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1. Abbreviations

BT
BHV-1
BVD
CFDA
CFU
CR
DAPI
DMSO
ELISA
EMA
FACS
FC
FITC
FMD
FWS
HEYM
IBR

INF
MDMs
MHC
MLSSR
MOl
NAHMS
NLR
NOD2

Bluetongue disease

Bovine herpes virus-1

Bovine virus diarrhea
Carboxyfluorescein diacetate
Colony forming units

Complement receptor

4’, 6-diamidino-2-phenylindole
Dimethyl sulfoxid

Enzyme-linked immunosorbent assay
Ethidium monoazide
Fluorescence-activated cell sorting
Fecal culture

Fluorescein isothiocyanate
Foot-and-mouth disease

Forward scatter

Herrold’s egg yolk medium
Infectious bovine rhinotracheitis
Interleukin

Interferon

Monocyte-derived macrophages
Major histocompatibility complex
Multilocus short sequence repeat
Multiplicity of infection

National Animal Health Monitoring System
NOD-like receptor

Nucleotide-binding oligomerization domain 2
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NRAMP
PAMP
PBMC
PBS
PCR
PRR
Slcllal
SSC
SSR
TLR
TNF
TNF-a
TRITC

Natural resistance-associated macrophageiprot
Pathogen-associated molecular patterns
Peripheral blood mononuclear cells
Phosphate buffered saline

Polymerase chain-reaction
Pattern-recognition receptors

Solute carrier family 11a member 1
Sideward scatter

Short sequence repeat
Toll-like receptor

Tumor necrosis factor
Tumor necrosis factor-alpha

Tetramethylrhodamine isothiocyanate



Introduction

2. Introduction

Paratuberculosis, commonly known as Johne’s diséasmused by the intracellular
bacteriumMycobacterium avium subsp paratuberculosis (M. paratuberculosis). The disease
is characterized by a chronic and incurable granatous enteritis mainly affecting
ruminants. Its pathogenesis is primarily determibgdhost immune reactions in attempt to
eliminate the pathogen which persistently infececraphages. Animals mostly get infected
via the fecal-oral route during the first weekslité usually followed by a long incubation
period of 2-10 years. Currently available cost-@ffee diagnostic tools are not sufficient to
identify the majority of animals in the preclinicahase making Johne’s disease one of the
most challenging infectious diseases of cattle e&gprof this worldwide occurring disease
does not only affect the economy of the dairy induut, due to its possible link to Crohn’s
disease, might potentially represent a threat tmdnuhealth. To this day, our knowledge of
host immune responses M. paratuberculosis and the genetic constitution of the host
potentially influencing infection as well as thengéc properties of the bacterium affecting its

virulence remains incomplete.

It has been suggested that host genetics may playp@ortant role in susceptibility to
M. paratuberculosis infection and therefore are a possible reasouliferences in the ability
of macrophages to kill the organism between hokthe same species. Furthermore, there
have been indications that genotypic differencedofparatuberculosis strains potentially
influence the virulence of the pathogen. If truegddling programs for ruminants as well as

control strategies might have to be adapted iruhee.
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The presented doctoral study was performed toddibeithe influence of host infection
status and strain differences on the outcomi@ gftro infection in bovine monocyte-derived

macrophages (MDMs). Objectives of this study were:

1) Evaluation of potential differences in phagocytid&illing ability of MDMs from
cows which were test-positive by fecal culture &idSA for M. paratuberculosis in-
fection in comparison with matched cows of the sdmed that had consistently

shown negative results in both test categories.

2) Investigation of differences in intracellular swai in MDMs between different strains

of M. paratuberculosis.

3) Determination of the cytotoxicity of the differekt. paratuberculosis strains used in

the experiment.
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3. Literature review

3.1. History and general introduction

In the winter of 1894/95 the German veterinarialedfich Harms from Jever in Lower
Saxony treated a cow with progressing emaciatiahdaarrhea on several occasions. Despite
the medical treatment, the condition of the apprately six year old animal deteriorated
over a period of six months, and the animal waalligjrculled on March 8, 1895. Harms, who
suspected intestinal tuberculosis to be the unaeriyause of the cow’s condition, performed
a necropsy on the animal. Uncertain of his diagnhbscause his findings did not concur with
the typical pathological picture of intestinal totdosis he sought a specialist opinion and
sent sections of the pathologically altered jejungaecum and omentum to the veterinary
pathology institute in Dresden for further inveatigns. The case was handled by Dr. Johne,
pathologist of the veterinary School in Dresden hisdAmerican colleague Dr. Frothingham,
visiting from Boston, MA, USA. Based on macroscopind histological findings both
concluded that this was an unusual case of bowuipertulosis potentially caused by an avian
tubercle bacillus which they found to be worth pstuihg in the case report “Ein
eigenthimlicher Fall von Tuberkulose beim Rind’nde and Frothingham, 1985). It became
the first scientifically documented case of paratghlosis, in the English speaking world
now commonly known as Johne’s disedsel906, Bang recognized that the disease, despite
its resemblance with intestinal tuberculosis, wagact not caused by tubercle bacilli. But it
took another four years until Twort was able tdasmand cultivate the causative agent, today
known asMycobacterium avium subsp paratuberculosis (M. paratuberculosis) (Bang, 1906;

Chiodini et al., 1984; Thorel et al., 1990).
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Johne’s disease is a chronic granulomatous ester@igional lymphangitis and
lymphadenitis of ruminant@Buergelt et al., 1978; Clarke, 1997). In cattlenical disease is
characterized by chronic, progressive loss of boalydition, and intermittent or persistent
diarrhea with fecal shedding of the organism. Tisease is untreatable and eventually results
in death (Clarke, 1997). Infected animals passuiginotwo preclinical stages of the disease
during an incubation period of 2 to 10 years: Dgriine first, silent stag®/. paratuberculosis
exposure usually remains undetectable using themtly available tests, while animals in the
second preclinical stage may have antibodies dgilecby available serological tests and/or
may shed the bacteria in their feces (Whitlock &uergelt, 1996). Not all animals, even
when exposed to large numbers of bacteria, becargsgently infected (Coussens, 2001,
Gilmour and Angus, 1976). Possibly, the geneticsttution of the host and different

genotypic properties of the infectious agent deileenthe outcome of infection.

In over a century since its discovery, Johne’s aisehas fascinated and frustrated
many scientists. A plethora of investigations omhpgenesis and transmission, host range
evaluation, development of diagnostic tests, desifreradication and control programs
including vaccination regimes and management sfiede studies of the etiologic agents
biology and the immune reactions of the host, hagen conducted but still leave many
guestions yet to be answered (Barksdale and Kim7;1Buergelt et al., 1978; Chiodini et al.,
1984; Clarke, 1997; Collins, 1996; Coussens, 20Gdris and Barletta, 2001; Kennedy and

Benedictus, 2001; Sweeney, 1996; Whitlock and Belerj996).

3.2. The infectious agent

Mycobacteria belong to the family Mycobacteriaceae with the only genus

Mycobacterium. These aerobic, non-motile, rod-shaped, Gram-pesand acid-fast bacteria
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can be subdivided into rapid- and slow-growing niaderia. The specidd. avium belongs
to the slow-growing group of mycobacteria and carivided into four subspecidgl. avium
subsp. avium, M. avium subsp. silvaticum, M. avium subsp. paratuberculosis (M.
paratuberculosis) and recentlyM. avium subsp.hominissuis (Mijs et al., 2002; Thorel et al.,
1990). Besided. avium subsp.avium and M. paratuberculosis the group of slow-growing
mycobacteria comprises other important pathogeds asM. tuberculosis, M. leprae, andM.

bovis affecting humans and various animal species (WayadeKubica, 1986).

M. paratuberculosis is a small (0.5 x 1.5 um) rod-shaped, Gram-pasitacid-fast
bacterium of high tenacityy. paratuberculosis cannot multiply outside a host cell due to its
dependency on mycobactin, an iron-chelating agéhtodini et al., 1984). The generation
time in cell culture is 1.3 to 4.4 days (Lambreehtal., 1988). Its cell wall, like in other
bacteria of the genus mycobacteria, is composed tfick waxy mixture of lipids and
polysaccharides and is characterized by a higheovr@f mycolic acid (Barksdale and Kim,

1977).

3.3. Prevalence and significance

Johne’s disease presents a threat to the dairgtiydworldwide. Available prevalence
data need to be interpreted with caution, becaiaggdsis of animals in the preclinical period
of Johne’s disease is difficult and imprecise.sltassumed that for every cow with clinical
signs of Johne’s disease 25 other animal are eded®nly 15% to 25% of these infected
animals can be detected with the current diagndssts if tests are not repeated (Whitlock
and Buergelt, 1996). Therefore, the true preval@iadisease might well exceed the current
estimates. Consequently, calculations on econoosises based on these prevalence studies

are approximations which may not reflect the tregrde of economic damage. In the USA,
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seroprevalence on the individual animal level isoréed to be 2.5% with 40.6% of herds
infected. These results are based on a survey @nd@By herds which did not vaccinate
against Johne’s disease with 31745 animals in afestof the USA (NAHMS, 1997).

Currently, there are no data available on the peexa of Johne’s disease in Germany. By
estimate only, 5-15% of German dairy herds are exttsgd to be affected by the disease

(Stratmann et al., 2005).

Significant milk production losses and lower slatieglweight redound directly to loss
of income while increase in premature culling leddshigher costs for replacements.
Reduction in reproductive performance and higherdence of mastitis, both clinical and
subclinical, are suspected, but a consistent caoilemegvith Johne’s disease has yet to be
shown (Harris and Barletta, 2001; Johnson-lfeamluat al., 1999; McKenna et al., 2006;
Wells et al., 1998). Based on the National Animabkkh Monitoring System study “Johne’s
Disease on US Dairy Operations” (NAHMS, 1997), €tal. (1999) reported that the average
annual losses to the US dairy industry caused Hycteon in productivity as a result of

Johne’s disease infections amount up to 200 ton28@n USD.

