roby, 1968; Barry et al., 1986; Duzgun et al., 1988; Goff et
al., 1985; Schuntner and Leatch, 1988; Shkap et al., 1990; Winkler et al., 1987).

Second generation diagnostic methods

Second generation methods, which rely on the identification of cell components,
metabolic products, or detection of antigenic components, are currently theomostioly used
techniques for disease classification in clinical medicine and resear@nalSsrologic tests
have been developed with Anmarginale antigen preparation to detect antibody in carrier cattle
(Gale et al., 1996a). Such methods include capillary tube agglutination, rapid datthatign,
indirect fluorescent antibody detection, complement fixation, and competitivenerdinked
immunosorbent assay (CELISA). The complement fixation, rapid card aggjtinand
CELISA are the most common methods used throughout the world (Coetzee et al., 2007; De
Wall, 2000). Serial comparisons are often necessary to confirm or refugnasisadue to
significant test sensitivity and specificity deficiencies (Boulangeai.e1966; Coetzee et al.,

2007; Dreher et al., 2005; Strik et al., 2007). Furthermore, a distinction cannot be masgnbetw
current infection and vaccination (Gale et al., 1996a).

The cELISA (Anaplasma Antibody Test Kit, cELISA, VMRD Inc.; Pullman, W&\j)he
only second generation method used during this program of study. Therefore, onlylt®& cEL
will be discussed. The cELISA uses a 19-kDa antigen, recombinant major sudisie pr
(MSP5) that is highly conserved among different strair. afarginale, A. centrale, andA.

phagocytophilum (Knowles et al., 1996). A common epitope is shared between the native protein
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and a recombinant MSP5 fused to a maltose binding protein. This epitope is recognized by the
monoclonal antibody AnaF16C1. The cELISA is based on the serum antibody inhibition of
AnaF16C1 binding to MSP5 . marginale infected cattle.

The common measurements of performance for test validation are sensitivity and
specificity (Greiner and Gardner, 2000). The performance of the cELISA aasbaluated
with varying degrees of agreement and refutation. The focus of this digpatitg, in part, to
the % inhibition used for the negative cut-off value. The current negative cut-off
recommendation is 30% inhibition (OIE, 2009). However, a 42% inhibition is recommesfded a
the negative cut-off value in Canada (CFIA, 2006; Van Donkersgoed et al., 2006). Beyond the
effects of the cut-off value as well as random and systematic erreredifies in sensitivity and
specificity are attributable to the reference population(s) and samplteggstr Therefore,
conflicting reports of method performance should be critically evaluated. férenee
populations tested should be selected based upon varying levels of prevalence oaseeoflise
interest as well as the potential for co-infection with closely relaétbgens. Additionally,
methods should be tested in animals with equitable stages of infection.

The following studies describe the performance of the cELISA with vanedgative
cut-off values, cattle naturally and experimentally infected, and @ig@asalence ranging from
0-100%. The first evaluation of cELISA occurred during the development of the assayl€s
et al., 1996). In 17 calves experimentally infected with a Florida strainroérginale, cCELISA
sensitivity was 88.2% using a 25% inhibition cut-off value. When using a 30% inhibitiaff cut
the sensitivity was 82.4%. At 42% inhibition, the sensitivity was only 35.3%. Notaklyalues
reported were from samples collected between 22-31 days post-infection. Ussdismn
Chapter 3, cELISA peak sensitivity was observed at 41 days post-infectiorauzibg
inhibition cut-off. Furthermore, the false positive rate of the data in Chapter 3 waeld ha
decreased to 0% had a 42% inhibition cut-off been used.

In 268 serum specimens collected from cattle located in non-endemic regionfsigpeci
was demonstrated at 100% using a 25% inhibition cut-off value. In a separatef2@8yserum
samples collected from cattle located in endemic regions, the sensitidigpecificity of the
CELISA was evaluated with a nested PCR (Torioni de Echaide et al., 1998). Titigigeasd
specificity of the cELISA were 96 and 95%, respectively, using a 28% immhatit-off value.

No further interpretation could be made using other cut-off values due to the manherhin w
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the data was presented. Regardless of the negative cut-off value used tcecgamsitivity and
specificity, CELISA has replaced the complement fixation and card augfiot tests as the
accepted basis for testing cattle prior to interstate and international maJ@ie, 2009). Even
though cELISA is the more robust test of all second generation methods, other medistills ar
offered by diagnostic laboratories (Coetzee et al., 2007; De Wall, 2000).

In 40 steers experimentally infected with an Oklahoma isolafe roérginale, the
sensitivity of the cELISA was 94.8% when using a negative cut-off value of [d@i#htion
(Coetzee et al., 2007). Study results were confirmed through the inoculation of blood into
susceptible, splenectomized calves. Specificity was not determined due tdeab&ag
infected. The time to peak sensitivity (13 days post-infection) was shonethénatudy
described in Chapter 3 (41 days post-infection). This may be attributed to the higherdese
used. A decreased time of onset for a detectable parasitemia has beed feporteeasingly
high challenge doses (Eriks et al., 1989; Eriks et al., 1993; Gale et al., 1996b).

The cELISA has been used to evaluatenarginale chemosterilization strategies using
oxytetracycline (Coetzee et al., 2005). In this study, 2 different prepasatnd 3 different
treatment regimens using a long-acting oxytetracycline were adenedso 40 steers
persistently infected with an Oklahoma isolaté\oimarginale. Samples were collected at 31 and
60 days post-treatment. Chemosterilization failure was confirmed thrbaglubinoculation of
susceptible, splenectomized calves. The sensitivity of the cELISA andedmeaslence were
100%; therefore, CELISA could not be evaluated as a tool to detect chemadieniliin
Chapter 5, cELISA confirmed chemosterilization success in a chlorteiracyc
chemosterilization study. However, this did not occur until anti-MSP5 antibodies tlatede
below a 30% inhibition cut-off. This confirmation was not achieved for up to 54 dayshefter
time of chemosterilization confirmed by the gRT-PCR described in Chapter 2.

Serologic cross-reactivity among closely relad@dplasma spp. has been previously
described (Dreher et al., 2005; Strik et al., 2007). A comparison was made betweePthe MS
amino acid sequences of 1 isolatédo€entrale, 3 isolates oA. marginale, and 1 isolate oA.
phagocytophilum (Dreher et al., 2005). The percent similarity betweerAtbentrale isolate and
the A. marginale isolates was > 92%. The percent similarity betweemtltentrale isolate and
the A. phagocytophilum isolate was 65%. The percent similarity betweenAthghagocytophilum
isolate and thé&. marginale isolates ranged from 63-64%. The high percent similarity of the
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CELISA has also enabled its use for detecting antibody in cattle vactimileA. centrale with

a sensitivity of 93.3% (Molad et al., 2006). In contrast,Ahghagocytophilum MSP5 was
characterized and used to study the extent of cross-reactivitpwithrginale (Strik et al.,

2007). Their study results illustrated no serologic distinction could be made h&&wee
phagocytophilum andA. marginale. Therefore, the results of the cELISA (Knowles et al., 1996;
VMRD) must be interpreted carefully for screening field samples in areae infection with

A. centrale, A. marginale, andA. phagocytophilum may occur.

The use of cELISA for screening neonatal calves post-colostrum consumption may be
problematic. In an unpublished study, the prevalence of antibody in calves borndoamams
was 66.7%. However, the prevalence was determined to be only 6.7% by the gqRT-PCR
described in Chapter 2. Pre-colostrum consumption samples were not analyzedrd haefo
utility of the cELISA for screening calves for anaplasmosis is nigice

Third generation diagnostic methods

Third generation methods have evolved through the elucidation of genomic DNA and
RNA sequences. The selection of an appropriate target for the accurate selgagmosis of
disease is critical to the successful development of third generation methedmalysis of
genomic sequences has led to the development of nucleic acid-based techniques for the
classification of disease status. In turn, nucleic acid-based techniquesxtenvavely
contributed to the understanding of anaplasmosis disease processes. Thittbganethods
offer superior sensitivity over first and second generation methods throughiliheto detect
pathogens down to the minimum biological unit for infection (Zarlenga and Higgins, 2001).
Inadequate specificity due to cross-reactivity is not a disadvantage whgriusd generation
methods. Additionally, the specificity of molecular methods has led to the development of
multiplex methods for detecting co-infection of clinically relevant pathegen

The cyclic parasitemia &. marginale in carrier cattle was first described with the use of
a nucleic acid probe for detecting infected erythrocytes (Eriks et al.,.1®8%) marginale
specific probe accurately hybridized with as few as 0.1 ng of genomic DNA and 500-1000
parasitized erythrocytes in 500 mL of blood. The findings of this sensitive and speeifiod

were correlated to the parasitemia level. It was determined that t#etparia level among



carrier cattle was highly variable. Furthermore, this led to the hypstites the ability to
transmit disease may fluctuate with parasitemia level.

An A. marginale-specific nested PCR (nPCR), currently offered for use by the
Washington Animal Disease Diagnostic Laboratory at Washington Statersity, was used to
support the licensing of the cELISA by the United States Department of Agreedescribed
previously (Knowles et al., 1996; Torioni de Echaide et al., 1998; Valdez et al., 2002; VMRD-2;
VMRD). This type of PCR uses a nucleic acid based probe to recognize a nuclegteece
amplified during the PCR reaction. Identification was based upon the recogniompbfied A.
marginale MSP5 DNA sequences from blood samples. The nPCR was able to detect as few as
30 parasitized erythrocytes in 1 mL of blood. This detection sensitivity is greatyeed over
the nucleic acid probe described previously. The nPCR was also used to determine
chemosterilization success (Coetzee et al., 2005). However, the utility of@euritler these
conditions was not realized during this study due to all steers not clearingoinfésta separate
chemosterilization study, nPCR was determined to be an unreliable method rfioviiate
success of chemosterilization in calves due to a lack of sensitivity €ea2@06). Furthermore,
this nPCR is not recommended by the OIE due to the potential for non-specific @tiplifi

Several polymerase chain reaction (PCR) methods have been developed todeAtify
of A. marginale (Bekker et al., 2002; Eriks et al., 1989; French et al., 1998; Gale et al., 1996b;
Ge et al.,, 1995; Molad et al., 2006). However, conventional methods rely on the visualization of
amplified product on agarose gels without the ability to accurately estineateitial quantity of
genetic template. The use of real-time molecular methods that combinehe@istry and
fluorescent probe detection of amplified product have greatly enhanced ttyetahilagnose
disease. Real-time methods are reliably used to accurately coasdateresults to the quantity
of initial template through regression analysis. Furthermore, these methadgpable of
detecting more than one pathogen through the development of multiplex assays.

Numerous real-time assays have been developed for the detecdiamarfjinale alone
or in combination with other pathogens of tick-borne diseases. Simplex assdgsgbiathe
DNA gene sequences encoding for a major surface protein (MSP1b) and gidEhaofinale
have been described (Carelli 2007 and Decaro 2008). The high analytical sensitivity of both
methods provided for the detection of 10 DNA copies or 10 infeétivearginale bacteria. The
assay described by Carelli in 2007 was proven highly specific, due to the absencs-of cros
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reactivity observed with othémaplasma spp., such a&. centrale, A. bovis, A. ovis, A.
phagocytophilum, B. bovis, B. bigemina, T. annulata, andT. buffeli. A similarity was observed in

the development of TagMan based systems using the fluoresecent probe, FAM, and quencher
molecule, BHQ, TagMan as the simplex gRT-PCR assay described in Chapter 2. KHtweeve
simplex gRT-PCR assay described in Chapter 2 was only able to detectassif@d/copies of

16S rRNA. It is noteworthy that this inferior detection limit is equivaterthe minimum

infective unit of a singlé. marginale bacterium.

A review of the literature found reports of methods for the detectidn of
phagocytophilum that have been limited primarily to the diagnosis of disease in humans and
canines by multiplex real-time methods (Courtney et al., 2004; Sirigireddy amd,2005).
However, a real-time simplex reverse-transcriptase polymeraserelaation (RT-PCR) assay
was previously described in cattle for detecting 16S ribosomal RNA (16S rRMA) of
phagocytophilum (Pusterla et al., 1999). Gene sequence analysis has identified highly conserved
and specific regions of the 16S rRNA gene segment of the f&meéylasmataceae. The
analytical sensitivity of this assay is extraordinary based upon the detectisifiest as ten 16S
rRNA molecules in a reaction. The selection of 16S rRNA was critical fatdhelopment of
this simplex assay. Due to their role in translation of the genetic code, ribosmmes| as
rRNA, are present in high copy numbers. Therefore, the analytical sengfitlity assay
described by Pusterla et al. in 1999 was enhanced due to the high ratio of 16S rRNA:16S DNA
(Sirigireddy and Ganta, 2005). This is a similar advantage of the gRT-PCHkbddsarChapter
2.

When developing a multiplex real-time method, the assay must be able to detect non-
equivalent molar ratios. Non-equivalent molar ratios are encountered due tendiéfein the
circulating parasitemia, infection of different types of blood cells (evgities versus
leukocytes), and chronic versus acute infection. The multiplex method describegtarChia
capable of detecting equivalent molar ratios as few as one hundred 16S rRNA rsaléaule
marginale andA. phagocytophilum in the same reaction tube. However, the ability to detect non-
equivalent molar ratios up to 100-fold may be a limitation of the assay for amaalis
screening of samples for the&eaplasma spp. (Courtney et al., 2004; Sirigireddy and Ganta,
2005). However, this could not be accurately assessed during this study due to not detecting
phagocytophilumin the field samples screened. However, a simplex assay for the detection of

7



phagocytophilum has been described and applied in this study for the screening of samples
whose duplex results did not agree with that of the cELISA as in a similar(Sudyreddy and
Ganta, 2005). Regardless, the gRT-PCR described in Chapter 2 is the only reported method for
detectingA. marginale andA. phagocytophilum in the same reaction tube.

The final frontier for real-time method use is in the determinatigh ofarginale
chemosterilization success. However, this application had not been performed utuidiyhe s
described in Chapter 5 (Reinbold et al., 2009c¢). In 18 steers treated with oral cdypctate
for 80 days under experimental conditions, the gRT-PCR was used to determine
chemosterilization success in all steers by 49 days of treatment. otbethe gRT-PCR
validated a chemosterilization strategy using a single treatmentofahje oxytetracycline and
oral chlortetracycline for 30 days. The gRT-PCR assay results wetienoathrough the
subinoculation of susceptible, splenectomized steers. When these chemosiargirategies
were applied in the field under conditions of natural infection, a limitation of theR{ER was
illustrated (unpublished data). This limitation was due to the suppression of theticigcula
parasitemia being less than ohemarginale bacteria in a 250L of plasma-free blood sample.
However, the gqRT-PCR was used to illustrate significant differences in the nahdb@ulating
bacteria prior to the start of treatment, end of treatment, and followinggandshout period.
Therefore, this information may be used in studies testing the hypothesisaar éelvel
parasitemia may affect the ability to transmit disease.

Treatment

The treatment of acute anaplasmosis causedl marginale was primarily restricted to
the supportive care of clinically ill cattle prior to the discovery and use imhianbbials.
However, supportive care alone is largely ineffective for reducing thalityprate. Over time,
antimicrobials have been used alone or in combination in anaplasmosis treatinegnseg
Currently, there are no approved formulations for the treatment of anaplasmbsidJmted
States or Canada. Pharmacotherapeutic intervention with a carbanilideide(ivaidocarb
dipropionate at 3 mg/kg) or tetracycline antibiotics (particularly loniopgdormulations of
oxytetracycline at 20 mg/kg bodyweight administered intramusculagylacutaneously) have
decreased the mortality rate in acutely infected cattle when admagigteor to the onset of an

increasingly severe anemia (Kuttler, 1980; Radostits et al., 2000). Howeveeyvéiepment of
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a carrier state commonly occurs in spite of treatment and recovery frartianfel'he treatment
of acutely infected cattle was not a part of this program of study. There&aenént of

clinically-ill cattle will not be discussed further in this dissertation.

Chemosterilization
Cattle infected with anaplasmosis following natural infection and vaccmaiib live

Anaplasma spp remain lifelong carriers (Kocan et al., 2003). Carriers are responsible for
horizontal, iatrogenic, and vertical transmission of anaplasmosis to nateeggttoviding a
reservoir of infective blood for biological, mechanical, amdtero infection (Futse et al., 2003;
Norton et al., 1983). The inability to clear the carrier state of infection plasraosis in cattle
is due to an ineffective immune response subsequent to disease challenge andilack of a
established pharmacokinetic-pharmacodynamic relationship between plagntacentration

and carrier clearance in validated chemosterilization strategies.

I mmune evasion

The host immune responseAomarginale infection depends upon the production of
anti-parasitic and anti-erythrocytic antibodies inducing the erythropltagis of parasitized
erythrocytes (Jatkar and Kreier, 1969). The mechanism by which anapkshdss the host
immune response is unknown; however, the lack of conservation of gene sequences encoding
major surface protein antigensArfiaplasma spp. has been the focus of research (de la Fuente et
al., 2005). Six types of major surface proteins have been identified: MSP-1a, MSPR{2, MS
MSP-3, MSP-4, and MSP-5. Evidence exists for a rapid decrease in antigeit3peelfs and
immunologic memory following infection of cattle pre-immunized with the msjoface
protein 1a (Han et al., 2008). Other research has shown a second exposure prior to and during
treatment did not facilitate the chemosterilization process immunolbgigaittler, 1983).
Furthermore, the study in Chapter 5 and the findings by others (Magonigle abg,N&&84;
Renshaw et al., 1976) have illustrated a loss of immunologic memory through the los of a

parasitic antibody and re-infection of cattle previously chemosterilized.

Mode of action of tetracycline antibiotics
The absorption of tetracycline into the erythrocyte has been characterizenigdea
diffusion process (DeLoach and Wagner, 1984). Once inside the erythrocyte, drugapasses
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cation through porin channels of the outer membrane of Gram negative bacteria into the
periplasm, becomes an uncharged molecule to diffuse through the inner cytopfesnticane
and reversibly binds to the 30S ribosome to inhibit protein synthesis (Chopra and Roberts, 2001).
Tetracyclines are also known to interact with the 16S rRNA subunit (Moazed aed, N6B7).
However, this did not affect gRT-PCR assay performance during the studypteCha

Efflux and ribosomal protection proteins, as well as enzymatic inactivaten, ar
mechanisms of resistance to counteract the efficacy of tetracwgcliiteotics during treatment.
These mechanisms are driven by numerous resistance genes found in commaegpaiiagenic
bacteria today (Chopra and Roberts, 2001). The ability to define tetracyclstamesiis
difficult due to the frequent occurrence of mutants that are impermeable to drikg (Mtazed
and Noller, 1987). Furthermore, no apparent difference is distinguishable betwstamces
genes of the tetracycline family of antibiotics.

Chlortetracycline pharmacokinetic data

Chlortetracycline was discovered in a soil sample collected from SanbtdraFibe
University of Missouri in Columbia, MO in 1945. In 1954, CTC was approved for use in feed for
improving feed efficiency, growth promotion, and the treatment of CTC-senpiithogens
(NADA, 065-440). Today, the label indications, based on multiple dosing regimengt are f
increased rate of weight gain, improved feed efficiency, control of balgbereumonia
associated with shipping fever complex, control of active infection of anaplasmessiction of
liver condemnation because of liver abscessation, and treatment of bacterias€8009 Feed
Additive Compendium). The 1999 NAHMS feedlot study reported that 51.9% of all feedlots
surveyed administer CTC as a health or production management tool to 18.2% of cattle fed.
Operations with capacities of 1,000—7,999 head, as well as those feeding cattlegve] 8.2
kg, tend to administer CTC to cattle more often than operations feeding >8,000 headand catt
weighing >318.2 kg. On average, CTC is fed 8.6 and 7.7 days to cattle weighing <318.2 and
>318.2 kg, respectively.

Pharmacokinetic parameters for orally administered CTC are avéibalgesruminating
calves, poultry, and swine (Bradley et al., 1982; Dyer, 1988; Kilroy et al., 1990; Lutmrdan a
Jacobsson, 1983; Nielsen and Gyrd-Hansen, 1996; Pollet et al., 1983; Wanner et al., 1991).

Remarkably, similar information for ruminating cattle is unknown in spite ofvilespread use
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of CTC. Pharmacokinetic parameters were determined for a single/Xg ohgse of CTC by
noncompartmental analysis in two-week-old, Holstein calves fed a stantegntration at 2%
body weight plus ad libitum alfalfa hay (Bradley et al., 1982). Parameteved&or the
conventionally fed calves were AWUGoqQ (7.5 hrug/mL), t2,,(17.75 h), CI/F (1.3 L/kg/hr), and
VZF (40.9 L/kg). These parameters are dissimilar to the mean paradeiees by
noncompartmental analysis parameters for ruminating, Holstein steeasdlthscussed in
Chapter 4 (Reinbold et al., 2009a); however, a separate pharmacokinetic aeclyscue,
nonlinear mixed effects modeling, reported similar results to the 1982 stighatiey et al.
The dissimilarity parameters derived by noncompartmental analysislisdaused by
significant differences in anatomy, metabolism, physiology of the tekt,aatthod of

administration, and compartmental vs. noncompartmental analysis between tre studie

Chlortetracycline and A. marginale chemosterilization

Chlortetracycline is the only antimicrobial that has a labeled indicaticemfaplasmosis
in the United States. Chlortetracycline is labeled for the “control of actigetion of
anaplasmosis caused Aymarginale susceptible to CTC in cattle in the United States” (2009
Feed Additive Compendium). Several reports exist for the use of CTC in successful
chemosterilization strategies. These chemosterilization regimere assessed using
antigen/antibody-mediated second generation diagnostic methods, such as cagllargation
and complement fixation, and subinoculation of splenectomized calves (Table 5.1) (Bxbgck et
1959; Franklin et al., 1966; Franklin et al., 1967; Franklin et al., 1965; Richey et al., 1977;
Twiehaus, 1962). These studies were: (1) performed in calves and adult Zpttedy animals
were either intact or splenectomized; (3) regimens were validatepanieental and naturdl.
marginale infection; (4) treatments were either group or individualized; and (5) thegevdose
and duration were 5.21 mg/kg and 54.1 days, respectively. A key difference amorrgoetse
was only 5 of these regimens were confirmed through the subinoculation of susceptible
splenectomized calves. The remaining regimens either relied on the sgresiit/specificity of
serological methods to determine disease status or the splenectomy of snalg.aDverall,
these regimens were similar to the study described in Chapter 5 id tegese of a serologic
method for determining disease status and the subinoculation of susceptible jcplzeec

calves for confirmation of carrier clearance. However, the gRT-PCR dsfiaitively defined
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the time of carrier clearance and aided in the establishmentio¥eaw minimum inhibitory
concentration (MIC) foA. marginale carrier clearance when using chlortetracycline.

The Clinical and Laboratory Standards Institute (CLSI) has set the sbszephimum
inhibitory concentration (MIC) breakpoint of tetracycline antibiotics (200hmhghjectable
oxytetracycline product) ati&y/mL when treating bovine bacterial infection caused by
Mannheimia haemolytica, Pasteurella multocida, andHistophilus somni (CLSI, 2008); yet, a
similar pharmacokinetic-pharmacodynamic relationship does not exist foeétment of
bacterial infection caused By marginale. This is in part due to the inability to sustamrvitro
cultures ofA. marginalein erythrocytes (Coetzee et al., 2006; Palmer and McElwain, 1995).
However, the continuous vitro cultivation ofA. marginale is possible in tick cell lines. The
response oA. marginale to enrofloxacin, imidocarb, and oxytetracycline in short-term
erythrocyte cultures was evaluated. Enrofloxacin was shown to idhilvéirginale in a dose-
dependent manner; the effectiveness of imidocarb declined with increasghgoaicentration;
and oxytetracycline was the least effective (Coetzee et al., 2006).

