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Abstract 

Bovine footrot is an acute lameness disease that is characterized by inflammation of the 

interdigital tissues in the hoof. Porphyromonas levii an obligate anaerobic bacteria, has 

recently been isolated from interdigital biopsies of affected lesions. The objectives of 

this study were to evaluate the early immune responses of the host, specifically 

macrophages, in response to P. levii in vitro. Macrophages showed decreased 

chemotaxis, phagocytosis, and oxidative metabolism when exposed to P. levii in low 

concentrations. In high concentrations of P. levii, macrophages were more phagocytic 

and displayed significant oxidative metabolic responses. Phagocytosis by macrop hages 

was greatly enhanced when P. levii was opsonized with P. levii specific serum or affinity 

purified IgG. P. levii exposure to macrophages in wino, induced the mRNA expression 

of IL1 P, TNFa, and L8. Reduced clearance by macrophages, and the production of pro- 

inflammatory mediators, could contribute to the pathogenesis and the inflammation seen 

in bovine footrot. 
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LITERATURE REVIEW 

A. Bovine Footrot 

Introduction 

Bovine footrot also known as, interdigital phlegmon, interdigital necrobacillosis, 

foul in the foot or infectious pododermatitis, is an infectious disease in cattle 

characterized by inflammation of the sensitive tissues of the feet contributing to severe 

lameness (1). Bovine footrot has a worldwide distribution and occurs in high incidence 

among beef and dairy cattle (2-5). Bacteriological examination of footrot has shown that 

the presence of anaerobic bacteria may contribute to the disease process, however the 

main etiological agent has remained questionable (1,5). Research into the etiology has 

shown that the interaction of several predisposing factors such as, the environment, 

animal management, and the etiological agent(+ may contribute to the presence of 

footrot. in the past, the scientific community has neglected research into footrot. This 

may be due to the ease and efficacy of early treatment of footrot with antibiotics. Very 

often in large scale operations, diagnosis and treatment is conducted by staff at the 

facility, without veterinary intervention (5,6). Research into footrot is also limited by 

specific culture requirements of anaerobic bacteria, making research costly and difficult 

to conduct (1,1). Recently, there has been increasing concem over the frequent use of 

antibiotics and the apparent growing prevalence of antibiotic resistant bacteria, 

particularly in large-scale operations where antibiotics are used in subtherapeutic 

concentrations for growth promotion (7). Of particular importance is recent research 

demonstrating that some treatment failures in footrot may be due to antibiotic resistant 

strains of bacteria (8). This concem has lead to greater awareness into the importance of 



2 
research, particularly in the diseases of cattle. Alternative therapy for the prevention of 

footrot such as vaccination may be a valuable route to pursue. Vaccine therapy for 

footrot occurring in sheep has shown to be an effective solution for the prevention and 

treatment of this disease (8.9). However, research into the pathogenesis of footrot and 

the response made by the host's immune system is both lacking and essential for the 

development of alternative therapy choices. Of particular interest is the early responses 

evoked by immune cells towards bacteria within the infected site. Knowledge in this area 

may lead to an improved understanding of the host response which may change the 

management and treatment of this disease in the future. 

1. Clinical Signs and Diagnosis 

Bovine footrot was tint recognized as a disease in 1898 (as cited by 4). One of 

the key clinical features of footrot is inflammation within the interdigital space and 

mounding regions of the foot, which is accompanied by severe lameness. Figure 1 

illustrates the typical clinical signs of inflammation present in bovine footrot infections. 

Extreme swelling and redness is evident in the interdigital space, and this is often 

accompanied by a purulent discharge (Figure 1). Most commonly, the onset of footrot is 

rapid, and can occur in either the forelimb or the hind digits with only one hoof being 

affected at any one time (2,6,10). Some findings have shown that calves can often have 

more than one foot affected, but this is generally not the norm (2). The initiation of 

footrot begins with redness and swelling of the interdigital space and adjacent coronet on 

the foot. Mammation can extend upwards along the limb affectiag both the pastern and 

fetlock (2). With increasing innammation in the interdigital space, the claws become 



Figure 1: Photomicrograph depicting the typical clinical signs of inflammation 

associated with acute footrot. Note the extreme swelling of the interdigital space and the 

purulent discharge. 





5 
markedly separated with uniform edema distribution (2). Due to the extreme pain 

involved, cattle begin to favour the limb, decreasing weight bearing and avoiding contact 

with the ground (2,6). In severe forms of footrot the limb may be lifted and camed by 

the animal. This usually indicates progression of the disease, and particularly 

involvement of the joints (6). 

Close examination of the footrot affected limb, reveals a typical lesion that 

appears as a fissure along the length of the interdigital cleft (2,6). The sides of the lesion 

has swollen, protruding edges with discoloration of the skin. A purulent exudate is 

produced along the lesion, but rarely in large amounts (2,6). Tissue necrosis and 

sloughmg off of the skin takes place along the edge of the fissure as the infection 

progresses. It is important to stress that interdigital footrot is a necrotizing infection that 

presents itself within the subcutaneous and deeper connective tissues (5). Swelling of the 

interdigital space and the appearance of a fissure is virtually always associated with a 

characteristic foul odor that confirms the pervasiveness of anaerobic bacteria (2,6). 

Occasionally there have been cases that clinically present outside the norm. Blind fouls 

and super fouls both fit under this depiction (2.6). Blind fouls may be an earlier case of 

the disease where no external lesion is present but lameness and swelling in apparent. 

Super fouls which have predominately occurred in the United Kingdom, usually depict a 

more severe form of characteristic fwtrot. Very often super fouls display uncontrolled 

ulceration despite therapy. 

Diagnosis of bovine footrot is usually based on the affected site, as well as the 

nature and foul smell of the lesion (2.6). The clinical appearance of lameness and 

swelling, usually in one limb, in conjunction with noticeable separation of the interdigitd 
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region and only mildly elevated body temperature (or normal temperature), are all 

features associated with footmt. Careful examination of the foot and interdigital region is 

required in order to rule out swelling due to traumatic injury of bones and joints, puncture 

by foreign bodies, or abnormal hoof growth (13). Diagnosis is rarely confirmed by 

bacteriological identification, typically the presence of the foul smell is conclusive 

confirmation of anaerobic bacteria. Other factors that are taken into consideration for 

diagnosis are; the conditions in which the animal is held, seasonality and cunent weather 

patterns. These points will be examined in the following section. 

2. Epidemiology and Predisposing Factors 

Bovine footrot is an infectious disease with worldwide distribution (1.2.6). It has 

been reported to be one of the major causes of lameness in beef and dairy cattle in the 

U.S. (3), as well as  worldwide (1,2,5). One study in Denmark has reported incidence 

rates ranging from 0.1 -4.8%, whereas studies in regions of Australia have attributed 13% 

of their lameness due to footrot, which compares well with a study conducted in 

Germany which reported a 12.5% footrot occurrence (1,10,11). Footrot is common in 

beef cattle housed in feedlot type situations, and where cattle may be crowded or 

management practices may not be ideal (6). This is not always the case however, 

because cattle that have been kept in well-managed, sanitary conditions still can contract 

footrot (6). Incidence rates are not always indicative of the importance of footrot as there 

is high variability in the prevalence depending on seasonality and time of study. In 

favourable conditions up to 25% of the herd may be affected, but this is a sporadic 

occuflence (1). It has been observed that the occurrence of footrot usually increases 4-8 
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weeks following periods of heavy d a l l ,  during wet summer and autumn months, or in 

the case of southern Alberta, following Chinooks (1,2,5,6,9). Footrot has also been 

shown to coincide with pen cleaning in feedlots, which may be a result of disturbance of 

fecal matter and soil which can be a source of bacteria (6,9). 

In healthy hoof conditions, the stratum comeum of the interdigital skin of cattle is 

well developed and consists of a dense layer of highly stratified squamous cells. This 

epidermal layer provides an effective barrier to penetration and growth of bacteria (5). 

Despite this dense epidermal layer, the interdigital space is still a relatively unprotected 

area of the epidermis, with respect to the rest of the hoof, and is consistently exposed to 

many factors that may predispose it to infection (4). The development of bacterial 

infections, specifically bovine footrot, is thought to require either extensive hydration of 

the epidermal layen or damage by abrasion (1,s). Previous reports of bovine footrot 

have shown an increased incidence during the spring and summer months, which is 

directly correlated with increasing amounts of precipitation and higher soil temperature 

(1,4,12). These wet conditions and higher temperatures, may favour a high population of 

micmrganisms leading to their persistence in the pasture (1,4,13). When the feet of 

cattle are swollen and soft h m  continual wetting, abrasions to the interdigital region are 

also more likely to occur (2,lO). These soft tissue abrasions may provide a mode of entry 

for the bacteria (2,4,6). Many researchers report that local injury of the skin is a 

prerequisite for infection (2,6). Conditions underfoot such as stony ground, sharp gravel, 

uneven or extremely dry ground may abrade the hoof and allow for bacteria to gain entry 

in to the underlying subcutaneous tissues (l,2,6). However, the occurreace of blind fouls 
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in some cattle, provides evidence that may negate the prerequisite of prior injury or 

abrasion. 

3, Treatment 

Rapid treatment of acute bovine footrot has been highly recommended in many 

reports (1,2). Spontaneous recovery has been described (2,14,15). Although not 

common, foohot can progress to a persistent infection that lasts for several weeks and 

may require euthanasia for ethical reasons (6). Bergten (1997) claims that spontaneous 

recovery is rare whereas, Morck et a1 in two separate studies within western Alberta has 

shown recovery rates of approximately 15% (2,14,15). Delayed treatment, or not treating 

at all, can lead to significant financial losses incurred by the livestock producer. Footrot 

inflicted cattle cost the farmer in a several number of ways. Most financial losses are 

associated with decreases in production through reduced weight gain, decreased breeding 

efficiency, and lowered milk yield in dairy cows (2,4,5). The cost of treatment may also 

affect fiances, especially when repeated dosing of antibiotics, or local treatment or 

cleansing of the wound itself are required, as man power needed for this can be 

substantial. More severe cases of footrot may lead to infection of the local tendons and 

even septic arthritis, which may necessitate euthanasia of the animal (1). Therefore, 

although treatment may be costly, it numericaily outweighs the economic losses as a 

result of reduced productivity or even death. 

Footrot is one of the most commonly treated hoof diseases of lame cows. Often 

treatment of footrot with injectable antibiotics, and/or alternative methods are expensive 

but highly successll if administered early (1,4). Treatment methods for footrot may 
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vary depending on the severity and incidence of the disease. Immediate diagnosis and 

treatment at the onset of swelling and lameness, usually leads to an expedient recovery 

within two to four days (1,3,6). Delayed treatment can lead to a prolonged recovery time 

for the animal due to increased severity of the infection (6). In many large scale 

operations, when sporadic cases of footrot occur, infected animals are isolated from the 

rest of the herd and treated with injectable antibiotics such as oxytetracycline, ceftiofur 

sodium, sodium suIfadimidine, or penicillin (1,2,5). Very often single dose injections of 

long-acting penicillin G, tilrnicosin, or oxytetracycline have proven to be effective (9). In 

cases of severe footrot, daily administration may be required until recovery is apparent 

(1). Occasionally local treatment of the foot is performed, which may be beneficial but 

requires restraint, and is often very p a a l  for the animal and time consuming for the 

care provider. This is not a cost-effective procedure in large-scale beef or dairy 

operations, and is often not conducted (2,6). When footrot occurs in high incidence, herd 

treatment or mass medication using inorganic iodides or antibiotics like 

sulfabromomethazine and oxytetracycline added to the feed, tend to be more effective 

(6,9). Formaldehyde or 5% copper sulfate footbaths are also a form of treatment that can 

be used when the footrot is superficial andfor preventative measures are sought (1). Due 

to the high costs involved with c u m t  treatment procedures, alternative forms of therapy 

that can aim to reduce costs and decrease the extent of animal suffering, are in need of 

investigation. 

Vaccine development for bovine footrot prevention seems to be a logical route to 

decrease the tinancia1 losses incurred through decreased productivity and treatment in 

large-scale operations. Past attempts at vaccine production for this disease remains 
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questionable. Commercial vaccines are available but their efficacy has not been verified 

in controlled comparative trials (1). Others have reported that efforts to produce a 

reliable vaccine have largely failed due to the weak immune response developed against 

Fusobacterium necrophorrmt, a traditional footrot isolate (2). Some reports from 

Australia however have shown a protective effect as high as 60% for a vaccine developed 

from the concentrated supernatant of a toxigenic F. necrophorurn strain (2). Despite 

isolated reports, it still remains to be seen whether a footrot vaccine will have protective 

effects as well as worldwide marketability for a disease that has widespread distribution. 

4. Immunopathology 

A typical footrot lesion involves, necrotic material at the edges, a purulent 

discharge, and a characteristic foul odor that indicates the involvement of anaerobic 

bacteria. Footrot is thought to be initiated by bacterial invasion into the epidermal layers, 

specifically the stratum comeum and stratum granulosurn (5). Extreme edema, 

extravasation, and the accumulation of pol ymorp honuclear granulocytic neutrop hils 

(PMN) coincide with degeneration of these tissue layers (5,14). As the disease 

progresses, necrosis and suppuration of the dermal and subdermal tissues occurs (5). 

Histopathological assessments of bovine footrot show infiltration of inflammatory 

leukocytes, cellular swelling of endothelid cells, edema in the intracellular spaces of 

subcutaneous tissues, and necrosis of the subcutaneous connective tissues (14). The 

presence of a high number of infiltrating PMN's demonstrates the possible role of 

cellular immunity in fighting this infecton (16). In some cases, if the infection is left 
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untreated, or if treatment is unsuccessful inflammation can penetrate deeper and 

proximally into the limb (5). 

Very little work has been conducted on the immunopathology of footrot. 

Previous studies in our laboratory have focused on some of the actions in the 

inflammatory process that may occur following several other preliminary events. The 

role of endothelium and neubophils have primarily been studied within the context of 

footrot. Using an in vitro model of co-incubation with bacteria and endothelid cells, 

bovine endothelium was shown to respond to P. levti lipopolysaccharide (LPS) by 

releasing the inflammatory mediators interleukin-l f3 (IL 1 P), tumour necrosis factor-a 

(TNFa), and granulocyte-monocyte colony stimulating factor (GM-CSF) (1 7,18). These 

studies showed a potential route for migration of inflammatory neutrophils via activation 

of the endothelium. Other work evaluated the ability of bovine neutrophils to migrate 

towards, phagocytose, and kill known footrot pathogens. It was observed that although 

bovine neutrophils migrate effectively towards some of the footrot pathogens, the 

phagocytosis and oxidative killing ability of some organisms tested were significantly 

reduced (19). These studies although valuable, did not evaluate the initiating events of 

inflammation produced by macrophages present within dermal tissues. A better 

understanding of earlier events can evaluate the irnmunopathology of footrot in a more 

holistic context. 

5. Role of Bacteria 

A thorough review of the reported etiological agents in bovine footrot has been 

both conflicting and questionable. Traditionally, bovine footrot has been characterized as 



a mixed anaerobic bacterial infaction, with the two main isolates being Fusobacterium 

necrophorum and Bacteroides mekaninogenicw ( 1  -5). Dichelobacter nodosus has also 

been isolated from footrot cases (1.3,s). Several other saprophytic bacteria, which are 

thought to be capable of enhancing the inflammatory process, have often been isolated 

fiom footrot specimens without any great consistency. Some of these include 

Spirochetes spp.. Bacteroides spp., Staphylococcus spp., Streptococcus spp., and Bacillus 

spp. (2). A majority of the focus in footrot has been on the most fnquently isolated 

bacteria, namely Fusobacterium necrophorum. B. melaninogenicus and B. nodosur. The 

interaction between these bacteria and their proposed pathogenesis in bovine footrot is 

questionable (1 2 2 ) .  Many of the studies have obtained their bacteriological data 

through direct smears or scrapings of the affected region, which presents an immediate 

problem as footrot is a disease that aM'ects the sub-cutaneous tissues and not the 

epidermal surface. One report by Berg and Loan proposed that Fusobacterium 

necrophorum may be involved in the disease, but possibly as a secondary invader which 

enters following a primary infection or injury (3). This theory is a result of unsuccessfbl 

studies that have attempted to reproduce the disease experimentally with pure cultures of 

Fusobacterium necrophorum (12). Although lesions were visible, they did not resemble 

typical lesions found in footrot (3). These results were firther corroborated by Johnson 

et al., agreeing that F. necrophonrm plays a role as a causative agent, but can not 

consistently reproduce the disease with pure cultures (4). 