3.4. Hostrange

Not only cattle but all ruminant species are susbkpto paratuberculosis (Chiodini et
al., 1984); and in recent yedvk paratuberculosis infections associated with clinical signs of
paratuberculosis have also been reported in lagamsqiEuropean brown hares, wild rabbits),
rodents (woodmice, rats), carnivores (stoats, weabadgers, foxes) and corvids (jackdaws,
rooks, crows) (as reviewed by Daniels et al., 2008g role of paratuberculosis-infected non-

ruminants in propagation d¥l. paratuberculosis in the bovine population has not yet been
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well evaluated but it can be suspected that ingmigs transmission might play an important

role in the epidemiology of the disease.

3.5. Zoonotic potential

For many years the zoonotic potential of Johneseake has been discussed very
controversially. Already Dalziel (1913) suggestecbanection between Johne’s disease and a
human ailment of similar pathological and clinid¢@dings, which later became known as
Crohn’s disease. But to this day, scientists hantebieen able to clearly prove the etiological
role of M. paratuberculosis in Crohn’s disease, and further investigationsrereded (Badiola
et al., 2000; Behr and Schurr, 2006; Chamberlin ldader, 2006). If in fact the association
between the two diseases was verified and Johme&sagk became a serious public health
concern the impact on the cattle industry couldleeastating (Greger, 2001; Shulaw et al.,

2003; Stabel, 2000b).

3.6. Pathogenesis

3.6.1. Infection

Animals usually become infected through oral uptakfe the organism from
contaminated feed or environment (Sweeney, 1996 )patentially via infected macrophages
present in colostrum and milk (Streeter et al.,5)9B utero infections are possible in dams
in advanced stages of the disease (Sweeney @98R). Calves up to the age of six months
are more susceptible to infection wikh. paratuberculosis than older animals (Payne and
Rankin, 1961; Taylor, 1953). Ingested bacteria@eslominantly taken up by membranous

epithelial (M) cells covering the ileal Peyer’s ga¢s which present them to unactivated
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macrophages beneath their basal membranes (Mongitaihi 1988). In ruminants, changes
of the constitution of mucosal lymphoid tissuesetaitace during the first months of life
(Tizard, 2004; Yasuda et al., 2006). In lambs tbal iPeyer’s patches begin to decrease in size
after three months and regress entirely until &daltl (Reynolds and Morris, 1983). These
changes might be of relevance to the increase sistamce to infection withM.
paratuberculosis. Macrophages, large phagocytic leukocytes, belonthe innate immune
system. They ingest presented antigens such asrizaanhd usually destroy them efficiently
through the generation of nitric oxide (NO), leagio the production of highly reactive and
toxic oxidants (Tizard, 2004). Based on ianvitro study by Zhao et al. (1997) there is,
however, evidence that the amount of NO producelddwyne macrophages is insufficient for
killing intracellular M. paratuberculosis. Macrophages possess pattern-recognition receptors
(PRRs) which recognize highly conserved moleculemolecular patterns called pathogen-
associated molecular patterns (PAMPSs) such as Ighydtcof mycobacteria. PRRs can be
integrated into the cell membrane or can be fomsdle the cells (Akira et al., 2006; Tizard,
2004). A number of cell surface PRRs are associatgdthe uptake of mycobacteria species
by macrophages: Toll-like receptors TLR2 and TLBdmplement receptors CR1, CR3 and
CR 4, fibronectin receptors, and mannose recefBasnudez et al., 1991; Danelishvili et al.,
2007; Jo et al., 2007). Additionally the nucleotldrding oligomerization domain 2 (NOD2)
belonging to the NOD-like receptor (NLR) family h&®en identified as an important
intracellular PRR in mycobacterial infections (Ferda et al., 2007). Mycobacteria spp. have
the ability to manipulate the function of macropbs@nd thus impede their own destruction.
Interference with the formation of phagolysosomkygan important role in the survival of
Mycobacteria spp. inside host cells. The mechani$ras allow these bacteria to intervene
with the immune cell function are complex and tfarsonly partly understood (Russell et al.,

2002).

10
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3.6.2. Preclinical stages of Johne’s disease

Upon experimental infectioniVl. paratuberculosis can be found in corresponding
lymph nodes of affected intestinal sections asyeaslone hour after inoculation (Wu et al.,
2007a). In this early stage of the infection priainfmatory cytokines such as interleukin-1
(IL-1) and IL-12 are released by infected macro@sagading to recruitment of macrophages
and lymphocytes to the site of infection. Furtl@R4" T cells, cytolytic CD8 T cells andys
T cells become activated by these proinflammatoyyolkines. These cells in return
communicate via direct cell-to-cell contact or tngb the cytokines interferon-gamma (IFN-
v) and tumor necrosis factor-alpha (TNJwith infected and naive macrophages. INplays
a central role in controllingl. paratuberculosis infections. Its function is highly dependent
on its local concentration. INf-activates naive macrophages which are alluredtés sf
infection by various cytokines. Activated macropbagan destroi. paratuberculosis and
therefore help fight off new infections. FurthermpNF+ suppresses mycobacterial growth
in persistently infected macrophages which alsoficea the damage induced kL.
paratuberculosis infection. TNFe is highly significant for the formation of granuhata that
enclose persistently infected bacteria; it doespnetent the intracellular multiplication .
paratuberculosis. Thus, the T-cell mediated immune response is nfficent to eliminate
persistently infected macrophages but may limithferr infection of immune cells (reviewed
by Coussens, 2001). During this silent stage ohdshdisease macroscopic alterations of
affected tissue are rare and are usually seen imais which have been experimentally
infected (Clarke, 1997). Histologically, howevericrogranulomata in the intestine and the
lymph nodes may be found (Whitlock and Buergel©&,9Nu et al., 2007a). Due to the lack

of sufficient antibody formation and absence ofafeshedding of the infectious agent,

11
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animals in the silent stage of Johne’s diseaseusamally only be detected by mesenteric

lymph node biopsy (Pemberton, 1979).

In the second stage of the incubation period, gdiogr of intestinal lesions progresses
as a result of the host immune reaction in an gitdm eliminate the pathogen (Coussens,
2001). Adduction of vast numbers of macrophagesianghocytes leads to thickening of the
intestine and its mucosal surfaces becomes coedgatd granular in appearance. Lymphatic
vessels of the mesentery may thicken and dilateaAssult of immune cell recruitment
affected lymph nodes become enlarged and palelor (Buergelt et al., 1978). When the
cell-mediated response attenuates, the humoral mamesponse becomes dominant and the
animal is no longer able to contain the infecti@oissens, 2001). Unlike for other diseases,
antibodies do not provide protection agailktparatuberculosis. On the contrary, detection
of antibodies toM. paratuberculosis heralds the clinical stage of paratuberculosise Th
underlying causes for the failure of the cell-méstiaimmunity still remain unidentified
(Koets et al., 1999; Stabel, 2000c). Towards the adrthe preclinical phase bacteria may be

detected in the feces by culture or polymerasenctegiction (PCR) (Collins, 1996).

3.6.3. Clinical stage

When the cell-mediated immune response abatesrizaspgead to other intestinal and
lymphatic sites as well as other organs such aditbe kidney and the lung. As a result
progressing damage of the intestines and otheretsseccurs (Clarke, 1997). At this stage of
disease elevated antibody titers and large numiielsmcteria in the feces can usually be
detected by routine diagnostic tests. The firsticéil sign of Johne’s disease is the gradual
weight loss despite a normal or increased appefitdasequently the manure consistency

becomes more fluid. At first the diarrhea may biermittend. Thirst of animals is usually

12
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increased while vital signs remain normal (Whitlogkd Buergelt, 1996). Later, animals
become debilitated and emacicated. Due to the ting#sdamage animals develop
hypoproteinemia which can lead to edema especratlye submandibular region (bottle jaw).
In advanced Johne's disease, when animals hava foatked amount of weight, the usual fat
layers surrounding the kidney, heart and evenerbtbne marrow may be missing completely.
If animals have not been removed from the herd faushey eventually become cachectic,
anemic and too weak to rise before they die (Chiodt al., 1984; Manning and Collins,

2001).

3.7. Diagnostics

Two categories of tests for Johne’s disease etlisse that determine the pathogen
itself and those that detect immune responsedligparatuberculosis. Antigen can be
demonstrated by acid-fast staining of fecal smdazasteriological culture of fecal and tissue
samples and PCR. Tests investigating the host iremesponse against. paratuberculosis
detect antibodies (Serological tests), delayed-tyyg@ersensitivity reactions (Johnin test) or
increased INFlevels (INFy ELISA). A number of highly specific and cost-effige tests is
commercially available for detection ™. paratuberculosis infections. Tests which either
detect the bacterium itself or antibodies agaMsparatuberculosis are highly specific but,
unfortunately, due to the biology of Johne’s digeabe sensitivity of these tests depends
mainly on the stage of the disease. For examplest namimals begin sheddiniyl.
paratuberculosis in their feces before antibodies can be detecieBIWSA (Sweeney et al.,
2006). Sensitivity of these ELISA tests is higharanimals shedding large numbers of
bacteria (heavy shedders) compared to low sheduénglock et al., 2000). Thus, choosing

the right test(s) in a given situation requiresdyanowledge of the particularities of available

13
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tests as well as the pathogenesis of Johne’s disdaw further details on diagnostic
procedures for paratuberculosis the reader isregfé¢p publications by Collins (1996), Harris

and Barletta (2001), Homuth (2002) and Rideout.€2803).