Due to the widespread use of CTC for the control of anaplasmosis in cattlesénsias
for anin vivo pharmacokinetic-pharmacodynamic relationship be established betweea plasm
drug concentrations and carrier clearance to prevent imprudent use of antifscrobia
Furthermore, treatment regimens are needed to offer an alterstasiteggy for minimizing
animal handling and elimination of individual treatment. The study described in €hapte
illustrated an oral CTC dose of 4.4 mg/kg of bodyweight for 49 days resulted in aumminim
inhibitory plasma drug concentration of 85.3 ng/mL. Furthermore, higher oral dosdgnex di
shorten the duration of therapy.

The mechanism for the reason why extensive duration of treatment is ngéesssa
chemosterilization success is not understood. One reason for the extended dutegaimeht
is the reliance on serology to determine chemosterilization success anglifaprevious
studies. This may have been avoided if a diagnostic method, such as gRT-PCR, was used to
detect carrier clearance on a real time basis. However, the expensenafulide cost-
prohibitive under field conditions. Other reasons that may be key contributors ezgedrsble
binding of chlortetracycline to the 30S ribosome and the extensive lifespan of erighr(ig0
days) (Tebele et al., 1991). To my knowledge, the lifespan of a parasitizZeceye is
currently unknown. The concentration of drug achieved in parasitized erythro@gdsem
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inadequate for a bactericidal effect. Another theory would be attributabiie bacteriostatic
effect of tetracycline antibiotics, and this theory is supported based upon tingdindithe
Coetzee et al. article in 2006. The mode of action of enrofloxacin is the inhibition of DNA
gyrase function; therefore, it kills bacteria quickly and classifiesflexacin as bactericidal. In
contrast, tetracycline antibiotics inhibit protein synthesis by reversibtkrig to the 30S
ribosomal RNA subunit; therefore, the growth of the bacteria is suppresseldssifies
tetracycline antibiotics as bacteriostatic. Finally, the inhibitioprofein synthesis may prevent
the infection of non-parasitized erythrocytes; however, parasitized etbsaoust still be
removed from circulation by erythrophagocytosis in the spleen.

The missing link is the mechanism responsible for the absence of an immuneeekpons
may be possible that the inhibition of protein synthesis impairs antigenidmaightMSP’s.

This would allow the bovine immune system to recognize a conserved MSP epitope and mount
an immune response. Ultimately, carrier clearance is influenced byearsimet drug absorption
process, reversible binding of the tetracycline antibiotic to the 30S ribosome, an atadeugi
immune response, and erythrophagocytosis of parasitized erythrocytes.

Due to the duration of treatment being critical to successful chemostigoitizit is
unknown if this use will permanently select for or facilitate the distributionsisteence
determinants in bacterial species present in cattle production systewvenSet al., 1993). Two
multidrug resistance pumps were identifiedhinmarginale (Brayton et al., 2005A significant
change was reported in antimicrobial susceptibility of enteric badtem cattle fed
chlortetracycline in three consecutive, five day pulse treatment regah@2smg/kg (Platt et al.,
2008). However, this change was only temporary as values returned to pre-expatsire le
within 33 days. Due to length of treatment being critical to successful chethostion, it is
unknown if this return to pre-exposure levels would be similar in situations whererétie ol wf

therapy is more extensive.

Prevention
An anaplasmosis disease control program is defined by the interaction of your ke
criteria: (1) diagnosis of disease in the herd, (2) the culling of less valcaitble that are
anaplasmosis carriers, (3) the treatment of cattle that are anapiss@rriers with
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chlortetracycline, and (4) the prevention of disease entry or, in some cagasy i&ter a

successful chemosterilization program (Figure 1.1).

Vector control

The success of a vector control program for reducing biological and mechanical
transmission of anaplasmosis by haematophagous arthropods is based upon the agpropriatel
timed application of insecticides such as arsenicals, chlorinated hydrocarlgamapirosphates,
carbamates, formamidines, pyrethroids, and macrocyclic lactones, dordtig animal or into
the environment (De Wall, 2000; Peter et al., 2005; Rodriguez-Vivas et al., 2004). Furthermore
the success of a vector control program relies on arthropod susceptibility aagata
application of chemicals. The continuous and frequent application of insecticides eabbl
in modern cattle production systems due to due to environmental, target resistamoeiec
and toxicity concerns. In the event that an ideal parasiticide and vector contrahpiiegr
developed, vertical transmission should not be overlooked in programs concentratingrsole
vector control to reduce the prevalence of anaplasmosis over time (Potgieten &ehghurg,
1987, Stiller and Coan, 1995).

Vaccination

Historically, vaccination (also referred to as premunition) with the amtgky similar
pathogen and less pathogenic organi&neentrale, is a common tool used A marginale-
enzootic regions (Palmer and McElwain, 1995). Cattle are inoculated intravendhsbpwne
blood infected with liveA. centrale. Premunized cattle develop mild or inapparent infection with
A. centrale. The infection progresses from the acute phase of disease into a persiggmt carr
state. The carrier state does not prevent subsequent infectiof. widinginale. Rather, the.
centrale carrier status only prevents or reduces clinical disease upenghaxposure witA.
marginale (Kocan et al., 2000). Premunition is limited by (i) the potential for concomitant
transmission of other blood-borne disease, (ii) transmission of emergent pathogens, (ii
virulence variability among geographically-diverse regions, (iv) immusigorese failure due to
loss of infectivity during field transport of liv&. centrale vaccine, (v) premunition-induced
immune-mediated hemolytic anemia (Palmer and McElwain, 1995).

Premunition has been used in many parts of the world, including Israel and South Africa

for more than 75 years (Kocan et al., 2000). However, this strategy is not recommentted du
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the potential for transfer of other blood-borne pathogens and production of erythrocytic
isoantibodies. Live vaccines that consist of bovine erythrocytes infectedweaghasma spp.
have been reported to cause an immune-mediated hemolytic anemia in calves bos to da
vaccinated with an anaplasmosis vaccine of bovine blood origin. This disease isecizacbty
anemia and icterus in calves following consumption of colostrum (Dennis et al., 1970).

This phenomenon was prevented with use of a killed vaccine, licensed under the name
Plazvax (Schering Plough; Kenilworth, NJ, formerly Mallinckrodt), through the hao¥ést
marginale from infected erythrocytes of cattle. However, it is only currentilable under
special permission through a state veterinarian in restricted aread bfitee States (Luther,
1999). Due to immune evasion, the need for repeated immunizations, and loss antidien-spec

memory, the use of this serotype-specific vaccine is not advocated.

Chemoprohylaxis

Chlortetracycline is labeled for the control of active infection of anaplsisncaused by
A. marginale susceptible to CTC in cattle (2009 Feed Additive Compendium). The continuous
feeding of CTC to naive cattle in high risk areas is advocated during the season (Brock et
al., 1957). Chlortetracycline is added to free-choice cattle feeds such as féedoblsalt-
mineral mixes. The rate of inclusion depends on the type and weight of cattipedial sise
provisions in each scenario (Table 1.3) In an unpublished chemosterilization stattjeof ¢
naturally infected withA. marginale, circulating parasitemia levels were significantly decreased
through the continuous feeding of CTC for 30 days at 4.4 mg/kg of bodyweight/day as well a
weekly subcutaneous injections of a long-acting oxytetracycline at 2@mfjliodyweight. A
key finding in another study was the percentage of ticks infected during fegdéeigted to the
circulating parasitemia (Eriks et al., 1989; Eriks et al., 1993). Thereforaténadtion between
chlortetracycline-suppressed parasitemia in carrier cattle and tisenission ofA. marginale
deserves further attention.

Regardless, these chemoprohylaxis practices may have the potential toterdajve
disrupt endemic stability by chemosterilizing infected cattle andtskeleor facilitate the
distribution of resistance determinants in bacterial species presevergS et al., 1993).

However, these hypotheses were not substantiated by the findings of the unpuhlighed sy

others. A significant change in antimicrobial susceptibility of entexatdyia has been reported
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in cattle fed chlortetracycline in three consecutive, five day pulse treteggmens at 22
mg/kg (Platt et al., 2008). However, these values returned to pre-exposure l&éviel88/days.
Due to length of the vector season, it is unknown if a similar return to pre-exposuseNeuéd
be observed when the duration of therapy is more extensive. The development and liberal
application of improved animal husbandry practices, such as needle-free injectimn duri
vaccination (Chapter 3), as well as establishment of an endemicallylstadbl@-igueroa et al.,
1998), could considerably reduce the need for tetracycline antibiotics when nganagi

anaplasmosis in cattle.

Animal husbandry

The introduction of anaplasmosis into a previously naive herd may lead to a 3.6%
reduction in calf crop due to abortion, a 30% increase in cull rate from a loss of production
characterized by herd performance benchmarks, and a 30% mortality rate iy iabedétd
cattle (Alderink and Dietrich, 1982). Current estimates of the realized ecotaswiof this
scenario are unknown. However, this was estimated to be over $400 per animal ovee8 deca
ago (Alderink and Dietrich, 1982; Goodger et al., 1979).

The repeated inter-animal use of hypodermic needles is not recommended.dlibe nee
free injection technique described in Chapter 3 has been shown to prevent the iatrogenic
transmission oA. marginale. However, this system may not fit into every production system.
Therefore, there are other techniques for preventing iatrogenic trarsmisisese include the
use and exchange of single use needles and cleansing of needles via insertiominto foa
impregnated with biocide. However, these disease prevention strategigatasswith
vaccination have been considered impractical, uneconomical or are potentitkyidak to the

success of the procedure (Andrews and Lamport, 1985; Makoschey and Beer, 2004).

Susceptibility of cattle by species

Breed differences are reported for peak change in packed cell volumetgpaicakevel,
and tick susceptibility (Bock et al., 1999; Jonsson et al., 2008; Wilson et al., 1980). However, all
cattle are susceptible to infection wahmarginale. Serologic survey studies based upon the
complement fixation test have reported a significantly greater preseatsf reactors iBos
taursus cattle tharBos indicus (Rogers and Shiels, 1979). Furthermore, prevalence was

significantly influenced by age, stocking density (Rodriguez-Vivas. €2@0b4), and level dB.
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microplus tick infestation. However, sex of the animal had no influence on prevalence. These
findings may be biased by an over-representatiddostaurus-type cattle that are more
susceptible td@. microplus infestation. Additionally, higher stocking densities are associated
with higher prevalence and increased chance of transfer of developing ticks

Endemic stability

In the Unites States, 48 states are endemic for anaplasmosis. Curmardl rthsiease
prevalence is unknown. However, seroprevalence has been previously establishédrmaCal
(15% in 1989), lllinois (10.7% in 1986), Louisiana (11.2% in 1989), Montana (1.35% in 2003),
Oklahoma (9.2% in 1991), and Texas (0.3% in 1982) (Alderink and Dietrich, 1982; Behymer et
al., 1991; Hungerford and Smith, 1997; Morley and Hugh-Jones, 1989b; Rodgers et al., 1994;
Van Donkersgoed et al., 2006). These seroprevalence reports may or may notdie.accur
Nonetheless, the key point is that the vast majority of cattle located inrdggses are
susceptible to infection. Reports of seropositive status following colostruntiorgbyg suckling
beef calves is as high as 82% (Maas et al., 1986). Even though carrier cowspratgdied
from clinical disease, colostral antibody ingestion by calves was notpveten seropositive,
splenectomized neonatal calves subinoculated with 5 mL of whole blood collecteddeonea
cow (Zaugg and Kuttler, 1984). The ingestion of colostral antibodies only lengthened the
prepatent period and delayed both the climax of parasitemia and onset of anerei@r&her
anti-anaplasma antibodies provide no lasting protection in suckling calvesctianferas
established early in the life of cattle, an inapparent infection would occur fgitimly, acquired
immunity. Over time, this would prevent clinical disease and the subsequent ecargses |
endured by the cattle industry.

A major disadvantage is that an endemically stable herd does not permit the ecamingli
of cattle of unknown disease status or reduce trade restrictions between emdenan-a
endemic countries. Furthermore, the establishment of an endemicallyreeblgould have no
effect on tick vectors. The feeding of ticks Armarginale-immune cattle does not affect tick
infection rates (Kocan et al., 1996). Finally, it should be noted that wild ruminantssarvoirs
of Anaplasma spp. (Arens et al., 2003; Kuttler, 1984; Maas et al., 1981; Smith et al., 1982). Due

to the potential interaction of domestic cattle with ticks that have previtadiyn wild
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ruminants, sporadic outbreaks of disease may still occur in anaplasmogsistfiseThe

occurrence of this scenario may be sparse, but it should not be ignored.
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Figures and Tables

Figure 1.1 Elements of an anaplasmosis control program.

Diagnosis

Prevention
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Table 1.1 Differential diagnosis list of diseases associated with dianipresenting clinical signs asAnaplasma marginale and

Anaplasma phagocytophilum (Merck, 2008; Radostits et al., 2000).

A. marginale A. phagocytohilum
anemia babesiosis lymphadenopathy bovine leukemis
blood transusion reaction lymphosarcoma
cold water hemolysis tuberculosis
drug-induced actinobacillosis
leptospirosis
theileriasis respiratory disease infectiousib®wvhinotracheitis
parainfluenza
icterus bacillary hemoglobinuria bovine vidirrhea virus
hepatotoxic plant poisoning bovine respinatyncitial virus
leptospirosis allergic rhinitis
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Table 1.2 Comparison of clinical signs observed with anaplasmosis causedAnaplasma marginale and Anaplasma
phagocytophilum (Merck, 2008; Pusterla and Braun, 1997; Radostits et al., 2000).

Pathogen
Clinical sign A. marginale A. phagocytophilum
Subjective  mucous membrane pallor Y N
muscle weakness Y Y
depression Y Y
anorexia Y Y
respiratory distress Y N
irritable Y N
grossly thin and watery blood Y N
icterus Y N
nasal discharge N Y
abnormal lung sounds N Y
cough N Y
abnormal locomotion N Y
Objective pyrexia up to 41°C up to 41°C
dehydration Y Y
tachycardia Y Y
tachypnea Y Y
lymphadenopathy N Y
hematocrit change PCV 5-15% PCV < 28%
hemoglobinuria N Y
total RBC count (10/mm) 1.5-4.0 N/A
bilirubin (mg/100 mL) 0.25-7.0 N/A
decreased milk production Y Y
abortion all trimesters 3rd trimester
treatment indicated Y N
mastitis Y Y
limb edema N Y
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Table 1.3 Labeled indications and rate of inclusion of chlortetracycline free-choice cattle feeds in the United States (2009

Feed Additive Compendium).

Dose Cow type Chlortetracycline inclusion rate

1 beef cattle <318.2 Rg 350 mg/hd/day

2 beef cattle >318.2 Rg 1.1 mg/kg of bodyweight/day

3 beef and non-lactating dairy cattle 1.1 - 4.4 mg/kg of bodyweight/day

4 cattle <318.2 kg fed in confinement for 25-100 g/ton of feed with 10 - 30 g/ton of Lasadoc
slaughteft

5 beef cattle <318.2 kg fed in confinement for 25-42.2 glton of feed with 25 - 30 g/ton of Lasadb
slaughtet

6 beef cattle <318.2 kg 25 - 2,800 g/ton with 30 - 181.8 g/tom of Lasadoc

7 Pasture cattle <318.2 kg (slaughter, stocker, 25-700 g/ton of feed with 30 - 600 g/ton of Lasédio
feeder cattle, beef replacement heifers)

8 Pasture cattle >318.2 kg (slaughter, stocker, 25-1,100 g/ton of feed with 30 - 600 g/ton of Llasal

feeder cattle, beef replacement heifers)
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Pasture cattle (slaughter, stocker, feeder
cattle, beef replacement heiférs)

©

500 - 4,000 g/ton of feed with 30 - 600 g/ton akhlocid

®Note: Withdrawal times vary by manufacturer. Fréeice feed must be manufactured under a feedinglhée using an FDA-
approved formulatiorfLimitations: In free-choice cattle feeds such asifblocks or sal-mineral mixes; Free-choice feedtrhe
manufactured from Aureomycin Type A medicated &ticunder a feed mill license using an FDA-appddeemulation.
“Limitations for use: Feed continuously in compligted at a rate of 350 mg CTC and not less thamig@or more than 360 mg
of lasalocid sodium activity per head per dhymitations for use: Feed continuously in complisted at a rate of 350 mg CTC
and not less than 250 mg nor more than 360 mgsafdaid sodium activity per head per ddymitations for use: Hand feed
continuously at a rate of 350 mg CTC per head pgrathd 1 mg of lasalocid per 4.4 kg bodyweightdar with a maximum of
360 mg lasalocid per head per daymitations for use: Hand feed continuously at & @f 350 mg CTC and not less than 60 mg
nor more than 300 mg of lasalocid sodium activity pead per daily in atleast 2.2 kg of fekdimitations for use: Hand feed
continuously for not more than 5 days to providemg CTC per kg bodyweight per day and not less @tamg nor more than

300 mg of lasalocid sodium activity per head pelyda at least 2.2 kg of feed.
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CHAPTER 2 - Duplex detection ofAnaplasma marginale and
Anaplasma phagocytophilum in a bovine peripheral blood sample by

real-time reverse transcriptase-polymerase chain @ection
Submitted for publication in the Journal of Clinical Microbiology (December 2009)

Introduction

Many species of the genésaplasma cause bovine anaplasmosis. The Office
International des Epizooties (OIE) Animal Health Code categorizesammapsis as a notifiable
disease due to socioeconomic impact and international trade restrictions (OIE H®0&er,
the significance of anaplasmosis is frequently underestimated due to $easoreaks and
stability in endemic areas. Anaplasmosis, causefihbplasma marginale, is one of the most
prevalent tick-transmitted, rickettsial diseases of cattle world(idean et al., 2003).
Vaccination withA. centraleis a common practice used to reduce disease morbidity in cattle
subsequently infected with. marginale (Molad et al., 2006)infection with oneAnaplasma spp.
does not confer immunity from infection with othfaraplasma spp. Co-infection with two or
moreAnaplasma spp. occur in cattle due to ubiquitous disease susceptibility and animal
husbandry practices such as vaccination Wittentrale.

Although Anaplasma marginale causes significant economic and health impacts in
infected cattle worldwideA. phagocytophilum also causes self-limiting, economically significant
disease in cattle within 9 days post-infection (Hoar et al., 2008; Pusterlaaund B997;
Pusterla et al., 1999). Cattle that survive acute disease become subclinieed odAnaplasma
spp. and serve as reservoirs of infection for naive cattle in spite of vamcipedctices and
treatment (Coetzee et al., 2006; Coetzee et al., 2005; Kocan et al., 2003). In the absence of
effective treatment strategies, vaccine availability, and problewatior control, anaplasmosis
control strategies are primarily focused on disease identification and poev@gReinbold et al.,
2009a).

Disease prevention strategies are centered on reliable diagnostig sésttegies for
accurately and precisely identifying infected cattle. The subinoculatisae blood into
splenectomized cattle has served as the gold standard for anaplasmosicidissidisation
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caused byA. marginale. Currently, one of the most common diagnostic techniques used in
commercial lab settings today, CELISA, relies upon the identification ohbanti-major

surface protein 5 (MSP-5) antibodies that recognize the MSP5 protein epithpearfinale
(Knowles et al., 1996). Due to the establishment of a carrier state post-infduicELISA is
regarded as a reliable screening test for identifgingarginale-infected cattle. However, cross-
reactivity amongfnaplasma spp. has been reported when using cELISA to classify cattle
infected withA. centrale andA. phagocytophilum (Bradway et al., 2001; Dreher et al., 2005;

Strik et al., 2007)Additionally, the lag time between infection and anti-MSP5 antibody response
may allow for the misclassification of cattle peracutely-infectét anaplasmosis (Coetzee et

al., 2007; Reinbold et al., 2009a).

The selection of an appropriate target for the accurate and precise diadulisease is
critical for the development of a robust diagnostic method. Due to their role in tHattcsmsf
genetic code, ribosomes, as well as ribosomal RNA, are present in high cdpgreuvhen
compared to a single copy of DNA. The extensive conservation of the printhsgaondary
structures of rRNA implies an ancient origin of these macromolecules (6u#l] 1985). The
16S rRNA gene segment is a common structure of bacterial rRNA getiesgégnuf\naplasma
(Rurangirwa et al., 2002). The 16S rRNA gene sequence has been shown to be identgal amon
isolates ofA. marginale (Dame et al., 1992; Dumler et al., 2001). However, sequence analysis
has shown there are highly conserved and specific regions of the 16S rRNAgrepatss the
family Anaplasmataceae (Sirigireddy and Ganta, 2005).

In this study, methods are described for the development of simplex real-tiFeCR
assays for identifying 16S rRNA gene sequences of A. marginale and Acgt@thilum and a
duplex real-time gRT-PCR assay for the simultaneous detection 16S rREA&mguences of A.
marginale and A. phagocytophilum in plasma-free bovine peripheral blood samples. Thke duple
real-time gRT-PCR assay and a cELISA were also used to screen figlibsdrom cattle
originating from anaplasmosis endemic herds. Finally, the results of thex disgkey were used

to evaluate the cELISA as an anaplasmosis diagnostic tool.

Materials and Methods
This study was approved by the Kansas State University (KSU) IramtiéditAnimal Care

and Use Committee (protocol #2517) and Institutional Biosafety Committee (protocol #524)
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Primer and probe design for the RT-PCR assays

The 16S rRNA gene sequencesAamnarginale andA. phagocytophilum were previously
downloaded from the GenBank nucleotide sequence database and aligned using tiséysfive
Wisconsin Genetic Computer Group program, Pileup and Pretty (Sirigireddy atel @&@05).
Genera-specific regions were identified for the design of PCR primerseSispecific regions
were used to design TagMan probes in real-time pathogen detection. TagMan probes were
designed with specific fluorescent reporter dyes and quencher moleculastaaddhe duplex

assay (Table 1).

A. marginale and A. phagocytophilum positive control plasmids

A whole blood sample collected from a cow infected with the Florida isolae of
marginale was previously stored at -80°C in a 50% glycerol solution at a ratio of 2 parts
blood:1part glycerol. Genomic DNA was isolated from 8Q0f this sample using a kit
(Puregene DNA purification kit, Gentra Systems; Minneapolis, MN) asitieddny the
manufacturer's recommendations. The isolated DNA pellet was re-hydriitetiO@uL of the
kit-supplied DNA hydration solution and stored at -80°C.

Genomic DNA ofA. marginale was used as the template to amplify a 0.48-kb 16S rRNA
gene segment. The PCR was performed with 200 ng of genomic DNA using the ATR@Ha
reagent kit (Applied Biosystems; Foster City, CA). Thermal cycleg wefined by an initial
denaturation cycle for 3 minutes at 94°C, 45 cycles of 94°C for 30 seconds, 52°C for 30 seconds,
and 72°C for 3 minutes. The PCR product was resolved on a 1% agarose gel in 1X Tris-acetate
EDTA buffer (40mmol/L Tris-acetate, Immol/L EDTA, pH 8.0) containing @AnL of
ethidium bromide and visualized under UV light (Sambrook and Russell, 2001a). The amplicon
was ligated into chemically competdtschirichia coli using a cloning kit (TOPO TA Cloning-
TOP10, pCR 2.1-TOPO version U, Invitrogen Corp.; Carlsbad, CA)ETbdi were streaked
on ampicillin-impregnated (10@/mL) LB media plates with 20L of kanamycin (5Qug/mL)
applied to the plate surface. Transformants containing.th@rginale recombinant plasmid
were isolated and propagated anaerobically &€ 37 an LB media solution containing
kanamycin (5Qug/mL). Glycerol stock (Sambrook and Russell, 2001b) preserved transformants
of anA. phagocytophilum positive control plasmid were used in the development of this method
as previously described (Sirigireddy and Ganta, 2005). Similarly, transftsmoitheA.
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phagocytophilum plasmid were re-established by growth in the LB media solution. A boiling
preparation method (Sambrook and Russell, 2001a) was used to extract plasmid DNA from the
transformants. Plasmid DNA was linearized with a restriction enzymet digiag)Spel and

BamHI for A. marginale andA. phagocytophilum, respectively (Sambrook and Russell,

2001a).The sites for these restriction enzymes are located aetiek & the insert in the
multiple-cloning site region of the plasmids. Each restriction enzyme hvegeie due to the

absence of a recognition sequence within the inserts. This allowed the plasfimdarize
downstream to the inserts and facilitated synthesis wfro transcripts with a T7 polymerase.
TheA. marginale plasmid insert was verified by sequencing with a thermo-sequencing reaction
kit according to the manufacturer’s recommendations (USB Corp., Cleveland, OH).