The inability to reprcxiuce the disease using pure F. necrophorum may be due to 

the tecent discovery of multiple strains tbat may vary in virulence (2). Three main 

biotypes for F. n e o p l r o m  have been identified, with biotype A and AB isolated most 
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frequently from bovine footrot. These biotypes pmduce an endotoxin, as well as an 

exotoxin with leukocidal properties (2,20). Experimental inoculation with a virulent F. 

necrophorum biotype in cattle pmduced a typical footrot lesion within five days (1). It 

may be possible that past attempts to reproduce the disease were done using the non- 

pathogenic biotype B strain, or more than one type of strain, which may explain the 

inconsistert reproducibility. 

F. necrophonim has also been shown to be present in lameness that was not 

related to infectious fwtrot. A study conducted on lameness in Missouri, U.S. evaluated 

the presence of anaerobic bacteria (3). In all of the footrot cases (8 in total) F. 

necrophorum and B. melaninogenicus were identified in large numben, and in 4 of the 8 

cases Bacteroides spp. also were isolated in concentrations greater than 1 0' bacteri algram 

of tissue. When non-footrot lameness was evaluated 5 out of the 6 were positive for F. 

necrophonmm and 50% contained B. melarrinogenicus (3). This proportion of F. 

necrophorum is high in non-footrot associated lameness, and may indicate that F. 

necrophorum can be present in many foot conditions in cattle. This study also shows the 

opportunistic capability of F. necropirorum, and may downplay its importance as a 

primary pathogen in fwtrot. 

Evaluation of the Bacteroides spp. found in footrot, namely B. melaninogenicus 

and in some cases B. ndosus (now Dichelobucter nodosus) have taken on some new 

developments. The synergistic interaction between F. necrophorum and the above 

organisms are still under investigation. Several reports have indicated a recovery of D. 

nodosus, the primary sheep footrot pathogen, in lesions of cattle (6). A study conducted 

by Clark et al. on bovine footrot found that D. nodosus was cultured h m  the superficial 
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lesions and not from the deeper abscesses, where both F. necrophorum and B. 

rnelaninogenicus was present (5). Similar reports have shown that although D. nodosus 

was discovered in footrot smears, the presence of this bacterium ranged from 34.5 to 

74.2% occurrence in clinically normal bovine feet (21). One theory is that D. nodosus 

may initiate a mild interdigital dermatitis in cattle which could be the starting point for a 

more severe dermatitis characteristic of infectious footrot in cattle following infection 

with some of the other bacteria (6). 

B. melaninogenicus frequently has been isolated in association with F. 

necrophorum in many studies of bovine footrot and conflicting evidence questions its 

necessity in footrot infections (3,6). Depending on the study, efforts to reproduce the 

disease with F. necrophorum alone have been successfbl (6) or unsuccess~l (3). One 

study attempted to experimentally induce footrot using abrasion and mixed cultures of F. 

necrophonun and B. melaninogenicus. Footrot was only induced using inoculation into 

the interdigital skin with or without abrasion. Footrot could be induced without 

inoculation of B. melaninogenicus but when all lesions were cultured after induction of 

infection, F. necrophorum and B. melaninogenicus were isolated from all of the lesions 

(3). This shows that an external source of B. melaninogenicus may have penetrated into 

the site and caused a synergistic infection. Other reports do not indicate a requirement 

for B. melaninogenicus, which leads to continued confusion as to the true etiological 

agent (1). 

Conflicting evidence in the role that each of these bacteria play in bovine footrot 

questions many things. The reports of F. necrophorum being an important primary 

pathogen or unimportant as a secondary invader in footrot still prevail. The isolation 
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techniques used for bacteriological identification of footrot specimens have not been 

consistent among studies, challenging the validity of some reports. As well, mixed 

reviews about whether F. necrophomm produces footrot lesions characteristic of the true 

disease have not been conclusive. This may be due to the recent identification of 

different biotypes in F. necrophorum, which shows that some strains are more pathogenic 

than others. 

The synergistic interaction of F. necrophorum with either B. rnelaninogenicus or 

D. nodosus in bovine footrot has been complicated. Many studies downplay the role of 

D. nodosus, but others have been mixed with respect to B. melaninogenicus. Adding to 

this confUsion is the recent changes in taxonomic classification and identification of 

anaerobic bacteria, particularly within the Bacteroides genus (22). Taxonomic reports 

from 1995 and 1997 have taken the numerous collection of Bacteroides melaninogenim 

isolates and reclassified them into three main genera and 17 different species (22,23). 

Using nucleic acid analysis, specifically 16s rRNA sequencing, classification of bacteria 

is shiAing more towards phylogenetic relatedness instead of phenotypic characteristics. 

Bacteria with very similar evolutionary histories will contain the largest number of 

related nucleic acid sequences (22). As a result the genus Bacteroides has been divided 

with asaccharolytic bacteria placed in the Porphyrornonar genus and the saccharolytic to 

the Prevotella genus, which shifted most non-pigmented species to the Prevotella genus 

(23,24). 

This presents a complicated picture for interpreting past bacteriological findings 

in bovine footrot. Positive identification of Bacteroides melaninogenim in footrot in the 

past, may indicate the presence of a broader range of bacteria based on the new 
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classification of organisms. A strong example of this is the recent study on bacterial 

isolates obtained h m  tissue biopsies of footrot (14). Findings indicated that 

Porphyromonas levii and Prevotelka intennedia o c c d  most frrquent ly whereas 

Fusobacterium necrophonun and Dichelobacter nodosus were not isolated from any of 

the footrot specimens examined (14). Both Porplyromonas Ievii and Prevotella 

intennedia would have previously been classfied under the umbrella stain Bacteroides 

rnelaninogenicus (23,24). Due to these recent findings, many footrot isolates from past 

clinical studies, may in fact represent a wider number of anaerobic species. 

The two new isolates Porphyrornonas levii and Prevotelka intennedia have been 

characterized as obligately anaerobic grm-negative bacteria that appear microscopically 

as short pleiomorphic rods. Experimentally induced footrot using Porphyrornonas [evii 

and Prevotellu intennedicl in conjunction with F. necrophorum was assessed for their 

ability to induce footrot (25). Based on clinical scoring, P. levii was shown to cause a 

significantly more severe i n fdon  than the bacterium P. intemedia (25). Histiological 

evaluation of affected tissue demonstrated signs of acute inflammation and the presence 

of bacteria used to infect the interdigital tissues. Of particular interest was the delayed 

clinical signs of footrot, taking 6 days for inflammation to develop following inoculation, 

which corresponds well with previous reports of 5 (1,25). Further study of these new 

isolates and their role in footrot may be important in gaining an understanding of the 

pathophysiology of the disease. 
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B. Anaerobic Bacterial Infections 

Previous studies have shown that anaerobic bacteria are very important in the 

disease processes of various mixed infections (26). In the past, the role of anaerobes in 

infection were not considered to be significant (27). Recent advances in the field of 

anaerobic microbiology have led to a change in the importance of anaerobes in infection 

(27). With the development of reliable methods for isolation, transport and culture, 

anaerobic bacteria have often been found to outnumber many of the aerobic bacteria 

found within mixed infections (26.27). Clinical clues that indicate the involvement of 

anaerobes at an infected site include; a foul smelling discharge, tissue necrosis with 

abscess formation, the presence of sulfur granules in discharges of tissues, and a failure 

of the infection to respond to antibiotics that are ineffective for treatment of anaerobes 

(26). One of the most commonly isolated anaerobes from sites of infection are gram- 

negative, non-spore forming bacilli (28). Roughly 40% of bacteria isolated from 

anaerobic infections fall within the Bacteriodes fragiiis group, Prevoteffa, 

Porphyromonus, or Furobacteriurn species classifications (28,29). Despite clear 

evidence of the prevalence of anaerobic bacteria in infections, virulence mechanisms of 

these organisms are only vaguely understood (26,27,29). It is thought that various 

organisms within mixed infections have important roles in the infectious process. 

Opportunities for chemical and physical interactions among organisms are at a maximum 

in mixed infections and it is hypothesized that microbial synergy is at play, with certain 

organisms becoming more pathogenic or exerting more influence in the infection than 

potential standbys (26). 
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There are several proposed bacterial mechanisms for inhibiting host repair. 

Virulence factors may initially allow for organisms to penetrate, survive and or spread 

within the host. Anaerobes have been known to impair host defenses through inhibited 

chemotaxis and phagocytosis by the phagocytic leukocytes, which include macrophages 

and neutrophils. Proposed virulence mechanisms include the release of extracellular 

products, such as short chain fatty acids, which have been shown to decrease chemotaxis 

and the presence of capsular polysaccharides, which impair phagocytosis (26,27,28,30). 

In addition, anaerobes may impact the conditions of the local microenvironment creating 

a conducive environment for bacterial survival and proliferation (27). As the infection is 

allowed to progress, extensive tissue destruction in conjunction with the increased 

hypoxic or anoxic conditions, can finher impair function of host phagocytic cells, thus 

protecting the bacteria (26J8). Although studies involving anaerobes are limited, there 

have been a number of virulence mechanisms that are purported to enhance infection. 

The following examination of virulence factors will mainly focus on the Porpyhromonas 

genus in order to elucidate potential mechanisms used by P. levii to cause infection. 

C. Virulence Factors of Porphyromonus Species 

Gram-negative bacteria have been implicated in many diseases because they 

possess various components that make them effective agents of infection. The focus of 

virulence factors will mainly be on what is known about anaerobic species, with 

particular focus on the Porphyromonus genus. The recent isolation of P. levii from 

bovine footrot, and the knowledge that experimentally a more severe form of footrot was 

developed with this bacterium, provokes interest in this species particularly with respect 
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to footrot (25). As stated above, anaerobic bacteria within the Porphyromonus genus are 

considered to be one of the more clinically important anaerobes. Organisms of 

Porphyrononas spp. are mainly part of the indigenous oral flora in humans or in the case 

with other animals, associated with the gastrointestinal and genitourinal tracts (31). 

Porphyromonas levii has been isolated &om the nunen of cattle and organisms that are 

phenotypically similar but genetically different from P. levii, have been recovered from a 

variety of soft-tissue infections in humans (3 1). 

As with most bacteria, organisms within the Porphyromonas genus have a 

number of structural features and extracellular products that may enhance their ability to 

evade host recognition andfor cause infection. Capsular polysaccharide and LPS are two 

main structural feahlres that P. levii has been shown to possess (1 7,19). The presence of 

a capsule has been shown to increase an organisms virulence. Capsular polysaccharides 

which surround the cell membrane in some gram-negative bacteria can contribute to a 

bacterium's invasiveness by preventing phagocytosis by the host's neutrophils or 

macrophages (29J2). In addition, capsular polysaccharides alone have been shown to 

produce abscesses in vivo even in the absence of viable bacteria (29). A recent paper by 

Gibson et al. has also show that the capsular polysaccharide of gram-negative bacteria 

have the capacity to elicit cytokine expression from host cells like the macrophage (33). 

This may allow for migration of inflammatory cells, but can also contribute to the 

sequelae, as immune cells that can not phagocytose bacteria or bacterial components may 

release bactericidal products into the immediate microenvironment instead (16) resulting 

in tissue damage. 
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Lipopolysaccharide or endotoxin, is the predominant lipid in the outer leaflet of 

the outer membrane in gram negative bacteria (34). The molecule itself is composed of 

three main structures, Lipid-A, a core oligosaccharide, and "0" antigen (34,35). The 0- 

antigen is a portion of LPS which is not essential for bacterial growth, and is composed 

of a variable number of repeating units of 1-8 sugar residues. Although it is not essential 

for bacterial growth the 0-antigen is responsible for the acquired immune response 

mounted against LPS (34,35). Resistance to infection can be conferred by antibodies 

specific to the 0-antigen (35). The polysaccharide core, which does not have 

inflammatory activity, contains 10 or more sugars with varying numbers of phosphate 

and ethanolamine residues. This core is divided into i ~ e r  and outer components. The 

inner core contains a unique sugar component, 2-keto-3-deoxyoctulosonic acid (KDO) 

which is essential for bacterial growth and is used as a method for LPS quantification 

(34,35). The outer core contains hexoses. The lipid-A region of LPS is the crucial 

structural component that is prominently associated with bacterial toxicity. The lipid-A 

region together with the inner core portion, forms the most conserved region of LPS (34). 

The interactions of the lipid-A molecule with various cell types in a host can elicit the 

production and secretion of cytokines (36). LPS has been found to be a potent stimulator 

of immune cells, mainly monocytes and macrophages, both in vitro and in vivo (37). 

Past research on the LPS of gram-negative anaerobes, particularly the Bacteroides 

species, has shown LPS fcom anaerobic bacteria to be less biological active than LPS 

from the Enterobacteriacea group. In addition, it was thought that they did not contain 

the biologically unique KDO component of LPS (29,38). This thought about KDO has 

since been refuted and upon treatment with strong acids, KDO can be detected within the 
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LPS molecule (29,38). Although the volume of research on anaerobe LPS is limited, it 

has been shown that Porphyrornonas and PrewtefIa species possess a LPS with a lipid-A 

structure and a core oligosaccharide that contains KDO and heptose, which are 

structurally similar to B. /ragllis (29). Studies on the LPS of P. gingivalis have shown 

that in many cell types, numerous pro-inflammatory cytokines can be produced in 

response to the molecule (30). In P. 'ngivalis it has also been shown that LPS activates 

complement, which causes production of the chemotactic product C5a (29). This effect 

however could potentially be masked by the capsular polysaccharide which can disguise 

the presence of LPS on the bacterial outer membrane (29.39). Our laboratory has also 

isolated and quantified LPS from P. levii fractions. Upon exposure of this LPS to bovine 

endothelial cells in vitro, we have shown that TNFa, and GM-CSF are produced (1 7,18). 

Although the pathogenic potential of LPS &om Porphyrornonus species has not been 

extensively studied, preliminary research has shown that immune cells of the host are 

able to react to it's presence. Both the LPS and polysaccharide structural components of 

P. levii may contribute to its pathogenicity, and account for the development of a footrot 

infection. 

Another surface component of Porplromonos species that may relate to their 

pathogenicity directly is the presence of pili or fimbriae. Fimbriae in anaerobes have 

been shown to play an important role in adhesion, which is considered an initial event in 

bacterial-host interaction and maybe even bacterial-bacterial interaction in the case of 

mixed infections (29). The role of fimbriae in adhesion has been well-documented when 

considering Porphyrornonas gingivalis. It has been shown that strains of P. gingivalis 

can adhere to epithelial cells and to other species of bacteria such as Fusobacterium 
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nucleaturn (29f0). In oral infections F. nucieatum is considered a secondary colonizer of 

oral infections. This kind of interspecies association may assist in nutritional 

interrelationships as well as colonization by bacteria and may in fact be crucial for 

pathogenesis (3 0). 

In addition to structural components, M e  has been some research conducted on 

the role of extracellular products with respect to virulence. Most gram negative 

anaerobes are capable of de@ng numerous components of host tissue through the 

production of extracellular protease enzymes. Although the primary function of 

proteases secreted by asaccharolytic bacteria (Porphyromonas spp.) is likely nutrient 

acquisition, they are also involved directly in tissue invasion and destruction, in addition 

to evasion and modulation of host immune defmses (29,30,40). Most of the investigative 

work on Porplpmonas species bas centered on P. gingivalis and the human-related 

disease periodontitis. It may be assumed that some of these extracellular products are not 

just specific to P. gingival& and in fact analogous enzymes are produced by other 

members of the genus. One group of extracellular products that are released by bacteria 

and have been shown to impair host defenses through inhibited cellular function, are 

short chain fatty acids (SCFA) (27,29,30941,42). SCFA, such as butyric and succinic 

acid, are among the major metabolic end-products of anaerobic bacterial metabolism 

(41). They are released into the local microenvironment and molar concentrations have 

been measured to be as high as 30 mM at the site of infection (29,41). These SCFA have 

been shown to inhibit chemotaxis, degranulation, phagocytosis and oxidative killing of 

ingested bacteria in both neutrophils and macrophages in vitro (29,41). One projected 

mechanism of action is that SCFA traverse the plasma membrane due to their apolar 
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nature, and dissociate within the cell, lowering intracellular pH which can be sufficient to 

impair fhction (27). One such enzyme that has reduced activity is NADPH oxidase, this 

enzyme mediates the respiratory burst, generating toxic O2 radicals in professional 

phagocytes. In the presence of low pH, NADPH oxidase has reduced activity (27). 