3.8. Disease awareness and control

Since Johne’s disease was first described in 189§pread throughout the world has
been reported. With an exception of Sweden andicestates of Australia, it has become a
common disease in all countries with a significdairy industry (Chiodini, 1993; Kennedy
and Allworth, 2000; Viske et al., 1996). Despite throwing economical impact of Johne’s
disease and the increase of concern over humathhegblications the awareness among
dairy farmers is alarmingly low. According to th896 NAHMS study "Johne’s disease on
US Dairy Operations” in which 2,542 producers ip thnited States participated, only 18%
of farmers considered themselves fairly knowledgeab Johne’s disease. 10% had never
heard of it, 35% at least knew the name of theadisewhile 37% stated to have a basic
knowledge (NAHMS, 1997). Comparable data on theasibn in Europe are not available but

are likely to reflect the circumstances in North émna.

Reasons for low disease awareness are multifaridatire of the disease, lack of
producer education with regard to Johne’s diseasgyeneral low awareness for the
importance of biosecurity measures and the absehoendatory control programs in most
countries.

Cattle owners usually do not perceive paratubesisilas a problem. Clinical signs
normally occur only after a very long incubationripd and are not pathognomonic. If
animals stay in the herd until the late preclinicakarly clinical phase, other impairments of

health, such as failure of reproductive performamnuastitis or lameness may be predominant

14
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and the more obvious sign of the animal’s healtbl@m. As a result, animals often leave the

herd without being diagnosed as Johne’s diseastveos

In the NAHMS study “Reference of 1996 Dairy ManagemPractices, Part 1” it was
reported that 78% of farmers listed veterinariasiga aery important source for information in
regard to making health care decisions on dairgnga(NAHMS, 1996). Thus, insufficient
education of cattle owners, especially by veterama, may be another reason for lack of

Johne’s disease awareness.

The most important factor for propagation of Jobndisease is the introduction of
infected but clinically healthy appearing animads & herd (Sweeney, 1996). Yet disease
prevention by strict application of biosecurity raeges is still not a well adapted concept on
North American dairy farms and a similar situatman be assumed for the European cattle
industry. In a study with 2,194 participants 39%caftle owners stated that they had brought
at least one new animal onto their farm premisesxdl2006. Only 20% of the new arrivals
were quarantined and less that 50% of producersirezl) the purchased animals to be
vaccinated against infectious diseases such asdeuius diarrhea (BVD), infectious bovine
rhinotracheitis (IBR) or leptospirosis prior toigal on their farm (NAHMS, 2007). But these
data only illustrate the overall attitude of prodig concerning disease prevention. The
situation for Johne’s disease is even more contglicas many animals infected wikh.

paratuberculosis would not even be identifiable by commonly avdiatests.

Paratuberculosis sanitation programs of most cmstif they exist, are voluntary and
procedures vary greatly from country to country iaRgtance in Germany, there is still lack of
a national approach to Johne’s eradication (Klesd.e2002). It has been demonstrated in the
past that success of control and eradication progfar animal diseases are correlated to the

factors motivating producers to participate. Oltliggp programs by national or international
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law or penalty and incentive based programs ieitidty the food processing industry have
proven successful. Elimination of foot-and-moutkedise (FMD), bovine tuberculosis and
brucellosis in Germany or the reduction of mastitgdence in many industrialized countries
are just a few examples (Valeeva et al., 2007%ake of Johne’s disease, national eradication
programs in Australia and Sweden have demonstrabed success of strategies in

paratuberculosis control (Kennedy and Allworth, @0@iske et al., 1996).

German farmers are currently greatly affected bgallemeasures focusing on
eradication of diseases such as bovine herpes ¥i(B$1V-1) infections, BVD and at present
bluetongue disease (BT). Restrictions of intermaticand national trade in regard to these
diseases emphasize the economic importance of nesathat have to be taken. Furthermore,
unlike in Johne’s disease, clinical signs for IBRYD and BT can be dramatic which
facilitates communication of the necessity of réagha disease-free status. Johne’s disease,
however, is thus far not subject to internationadr®@mic sanctions (Rideout et al., 2003).
Control of the disease, especially the attemptaodieate the pathogen from a herd, demands
exceptional management skills, good knowledge oblagy and pathogenesis of
paratuberculosis, and patience. Reaching a didessestatus of an infected herd is labor-
intensive and costly. It necessitates strict apgibm of hygienic measures, involves culling of
animals that might still appear healthy and higpigductive, requires regular testing and
demands for closing-off the herd. Usually the latKinancial benefits keeps producers that
are aware of Johne’s disease from participatinglatorate voluntary eradication programs
(van Roermund et al., 2005). Some cattle ownerfin@gen feel that ndknowing the current

paratuberculosis status of their herd may be pabfer(Klee et al., 2002).

While eradication of Johne’s disease might not bssiple with the current state of

science and with presently available resources oghi, 2005), control of M.
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paratuberculosis infections could, without doubt, be improved byraduction of respective
legal guidelines and preferably international stadd for implementation of control
programs and further education of veterinariansaattle owners. But unless Johne’s disease
will be confirmed as a zoonosis, necessary legabras by state executives are not to be
expected in the near future. Nonetheless, fillmggaps which remain in the understanding of
pathogenesis, host immune responses, bacterialctigteu and epidemiology of
paratuberculosis will increase the likelihood otsess for future control and potentially

eradication programs.

3.9. Genetic susceptibility

For almost a century genetics has provided a nyajeoccupation for scientists in
infectious disease susceptibility. A range of datiphenotypes associated with infectious
disease, racial differences in susceptibility, amith studies all redounded to the view that the
host genotype contributes to disease severity Klalt, 2001). A number of single gene
defects in humans and mice have been identifiedctwtdetermine susceptibility to
mycobacteria and other intracellular pathogens.e&igfly the solute carrier family 1la
member 1 (Slcllal) gene (formerly NRAMP1 gene) mpdor a proton/divalent cation
transporter located in the phagolysosomes memhboameacrophages has been studied in
regard to numerous infectious and autoimmune déseascluding mycobacterial infections
(Blackwell et al., 2001; Eichner Techau et al., 200evin and Newport, 2000). Also defects
in other genes critical for macrophage up-regutatimcluding IFNy, IL-12, the IFNy
receptor, the TNF receptor, and the IL-12 recepta,associated with decreased resistance to
mycobacterial infection in humans (Levin and Newp86000). In recent years evidence for

inherited predisposition thl. paratuberculosis infections has increased (Gonda et al., 2006;
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Koets et al., 2000; Mortensen et al., 2004; Nielseal., 2002), yet potential genetic factors
influencing resistance to Johne’s disease areustitlentified. The bovine equivalent of the
Slcllal gene has been identified, and was linkaedistance of cattle Brucella abortus
infections (Adams and Templeton, 1998; Barthel.e2801; Feng et al., 1996). A connection
between polymorphisms of the Slcllal gene andtaeses or susceptibility to mycobacterial
infections in cattle has thus far not been dematedr (Barthel et al., 2000). Reddacliff et al.
(2005), however, found an association between M¥C-Il and NRAMP alleles withM.
paratuberculosis clinical status in sheep. Though further reseaschecessary, a potential
future approach in Johne’s disease control couldhleereduction ofM. paratuberculosis

infections through selection of genetically resist@nimals (Koets et al., 2000).

3.10. Molecular strain typing

Since the polymerase chain reaction (PCR) technipgeinvented by Mullis in 1983
it has revolutionized the world of molecular biojognd augmented the knowledge of Johne’s
disease during the past two decades (Mullis, 1988jly epidemiological studies identified
that Johne’s disease in cattle and sheep is cdnysdifferent bacterial strains. Differentiation
of these strains was based on phenotypic diffeseaaeh as colony pigmentation and colony
surface constitution. Growth rate of bacteria ws® aised for determination of strain type
(Taylor, 1951). Nowadays genotypic differentiatiohstrains is possible by application of
molecular methods which are mostly based on PCRex&ellent introduction to the different
available techniques is provided through recenieres by Motiwala et al. (2006) and Sohal
et al. (2007). Source tracking is one of the mastnmon applications for molecular
epidemiologic methods (Zadoks and Schukken, 2@&6ain typing can elucidate from where

the infectious agent originated and may help toeustdnd ways and risk factors for
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transmission. Strain typing also allows investiggtithe genomic diversity ofM.
paratuberculosis strains and may permit the identification of highVirulent strains.
Identification of the origin of infection which ctilbe an animal in the herd, animals of other
species which share the same pasture (e.g. wildtsjlor an environmental source as well as
detection of an animal shedding bacteria of a liginulent strain could help veterinarians
and cattle owners to focus on more sophisticatedtralbb measures. Furthermore,
differentiation of isolates could elucidate meclsams of host-specificity and association of

specific genotypes with clinical disease versushuical states (Motiwala et al., 2006).
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4.1. Abstract

In this study we investigated the ability of diéat Mycobacterium avium subsp.
paratuberculosis (M. paratuberculosis) strains to survive in bovine monocyte-derived
macrophages (MDMs) of cows naturally infected vithparatuberculosis and control cows.
We tested the hypotheses that infection statu®wk @ffects macrophage killing ability and
that survival ofM. paratuberculosis in macrophages is dependent on the strain. Peaphe
blood mononuclear cells (PBMC) were obtained frashng’s disease-positive (n = 3) and
age and stage of lactation matched Johne’s disesagive (n =3) multiparious cows.
Following differentiation, MDMs where challenged intro with 4 M. paratuberculosis
strains of different host specificity (cattle, shgeTwo hours and 2, 4, and 7 days after
infection, ingestion and intracellular survival df paratuberculosis strains were determined
by fluorescence microscopy. There was no effedheforigin of MDMs (Johne’s disease-
positive or control animals) on phagocytosis, stavof bacteria, or macrophage survival. In
contrast, important strain differences were obskrvéhese findings suggest that soMe
paratuberculosis strains interfere more successfully than othergh wihe ability of
macrophages to kill intracellular pathogens whicaynmake it important to include strain

typing when designing control programs.