In vitro transcripts

In vitro transcripts were prepared for use in the quantitative RT-PCR (qRT-P&8) as
development according to the following procedures. Linearized insektswairginale andA.
phagocytophilumwere purified with a phenol-chloroform extraction technique (Sambrook and
Russell, 2001b). Two micrograms of each purified linear insert was used totgenera
recombinant transcripts with a T7 polymerase kit as recommended by the rmaenfac
(MEGAscript kit, Ambion, Inc.; Austin, TX). The recombinantvitro transcripts were purified
free of plasmid DNA by treating with DNAsel and using an RNA purifccakit (MEGAclear
kit, Ambion, Inc.; Austin, TX).

Real-Time gRT-PCR

TagMan-based real-time amplification (Huang et al., 2005; Manoj et al., 2004) was
performed using a Smart Cycler Il system (Cepheid; Sunnyvale, GApI&i and duplex real
time quantitative qRT-PCR assays were developed using previously designed famavar
reverse primers (Sirigireddy and Ganta, 2005) and TagMan probes designed ad thisa
study (Table 1). A commercially available RT-PCR assay kit (Suppt3idiReverse
Transcriptase, Invitrogen Corporation; Carlsbad, CA) was used for develbphthe simplex
and duplex assays. Ten-fold serial dilutions made from known quantitiesiofvitr®
transcripts (ranging from 1 billion to one molecule) were analyzed in atplto optimize these
assays for species specificity and duplex pathogen detection. The tempeyaiesaised for the

gRT-PCR assay were: an initial cDNA generation cycle at 48°C for 30 minutesysat
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94°C followed by 45 cycles of 94°C for 15 seconds, 50°C for 30 seconds, and 60°C for 60
seconds. The RT-PCR product formation was monitored in real-time by meaberigmitted
fluorescence associated with exponential growth of the PCR product duringdiveekr phase.
A reaction was qualified as positive for the presence of a template when sewesdént units
for the emission channel of the fluorescent probe were detected. The PCRt eyisieh
fluorescence occurs, which was template concentration-dependent in tienyeeas regarded
as the cycle threshold (Ct) value. Linear regression will be used to tettedaeported Ct value
to the number of 16S rRNA template molecules in thel2Eeaction.

Evaluation of blood samples from anaplasmosis endemic herds

Field sample collection was arranged during phone consultation with producergyseeki
recommendations for the control of anaplasmosis. The collection of samples froasaresgs
endemic herds resulted in the screening of 237 cattle from northeastern andsseuthémsas
during September and October of 2008. These samples were collected from aduftccbulésa
of Bostaurusinfluence. Samples were collected in no-additive evacuated tubes and evacuated
tubes containing EDTA during 2008. Typically, the samples were collected onasitgdrted
on ice, and processed within 48 hours. However, some samples were shipped overnight on ice

packs and processed within 48 hours of receipt.

Anaplasmosis CELISA

Serum was collected from no-additive evacuated tubes and analyzed by cBLISA
commercially available cELISA (Anaplasma Antibody Test Kit, CEAI¥MRD Inc.; Pullman,
WA) was used in accordance with the method described by the OIE and recommended by the
manufacturer (OIE, 2009; VMRD). The optical density (OD) of each well wasured by use
of an ELISA plate reader at a wavelength of 620 nm. The percent inhibitiorof@éédgh sample
was calculated by use of the following equation:

% inhibition = 100 — [(sample OD X 100) /mean OD of negative control sample]
A binary reporting format was used to report cELISA results. Reports Witimaibition of <
30% were recorded as negative (0), whereas reports that were > 30%aoeded as positive
(1) (OIE, 2009; Strik et al., 2007; VMRD).
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RNA extraction

Samples collected in evacuated tubes containing EDTA were centrifuged at 23780 X
4° C for five minutes. Plasma was removed by a single use pipette while enisaerndgfy coat
and red blood cell fraction were not disturbed. The plasma-free sample wasdootex® the
cell fractions. Extraction of RNA from the homogenous, plasma-free sampleextaaacording
to the manufacturer's recommendations of a commercially available prddidRéagent,
Sigma-Aldrich; Saint Louis, MO). The RNA pellet was resolubilized witlnb®f nuclease free
water. Samples from a knowh marginale carrier and a naive cow were extracted and analyzed
simultaneously for monitoring gRT-PCR assay performance and quality of theeRtika&stion
technique. Samples were stored in a -80°C freezer until analysis by gRTERE&ted samples
were not subjected to a DNAse treatment; however, contamination was assessegdnyng
gRT-PCR and gPCR assay results by replacing reverse-transcripgaeecript Ill Reverse
Transcriptase, Invitrogen Corporation; Carlsbad, CA) with taq polymePéatn(im Tag DNA
Polymerase, Invitrogen Corporation; Carlsbad, CA) in the optimAzeshrginale simplex

assay.

Ratio of 16S rRNA to 16S DNA of A. marginale

The number of 16S rRNA molecules presermaplasma spp. is unknown. This
provides uncertainty for determining the minimum detection sensitivity cigbay in a 250L
plasma-free sample of bovine peripheral blood. A comparison was made byirextRMA and
DNA from a 200uL sample of ten plasma-free blood samples preserved in 50% glycerol as
described previously. The extraction of RNA will proceed as described above.tidatien of
DNA will occur using a kit (Wizard SV Genomic DNA Purification Systengrifega
Corporation; Madison, WI) according to the manufacturer’s instructions and a protocol
modification for blood products (Promega, 2002). The extracted DNA and RNA were re-

hydrated with 50QL of nuclease-free water.

Stability of RNA in plasma-free blood samples stored in 50% glycerol
The stability of RNA from whole blood samples stored in glycerol is unknown. Ten
samples were processed on the day of sampling with the RNA extraction mettrilgedes

above and the optimize&l marginale simplex assay. Aliquots of these samples were stored in
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50% glycerol at -8TC (as previously described) for an extended time period. Samples were
thawed and underwent a similar extraction and analysis as the fresh s@#msesent
difference change in frozen versus fresh RNA recovery was made fallearrection of the

total RNA count of the frozen sample due to dilution during storage.

Non-equivalent molar ratios

Nonequivalent molar ratios of RNA may be encountered during analysis. This may
preclude the duplex assay from detecting both pathogens during concurrerdnrdeetito
template competition for reaction components. The optimized duplex assay was ce@gare
detection of 100,000 moleculesAfmarginalein vitro transcripts téA. phagocytophilumin

vitro transcripts ranging from 100,000 to 1,000 molecules in triplicate.

Data analysis

Statistical analysis was conducted utilizing a one-way analysis ainecar{ ANOVA)
procedure (Microsoft Excel 2007, Microsoft Corporation; Redmond, WA) (Martindz et a
2006). This statistical procedure analyzed variance for a quantitative deperie\ay a
single independent variable to test the null hypothesis that several means ar&regldna
level of < 0.05 was designatagriori for the determination of statistical significance. ANOVA
was used to determine statistically significant differences betweeatibef 16S DNA copies
contaminating 16S rRNA-extracted samples versus genomic DNA-edrsaimples and the
percent difference of RNA molecules recovered from fresh samples verqussanmeserved in
50% glycerol.

Diagnostic test results were also converted to a binary format (0 = nedatiymositive).
Sensitivity and specificity with 95% confidence intervals were caledlfdr cELISA using RT-
PCR assay results as the determinant of disease status. Additionallyp@dheeavay receiver
operator characteristic (R.O.C.) curves were constructed to illustratetih®al negative cut-off
values for the cELISA based upon RT-PCR assay results (Le, 2003). This waglastwirby
evaluating cELISA % inhibition results in 10% increments beginning and eatihgnd 90%
inhibition, respectively.

Agreement between diagnostic results was assessed by calculastagiatic at 95%
confidence (Le, 2003). Results were compared using a software program (\WapE2s0,

CLIVE; Edinburgh UK) in a 2 X 2 contingency table to calculateith the following equations:
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EP =[(a+b)/n - (a+c)/n] + [(c+d)/n - (b+d)/n]

k = [(a+d)/n — EP] (1-EP)
where EP is the expected proportion of equal outcomes according to chance;{d&#el)sthe
observed proportion of equal outcomes beyond chance; and 1-EP is the maximal proportion of
agreement not due to chance. kh&atistic measures the agreement between tests on a scale
from O to 1(Le, 2003).

Results

The target selection of these molecular diagnostic methods was based upgethedex
high, intracellular copy number of 16S rRNA. Real-time qRT-PCR methods weetoged for
the simplex detection @&. marginale andA. phagocytophilumand a duplex assay for the
detection of both species in a 280 plasma-free, bovine peripheral blood sample. In25
reactions assembled with template from ten-fold serial dilutions\ofro transcripts, the linear
dynamic range of all assays ranged from 100 to 1 billion molecules (Figureelhumber of
reagent molecules used in thel@5RT-PCR assay mixtures is provided in Table 2. Linear
regression was used to correlate the reported Ct value to the number of 16SnijiNsie
molecules in the 2hL reaction (Table 3). Additionally, the correlation coefficient) (6 each
regression equation and efficiency of the RT-PCR assays were reporieoh¢@r, 2002).

The species-specific probes accurately and precisely identifiedgpeative template
molecules without cross-reactivity during assay development. The duplexdidsey identify
thein vitro transcript ofA. phagocytophilumwhen the non-equivalent molar ratio exceeded a 10-
fold difference. When the molar ratios were set equal for analysis, thesnefadrted a mean
ratio (95% CI) of 1.53 (0.25,2.83):1. At the maximum allowance for detecting non-equivalent
ratios (10-fold), the mean ratio was 12.94 (9.96,15.93):1.

The mean ratio oA. marginale 16S rRNA to 16S DNA determined in ten field samples
from anaplasmosis-endemic herds was 117.9 (100.7, 135.2):1. Therefore, the minimum detection
sensitivity would be equal to the minimum infective unit of Anenarginale bacterium in 250
uL of plasma-free bovine peripheral blood. Due to RNA samples not being DNAsedtpeair
to analysis, an experiment was conducted to assess the level of 16S DNA cdmamiha
mean ratio of 16S rRNA to 16S DNA Af marginale following extraction of RNA from field
samples was 1,252 (641.4,1863.8):1. This ratio and the data gathered during non-equivalent
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molar ratio experiments did not demonstrate the need for DNAse treatmetraotexk RNA.
Reverse-transcriptase was substituted with tag polymerase for comparisemadan ratio of
the gPCR results of 16S DNA-contaminated RNA samples to extracted genomitN26S D
samples. The mean ratio was 1.28 (0,2.85):1. Additionally, the number of 16S DNA molecules
was not significantly different between the extraction methods (P = 0.34).akiésbf 16S
rRNA in ten plasma-free blood samples stored in 50% glycerol for 311 days was edgptre
original samples processed on the day of collection. The mean percent diffdrange
between fresh and frozen was 32.1% (19.8,44.5); however, this difference was rimiadifatis
significant (P = 0.27).

The duplex gRT-PCR assay determined the prevalen&enadrginale to be 37.6% in
field samples; howeveA. phagocytophilumwas not detected (Table 4). The prevalence
determined by the cELISA was 26.1%. TAghagocytophilum simplex gRT-PCR assay was
performed on a total of fourteen samples that were cELISA+/RT-PCR- (4) raatwhnby
selected samples (10). Likewige,phagocytophilumwas not detected in these fourteen samples.
The sensitivity and specificity of the cELISA for detectgnarginale was evaluated by the
disease status of these cattle determined by the duplex RT-PCR assaymiiagive sensitivity
and specificity of the cELISA was 65.2% (55.3,75.1) and 97.3% (94.7,99.9), respectively. The
cumulative agreement between the cELISA and duplex gRT-PCR assay was 0.655 (0.542,0.788).

One- and two-way R.O.C. curves were constructed to evaluate the % inhibition of
CELISA negative cut-off values for the detectionfomarginale based upon RT-PCR assay
results (Figures 2a and 2b). A one-way R.O.C. curve determined the optimal negjatitfe c
value to be 20% inhibition. For a 20% inhibition negative cut-off value, the sensindty
specificity of the cELISA was 73 and 91.2%, respectively. A 15.3% inhibition wasrdeést to
be the optimal negative cut-off value by

intersection of the plots for sensitivity and specificity in a two-way R.@u@ze. For a
15.3% inhibition negative cut-off value, the sensitivity and specificity oEEHdSA was 74.2
and 81.2%, respectively. The negative cut-off values recommended by the Ru@eCaralyses
enhanced the sensitivity of the CELISA by 7.8-9% while adversely affetingpiecificity by
6.1-16.1%.
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Discussion

Real-time RT-PCR methods that combine reverse-transcriptase, PCRtchamd
fluorescent probe detection of amplified product have greatly enhanced ttyetahilagnose
disease. This study has described the development of real-time qRT-8R fas the detection
of A. marginale andA. phagocytophilum alone or in combination. Duplex methods have been
described for the simultaneous detectiodaharginale-A. centrale andA. phagocytophilum-
Borrelia burgdorferi (Courtney et al., 2004; Decaro et al., 2008) our knowledge, this is the
first study to describe a duplex method for the diagnosés warginale andA.
phagocytophilum from the same sample.

The selection of an appropriate target for the accurate and precise diaduistase
was critical for the development of these anaplasmosis diagnostic methodelé&dt®n of
thel6S rRNA gene segments enhanced the analytical sensitivity of thelasgayhe high ratio
of 16S rRNA:16S DNA. Furthermore, the extraction of RNA from a plasma-free béoopls
ensured the maximum number of cells in a geGample were available for analysis. These
real-time assays combined the sensitivity and specificity of conventiwthbds without the
risk of environment contamination with amplified product. Furthermore, the analy&ss of
samples can occur in less than 6 hours from the start of RNA extraction to aratygiston
by the real-time system.

Numerous real-time assays have been developed for the deteciomawfjinale.
However, key differences exist among these assays and the method describd&ainpéez
assays that target the DNA gene sequences encoding for a major swifeice(ptSP1b) and
groEL of A. marginale have been described (Carelli et al., 2007; Decaro et al., 2008). The high
analytical sensitivity of both methods provided for the detection of 10 DNA copies or 10
infective A. marginale bacteria; however, our gRT-PCR methods were able to detect as few as
100 copies of 16S rRNA that is equivalent to the minimum infective unit of a g\ngle
marginale bacterium. Similarity was observed in selection of the fluoresecent probe) (&#d
guencher molecule (BHQ) during TagMan probe development for the assay dejeaiihg
(Decaro et al., 2008) and our assay.

The detection oA. phagocytophilum by multiplex real-time methods has recently been
limited to the diagnosis of disease in humans and canines (Courtney et al., 200é08yrignd
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Ganta, 2005). However, a simplex assay was described in cattle for defecting
phagocytophilum (Pusterla et al., 1999). Similarities exist due to the use TagMan probes in the
development of the assays; nevertheless, the assay described in 1999 by Pattdifeees by

the improved analytical sensitivity of the assay by detecting as feamd6S rRNA molecules.
The significance of this enhanced sensitivity is unknown due to the current lack of indorma
regarding the ratio of 16S rRNA:16S DNA Af phagocytophilum.

The correct classification of disease status is important for the oo ext
epidemiologic information and improvement of free-trade policy between endedita-
endemic countries. The development of a real-time method for the detecfiomarginale and
A. phagocytophilumwas influenced by the insufficient specificity of the cELISA due to cross-
reactivity among closely relatéthaplasma spp. (Bradway et al., 2001; Dreher et al., 2005; Strik
et al., 2007). Furthermor#, centrale was not selected due to vaccination with this spp. not
occuring in the United States. Our method described the capability of dgtastiew as one
hundred 16S rRNA molecules of these samples in the same reaction tube. Due to these
Anaplasma spp. infecting different types of blood cells, the ability to only detect non-equivale
molar concentrations up to 10-fold may be problematic (Courtney et al., 2004; Sinygmredid
Ganta, 2005). However, this could not be accurately assessed during this studyelTdfe le
detection of non-equivalent molar concentrations may have been due to competitioctian rea
components. This may be a result of unequal TagMan probe concentrations and the enhanced
processivity of thé\. marginale probe due to its shorter length by 7 bases. However, a simplex
assay for the detection af phagocytophilum has been described and applied in this study for
the screening of samples whose duplex results did not agree with that of tBAdBirigireddy
and Ganta, 2005).

The simplex and duplex assays could serve as effective diagnostic tools for the
epidemiologic study of\.. phagocytophilum. Even though anaplasmosis caused by A
phagocytophilum has been identified as an economically important disease (Hoar et al., 2008;
Pusterla and Braun, 1997; Pusterla et al., 1997), the prevalence of this pathogenimthattle
United States is unknown (Hoar et al., 2008). Furthermore, the zoonotic poteAtial of
phagocytophilum, also known as human granulocytic ehrlichiosis, lends cattle to the role of
sentinel animals for monitoring the spread of this anaplasmosis disease forenttemic to
non-endemic regions.
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Cattle that recover from acute anaplasmosis caus@drbgrginale commonly develop
persistent infections characterized by a cyclic rickettsemia ok weervals (Eriks et al.,

1989). The ability to quantify the genetic template by regression anafytkis Ct value reported
by the real-time simplex and duplex assays can further supplement thefstydic
rickettsemias. This is further substantiated by the findings of our study oftre natio of 16S
rRNA:16S DNA being 117.9 (100.7,135.2):1. Therefore, the numb&rmérginale would be
equitable to one bacterium per 118 molecules of 16S rRNA detected. Furthermerejafieiot

a significant difference in 16S DNA contamination of 16S rRNA-extracted sanspmpared to
genomic 16S DNA-extracted samples (P = 0.34). This would allow for the monitoring of 16S
rRNA:16S DNA in the same 16S rRNA-extracted sample by substituting eetrarsscriptase
with tag polymerase in the optimized reaction mixtures as described (Table 2).

The evaluation of the cELISA as a diagnostic tool by the results of the duplex@QRT-P
assay may be controversial because this qRT-PCR is not a gold standard tegerHmuve
group has previously demonstrated 100% sensitivity and specificity of the gRT-R@&dme
described here in cattle with experimeftaimarginale infections (Reinbold et al., 2009a) and
carrier cattle chemosterilized with tetracycline antimicrobigksiibold et al., 2009b). In these
studies A. marginale infection status was confirmed using the gold standarecspheized
calves. Furthermore, the approach to validation described in this study was sirttile
interpretation of in-house data by a nested PCR that was submitted to the Unidéed Sta
Department of Agriculture in support of licensure of the cELISA by Veterineedical
Research & Development, Inc. (Torioni de Echaide et al., 1998; VMRD-2). Ingheties, the
sensitivity and specificity of the cELISA was reported at 95% and 98%, regbgcHowever,
the OIE does not recommend the use of this nested PCR due to the potential for non-specific
amplification (OIE, 2009). Non-specific amplification is not a disadvantage offiisPCR
assay.

It is noteworthy that the sensitivity and specificity of the cELISA nveealuated by the
duplex real-time gRT-PCR assay was 65.2% (55.3, 75.1) and 97.3% (94.7, 99.9), respectively. A
similar number of cattle were screened in our study and the cELISA lieestsualy at 237 and
235 cows, respectively. The difference in disease prevalence betweemdyuarsd the licensure
study was 37.6 and 64.3%, respectively. The measure of agreainesit(lated in the
licensure study was 0.91, whereasas only 0.655 (0.542, 0.788) in our study. Furthermore, the
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licensure study used a negative cut-off value set at 28% inhibition. Intordelnieve similar
sensitivity results, the % inhibition used as the negative cut-off value inumlyr\sbuld have
needed to be set at 40%. When referring to the two-way R.O.C. curve constructedar2bjgur
100% sensitivity was achieved at a % inhibition of 40%. However, the specifititis &0
inhibition was approximately 60%. The one-and two-way R.O.C. curves constructethé&om
results of this study (Figures 2a and 2b) determined the optimal negative caluef to be set
at 20% inhibition and 15.3% inhibition, respectively.

In conclusion, a highly sensitive and specific duplex real-time gRT-PCR asasay
developed for the detection of as few as100 copies of 16S rRNA molecélesariginale and
A. phagocytophilumin the same reaction. The ability of this assay to correctly identify the
disease status of cattle is critical for the development of anaplasmesisadtontrol programs.
Furthermore, the correct classification of anaplasmosis dise&se [ti@r to export may prove
to be an important tool for improving free-trade of cattle between endemic andademie
countries and regions. Finally, this novel, duplex assay may improve epidemiologes stuidi

anaplasmosis in cattle populations of unknown disease status.
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Figures and Tables

Figure 2.1 Target detection sensitivity and linearity with RNA concentrabn for the

simplex and duplex assays. Serial 10-fold dilutions o vitro transcripts were made from

positive control plasmids to optimize the gRT-PCR assays. The average Ctwas from

three independent experiments were plotted against the log number dRNA molecules for

optimized simplex assays detecting (@§naplasma marginale and (b) Anaplasma

phagocytophilum. Equivalent molar concentrations ofin vitro transcripts were used to

optimize a real-time duplex gRT-PCR assay (c) from the average Ct value$ three

independent experiments plotted against the log number &. marginale (white squares)

and A. phagocytophilum (white diamonds) RNA molecules. The fluorescent emission from

serial dilution templates for A. marginale and A. phagocytophilum are shown in the inset

graphs of (a) and (b), respectively.
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Figure 2.2 Determination of the optimal negative cut-off value of the cELISAhrough the
construction of R.O.C. curves. (a) A one-way R.O.C. curve was constructed by glog the
true positive rate (sensitivity) by the true negative rate (1-specdity). The corresponding
% inhibition is recorded adjacent to each data point. The recommendedagative cut-off
value for the one-way R.O.C. is represented as the data point located near thepep left
portion of the graph (20%) (b) A two-way R.O.C. curve was constructed by plottig the
sensitivity (black squares) and specificity (black diamonds) of the ¢ESA by the
corresponding % inhibition. The recommended negative cut-off value fothe two-way

R.O.C. is represented by the intersection of the sensitivity and spkcity plots (15.3%).
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Table 2.1 TagMan primers and probes used in the development of the singpland duplex molecular assays.

TagMan Primers/Probés Base Sequence Length Tm (°C)
Anaplasma forward primer 5'- CTCAGAACGAACGCTGG -3 17 53.3
Anaplasma reverse primer 5- CATTTCTAGTGGCTATCCC -3’ 19 49.7
A. marginale probe 5'- /56-FAM/CGCAGCTTGCTGCGTGTATGGT/3BHQ 1/ -3' 22 62.8
A. phagocytophilum probe 5'- /5TexRd-XN/TTGCTATAAAGAATAATTAGTGGCAGACG/3BHQ 2 -3° 29 55.4

"Primers and probes were synthesized by Integratétl Dechnologies Inc.; Coralville, IABase sequences are recorded with reporter and
quencher molecule$m = melting temperature in 50mM NacCl.
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Table 2.2 RT-PCR assay reaction components for each of the simplex and teypassays.