These same SCFA inhibit the migration of immune cells towards the infefted site (30). 

Phagocytic killing can also be impaired by extreme levels of hypoxia (27). Although 

these mechanisms have proven to work well in controlled in vitro environments, SCFA 

are likely not to have an early effect on the pathogenesis of inf~tion, since their 

accumulation is not at maximum until the stationary growth phase is reached (27). 

However, these local mechanism may contribute to the persistence of the bacteria at the 

infection site. 

An important class of enzymes produced by the Porphyrornonas genus, are the 

immunoglobulin (Ig) proteases (29). Many of these enzymes have been shown to 

specifically cleave and impair the function of the IgG, IgM, and IgA classes of 

immunoglobulin (29). P. levii has been shown to produce a protease that specifically 

cleaves bovine IgG2, while IgGI and IgM were not affected (43). IgG is particularly 

important in the bovine immune system as it is an important immunoglobulin in 

neutrophil-mediated phagocytosis. In addition, immunoglobulins have shown to be 

valuable tools in killing bacteria through the classical complement pathway and 

opsonization. Cleavage of immunogiobuiins by bacteria would further impair the host 

defense mechanisms allowing the bacteria to establish and maintain an infection. 
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D. Inflammation 

Inflammation is a reaction that sterns from a host's attempt to localize and 

eliminate objects that may be recognized as foreign or damaged such as; metabolically 

altered cells, foreign particles, microorganisms, viruses or antigens. This process is vital 

to the survival of complex organisms and plays an essential role in health and disease 

(44). Inflammation is a result of an number of initiating steps to cause a net effect of 

fluid and leukocyte movement from the blood into the extravascular tissues, primarily at 

the site of injury (16). It fhctions as a localized protective response which serves to 

destroy, dilute or wall-off both the injurious agent and affected tissues (44). There are 

four cardinal signs of inflammation that have been identified since the second century 

AD. These signs include redness, swelling, heat and pain (16). The fifth cardinal sign, 

loss of function was added to the initial list in the 19' century. Under normal conditions, 

inflammatory signs are an indication that the host is either removing foreign pathogens or 

removing injured tissue components (16). Typically this process allows for regeneration 

of physiological function and retum of normal tissue structure, or in the case of 

irreparable damage, the formation of a scar. However in certain conditions these abilities 

for recovery are impaired and the beneficial effects of the inflammation are altered. 

Often in these situations, inflammation can be detrimental to the host itself, leading to 

tissue destruction and potentially to injury (16,44). 

Inflammation is classified as acute or chronic, depending on the persistence of the 

injury, the symptoms involved, and the nature of the inflammatory response (16). 

Generally the characteristic signs of acute inflammation involve the presence of 

accumulated fluid and plasma components, platelet stimulation, and the primary 
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infiltrating cell being the polymorphonuclear leukocyte or neutrophil (16.44). This 

contrasts well with chronic inflammation where the predominant cell types are 

lymphocytes, plasma cells, and monocytederived macrophages arriving from the blood 

(16). Information that is beneficial for understanding the mechanisms where 

inflammatory cells accumulate in the tissues, or how stimulated cells successfully control 

infection or damaged tissues, would provide new insights into the pathogenesis of disease 

and may help to develop improved methods of therapy (44). 

E. Macrophages in Inflammation 

The host's immune response to bacterial infections is vital to understanding the 

disease process associated with footrot. Preliminary events initiated by cells within the 

affected tissues often undergo specific responses in an attempt to fend off infection. One 

of the earlier phases in the acute inflammatory response involves the accumulation of 

leukocytes, especially PMN's to the site of tissue injury (45). The initiation of events 

that result in the recruitment of neutrophils is complex and involves multiple cell types 

and reactions. Once microbes have penetrated the first line of defense, the protective 

layers of the host's skin, they must encounter the second defensive barrier, the tissue 

macrophage (46). 

The center of antibacterial defeases in vertebrate organisms is the macrophage 

(46). Resident tissue manophages are bone marrow derived monocytes that have 

departed the systemic circulation and taken up residence within spezific tissues. These 

macrophages represent a family of long-lived specialized phagocytic and secretory cells 

that are widely distributed throughout the host in the absence of idlammation (47). Their 
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presence in a wide range of tissues such as the skin, liver, lung, gut, and nervous system, 

allows them to act as an early warning system, protecting the host against agents like 

iofectious organisms (47). Tissue macrophages are mobile cells that retain the capacity 

to migrate through extravascular comective tissues conducting a scavenger role (16). 

Attraction of macrophages to bacterial chernoattractants result in their migration toward 

sites of bacterial foci (47). Once the macrophage is at the site of bacterial infiltration it 

engulfs the bacteria and kills them intracellularly. If local responses are insufficient to 

remove or counteract the initiating stimulus, macrophages and other cells can mobilize 

additional leukocytes, especially neutrophils from the blood, by production of 

chemokines, cytokines, and lipid mediators involved in acute inflammation (47). These 

factors act as chemical attractants for recruitment of additional immune cells (primarily 

neutrophils), which help to abrogate the infection by clearing the bacterial contaminants 

(46)- 

Overall, tissue macrophages provide a unique, nonredundant role in tissue 

homeostasis, contributing invaluably to inflammation (47). Although macrophages play 

an eminent role in early events of host defenses, little is known about the effects 

anaerobes might have on these cells. In order to understand how the macrophage 

conducts these inflammatory processes during a footrot infection, it is important to 

examine individual events in detail. Evaluation of preliminary host-bacterial interactions 

may help to understand how individual microorganisms involved may aid in the 

development of disease. Appreciation of the tissue macrophage, and its varied role in 

inflammation, could allow for a more selective approach to inhibition or stimulation of 

these cells locally or systemically within the host (47). 



1. Development of Macrophages 

The majority of tissue macrophages in the host are derived from circulating blood 

monocytes, constitutively recruited by many initiating mechanisms (47). Monocyte 

development is conducted in the bone manow where a common pluripotent stem cell 

CD34+ through differentiation, produces a promonocyte. Prior to leaving the bone 

marrow a promonocyte is converted into a monocyte (47). Monocytes may circulate in 

the blood for one to two days in a non-inflammatory state before entering the tissues to 

differentiate into macmphages or dendritic cells (47,48). Once macrophages are in the 

tissues, they retain the capacity to divide, although limited, in addition to the ability to 

undergo active RNA and protein synthesis. Resident macrophages have a relatively long 

life span in the tissues lasting up to 1 month in healthy states (47). 

Several membrane antigen markers have helped to delineate the presence of 

macrophages in different tissues (47). Two such markers are F4180 and CD68 or 

microsialin. F4180 antigen is a plasma membrane glycoprotein that is expressed during 

differentiation as promonocytes become adherent, is weakly present in monocytes and 

highly expressed in many tissue macrophages. The use of this marker is still limited to 

some tissues as  it is not expressed in all tissues, such as its limited presence in alveolar 

macrophages, and in T-lymphocyte dependent areas (47). Macrosialin (CD68) on the 

other hand is a panmacrophage marker and is present in all tissue macrophages including 

the extended macrophage family where F4/80 antigen may be lacking (47,49). CD68 is 

predominately an intracellular glycoprotein with one known ligand, oxidized lowdensity 

lipoprotein (47,49). 
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Many in vitro studies involving macrophages require either the isolation of fully 

differentiated alveolar or peritoneal macrophages, or the isolation of monocytes, which 

require differentiation into macrophages while in vitro (47,SO). This method of 

monocyte-derived manophages seems particularly ideal when dealing with large 

mammals with a high circulating blood volume. Many studies have analyzed the 

differentiation of monocytes in vitro and in some cases have manipulated the 

environment to alter their terminal properties (47,s 1). It has been shown that culture of 

monocytes in the presence of serum results in the differentiation of monocytes within 

several days, exhibiting a typical macrophage phenotype (47,50952). There are many 

features of differentiation that can be observed. The maturation process fiom monocyte 

to macrophage is accompanied by an increase in size, changes in morphology as well as 

hctional properties (50,51). Several surface receptors which are known to be 

upregulated as differmtiation progresses include; CD16 (low affinity Fcy Rm), CD64 

( F q  RI), CD7 1 (trans ferrin receptor) and CD68 (cytoplasmic glycoprotein) (5 1 ). Thus as 

differentiation from monocytes to macrophages occurs over time, several markers of this 

process can be used to monitor maturation in vitro. 

2. Chemotalls of Macrophages 

One of the primary responses required for the initiation of inflammation is the 

recognition of foreign antigens or damaged tissues. Tissue macrophages remain mobile 

cells with the capacity to migrate through extravascular connective tissues conducting a 

scavenger role (1 6). Attraction of macrophages to bacterial chemoattractants result in 

their migration towards sites of bacterial foci (46). Chemotaxis is the direct movement of 
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cells in response to a chemical substance gradient. The chemical substance, also termed 

chemotactic factor or chemoattractant, is released at sites of inflammation, immune 

reactions, and tissue damage. These chemical substances are detected by binding to 

specific membrane receptors on macrophages. This binding initiates a complex series of 

biochemical and physical events that enable the macrophage to migrate towards the 

bacteria (46). Chemotactic factors can involve components of the bacteria themselves 

like LPS, and low molecular weight N-formylated peptides, or they can be host derived, 

created by bacterial activation of serum components in the host like the complement 

hgment CSa, or chemotactic cytokines and chemokines (46,54,55). It is important to 

note that migratory responses of leukocytes are generally concentration-dependant. 

Chemoattractant concentrations are at least 10-fold lower than what is required to 

stimulate a cytotoxic response (55). At high concentrations, microbiocidal responses 

such as the production of oxygen radicals and nitric oxide are potentially provoked (55). 

Some chemoattractants however, differ with their ability to stimulate secretory responses. 

For example, interleukin-8 (n8) is a potent chemotactic agent for neutrophils, but a less 

effective agent for stimulating secretion. This may be a hnction of the signaling 

pathway or receptor type activated (55). The efficient surveillance of the host tissues by 

macrophages is largely dependant on their ability to move (56). This phenomenon is not 

well studied with respect to macrophages, which creates an important area of study. 

Previous studies conducted on the chemotactic ability of phagocytes towards 

Bacteroida spp. have produced mixed results. A study done by Fotos et ai. has shown 

that bacterial cell sonicates h m  the genus Bacteroides caused a decrease in migration of 

neutrophils and monocytes, pointing to a soluble microbial product as the cause (57). 
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This was W e r  corroborated by another research group which examined several species 

from the former genus Bacteroides (54). Chemotactic inhibiton that have been identified 

in anaerobes are succinic and butyric acids, the metabolic by-products (27,30,41). 

Similar c hernotactic expetiments on cell-associated components of Bacteroides spp. have 

shown that chemotactic induction occurs. Migration by ueutrophils to these components 

was eliminated however, when the bacterial products were incubated with the serum 

complement factor CSa (58). These conflicting results from species within the 

Bacteroides genus suggest that the chemotactic ability of macrophages towards P. levii 

may not be highly predictable. It may be possible that one of the key mechanisms used 

by P. levii to establish an infection may be to avoid early detection and contact with the 

tissue macrophage through inhibited chemotaxis. Major metabolic end-products of 

anaerobic bacteria, like butyric and succinic acids, have proven to have anti-chemotactic 

effects on phagocytic cells (41). Inhibition by metabolic waste products could create a 

lag in cell response, allowing for sufficient growth of the bacteria Overgrowth of 

bacteria would overwhelm macrophages and infiltrating phagocytes, potentially causing 

an infection (58). However it is also entirely possible that P. fevii does not directly 

influence chemotaxis and instead may affect other immune hnctions of the host. 

3. Phagorytosis by Macropbages 

Once the macrophages have homed in on invading bacteria, attempts are made to 

ingest these microbes. Macrophages have several mechanisms for bacterial recognition 

which will enable them to engulf bacteria There are three main features of phagocytosis 

that distinguish it from other endocytosis events (59). These requirements include; the 



3 1 
specific recognition of an insoluble ligand M.5 pm in size, involvement of the host cell 

actin-based cytoskeleton which usually involves the formation of pseudopods, and 

temperatures that are not considerably low (not less then 13-18OC , depending on cell) 

(59). 

Recognition is the initial step in phagocytosis, and one of the most effective 

methods for recognition of foreign particles is by opsonization. Opsonization or coating 

of bacteria with plasma components (opsonins), particularly immunoglobulins or the C3b 

hgment of complement, significantly enhances recognition and phagocytosis of bacteria 

by the macrophages (16). Macrophages have specific surface receptors for C3b, C3 bi, 

and the Fc portion of immunoglobulin molecules. Binding of opsonized bacteria to these 

receptors facilitates the recognition process, allowing for efficient phagocytosis 

(16,46,60). Several complement proteins, which include C3b, iC3b, Clq and mannose 

binding lectin (MBL), are all targets used for ingestion and destruction by phagocytic 

cells (59). 

MBL is a member of the C-type lectin (Clq) or collectin family (61). Proteins in 

this family have the capacity to assist in antibody-independent phagocytosis by acting as 

opsonins on the bacterial surface. The MBL recognizes high mannose-containing 

polysaccharides and neutral oligosaccharides in linkages that are not typically found on 

host cells and proteins (61). MBL has been shown to bind to a large number of infectious 

agents. Following binding by the MBL, mannose-binding lectin-associated serine 

proteases 1 and 2 (MASPI & MASP2) bind and form a complex on the foreign d a c e  

(59,611. This MBP-MASPI-MASPZ complex has two functions, it can act through the 

classic complement pathway to induce formation of the membrane attack complex 
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causing lysis, or it can serve as an opsonin allowing phagocytic cell recognition 

enhancing phagocytosis of the bound antigen (6 1). 

Another common opsonin, C3b is associated with the alternate complement 

pathway (61). C3b is initially produced by cleavage of C3 in the plasma by a C3 

convertase. Several components can be recognized and covalently bound by C3b. 

Formation and binding of C3b to surfaces is considered a continuous and random event 

(61). Some of the components that may be bound by C3b include: neutral sugars with a 

polymeric structure (P glucans, inulin, zymosan), bacterial LPS, and peptidoglycan (6 1). 

Although binding of host structures by C3b is known to occur, regulatory proteins on the 

surface of host cells prevent prolonged binding of C3b on their surface and as such evade 

either further activation of the membrane attack complex or phagocytosis (6 1). 

Complement components must be recognized by the host cell in order to 

contribute to phagocytosis. When complement is bound, either MBL, C14, or C3b, these 

proteins must engage specific receptors on the membrane of the macrophage to initiate 

phagocytosis (61). The complement receptors CRI (CD35), CR3 (CDl 1 bICD18) and 

CR4 (CD 1 lc/CD 18) in addition to the MBUClq receptor can bind complement 

components and either enhance phagocytosis or cause phagocytosis directly (59). CRI is 

known to bind C3b. CR3 and CR4 are members of the pz family of integrins that 

preferentially bind the iC3b component of complement. In addition these p2-integrin 

receptors have been known to mediate direct binding of a number of gram positive and 

gram negative bacteria in the absence of complement (59). In order for phagocytosis to 

occur via complement binding, a second cell activation stimulus, in which mechanisms 

are unknown, is required. Some identified stimuli include platelet activating factor, 
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phorbol esters, and extracellular matrix components like fibronectin, laminin, and type I 

collagen (59). In contrast, the MBYClq receptor is unable to mediate phagocytosis 

directly but can enhance phagocytosis initiated by either CRl or the Fcy receptor (59). 

In addition to complement-derived opsonic agents, there is a whole group of 

opsonins generated through the process of acquired immunity. Immunoglobulins (Ig) 

contribute greatly to phagocytosis by their ability to opsonize foreign substances or 

antigens. Although five different classes of Ig are produced (IgG, IgM. IgA, IgD, and 

IgE) within the host, the major class associated with antibody-mediated phagocytosis is 

the IgG class (59). Macrophages have receptors for the IgG class of antibodies on their 

cell surface (46,62). The variable region is the portion of the antibody molecule that 

interacts with the antigen whereas the constant region contains ligands which are 

recognized by specific Ig recepton on the phagocytic cells (59,62). One of the most 

extensively studied class of receptors for phagocytosis is the F q  receptors (FcyR) which 

recognize the Fc portion of IgG (59). Binding of the Fc portion of IgG to phagocytic 

cells causes intracellular activation that results in the bacteria being taken up. 