4.2. Keywords

Cattle; Mycobacterium paratuberculosis; Macroph&EyC; Genetic susceptibility
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4.3. Introduction

Mycobacterium avium subsp. paratuberculosis (M. paratuberculosis) causes
paratuberculosis (Johne’s disease), a chronicyaide granulomatous enteritis of ruminants
(Buergelt et al., 1978; Chiodini et al., 1984)isliwidely accepted that cattle usually become
infectedin utero or as calves through oral uptake of the organigmm fcontaminated feed or
the environment (Sweeney, 1996; Sweeney et al2)198fected animals pass through two
preclinical stages of the disease during an inéabaderiod of 2 to 10 years. During the first,
silent stagelM. paratuberculosis infection usually remains undetectable by curkeatiailable
tests, while animals in the second preclinical stagy have increased antibodies detectable
by available serological tests and/or may shed hiaeteria in their feces (Whitlock and

Buergelt, 1996).

To this day, our knowledge of host immune responsé4. paratuberculosis and the
genetic constitution of the host potentially infheeng infection as well as the genetic
properties of the bacterium affecting its virulen@mains incomplete (Coussens, 2001,
Motiwala et al., 2006). To elucidate the interactlmetweerM. paratuberculosis and the host
immune system, a number of studies have investiggene expression of PBMC from
Johne’s disease-positive and healthy control amirfabussens et al., 2003; Coussens et al.,
2004a; Coussens et al., 2005; Coussens et al.pp0Pdrther, research has been carried out
on the differences in cytokine profiles of PBMCdamonocytes fronM. paratuberculosis-
infected animals and control animals (Khalifeh &tdbel, 2004; Stabel, 2000a; Weiss et al.,
2005). However, with the exception of a study byisseet al. (2005), none of the
investigations have sufficiently addressed survofahe bacterium as a function of infection

status of the animal.
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Genetic predisposition to intracellular infectiom$ macrophages withBrucella
abortus, M. bovis BCG, andS dublin has been documented in cattle (Qureshi et al6)189d
has been suggested for infections of sheep anié gath M. paratuberculosis (Gonda et al.,
2006; Nielsen et al., 2002; Reddacliff et al., 2005hese studies suggest that host genetics
may play an important role in susceptibilityNb paratuberculosis infection and therefore are
a possible reason for differences in the abilityr@crophages to kill the organism between

hosts of the same species.

Phenotypic strain differences betwelkh paratuberculosis isolates causing Johne’s
disease in cattle and sheep have been identifieeadg as the middle of the last century
(Taylor, 1951). Only now have recent developmentshe field of molecular biology and
genomics provided the research community with todlat facilitate genotypic
characterization ofM. paratuberculosis isolates, representing a major advancement for
epidemiological investigations of the disease (Dahmet al., 2003; Harris et al., 2006;
Motiwala et al., 2006). Multilocus short sequenepaat (MLSSR) typing has been used in
genotypic analysis oM. paratuberculosis isolates derived from individual animals of a
diverse range of hosts (Amonsin et al., 2004; Malaret al., 2004). This allows the analysis
of virulence of different genotypes vivo andin vitro, which will improve our understanding
of the molecular pathogenesis of Johne's diseasenay aid in the design of a better strategy

for controlling the infection.

The objectives of this study were twofold. Firsg evaluated potential differences in
phagocytic and killing ability of monocyte-derivedacrophages (MDMs) from cows that
were test-positive by fecal culture and ELISA Kbrparatuberculosis infection in comparison
with matched cows of the same herd that had camgigtshown negative results in both test

categories. Second, we evaluated differences iadeliular survival in MDMs between
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different strains oM. paratuberculosis. Further, we studied the cytotoxicity of the diéfet

M. paratuberculosis strains used in the experiment.

4.4. Materials and Methods

4.4.1. Animals

The animals used in this study were in their thactation and part of a 340-dairy-cow
operation in New York State. The infection stattithe animals had been monitored by serum
ELISA (ParaCheck; CSL/Biocor, Omaha, NE) every ¢hmeonths and by fecal culture testing
at least once every six months during a period &fnionths prior to initiation of the
experiments. Fecal culture testing was conductethbyJohne’s Research Laboratory, New
Bolton Center, University of Pennsylvania, Kenrtgjuare, PA, as described by Crossley et
al. (2005). Johne’s disease test-positive cows In kad been fecal culture-positive with
between 0.75 and 50 CFU/tube for a minimum of tlo@esecutive tests; they had also been
positive by serum ELISA in at least one test. Thasanals showed no clinical signs of
Johne’s disease. Johne’s disease test-positiveanihad exclusively tested positive for
infection with oneM. paratuberculosis genotype (strain 1180, strain genotype described
below) used in this study. The control animals @)=had shown negative responses in all
tests during the monitoring period. Control cowsrevenatched with test-positive cows by
days in milk, parity, and pregnancy status. Non¢hefanimals had shown clinical signs of
any disease and had not been treated systemicahyantimicrobial agents for at least 30
days prior to blood collection. Characteristicsttog 6 animals in this study are presented in

Table 1. The results of ELISA and fecal culturedfranimals are detailed in Table 2.
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4.4.2. Blood collection, isolation of PBMC, and preparatio of autologous serum

Approximately 800 ml of blood for the isolation BBMC were obtained from the
jugular vein of each cow using sterile blood cdil®t bags J-520Q or J-520D with citrate
phosphate dextrose adenine solution (CPDA-1) ail aitrate dextrose solution (ACD) as
anticoagulant (Jorgensen Laboratories, Inc., LowklaCO). Additionally, between 150 and
200 ml of blood for the preparation of autologoasusn were collected from the jugular vein
or tail vein into 10-ml tubes without anticoaguldxacutainer™, Becton Dickinson, Franklin
Lakes, NJ). All blood samples were stored at appmately 15 °C for four hours during

transport to the laboratory.

Blood for the isolation of PBMC was transferred endterile conditions from the
blood collection bags into sterile glass bottled anbsequently into 50-ml centrifuge tubes.
The blood was centrifuged at 1000 x g and 22 °Clfdmin. Buffy coats were harvested
using sterile 5-ml plastic pipettes after discagdmost of the plasma. Two buffy coats were
pooled and resuspended in PBS (without'@ad Md*); the total volume of this mixture was
adjusted to 50 ml. Twenty-five milliliter of celuspension each were then carefully layered
over 25 ml of Histopaque®-1077 (Sigma-Aldrich, Bbuis, MO) in fresh centrifuge tubes.
Cells were centrifuged at 400 x g and 22 °C for Bih to separate erythrocytes and
polymorphonuclear cells from mononuclear cells. RBMere harvested from the PBS-
Histopaque® interface and washed three times w8 Bt 4 °C and 200 x g for 10 min. The
isolated mononuclear cells were resuspended in REBM0 with Glutamax™ | and 25 mM
HEPES (Invitrogen, Carlsbad, CA). Except for calltgres derived from cows 1180 and
1184, the growth medium was supplemented with Qu@5of amphotericin B (Nitrogen,
Carlsbad, CA) per ml. The cell density was adjustedpproximately 7 x Focells/ml, and

autologous serum was slowly added to the cell s\spe. The final serum concentration of
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the growth medium was set at 12% as recommend&hbpbell and Adams (1992). PBMC
were incubated for 5 days at 37 °C and 5% @B50-ml Teflon jars (Savillex, Minnetonka,
MN) and 50-ml Teflon flasks (Nalgene Company, Ratée NY) to allow monocytes in the

unfractionated PBMC cultures to develop into mahege precursor cells.

To obtain autologous serum, corresponding bloodpsesnin collection tubes were
allowed to clot for at least 6 hours. Subsequettily,tubes were centrifuged at 4 °C and 1800
x g for 25 min, and serum was transferred into 3@entrifuge tubes and then micron filtered
using 0.22-um Steriflip-GP Filter Units (Millipor&illerica, MA). The serum was aliquoted

and stored at -20 °C until use.

4.4.3. Cell culture conditions and infection

After the incubation period, cells in Teflon comtis were resuspended by careful
pipetting and centrifuged at 4 °C and 200 x g foniin in a fresh sterile tube. The cell pellets
were resuspended in RPMI 1640 with Glutamax™ | &dmM HEPES, and 2% of
autologous serum (complete medium). Except for @dliures derived from cows 1180 and
1184, the growth medium was supplemented with Qg26f amphotericin B per ml. Aliquots
of cells were prepared in a 1:10 dilution in Try@loe, and a cell count was performed with
an Olympus CK2 light microscope utilizing a hemaeyeter. Macrophage precursor cells
could easily be identified by their size and gramit§, which allowed an overall estimation of
the number of these cells per ml of cell suspendiamther aliquots of the cell culture were
prepared for histological investigation by cytoecdngation and subsequent staining of the
cells on glass slides with Wright's stain. This ggdure was completed to validate the above
described method to determine the macrophage m@cuell fraction. The cell density was

adjusted with growth medium to the correct seediagsity of macrophage precursor cells.
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The vast majority of PBMC were utilized for expeeimtal purposes not reported here. PBMC
for the described assay were seeded at a densityxafG macrophage precursor cells into
wells of 24-well culture plates containing 12 mnasdieter glass cover slips. Cell cultures
were challenged with bacteria at multiplicity ofantion (MOI) of 5:1 the next day. To avoid

removal of lymphocytes from the cultures, only pafrthe culture medium was replaced 3
hours, 2 days, and 4 days after infection. Thehnfl.of medium was carefully removed from

the top of the undisturbed wells of the 24-welltpgaand 0.3 ml of fresh complete medium

added.