Simplex RT-PCR assay

Component A. marginale A. phagocytophilum Duplex RT-PCR assay
MgSO, 187.5 nmol 187.5 nmol 187.5 nmol
each dNTP 5 pmol 5 pmol 5 pmol
Anaplasma forward primer 10 pmol 10 pmol 10 pmol
Anaplasma reverse primer 10 pmol 10 pmol 10 pmol
A. marginale probe 11.3 pmol — 11.3 pmol
A. phagocytophilum probe — 9.4 pmol 9.4 pmol

Each 25 pL RT-PCR reaction mixture consisted ofiR®f master mix from a kit (SuperScript 11l
Platinum One-step Quantitative RT-PCR System, ftagin Corporation; Carlsbad, CA ), 8U of a
ribonuclease inhibitor (Recombinant RNAsin, Prom€&gaporation; Madison, WI), and 2 pL of
template. DNA contamination of RNA samples was sss@é by replacing reverse transcriptase
(Superscript lll Reverse Transcriptase) with 2Uaaf polymerase (Platinum Tag DNA Polymerase,
Invitrogen Corporation; Carlsbad, CA ).
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Table 2.3 RT-PCR assay optimization criteria results and regression egtions for the quantification of template in a 25 pL

reaction.

Assay Regression equation Correlation Coefficient (B Eﬁ'((f)'/f)ncy
Simplex- Anaplasma marginale y =-3.4324x + 40.38 0.9973 95.59
Simplex- Anaplasma y = -3.532x + 41.815 0.9986 91.92
phagocytophilum
Diplex
A. marginale y =-3.5014x + 40.744 0.9950 93.02
A. phagocytophilum y =-3.5571x + 41.392 0.9965 91.04

For the regression equation, y is the reportedalitevand x is the number of template molecules.

Efficiency = -1+10(-1/slope)
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Table 2.4 Comparison of diagnostic method results during the screening oélid samples forAnaplasma marginale infection.

Location: Northeast Kansas Location: Southeassian Cumulative
RT-PCR+ RT-PCR - RT-PCR + RT-PCR - RT-PCRRT-PCR -
CELISA + 15 | 1 CELISA + 43 | 3 CELISA + 58 | 4
CELISA - 11 | 37 CELISA - 20 | 107 CELISA - 31 | 144

CELISA sensitivity: 57.7% (38.7,76.7) CELISA sensitivity: 68.3% (56.8,79.7) CELISA sensitivity: 65.2% (55.3,75.1)
CELISA specificity: 97.4% (92.3,100) CELISA specificity: 97% (93.7,100) CELISA specificity: 97.3% (94.7,99.9)
Agreementk): 0.586 (0.356,0.816) Agreementk): 0.695 (0.55,0.841) Agreementk): 0.655 (0.542,0.788)

A « result where 0 « < 0.4, 0.4 <« < 0.75, andk > 0.75 indicates poor, good, and excellent repeuility, respectively.
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CHAPTER 3 - Comparison of iatrogenicAnaplasma marginale

transmission by needle and needle-free injection¢bniques

Accepted for publication in th&merican Journal of Veterinary Research (September 2009);
Reinbold, J.B., Coetzee, J.F., Hollis, L.C., Nickell, J.S., Riegel, C., Christopherdju®anta,
R.R., 2009b. Comparison of iatroge®icaplasma marginale transmission by needle and needle-
free injection technique&m J Vet Res (Provisional Acceptance: AJVR-09-07-0279).

Introduction

Anaplasmosis, caused Byaplasma marginale, is one of the most prevalent tick-
transmitted, rickettsial diseases of cattle worldwide (Dumlek,e2@01; Kocan et al., 2003;
Uilenberg, 1995). The Office International des Epizooties (OIE) Animalthi€alde categorizes
anaplasmosis as a notifiable disease due to socioeconomic impact and intermatenal
restrictions (OIE, 2009). However, the significance of anaplasmosis is téguederestimated
compared with other diseases due to seasonal outbreaks and stability in endeniiRoayes
and Shiels, 1979). Clinical disease symptoms in acutely-infected, adult weltilde, but are not
limited to, anemia, fever, icterus, lethargy, and death (Radostits et al., 20009vbtobortion,
high mortality, reduced milk production, extensive treatment costs, and weasgldre key
economic considerations of this disease. In 2003, anaplasmosis was estimatedé&oldosed
States cattle industry over $300 million per year (Kocan et al., 2003).

Historically, vaccination has been used to modulate disease severity.drcsantries,
naive cattle are inoculated intravenously with bovine blood infectedAnéplasma centrale for
reducing disease morbidity prior to infection withmarginale (Kocan et al., 2003). However,
this strategy is not used or recommended in the United States due to the doteinéinkfer of
other blood-borne pathogens and production of erythrocytic isoantibodies (Dennis et al., 1970).
A killed vaccine was previously available for use in cattle in the UnitedsStaiit is currently
available under special permission only (Luther, 1999).

Cattle infected with anaplasmosis following natural infection and vaccinattbrive
Anaplasma spp. remain lifelong carriers despite tetracycline therapy (Ceettal., 2006;
Coetzee et al., 2005; Lincoln et al., 1982; Rogers and Shiels, 1979; Wilson et al., 197&s Carri
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are responsible for horizontal, iatrogenic, and vertical transmission of anaplasmnaive

cattle by providing a reservoir of infective blood for biological, mechanicaliramtero

infection (Eriks et al., 1989; Futse et al., 2003; Norton et al., 1983; Potgieter and van Rensburg,
1987; Reeves and Swift, 1977; Zaugg, 1985; Zaugg and Kuttler, 1984).

Appropriately-timed application of insecticides is recommended for redbedhapical
transmission by haematophagous arthropods (De Wall, 2000; Peter et al., 2005; Radugsiez-
et al., 2004). Due to the lack of significant success with treatment strategieme availability,
and problematic vector control, anaplasmosis control strategies should prcoadggntrate on
established methods for disease prevention.

Anaplasmosis transmission has been documented during routine animal husbandry
practices (Reeves and Swift, 1977; Rodriguez-Vivas et al., 2004). Disease ipresgategies
associated with vaccination have been considered impractical, uneconomicgiateatilly
deleterious to the success of the procedure (Andrews and Lamport, 1985; Makoschesrand Be
2004). In a survey of fifty-five large animal veterinary practices, 32% did rnbiaexie
hypodermic needles between each cow (Anderson and Silviera, 2008).

Needle-free injection, which uses a pneumatic-powered system to delicaresavas
used by the United States military to vaccinate recruits following WorldIWMseedle-free
injection techniques have proven to be efficacious for the delivery of vaccineter(ldatlis et
al., 2005; Huang et al., 2005; Manoj et al., 2004). However, research has suggested the potentia
for blood product transfer during the use of needle-free injectors for consecldnteing
(Sweat et al., 2000). The purposes of this study are to compare iatrogenic samsofis.
marginale during simulated vaccination between needle-free and conventional needle injection
techniques and diagnostic method performance of light microscopy, competitsg E
(cELISA), and arA. marginale-specific Reverse transcriptase-polymerase chain reaction (RT-
PCR) assay.

Materials and Methods

Animals
This study was approved by the Kansas State University (KSU) Irati@alithnimal Care
and Use Committee (protocol #2517) and Institutional Biosafety Committee (protocol #524)
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Twenty-six preconditioned, clinically healthy Holstein steers were psechitom the KSU

Dairy Teaching and Research Center in Manhattan, KS. The mearstagedard deviation was
172.2 +27.5 days at the time of study. All steers were prescreened faX. amdr-ginale

antibodies with a commercially available cELISA (Anaplasma Antiboeist Kit, CELISA,

VMRD Inc.; Pullman, WA), as well as a novel RT-PCR for detecting a 16S rimdoNA

subunit (16S rRNA) oA. marginale (Coetzee et al., 2007; OIE, 2009; Torioni de Echaide et al.,
1998; VMRD). Pre-study negative disease status was determined though irtierpoéta

CELISA and RT-PCR assay results in series (Dohoo | et al., 2007).

Housing and husbandry

Steers were blocked by body weight and randomized to one of three treatment @joups:
needle injection (ND, n=10), (2) needle-free injection (NF, n=10), and (3) a non-ihgeritol
group (CONT, n=5). Steers were individually housed in a biolevel-2 (BL-2) Jafatyy at the
KSU Animal Research Facility. An insecticide (Ultra Boss, Scherioggtl; Summit, NJ) was
applied upon entry into the BL-2 facility as recommended by the manufacturefsAabtal
mixed ration (TMR) diet was fed at 2.5% of bodyweight (as fed) divided into twilye da
feedings. Monensin (80 g/ton) was the only antimicrobial included in the TMR. Water wa
suppliedad libitum. When handling was necessary, steers were individually restrained with a
rope halter. Steers did not receive any antimicrobials that would poteniialtiere withA.
marginale disease transmission beginning 30 days prior to study initiation and continuing
throughout the remainder of the study; furthermore, no procedure was permittedstinat wa

outlined in the experimental design.

Splenectomy protocol and procedure

One steer was splenectomized and used to propagate a Virginia iséateaoginale. A
hand-assisted, laparoscopic procedure was used to splenectomize thigisfeerth® steer was
placed in right lateral recumbency after sedation was achieved by anusttdar injection of
xylazine (0.1 mg/kg), ketamine (0.1 mg/kg), and butorphanol (0.05 mg/kg). Following a loca
infusion of lidocaine hydrochloride (2%), a six centimeter paracostaloncrgas made centered
over the costochondral arch and approximately three centimeters caudal tadbkattnrib. A
hand was placed through this hand-assist incision and used to bluntly dissect away the

connective tissue between the spleen and the rumen until the splenic hilus was. i8olate
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laparoscopic stapler, functioning as a ligating, dividing and stapling devix®)(lkas placed
through the left flank via a 1.5 cm incision. The intra-abdominal hand was used to gui@Sthe L
unit around the vascular pedicle to apply two staples around the hilus. The spleen was then
divided free from the rumen. The spleen was removed via the hand-assist incisinoisflhs
were closed by a routine, three layer closure. Post-operative analgssmowvided with an
intravenous injection of flunixin meglumine (1 mg/kg). Procaine penicillin G (10,000 Iw&g)
administered intramuscularly for three days peri-operatively. Skin suiteee removed

fourteen days after surgery.

I noculation and monitoring of splenectomized steer

A tick transmissible Virginia isolate &. marginale was collected from an infected cow
and provided by Dr. Katherine Kocan, Oklahoma State University; Stillwater, QI fdlly
characterized isolate (1978) was secured by Dr. Kocan from the United [3¢a&$ment of
Agriculture Animal Parasitology Institute, Beltsville, MD (de la Fueeital., 2003). The blood
sample was treated with a heparin anticoagulant and prepared for overniglargtoprice to
KSU.

Five milliliters of heparinized whole blood sample was used for subinoculation of the
splenectomized steer (referred to hereafter as SPS) intravenouslysightiteday
postoperatively. The SPS was monitored daily for clinical signs of anaplasimotiding
anorexia, lethargy, and fever. Whole blood samples were collected and imhggaigpared for
percent parasitized erythrocyte count (PPE) and packed cell volume (PCM)idat®n.

Blood film preparation and PPE determination

Blood films were stained with an automated unit (Hema-Tek, Ames Companyrt:lkha
IN) using a Modified Wright stain (Kutaish, 1982; Teerasaksilp et al., 2005). The number o
parasitized erythrocytes was determined using a Miller re(RRiey et al., 2001). The Miller
reticle (Miller reticle, Klarmann Rulings, Inc.; Litchfield, NH) aslarge square inset with an
additional square that is one-tenth the size of the large square. All padasiiiterocytes in the
large square were counted; however, only the erythrocytes present in the sallengere
counted. The number of parasitized erythrocytes and non-parasitized erythmwesgeecorded
separately. A total of 1,000 erythrocytes were counted. The PPE wastealdyadhe following

64



equation which was modified from an equation for measuring the percent of rgtiealaader
similar conditions (Riley et al., 2001):
PPE (%) = [(total parasitized erythrocytes in the larger square)at égthrocytes in the

smaller square x 9)] x 100

Measurement of PCV

The PCV was determined by partially filling no-additive capillary tubesiato-Clad
Plain, Drummond Scientific Company; Broomall, PA) with blood followed by cemgjaifion
at12,600 X g for ten minutes (Coetzee et al., 2007). The PCV was then determinedunngeas
(Critocaps Micro-Hematocrit Capillary Tube Reader, McCormickr8iie; Saint Louis, MO)

the height of the red blood cell portion in comparison to the total column height.

Serum collection and cELISA

A commercial cELISA (Anaplasma Antibody Test Kit, CELISA, VMR InPullman,
WA) was used in accordance with the method described by the OIE and recommended by the
manufacturer (OIE, 2009; VMRD). The optical density (OD) of each well wasured by use
of an ELISA plate reader at a wavelength of 620 nm. The % inhibition (% |) of eagileswas
calculated by use of the following equation:

% inhibition = 100 — [(sample OD X 100) /mean OD of negative control sample]

Reports with an inhibition of < 30% were recorded as negative results, wheeds that were
> 30% were recorded as positive (OIE, 2009; Strik et al., 2007; VMRD).

RNA extraction and RT-PCR assay

Extraction of RNA from a plasma-free whole blood sample occurred accordimg to t
manufacturer's recommendations of a commercially available productR@&jent, Sigma-
Aldrich; Saint Louis, MO) with the following procedure specifications. Byjgflasma was
separated by centrifuging vacutainer tubes at 2,750 X g at 4° C for five minasasaRlas
removed by a single use pipette while ensuring not to remove the buffy coat anmbaededl
fraction. Two hundred microliters of plasma-free blood was transferred toracemtrifuge
tube. One milliliter of a monophase solution of guanidine thiocyanate and phenol was added to
lyse the blood cells followed by vigorous vortexing. The solution then stood for ten minutes.

Two hundred microliters of chloroform was added followed by vortexing vigorousfiftien

65



seconds. The solution then stood for ten minutes prior to centrifuging at 12,000 x g for fiftee
minutes at 4°C. The colorless, upper, aqueous phase of the solution was transferred to a new
tube. Five hundred microliters of 2-propanol was added to each tube and mixed by vortexing
briefly. The solution then stood for 10 minutes prior to centrifuging at 12,000 x g for tereminut
at 4°C. The supernatant was poured off and the pellet washed with 1mL of 75% ethanol. Next,
the sample was vortexed briefly prior to centrifuging at 12,000 x g for five nsiati¢°C. The
supernatant was poured off and allow to air dry. The RNA pellet was resolubiltheB0mL of
nuclease free water. Samples were stored in a -80°C freezer until abgl{&T-PCR.

A simplex, real-time gRT-PCR assay was developed for the identificatib®SofRNA
of A. marginale using previously designed forward and reverse primers and a TagMan probe
designed as a part of this study (Sirigireddy and Ganta, 2005). The forwarderse @imer
sequences (Integrated DNA Technologies Inc.; Coralville, IA) were 5
CTCAGAACGAACGCTGG-3and B-CATTTCTAGTGGCTATCCC-3 respectively. The
TagMan probe sequence (Integrated DNA Technologies Inc.; Corald)leyds 5'-/56-
FAM/CGCAGCTTGCTGCGTGTATGGT/3BHQ_1/-3'. A commercially avadile, 23uL RT-

PCR assay mixture (SuperScript Il Reverse Transcriptase, lgertrGorporation; Carlsbad,
CA) included 10 pmol of each of the TagMan forward and reverse primers; 5 pmol of each
dNTP; 187.5 nmol of MgS£ 11.3 pmol ofA. marginale probe; and 8U of ribonuclease inhibitor
(Recombinant RNAsin, Promega Corporation; Madison, WI). Two microliters of ééenkere
added for a 2L final volume. The temperature cycles used for the RT-PCR assayamere:
initial complementary DNA generation cycle at 48°C for 30 minutes, 3 minutes af@ib\@ed
by 45 cycles of 94°C for 15 seconds, 50°C for 30 seconds, and 60°C for 60 seconds.

An invitro transcript ofA. marginale plasmid DNA was prepared for use in the RT-PCR
assay development. Three micrograms of plasmid DNA were digested witsthetion
enzymeSpel. Spel-digested plasmid DNA was used to generate recombinant transcripts with a
T7 RNA polymerase as outlined in the kit protocol (T7 MEGAscript High-Yiekh3cription
Kit, Ambion Inc.; Austin, TX). Ten-fold serial dilutions (ranging from 1 billi@ahdne molecule)
of thein vitro transcript were analyzed in triplicate to optimize the assay in a conathe
available real-time quantitative polymerase chain reaction (qPCRnsySmartCyicer Il,
Cepheid; Sunnyvale, CA). The RT-PCR product formation was monitored in realytime b
measuring the emitted fluorescence in the extension phase of the PCRaytlethe real-time
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PCR system. A reaction was qualified as positive for the presence of a teemipdat it detects
seven fluorescent units for the emission channel of the fluorescent probe. The RCR cyc
which fluorescence occurs, which is dependent on the concentration of the template in the
reaction, was regarded as the cycle threshold (Ct) value.|h Bfactions assembled with
template from the ten-fold serial dilutions, the standard curve of the asggglrfom 100 to 1
billion molecules (Figure 3.1). Linear regression was used to quantify the nafrl&S rRNA
template molecules in the 2k reaction based upon the corresponding Ct value with the
following equation:

y=-3.4324& + 40.38
where y is the reported Ct value and x is the number of template moleculesriEhation
coefficient (R) for the regression equation was 0.9973. The efficiency of the RT-PCR assay was
95.6% (Ginzinger, 2002). Samples from a knddvmarginale carrier and a naive cow were
extracted and analyzed simultaneously for monitoring assay performahqaadity of the

rRNA extraction technique.

I njection system preparation and simulated vaccination

The needle-free injection system (Pulse 250 Needle-free Injectiom§ystéon
International, Lenexa, KS) was primed with a 1L bag of sterile saliné@ol(0.9% NaCl, B.
Braun Medical Inc.; Irvine, CA) according to the manufacturers recomatiens. The
pneumatic pressure was metered to 80 psi for delivery of 2 mL of saline intraamnlysicutattle
weighing < 227.3 kg. Similarly, a multi-dose syringe (Ideal InstrumemtsSRot 50cc Pistol
Grip Syringe, Durvet Inc. Animal Health Products; Blue Springs, MO) wesgped with a 50
mL aliquot of saline acquired from the 1L bag previously described. The syragétigd with
a single use, 1.7 X 25 mm hypodermic needle (Beckton Dickinson and Company; Franklin
Lakes, NJ) and preset to deliver a 2 mL injection.

The transmission study initiated when a PPE of 2.0% developed in the SPS. For the
provision of preemptive analgesia due to receiving multiple injections, the SPS wa
premedicated with an intravenous injection of flunixin meglumine (1 mg/kggfiftninutes
prior to restraint. A halter was used to extend and secure the head of the SB%dmmpof
lateral exposure of the neck. Ten, naive steers previously randomized to thatNi2mtegroup

were individually restrained adjacent to the SPS. A sham vaccination with 2 rdrilef saline
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(0.9% NaCl) was delivered intramuscularly into the left lateral cervicakcie of the SPS with
the hypodermic needle fitted to the multi-dose syringe. The same needigiagd were then
utilized within sixty seconds to vaccinate a naive steer from the ND gndbp ipsilateral
muscles of the neck as the SPS. This two step procedure was repeated untietsteass in the
ND treatment group were sham vaccinated ipsilaterally by needleanjeSimilarly, the
contralateral (left) cervical muscles of the SPS were injected withetbe!e-free injection
system for the ten naive calves in the NF treatment group. Briefly, thethtip néedle-free
injection system apparatus was placed against the hide of the SPS. Thauappasagitated in
a circular motion to clear hair from between the apparatus and the epidermisl, Mamwnavard
pressure was used to engage and ready the apparatus for injection. Finally, tibe tnigger
was depressed for release of the saline injection. This process was ireiyed@tated on a NF
steer. This multi-stage procedure was repeated until ten naive steerblintteatment group
were sham vaccinated ipsilaterally by needle-free injection. Rives in the CONT treatment
group served as non-injected, sentinel steers. No injection site was desinfectwas any
injection apparatus exchanged or disinfected during either procedure. Ortergperf@rmed
the injections for each system used.

Steers were monitored daily for signs of illness. Disease status was o iskoni-
weekly throughout a 61 day study period by light microscopy, cELISA, and RRIeRC

previously described here within.

Agreement and Statistical analysis

Data were entered into a software package (Microsoft Excel 2007, Microsoft
Corporation; Redmond, WA) for subsequent calculations and manipulation. Geometric mean and
geometric coefficient of variation (Geo CV%) were calculated fa datjuired from responses
recorded from diagnostic test results. Diagnostic test results wereoaigerted to a binary
format (0O = negative, 1 = positive). Sensitivity and specificity with 95% dente intervals
were calculated for light microscopy, cELISA, and RT-PCR for eaadh pioint (n = 25).

Agreement between diagnostic results of each semi-weekly samplingsgasetsby
calculating a Kappa statistig)(statistic (Le, 2003). Results were compared using a software
program (WinEpiscope 2.0, CLIVE; Edinburgh UK) in a 2 X 2 contingency table to atdeul

with the following equations:
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EP =[(a+b)/n - (a+c)/n] + [(c+d)/n - (b+d)/n]

k = [(a+d)/n — EP] (1-EP)
where EP is the expected proportion of equal outcomes according to chance;{d&#el)sthe
observed proportion of equal outcomes beyond chance; and 1-EP is the maximal proportion of
agreement not due to chance. kh&atistic measures the agreement between tests on a scale
from O to 1. A calculated result, where 0 « < 0.4, indicates poor reproducibility. Good and
excellent reproducibility is indicated when 0.4 < 0.75 anck > 0.75, respectively. Whan
could not be determined because of a lack of concordant results in 2 or more 2 X 2 cells, an
overall proportion of agreement was calculated by dividing the sum of concagtarggults by
the number of samples tested (Le, 2003).

The association between disease outcome and the three diagnosticégstiegs was
analyzed by generalized linear mixed models and generalized estiegtiagons (PROC
Glimmix and PROC Genmod, SAS version 9.1, SAS Institute, Inc.; Cary, NC). Prefiesda
were employed to take into account the lack of independence among repeatediobseaitte
same animal over time. A semi-parametric survival analysis (Stata \&t@t&;Corp LP, College
Station, TX) was performed to take into account the time variable of when epebties
diagnostic test first detectéd marginale. A Kaplan-Meier survival analysis (non-parametric)
(Stata v10.1; Stata Corp LP, College Station, TX) was performed on the raw datagdipéect
amount of time elapsed post-injection prior to positive outcomes for each of the stireg te
regimens. An alpha level of 0.05 was observed throughout the study for evaluatingadtatist

significant differences.

Results

Prior to enroliment in the study, all steers were confirmed negative dpiaamosis with
the cELISA and a’\. marginale-specific RT-PCR assay. No adverse reaction due to surgery was
observed in the SPS. The SPS was subinoculated with 5 mL of a heparinized whole blood
sample that had a parasitemia of 8.1% and PCV of 30%; however, rRNA molecule count was not
determined in the inoculum used due to heparinization of the collected sample.