In the absence of opsonins, macrophages still have the capacity to engulf bacteria, 

however this process is less effective. The mechanisms involved in the nonopsonic 

recognition of bacteria are poorly understood (16). Past research has shown that 

ingestion of bacteria can depend on the charge, hydrophobicity, and chemical 

composition of the bacterial surface (46). For example some bacterial structures like 

fimbriae or pili enhance the bacteria's susceptibility for phagocytosis. Structures 

involving a carbohydrate surface like capsules inhibit binding and ingestion by 

macrophages (46). Some reported macrophage surface receptors like the mannose 
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receptor, can recognize microbial sugar molecules with terminal mannose, fucose, or N- 

acetylglucosamine moieties (59,63). 

Ingestion of bacteria is thought to occur by one of two mechanisms. The "zipper 

theory" involves the binding interaction between ligand and receptor that is distributed 

uniformly around the circwnference of the bacteria or foreign particle in order for 

phagocytosis to occur (46). The pseudopods on the cells would extend around the 

bacteria due to binding of receptor-ligand and engulf the bacteria (59). Another 

mechanism termed "coiling phagocytosis" involves a long pseudopodial extension from 

the cell that would coil around the organism as it was being internalized (46,59). Either 

way actin plays an essential role in the phagocytosis process and in the formation of 

pseudopods (59). 

Past research on macrophage and neutrophil phagoc ytosis of bacteria from the 

Bacteroides spp. has shown that members of this genus are poorly phagoc ytosed (29,3 2). 

Many have suggested that encapsulated bacteria prevent immune cells from recognizing 

certain surface components like LPS that would elicit a response (29.30,32,39). Recent 

work conducted in our laboratory has shown that P. levii possesses both structural and 

extracellular products that may contribute to its evasiveness. A maneval stain conducted 

on P. levii revealed the presence of a capsule (19). It has been shown in many different 

bacteria that capsular structures mask bacteria and contribute to their virulence. In 

addition to a capsule, P. levii produces a protease that specifically cleaves bovine IgG2 

(43). A protease that cleaves immunoglubulin could allow bacteria to establish and 

maintain an Hection by cleaving IgG that aids in process of opsonization and 

phagocytosis by macrophages and neutrophils. In vitro studies conducted in our 



35 
laboratory on neutrophil phagocytosis has shown that P. levii is poorly phagocytosed in 

the absence of opsonins, however phagocytosis of P. levii significantly increased when 

the bacteria were opsonized with anti-P. levii immunoglobulin (43). It will be important 

to determine if macrophages demonstrate similar responses to P. levii in the presence 

andor absence of opsonins. 

4. Bactericidal ActMty 

The capacity of macrophages for engulfment of bacteria is extraordinary. 

Following ingestion, bacteria may be killed within minutes to hours (64). Once the 

bacteria has been engulfed, the vesicles containing the bacteria @hagosome) fuse with 

primary lysosomes, and form a secondary lysosome or phagolysosome (16.46). Within 

this phagolysosome degradation of the bacteria takes place. Macrophages have two main 

types of systems that work cooperatively and independently to kill microorganisms. 

These systems are classified as oxygendependent and oxygen-independent mechanisms 

(46)- 

In the case of oxygen-dependent mechanisms the macrophage consumes large 

amounts of oxygen upon exposure to stimuli. This respiratory burst is important for the 

killing of ingested bacteria (46,65). Oxygen is consumed in a reaction that involves the 

reduction of oxygen to superoxide ( 9 3  (64). The enzyme that catalyzes the reaction is 

NADPH oxidase, and this enzyme has both membrane and cytoplasmic structural units 

(16,46,64). Activation of the enzyme by a small GTP-binding protein results in 

translocation of the cytoplasmic unit to the plasma membrane allowing for the production 

of 0; (46). Superoxide anion production by the respiratory burst is generally a precursor 
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for a number of bactericidal reactive oxygen intermediates (ROI), such as hydrogen 

peroxide (H202), the hydroxyl radical (OH.), and singlet oxygen ('02) (16,46,64,65). It 

is these ROI that are highly toxic to the internalized microbial agent. Having the 

NADPH oxidase membrane bound allows for the ROI to completely surround the 

microbe within the phagolysosome thus allowing the macrophage to exert its toxicity in a 

controlled and closed fashion (66). 

When ~ w o  superoxide molecules interact, either spontaneously or via the enzyme 

superoxide dismutase (SOD), H202 is formed. Spontaneous dismutation may occur, but 

this usually requires optimal conditions at a pH of 4.8 for this to occur (64). Superoxide 

dismutase activity is effective over a pH range of 5.0 to 10.0, and is a particularly 

effective catalyst in neutral or alkaline pH (64). H202 is formed in large amounts by 

stimulated phagocytes and has been implicated in the toxic activity of macrophages (64). 

HzOz is a known germicidal agent suggesting its involvement in microbiocidal activity 

(54). However, most studies associate the toxicity of H202 with the ability to form 

hypohalous acids when present with a halide and the enzyme myeloperoxidase (MPO) 

(64). In macrophages, MPO is not a strong contributor to the respiratory burst, 

suggesting that the absence of MPO may reduce the potency of the ROI produced 

(46,64). Transformation h m  rnonocytes to macrophages has shown a decrease in the 

antimicrobial activity against a variety of pathogens, mostly as a result of the decline in 

oxygen-dependent mechanisms, which may be due to the loss of MPO as cells 

differentiate (46,64). Studies in the bovine system evaluating the differentiation of 

moaocyte~erived macrophages have shown that a greater percentage of macrophages 

were capable of intracellular reduction of nitro blue tetrazolium (NBT), an indicator of 
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oxidative burst, in response to stimulants when compared to circulating undifferentiated 

monocytes (67). Other reports have also indicated that bovine macrophages can release 

0 2 -  and H202 in response to soluble and particulate stimuli (67). This was M e r  

corroborated using alveolar macmphages, by measuring the production of superoxide 

anion upon exposure to a variety of particulate stimuli (66). Suggesting that 

macrophages may have reduced capacity to produce hypohalous acids, but their ability to 

produce other ROI had not diminished. 

Oxygen-independent mechanisms are capable of killing bacteria in the absence of 

an oxidative burst, but it should be stressed both mechanisms do hnction weil when 

operating together. ROI have been shown to enhance the function of non-oxygen 

dependent enzymes. ROI contribute to the initial alkalitation of phagocytic vacuoles. 

due to the increased pumping of electrons (021, unaccompanied by protons into the 

phagolysosome (46). This elevation of pH to about 7.8-8 leads to the activation of 

neuaal proteases and cationic proteins which contribute to the killing and digestion of 

bacteria (46). After the initial rise in pH, the phagocytic vacuoles gradually become more 

acidic reaching a pH of 6.0 (46). Some of the proteins involved in oxygen-independent 

killing are; neutral proteases, lysosomal hydrolases, lysozyme, and cationic proteins. 

Unlike neutrophils, unstirnulated macmphages are poor secretors of most proteases 

because very few of these products are pre-formed and stored. Priming of macrophages 

with various cytokines or microbial products like LPS, activates macrophages to release 

substantial amounts of these enzymes (16.46)). Examination of the bovine system has 

shown that monocytederived macmphages produce increased levels of the lysosomal 

enzymes P-glucosaminidase, acid phosphatase, and P-glucuronidase (67). Although large 
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volumes of research have been produced on the bactericidal activity of macrophages in 

response to foreign organisms, very little has been specifically done in the area of 

anaerobic bacteria. 

Some papers suggest that short chain fatty acids produced by anaerobic bacteria, 

may reduce the killing efficiency of phagocytes (2729). Studies on SCFA have 

demonstrated that they fuaction as Ieukotoxins affecting killing mechanisms by reducing 

the oxidative burst and preventing lysozyme release (27,29). Other studies have shown 

that P. gingivolis may protect itself from oxidative damage by accumulating hemin at its 

sudae ,  which will promote the formation of p-oxo dimers in the presence of reactive 

oxygen species (30). Hemin, the iron protoporphyrin IX, satisfies the obligate iron 

requirement for growth of P. gingivalis. Hemin is acquired by proteolytic processing of 

numerous host proteins, and once acquired, hernin is stored on the cell surface which 

gives rise to the characteristic black-pigmented colony appearance. The ability of hemin 

to scavenge Oz will also assist in the maintenance of an anaerobic environment (30). P. 

levii, is similar to P. gingivalis in that it also has a black-pigmented colony appearance 

and requires supplementation with hemin in order for growth to occur in a laboratory 

setting. It is likely that P. levii may also be protected fiom oxidative killing by the 

utilization of a similiar mechanism. 

5. Cellular Recruitment 

Besides the scavenger fimctious elicited by macrophages, like phagocytosis and 

digestion of pathogens, macrophages play an instrumental role in the release of various 

chemical mediators (68). Macrophages are central in the induction and regulation of 
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acute inflammation. Upon contact with pathogens or pathogenic substances, 

macrophages release mediators that promote the generation of subsequent inflammatory 

responses (68). Among these inflammatory responses, early recruitment of PMNs to the 

site of infection is a crucial component for the rapid clearance of organisms. 

The r e c ~ t m e a t  of neutrophils is a complex event involving many 

interrelationships between adherence proteins, cytokines, and inflammatory cells at the 

site of injury (16). As neutrophils have shown to be important in the clearance of 

infectious agents and macrophages are central in orchestrating the movement of these 

cells, an evaluation of mechanisms for recruitment is important b r  this study. One 

effective way of instigating the accumulation of neutrophils at sites of injury is via 

cytokine production. Cytokines are a class of soluble proteins that mediate signals 

throughout the immune system, as well as between immune effector cells and other cell 

populations (69). Very often cytokines have been known to exhibit pleiotropic activity, 

acting on many types of cells to stimulate a function or multiple functions (69). Two of 

these pleiotropic cytokines are interleukin 1 beta ( a l p )  and turnow necrosis factor- 

alpha (TNFa), both of which may act on virtually all leukocytes and leukocyte precursors 

in addition to endothelial cells, and numerous other cell types in the body (69). 

In order for cytokines to exert an effect, binding to specific receptor types must 

occur. A common mechanism for receptor activation is via paracrine and autocrine 

pathways (69). The majority of cytokines function in a paracrine manner, allowing 

cytokines to signal cells within the local environment creating cell activation and 

recruitment. Autocrine pathways allow the cytokine to act on the cell that stimulated the 

initial release, which has shown to be beneficial in further amplification of the 
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inflammatory response (69). Due to the potency of many cytokines, numerous cellular 

and molecular mechanisms are involved in their regulation (69,70). One of the primary 

mechanisms of cytokine regulation occurs at the level of gene transcription. Cytokines 

are usually not stored in the cell, instead they are produced de novo following cell 

activation (69.70). Another regulatory mechanism involves the conversion of the 

cytokine 6tom an inactive or precursor form to an active form. For example, both ILl P 

and TNFa are produced in inactive fonns, which require enzymatic cleavage prior to 

release fiom the cell (69,70). In addition to the regulation of cytokine protein levels, 

regulation can also occur at the site of activation. The recipient cell also can influence 

the effect of cytokines by controlling the number of receptor sites, inducing the 

expression of a receptor antagonist, or through solubilizing receptors to prevent cellular 

activation (69,70). 

Tissue macrophages, upon activation by a variety of stimuli, are known to 

produce pro-inflammatory cytokines such as ILl P, TNF-a, and IL-8 (16,71). The 

function of pro-inflammatory cytokines is to communicate to adjacent tissues the 

presence of an inflammatory stimulus such as bacterial products or viable bacteria 

themselves (72). These secreted cytokines can initiate the sequence of events that lead to 

the attraction of neutrophils into a pro-innammatory site (45,69,73). Specifically, L- 1 p 

and TNF-a can increase neutrophil recruitment by stimulating a variety of cell types, 

which include endothelial cells (16). Endothelid cell stimulation leads to an increase in 

the expression of adherence glycoproteins on their vascular lumenal side, as well as 

stimulating production of the chemotactic c y t o h e  IL8. Interleukin-8 is one of the most 

potent neutrophil chemoattractants available (45,73,74). In addition, IL8 has been shown 
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to increase the expression of the complement receptor, as well as specific cell adhesion 

molecules on the neutrophil plasma membrane, which allow for migration of neutrophils 

into activated tissues (73). Once neutrophils have encountered the septic foci, K8 

induces various antimicrobial activities, such as oxidative burst, granule exocytosis, and 

the local release of proteases (45,75,69,76). The antimicrobial activity of rnonocytes and 

macrophages can also increase upon cytokine induction. Similar events occur as in 

neutrophils, that lead to the overall enhancement of'microbiocidal activity, andlor release 

of additional cytokines (16,46,72,77). TNFa can also act in an autocrine fashion on 

macrophages, which enhances their cytotoxic potential and leads to the further 

elaboration of cytokines (16,46). The three cytokines ILl P, TNFa, and IL8 have 

valuable roles in establishing a host's attack on invading organisms. The presence of 

neutmphils in a footrot infection suggests that one or more of the above cytokines may be 

employed to initiate cellular recruitment. Information concerning the mechanisms 

whereby inflammatory cells accumulate in tissues, should provide insights into the 

pathogenesis of disease and may also provide clues for developing more rational forms of 

therapy (69). 

F. CytoWaa 

1. Interleukin 1 p 

Interleukin lp  is a prototypic cytokine with multiple effects (77). It is a highly 

idammatory cytokine where the matgin between benefit and toxicity is narrow (77). 

Released by many cell types, most of the research has been conducted on cells within the 

monocyte/macrophage lineage (77). Studies have shown that LPS can stimulate ILl P 
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mRNA transcription as early as 15 minutes following exposure, and these El p mRNA 

levels can accumulate for 4 hours until levels fall (77,78). A 31 kDa precursor protein 

pro-IL1 P is produced as a result of the mRNA, and prior to release of the mature 17 kDa 

form, cleavage by the ILl$ converting enzyme (ICE) is required (70,77,78). Nearly all 

microbes and microbial products stimulate production of ILl P. Once produced, ILl P 

binds to specific receptor types present on the surface of cells. There are two available 

receptor types in which IL 1 p can bind. IL 1 receptor type I (IL 1 RI) binds LL 1 P, and then 

complexes to ILl receptor accessory protein in order for signal transduction to occur in 

the cytosol (70,77,78). Whereas binding of IL 1 p to IL 1 receptor type I1 (IL 1 MI), does 

not transduce a signal but acts as a sink for a l p .  

In vitro and in vivo experiments have been conducted to study the effects of IL 1 P 

(77). With respect to inflammation, [ L I B  is a potent inducer of endothelial adhesion- 

molecule expression, adhesion molecules initiate the steps for neutrophil extravasation 

from the vasculature (79,80). In addition, Ulf! is a strong immune stimulator that 

increases cellular antimicrobial activity through activation of non-specific host responses 

like phagocytosis, bactericidal superoxide production and degranulation in neutrophils 

(72). In an autocrine fashion macrophages are activated by ILlP to increase 

prostaglandin synthesis and additional cytokines, as well as enhance their cytotoxic 

activity (81). IL l p  is one of the mediators involved in the elicitation of the acute phase 

response, which is characterized by fever, metabolic changes, and increased synthesis of 

hepatic-acute phase proteins (81.82). The effects of ILlP on various cell types are 

extensive and can not be completely reviewed in detail. Of particular importance are the 
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listed actions on inflammatory fuaction. Many of the biological effects of ILlp are 

similar to the effects exerted by TNFa, and together they play a predominant role in 

inflammation (72,77,78). 