4.4 .4. Bacterial strains

Four M. paratuberculosis strains and one naw- paratuberculosis-positive control
(strain 6043, member of thelycobacterium aviumintracellulare complex) as well as a
negative control (medium alone) were used for tkgegments.M. paratuberculosis strain
1018 (short sequence repeat [SSR] fingerprint: 7G#Gwhich had been isolated from a
fecal sample of an individual animal at a dairycher Ohio where multiple strains of.
paratuberculosis were presentM. paratuberculosis strain 7565 (SSR fingerprint: 15G3GGT)
had been isolated from an intestinal tissue sawiptesheep with Johne’s disease. This strain
showed typical ovine strain characteristics in w@t M. paratuberculosis strain 1180
(homologous farm strain) (SSR fingerprint: L1:7G.&8GT) was isolated from animal 1180
enrolled in this studyM. paratuberculosis strain 1099 (SSR fingerprint: L1:7G L8:5GGT)
was also isolated from a Johne’s disease-positmaal of the study farm, but none of the
study animals were culture-positive for this helmgous farm strain. All strains were

genotyped by a modified multilocus short sequeepeat (MLSSR) described by Amonsin et
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al. (2004). Strains 1018, 7565 and 6043 are furttiearacterized for differences in

macrophage interaction elsewhere (Janagama 2086).

All cell-infection experiments in this study wererformed with bacteria derived from
serial passages and dilutions of the respectiveebakcstock cultures. Seven to 14 days prior
to cell infection bacteria were grown in MiddlebkodH9 broth (Difco laboratories, Detroit,
MI) supplemented with 10% oleic acid albumin deg&@atalase (OADC; Becton Dickinson
Microbiology System, Sparks, MD) and 2 pg/ml of Mpactin J (Allied Monitor Inc.,
Fayette, MO). Bacterial density was determined gisirhemocytometer count. In brief, each
culture was vortexed for 10 seconds and subsequardubated with 1:1 volume of 4%
buffered formalin for 15 min after which it was syged 10 times with a 23-g needle to break
up clumps of bacteria. Based on the average ohemocytometer counts, sufficient medium
containing live bacteria was syringed 10 times watt23-g needle and then diluted with
complete medium to produce an MOI of 5:1 for cellections. Negative control PBMC
cultures received complete medium with an averagamve of Middlebrook 7H9 medium
supplemented with 10% OADC and 2 pg/ml of Mycobagtito control for the effect of

Middlebrook 7H9 broth on cell cultures.

4.4.5. Fluorescence microscopy

Samples for fluorescent microscopy were collectad fimes: 2 hours and 2, 4, and 7
days after experimental infection. First, 100 mgboayfluorescein diacetate (CFDA)
(Invitrogen, Carlsbad, CA) were dissolved in 1g0®MMSO, and 22Qul of this master mix
were diluted 1:25 in infection medium. Then, 1d0of CFDA solution were added to each
well of the 24-well plate after removal of the gtbwmedium. Cells were incubated for 20

min at 37 °C. Thereatfter, coverslips were transfitinto new 24-well plates. Coverslips were
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fixed with 0.5 ml of 4% formaldehyde each for a miom of 15 min at 4 °C. MDMs on the
coverslips were subsequently permeabilized with%d0@ethanol for 20 min at -20 °C.
Methanol was removed and the cells were counteedawith 0.5% Evans Blue in PBS for
20 min in the dark at room temperature, after whiah coverslips were washed twice with
PBS. The coverslips were removed from the wellsshed in PBS, and mounted with
ProLong® Gold antifade reagent with DAPI (MolecuRmobes, Eugene, OR) on glass slides.
To prevent the mounting medium from dehydrationershps were sealed using clear nail
polish. Slides were stored in the dark at 4 °Cde&’i containing three coverslips each
(triplicate set-up) were assessed at 400 x maguibic with an Olympus System Microscope
BX41 and the FITC filter (excitation [ex] 480 nmard pass [BP] 40, emission [em] 535 nm,
BP 50); TRITC filter (ex 545, BP 30, em 620 nm, &P, and DAPI filter (ex 365 nm, BP 10,
em 460 nm, BP 50). Images were captured by a MiedF camera, Model S99809
(Optronics, Goleta, CA) and analyzed with PictuegRe ™, Version 2.1 software (Optronics,
Goleta, CA). Five defined visual fields were captumper coverslip. TRITC (cytoplasm of
MDMs) and FITC (viable bacteria) filter images wenerged in PictureFrame™, and cells
were evaluated on the screen (Fig. 1). Only MDMat tivere located entirely within the
boundaries of the picture were considered. MDMsevadassified in five different categories:

MDMs with zero, 1 to 10, 11 to 20, 21 to 50, and ¥acteria per cell.

4.4.6. Flow cytometric analysis

PBMC cell phenotypes were assessed for each artiyagingle-color flow cytometric
analysis on the day after isolation and on theaftsr completion of the incubation period in
Teflon jars. The monoclonal antibodies employedhiis study were directed against CD4

(CACT138A), CD8 (CACTS80C), thgs T cell receptor 1-N24 (GB21A), CD14 (MM61A)
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and a yet unspecified surface molecule which isesged on bovine B cells and is recognized
by the antibody BAQ155A. All antibodies were obtinfrom VMRD, Pullman, WA. Before
fixing with 2% formaldehyde and subsequent antibatigining, cells were treated with
ethidium monoazide (EMA; Molecular Probes, EugeDR) according to a protocol by De
Rosa (2004) to mark dead PBMC. Individual cell argtaliquots (1x1Dcells/100 pl aliquot)
were stained with unconjugated primary antibodiesl @ FITC conjugated secondary
antibody. Briefly, samples were incubated for 1% mn ice with (concentration 15 pg/ml) of
the primary antibody, washed with FACS buffer (RBig 5% FBS and 0.02% sodium azide)
and finally stained with a secondary FITC-conjudat@tibody for 20 min at a concentration
of 10 pg/ml (goat anti-mouse IgM+IgG+IgA (H+L); SbernBiotech, Birmingham, AL).
After a final washing step, cell pellets were rgmmsled in 50Ql of FACS buffer and
analyzed on a LSR Il cytometer (BD Biosciences, 3ase, CA). The data generated were
analyzed for 30,000 EMA negative cell events. Asalyvas performed with FlowJo software

Version 4.6.2 (Tree Star Inc., San Carlos, CA).

4.4.7. Statistical analysis

Results of the three separate phagocytosis expetsméth a pair of one test-positive
and one test-negative animal were combined. A tingaed model was used for analysis of
data. The proportion of MDMs and the number of eaatper infected MDM were calculated
for each of 5 viewing fields in the 3 cover slips @ slide during 4 time periods with 5 strains
and one control in a total of 6 cows (3 test-pesitand 3 test-negative) for a total of 2160
observations. To estimate the average number eét@per infected cell, the number of cells
per category (1 to 10, 11 to 20, 21 to 50, and »>vB€&re multiplied by 5, 15, 35, and 75,

respectively. Means were calculated for each relesabgroup. Standard error estimates of
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the mean were obtained using the square root ofishal (binomial and normal) variance
divided by the sample size. The comparison of ppesitive versus test-negative animals and
the comparison of strains were performed in geres@llinear mixed models. The proportion
of infected cells or the number of bacteria peeatéd MDM was the outcome variable, while
the experiment number (1, 2, 3), test-positive werest-negative animals, strain indicator,
and potential interactions were the predictor Jdes. Correlation within viewing field and

within cover slip was accounted for using hieracahrandom effects. The phagocytic index
(percent infected cells times bacteria per infeateld) was used to combine parameters for
bacteria per infected cell and percent infectedscel the raw data set as described by

Zurbrick and Czuprynski (1987).

Flow cytometric data were checked for outliers. TWécoxon rank sum non-
parametric method was used to compare cell popustbetween test-positive and test-

negative animals and between the results on dag Hay 5.

Statistical Analysis System (SAS) Version 9.1 (SAStitute Inc., Cary, NC) was used
to analyze the dataset. We controlled for expertrmermber in the analysis of the results.

Statistical significance was setpat 0.05 .