The time elapsed from the subinoculation of the SPS to the development of a PPE equal
to 2% was thirty-four days. The PPE, PCV and number of 16S rRNA molecules were 2%, 23%

and 8.9 x1Bupon study initiation, respectively. No adverse reactions were observed due to
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injection method used. Currently, there are no indications suggesting the use of flunixin
meglumine neither predisposes cattle to clotting disorders nor were any sysitatoms noted
after administration. The SPS was euthanized forty-five days after sul@tiooudue to
anorexia, lethargy, and pyrexia; however, no other steer was removed from yhe stud

Upon study completion, 60% of the steers in the ND treatment group were positive for
the bovine anaplasmosis pathog&nmarginale, based upon the results of CELISA, light
microscopy and RT-PCR. The order of injection of steers infected in the NDiér@agroup
was first, second, fourth, sixth, seventh, and tenth. All steers in the NF and CONT groups
remained negative for anaplasmosis throughout the study. A significant mierethe number
of steers infected witA. marginale occurred between ND and NF treatments (P < 0.05) as well
as ND and CONT (P < 0.05).

The predicted model-adjusted probability of becoming infected when comparing ND t
NF and ND to CONT was 0.66:16 and 0.65 9.18, respectively. Since all cattle in the NF and
CONT treatment groups remained negativA.toarginale, the model-adjusted probabilities of
testing positive foA. marginale was zero. The odds of becoming infected witimarginale due
to ND treatment were 44.6 (19.5,101.8) times (P < 0.05) more likely than NF and CONT.

The RT-PCR assay identified 120 molecules of 16S rRNA (Table 3.1) in one infected
steer as early as 9 days post-injection (DPI) (Figure 3.2). The sdpsifithe RT-PCR assay
was consistent in identifying steers infected whtimarginale in successive samplings. The peak
sensitivity (100%) of the RT-PCR assay occurred at 20 DPI and sustainechtbioDél. The
peak number of 16S rRNA molecules recovered from256f plasma-free, whole blood (1.6 X
10%) occurred at 41 DPI. Positive assay results did not occur for the CONT and NF githups
the RT-PCR assay.

The cELISA identified one positive steer at 13 DPI (Figure 3.2); howevertiggnsif
CELISA was observed to be inconsistent during the four successive samplings.didisfeer
was identified by the cELISA at 16 DPI. The steer identified at 20 DPI was nioféleted steer
identified at 13 DPI. The cELISA did not demonstrate consistent sensitivity untiP84TDe
peak sensitivity (100%) of the cELISA occurred at 41 DPI and sustained througHh.6Ih3P
coincided with the peak number of 16S rRNA molecules identified by the RT-P@Rass a
decreasing PCV (Table 3.1).
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The PPE determination through examination of stained blood smears by light opgrosc
identified one infected steer as early as day 16; however, this steer wassistently identified
until day 34. Interestingly, the peak sensitivity of light microscopy (41 Béifjcided with the
peak sensitivity of CELISA, peak in rRNA molecules identified with RT-PCid,the decline in
PCV (Table 3.1). Furthermore, the odds of testing positivA.forarginale infection using light
microscopy are only 0.5 times (P < 0.05) as likely as cELISA.

A comparison was prepared to illustrate the variability of diagnostic methaxtrparice
and agreement during the peracute, acute, and chronic stages of infection @jaBleritivity
was inadequate among all methods during the peracute phase post-injection. How&€R,RT-
CELISA and light microscopy detected an infected steer on days 9, 13 and 16 bstrinje
Peak sensitivity was recorded on days 20, 41, and 41 post-injection for RT-PCR, cELISA and
light microscopy, respectively. Diagnostic sensitivity was sustainetthéocELISA and RT-

PCR; however, sensitivity of light microscopy decreased to zero by day 5ihjeotibn. RT-

PCR was the only diagnostic method that maintained 100% specificity throughouicihe st
Poor specificity was demonstrated by the cELISA due to eight false passay results for
steers in the CONT and NF groups on days two (1), thirteen (2), sixteen (1y-threst (3),

and thirty (1) DPI. The % inhibition recorded for each of these false positiviésress between
30 and 40%. The odds of anmarginale infected steer testing positive with the RT-PCR assay
was 1.34 (P = 0.07) times more likely than with cELISA. Agreement was datzirbetween

the cELISA and RT-PCR (2 test) as well as the result of all three diagnositiods (3 test).
However, a proportion of concordance (0.76) was calculated on 0, 2 and 6 DPI due to a lack of
concordant results in 2 or more cells in the 2X2 contingency table. The sensitivipeaifeCisy

for each of these test days were 0% and 100%, respectively. Kappa was chfouldie
remainder of results occurring on 9 through 61 DPI. Perfect agreement daouday 41 when
making a 2 and 3 test comparison; however, an exceptional level of agreementywas onl
sustained through the remainder of the study when comparing the RT-PCR and cEL6SA. A
DPI, the 2 and 3 test agreement were 0.75 (0.53,0.97) and 1 (0.72,1.28), respectively.

The imprecision of diagnostic test results reported for the six steectenhf@ithA.
marginalein the ND group was calculated as the Geo CV% of the geometric mean (Tigble 3.
The Geo CV% for RT-PCR at peak sensitivity (20 DPI) was greaterd&fn(17%). However,
this estimate did not exceed 22% throughout the study once infected steerstaectesld€he

71



Geo CV% for light microscopy, cELISA and RT-PCR at 41 DPI, which corresponis to t
greatest three test agreement (1), were 68%, 43.2%, and 1.8%, respectively.eBhestmates
occurred at 48 DPI, 61 DPI and 44 DPI for light microscopy, cELISA, and RT-PCR respons
respectively.

Results from the semi-parametric survival analysis were expres$edard ratios.
Hazard ratios were interpreted similarly as odds ratios, assumed to beiprgpaner time and
represented the effect of a unit change in the predictor on the frequency of the dluieome
2003). The hazard ratio of cattle testing positivA.toarginale in the ND group by RT-PCR
when compared to cELISA and light microscopy was 1.15 (P = 0.06) and 1.58 (P < 0.05),
respectively. Likewise, the hazard ratio of cattle testing positive aarginale in the ND group
by cELISA when compared to RT-PCR and light microscopy was 0.74 (P=0.06) and 1.86
(P<0.05), respectively. Conversely, light microscopy was shown to be the kefstdifind
positive animals across the study period as the hazard ratio of cattlg pestitive toA.
marginale in comparison to RT-PCR and cELISA was 0.74 (P<0.05) and 0.81 (P<0.05),
respectively. A Kaplan-Meier survival analysis was performed on rawcdatparing the three
diagnostic regimens (Figure 3.3). At 0 DPI, the risk of infection is 1 for @istxposed.
However, this risk reduced over time as ghenarginale infected steers were identified.

Additionally, the semi-parametric survival analysis was also used ttéesignificance
of the injection sequence among the ND treatment group. Once the needle wasrairtl
post-exposure to the SPS, the steers that subsequently tested positiveafminale was the
first, second, fourth, sixth, seventh, and tenth animals in the ND group. The hazard ratio for the
sequence of injection (0.96; P>0.05) indicated the hazard of becoming poshiveainale
was the same across all animals in the ND treatment group. Thereforxuilace of injection
was not associated with testing positivé\tanarginale.

To further validate the results of the diagnostic methods, fifteen naive steerthé NF
and CONT groups were intravenously inoculated with five milliliters of whaedfrom one of
each of the six steers iatrogenically infected with the Virginia is@&A. marginale. All fifteen
steers became infected wihmarginale due to intravenous inoculation as determined by
interpretation of CELISA, light microscopy and RT-PCR results in seriesfolineemaining

steers were not challenged due to subsequent enrollment in a separate study.
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Discussion

Anaplasmosis presents many problems to the cattle industry due to compligatiions
disease control, eradication and treatment. When vaccinating cattle of unknoage ditsgus,
hygienic animal husbandry techniques are highly recommended. Although repegtiNe umse
among cattle is not suggested, this practice still occurs today. It maguseldhat a cattle
population with an endemic and stable disease prevalence may be advantageous due to
minimizing clinical disease in adult cattle. However, this approach does nat gem
comingling of cattle of unknown disease status. Another disadvantage would be thésgiamsm
of other blood-borne pathogens of cattle. If anaplasmosis disease prevalgimsed to
increase, culling practices may be amplified as well as tradectests intensified between
endemic and non-endemic countries due to the current use of unreliable diagnostic.methods

This study was designed to vigorously challenge the utility of needlenjestion for
the control of anaplasmosis transmission among cattle during vaccinatione{ffeedhjection
was validated as a tool for controlling horizontal transmissigh pfarginale. Additionally, a
novel RT-PCR assay was evaluated for detedingarginale in bovine peripheral blood
samples. This data set is clinically relevant due to the potential spréachafginale to naive
cattle during routine animal husbandry practices as well as identifyirdgflogencies in the
sensitivity and specificity of currently available diagnostic methods. T&mawledge, this is
the first report to evaluate needle-free injection techniques for the coniatdcafenic
transmission of anaplasmosis as well as determine the performancg séiod and third
generation diagnostic methods at sequential time points following a singleiexpmA.
marginalein cattle.

Needle transmission of anaplasmosis from a known carrier to susceptilddaatheen
documented (Reeves and Swift, 19T that report, only 1 out of 5 animals was infected.
Furthermore, the authors described the ability to visually detect blood contiamioathe
needle between injections. In this study, 6 out of 10 animals were infected. Bloath@tion
on the single use needle was only visible prior to the injection of the last ndiiretbal ND
injection group. Otherwise, the needle appeared to be safe to use for multipierniajddue to
the random pattern of transmission and lack of statistical significanceadsdowith injection
sequence, the repetitive use of a needle among cattle of unknown disease statuseshoul

regarded as unacceptable. Furthermore, the fact that 60% of steers exposedriargimale
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contaminated needle became infected following an intramuscular injectimttethe
hypothesis that this route of infection may be very common in current production system

The transmission of blood components during needle-free injection techniques has been
documented (Sweat et al., 2000). This is apparently negligible when concermed wit
anaplasmosis disease transmission under the conditions of this study. The ieacofribe SPS
prior to the injection of each steer in the NF group robustly challenged the ddtantia
iatrogenic transmission of a Virginia isolatefofmarginale with needle-free injection.

However, the utility of needle-free injection is unknown under situations where simagsia

carriers may have a PPE greater than 2%. Similar or worse conditioeaswaably unlikely to

be encountered under field conditions. However, it may be necessary to account for thal tempor
association of previous vaccinations, disease prevalence and the timing o&tranan regard

to the seasonal distribution of clinical cases when applying needle-freomjechniques.
Furthermore, it should be noted that disease resistance among breeds has not beenesisiwn t
(Bock et al., 1999; Jonsson et al., 2008; Wilson et al., 1980).

The use of needle-free injection in production settings will aid in the reduction of
biohazard waste, alleviate operator injury due to accidental needle puncturerandtelthe
possibility of needle contamination due to vaccination in consumable meat products while
maintaining processing rates that are necessary for minimizing haadlingtress in cattle. Even
though needle-free injection is superior to needle injection for preventing atdgENsmission
of A. marginale, it is recommended that due care be observed to avoid the unwarranted
vaccination of cattle that might occur as a result of improper cleansingwabpsly used
vaccine products from the injection system (Makoschey and Beer, 2004). Furthes sire
necessary to fully evaluate the utility of needle-free injection for thealmftother blood-borne
diseases of cattle.

Upon study completion, the prevalence of anaplasmosis was 24%. It may be argued tha
the evaluation of sensitivity and specificity among the diagnostic methods inctuthesl study
be interpreted with caution due to the small study population and low number of infected steer
however, the accurate and precise diagnosis of anaplasmosis has histoemalproblematic
due to diagnostic methods that lack adequate sensitivity and specificipv@rat al., 2001;
Coetzee et al., 2007; Dreher et al., 2005; Gonzalez et al., 1978; Strik et al., 2007). Therefore, i
important to describe the inequality of these diagnostic methods.
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First generation diagnostic methods rely on the growth or visualization of thesvngaf
interest. These methods have limited sensitivity and lack adequateayetfdifferentiate
between morphologically similar pathogens, normal structures, and staotartburing this
study, light microscopy was proven to be unreliable due to false negativs.rébisg was due to
the low level of circulating rickettsemias encountered. Even though ak stéected withA.
marginale were accurately classified during the study, light microscopy onlydstrated 100%
diagnostic sensitivity at 40 DPI.

Second generation methods, which rely on the identification of cell components,
metabolic products, and detection of antigenic components, are currently theomasbnly
used techniques for disease classification in clinical medicine andates@aie disadvantage of
these methods is the potential for cross-reactivity among coexistingeks&ue to similarity
among MSP5 surface proteins, cross-reactivity when using cELISA hasdpeted among.
marginale, Anaplasma centrale and Anaplasma phagocytophilum (Dreher et al., 2005; Strik et
al., 2007) The cELISA demonstrated improved and sustainable sensitivity over light
microscopy. However, cELISA did not demonstrate 100% sensitivity until 41 DPI inDhe N
group. The disadvantage of this technique is the cut-off value used to classify diataseA
cut-off of > 30% inhibition was used in this study to classify a steer asdipeaitive. This
level led to multiple false positive results in the NF and CONT groups. Howeveensié\sty
of this assay at the earlier time points would have been compromised if a 40%onlhiad
been used.

Third generation methods utilize nucleic acid-based techniques for theictdssifof
disease status. These methods offer superior sensitivity and specifesitirsivand second
generation methods. This study is not the first to develop or use a nucleic adddzdmique
for the diagnosis oA. marginale in bovine peripheral blood samples (Carelli et al., 2007; Decaro
et al., 2008; Eriks et al., 1989; Figueroa et al., 1998; Ge et al., 1997; Ge et al., 1995; Goff et al
1990; Hoar et al., 2008; Molad et al., 2006; Torioni de Echaide et al., 1998). However, it is the
first of its kind to use a real-time, quantitative RT-PCR method to identifyRB3 iof A.
marginale. The advantages of this assay are the enhanced sensitivity of identifyingaRjéts
that are present in higher quantities than a single copy of DNA per orgadnéability to
guantify the genetic template; the need for polyacrylamide gel electexgias no longer
required; and this assay could serve as a substitute for the subinoculation of Gplzeect
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cattle with blood from cattle of unknown disease status. The major disadvantage i$ tiermos
reagents and equipment as well as the necessity of modern elements that beageadily
accessible.

The RT-PCR assay demonstrated 100% sensitivity by 20 DPI. This is a marked
improvement over light microscopy and cELISA for diagnosis in the prepatent perioglydrow
false negative assay results occurred due to the inability of RT-PCR tbdiséase prior to 20
DPI in 250uL of plasma-free blood samples. Due to the performance of the diagnostic methods
used during this study, the authors would recommend repeated sampling of cattle of unknown
disease status on a 3 week and 6 week interval when using the RT-PCR assay afvd cELIS
respectively. However, light microscopy would not be recommended for detegndisease
status in unknown cattle.

Anaplasmosis is a complex and challenging disease for stakeholders inléhe catt
industry, foreign policy and research arenas. Due to the lack of significantsudttegeatment
strategies, vaccine availability, and problematic vector control, amap&is control strategies
should primarily concentrate on established methods for disease prevention t3 lsest aa
clinically relevant due to the potential spreaddhofmarginaleto naive cattle during routine
animal husbandry practices as well as illustrating the deficiencies setiséivity and
specificity of currently available diagnostic methods. Our results ideshtileedle-free injection
as a superior method for controlling the iatrogenic transmission of anaplasmoisrifore, a
novel,A. marginale-specific RT-PCR assay has the potential to significantly impadtutues of
disease classification prior to local, interstate, or international moveresitle between

endemic and non-endemic countries.
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Figure 3.1 RT-PCR assay detection sensitivity and linearity with RNA commtration. Serial
10-fold dilutions of anin vitro transcript made from Anaplasma marginale plasmid DNA.
The average Ct values from three independent experiments were platt@gainst the log
number of rRNA molecules (a). The logy 2 and log 9 correspond to 100 and 1 billion
molecules of 16S rRNA, respectively. The correlation coefficient Rand equation of the

line are 0.9973 and y = -3.4324 + 40.38, respectively. The fluorescent emission from serial

Figures and Tables

dilution templates is shown (b).

45

40

35

30

Ctvalue

15 -

10 -

25

20

]
c
]
o
g
g
g
o
3
=

PCR cycle

3 5 7 9
Log number of molecules

77



Figure 3.2 Diagnostic method Se for RT-PCR (white boxes), cELISA (blackamonds), and
light microscopy (white triangles) for six steers iatrogenically infe@d with a Virginia
isolate of Anaplasma marginalein the ND injection group.
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Figure 3.3 A Kaplan-Meier survival estimate derived from the results of ig steers

iatrogenically infected with a Virginia isolate of Anaplasma marginalein the ND injection
group for the RT-PCR assay (bold line), cELISA (dashed line) and light rmaroscopy
(shaded line).
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Table 3.1 Geometric mean and Geo CV% for each diagnostic test result pgsmse and PCV

derived from the analysis of six steers iatrogenically infected with a ginia isolate of

Anaplasma marginale in the ND injection group (n = 6).

DPI miclr_(l)ggf)p)? CELISA* RT-PCR PCV
0% (--f 12.87% (25.9) 0(-f 34.29% (5.4§
0% (--f 15.04% (30.9) 0(-f 35.36% (9.69)
0% (--f 3.39% (122.4) 0(-y 31.78% (6.1§
0% (--f 10.3% (75.6) 1.2x16 (-)* 31.94% (6.84)
13 0% (-5 13.31% (77.0) 1.8x16 (8.9 31.3% (5.3
17 0% (-3 14.96% (36.5) 1.9x16 (13.5y 30.11% (6.84)
20 0% (--§ 21.29% (70.8§ 4.2x1d (17.0f 32.14% (4.61
23 0% (--§ 40.18% (53.5) 4.8x16 (19.0f 29.98% (4.179
27 0% (-5 27.1% (243.4) 5.7x16 (21.8f 30.63% (5.3)
30 0.1% (- 44.84% (94.2) 3.3x10 (20.4} 30.41% (8.6)
34 0.42% (119.%)  45.31% (170.2) 8.7x10 (10.1) 30.44% (6.9)
37 0.75% (96.3) 61.43% (73.D) 1.4x16 (2.7Y 28.41% (8.6)
41 0.55% (68.6) 69.34% (43.2) 1.6x16(1.8Y 25.92% (14.98)
44 0.24% (219.9) 85.51% (18.9) 1.4x16 1.2y 25.6% (8.0)
48 0.14% (52.%) 88.55% (10.7) 1.0x16 (4.8Y 27.06% (9.9
51 0.1% (- 79.57% (8.4 8.4x10 (10.9¥ 27.37% (10.9)
54 0.1% (- 79.57% (11.3) 5.0x10 (15.5f 28.53% (10.9)
57 0% (-3 82.59% (9.7 2.9x10 (15.6¥ 29.03% (0.8
61 0% (--§ 84.65% (12.D) 1.9x1d (17.4f 30.26% (7.3)

The numbered superscripts indicate the total nurmbeon-zero values included in the

calculation of the geometric mean and Geo C\*®ata were divided by 100 prior to calculating
the geometric mean and geometric coefficient oiatian; however, the geometric mean was
again multipled by 100% for reporting-he number of 16S rRNA molecules recovered from
250 pL of plasma-free, whole blood.
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Table 3.2 Diagnostic method performance as determined by the calculatednsitivity and specificity with 95% confidence

intervals for each diagnostic method used during the 61 day study (n=25).

Light microscopy cELISA RT-PCR Agreement
DPI
! Se (%) Sp (%) Se (%) Sp (%) Se (%) Sp (%) 2 test (k) 3 test (k)
9 0 100 0 100 16.7 100 0.12 0.08
("l")t ("l")i ("l")i ("l")t (0I465) (1001100) (01025) (01017)
13 0 100 16.7 89.5 66.7 100 0.43 0.31
() (——-)* (0, 46.9) (75.7, 100) (28.9,100) (100,100) (0.16,0.69) (0.11,0.50)
16 16.7 100 0 94.7 83.3 100 0.47 0.4
(0,46.5) (100,100) (——-)* (84.7,100) (53.5,100) (100,100) (0.22,0.73) (0.20,0.59)
20 0 100 16.7 100 100 100 0.68 0.49
() (——-)* (0,46.5) (100,100) (100,100) (100,100) (0.42,0.94) (0.30,0.69)
23 0 94.7 83.3 84.2 100 100 0.79 0.57
() (84.7,100) (53.5,100) (67.8,100) (100,100) (100,100) (0.52,1.1) (0.35,0.80)
27 0 94.7 66.7 100 100 100 0.88 0.62
() (84.7,100) (28.9,100) (100,100) (100,100) (100,100) (0.61,1.16) (0.40,0.84)
30 16.7 94.7 66.7 94.7 100 100 0.83 0.64
(0,46.5) (84.7,100) (28.9,100) (84.7,100) (100,100) (100,100) (0.55,1.11) (0.42,0.86)
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34

37

41

44

48

51

54

57

61

50
(10,90)

50
(10,90)

100
(100,100)

83.3
(53.5,100)

33.3
(0,71.1)

50
(10,90)

33.3
(0,71.1)

0
()

0
()

94.7
(84.7,100)

94.7
(84.7,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

83.3
(53.5,100)

83.3
(53.5,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100, 100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

100
(100,100)

0.94
(0.67,1.22)

0.94
(0.67,1.22)

1
(0.72,1.28)

1
(0.72,1.28)

1
(0.72,1.28)

1
(0.72,1.28)

1
(0.72,1.28)

1
(0.72,1.28)

1
(0.72,1.28)

0.81
(0.58,1.03)

0.81
(0.58,1.03)

1
(0.77,1.23)

0.96
(0.74,1.19)

0.84
(0.62,1.07)

0.88
(0.66,1.11)

0.84
(0.69,1.07)

0.75
(0.53,0.97)

0.75
(0.53,0.97)

Se= sensitivity. Sp= specificity. "Values for 0, 2, and 6 DPI were omitted from the table due to a lack of concordant results in 2 or more
cells in the 2X2 contingency table. For each of these time points, the calculated proportion of concordance was 0.76 with a Se and Sp
of 0 and 100%, respectively. “The 95% confidence interval was not calculated due to a lack of concordant results in 2 or more cells in
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the 2X2 contingency table. The 2 test (k) is a comparison of agreement between the cELISA and RT-PCR assays exclusively.
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CHAPTER 4 - Plasma pharmacokinetics of oral chlort&racycline in

group fed, Holstein steers in a feedlot setting

Published in thdournal of Veterinary Pharmacol ogy and Therapeutics (July 2009); Reinbold,
J.B., Coetzee, J.F., Gehring, R., Havel, J.A., Hollis, L.C., Olson, K.C., Apley, M.D., 2009a.
Plasma pharmacokinetics of oral chlortetracycline in group fed, ruminétoigiein steers in a
feedlot settingJ Vet Pharm Ther DOI: 10.1111/].1365-2885.2009.1116.X.

Introduction

Chlortetracycline HCI (CTC) has served a pivotal role in profitabletina&sproduction
since its discovery in 1945. CTC is one of the many broad-spectrum tetracytimetizs
widely used in veterinary medicine. This antibiotic was first approved for usednoin June 23,
1954, for improving feed efficiency, growth promotion, and the treatment of Ciigitise
pathogens (NADA 065-440, Freedom of Information Summary
http://www.fda.gov/cvm/FOI/552.htm; NAHMS (Swine 2006), 2006; NAHMS (Feedlot 1999),
1999). Today, the label indications, based on multiple dosing regimens, are foradaedasof
weight gain, improved feed efficiency, control of bacterial pneumonia atsbeih shipping
fever complex caused by susceptiBésteurella spp., control of active infection of anaplasmosis
caused by susceptibfaaplasma marginale, reduction of liver condemnation because of liver
abscessation, and treatment of bacterial enteritis caused by susdeggtibiechia coli (Feed
Additive Compendium, 2008). The 1999 NAHMS feedlot study reported that 51.9% of all
feedlots surveyed administer CTC as a health or production management tool to 18.@B% of ca
fed. Operations with capacities of 1000—7999 head, as well as those feeding cgltiegvei
<318.2 kg, tend to administer CTC to cattle more often than operations feeding >8000 head and
cattle weighing >318.2 kg. On average, CTC is fed 8.6 and 7.7 days to cattle weighing <318.2
and >318.2 kg, respectively.