2. Tumour Necrosis Factor -a 

Like a lp ,  TNFa exhibits pleiotropic biological activities on many cell types 

(46). Most of the activities can be attributed to the ability of TNFa to activate the 

transcription of many genes within target cells (46). hoduction of TNFa occurs de novo 

upon stimulation with bacteria or bacterial products such as LPS. Binding and 

phagocytosis of bacteria via complement activation can also cause activation of W a  

release (83). Although it may be produced by many cell types, one of the best known 

cellular sources of TNFa is the activated macrophage (46,84,85). TNFa is one of the 

earliest cytokines produced by the activation of macrophages and therefore occupies an 

important role in the onset of inflammation in many diseased states (84). A wide variety 

of stimuli may rapidly upregulate T W a  transcription and translation, enabling large 

quantities of TNFa to be released (84). Studies in vivo on activated cells have noted a 

rise in TNFa levels in the serum approximately 90 minutes following stimulation. These 

levels also fall sharply within 4 to 6 hours afler stimulation (84.86). Like ILl P, TNFa 

has several regulatory mechanisms to control the levels of soluble protein released from 

activated cells. In LPS activated macrophages, increases in TNFa rnRNA have been 

observed within 15-30 minutes, even without protein production. This indicates that 

most factors for initiation of TNFa mRNA expression are present in unstimulated cells, 
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which may be important for rapid mobilization of TNFa in the early response to host 

invasion (84). Translation of TNFa mRNA results in the production of a 26 kDa 

precursor protein that is membrane bound (83-85). This membrane-bound form of TNFa 

is bioactive and may be implicated in the paracrine activities of TNFa in the tissues (85). 

The 26 kDa form is proteolytically cleaved and solubilized to create a 17 kDa TNFa 

molecule, in response to bacterial stimuli (84,85). A majority of TNFa bioactivity is due 

to its soluble association as a trimer, incorporating 3-17 kDa TNFa monomers in a 

noncovalently linked association (84,85). 

TNFa exerts its action by binding to two receptor types, Type I (TNFR-55) and 

Type II (TNFR-75), that are present on almost all cells with the exception of erythrocytes 

(84,85). The majority of TNFa inflammatory effects are a result of activation through 

the Type I receptor, whereas the Type II receptor alone can not stimulate these hctions, 

and may act solely within the immune system, contributing mostly to T and B cell 

proliferation (83,84). Both TNF receptors can become soluble after proteolytic cleavage, 

bctioning as TNF-binding proteins (TNFBP) which may act to neutralize TNF activity 

(84,85). It has been shown that TNFBP are released in response to phohal 12-rnyristate 

13-acetate (PMA), LPS, ILI and TM, where they may act as inflammatory 

downregulators (84). 

M a  has the capacity to elicit a response in essentially all cell types (except 

eythrocytes), and is known to be an early primary mediator of inflammation (84-86). 

TNFa has direct vascular effects by acting on endothelial cells causing them to express 

adhesion molecules, a necessary step in neutrophil recruitment (16,86). In addition, it 
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promotes migration of innammatory cells into the extracellular matrix, prostaglandin 

release, superoxide production and enzyme release, and also triggers the local production 

of additional pro-inflammatory cytokines (46,8486). Furthermore, TNF-dependent and 

independent vascular exudation delivers many plasma components to the site of infection. 

These plasma components such as complement, and immunoglobulins, bind to bacteria or 

bacterial products further contributing to greater cytokine release (83). The ability of 

TNFa to act also on macrophages in an autocrine manner, can result in further cytokine 

production in addition to enhanced cytotoxic potential (46). The beneficial effects of 

TNFa, recruitment of both microbe-specific and less specialized immune components, 

help to protect against microbial infeetion. In contrast, overproduction can lead to severe 

systemic toxicity and in some cases, very deleterious outcomes (46,84,85). It is the 

beneficial effects of TNFa, and not its toxicity due to overproduction, that has most 

likely led to its conservation throughout mammalian evolution (85). 

3. Interleukin 8 

Interleukin 8 is a well known chemotactic cytokine for neutrophils (45,87,88). 

IL8 belongs to the CXC subfamily of chemokines (chernotactic cytokines), which is a 

classification based on an intervening amino acid residue in the first two cysteines of the 

molecule (74). Chernokines can be expressed by a wide range of cell types and tissues, 

and are not expressed in resting cells, but are rapidly upregulated upon activation (74). 

The main sources ofIL8 are immigrating leukocytes, tissue macrophages, mast cells, and 

tissue cells such as fibroblasts, endothelial cells and epithelial cells (45,73,74,87). 

Chemokine induction usually occurs upon stimulation by pro-inflammatory cytokines 
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([LIP and TNFa), LPS, hematopoietic growth factors, or phagocytosis (73,74,89). It is 

thought that chemotactic gradients are essential for the recruitment of inflammatory cells 

(87). Stimulation of resident cells within an infected site, elicits the production of pro- 

inflammatory cytokines. These cytokines can have an a u t o c ~ e  effect, or the bacterial 

products themselves can lead to the production of additional cytokines such as U8. 

Although it is widely accepted that IL8 is a neutrophil chemotactic agent, IL8 has 

also been shown to exert a range of effects on the neutrophil (45,73,74,88). IL8 initially 

contributes to neutrophil recruitment by activating the surface expression of adhesion 

molecules and secondly by promoting PMN cell migration across endothelium and 

extracellular matrix (74). IL8 was one of the first cytokines to show the promotion of 

binding between the neutrophil integrin leukocyte hct ion  associated antigen- 1 (LFA- I ), 

and the endothelial cell counter-receptor intracellular adhesion molecule-1 (ICAM- 1) 

(74). In addition to neutrophil recruitment to sites of infection, IL8 enhances neutrophil 

activation once present within the infected milieu (45,73,74). Studies have shown that 

IL8 increases neutrophil bactericidal properties by enhancing or inducing; altered cell 

morphology, lysosomal enzyme release, superoxide and hydrogen peroxide generation, 

and the formation of bioactive lipids (45,73,74,88). IL8 activates cells via two main 

receptors, CXCRl and CXCR2, and stimulation of either receptor will lead to 

chemotaxis, and granule enzyme release on target cells. Activation of the respiratory 

burst after IL8 binding however, seems to be an exclusive attribute of the CXCRl 

receptor, which may indicate that binding of IL8 to a specific receptor leads to different 

intracellular activation events (73). 
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4. Cytokine Induction by Porphyromonas Species 

As previously reported, very little work in conjunction with the genus 

Porphyromonas and macrophages has been conducted. Most of the research regarding 

cytokine expression has focused on Pophyrononas gingivalis, primarily due to its 

pathogenic associations with human gingivitis (30). Various components of the P. 

gingz'valis bacterium have shown to elicit cytokine production in many cell types. In 

macrophages, exposure to either P. gingivalis LPS, fimbriae, and/or polysaccharides, 

resulted in the production of ILI p, TNFa, and IL8 (30,90,9 1). An interesting report 

evaluating different strains of P. 'ngivalis has shown that some strains fail to induce 

TNFa production by LPS exposed macrophages (92), indicating that some strains may 

either be more evasive or not as virulent (92). As there have been no reports on the 

cytokine production by bovine macrophages when exposed to P. levii, research in this 

area will be novel. 

G. Summary 

To complete this literature review on bovine fwtrot, anaerobic bacteria, and the 

host immune response, a synopsis is beneficial for determining the scope of the proposed 

research. Bovine footrot has been a consistent problem in the cattle industry, that has 

been easily remedied with antibiotics, and without fully understanding the disease 

process. Studies into the etiological agent or agents of fwtrot have concluded that they 

are anaerobic in nature, but the immunopathogenic role in this infection is largely 

unknown. Early events that occur within the host in response to this infection may be 

helpful in understanding the bacterial/ host interactions, which lead to an amplified 
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inflammatory response. Tissue macrophages are one of the first immune cells to 

encounter microbial products at various sites of entry. Macrophages are efficient 

phagocytic cells that move towards, engulf and kill foreign organisms. If the infection is 

too great, additional immune cells are recruited via intercellular signaling mechanisms to 

assist in bacterial clearance. To our knowledge, research on P. levii and immune cell 

function has been limited to the work in our laboratory. To date an evaluation of 

neutrophils, endothelium and their potential role within the framework of this disease has 

been partially conducted. Research on macrophage Function in response to P. levii may 

help to elucidate pro-inflammatory events as well as serve to integrate the various arms of 

immune hc t ion  within the context of bovine footrot. 

A. Objectives 

The objective of this study is to examine the pro-inflammatory role of tissue 

macrophages in bovine footrot. Specifically the objectives are: 

1. To evaluate the chemotactic/chernokinetic ability of macrophages when 

exposed to the footrot isolate P. levii. 

2. To evaluate the phagocytic ability of macrophages when exposed to P. levii 

and P. levii exposed to opsonic agents. 

3. To evaluate the bactericidal effectiveness of macrophages when exposed to 

P. levii by measuring oxidative metabolism. 

4. To examine the production of the pro-inflammatory cytokines IL-1 p, TNF-a, 

and IL-8 by macrophages when exposed to P. levii in order to evaluate the 

macrophages ability to instigate the inflammatory response. 
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I. Hypothesis 

It is hypothesized that P. l e d  may be an important etiological agent in bovine 

footrot and as such contribute to pathogenicity in the bovine foot. Research has shown 

that upon injection of footrot pathogens into the subdermal space of the foot, clinical 

signs were delayed by about 5-6 days (1,25). Delayed detection of pathogens in footrot 

may indicate that the immune response is being delayed or is not functioning in some 

capacity. It is hypothesized that because macrophages are the fint resident immune cells 

to encounter P. levii at an infection, they may not be responding appropriately to the 

bacterium P. ievii, and as a result display delayed or inhibited chemotaxis, phagocytosis, 

and oxidative killing. A delay in either of these initial functions may allow P. ievii and 

other footrot associated bacteria the necessary conditions to establish an infection within 

the tissues. When evaluating macrophage ability to elicit a pro-inflammatory cytokine 

response when exposed to P. levii, it is hypothesized that macrophages will mount a 

response to P. levii that can be detected through mRNA transcript levels of IL1 P, M a ,  

and ILB.  It is thought that even in low P. ievli concentrations, bacterial products such as 

LPS, which may be shed by the bacterium can influence the production of these 

c ytokines. In addition, autocrine effects of c ytokines produced by macrophages will 

contribute to an amplified response. In conclusion, rnacrophages may not be as 

responsive to the footrot pathogen P. levii upon evaluation of hctional parameters, and 

the production of cytokines in vitro. 

Following completion of this project, it is hopeful that an essential component of 

the host's immune response to the anaerobe P. levii will be imown. Macrophages are 

seen as the fint line of cellular defense and knowing how these cells hc t ion  during a 
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footrot infection may be helpful in developing alternative forms of therapy. Very little is 

known about the imrnunopathology of footrot, and this research will play a role in the 

growing body of knowledge that our laboratory has contributed to this area. 



A. Monocyte Isolation & Macrophage Differentiation 

1. Blood Collection and Mononuclear Cell Purification 

Peripheral blood was collected from Holstein steers using jugular venipuncture. 

Blood was collected using 8.5 ml draw acid citrate dextrose Vacutainer tubes (Becton 

Dickenson, New Jersey NY, USA). Whole blood was pooled into 50 ml polypropylene 

centrifuge tubes and centrifuged for 20 minutes at 1200 x g in a swinging bucket rotor 

(Beckmann GH 3.8) to separate the cellular fractions (93). The mononuclear cell layer or 

white b u m  coat from 50 ml or less of whole blood was isolated and mixed with 5 mls of 

sterile non-pyrogenic 0.9 % sodium chloride solution. The mononuclear cell solution 

was then carefidly overlaid onto 5 mls of Histopaque@-1077 (Sigma Diagnostics Inc., St. 

Louis, MO, USA) and centrifuged for 40 minutes at 1500 x g in a swinging bucket rotor 

(93-96,52). The mononuclear cell layer was harvested from above the Histopaque@- 

1077 layer and washed using calcium, magnesium, and phenol red fiee Hank's balanced 

salt solution (HBSS ca2+lhlg2+ fiee) (97). A rapid hypotonic lysis of any remaining 

erythrocytes was performed following a centrifugation at 225 x g for 10 minutes. The cell 

mixture was exposed to 1 ml of sterile distilled water for 30 seconds, followed by the 

addition of 2 ml of 2X HBSS C ~ ' + / M ~ ~ +  fire restoration buffer to restore isotonicity. The 

cells were then centrifuged at 225 x g for 10 minutes, and resuspended in a mall volume 

( 4 0  ml) of Iscove's Dulbecco's Minimum Essential Medium ([DMEM) (Gibco BRL, 

Grand Island NY, USA). 
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2. Mononuclear Cell Quantification and Virbilib 

Total mononuclear cell count and percent viability were determined using a 

hemocytometer and trypan blue exclusion staining (93,97,98). A 1/50 dilution was 

formulated by adding 10 p1 of cells to 250 p1 of 0.1% (v/v) trypan blue (Flow 

Laboratories, Inc, McLean, VA) and 240 p1 of HBSS (Gibco BRL). Cells were 

enumerated in 4-1 mm2 sections on the hemacytometer, reading clear cells as viable cells 

and blue cells as non-viable cells. The total number of viable cells/ml was determined by 

dividing the total number of cells by 4, multiplying by 1x lo4 then a further multiplication 

of fifty times for the dilution factor. Percent viability was determined by dividing the 

number of viable cells, by the total number of cells and multiplying by 100. 

Mononuclear cell differential was determined using cytocentrifuged preparations stained 

with the DiWuikTM diffitential stain @ade Behring AG, Newark, DE, USA) (93). The 

slide was obsmed at 1,000 X magnification under light microscopy and the mean value 

of percent monocytes was determined by three cell counts of 100 cells each. 

3. Macrophage Culture and Differentiation 

Mononuclear cells were diluted in IDMEM to a final concentration that was 

dependent on the vessel for culture. Mononuclear cells were seeded into 8-well Lab- 

Tek@ tissue culture treated slides, at a concentration of 2.0 x lo6 cells/ml. For all other 

experiments the cells were diluted to a concentration of 5.0 x lo6 cells/ml and seeded into 

either 25 cm2 or 75 cm2 tissue culture treated flasks. Cells were pre-incubated for one 

hour in 5% CQ at 37OC, to allow monocytes to adhere to the tissue culture treated 

surface. Following the one hour incubation, mononuclear cells were washed three times 



53 
using pre-warmed C ~ ~ + M ~ * +  £ke HBSS to remove non-adherent lymphocytes 

(93,94,96,97). The remaining adherent rnonocytes were fed with IDMEM containing 

10% (v/v) fetal bovine serum (FBS) (Sigma), 100 U/ml penicillin (Sigma), 100 pg/ml 

streptomycin (Sigma) and 0.08 mglml ty losin solution (cIDMEM)(Sigma) (99 j. 

Monocytes were incubated at 5% C02 and 37°C for 7 days to allow for differentiation 

into macrophages (52). Over the seven day incubation period the media (cIDMEM) For 

the macrophages was replaced every two to three days. Prior to experimentation, cells 

were quantified using an ocular grid to approximate cell density at 7 days. 

B. Macrophage Characterization 

The macrophages were observed over the seven day incubation period to monitor 

differentiation, while a number of parameters were measured. The cells were defined as 

macrophages based on the following morphological features; adherence to plastic, 

increase in size, positive non-specific esterase staining, and CD68 antigen expression 

(49,93,97,100-103). 

1. Monocyte to Macrophage: Change in Cell Size 

The monocyte/macrophage cell width was measured on days 1,2,4,6 and 7. The 

cells were observed at 200 X magnification under phase-contrast microscopy. The width 

of thirty 'large' Q1-2 ocular units) and thirty 'small' (< 1-2 ocular units) cells per sample 

were measured. Three samples h m  each day were quantified in ocular units and then 

converted into micrometers based on the scale that 1 ocular unit =5.13 pm at 200 X 

magnification. 
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Per cent cell differentiation also was determined in culture on days 1, 2,4, 6, and 

7. The monocyte/macmphage cells were stained with the Dif'fQuikT" cell differential 

stain made Behring AG, Newark, DE, USA) and observed at 200 X magnification under 

direct light microscopy. T h e  counts of 100 cells per sample were completed and the 

cells were classified as eitha large or small based on the definitions outlined above. 

Three samples h m  each day were measured, compiled and represented as the mean 

percentage of cells with an increase in size (1 04). 