45. Results

4.5.1. Johne’s disease status of cows did not influence woraphage infection and

survival of bacteria

Fluorescence microscopy was applied to visualizagpbytosed bacteria and to
calculate the phagocytic index (Fig. 1). At 2 dg@gst-infection, the phagocytic index was

highest for all strains except strain 1099, whigaked 4 days post-infection. The positive
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control showed a consistently high phagocytic indexll experiments. Table 3 shows the
results of the parameters for percent of infectells and bacteria per infected cell for the
cells derived from test-positive and test-negatimenals. Results are presented for the four
measurement times (2 hours and 2, 4, and 7 dagsiafection) and for the 5 strains used.
Results of generalized linear models showed noeexéd of significant differences between
infection results in cells derived from test-posticompared to cells derived from test-
negative animalsp(> 0.9) for any of the 5 bacterial strains. FigA@rehows the results of the
individual cows with the phagocytic index at 2 dagfser experimental infection for the
homologous farm strain 1180 and the bovine str@itB1 There was no significant difference

between the test-positive and test-negative animals

4.5.2. M. paratuberculosis genotype affected the percentfanfected MDMs and the total

numbers of phagocytosed bacteria per infected cell

Differences between strains were observed in dothpercentage of infected MDMs
and the number of bacteria per infected MDM. Cdesity, the homologous and
heterologoudV. paratuberculosis strains 1180 and 1099 from the source farm wergesk in
growth pattern to the positive control strain 6048hereas bovine strain 1018 was
consistently the least successful in both percémfected MDMs and bacteria per infected
MDM. Results are presented in Table 4. The diffeesnin the phagocytic index of the three
bovine M. paratuberculosis strains are given in Fig. 3A. The source farm isgravere
significantly different (generalized linear mixeddel resultp < 0.05) from strain 1018, and
were not significantly different from one anoth&he ovine strain initially showed a very
high number of bacteria per MDM, but subsequenthswhe only strain that showed a

significant decline in bacteria per infected celeotime (Fig. 3B).
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4.5.3. Number of MDMs per visual field continuously increased over time

The average number of MDMs per visual field for mesains and the negative
control constantly increased over time € 0.001). Test-negative animals tended to have
higher numbers of MDMs per visual fielgp € 0.03) than test-positive cows. Among the
infected MDMs, those infected with ovine strain 35$howed a pattern similar to that of the
MDMs in non-infected wells, with a rapid increasstveeen four and seven days. In contrast,
MDMs infected with the bovine strains and the pwsitcontrol strain 6043 did not show

marked proliferation at measurement time 4 (Fig. 4)

4.5.4. Unfractionated PBMC flow cytometry results changedafter 5 days of incubation

First, EMA-positive cells were gated to exclude dlezlls. Remaining cells were further
gated in the forward scatter (FSC) and sidewarttesc¢5SC) to exclude cell debris. Finally,
specific antibody staining of the preselected cels analyzed in the green fluorescence
channel. Final results are presented in Fig. 5¢ciwsBhows the cell profile separately for test-
positive and test-negative animals on either day day 5 of PBMC culture. Non-parametric
statistical testing indicated that the proportidreells did not differ between test-positive and
test-negative animals, but that there was a samtly different profile on day 5 compared to
the starting distribution on day 1. A significafilcoxon rank sum tesp < 0.05) increase
was observed in the proportion of CD4-positive &1id8-positive cells over the 5 days of
incubation. A significant decrease was observed G@r14-positive cells. There was no

difference in the relative distribution @3 T cells and B cells.
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4.6. Discussion

The interaction between host and infectious agetdrthines the eventual outcome of
the infection. In this study we investigated th#u@nce of host infection status (test-positive
versus test-negative for Johne’s disease) andnstidierences (5 strains, including the

positive control) on the outcome of in vitro infiect in MDMs.

Despite a century of research, Johne’s diseaseimsrmae of the most mysterious and
challenging infectious diseases of cattle. Intmgly, only a small percentage of animals
exposed taM. paratuberculosis can later be detected as infected with this pathddohnson-
Ifearulundu and Kaneene, 1999). This could be dwedifference in the ingested dose of the
pathogen (Rankin, 1959) and/or the age of the drainide time of exposure (Taylor, 1953).
However, there is strong evidence that host factars exceptionally important to
susceptibility to mycobacteria (Bellamy, 2003). &= genes have been identified as
potential determinants iNl. tuberculosis infection. These include human natural resistance-
associated macrophage protein gene (NRAMP1, rgcenghamed Sicllal), and
susceptibility to tuberculosis 1 locus (sstl). Mawsudies indicate there may be several
additional genes associated with resistance to bagteria (tbsl and tbs2, tuberculosis
severity loci; Trl-1, Trl-2, Trl-3, Trl-4, tubercasis resistance loci) (Bellamy, 2006).iinvitro
experiments with multiplé. tuberculosis strains, Li et al. (2002) found substantial hast-t

host variability in bacterial propagation.

As with M. tuberculosis, patterns of resistance . paratuberculosis may also be
host-genetic related (Qureshi et al., 1996). Thervidence for inheritance of susceptibility
to M. paratuberculosis infection in animals raised under the same comsti(Gonda et al.,

2006; Koets et al., 2000; Mortensen et al., 2004elddn et al., 2002). Furthermore,
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Reddacliff et al. (2005) found an association betwbost MHC-II and NRAMP alleles with

M. paratuberculosis clinical status in sheep.

In this study we compared intracellular survival different M. paratuberculosis
strains isolated from cattle and sheep in MDMs fimemipheral blood of cows. We chose two
groups of subjects to isolate MDMs from: animalatthad repeatedly tested positive for
Johne’s disease and matched cows with negativdtgeasuall tests prior to the onset of
experiments. To investigate potential variations genetically determined susceptibility
between cows of different infection status, we eh@mimals raised under the same
management conditions from the same farm. As tles®als had grown up in the same
environment, we assume them to have been exposeditoilar microbial population. If this
was true, then animals which were test-negativediher eliminated the agent or suppressed
shedding to a level below the threshold of detectimd thus are classified as resistant.
Animals which shedM. paratuberculosis are less capable of fighting off infection and are

termed susceptible.

We assumed that all MDMs used in this study weraalty capable of phagocytosing
bacteria. We accounted for the differences duénéoeixperimental run by always pairing a
test-positive with a test-negative animal and bingisa linear mixed model for statistical
analysis. Due to the experimental set-up we caastitnate the proportion of live and dead
bacteria using our counting data. However, comparisf real time PCR data with the
microscopy data will allow addressing the questibrihere might have been a higher
proportion of dead bacteria in the MDMs of testatege animals compared to the cells of
test-positive animals because in the PCR assagrisdDNA of live and dead cells will be
accounted for. Thus, potential differences mightdbeonstrated when interpreting the PCR

data in the light of the findings of the currentgported experiments. In the described assay
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we only kept track of live (green fluorescing) k@A by utilizing carboxyfluorescein
diacetate as an indicator of bacterial metabolitvidg The diacetate groups of the CFDA
molecules are hydrolysed by intracellular esterasbih results in the formation of the
fluorescein molecules carboxyfluorescein; theseratained in cells. There is no esterase
activity in non-viable cells, thus these cells dut fluoresce (Hoefel et al., 2003). Bacteria
used for the assays were always prepared in the saamner. Thus, we assumed a high

viability of bacteria and an equal proportion eklibacteria in the different infection media.

There was no effect of the origin of MDMs (resigtam susceptible animals) on
phagocytosis, survival of bacteria, or macrophageigal in this dataset. This is in agreement
with the findings of Weiss et al. (2005), who intrgated the survival of oneM.
paratuberculosis strain in peripheral blood monocytes from infecad control animals from
the same farm. However, this contrasts with findimg Khalifeh and Stabel (2004) which
indicated that macrophages from infected cowsese tapable of killinil. paratuberculosis

than those from negative control animals.

The Weiss et al. study used a pure monocyte cuwiitfteno contact with autologous
lymphocytes, while Khalifeh and Stabel used an agtfonated culture system with both
macrophages and lymphocytes. Because our cultuseemyclosely resembled that of
Khalifeh and Stabel, with a mixed culture at timé iofection, we hypothesized that
macrophages from subclinically infected animals Mobe less successful in Killiniyl.
paratuberculosis bacteria compared to cells from control cows.

The difference in the findings could be due togh®all sample size in our study (n =3
animals/group), resulting in a low power of statist tests, or to the fact that we used only a
population of subclinically infected animals, whiéalifeh and Stabel used both subclinical

and clinical animals. In addition, we cannot rulét ¢he possibility that our test-negative
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animals had previously been exposed to or werectede with farm-specific M.

paratuberculosis strains. It has been reported that between 30%A4@fa of cattle that were
consistently fecal culture-negative but originatiigm infected herds will have culture-
positive tissues at the time of slaughter (MeyeNisendorf, 1995; Whitlock and Buergelt,

1996).

In the context discussed here, it may be that ptesvexposure tM. paratuberculosis
is more important than current shedding statuss¥Vet al. (2005) report that their control
animals originated from the same farm as Johnesadie-positive animals, but that those
cows did not show any signs of infection with paratuberculosis at necropsy (indicating a
population that would have been classified as ta&asisn our study). Because Khalifeh and
Stabel (2004) used animals from premises withouthastory ofM. paratuberculosis as their
control animals, those animals were not necessardye resistant to infection, but had not
been exposed. All of the positive animals in thatdg would have been classified as
susceptible by our definition. A difference in cédlr and humoral immunity of exposed and
non-exposed animals was previously reported (Ha@éd ,e2004), but has not been evaluated

in terms of killing capacity of macrophages.

M. paratuberculosis strains exhibiin vivo virulence differences at a host species level
(Motiwala et al., 2006; O'Brien et al., 2006; Saxagl, 1990). Although there are no specific
proteins identified which explain species spedyicirecent sequencing of thél.
paratuberculosis genome (Li et al., 2005) and microarray analy$iewsed genome level
differences between sheep and cattle strains (Mztrah, 2006). Shin et al. (2006) identified
by insertion sequence mutagenesis of several gesgmonsible for lower survival and
distribution of M. paratuberculosis mutants in a mouse model. There are three corgerve

regions present ifM. avium subsp.avium containing 24 open reading frames which are
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present in cattle strains M. paratuberculosis but lacking in sheep strains, and this may play
a role in host specificity (Marsh et al, 2006). dHocytokine profiles, matrix
metalloproteinases, and tissue inhibitor of mamgtalloproteinases differed when MDMs
from naive young cattle were infected with paratuberculosis strains isolated from human,

ovine, or bovine hosts (Janagama et al., 2006).

There are few data on virulence differences betwdmvine-specific M.
paratuberculosis strainsin vivo or in vitro. Jaganama et al. (2006) noted a trend towards

association of some MLSSR strain types with low lodity.