Pharmacokinetic parameters for orally administered CTC are avéibalgeeruminating
calves, poultry, and swine (Bradley et al., 1982; Luthman & Jacobsson, 1983; Polle1 23|
Dyer, 1988; Kilroy et al., 1990; Wanner et al., 1991; Nielsen & Gyrd-Hansen, 1996)veiowe
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similar information for ruminating cattle is scarce in peer-reviewedhlitire. As a result of the
controversial use of CTC for improved feed efficiency and growth in bovine dietgets that
have been erroneously termed ‘subtherapeutic’, this antimicrobial has beermitetpés a
potential variable for the promotion of antimicrobial resistance.

The Clinical and Laboratory Standards Institute (CLSI) has set the sbseemnimum
inhibitory concentration (MIC) breakpoint of tetracycline antibiotics (200nrgof injectable
oxytetracycline product) at 2 dgnL when treating bovine bacterial infection caused by
Mannheimia haemolytica, Pasteurella multocida, and Histophilus somni (CLSI 2008 ); yet, it is
unknown if currently approved dosages and treatment regimens applied in modern @moducti
systems achieve this recommended concentration in bovine plasma. To evaluate these
breakpoints in relation to in-feed CTC regimens, a study was conductedroidetthe
pharmacokinetic parameters of CTC in ruminating cattle under group fed conditiofeedicd

setting.

Materials and Methods

This study was approved by the Kansas State University (KSU) IramtiéditAnimal Care
and Use Committee (IACUC protocol #2517).

Experimental cattle and animal husbandry

A total of 18 preconditioned, clinically healthy Holstein steers were pugdifasm the
KSU dairy farm in Manhattan, KS, USA. The steers were housed in three pens in a dry lot
located at the KSU Juniatta Beef Cattle research facility. One monthgtlor start of the
experiment, the steers were acclimated to a total mixed ration diet oaneisthe following
ingredients listed in descending quantity; wheat middling pellets, liquid ms)asaeked corn,
loose cottonseed hulls, extender pellets, monensin/A8ihy limestone, salt, corn gluten meal
pellets, vitamin A, zinc sulfate, and dried distiller’s grains. The diet whatf&.5% of body
weight (as fed) divided into twice daily feedings. Water was supptiébitum. When handling
was necessary, the steers were individually restrained with a head gateogechalter. This
study was conducted concurrently withAmaplasma marginale chemosterilization study.
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Oral chlortetracycline preparation

A commercial chlortetracycline product (Aureomycin 50 Granular®; Alphasmimal
Health, Bridgewater, NJ, USA) was purchased for the formulation of a CTC tepmtegmred
by the KSU feed mill. A final concentration of 591.0; 1477.3; and 2954.4 mg of CTC per kg of
ground corn carrier was used for the 4.4, 11, and ZXgndosages administered during the
study, respectively. These respective drug concentrations ensured thadratstal quantity of
topdress was fed (kg) regardless of the dosage administered.

Treatment groups and administration

Steers were randomized by initial body weight and assigned to a 4.4, 11, ofikfpag
os, multi-dose CTC treatment (n A&atment). Steers were collectively 314 £+ 29.9 days
old and weighed 312.4 + 47.1 kg, 309.5 + 43.6 kg, and 303.5 + 47.2 kg, for the 4.4, 11, and 22
mg kg treatment groups, respectively. Twelve linear feet (3.7 m) of feed bunk(Sp@tev
head) was used per treatment group. The daily dietary ration and CTC dosagesemsriaetbt
using the mean weight of the treatment group, which was taken bi-weekly dos#dge and
ration were divided equally and administered twice daily for 80 days (160 total' dpsep).
Residues from the previous treatment were noted in a daily log sheet; howeveradbser
residues were not removed or weighed. If plasma collection coincided with sahéealtment,
the plasma samples were collected prior to treatment administration.ethieuiek was

inspected prior to each treatment.

Plasma collection

Plasma samples were collected throughout the 83-day study period; at 18tbals
on days 0-7, twice weekly on days 8-77, and every 4hours on days 80—-83, according to the
following standard procedures. Blood samples were collected via jugular veniguntbua
vacutainer tube containing lithium heparin (BD Vacutainer, Franklin Lakes, 8d)..$amples
were stored on ice until plasma separation, which was performed by centyifagimacutainer
tubes containing the plasma at 2750 g°& #br 5 minute. Plasma was separated and stored at -
80 °C until analysis. Samples were analyzed <11 months after collection.z&fisability

evaluation was not performed.
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Sample analysis

A novel solid phase extraction (SPE) and ultrahigh performance liquid chronptggra
mass spectroscopgynass spectroscopy (UPLC-M#1S) method was developed for the analysis
of CTC in bovine plasma. Frozen samples were thawed at room temperature with @fL.5 mL
plasma transferred to a new tube. Fifty microliters of doxycycline soll8200(ng mL of
doxycycline), functioning as a structurally related internal standardaddesd to each sample.
Ten microliters of phosphoric acid was added followed by vortexing for 20 se¢.19€xu L of
de-ionized water (Dwas added and vortexed for 20 sec. The analyte and internal standard were
isolated from bovine plasma by SPE using 10 mg, 1 mL Waters HLB cartridgésr VSIS
Extraction Products; Waters Corporation; Milford, MA, USA). The cartridga® iirst
conditioned with 0.5 mL of >99% methanol, then with 0.5 mL offDen, samples were
transferred to the cartridges and allowed to elute freely. The cartiagesvashed with 0.5 mL
of 5:95 > 99%methanol:iDv:v) and allowed to elute freely. Then, the cartridges were dried
under high vacuum for 10 minute. The elutant was separated by adding 0.3 mL of methanol
(>99% purity) to each cartridge and collected into a new collection tube. Finally L 1&iCthe
elutant was transferred to a UPLC-MMS vial. Electrospray ionization and MS-MS analysis
were carried out using a Waters Acquity TQD Tandem Quadrupole UPLOMBSystem
(Waters Corporation). While operating in positive ion mode, chromatographic ts@pavas
achieved using a 1.7-pum, 1.0 X 50 mm C18 analytical column (Waters Acquity UPHC B
Waters Corporation). A gradient elution from 95% of 0.1% trifluoroacetic acid: S5%ratcide
to 5% of 0.1% trifluoroacetic acid: 95% acetonitrile was utilized in the analgsistification
and quantitation were established on the following transitions:4v9—-154 for CTC and/m
445-321 for doxycycline. A 2-minute run time and a 3-minute cycle were used in tih@dmet
Quality controls of known concentrations were analyzed during sample artalysonitor
method performance. The method was proven to be accurate and precise acrosdymbanga
range of 50-1000 ngmL. The limit of detection and limit of quantitation (LOQ) were 20 and 50
ng/ mL, respectively. The precision and accuracy for 36 quality controls inestrtech over
eighteen analytical runs were found to ®8<and 98.5%, respectively. Re-analysis of
individual samples occurred if the coefficient of variation (CV %) for the knaeentration
of the internal standard was >15%.
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Pharmacokinetic analysis

Noncompartmental pharmacokinetic analysis (NCA) using a commerciabseft
package (WNonun 5.2, Pharsight Academic License; Pharsight Corporation, Mountain View,
CA, USA) was performed by treatment group on individual steer data derived ftam da
subsequent to the final treatment offered. The variables determined werditiepza under
the curve (AUC) calculated from the time of the final dose to the next regatdmtduled dose
(AUCinanex) Using the linear trapezoidal rule, clearance’ @lcalculated using AU nex,
apparent volume of distribution during the elimination phaséR) elimination rate constant
(k-), and elimination half-life (t-A-). The maximum drug concentration-(f achieved at steady-
state and time to &(Tma) Was determined from the data after the time of the final dose. This
method for determining 4&is equitable to the peak concentration achieved with these dosing
regimens and method of drug administration. Data for drug concentration—tives eere also
fit to a one-compartment open model with first order absorption and elimination byearnli
mixed effects (nonlinear mixed effects modeling, NLMEM) modeling witbramercially
available software program (WinNonMix; PharSight, Mountain View, CA, USA)cblariates
were used in model development. The choice of the model was based on minimizing values for
Akaike’s information criterion, Schwarz’s Bayesian Criterion, and ML Likglihood; reduced
variability of the parameter estimates; evaluation of agreementddicped vs. observed plasma
CTC concentrations; and uniformity of residual plots. The model estimated twayrima
parameters; apparent volume of distribution frkty) and a rate constant {hfor both
absorption and elimination. Because of the inability to determine absolute tabditgi(F) for
orally administered treatments, the parameters for the apparent volumeibfitis and
apparent clearance are reported &b ®ind CY F, respectively, for NCA and NLMEM. The
following secondary parameter estimates were generated during tcomptal analysis; dose-
normalized AUC (AUQ D), elimination half-life (t,,), maximum concentration (&), and time
of maximum concentration (&). The residual variability was described by a proportional
error structure model:

y=f+fe (D)

wherey andf are the observed and predicted plasma drug concentrations, respectively.

represents the randomly distributed terms with a mean (0) and varsn8arfiples with

94



concentrations below the LOQ were not included in either pharmacokinetic aadatygithod.
The geometric CV% for parameters derived by NCA was calculated acctodimg
following equation:
Geo CV% = ex%](geometric standard deviation))’_‘zloo% (2)
The calculation of CV% for NLMEM is different because of the standard ertbeahean being

used in place of the standard deviation of the mean.

Statistical analysis

Statistical analysis was conducted by using a one-way analysis afic@i(ANOVA)
procedure (Microsoft Exc@007; Microsoft Corporation; Redmond, WA, USA) (Martinez et al.,
2006). This statistical procedure analyzes variance for a quantitative depesutkglie by a
single independent variable to test the null hypothesis that several means hréregtment
group was designated as the independent variable. An alpha levela¥ was designated a
priori for the determination of statistical significance. ANOWAs used to determine
statistically significant differences between treatment groupthéopharmacokinetic parameters
reported by NCA and NLMEM,; furthermore, dose linearity was determined bgarimg the
AUCHna-nex’ D and the dose-normalized peak drug concentratiga{D) among treatment

groups determined by NCA.

Results

Steers in the CTC treatment groups were not significantly different @stiect to body
weight at the initiation of the study (P = 0.943). Additionally, no significafémihce in body
weight (P = 0.93) was detected at the completion of the study. Oral admimmstrizall
treatments was well-tolerated. No steers were removed from the studyburdespatial
allocation of 0.61 rfhead (24 incheshead) was sufficiently adequate to allow each steer equal
opportunity to consume the daily ration and treatment during the study.

The original (CV %) estimates for the NCA-derived parameters sutjgegdhe data
were not normally distributed (data not shown). This is because of a high level-ohdnelual

variability observed. Therefore, the geometric mean and Geo CV% for pharméicokine
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parameter data derived by NCA are reported in Table 1. Statistigadlficant differences by
treatment were not detected among the parameters reported by NCA.reaséylivas
confirmed with ANOVAby a comparison of the AUGarnex’'D (P = 0.91) and Ga’ D (P =
0.73) parameter estimates.

A one-compartment model, where the absorption rate constant was equal to the
elimination rate constant, was fit to the data using NLMEM. This modelingadetas selected
as it weights each data point by the inverse of the variance of each datahmynhadeling
sparse and rich data sets (Proost & Eleveld, 2006). This weighting technique pasdthile to
fit a model to highly variable data. Model goodness of fit was not improved by not $k#ing
absorption rate constant equal to the elimination rate constant (data not shown). Ty tienpl
model, the absorption rate constant was set equal to the elimination rate constants&abfine
scatter plots for the model are presented in Figs 4.1 & 4.2. Figure 4.1 demonis&rates
relationship between the observed and the model-predicted concentrations fo@TC. T
distribution of the observed data around the model-predicted concentrations suggdsts that t
final model fits the observed data; however, a systematic overestimation opleake
concentrations was observed in the scatter plot of weighted residuals vs. predteal griug
concentration in Figure 4.2.

Primary and secondary pharmacokinetic parameter estimates witlatiahs for
standard error and CV are listed in Table 2. When considering CV as a measurement of
precision, the primary parameterg,Vand K, were estimated with high precision at 3.125% and
4.184%, respectively; furthermore, these estimates are more precise hHseCy estimates
reported for NCA. The secondary parameter estimates for BUCI/ F, t,,,, and T,axwere
similarly precise at 2.207%, 2.035%, 2.022%, and 2.023%, respectively; however, the estimate
for Chaxwas less precise at 18.32%. The overall imprecision of the NLMEM estimatiesite
be less than comparably transformed Geo CV% estimates derived by NCA.

Semi-logarithmic scatter plots of plasma drug concentration—timeswere graphed
for each of the CTC treatment groups with an overlay of the NLMEM model-prédicte
concentration estimates for the population +2 SD (Figs 4.3—4.5). Oral administratio@ af CT
group fed, ruminating steers resulted in high inter- and intra-individual vatyahilbbserved
plasma drug concentrations in all treatments; however, the model-predicted aistriaution
of drug concentrations included the vast majority of the observed data points. Tlagemthat
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a one-compartment open model with first order absorption and elimination, whatestrption
rate constant was equal to the elimination rate constant, is an adequate madel fatirny
dosage and treatment regimens that achieve target plasma concentratiomsrfating steers
fed in a feedlot setting. Because of dose-linearity and the reliabilite ohtddel, dose
adjustments can be prepared for targeted plasma drug concentrations withiig¢hef rdosages
studied.

Discussion

Because of the widespread use of CTC in ruminating cattle, it is esserittabtte
pharmacokinetic parameters be reported in the literature. The dosagenggelected were
necessary for study design fulfillment of a concur/emgplasma marginale chemosterilization
study. The daily ration and treatment were offered in a similar manner totfegdations;
however, feed bunk spatial allocations are approximately 0/22au in typical commercial
settings as opposed to 0.64hwad in this study (Montgomery et al., 2008). This change in
practice was implemented to ensure equal access for all steers toyhatadmland CTC
provided in the treatment.

The distribution of the ration and treatment was similar along the length okthédek.
It was assumed that steers would have similar observed plasma drug concesninatvever,
high inter- and intra-individual variability was observed in plasma drug caatient, as
demonstrated in Figs. 4.3—4.5, and dose-related parameter estimat@s.(ALCCY F, Crax
and ./ F) in Table 1. Partitioning of the treatment may have occurred during ration
consumption because of the treatment being offered as a topdress. This could leadit@lndivi
steers having the opportunity to consume more drug as compared with that byeettsedtst
may be possible that a threshold variability in treatment intake existechéospent at the feed
bunk to allow the steers that remained longer at the feed bunk to be exposed to more drug;
however, this was not a measured covariate during the study. Additionallyntea may be a
drug depot where variable amounts of CTC are presented to the small intestinerjatiabs
based on hydration of rumen contents and physical fill. Twice-daily feed bunk ewaguatre
recorded in regard to complete or incomplete consumption of the ration and treatment. F
plasma drug concentrations corresponding to incomplete consumption of the treatment
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recognizable pattern was observed for a decrease or subsequent inqoé&eseardrug
concentration. This is in part a result of the majority of occurrences happeningttierimgce-
weekly sampling period, infrequency of the occurrence, and minimal quantitinnegya
however, the length of the elimination half-life and the potential for the ruonsgrve as a drug
depot may have played an additional significant role in suppressing a recogpeiadre.

Divalent cations, as well as the addition of citric acid, have been shown to desrdase
increase the absorption of CTC, respectively (Bradley et al., 1982; LuthmaioBs3an, 1985).
Citric acid was not an ingredient in the ration; however, divalent cations, spbgifepresented
as calcium in limestone, were present in the diet. The static addition afncal@s necessary
for homeostasis of normal metabolic processes and physiologic growthefRis<994;
Montgomery et al., 2004). The potential phenomenon of decreased absorption, caused by the
binding of CTC to divalent cations, was assumed to be homogenous among all steers in this
study.

The fed status and dietary feed ingredients may play a significant iaterimg plasma
drug concentration. In swine studies, fed pigs had lower bioavailability and mearaglaug
concentrations than fasted pigs (Kilroy et al., 1990; Nielsen & Gyrd-Hansen, 1886haRdrug
concentrations are decreased in milk-fed calves as opposed to increasedaiioeint calves
fed citric acid in milk-replacer (Bradley et al., 1982; Luthman &bason, 1985). Furthermore,
similar results were demonstrated when swine were fed calcium aodacit (Wanner et al.,
1991). Further studies are necessary to establish a relationship between plasma drug
concentrations with fed or fasted status and feed ingredients.

Noncompartmental analysis was used to determine individual pharmacokinetic
parameters of each treatment group. NLMEM was used to characterize thmeRrpas data
with a one-compartment open model with first order absorption and elimination. Althaugh t
data set was relatively rich at some periods during the study, the datagidyevariable.

Fitting a compartmental model using standard nonlinear regression methauist wascessful

because the algorithms were unable to converge as a result of the high, nonsysterahiiity

of the data. NLMEM was able to fit a model to the data and provide more pre@ssepar

estimates as the method analyzes all the pharmacokinetic profiles at onlce dathtare

weighted by their variance. As a result of the parameters not being skewsdhil aumber of

outliers, NLMEM is known to give superior parameters estimated for dates that normally or
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log-normally distributed (Tam et al., 2003). Parameters estimated byno¢iieods of nonlinear
regression can be easily skewed by a small number of outliers because ott@adinta
influencing the output equally. Furthermore, analyzing all data points and parsuaeone time
will increase the number of independent data points (degrees of freedom) thatisad bz
determine the central tendency and dispersion of the parameter estitmégescaounting for
the variance in the system. This also enhances the robustness of estinmaltd itV
methods over conventional nonlinear regression methods.

An overestimation of the lower plasma drug concentrations by NLMEM is dératats
in Fig. 4.2. A more complex model may have characterized lower concentratosms m
accurately; however, a simpler model was chosen for the advantage otelgastimating the
higher concentrations that are likely to possess more clinically relefanhation when
compared with a more complex model that may accurately estimate lowentations.
Pharmacokinetic parameters determined by NCA and NLMEM in this studycaemeared with
other data derived from the literature. Two-week-old, conventionally fed (starteentration at
2% body weight plus ad libitum alfalfa hay) Holstein calves were admratta single, 22 mg
kg dose of CTC by ruminal intubation (Bradley et al., 1982). Parameters derived for th
conventionally fed calves are A4Coq (7.5 hr-pg/mL), #21,(17.75 h), CI/F (1.3 L/kg/hr), and
V,/F (40.9 L/kg). The geometric mean for the 22 mg/kg treatment group deriveGAnai¢
AUCHinarnext (0.99 hr-pg/mL) ik, (37.2 h), CI/F (11.1 L/kg/h), andF (13.5 L/kg).Mean
pharmacokinetic parameters determined by NLMEM are AUC/D (0ggrhL), t/2(16.2 hr), Gax
(4.5 ng/mL), CI/F (1.8 L/kg/h), and V/F 40.9 (L/kd)he dissimilarity of NCA-derived parameters
is likely caused by significant differences in anatomy, metabolismjgbgg, method of
administration, and compartmental vs. noncompartmental analysis between tb& studi
Metabolic differences would be attributable to total body water and fat,|lbasaecreased
bone density, of the 14-dayold calves compared with that of the 314-day-oldrstbes study.
Although the pyloric groove is likely to be open, conventionally fed, 14-day-old calves do not
have a fully functional rumen. This incongruence in anatomy and physiology wouldthéec
absorption of CTC because of differences in presentation of the drug to thenseséthé. The
similarities between parameters derived by NLMEM and that for the coomalty fed calves
are remarkable. One possible explanation is these parameters wereeddbyreaone-

compartment model for both studies. This may account for the shorter half-life reahwgth
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NCA, as t:A is calculated from the terminal phase of the time-concentration curve that is not
considered in the one-compartment model.

An intravenous study was not performed in conjunction with the current study. The
median F for the conventionally fed calves in the Bradley et al. studgal@adated at 4.5%
(x2.2%). In swine, F has been calculated at 17.88% (+5.3%) and 11% (+5%) (Kibyl&X90;
Nielsen & Gyrd-Hansen, 1996). Although the conventionally fed calves may not falye a
functional rumen, there appears to be a remarkable difference in oral F for l@&hGemparing
monogastric and ruminant species. Future studies are necessary to detezralysolute
bioavailability of CTC in ruminating cattle.

Currently, CLSI has determined a concentration of 2mp for tetracycline antibiotics
(200 mg mL injectable oxytetracycline products) as a susceptible MIC far¢aément of
bacterial infection caused . haemolytica, P. multocida, or H. somnii. This CLSI breakpoint
is much higher than the observed plasma drug concentrations achieved with®@ial t6is
study. In addition to different pharmacokinetic profiles, pharmacodynamets$aiay extended
duration antimicrobial regimens have not been established; therefore, hiktyeeisting
results should be interpreted with caution for in-feed CTC. The preferred suditepéisiing
procedure would be an extended-range, dilution plate system that determiegsilsiliscas
low as 0.5 pgmL. It is also important to recognize that the inhibition of the pathogen growth
curve may occur below the MIC which inhibits visible growth in the laboratorgingaall
interpretations of potential disease prevention or treatment activity on plasgneothcentration
vs. in-vitro MIC values may lead to an underestimation of the utility of an antittieatment
regime in a production setting. The use of CTC at sub-MIC concentrations hasibeerts be
effective in reducing the incidence and effects of bovine respiratorysdi$B&D) (Nanduri et
al., 2005). This study demonstrated that a concentration of 02l vitro reduced the
development of clinical lesions from BRD through inhibitiorM#Ennheimia haemol ytica
leukotoxin A expression. Under the conditions of this study, the 11 and/Zyndpy treatment
groups reached this level that would be necessary for inhibitibtariheimia haemolytica
leukotoxin A expression in vivo. The dose-linearity of this drug across tretgrmgggests that
higher plasma drug concentrations may be achieved by feeding higher dosag€stof C
ruminating steers. The data derived from this research could be used, with otherstudies,
to support a new animal drug application (NADA) to the Food and Drug Administratiote!C
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for Veterinary Medicine (FDA CVM) for the labeled use of inhibitMghaemolytica leukotoxin
A expression in ruminating cattle.

Current literature remains deficient in information regarding oraMaitability in
ruminating cattle. Until a sufficient body of scientific knowledge for aglete pharmacokinetic
and pharmacodynamic profile of CTC is formed, the use of this antibiotic as a tooliialjeof
cattle production will continue to be a target of special interest grougsefoemoval of the
FDA-approved, labeled use of CTC in animal feed. The NLMEM compartmental modelo=oul
a useful tool to simulate plasma drug concentrations for different dosageatntetreregime
scenarios as well as the projected variability of the population. Receptipudation
pharmacokinetic (PPK) study was established as a successful tool farrgpgarmacokinetic
information in large populations of cattlel®0 head) (Fu et al., 2008). In addition to that study,
the information gathered in this study, as well as the use of NLMEM techniquiea tyf PPK
studies, could provide the framework for PPK research of CTC in group fed, rumirsdtieg c
Future studies of this kind are necessary to bridge the gap between expeyrdentadd data

and confirmatory studies applied under normal conditions (Sheiner, 1997).
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Figures and Tables
Figure 4.1 Scatter plot of observed plasma drug concentration vs. predictedgsma drug
concentration predicted by nonlinear mixed effects modeling for chldetracycline

hydrochloride in ruminating Holstein steers (n = 18).
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Figure 4.2 Scatter plot of weighted residuals versus predicted plasnirug concentration

by NLMEM for chlortetracycline hydrochloride in ruminating, Holstein s teers (n=18).
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Figure 4.3 Plasma drug concentration of chlortetracycline hydrochloridedministered at
4.4 mgkg/dayp.o. to ruminating, Holstein steers (n=6) with NLMEM model-predicted dmug
concentration for the population (+/- 2 SD).
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Figure 4.4 Plasma drug concentration of chlortetracycline hydrochlorideadministered at

11 mgkg/dayp.o. to ruminating, Holstein steers (n=6) with NLMEM model-predicted dug
concentration for the population (+/- 2 SD).
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Figure 4.5 Plasma drug concentration of chlortetracycline hydrochlorideadministered at
22 mgkg/dayp.o. to ruminating, Holstein steers (n=6) with NLMEM model-predicted dmug
concentration for the population (+/- 2 SD).
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Table 4.1 Geometric mean and coefficient of variation (Geo CV%) of pharactokinetic parameters derived by NCA for

chlortetracycline hydrochloride administered p.o.