2. NonSpecific Esterase Staining of Macrophages 

To evaluate non-specific esterase staining, cells were cultured in 8-well Lab- 

Tek@ tissue culture treated slides (Nalge Nunc International, Taperville, IL) and stained 

at days 1,2,4,6, and 7. Monocytdmacrophages were fixed using ice cold fixative (0.1 g 

Na2HP04, 0.5 g m P 0 4  in 175 ml distilled H20 (dHzO), 225 ml acetone, and 100 ml 

38% formaldehyde) for 30 seconds, rinsed with four changes of double distilled water 

(ddH20) and allowed to air dry. The cells were then incubated in freshly made esterase 

substrate solution for 45 minutes at 37°C. The esterase substrate solution was made by 

shaking 1.2 ml of pararosaniline hydrochloride stock solution (1 g pararosaniline dye (P- 

7632, Sigma) in 25 ml 2M HCl, dissolved by warming, filtered in Whatmann 1 filter 

paper, and stored in the dark) with 1.2 ml of 4% (wtfvol) NaNq in dHzO (102). This 

esterase substrate solution was then added to 16 mg a-napthyl acetate (Sigma) in 2 ml 

ethylene glycol monomethyl ether (Sigma), and the total volume (4.4 ml) mixed with 

35.6 ml of 0.066 M sodium phosphate buff- pH 7.6, adjusted to pH 6.1 and filtered 

through Whatman 1 filter paper (Whatman Laboratory Division, Springfield Mill, 
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Maidstone, Kent, UK)  (100-102). Following the 45 min. incubation, the esterase solution 

was aspirated from the slides and the slides rinsed with 3 changes of M20. The slides 

were then counterstained for 2 minutes in a methyl green solution (0.5 g methyl green 

(M-8884, Sigma) in 50 ml of dHzO), rinsed three times in d w  and air dried (100,102). 

Monocyte/macrophage slides were examined at 1000 X magnification under light 

microscopy. Non-specific esterase staining was evaluated by counting three hundred 

cells per well and classifying them as either esterase positive, distinguished by a heavy 

red brown staining throughout the cell cytoplasm, or esterase negative (heavy brown 

stain absent, more methyl green) (1 00-1 02,104). 

3. CD 68 Antigen Staining 

To observe and quantify CD68 antigen staining, the monocytes were isolated and 

cultured in 8-well Lab-Tek@ tissue culture treated slides as described in section A (Nunc) 

and stained at day 0 and day 7. Cells wen fixed in pre-chilled 5% (v/v) acetic acid in 

methanol for 10 minutes at -20°C (99). The fixative was aspirated and the cells were 

rinsed with two changes each of ddHzO and PBSlTweenlBSA (2 g of bovine serum 

albumin (A-7030, Sigma), 0.5 ml Tween 20 (P-9416, Sigma) per litre of phosphate buffer 

solution pH 7.3, 8 g NaCl, 0.2 g KC!, 0.935 g Na2HP04: 4H20, 0.2 g m2P04 in H20) 

(99). Cells were digested with a 0.1% (v/v) solution of 1 x Trypsin/EDTA in 

PBSRweenlBSA for 30 minutes at 37OC to permeate the cells prior to staining (49). 

Following digestion the cells were washed thee times in PBS/Tween/BSA and blocked 

for endogenous alkaline phosphatase activity for 1 hour at mom temperature using 10% 

(v/v) goat serum in a 1 .O mM tetramisole PBS/Tween/BSA solution (1 03). Af'ter rinsing 
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the cells three times with PBS/Tween/BSA, the primary monoclonal antibody to CD68 

(EMB 1 1, DAKO, Glostrup, Denmark) was diluted 1 :50 in PBS/Tween/BSA and added to 

the appropriate wells leaving two wells for PBS/Tween/BSA without antibody (negative 

controls). Slides were incubated overnight at 4 OC (49,103,105). Following another 

washing step with three changes of PBS/Tween/BSA solution, the secondary antibody, 

rabbit anti-mouse alkaline phosphatase conjugated (H&L) affinity purified IgG, 

(CB1542, Cortex Biochem,Inc., San Leandro, CA, USA) was diluted 1:100 in 

PBS/Tween/BSA and incubated for 40 minutes at 37'C. In the appropriate control wells 

PBS/Tween/BSA was added and secondary antibody was added to one of the 

PBS/Tween/BSA wells from the primary antibody incubation (99). After the secondary 

antibody, slides were washed with three changes of PBSlTweenlBSA prior to colour 

detection. The presence of CD68 was detected using a 5 min. room temperature 

incubation with Sigma Fast Red TR/Napthol AS-MX (Fast Red TR 1.0 mg/ml, napthol 

AS-MX 0.4 mg/ml, levamisol 0.15 mg/ml in 0.1 M Tris buffer). Colour development 

was stopped by gently rinsing the slides in dHzO. Monocyte/macrophages were 

counterstained in Gill's Hematoxylin for 1 minute (Fisher Scientific), followed by three 

rinses in M20. This was followed by a one minute saturated lithium carbonate 

incubation, and three final rinses in dH20. Slides were air dried prior to viewing (99). 

Cells we= observed under direct light microscopy at 1000 X magnification and measured 

for the presence of CD68 antigen. Thm hundred cells per well were quantified and 

characterized as either 0 6 8  antigen positive, intense red staining, or CD68 negative, red 

stain d i h e  or absent. 



C. Bacterial Preparation 

1. Growth 

The novel bovine footrot isolate Porphyromonar levii was the experimental 

bacterium used throughout these studies. P. levii was cultured from an interdigital tissue 

biopsy of a footrot inktion, and identified in our laboratory using standard 

methodology (1 06,107). Fusobucterium necrophomm (ATCC 27852), another 

bacterium known to be associated with footrot was only used in the NBT assay as a 

positive control for oxidative burst. 

P. levii and F. necrophorum cultures were stored at -8S°C (Cryo-Fridge, Baxter 

Scientific) in Ames media transport swabs (with charcoal) (Difco, Detroit, MI) until 

needed. Secondary P. fevii cultures were planted on kanamycin vancomycin laked blood 

agar plates (KVLB, Dalynn Laboratory Products, Calgary, AB) and grown in a strictly 

anaerobic atmosphere of 5% C02, 5% Hz, and 90% N2 at 37'C in a Bactron II Anaerobic 

Chamber (Sheldon Manufacturing, Inc., Portland, OR) ( 106,107). When P. levii was 

required for experimentation, it was grown to logarithmic phase in 40 ml volumes of 

brain heart infusion (BHQ broth (Difco) supplemented with 0.05% hemin (10 pglml) 

and 0.01% vitamin K (1 pglml) (106). F. necrophorum was grown on neomycin (100 

mg/L) I vancomycin (7.5 mg/L) (NV) anaerobic agar medium (Daylnn) in the anaerobic 

atmosphere stated above. F. necrophomm was grown in a modified BHI media (as 

above) when required for the NBT assay. 
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2. Preparation 

When the bacterial broth cultures were in their logarithmic phase (P. levii - 3 

days, F. necrophonrrn - 1-2 days), they were transferred to sterile 40 ml centrifuge tubes 

and centrifuged at 3000 x g for ten minutes (43). The bacterial pellets were then washed 

three times each with 15 ml volumes of sterile pyrogen-fkee PBS. The final pellet was 

resuspended in a small volume (1-2 ml) of sterile pyrogen-free PBS and serially diluted 

in 10-fold dilutions from 10" to 1v8 (106). Using this dilution series, a dilution was 

selected that had the same turbidity as the 0.5 McFarland Standard (91.5 x lo8 CFUIml). 

For experimentation, the small volume of bacteria in PBS was Curther diluted to generate 

a working bacterial concentration of 1.5 x 10' CNIml, McFarland 0.5. 

3. Culture Purity 

To ensure purity, streak plates were performed before the broth culture was 

removed fiom the Bactron II Anaerobic Chamber and following the final dilution step. 

Bacteria were plated on non-selective Brucella laked blood agar (BLBA) (EM Science, 

Gibbstown, NJ) plates supplemented with hemin and vitamin K to determine purity. 

Colony forming units (CFU's) were quantified by spot plating the 10-fold dilutions 

series onto BLBA plates (98). 

D. Macrophage Cell Movement 

1. Macrophage Isolation 

Chemotaxis and chemokinesis assays were performed to identify whether P. levii 

stimulated macrophage movement. Monocytes were isolated and cultured in vitro as 
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described in section A. Following a seven day growth period, the macrophage culture 

was detached from tissue culture flasks using cold shock. To do this, the macrophages 

were placed on ice lor 30 minutes to facilitate detachment. After the incubation, cells 

were detached h m  the flasks by the application of force to the flask wall in addition to 

repeat pipetting of media over the cell culture surface (108). The macrophages in 

suspension were collected into 15 ml polypropylene tubes (Falcon), centrifuged for 10 

minutes at 300 x g and resuspended in 1 ml of IDMEM containing 10 mg/ml of bovine 

serum albumin (Fraction V, Gibco BRL). Viability and cell quantification were 

performed using trypan blue exclusion as previously described; however, a dilution factor 

of 115 was used instead (50 pl of 0.1% trypan blue, 30 p1 of IDMEM, 20 pl of cells). 

Macrophage preparations required a viability of >80% in order for detectable movement 

to be observed in vitro. Samples with a viability of ~ 8 0 %  were discarded. 

2. Test Solutions 

P. levii was cultured, washed and checked for purity as previously described in 

section C. For both the chemotaxis and chemokinesis experiments, a ten-fold increase in 

the P. levii to macrophage ratio was used in the range of 10: 1 to 10,000: 1 in order to 

observe migration towards P. levii. The chemotactic tripeptide N-a-formyl-L-methionyl- 

L-leucyl-L-phenylalanine (W) (F-3506,Sigma) was used as a positive control in ten- 

fold dilutions between lo-.' M and lo-" M (56). Final concentrations of P. levii and 

fMLP were diluted in IDMEM with 10 mglml of bovine serum albumin (BSA). For the 

negstive control, IDMEM with 10 mg/ml of BSA was used. Prior to experimentation, d l  

test solutions were pre-warmed to 37OC. 
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3. Boyden Chambers 

All cell movement studies were conducted in Boyden chambers (Figure 2). A 

mixed i i ~ ~ e l l u l o ~ e  ester filter with an 8 pm pore size (#SCWP01300 Millipore 

Corporation, Bedford, MA) was used for both chemotaxis and chernokinesis studies 

(108-1 1 1) . The filters were placed into the upper compartment of the Boyden chamber 

and the lid was secured onto the filter to provide a firm seal (Figure 2). The plug was 

placed into the opening in the lower compartment and the apparatus pre-incubated at 

37°C in 5 % C02 to allow the Boyden chamber system to stabilize prior to use (1 12). 

4. Chemotaxis Assay 

For all chemotaxis experiments, varying dilutions of the test solutions were 

placed in the lower compartment while the macrophages were added to the upper 

compartment (Figure 2). No test solutions were placed in the upper chamber for 

chemotaxis studies. To set up a chamber for experimentation, the lower chamber was 

first filled with the test (varying dilutions of P. Ievii or fMLP) or control (IDMEM with 

10 mg/ml of BSA) solution to the level of the plug (approximately 1.2 ml). Care was 

taken to ensure that there were no bubbles directly below the filter surface as this will 

prevent migration of macrophages and therefore voiding the sample (56.1 10). Following 

this, the upper compartment was filled with a total number of 1 x 10' macrophages 

diluted in IDMEM with 10 mg/ml of BSA to appropriately fill the top compartment 

(approximately 0.6 ml). When the top well was filled, the remainder of the lower 

chamber was filled to the edge of the upper opening with the test or control solution 

(approximately 0.3 ml). The fluid levels in the upper and lower chambers were then 



Figure 2. A schematic diagram of the Boyden chamber assembly used for macrophage 

cell movement studies. A= upper compartment, B= lower compartment, C= 8pm pore 

membrane filter, D= lid, E= plug. Reprinted with permission from Herb I. Loeman (19). 
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checked to ensure they were equal. Imbalances would result in hydrostatic pressure 

causing a movement of fluids through the filter (56,110). The Boyden chambers were 

incubated at 37OC in a 5% C02 air atmosphere for 90 minutes to allow for cell migration 

to occur (56,113). 

5. Cbemokhesis Assay 

To determine whether macrophage movement to a stimulus was random 

(chemokinesis) or directional (chemotaxis), a checkerboard assay was conducted 

according to previously published protocols (1 10,113,114). These chemokinetic assays 

involved the addition of a test stimulus at varying concentration gradients to both the 

upper and lower compartments of the Boyden chamber (Figure 2). The macrophages, P. 

levii, fMLP, and Boyden chambers were prepared as previously described in section D, 

parts 1 through 3. The test range for P. levii was selected between 10: 1 and 10,000: 1 but 

the fMLP range was limited to ten-fold dilutions ranging between lo-'' M and 1v8 M. 

Table I illustrates the experimental set-up for the fMLP checkerboard assay, while table 

2 depicts an analogous set-up for P. levii. The loading of the Boyden chamber was in the 

same order as described in section D, part 4, except macrophages were mixed with 

varying doses of P. levii or fMLP and then placed into the upper compartment. 

Following a 90 rnin. incubation in 5% C02 at 37OC, the filters were stained and observed 

using the leading front method described below. 

6. SWaing 

Following the 90 min. incubation, fluids from the upper and lower compartments 

were aspirated from the Boyden chambers. The filters were carehlly removed with 

forceps and placed into a staining basket for staining. The filters were fixed for 5 



Table 1: Experimental set-up for the Checkerboard Assay to test chemokinesis of bovine 

macrophages towards fMLP. 



Lower Well Dilution 

0 

10-8 M 

10-7 M 
I 

10-6 M 
I 

10-5 M 

Chemotaxis 

o 

0 

0 

10-8 M 

0 

10-7 M 

0 

10-6 M 

0 

10-5 M 

Upper Well Dilution 

10-8 M 

10-8 M 

10-8 M 

10-8 M 

10-7 M 

10-8 M 

10-6M 

10-8 M 

10-5 M 

1 0 4  M 

10-6 M 

10-8 M 

10-6M 

10-7 M 

10-6 M 

10-6 M 

10-6M 

10-5 M 

Chemokinesis 

10-7 M 

10-7 M 

10-8 M 

10-7M 

10-7 M 

10-7 M 

10-6M 

10-7 M 

10-5 M 

10-5 M 

10-5 M 

10-8 M 

t e 5 M  

10-7M 

10-5 M 

10-6M 
I 

10-5 M 

10-5 M 



Table 2: Experimental set-up for the Checkerboard Assay to test chemokinesis of bovine 

macrophages towards P. levii. 



L 

Upper Well P. levii Dilution 

Lmer Well 

P. lm'i Dilution 
L 

0 
I 

10 
r 

100 

---- 

1,000 
I 

10,000 
a 

Ctmmucis 

0 

0 

0 

10 

0 

loo 

0 

1 ,ooo 

0 

10,000 

I 

10 

10 

10 

10 

100 

10 

1 ,m 

10 

10,000 

CherrPkinesis 

1,000 

1 ,m 

10 

1 ,m 

100 

1 ,m 

1 ,m 

1 ,m 

10,000 

100 

100 

10 

100 

100 

100 

1 ,O00 

100 

10,000 

lo,ooo 

10,000 

10 

10,000 

loo 

10,000 

1 ,rn 

l0,ooo 

10,000 
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minutes in absolute ethanol, followed by a 2 minute d M 2 0  rinse and then a 5 min. stain 

in Gill's hematoxylin (Fisher) (1 lo). After staining, the filters were rinsed in dW20 

twice, for five minutes each, and then dehydrated with three incubations of 70% ethanol 

for 2 min. each, 95% ethanol for 3 rnin. and 80% absolute ethanol: 20% butanol for 5 

minutes. Following alcohol dehydration, the filters were individually placed in 

scintillation vials containing zylene solution, and incubated overnight to partially clear 

the filters for microscopic examination (1 10). The next day the filters were mounted onto 

a microscope slide ensuring that the side of the filter that was exposed to macrophages 

was facing up. Type A immersion oil (R.P. Cargille Laboratories Inc., Cedar Grove NJ, 

USA) was applied above and below the filter and the filters were then covered with a 

square coverslip, to prevent dessication (1 10). 

7. Leading Front Method 

Macrophage migration was measured using the 'leading front' method 

(56,109,110,114). Slides were examined under direct light microscopy at 400 X 

magnification. To measure migration, the top front of macrophages on the filter 

membrane was brought into focus and the measurement in micrometers from the 

microscope was noted. The fine focus knob was used to advance through the filter while 

focusing on the nuclei of two or more leading cells, in the same plane within the filter. 

The measurement in micrometers at the leading front was also recorded and the distance 

the macrophages traveled in micrometers was the difference between the leading front of 

cells and the top surface of the filter. Seven readings were taken from the central area on 

each circular filter and the results pooled for anaiysis. 