We were interested in survival characteristicdMofparatuberculosis in MDMs from
animals which had previously been naturally expasell. paratuberculosis. MDMs were
infected with twoM. paratuberculosis strains from the host farm, a bovine-specific istra
which was from a different farm as well as an owspecific strain, and a nadw-
paratuberculosis-positive control (member of the M. avium-intracédire complex). Three of
the 5 strains had previously been analyzed in nawérol animals (Janagama et al., 2006). In
that study, bovine strain 1018 survived better thaime strain 7565. Our additional bovine
strains had SSR fingerprints (7G/6GGT and 7G/5G@ith were distinct from that of strain
1018 (7G/AGGT). The assumption that the 7G/4GGTilpris one of reduced pathogenicity
was testable and we found that the bovine strai® wnore successful at survival than the
ovine and the positive control strains. Farm-speafrains were very similar in behavior to

each other and more successful than bovine stHi. 1

Such strain-specific survival differences are veblaracterized in other mycobacterial
species, withM. tuberculosis strains classified by their virulence in cell cué or in
experimental infections of mice. Li et al. (200Buhd that there is not a strong correlation

between virulence as measured by CFU counts oébach PBMC pure culture experiments
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and in whole mouse models. Since we utilized a thxdture MDM system, we expect that
our results are more reflective of the immune statuithe animal than when purified MDM
cultures alone are used. Strain differences mayltressome strains showing high levels of
virulence or high contagiousness. However, these tharacteristics (virulence and
contagiousness) are likely independent and notssacdy both present in one specific strain.
Tuberculosis strain CDC1551 is known to be a higtdytagious, but relatively avirulent
strain ofM. tuberculosis, resulting in high rate of contacts testing pesitior exposure, but in
few individuals developing clinical signs (Mancaagt 2001). This is the first study showing
potential virulence differences among bovine-spedf. paratuberculosis strains. Increased
understanding of strain-specific behavior will makepossible to design more effective
control strategies and could help answer somee#titl open questions in Johne’s research.
If there are multiple strains present on a farmr(ideet al., 2006), there is the potential for
strain competition, with multiple strains competiiog the same niche in the host system. Due
to the nature of our visual assays, we likely doafiserve definite bacterial counts. However,
all comparisons between animals and strains werkeraaing the same technique, so we feel

comfortable that our conclusions are valid.

Cytotoxicity of mycobacterial strains has been déidkto virulence. Highly virulent
strains of M. tuberculosis are able to suppress apoptosis of host macrophafiesing
bacterial survival and propagation (Raja, 2004). dar experiment, the number of
macrophages for all cultures (including the unitédcculture) increased over time, probably
as a result of continued maturation of monocytebecome adherent macrophages over the
course of the experiment. It is possible that amig stimulation also caused proliferation in
differentiated macrophages (Luo et al.,, 2005). MDNisected with bovine M.

paratuberculosis strains (1018, 1180, 1099) had a decrease infgration of adherent cells
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between measurement times 3 and 4 relative to cmltrols (negative and positive control
strain 6043) and MDMs infected with the ovine stréi565). This would suggest that bovine

M. paratuberculosis strains reduce fitness or maturation of host matages.

Although our study suggests that there are no ofsvidifferences in macrophage
killing capacity in test-positive and test-negativews, the data cannot be used to draw
conclusions on the animals' respective macrophdtiegkcapacity as calves or as naive
adults exposed to the pathogen. It is the latter mfore likely determines eventual infection
status. This question could be efficiently explowith long-term longitudinal studies. This
study demonstrated differences in phagocytosis iatrdcellular survival of four different
genotypes oM. paratuberculosis isolates utilized in PBMC infection assays. Thetbaal
isolates from the farm on which the study animatrevhoused were more successful in
invasion and survival in MDMs than bacterial steito which the animals had not been
previously exposed. We found no important diffeemsnimin vitro macrophage killing abilities
between cows currently sheddind; paratuberculosis and matched test-negative controls.
However, important differences were observed batwstains of M. paratuberculosis.
Nevertheless, the presented results need to bgprieted with caution due to the small
number of animals used in our experiments. Fuhaties in this area would be essential to
understand differences in pathogenesis and traesmis characteristics of M.

paratuberculosis strains and their associated impact on infectamtrol programs.
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4.8. Tables and Figures

Table 1: Characteristics of animals

Animal ID

118¢ 1184 1160 1194 1179 1038

Test positive Yes No Yes No Yes No

Date of birth 11/17/00 11/26/00 08/19/00 12/06/00 11/11/00 06/12/99

Days in milk 318 330 432 321 385 696
Days pregnant 216 238 0 0 0 0
at sampling

Blood samples for the isolation PBMC were takenddferent dates. One test-positive and
one test-negative animal were matched and sampld ppst-infection measurement

206/15/05, 06/30/05¢ 07/14/05
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Table 2 ELISA and Fecal Culture (FC) test results

Test Date Animal ID

1180 1184 1160 1194 1179 1038
FC 02/04 11,6,10,4 Neg Neg Neg Neg Neg
ELISA 0.462* 0.053  0.057 0.050  0.063  0.068
ELISA 06/04 0.756* 0.067  0.056 0.054  0.053  0.068
FC 09/04 75-150  Neg 38,22,32,25 Neg 0,2,0,1* Neg
ELISA 2.512* 0.072  0.146 0.099  0.270*  0.075
FC 01/05 75-100°  -°© 150-200° ¢ 1,1,02 -°©
ELISA 1.334* 0.064  0.537* 0.064  0.160  0.067
FC 04/05 150-200° Neg 75-100 Neg 3,773 Neg
ELISA 1.135* 0.072  0.754* 0.099 0120  0.075
FC 07/05 100-200° -°© 150-250° -© 0,7,06 -°
ELISA 1.237* 0.066  1.160* 0.056  0.336* 0.096

The Paracheck ELISA (CSL/Biocor, Omaha, NE) wasduse this study; samples were

considered positive (marked with *) if the final Qs greater than kit control plus 0.1.

The fecal culture test was performed as describe€rossley et al., 2005. Four tubes of
Herrold's egg yolk medium (HEYM) were inoculatedtiwialiquots of each sample.
Individual valued represent colony forming units (CFU) per tubejlevla range of valués
describes the total of CFU for all four tubes. @ms test dates the FC was not performed for

test-negative animdils
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Fig. 1. Image of macrophages of cow 1194 infected witlistrl180 at post-infection
measurement time 3. Visual fields were assesse@tx magnification with an Olympus
System Microscope BX41 using the FITC, TRITC, an®API filter. Three images were
captured using different filters and merged in #ieErame™ to be evaluated on the screen.
MDMs (red) located completely within the boundariefsthe picture were counted and
assessed for bacteria (green). Infected macrophegyesclassified in five different categories
according to the number of bacteria (zero, 1 to110to 20, 21 to 50, and > 50 bacteria) per
cell. For interpretation of the references to catothis figure legend, the reader is referred to

the web version of the article.
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Fig. 2. Phagocytic index of MDMs infected with the indied strains oM. paratuberculosis

after 2 days of incubation. The test-positive (couwmber followed by TP) and the test-
negative (cow number followed by TN) animals ardicated along the horizontal axis. The
animals are grouped in pairs reflecting the actettup of the experiment. No significant

difference was observed between test-positive @stdnegative cows.
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Fig. 3. Survival ot the Indicated strains BI. paratuperculosis and the positive control strain 6043
(member of the Mycobacterium avium-intracellulacenplex) by MDMs over a period of 7 days.
(A) Strain 1099 is the heterologous farm strairgiet1180 is the homologous farm strain, and strain
1018 is an isolate from an Ohio dairy herd. Sigaifit differences were observed between strains
6043, 1099, and 1180 and 1018, as indicated bgrdiit letters. (B) Strain 7565 is the ovine strain
Significant differences were observed between retr&043 and 7565, as indicated by different
letters. The results for (A) and (B) are presergsdhe phagocytic index (percent of infected cells

times bacteria per infected cell).
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Fig. 4. Number of MDMs per visual field over a period dfdays. All the
bacterial strains and the negative control (medmmy) are shown. MDMs
infected with strains 6043 and 1099 had decreasaddgpation of adherent cells
between measurement times 3 and 4 relative tottler etrains and the negative

control.
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Fig. 5. FACS results of PBMC one day after isolation after 5 days of

incubation with autologous serum in Teflon contesngist before experimental
infection with mycobacteria. There was no significalifference between test-
positive (TP) test-negative (TN) animals in anytltd cell fractions on either day 1
or day 5. However, the relative distribution betweday 1 and day 5 changed

significantly @ < 0.05) for CD4, CD8" and CD14cells.
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5. Discussion

This chapter focuses especially on the discussion of the study design and prospects for future
work. Further aspects of this doctoral study were elaborately discussed in chapter 4

(publication).

Many cows exposed té. paratuberculosis will never reach the clinical stage of
Johne’s disease. In the majority of cases thisleted to the long incubation period in which
animals leave the herd due to other reasons suélase of reproductive performance, or
poor udder or claw health (McKenna et al., 2006itlkermore, in some animals, the cellular
immune response has been shown to be able to ttiméranfection, with the animals never
developing clinical signs of disease but remairsagclinically infected for life (reviewed by
Coussens, 2001). Other cows infected withparatuberculosis even manage to efficiently
eliminate the pathogen (Gilmour and Angus, 197@&)stHactors such as age (Taylor, 1953),
genetic constitution (Koets et al., 2000; Mortenséeml., 2004) and overall health condition
(Kennedy and Benedictus, 2001) seem to be exceptyonmportant concerning the
susceptibility to infection wittM. paratuberculosis. Also environmental influences like poor
housing conditions, bad climate, and social stcessd make animals more prone to develop
clinical disease. On the other hand, the infectagent affects the outcome of infection. Dose
of infectious agent (Rankin, 1959) and, likely, drenotypic characteristics of the infecting

bacterial strain influence the infection (Bellar@903; Motiwala et al., 2006).