4.4 mg/kg 11 mg/kg 22 mg/kg
Parameter Units (CV%)* (CV%)* (CV%)* p-value
AUCysexirar % 29.7 (20.5) 17.8 (26.5) 19.8 (46.7) 0.06
AUCiatnex h-pg/mL 0.20 (9.5) 0.52 (29.9) 0.99 (35.5) -
AUCfjna.
rex/D' h-pg/mL 0.046 (--) 0.047 () 0.045 () 0.91
Cl/F L/kg /h 10.9 (32.0) 10.6 (43.4) 11.1 (59.1) 0.51
Cinao ng/mL 97.7 (9.5) 267.8 (25.4) 485.9 (26.8) 0.77
- 1/h 0.0197 (0.4) 0.0195 (0.2) 0.0186 (13.2) 0.99
ts Ay h 35.2 () 35.5 (--) 37.2 () -
T h 38.4 (0.002) 42.1 (0.00) 41.5 (0.008) 0.73
V,/F L/kg 12.8 (5.8) 15.2 (12.8) 13.5 (37.2) 0.77

* n=6; T Reported estimate is the dose-normalsetdal AUCcalculated from the time of the final dose to
the next scheduled dose (Ak)Gnex/D); *Reported estimate for (z is derived from steady state

concentrations.
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Table 4.2 Pharmacokinetic parameter estimates derived by NLMEM for cldrtetracycline hydrochloride administered p.o.

Parameter Estimate  Standard Error CV (%)
Primary

V/IF (L/kg) 40.92 1.28 3.125
K (h™h 0.0478 0.002 4.184
Secondary

AUC/D" (h-pug/mL) 0.29 0.0064 2.207
CI/F (L/kg/h) 1.8 36.914 2.035
t12(h) 16.174 0.327 2.022
Cma/D (ng/mL) 4.502 0.044 18.32
Timas () 23.334 0.472 2.023
Interindivdual variability CV (%)

VIF (L/kg) 8.68%

K (h) 16.87%

= n=18; T Reported estimate is the dose-normakidé@ (AUC/D).
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CHAPTER 5 - Establishment of thein vivo pharmacokinetic
relationship between chlortetracycline and anaplasisis carrier

clearance using three oral treatment regimens
Submitted tdveterinary Microbiology (September 2009).

Introduction

Anaplasmosis, caused Byaplasma marginale, is one of the most prevalent tick-
transmitted, rickettsial diseases of cattle worldwide (Kocan et al., Z008)Office International
des Epizooties (OIE) Terrestrial Animal Health Code categorizesammapsis as a notifiable
disease due to socioeconomic impact and international trade restrictions (OIE H®0&er,
the significance of anaplasmosis is frequently underestimated due to $easoreaks and
stability in endemic areas (Brock et al., 1957). Breed differences ar¢epar peak change in
packed cell volume, parasitemia level, and tick susceptibility (Bock et al., 1888son et al.,
2008; Wilson et al., 1980). However, all cattle are susceptible to infectiowitarginale.

Cattle infected with anaplasmosis following natural infection and vaccinattbrive
Anaplasma spp remain lifelong carriers (Kocan et al., 2003). Carriers are responsible for
horizontal, iatrogenic, and vertical transmission of anaplasmosis to nateebggttoviding a
reservoir of infective blood for biological, mechanical, amdtero infection (Futse et al., 2003;
Norton et al., 1983; Reinbold et al., 2009b).

Anaplasmosis chemosterilization regimens using chlortetracycloh@tiyloride (CTC)
have been assessed using antigen/antibody-mediated second generation dagtiasis, such
as capillary agglutination and complement fixation, and subinoculation of splernsstioralves
(Table 5.1) (Brock et al., 1959; Franklin et al., 1966; Franklin et al., 1967; Franklin et al., 1965;
Richey et al., 1977; Twiehaus, 1962). This is problematic due to deficiencies in styresitili
specificity of second generation methods (Coetzee et al., 2007; Goff et al., 1990pGena4,
1978) as well as animal welfare concerns associated with the use of spienedtcattle.

Furthermore, the time from commencement of therapy to chemosterilizatarrently
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unknown. CTC is only labeled for the control of active infection of anaplasmosis cauded by
marginale susceptible to CTC in cattle in the United States (2009 Feed Additive Compendium).

The Clinical and Laboratory Standards Institute (CLSI) has set the sbszepnimum
inhibitory concentration (MIC) breakpoint of tetracycline antibiotics (200mhghjectable
oxytetracycline product) ati&y/mL when treating bovine bacterial infection caused by
Mannheimia haemolytica, Pasteurella multocida, andHistophilus somni (CLSI, 2008); yet, a
similar pharmacokinetic relationship does not exist for the treatment tefrishanfection caused
by A. marginale. The purpose of this study was to identify a practical and efficacious CTC
chemosterilization regimen and diagnostic testing strategy to dateth@rapeutic success. The
specific objectives were to (1) evalu&temarginale chemosterilization regimens using oral
chlortetracycline antibiotics at different dosages; (2) establish the pbakmetic relationship
between chlortetracycline and chemosterilization and determine th@tiomemosterilization;
and (3) determine the susceptibility of chemosterilized steers to réianfedth the original

Virginia isolate.

Materials and Methods

Twenty-five preconditioned, Holstein steers were enrolled in this study urzehsak
State University (KSU) Institutional Animal Care and Use Committeempobt2517 and KSU
Institutional Biosafety Committee protocol #524. Six of these steers wargeaatcally infected
with a Virginia isolate ofA. marginale by a contaminated, 1.7 X 25 mm hypodermic needle in a
previous iatrogenic transmission study (Reinbold et al., 2009b). Nineteen stezronf@med
negative for anaplasmosis by a commercially available cELISA aAdraarginale-specific
RT-PCR assay. In order to assemble a group of 21 steers chronicallgdnigittA. marginale,
fifteen naive steers were randomly assigned to receive a 5 mL intraveooulsition of whole
blood from an iatrogenically infected steer 48 days prior to study initiation. The Wwioad
inoculum samples were collected into separate evacuated tubes containing&Kk&meach
iatrogenically infected steer prior to subinoculation. The four remaining naérs stere
splenectomized 36 days prior to the study to serve as disease transmissi@hssguniing
treatment.

Steers were randomized by body weight and assigned to a (1) 4.4 mg/kg/dayQ)D;
2) 11 mg/kg/day (MD; n=6); 3) 22 mg/kg/day (HD; n=6) CTC treatment groups; or £€jolac
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treatment group (CONTROL,; n=7). The LD, MD and HD treatment groups eachtednsiis
five infected steers and one splenectomized steer. The CONTROL grougtexdiagisix
infected steers and one splenectomized steer. Steers were collectivel2B94ays old and
weighed 312.4 +47.1, 309.5 £ 43.6, 303.5 + 47.2 and 320.8 £ 29 kg for the LD, MD, HD and
CONTROL treatment groups, respectively. Four dry lot pens located at thd iatta Beef
Cattle research facility accommodated the treatment groups.

A commercial CTC product (Aureomycin 50 Granular; Alpharma Animal Health,
Bridgewater, NJ, USA) was purchased for the formulation of a CTC top drgssqeuidoy the
KSU feed mill. A final concentration of 591.0; 1477.3; and 2954.4 mg of CTC per kg of ground
corn carrier was used for the LD, MD, and HD dosages administered, respedinade
respective drug concentrations ensured that a similar total quantity of tspaie$ed (kg)
regardless of the dosage administered. The CONTROL group received the gnouodraer as
a placebo based upon the average weight of top dress fed to the CTC-treated groups.

Steers were acclimated to a total mixed ration diet over a one month period pre-stud
During the study, this diet was rationed twice daily at 1.25% (as fed) of tregaveen weight.
The daily dietary ration and CTC dosages were determined using the meanoivehght
treatment group, which was taken bi-weekly. Daily dosage and ration were dividdg agda
administered twice daily for 80 days (160 total doses/group). The daily ratico@dress
treatment were distributed evenly along 3.7 m of a concrete feed bunk (0.61 nv head)dThe fee
bunk was inspected prior to each treatment. Residues from the previous treatraeritein
a daily log sheet; however, observed residues were not removed or weighed. &¢stapplied
ad libitum. When handling was necessary for the collection of venous blood samples, the steers
were individually restrained with a head gate and rope halter. If sampleticoileoincided with
scheduled treatment, samples were collected prior to treatment adutionst

Sample collection and analysis

CELISA—BIlood was collected from the jugular vein with evacuated tubes containing no
additive. Serum was removed and analyzed for antibody adaimst ginale by a commercially
available cELISA in accordance with the method described by the OIE and readeurby the
manufacturer (OIE, 2009; VMRD). The optical density of each sample was nhyuaa
ELISA plate reader at a wavelength of 620 nm. The optical density was usecutateah
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percent inhibition (% inhibition). Samples were considered negative for amesigsf the %
inhibition was <30%. All samples with a % inhibition >30% were considered positoetZ€e
et al., 2007; OIE, 2009; Strik et al., 2007; VMRD).

Real time RT-PCR assay—Two hundred and fifty microliters of plasma-free whole blood
sample was removed from blood samples collected from the jugular vein with texbitzes
containing KEDTA. The plasma-free whole blood sample was used to extract RNA using a
commercially available product according to manufacturer recommeng4ili®l Reagent,
Sigma-Aldrich; Saint Louis, MO). The RNA sample was rehydrateld 86i.L of nuclease—free
water. AnA. marginale-specific real-time RT-PCR assay was used to detect and quantify a
highly conserved and specific region of 16S ribosomal RNA subunit (16S rRNA) as prgviousl
described (Reinbold et al., 2009b). The RT-PCR was optimized over a linear, dynageic ra
with one hundred to one billion molecules of 16S rRNA template that correspond to cycle
threshold (Ct) values from 10 to 35, respectively. Linear regression was used tfydhanti
number of 16S rRNA template molecules in thauRFeaction based upon the corresponding Ct
value with the following equation:

y=-3.4324& + 40.38 (1)
where y is the reported Ct value and x is the number of template molecules. rEfegioar
coefficient (R) for the regression equation was 0.9973. Samples from a kixomerginale
carrier and a naive cow were extracted and analyzed simultaneousigrfdoring assay
performance and quality of the RNA extraction technique.

Light microscopic examination of stained blood smears—Blood films were prepared
from whole blood collected from the jugular vein in evacuated tubes containing K2EJod
films were stained with an automated unit (Hema-Tek, Ames Company; Elhansing a
Modified Wright stain. A total of 1,000 erythrocytes were counted in each sample.

Plasma drug concentration analysis—Plasma drug concentrations were determined from
whole blood samples collected from the jugular vein with evacuated tubes contadimurg li
heparin. Plasma was subjected to solid phase extraction and analysis with aghultrahi
performance liquid chromatography-mass spectroscopy/ mass spgoyrosgithod as
previously described (Reinbold et al., 2009a). The limit of quantitation of the method was 50

ng/mL. Plasma drug concentrations > 50 ng/mL were reported and used feisanaly

114



Evaluation of chemosterilization

A heparinized, 10 mL whole blood sample was collected from each steer in the LD, MD
and HD treatment groups. Heparinized whole blood samples were pooled within eachnfreatm
group to compose a 50 mL final volume. Fifty milliliters of a whole blood sample veastois
intravenously subinoculate the splenectomized calf assigned to the respeativemnt group
during the 80 day study. The disease status of the splenectomized steeraluasdkweekly by
CELISA, light microscopic examination of stained blood smears and RT-PCR assa

Determining susceptibility to re-infection

After chemosterilization was achieved, steers confirmed negative faarginale by
subinoculation of splenectomized calves were monitored until the reported % amhdjithe
CELISA declined below 40%. Five steers were exposed to re-infection withenfstabilate
prepared from the same Virginia isolatefofmarginale. This stabilate was prepared from a
splenectomized steer used to propagate the isalsiteo for the previous iatrogenic
transmission study (Reinbold et al., 2009b). The stabilate was prepared 280 dagstpedime
of exposure from a heparinized, whole blood sample with a 2% parasitemia. The ipaaasite
the time of collection was 2.0%. Four milliliters of stabilate was used to imiagéy inoculate
five chemosterilized steers. The disease status of the chemosterdieeveas evaluated by

CELISA, light microscopic examination of stained blood smears and RT-PCRR assa

Chemosterilization of CONTROL group

Upon validation of chemosterilization results for the LD, MD, and HD treatment groups
chemosterilization was assessed in the CONTROL treatment group witfieg subcutaneous
injection of a long-acting oxytetracycline (Tetradure 300, Merial Lidgiizuluth, GA) at 20
mg/kg followed by 30 days of treatment with CTC at 4.4 mg/kg/day (Figure 5.4). T@e CT
treatment preparation and administration was similar to the LD traaimeup. Samples were
collected on days 0, 10, 17, 24, 31 and 38 for analysis by cELISA and RT-PCR. Plasma drug

concentrations were not determined during this treatment.

Statistical analysis
Data were entered into a software package (Microsoft Excel 2007, Microsoft

Corporation; Redmond, WA) for subsequent calculations and manipulation. Geometric mean and
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CV% were calculated for data acquired from responses recorded from diagiseay results.
Diagnostic assay results were converted to a binary format (0 =vesdat: positive).
Sensitivity and specificity with 95% confidence intervals were caledlfdr cELISA and RT-
PCR for each time point. Results were compared using a software prognaBp{$dope 2.0,
CLIVE; Edinburgh UK) in a 2 X 2 contingency table. Agreement between diagnosiitsres
each semi-weekly sampling was assessed by calculatisgpéistic (Le, 2003). The statistic
measures agreement on a scale from 0 to 1.

The association between chemosterilization and diagnostic assay resel@snalyzed
by generalized linear mixed models and generalized estimating@muéiROC Glimmix and
PROC Genmod, SAS version 9.1, SAS Institute, Inc.; Cary, NC). Proper methods were
employed, when necessary, to take into account the lack of independence amdad repea
observations of the same animal over time. A semi-parametric survivasishams performed
to analyze the variation when each respective diagnostic assay ficdedétemarginale
clearance. A non-parametric, Kaplan-Meier survival analysis (81&X4; Stata Corp LP,
College Station, TX) was performed on raw data depicting the time elppeetb RT-PCR
negative outcomes for each of the antibiotic treatment regimens. An alpha level 086.05 w

observed throughout the study for evaluating statistically significaierelifces.

Results

The mean weight among treatment groups was not significantly differee mitiation
(P = 0.943) and completion of treatment (P = 0.93). The initial RT-PCR assay beswien
iatrogenically infected steers and subinoculated steers were sigyfiddigrent (P < 0.0001).
However, the RT-PCR assay results were not significantly differertraftdomization (P =
0.16). There were no statistically significant differences in cELISAlteprior to randomization
(P = 0.86). One splenectomized steer was removed from the study due to deatlyost-
surgical hemorrhage from an aneurysm of the splenic vein. This complicationde¢dece
CONTROL group to sixA. marginale infected steers.

When evaluating the time of chemosterilization by the RT-PCR assayDthdL and
HD groups were chemosterilized following 46, 46 and 49 days of CTC treatment, redpecti
Chlortetracycline treatment was significantly associated witiPRR assay results (P = 0.018).
There was no significant difference when comparing LD to MD (P= 0.07) and MD ¢k
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0.30); however, a significant difference was detected between LD and HD (P = 0l385)
estimated risk of chemosterilization based upon RT-PCR assay resultslior, ti® and HD
treatment groups were 0.735 (0.726,0.744), 0.746 (0.737,0.755) and 0.753 (0.744,0.761),
respectively. The cELISA did not confirm chemosterilization until 18, 54 and 18 days$hed
completion of the 80 day CTC treatment regime in the LD, MD, and HD treatnuaemisyr
respectively (Figure 5.2). CTC treatment was not significantly assacwith CELISA results (P

= 0.43). The estimated risk of chemosterilization based upon cELISA restihe flob, MD and
HD treatment groups were 0.658 (0.636,0.679), 0.671 (0.650,0.692) and 0.676 (0.655,0.697)
respectively.

Diagnostic method performance was calculated for the cELISA and RTaB&ay
throughout the 80 day study (Table 5.2). The cELISA demonstrated 100% sensitivity throughout
the study. However, cELISA specificity was imprecise for days 14 throught8€atinent. This
imprecision was likely caused by the continued presence oAamérginale antibodies
following chemosterilization. Furthermore, the positive predictive valubeotELISA was
reduced accordingly on days 14 through 80 during treatment. The specificity ai-fRER was
100% throughout the study. However, RT-PCR sensitivity was inaccurate during days 18
through 39 of treatment. This was likely caused by low parasitemia levelsreéeced as a result
of treatment. Furthermore, the negative predictive value was reduced acgoodiniglys 18
through 39 of treatment.

Diagnostic method agreemenr) (vas negatively influenced by persistent antibody levels
and a reduction in parasitemia during treatment. Agreement was perfect dntbeysgh 11 of
treatment. However, agreement reduced accordingly until peak reduction wasdepodays
49 through 53 of treatment. The agreement at the end of the 80 day treatment was 0.44.

Oral administration of all treatments was well tolerated throughout the. $tedd bunk
spatial allocation of 0.61 m/head was adequate to allow each steer equal oppiriconnisume
the daily ration and treatment. However, a remarkable level of intra- andnidiadual
variability was observed within treatment groups (Figure 5.3). The gaometan (CV%) of
plasma drug concentrations collected on days 4 through 53 of the study for the LDhdviHEID a
treatment groups were 85.3 (28), 214.5 (32), and 518.9 (40) ng/mL for samples, respectively.

This data suggests a concentration independent pharmacokinetic relationship between
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chemosterilization and plasma drug concentration where time above theumimmibition
concentration is required for chemosterilization.

The CONTROL group was not chemosterilized during the 80 day study. However, these
steers were subsequently chemosterilized with a single, subcutanectsnmgéa long-acting
oxytetracycline followed by 30 days of treatment with CTC at 4.4 mg/kdfigyre 5.4).
Plasma drug concentrations were not determined during this treatment.

Chemosterilization, as assessed by the cELISA and RT-PCR assaysnfiamed
through subinoculation of splenectomized steers. Three splenectomized sterosdated
with a pooled blood samples collected from chemosterilized steers 50 days adted tifehe 80
day study, were monitored for 6 weeks by cELISA, light microscopy, and RT-PCR. Ngecha
in disease status of the splenectomized steers was detected by tlesks ng&milarly, there
was no change in disease status of a splenectomized steer subinoculated with blded colle
from the CONTROL group 12 days after chemosterilization with oxytgtime and CTC.

Results from the semi-parametric survival analysis were expres$edard ratios.
Hazard ratios, interpreted similarly as odds ratios, were assumed to beipra over time and
represent the effect of a unit change in the predictor on the frequency of the o(ltep2@03).
The hazard ratio of cattle chemosterilized by multi-modal treatment &F@MNTROL group
using oxytetracycline and CTC when compared with CTC alone in the LD, MD argtdtips
were 5.67 (1.4, 23.2; P < 0.016), 5.4 (1.4, 21.5; P = 0.016) and 7.6 (1.7, 33.0; P = 0.007),
respectively. A Kaplan-Meier survival analysis depicts the time ethpsor to RT-PCR
negative outcomes for each of the antibiotic treatment regimens (Figure 5.6)

Five steers previously infected in an iatrogenic transmission study wierfected by a
stabilate of the Virginia isolate @& marginale used to infect these steers (Reinbold et al.,
2009b). An immune response was detected by the cELISA 10 days after exposureansall s
Re-infection was detected as early as 10 days, but by 24 days of exposurearsallist
splenectomized steer subinoculated with a pooled blood sample collected fronmfletsst
steers was monitored by cELISA, light microscopy, and RT-PCR for chamtigease status.
Re-infection was confirmed by positive results in all methods within 21 dagsviotj

subinoculation.
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Discussion

This study has established multiple chemosterilization regimens usorgettacycline
for the clearance of persistent infection withmarginale, as assessed with the Virginia isolate
The dose and length of treatment of these strategies differ from previous $Brodiek et al.,
1959; Franklin et al., 1966; Franklin et al., 1967; Franklin et al., 1965; Richey et al., 1977;
Twiehaus, 1962). Dosages were selected based upon a chlortetracycline phaetiactiddy
reporting dose linearization of plasma drug concentrations among the CTC dosaggbqut in
this study (Reinbold et al., 2009a). Accordingly, these dosages were prescriaterimine if
dose combined with a fixed duration of treatment affected the rate of chetrradien.

These CTC treatment regimens resulted in plasma drug concentrationgtesstully
chemosterilized steers persistently infected Witmarginale. However, these plasma drug
concentrations were less than the minimum inhibitory concentration recommendwes for t
treatment of bacterial infection causedNyhaemolytica, P. multocida, or H. somnii (CLSI,

2008) Therefore, the success of Anmarginale chemosterilization strategy should not be based
upon the aforementioned minimum inhibitory concentration. A key finding of this stdide is
pharmacokinetic relationship between plasma drug concentration and chéiratsber. This
relationship illustrated that carrier clearance was not influencedgbghdosages of CTC,;
furthermore, 4.4 mg/kg was the minimum effective dose necessary to chélimestattle

infected withA. marginale. Indeed, a difference in RT-PCR assay results, which were used to
determine the time of chemosterilization, was detected between taad BD treatment

groups. However, the authors do not recommend the usage of higher doses when formulating a
chemosterilization strategy due to all CTC-treated groups being ctesiiiwsd between 46 and

49 days of treatment.

A clinically and statistically significant difference was obselwhen comparing CTC
treatment alone to a regime using a combination of oral and injectable ¢etraantibiotics.

This was likely due to the time of maximum concentration occurring eattiena 300 mg/mL
preparation of oxytetracycline (4.7 h) (Dowling and Clark, 2003) is administered ithatiev
LD (38.4 h), MD (42.1 h) and HD (41.5 h) treatments (Reinbold et al., 2009a).

The absorption of tetracycline into the erythrocyte has been characterizenigdea

diffusion process (DeLoach and Wagner, 1984). Once inside the erythrocyte, drugapasses
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cation through porin channels of the outer membrane of Gram negative bacteria into the
periplasm, becomes an uncharged molecule to diffuse through the inner cytopfesnticane

and reversibly binds to the 30S ribosome to inhibit protein synthesis (Chopra and Roberts, 2001).
Tetracyclines are also known to interact with the 16S rRNA subunit (Moazed aed, N6B7).
However, this did not affect RT-PCR assay performance during the study.

Efflux and ribosomal protection proteins, as well as enzymatic inactivation, are
mechanisms of resistance to counteract their efficacy during treatrhese mechanisms are
driven by numerous resistance genes found in commensal and pathogenic loalatgri@hopra
and Roberts, 2001) The ability to define tetracycline resistance is difficailto the frequent
occurrence of mutants that are impermeable to drug uptake (Moazed and Noller, 1987).
Furthermore, no apparent difference is distinguishable between resigares of the
tetracycline family of antibiotics.