E. Phagocytosb 

1. Macrophages and Bacterial Preparation 

Seven day macrophage cultures, grown in &well Lab-Tek@ tissue culture treated 

slides, (monocyte seeding concentration was 0.5 ml of a 2 x lo6 cellslml concentration) 

(Nunc) were used for all phagocytosis experiments. To determine an approximate cell 

density at seven days, macrophages were counted one day before experimentation. The 

inverted light microscope (Olympus CX, Tokyo) with a grid (0.0025 cm2 at 200 X 

magnification) in the ocular eyepiece was used to determine cell density. The density of 

macrophages was determined from five separate counts of twenty squares per grid. 

Based on the density within the five grid counts, the density of macrophages in each 0.8 1 

cm2 tissue culture chambers was approximated by ratio. The determination of an 

approximate value for macrophage density ensured that a number as consistent as 

possible was obtained in order to maintain a l0:l P. levii : macrophage ratio during 

phagocytosis experiments. 

P. levii was cultured and prepared as previously described in section C. From the 

working concentration of 1.5 x lo8 CFU/ml, P. Ievii was diluted appropriately to generate 

a 10: 1 bacteria to macrophage ratio for experimentation. 

2. Preparation of Control 

Polystyrene latex beads (1.1 pm diameter) (LB-11, Sigma) were used as a 

positive control for phagocytosis (19). The neat suspension was diluted 5,000 times prior 

to quantification with a hemacytometer. The latex bead concentration was determined by 
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direct counts under 400 X light microscopy and the neat suspension adjusted to establish 

a 10: 1 ratio of latex beads to macrophages for experimentation. 

3. Opsonization of P. lcvil 

In order to assess the effect that opsonization of P. levii had on phagocytosis by 

macrophages, antibodies were raised against whole P. levii fractions. 

i. Immunization and Serum Collection 

Antibody production, senun collection and titre quantification were conducted by 

Loernan, H.J., and the methods and mults are published in the Canadian Journal of 

Veterinary Research, volume 63, 1999 (43). Briefly, P. levii was grown in modified BHI 

broth as described above (Section C). The bacteria were killed using 10% v/v 

formaldehyde in PBS for 48 hours and then washed using PBS three times. A 

centrifugation step between each wash of 3,000 x g for 10 min. was done (43). The final 

pellet was resuspended in I ml of sterile pyrogen-free PBS and lysed by snap freezing in 

liquid nitrogen, two times. The P. levii protein concentration was determined by using a 

modified Bradford protein assay (see section E, 3 v.) (Bio Rad protein microassay). A 

bacterial suspension of 500 p1, imgfml total P. fevii protein, was mixed with 500 p1 of 

Imject Alum adjuvent (45 mg/ml) and injected subcutaneously into a Holstein steer. Pre- 

immune blood samples were collected prior to immunization and the senun stored at - 

20°C until required. Booster injections were given 21 days later using the same 

antigenladjuvant concentrations as described above. Seven days following the boost, 

blood was collected and the serum antibody titre was determined by ELISA (43). 
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ii. Titre D e t d a t i o n  

The serum antibody titre to P. levii was determined by ELISA as previously 

described (43,115). Using a 96 well Falcon Pro-Bind Assay plate 100 pL of a 0.2 mglml 

solution of lysed whole cell P. kvii protein was added to the appropriate wells and 

incubated for 1 hour at 37'C. The plate was washed three times with 0.1 % v/v Tween 20 

in PBS for 2.5 minutes each and then blocked with 300 p1 of 10% w/v skim milk in PBS 

for 1 hour at 37OC (43). Following three washing steps as described above, 100 pl 

doubling dilutions of anti-P. levii sera or pre-immune sera starting at a dilution of 1/10 or 

11100 were used as the primary antibody. These sera were incubated at 37°C for 1 hour 

and then washed as above. Amnity purified rabbit anti-bovine IgG conjugated to horse 

radish peroxidase (1 :2,000 dilution in 5% (w/v) skim milk in PBS) was used as the 

secondary antibody. Fifty microliters was added to each well and incubated for 1 hour at 

37OC. Following four washes, 200 pL of the substrate 0-Phenylenediamine 

Dihydrochloride (0.6 mg/mL) containing 30% (v/v) hydrogen peroxide was added to 

each well and incubated for 30 min. at 37OC. The reaction was stopped with 50 pL of 2.5 

M H2S04 and the absorbance at 490 nm was read and analyzed &om each well using a 

Themomax microplate reader and SoMax version 2.32 sohare (Molecular Devices 

Corporation). Antibody titres in the bovine sera were expressed as the reciprocal of the 

highest dilution that gave an absorbance reading closest to, but not below, the control 

value (1 9,43). 
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iii. Western Blot of Pre -Immune, Low and High Titre Serum 

To determine whether there were differences in the two fractions of sera isolated 

fkom the immunization, a Western Blot analyses of pre-immune, low titre and high titre 

anti-P. levii serum was conducted. Fifty micrograms of total P. levii protein (as 

determined by the Bio-Rad Protein Assay) was loaded onto a 15% SDS-PAGE resolving 

gel with a 4% stacking gel according to standard methodology (1 16). Gels were run at 

150 V for 15 min. followed by 200 V for 45 min. in 10% running buffer. The protein 

was then electrophoretically transferred to Immobolin nitrocellulose using an electric 

current of 20V for 20 hours at 4°C (1 17). The nitrocellulose membranes were then 

blocked for 1 hour at 37°C using 10% (wlv) skim milk in Tris-buffered saline containing 

0.1% VIV Tween 20 (1 8 g NaCl, 2.42 g Trizma base, 2 L ddH20, 1 ml Tween 20, pH 7.4) 

(TBS-Tween) (43). Following the blocking step, blots were washed three times in TBS- 

Tween for five minutes each. The membrane was then cut into strips in order to incubate 

the protein in three different types of primary sera. Pre-immune, low titre and high titre 

anti-P. levii sera were diluted 1 : 1,000 with TBS-Tween and incubated with a strip of the 

membrane for 1 hour at 37OC. Blots were washed once again as described above and a 1 : 

2,500 dilution of Protein A- alkaline phosphatase conjugate (Sigma, 1 pg/mL) was added 

to each strip and incubated for 40 minutes at 37°C (115). Three final washes were 

performed with TBS/Tween and a solution of nitro blue tetrazolium (NBT) (0.30 mglml) 

and 5-bromo4chloro-3-indolyl phosphate PCP) (0.15 mg/ml) in Tris buffer (100 mM) 

with 5 rnM of MgClz (Sigma) was added to the blot for three minutes. To stop the 

reaction the membranes were washed thoroughly with distilled water, air-dried and 



73 
scanned onto the computer using a UMAX Astral 1200 S scanner and Microsoft Photo 

Editor software. 

iv. Immunoglobulin G (IgG) Purification and Concentration 

Immunoglobulin G was purified h m  the high titre anti-P. lmii serum sample, 

obtained from the immunized Holstein as outlined in section i and ii. IgG was isolated by 

f inity chromatography using the Immunopure (G) IgG Purification Kit (#4444 1 22, 

Pierce, Rockford, IL). Two milliliters of anti-P. levii high titre serum was diluted 1:l 

with Immunopure (G) binding buffer (2 ml) and centrifuged at 10,000 x g for 20 minutes. 

Four milliliters of the diluted serum supernatant was applied to the protein G column (6% 

beaded agarose) after column equilibration with 5 ml of Immunopure (G) binding buffer 

(pH 5.0). Once the serum sample had flowed completely through the protein G column, 

the column was washed 5 times with 2 ml aliquots of Immunopure (G) binding buffa. 

Bound IgG was eluted off the column with 6- 1 ml aliquots of Immunopure (G) elution 

buffer (pH 2.8) and collected in 1.5 ml sterile microcentrifuge tubes. The I ml aliquots 

were collected off the column and immediately brought to a pH of 7.0 by the dropwise 

addition of 1 M Tris buffer (pH 7.4) by testing the pH with pH paper 6-8 (Micro Essential 

Laboratory, Brooklyn, NY). Following collection of eluted anti-P. levii IgG, the protein 

G column was regenerated by washing with 5 ml o f  Immunopure (G) elution buffer, 

followed by the addition of a 0.02% (viv) sodium azide solution in water for storage. 

The 6 - 1 ml aliquots of IgG were microconcentrated using Centricon 10 (MW 

10,000 cut off) concentrators (#4205, Amicon, Inc., Beverly, MA). The first two 1 ml 

aliquots, the middle two, and the final two aliquots were pooled into 3- 2 ml samples and 



74 
each of them applied to the sample resewoir of a concentrator. Each concentrator was 

placed into a 40 ml centrifuge tube and centrifuged at 4,000 x g for 20 - 25 minutes in a 

fixed angle rotor (SS-34 rotor in RC3B Sorvall Model). The filtrate after centrifugation 

was discarded and the IgG in the retentate cup was inverted into a sample reservoir and 

centrihged at 700 x g for 3 minutes in the same centrifuge. This final solution contained 

concentrated IgG and was transferred to a sterile microcentrifuge tube, and stored at 

'20°C until needed for opsonization of P. levii. 

v. IgG Quantification 

The total amount of protein in the IgG sample was quantified using a modified 

Bradford protein microassay (Bio Rad, Hercules, CA). The assay procedures were 

adjusted to quantify small volumes of sample. Bovine serum albumin (BSA) diluted to a 

concentration range between 1-10 pg/ml (Sigma) was used to generate a standard cuwe 

of absorbance (595 nm) versus protein concentration (Figure 3). Unknown proteins were 

diluted 1/10 and 11100 with PBS and a 20 p1 sample was mixed with 1.58 ml of PBS and 

placed into a cuvette tube. A blank of PBS (1.6 ml) was used for the assay. Four 

hundred microliters of the Bio-Rad dye reagent concentrate (Bio-Rad) was then added to 

each sample and in the cuvette, and mixed by inversion followed by a 15 min. incubation 

at room temperature. The optical density of the standards and the unknown was read and 

recorded at an absorbance of 595 run on the W-1201 UV-VIS spectrophotometer 

(Mandel Scientific Company Ltd., Japan) after the machine had been blanked. 

The standard curve of BSA protein concentration (w20 p1) versus absorbance at 

595 nm using the modified Bradford protein assay, is displayed in Figure 3. The 



Figure 3. Standard curve for the modified Bradford protein assay using Bovine serum 

albumin at standard solutions and reading at 595 nrn. = 0.994. 



Bovine Serum Albumin (pgl20 pi) 
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equation for the line was, Y (absorbance at 595 nm) = 0.03276 X (protein pg /20 pl), *= 

0.994). To calculate the amount of protein in the unknown sample, the absorbance was 

divided by the slope of the standard curve, multiplied by 50 to determine pg of 

proteidml, and then multiplied by the dilution factor of the unknown at that specific 

reading. 

vi. Opsonization of P. levii with Serum and IgG Samples 

P. levii was prepared as outlined in section C and was W e r  diluted to generate a 

10: 1 bacterium to macrophage ratio according to macrophage density counts (See section 

I). Several samples for the phagocytosis assay were pre-incubated with senun or affinity 

purified IgG preparations to examine the effect of opsonization on phagocytosis by 

macrophages. Four hundred microliters of P. Ievii was individually incubated with 400 

pl of either, fetal bovine serurn, anti-P. levii low ti tre serum, anti-f. levii high titre serum, 

heat killed (56'C for 30 min.) anti-P. levii high titre serum, or anti-P. levii IgG at a 

concentration of 5 mglml. The bacterial suspension with serum or immunoglubulin was 

incubated for 30 min at 37OC under slow rotation (32,93,118-120). Following the 

incubation, the suspension was centrifuged at 3,000 x g for 10 minutes and resuspended 

in 800 p1 of IDMEM for the phagocytosis assay. 

4. Phagocytosis Assay 

i. Concentration and Time Studies 

Macrophage phagocytosis of P. levii was initially assessed using different 

concentrations and incubation times. Bacteria were diluted in IDMEM at concentrations 
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that gave bacteria to macrophage ratios of 10:l. 100: 1 and 1,000: 1. Additional test 

groups using P. levii at the various dilutions looked at time by extending the incubation 

period fiom 20 minutes to 40 and 60 minutes. Two hundred microliters of each test 

group solution were added p a  chamber to the macrophage 8-well Lab-Tek chamber 

slides (Nunc), and incubated for 20 minutes at 37'C in a 5% C02 water-jacket incubator 

(Nuaire US Autoflow, Plymouth, MN) (99). Following incubation, the cells were washed 

twice with pre-warmed Dulbecco's PBS (Gibco) to remove non-ingested bacteria and 

stained using the DiffQuik differential stain @ade Behring, Inc.). Phagocytosis was 

measured by direct quantification of the number of macrophages ingesting P. levii as 

observed under light microscopy at 1.000 X magnification (oil immersion). Three 

hundred (300) cells per well were examined and classified as either non-phagocytosing (0 

bacteria) or phagocytosing 1 bacterium or more. 

ii. Role of Opsonins in Phagocytosis of P. levii 

The phagocytic ability of macrophages towards P. Ievii also was assessed in the 

presence and absence of opsonins. This was done to examine the effects of acquired 

humoral immunity on phagocytosis by macrophages using anti-P. levii serum or purified 

specific immunoglobulins pre-incubated with the P. levii bacteria. Eight test groups were 

constructed as follows: a) P. levii, b) latex beads ( 1 . 1 ~ )  for a positive control, c) P. Ievii 

with fetal bovine serum (Sigma), d) P. levii with pre-immune s m ,  e) P. levii with low 

titre anti-P. levii serum, f) P. levii with high titre anti- P. Ievii serum, g) P. levii with heat- 

inactivated (56OC for 30 min) anti- P. levii high titre serum, and h) P. levii with purified 

anti- P. levii immunoglobulin (5 mg). Two hundred microlitres of each test group 
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solution was added per chamber to the macrophage 8-well Lab-Tek chamber slides 

(Nunc), and incubated for 20 minutes at 37OC in a 5% C02 water-jacket incubator 

(Nuaire US Autoflow, Plymouth, MN). Following incubation, cells were washed twice 

with Dulbecco's PBS (Sigma), stained and quantified as described above. 

5. Complement Analysis 

Complement proteins awe a valuable component to macrophage phagocytosis. 

Upon analyses of the phagocytosis data, it was determined that there was no difference in 

the ability of macrophages to phagocytose P. levii when the bacteria were opsonized with 

high titre anti-P. levii serum or heat killed (complement depleted) high titre anti?. levii 

senun. One would expect that the senun fkaction with both anti-P. levii IgG and 

complement proteins would demonstrate greater opsonidng effects. Based on these 

findings it was important to evaluate the presence of complement in the serum fractions 

obtained fiom immunization. 

To test for the presence of complement in the pre-immune, low titre and high titre 

anti-P. levii sera, the complement-mediated lysis assay was performed. The reagents 

utilized were; rabbit anti-sheep red blood cell antibody (anti-sRBC), heat treated to 

remove complement at 56OC for 30 min. and diluted 1 : 1,280 with HBSS, 4% vfv sheep 

red blood cells (sRBC) in HBSS, and hemo-lo guinea pig complement (Cedarlane 

Laboratories, CL-4555, Hornby, Ontario) either heat treated (56OC for 30 min.) to destroy 

complement or not heat treated to have complement intact, both samples were diluted 115 

in HBSS (1 2 1). The test samples; pre-immune sera, low titre and high titre anti-p. levii 
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sera, as well as fkeshly isolated bovine sera were used at neat, 1/10, and 111 00 dilutions, 

diluted with HBSS. All reagents were kept on ice prior to use. 

Five standard control tests wen conducted in addition to the test samples. Using 

a 96 well plate that was not treated, reagents were added to a total of 100 pl. In the 

positive lysis reaction, 25 p1 of sRBC, 25 p1 of HBSS, 25 p1 of anti-sRBC and 25 pl of 

normal guinea pig complement was added. In negative control reaction, 25 pl of sRBC, 

50 p1 of HBSS, and 25 p1 of normal guinea pig complement was added (121). In this 

reaction the rabbit anti-sRBC is absent and lysis should not occur. In the second negative 

control reaction, 24 p1 of sRBC, 50 pl of HBSS, and 25 p1 of anti-sRBC was added. The 

absence of normal guinea pig complement should not allow lysis to occur. In the third 

negative control reaction, 25 pl of sRBC, and 75 p1 of HBSS is added to the well. This 

control is present to ensure that HBSS itself does not cause sRBC lysis. In the fourth 

negative control reaction, 25 p1 of sRBC, 25 pi of HBSS, 25 p1 of anti-sRBC, and 25 pl 

of heat treated guinea pig complement was added to the well. The heat treatment should 

have depleted the complement in the guinea pig solution, so no lysis should occur. 