This study addresses host-related and pathogeedetharacteristics by experimental
infection of MDMs with different strains d¥l. paratuberculosis. The potential differences in

phagocytic and killing ability of MDMs as well asffdrences in intracellular survival of
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different M. paratuberculosis strains in MDMs were investigated. MDMs for thisudy
derived from cows which were test-positive by feaallture and ELISA for M.
paratuberculosis-infection and from matched animals of the samel ltleat had consistently
shown negative results in both test categoriesr Bdterent M. paratuberculosis strains of
different host specificity (bovine, ovine) and anttol strain of theM. aviumintracellulare

complex were used in the experiments.

The results did not lead to rejection of the hypsth that the infection history of cows
does not affect macrophage killing ability, whiteethypothesis that killing capacity of bovine

macrophages is not dependent on the strain hagl disnissed.

Finding no differences of survival of bacteria irDMs between the two groups of

animals may be attributable to a number of reasons:

. Certainly the low number of animals per group migtatsk slight differences between
the groups due to relatively low power of statmtitests. Unfortunately the farm
available for the presented study had a very lidnitember of suitable animals which
influenced the study design. Otherwise conditionghe farm and the excellent data
on the cows were ideal for the experiments. Farreutvork the number of animals per
group should be increased, within the constraioted by available lab personnel and

funding.

. All animals could be assumed to have been exposdd.tparatuberculosis and
potentially infected with the pathogen, even thoulgé control animals had never
tested positive. Work by Meyer zu Vilsendorf (199%)d Whitlock and Buergelt
(1996) demonstrated positive results of culturéyofph node tissue upon slaughter in
animals which had never shown positive resultsJ@dme’s disease. Choosing control

animals from a herd that has been tested repeavdathyuniformly negative results
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could have vyielded a different outcome of experiteeand should be considered for
future infection assays. Nonetheless, the choiceootrol group was based on the
assumption that potential differences in MDM-adyivof animals from the same
background and the same environment would bestctedlifferences attributable to

host-related characteristics.

. Cows used in this study were of the same breed parsgibly of similar genetic
constitution. However, this reflects the situat@nfarms world-wide where animals of
similar genetic background show different outcomwiell. paratuberculosis-infections.
Thus similar animals were intentionally chosen rdeo to detect any differences in
macrophage behavior attributable to either infecstatus of the animal or variations

of yet unidentified genes.

. In vitro studies can only try to mimia vivo scenarios. The many factors influencing
the in vivo immune reaction cannot be completely reproducedeuraboratory
conditions. Thus, it cannot be ruled out that evemugh macrophages were kept in the
vicinity of the host-animals blood lymphocytes #haevas a crucial discrepancy in the
communication between immune celi: vitro compared to cellsin vivo.
Unfortunately, this is a situation most basic resegrojects need to deal with and
therefore calls for careful interpretation of reésulin this study besides finding no
significant differences in survival of bacteriaMtDMs derived from the two groups of
cows, differences in the leukocyte cell fractioe$edmined by FACS could also not be
detected. Thus far, cytokine profiles are not aldé but may further elucidate the

state of cell communication in the presented expenis.

Differences in survival oM. paratuberculosis strains used in this study may be due to

the following reason:
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Even before strain typing was technically possibl@demiological studies suggested
that natural transmission between cattle and shvspnot common leading to the conclusion
that the two species harbor different host adapteparatuberculosis strains (Fridriksdottir et
al., 2000; Kennedy and Allworth, 2000). In receeass, genotypic differences between sheep
and cattle strains as well as strains of otherispdtave been demonstrated (Harris et al.,
2006; Marsh et al., 2006; Motiwala et al., 2004 anolecular strain typing now becomes a
valuable tool in epidemiological investigations ddhne’s disease (Motiwala et al., 2006;
Sohal et al., 2007). Different strains might posseifferent virulence properties which may
influence the outcome of infectiom vivo andin vitro (Janagama et al., 2006; Wu et al.,
2007Db). In the present study distinct differencésuwvival between the infecting bacterial
strains (genotyped by MLSSR) were demonstratedmdly be concluded that survival

differences of strains are attributable to theimajgpic characteristics.

In conclusion, it is noted that the chosen studsigie was not optimal in order to
detect possible differences in survival of bactemiaMDMs deriving from test-positive and
test-negative cows. With regard to determinationpofential genetic differences of cattle
possibly leading to an increase of susceptibility Johne’s disease further studies with larger
groups of animals should be conducted.

Furthermore, it may be suggested that strain @iffees oM. paratuberculosis might
not only have impact on survival of the pathogeritro but also in natural hosts. This may
have important implications on future investigatainlohne’s disease in regard to:

. Interspecies transmission, especially by enligimigrihe possible infection of humans
with animal strains. Additionally, further informah is needed in regard to

transmission between animal species which sharsaime habitat. Consequently, such
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epidemiological studies may have an important irhpac future control and food

safety programs.

. Determination of virulence factors. This may helphswer some important questions
concerning host-pathogen interaction and could tec®f great importance for

Johne’s disease eradication efforts.

. Gaining more information on the behavior Mf paratuberculosis strains within the
same environmental niche, such as a dairy farns ififidrmation could also contribute

to improvement of management strategies for Jolteé&ase affected farms.
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6. Summary

Survival of different Mycobacterium avium subsp. paratuberculosis strains in bovine

monocyte-derived macrophages

Nicole Severine Gollnick

In this study the ability of differeriflycobacterium avium subsp paratuberculosis (M.
paratuberculosis) strains to survive in bovine monocyte-derived ropbages (MDMs) was

investigated. The following hypotheses were tested:

1) Infection status of a cow does not affect the gbitif its macrophages to kil.

paratuberculosis

2) Killing capacity of bovine macrophages is not dejmt on theM. paratuberculosis

strain

MDMs for conducted experiments were obtained framng’s disease-positive (n = 3)
and age and stage of lactation matched Johne’astisgegative (n = 3) multiparious cows.
Animals were kept on the same dairy operation, tlarsinfected cows had been exposed to

M. paratuberculosis strains present on the farm premises.

Peripheral blood mononuclear cells (PBMC) were aaal from whole blood by
density gradient centrifugation. After a five-daiffetentiation period in cell culture using
Teflon jars MDMs were obtained and subsequentlyllehged in vitro with four M.
paratuberculosis strains of different host specificity (bovine, ng). MDMs were harvested at

2 hours, 2 days, 4 days and 7 days following indectFor each time point ingestion and
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intracellular survival of M. paratuberculosis strains were determined by fluorescence

microscopy.

There was no effect of the origin of MDMs (Johndisease-positive or control
animals) on phagocytosis, survival of bacteriamnacrophage survival. In contrast, important
strain differences were observed. These findingggest that somév. paratuberculosis
strains interfere more successfully than othersh viite ability of macrophages to Kkill
intracellular pathogens which may make it importaninclude strain typing when designing

control programs.
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7. Zusammenfassung

Uberleben von verschiedeneiMycobacterium avium subsp.paratuberculosis-Stammenin

bovinen Makrophagen

Nicole Severine Gollnick

In dieser Studie wurde die Uberlebensfahigkeit aliesienemvlycobacterium avium
subsp. paratuberculosis (M. paratuberculosis) Bakterienstamme in primarer boviner

Makrophagenkultur untersucht. Folgende Nullhypathesurden formuliert:

1) Der Infektionsstatus eines Tieres beeinflusehindie Fahigkeit der von diesem Tier

stammenden Makrophage¥, paratuberculosis abzutbten

2) Die Fahigkeit von Makrophagem). paratuberculosis abzuttten, ist nicht vonM.

paratubercul osis-Bakterienstamm abhangig

Fur die durchgefthrtenn vitro Versuche wurden mononukleare Zellen aus dem
peripheren Blut (PBMC) von Paratuberkulose-infigar Kiilhen (n=3) und nicht-infizierten
Kontrolltieren (n=3) gewonnen. Alle Tiere stammtars demselben Betrieb und waren unter
gleichen Umwelt- und Managementbedingungen aufgeset Paratuberkulose-infizierte
und nicht-infizierte Kontrolltiere wurden nach Adtand Laktationsstadium ausgewahlt; Alle
Tiere dieser Studie hatten die Moglichkeit zum Kabmtmit den auf der Farm vorkommenden

M. paratubercul osis-Bakterienstammen.

Unter Anwendung von Dichtegradientenzentrifugatiod anschlieBender funftagiger

Kultivierung in TeflongefaRen wurden aus der monamn Fraktion der Leukozyten
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Makrophagen gewonnen. Im Folgenden wurden die Mddagen mit vier verschieden&h
paratuberculosis-Bakterienstammen unterschiedlicher Wirtsspezifigind, Schaf) infiziert.
Nach 2 Stunden, 2 Tagen, 4 Tagen und 7 Tagen widdyen der Kulturen entnommen und
auf Phagozytoserate und intrazellulares Uberlebmm M. paratuberculosis mit Hilfe der

Fluoreszenzmikroskopie untersucht.

Herkunft der verwendeten  Makrophagen (Paratubeskdfmsitive  vs.
Paratuberkulose-negative Tiere) hatte keinen Esflauf die Phagozytoserate und das
Uberleben der Bakterien. Unterschiede im Uberleb@m Makrophagen konnten ebenfalls
nicht zwischen den beiden Gruppen festgestellt @rerdledoch lieBen sich signifikante
Unterschiede im Uberleben der verschiedenen Bakts@amme nachweisen. Diese
Ergebnisse geben einen Hinweis darauf, dass eiMgeparatuberculosis-Stamme die
Makrophagenfunktion starker beeintrachtigen. Désstl es sinnvoll erscheinen, zukinftig im
Rahmen von Paratuberkulose-Kontrollprogrammen dieendB/pisierung von M.

paratuberculosis in Betracht zu ziehen.
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