CTC is only labeled for the control of active infection of anaplasmosis cauged by
marginale susceptible to CTC in cattle in the United States (2009 Feed Additive Compendium).
The continuous feeding of CTC to naive cattle in high risk areas for anaplagmfexdisn is
advocated during the vector season (Brock et al., 1957). However, this practibavadke
potential to inadvertently disrupt endemic stability by chemosteriliziregiatl cattle and select
for or facilitate the distribution of resistance determinants in bactp@ies present (Stevens et
al., 1993). A significant change was reported in antimicrobial susceptibil@gtefic bacteria
from cattle fed chlortetracycline in three consecutive, five day pulseneeatregimens at 22
mg/kg (Platt et al., 2008). However, this change was only temporary as vaiuasdado pre-
exposure levels within 33 days. Due to length of treatment being critical tesstdc
chemosterilization, it is unknown if this return to pre-exposure levels would barsimi
situations where the duration of therapy is more extensive. The development andiappuifcat
improved animal husbandry practices (Reinbold et al., 2009b), as well as establishament
endemically stable herd (Figueroa et al., 1998), could considerably reducedernee
tetracycline antibiotics when managing anaplasmosis in cattle. Hovilegexxistence of an
endemically stable herd does not permit the comingling of cattle of unknown dssataseor
reduce trade restrictions between endemic and non-endemic countries.

The host immune responseAomarginale infection depends upon the production of
anti-parasitic and anti-erythrocytic antibodies inducing the erythropltagis of parasitized
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erythrocytes (Jatkar and Kreier, 1969). The mechanism by which anapkghdss the host
immune response is unknown; however, the lack of conservation of gene sequences encoding
major surface protein antigensArfiaplasma spp. has been the focus of research (de la Fuente et
al., 2005). Evidence exists for a rapid decrease in antigen-specific Tnzkllm@unologic

memory following infection of cattle pre-immunized with the major surfaceeprdia (Han et

al., 2008). The chemosterilization process was not facilitated immunologigadgécond

exposure prior to and during treatment (Kuttler, 1983). Furthermore, our study andlthgsfi

by others (Magonigle and Newby, 1984; Renshaw et al., 1976) have illustrated a loss of
immunologic memory through the loss of anti-parasitic antibody and re-infectaaitlef

previously chemosterilized.

The mechanism for the extensive duration of treatment necessary for chiéiratste
success is unknown. The reversible binding of the 30S ribosome and lifespan of pdrasitize
erythrocytes may be key contributors to this phenomenon. However, the concentratian of dru
achieved in parasitized erythrocytes may be inadequate for a bactesftadgal It may be likely
the inhibition of protein synthesis may prevent the infection of non-parasitiziémlozytes.
However, parasitized erythrocytes must still be removed from circulatiorythy@hagocytosis
in the spleen. Ultimately, carrier clearance is influenced by an éxtedrsig absorption process,
reversible binding of the tetracycline antibiotic to the 30S ribosome, an inadegsatexmune
response, and erythrophagocytosis of parasitized erythrocytes.

Previously recommended oral CTC chemosterilization regimens ektabigth second
generation diagnostic methods have inadequate sensitivity and specificitgdoataly and
precisely determining disease status (Coetzee et al., 2007; Goff et al., 1990ezenah,

1978). Second generation methods most commonly used in the literature to determine
anaplasmosis disease status in clinical medicine and research, sucliaay eggilutination,
complement fixation and cELISA, identify cell components, metabolic products, teuliole of
antigenic components. However, there is a body of evidence that suggests these anethods
non-specific among relatekhaplasma spp. (Bradway et al., 2001; Dreher et al., 2005; Richey et
al., 1977; Strik et al., 2007). The results of this study illustrated the insufficientiGpeof
CELISA for identifying true negative cattle at the time of chemdstation. The % inhibition (<
30%) used for the cELISA negative cut-off value in this study was previceisly sptimize
sensitivity (Coetzee et al., 2007; OIE, 2009; Strik et al., 2007; VMRD). However,dla as
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cut-off set at a greater % inhibition would do little to improve the spégiif this diagnostic
method under the circumstances of this study. Indeed, the cELISA did eventuallgncnfir
negative disease status. The time delay involved would make third generation diagnostic
methods more attractive. However, the use of cELISA does offer a praaticabst effective
way for veterinarians and producers to determine chemosterilization succes

A novel and quantitative third generation method, RT-PCR, was validated for
determining chemosterilization in this study. The advantages of the RTaB&ay were the
ability to precisely identify the time of chemosterilization (speitifjcenhanced sensitivity as a
result of identifying high copy numbers of 16S rRNA versus a single cellN& copy
(Sirigireddy and Ganta, 2005); and quantification of the 16S rRNA template. Theatisages
were the cost of the reagents and equipment as well as the necessity of nesdentsel

The RT-PCR assay demonstrated improved sensitivity and specificity du&/cE
However, this is not the first study to compare second and third generation diagntsbidsme
during a chemosterilization strategy. A previous chemosterilization stpdyted sensitivity and
specificity deficiencies of cELISA and a nested PCR (Coetzee et al., 20@6yalidity of
diagnostic results of this and previous chemosterilization studies wereedlideough the
subinoculation of whole blood into splenectomized calves. However, the RT-PCR assayecoul
considered as a tool for the reduction of animal pain and suffering by servingliable r
substitute to the subinoculation of splenectomized cattle.

Anaplasmosis is a complex and challenging disease for stakeholders inléhe catt
industry, foreign policy and research communities alike. Many of the current meiexior
the diagnosis, treatment, eradication and control of bovine anaplasmosis preseptohems
to the cattle industry. A highly sensitive and specific RT-PCR assaynstasmental in
characterizing the time of chemosterilization as well as establiiengharmacokinetic
relationship between plasma drug concentration and chemosterilizatien. Due to the
widespread use of CTC for controlling and treating anaplasmosis in datlessential these
effective plasma drug concentrations be reported in the literature to preyeatient use of this
antibiotic. These treatment regimens offer an alternative strategyimimizing animal handling
and eliminate individual treatment. Furthermore, this study identifies Eevihbmosterilization
and testing strategy that could be considered as an alternative to cullinge/ahitle infected
with A. marginale. Ultimately, the findings of this study have the potential to significantly
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impact local, interstate, and international movement of cattle between erat@mon-endemic

regions.
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Figures and Tables

Figure 5.1 Diagram of the study design and decision tree analysis used &i@mine disease

status.

— MD; 11 mg/kg/day of CTC |
» LD; 4.4 mg/kg/day of CTC |
— HD; 22 mg/kg/day of CTC |
—p CONT; placebo |

i %I > 30%:; positive |
c¢ELISA : :
¢ %l < 30%: negative |
o ) . _ Ct = 35; positive |
Semi-weekly sampling and analysis > RT-PCR - -

Ct > 35; negative |

if = 50 pg/mL; report |

Randomize 25 head by bodvweight to
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v cELISA
| Subinoculate splenectomized steers H Weekly sampling and analysis RT-PCR
» Light Microscopy

[ Chemosterilized |[#—— No Positive results
- ; in=?2 ;
[ Treatment Failure J4—— Yes in = 2 methods

Expose 5 chemosterilized steers to re-
infection with frozen stabilate of the
Virginia isolate

Sampling and analysis by
cELISA and RT-PCR h

CONT treated with oxytetracyeline
(300 mg/mL) s.c. at 20 mg/kg and 30
days of CTC at 4.4 mg'kg/day p.o.

124



Figure 5.2 Comparison of the rate of chemosterilization detected by aAnaplasma marginale -
specific RT-PCR assay following 80 days of treatment with placebo in the GO ROL group
(open circles; n=6) and oral chlortetracycline in the LD (open diamonst n=5), MD (open
squares; n=5), and HD (open triangles; n=5) groups. Data points are repegged as the inverse
of the geometric mean of the Ct value reported during analysis. The geometiCV% is

included as error bars for the CONTROL group.
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Figure 5.3 Comparison of the rate of antibody decline againgtnaplasma marginale
detected by cELISA The data series represented are the CONTROL (crosses; n=6), LD
(open diamonds; n=5), MD (open squares; n=5), and HD (open triangles; n=5) treadmt
groups. Data points are represented as the geometric mean of the % inhibn reported
during analysis. The geometric CV% is included as error bars for the CATROL group.
Commonly used cut-off points for disease status interpretation are repsented as 30%
inhibition (- - - -) and 40% inhibition (- - -). The cumulative tine to chemosterilization
detected by the RT-PCR assay is represented on the x-axis (closedle). The end of

treatment is represented on the x-axis (closed square). Negative valoesthe x-axis refer to

the days of CTC treatment whereas positive values represent the days otveel after the
end of treatment.
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Figure 5.4 Comparison of plasma drug concentrations achieved with 4.4, 11, and 22
mg/kg/day of oral chlortetracycline in the LD (open diamonds; n=6), MD (open seares;
n=6), and HD (open triangles; n=6) treatment groups, respectively. Data poinése
represented as the geometric mean and CV% (error bars) of plasma dguconcentrations
reported during analysis. The cumulative time to chemosterilization dected by the RT-
PCR assay is represented (closed circle) on the x-axis. A geometricamés included for
plasma drug concentrations recorded on days 4 through 53 of treatment in the L3%.3
ng/mL; -), MD (214.5 ng/mL; - - -), and HD (518.9 ng/mL; - - - -) treatmergroups
(n=90/treatment).
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Figure 5.5 Comparison of the rate of chemosterilization detected by anaplasma
marginale -specific RT-PCR (open diamonds) and antibody decline againat marginale
detected by cELISA (open triangles) in six steers treated with a sabtaneous injection of a
long-acting oxytetracycline (300 mg/mL) at 20 mg/kg and 30 days of treatment with oral
chlortetracycline at 4.4 mg/kg/day. The end of treatment with CTC treatmenis indicated
(closed circle) on the x-axis. Data points are represented as the geoneainean and CV%

(error bars) of results reported during analysis.
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Figure 5.6 A Kaplan-Meier survival analysis derived from RT-PCR assay resultfor the
LD (— —), MD (= —-), HD (:--), and multi-modal treatment of the CONTROL group (—)
for illustrating the probability of a positive RT-PCR assay result over tme.
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Table 5.1 Comparison of previously reportedAnaplasma marginale chemosterilization strategies in cattle treated with

chlortetracycline hydrochloride.

Confirmed
Dose Duration Group with
Study Cattle (mg/kg) (days) Method Infection Treatment Test subinoculation
1 26 Adults, 4.4 30 n Natural Y CF Yes
intact ration
60 Adults, 2.2 30 Range Natural Y CF, No
intact Cubes CA
60 Adults, 2.2 60 Range Natural Y CF, No
intact Cubes CA
2 60 Adulls, 5.5 30 Range Natural v CF, No
intact Cubes CA
60 Adults, 55 60 Range Natural Y CF, No
intact Cubes CA
60 Adults, 11 30 Range Natural Y . No
intact Cubes CA
3 Adults, intact 11 60 ".1 Experimental Y CF Yes
ration
3 7 Adults, intact 5.5 60 Ir_1 Experimental Y CF Yes
ration
4 Adults, intact 3.3 60 ".1 Experimental Y CF Yes
ration
. In . CF, 4
, 1 Calf, intact 2.2 41 ration Experimental Y CA No
: Hand , CF, #
8 Calf, intact 1.1 45 fed Experimental N CA No
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1 Calf, Hand CF,

. 1
splenectomized 1.1 20 fed Experimental N CA No
10 Adults, 11 30 Hand- 6 Nat.ura|,4 N CE No
5 intact fed Experimental
10 Adullts, 11 60 Hand- Natural N CF Yes
intact fed
6 10 Adults, 1.1 120 In Natural N CF Yes
intact ration

Studies 1, 2, 3, 4, 5 and 6 were reported by Twisli®62; Franklin et al., 1966; Brock et al., 195&nklin et al., 1967; Franklin et al.,
1965; and Richey et al., 1977, respectively. CAapiltary agglutination; CF = complement fixatiors only 1 head splenectomized:

treated calves were splenectomized 75 days affamtent ended.
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Table 5.2 Comparison of diagnostic method performance for the cELISA and RPCR assays as determined by the calculated
sensitivity (%), specificity (%), positive predictive value (%), negativepredictive value (%), and agreementg) during an 80

day Anaplasma marginale chemosterilization study (n=24).

CELISA RT-PCR
Se Sp Se Sp

Day (%) (%) PPV (%) NPV (%) (%) (%) PPV (%) NPV (%) Agreement ()
0 * * * * * * * * 1
4 * * * * * * * * 1
7 * * * * * * * * 1
11 * * * * * * * * 1
14 * 75 95.2 * * * * * 0.92
18 * 60 90.5 * 84.2 * * 62.5 0.7
21 * 60 90.5 * 84.2 * * 62.5 0.7
25 * 60 90.5 * 94.7 * * 83.3 0.8
28 * 42.9 81 * 82.4 * * 70 0.64
32 * 37.5 76.2 * 87.5 * * 80 0.66
35 * 30 66.7 * 91.7 * * 92.3 0.66
39 * 25 57.1 * 66.7 * * 75 0.46
42 * 25 57.1 * * * * * 0.63
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46 * 17.6 33.3 * * * * * 0.46

49 * 16.7 28.6 * * * * * 0.41
53 * 16.7 28.6 * * * * * 0.41
56 * 22.2 30 * * * * * 0.44
60 * 22.2 30 * * * * * 0.44
63 * 22.2 30 * * * * * 0.44
67 * 22.2 30 * * * * * 0.44
70 * 22.2 30 * * * * * 0.44
75 * 16.7 28.6 * * * * * 0.42
77 * 22.2 30 * * * * * 0.44
80 * 22.2 30 * * * * * 0.44

n = 24; Se = Sensitivity; Sp = Specificity; PPV esRive Predictive Value; NPV = Negative PredictWalue; * indicates the cell
value is 100%. 0 < < 0.4 = poor reproducibility; 0.4 k< 0.75 = good reproducibility; and> 0.75 = excellent reproducibility.
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CHAPTER 6 - Implications for further research

The gRT-PCR described in Chapter 2 has proven to be a robust diagnostic method for
determiningA. marginale disease status in cattle. Furthermore, the qRT-PCR was demonstrated
as a replacement for the subinoculation of splenectomized cattle for the ctinfirofestudy
results. Additionally, a robust UPLC-M3/S method has been described for monitoring CTC
plasma drug concentrations (Chapter 4). From these novel diagnostic and qtiantifica
techniques developed in this dissertation, two novel studies will be modestlyoddsari

relation to future research implications.

Assessment of horizontaA. marginale transmission with a tick vector

subsequent to feeding on a chlortetracycline-treatg carrier calf

I ntroduction:

Specific host vector relationships have previously been elucidated in ticks for the
transmission oA. marginalein cattle (Kocan et al., 2000). Ticks have been demonstrated to be
more efficient vectors of anaplasmosis than Tabanidae and Muscidae on the o&3-fufld
and >300-fold, respectively (Scoles et al., 2005; Scoles et al.,2008). Additionally, teetagec
of ticks infected during feeding is related to the circulating paragitéEriks et al., 1989; Eriks
et al., 1993). However, research has not been performed to determine the transatisofA.
marginale by ticks subsequent to feeding on carrier cattle treated with CTC. The ggtbgri
this data is imperative due to the chemoprophylactic use of CTC during the vastam §Brock
et al., 1957).

Phasel:

Nine Holstein calves weighing an average of 200 kg will be purchased andescfeen
A. marginale infection with the qRT-PCR. One naive calf will be infected with the tick
transmissible Virginia isolate &. marginale as described in ChapterA carrier state will be
established and confirmed through monitoring of the parasitemia level with the@RTUpon

confirmation of the carrier state, Phase Il will begin.
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Phasell:

The carrier calf will be treated with the labeled dose of 350 mg of CTC persday
described in Table 1.3. Four days will elapse to ensure a steady-state plage@ndantration
has been achieved. Then, a total of 120 adult reamnacentor variablis ticks will be placed on
the carrier calf and allowed to feed until self-detachment. Ticks willdsedsfor 1 week to
allow multiplication ofA. marginalein gut and salivary tissues. The parasitemia of the carrier
calf will be monitored daily to assess the change in parasitemia leiglsopand during
treatment with CTC. The CTC plasma drug concentration will be monitored witrRbh€- WS/

MS method (Chapter 4). A correlation?jRvill be made between the change in parasitemia and

CTC plasma drug concentration by regression analysis for the dose adwthistdeed, the
limitation of this correlation will be an n=1. However, this will be a gatheringalfrpinary data

for the monitoring of this scenario under field conditions.

Phaselll:

Ten ticks will be transferred to each of the 8 naive, non-medicated calvesoavetiab
feed until self-detachment to assess disease transmission succésseoiTiae remaining ticks
(40) will be mounted, sectioned, and screened for infection by light microscopy. Vaéepoe
of infection in these ticks will be used to estimate the prevalence of infectioa ficks feeding
on the naive calves. After 60 days, transmission success/failure will be idetethrough
analysis of blood samples by the gqRT-PCR.

Addendum to protocol:

If tick transmission is successful under the conditions of this study, then Phaseld
will be repeated in a separate group of calves and ticks. However, Phaiiebkl altered to
include the treatment of the new group of 8 naive calves with the dose and the@osraditi
described in Phase Il for the carrier calf. This will assess theyadfilihnfected ticks to transmit
infection to calves treated with a labeled dosage of CTC.
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Conclusion:
Valuable information will be gathered in regard to the utility of feeding CT@to a
endemically unstable group of calves during the tick vector season for prevertmnzohtal

transmission.

Discovery of the mechanism of carrier clearance inattle fed chlortetracycline

during chemosterilization

I ntroduction:

The mode of action of tetracycline antibiotics was described in Chapter ldor Gr
negative bacteria (Chopra and Roberts, 2001). However, the mechanism of canragrcele
subsequent to the interaction of CTC with the 30S ribosomeroérginale is unknown. It is
imperative to understand this relationship in order to elucidate the future direction of
anaplasmosis chemosterilization research efforts and the treatment qfaitiagenic bacteria

with tetracycline antibiotics.

Phasel:

Sixteen Holstein calves weighing an average of 200 kg will be purchased eeiest
for A. marginale infection with the gRT-PCR. Each naive calf will be infected with the tick
transmissible Virginia isolate &. marginale as described in ChapterA carrier state will be
established and confirmed through monitoring of the parasitemia level with the@RTUpon
confirmation of the carrier state, Phase Il will begin.

Phasell:

Carrier calves will be randomly assigned to a (1) CTC treatment graumikg of
bodyweight/day for 45 days (n = 8) or (2) a placebo-treated, control group (T ke8)
parasitemia and plasma drug concentration of all calves will be monitored dy lbad#s by the
gRT-PCR (Chapter 2) and UPLC-M#®IS methods (Chapter 4), respectively. The 16S rRNA:
16S DNA ratio will also be monitored in the same sample extracted for RNA isradys
described in Chapter 2. A flow cytometric method will be used at each time possetssahe

viability of A. marginale bacteria as previously described in (Coetzee et al., 2006). Finally, a
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protocol modification will be developed to monitor CTC concentration in the intra-ecytic

compartment as compared to the vascular compartment.

Conclusion:

At the completion of the 45 day study, the purpose of this study is to assess the potential
change inA. marginale intracellular metabolism relative to treatment administered. Thanate
time of carrier clearance will be monitored with the qRT-PCR. A coroeldf¥) will be made
between the change in metabolism according to treatment administered and tR&IA6$6S
DNA data. A correlation will also be made between the change in metabolisctedelby the
gRT-PCR and the viability oA. marginale bacteria assessed with the flow cytometric method.
The plasma and intra-erythrocytic drug concentrations will be used to determi
pharmacokinetic parameters during treatment. Furthermore, an attdhipg miade to establish
a relationship between plasma drug concentration, intra- erythrocyticonggntrationA.
marginale viability, and chemosterilization. If a relationship can be established,ttheayibe
concluded that the cytotoxic effects of chlortetracycline contribute tméahanism of carrier
clearance. If no relationship can be established, then it may be concluded that an unknown

mechanism contributes to the mechanism of carrier clearance.

Research conclusions and practical implications

The study in Chapter 2 described the development of real-time gRT-PCR fasshgs
detection ofA. marginale andA. phagocytophilum alone or in combination. This is the first study
to describe a duplex method for the diagnosi&. oharginale andA. phagocytophilum from the
same sample. The selection of thel6S rRNA gene segments enhanced treabsahditivity of
the assay due to the high ratio of 16S rRNA:16S DNA. Furthermore, the extractibidfdn
a plasma-free blood sample ensured the maximum number of cells in a 250 pL sample we
available for analysis. The correct classification of diseasgssgatmportant for the collection
of epidemiologic information, development of anaplasmosis disease control programs, and

improvement of free-trade policy between endemic and non-endemic countries.
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Anaplasmosis presents many problems to the cattle industry due to complieations
disease control, eradication and treatment. When vaccinating cattle of unkneaseditatus,
hygienic animal husbandry techniques are highly recommended. The study inrGhagse
designed to vigorously challenge the utility of needle-free injection for theotofft
anaplasmosis transmission among cattle during vaccination. Needle-fe@®@mjvas validated
as a tool for controlling iatrogenic transmissiorAomarginale. Additionally, theA marginale-
specificqRT-PCR assay was evaluated for detectingiarginale in bovine peripheral blood
samples. This data set is clinically relevant due to the potential spréachafginale to naive
cattle during routine animal husbandry practices as well as identifyirdgflogencies in the
sensitivity and specificity of cELISA. This study is the first reporévaluate needle-free
injection techniques for the control of iatrogenic transmission of anaplasmog as
determine the performance of first, second and third generation diagnostic mettezpseatial
time points following a single exposureAomarginale in cattle.

Due to the widespread use of CTC in ruminating cattle, it is essential these
pharmacokinetic parameters be reported (Chapter 4). Current liteetuaigns deficient for oral
bioavailability in ruminating cattle. Until a sufficient body of scientific Wihedge for a
complete pharmacokinetic and pharmacodynamic profile of CTC is formed, thethge of
antibiotic as a tool in profitable cattle production will continue to be a target abkpeerest
groups for the removal of the FDA-approved, labeled use of CTC in animal feed. Rezently
population pharmacokinetic (PPK) study was established as a successful totidanga
pharmacokinetic information in large populations of cattle@® head) (Fu et al., 2008). In
addition to that study, the information gathered in the present study, as well as the use of
nonlinear mixed effects modeling techniques typical of PPK studies, could provide the
framework for PPK research of CTC in group fed, ruminating cattle. Futurestfdias kind
are necessary to bridge the gap between experimentally-derived datanfamdatory studies
applied under normal conditions (Sheiner, 1997).

The study in Chapter 5 established multiple chemosterilization regimieigsQiEC for
the clearance of persistent infection withmarginale, as assessed with the Virginia isolate
These treatment regimens offer an alternative strategy fomiging animal handling and
eliminates individual treatment. However, these plasma drug concentragomsess than the
minimum inhibitory concentration recommended for the treatment of badtdaetion caused

142



by M. haemolytica, P. multocida, or H. somnii (CLSI, 2008) Therefore, the success of An

marginale chemosterilization strategy should not be based upon the aforementioned minimum
inhibitory concentration. A key finding of this study was the pharmacokindgitaeship

evaluated among 3 doses of CTC in a fixed treatment regimen. Furthermoreidyislientified

a viable chemosterilization and testing strategy that could be consideredtasrativze to

culling valuable cattle infected with marginale. The gRT-PCR was instrumental in
characterizing the time of chemosterilization as well as establiiengharmacokinetic
relationship between plasma drug concentration and chemosterilizatien.
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