The test solutions, pre-immune, freshly isolated bovine serum, and low and high 

titre anti*. Ievii sera, were used at neat, 1/10, and 1/100 concentrations. To each well 25 

pl of sRBC, 25 p1 of HBSS, 25 p1 of anti-sRBC and 25 p1 of the appropriate test serum 

was added. After the controls and tests were set up, the plate was covered with parafilm 

(American National Can, Chicago, IL) and incubated at 37OC for 30 minutes. A positive 

test for the presence of complement is lysis of sRBC, as noted by a clearing in the 

solution. The sRBC become "sensitized" by having the anti-sRBC sera bind to the RBC 
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surface. Based on the classical complement mediated pathway, complement binds to 

"sensitized" RBC and initiates the complement pathway which causes lysis (121). 

Therefore a positive test will indicate the presence of complement. Freshly isolated 

bovine sera was used as a positive control to make sure cross reactivity occws and the 

complement proteins can recognize the Fc region of the rabbit antibodies (anti-sRBC). 

6. Transmission Electron Microscopy 

To confirm phagocytosis of P. levii by macrophages, transmission electron 

microscopy (TEM) was preformed on macrophage preparations following a large scale 

phagocytosis assay, in 25 cm2 tissueculture treated flasks (Falcon). Cells were fixed 

overnight at 4OC in a 5 rnl solution of 5% (v/v) glutaraldehyde in 0.1 M sodium 

cacodylate (Caco) buffer (pH 6.5-7.3) (122). Following fixation, cells were detached 

h m  the flasks using a cell scraper. The suspension was transferred to a 15 ml centrifuge 

tube and centrifuge at 250 x g for 10 minutes in a swinging bucket centrifuge. The 

supernatant was gently decanted with a transfer pipette, and the remaining cell pellet was 

resuspended in a 1 ml volume of Caco buffer. Using a transfer pipette the resuspended 

macrophage cells were transfened to a BEEM capsule for the remainder of the procedure. 

Cells in the BEEM capsule were centrihged again by placing the BEEM capsule within a 

15 rnl centrifuge tube and centrifuged for 10 min. at 800 x g in a swinging bucket rotor. 

The pellet was washed three times for 15 minutes each at room temperature with Caco 

buffer. Between each fixing and washing step the cell pellet was centrifuged at 800 x g 

for 10 minutes in a swinging bucket centrifuge, to ensure maintenance of the macrophage 

pellet. Cells were post-fixed with 1% (vlv) osmium tetroxide in Caco buffer for 2 hours 
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at room temperature, the osmium tetroxide fixative was carefilly removed with a transfer 

pipette, and the BEEM capsule was topped up with Caco buffer (122). Three additional 

washes in Caco buffer were preformed as above. After the washes, the cell pellet 

undement a graded series of dehydration steps using distilled acetone diluted with 

distilled water (30%, 50%. 70%. 90%. loo%, 100%) (122). Each 20 minute dehydration 

step, the cells were centrifuged at 800 x g for 10 minutes to maintain the pellet. The 

macrophage pellet was then washed with a 1 :1 solution of acetone and propylene oxide 

for 20 minutes, centrifuged and washed further with two-15 minute propylene oxide 

washes (122). Infiltration of the pellet was performed using a 1 :1 solution of propylene 

oxide and Spurr resin (Low viscosity embedding media: 26 g nonenyl succinic anhydride, 

10 g vinyl cyclohexene dioxide, 6 g diglycidyl ether of polypropylene glycol, 0.4 g 

dimethy laminoethanol (S- 1 ), Electron Microscopy Sciences, Ft. Washington, PA) for 40 

minutes followed by a final washing step with Spun resin. The BEEM capsule was filled 

one more time with Spurr resin and polymerized at 60°C in an oven for 16 hours. 

Blocks were removed from the BEEM capsules, trimmed and sectioned with glass 

knives. Ultrathin sections (50-90 nm) of the macrophage pellet cells w e n  created using a 

LKB Ultramicrotome III and collected on 300 mesh copper grids (Electron Microscopy 

Sciences). The grids were stained with saturated uranyl acetate in 50% ethanol (filtered 

with 0.45 pm filter) for 18 minutes (122). Following this staining the grid was held with 

forceps and washed in 50% ethanol once and d w  three times. Grid were placed onto a 

clean filter paper for drying. The grids were then stained with lead nitrate (4 mum1 in 

0.1 N NaOH, filtered in 0.45 pn filter) for 1 minute, rinsed quickly in 0.1 N NaOH 
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followed by three rinses in ddH20 (122). Thin sections were viewed with an Hitachi (H- 

7000) transmission electron microscope, with an accelerating voltage of 75 kV. 

F. Oxidative Metabolism 

1. Test Solutions and Reagent Preparation 

All stimulants were prepared in a 1 mg/ml solution of nitro blue tetrazolium 

(NBT)(Sigma) dissolved in Earl's balanced salt solution without phenol red 

(EBSS)(Gibco). The positive control phorbol 12-myristate 13-acetate (PMA) (Sigma) 

was used at concentrations of 20 and 200 nM and fMLP (Sigma) was used at 

concentrations of 10 and 100 nM (123). NBT is light sensitive so all tubes were wrapped 

with foil and prolonged time in the light was avoided. 

P. levii and F. necrophorum were prepared as described in section C. Three test 

groups for P. levii and F. necrophorum were formulated to examine the effect of bacterial 

concentration on oxidative activity in the macrophages. Ratios of 10:1, 100:1, and 

1,000:l bacteria to macrophage were based on the approximation of 2-5 x lo4 

macrophages I chamber. Final dilutions of P. levii and F. necrophomm were mixed in a 

1 mg/ml solution of NBT in EBSS (1 23). 

2. Macrophage Culture 

Seven day macrophage cultures, grown in €!-well Lab-Tek@ tissue culture treated 

slides as described in section A, (monocyte seeding concentration of 0.5 ml of a 2 x lo6 

celldm1 dilution)(Nunc) were used for oxidative metabolism assays. 
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3. NBT Assay 

All reagents were pre-warmed to 37OC prior to incubation with the macrophages. 

The following samples were applied in 250~1 volumes to two to four chambers of the 8- 

well chamber slides; NBT (negative control), PMA at 20 and 200 nM (positive controls), 

fMLP at 10 nM and 100nM, F. necrophorum at 10: 1, 100: 1, 1,000: 1 (positive controls), 

and the test bacterium P. levii at 10: 1, 100: 1, and 1,000: 1 bacteria to macrophage ratios. 

Samples were then incubated at 37OC in 95% air 5% C02 in a water jacket incubator for 

90 minutes (124-126). Following the 90 minute incubation, all NBT solutions were 

removed and the slides were washed two times with EBSS. 

The slides were immersed in 100% methanol for I minute to fix the macrophages, 

and then washed with dH20 and allowed to air dry. Once the slides were dry, the cells 

were stained with safranin (2% wt/vol) for I minute, rinsed again in dH20 and air dried. 

For direct microscopic counts, cells were examined at 1000 X using direct light 

microscopy and the presence of dark blue formazan deposits was a positive indication of 

oxidative burst. Three hundred (300) cells per chamber were counted and classified as 

either NBT positive (cells darkly stained with the formazan deposits) or NBT negative 

(cells stained with safranin or cells that are weakly formazan positive). Results were 

expressed as the mean number of NBT positive cells per 300 cells examined per sample 

(67,125,127). 



F. Macrophage Exposure Studies 

1. Preparation of Test Media 

Macrophages were exposed to either P. levii, Escherichia coli LPS or tissue 

culture media to evaluate cytokine messenger RNA (mRNA) expression post-exposure. 

P. levii was grown, washed and quantified as previously described in section C. The final 

P. levii preparation of 1.5 x 10* CFU/ml was huther diluted in 5 ml of IDMEM with 10% 

(v/v) FBS (Gibco), to a dilution of 2 x 10' CFUiml which would establish a 10: 1 P. levii 

to macrophage ratio (1 x 10' CFU P. levii: -1 x lo6 macrophages). E. coli LPS (Sigma) 

was first prepared in a stock concentration of 1 mg/ml in Dulbecco's PBS (Gibco) and 

further diluted by adding 25 p1 to 5 ml of DMEM with 10% (v/v) FBS to generate a 

concentration of 5 pg/ml. IDMEM with 10% (v/v) FBS was used as a negative control. 

2. Exposure Stladies 

Seven day macrophage cultures, grown in 25 cm2 tissue culture treated flasks 

(Falcon) (1 5 ml of a 5 x lo6 cells/ml mononuclear cell seeding concentration), were used 

for all exposure experiments. Prior to exposure, cIDMEM was aspirated and 5 ml of 

either P. Ievii (2 x lo6 CFU/ml), E. coli LPS (5  pg/ml) or IDMEM with 10% (v/v) FBS 

was added to the flask. Macrophages were exposed to the above three stimulants for 1, 

1.5,2,4,6,8, 12, or 24 hours while incubated in 5% C@ at 37 'C. Following exposure, 

the media from the various test groups was collected and stored at -8S°C. The 

macrophages were then quickly lysed with 2 ml of TRI REAGENT (Sigma) (a 

monophase mixhue of guanidine thiocyanate and phenol). TRI REAGENT is a product 

that allows effective, clean retrieval of total RNA (1 28,129). To facilitate further lysis of 
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macrophage cells, flasks were placed on a rotating platform for approximately 5 minutes 

at room temperature. The lysed cells in TRI REAGENT were collected in 2-1.5 ml 

microcentrifuge tubes and stored short term (for 1 month or less) in the -8S°C freezer. 

3. RNA Isolation 

Total RNA from the exposure studies was isolated using a modified phenol 

chloroform extraction method (1 28,129). Samples stored in TRI REAGENT at -8S°C 

were brought to room temperature for RNA isolation. To each of the tubes (starting 

volume 1 ml per tube. 2 per sample) 0.3 ml of chloroform was added. The tubes were 

firmly closed, s h a h  vigorously for 15 seconds, then set to stand For 5 - IS minutes at 

room temperature. The mixture was set on ice for about 1 minute prior to centrifugation 

at 12,000 x g for 15 minutes. This centrifugation step separated the TRI REAGENT cell 

lysate into three distinct phases: a red organic phase which contained cell protein, a white 

interphase layer which was DNA and a clear upper aqueous phase which contained total 

RNA (128,129). The upper aqueous phases from the samples were carefully collected to 

ensure no contamination with the other two layers, and transferred to a new sterile 1.5 ml 

microcentrifuge tube. Five hundred and fifty (550) microlitres of isopropanol was added 

to each tube and mixed using a vortex mixer. Samples were allowed to stand at room 

temperature for 5-10 minutes prior to centrifbgation at 12,000 x g for 10 minutes. This 

high speed centrifbgation step precipitated RNA to form a pellet. The supernatant was 

decanted and the RNA pellet was washed with 1 ml of 75% absolute ethanol (made up 

with 0.1 % (v/v) DEPC-treated H20). The tube was vortex mixed to disturb the RNA 

pellet and re-centrifuged at 7,500 x g for 5 minutes. Following centrifbgation the ethanol 
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was decanted and the RNA pellet was dried. It was important that the RNA pellet was 

not allowed to dry completely, because this would result in a large decrease in the 

solubility of RNA (128,129). When the pellet was sufficiently dry (approximately 10 

min.), a small volume (10-20 p1) of molecular grade (RNase, DNasc free) H20 (Sigma) 

was used to resuspend each RNA pellet. Repeat pipetting was used to aid in complete 

dissolution of the RNA pellet. Samples were pooled into a single tube (2 tubes initially 

per sample) and stored at -8S°C until required for further analysis. 

4. DNA Removal from RNA Samples 

Although the above RNA isolation protocol aims to isolate RNA in a pure fashion 

with low volumes of contaminating DNA, an extra step was added to ensure high RNA 

purity. DNA removal was conducted using the DNA-fieem DNase treatment and 

Removal kit by Arnbiona (Austin, TX). All total RNA isolated from the above protocol 

was subject to DNase treatment using these reagents. Briefly, the RNA in water was 

brought to mom temperature and a 0.1 volume of lox DNase I buffer, and 1 pl (2 units) 

of DNase I enzyme was added to the microcentrifuge tube. The tubes were gently mixed 

by finger vortexing (DNase I is sensitive to disturbances) and incubated for 1 hour at 

37°C. Following the incubation the DNase I enzyme was inactivated by the addition of a 

0.1 volume of DNase inactivation reagent. The tube was mixed twice during the 2 

minute room temperature incubation, by finger vortming in order for the inactivation 

reagent to completely coagulate all traces of DNase I. The centrifuge tubes were then 

centrifuged at 3,000 x g for 1 minute to sediment the inactivation reagent. Following this 

step, the RNA samples could be transferred to a new tube or kept in the present tube for 
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use. Samples were then quantified by absorbance to measure the amount of RNA in each 

sample. 

5. RNA Quantification 

Total RNA was quantified using the GemQuant RNAIDNA Calculator, which is 

a micro-volume spectrophotometer (Pharmacia LKB Biochrom Ltd. ). Five microlitres 

of each RNA sample was diluted in 45 p1 of molecular grade H20 (Sigma) for 

quantification. The spectrophotometer was set to measure optical density (OD) at an 

absorbance (A) of 260 MI (130). Prior to RNA quantification the machine was blanked 

with a 50 pl volume of water. Each 50 p1 sample was added to the spectrophotorneter 

and the OD, OD 260 nm/ 280 nm ratio, and protein content was measured with a single 

reading. For single stranded M A  an OD of 1 is equal to 40 pglml of RNA (130). The 

OD 260 nrn/280 nrn ratio provides an estimate of nucleic acid purity. A pure preparation 

can have an OD of 2, small amounts of contamination with either protein or phenol can 

cause the OD ratio to drop which provides an estimate of RNA quantity that may be 

inaccurate (130). To calculate the quantity of RNA present the OD at 260 MI was 

multiplied by 40 pg/ml and then by 10 (dilution factor), the value was then divided by 

1000 to determine the RNA concentration in pg/pl. Following quantification, RNA 

samples were stored at -85OC until required for use. 

6. Reverse Transcriptasc- Polymerase Cbain Reaction 

Reverse tmmiptase - polymerase chain reaction (RT-PCR) was used to 

examine cytokine expression in macrophages exposed to either P. levii, E. coli LPS, or 
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control media (Section G, Part 1&2). Primen were selected from previously published 

joumals conducting RT-PCR for the bovine cytokines TNFa, ILI P, and iL8 (1 3 1,132). 

Glyceraldehyde-3-phosphate dehydrogenase (GADPH) was used as an internal standard. 

The cytokine and GADPH primer sequences were diluted in molecular grade H20 at a 

working concentration of 20 pM and are debed as follows: TNFa (298 bp length) 

fonvard S'-CGG TAG CCC ACG TTG TA-3'. reverse 5'-TGG CCT CAG CCC ACT 

CT-3'; ILlp (279 bp length) foward 5'-AAT GAA CCG AGA AGT GG-3'' reverse 5'- 

TTC TTC GAT TTG AGA AG-3'; IL8 (304 bp lmgth) forward 5'-GAC TTC CAA GCT 

GGC TGT TG-3'' reverse 5'-CAT GGA TCT TGC TTC TCA GCT C-3'; GADPH (356 

bp length) forward 5'-GAG ATG ATG ACC CTT TTG GC-3'' reverse 5'-GTG AAG 

GTC GGA GTC AAC G-3'. 

RT-PCR was completed using the Titan one tube RT-PCR system (Roche 

Molecular Biochemical, Germany). This system allowed for the reaction to occur in one 

step using a combined enzyme mixture which eliminates the need for the addition of 

extra reagents between the reverse transcription and PCR step. To ensure quality RT- 

PCR, RNA fiom the exposure experiments was selected with a high OD 260 nm/280 nm 

(>I .6) ratio and a low protein measurement (cO.2 mg/ml) (see section G, part 4) (1 30). 

Before the start of each procedure, care was taken to minimize the contamination 

of reagents and RNA with RNases. Gloves were worn throughout all procedures, pipette 

tips and RT-PCR tubes (Ambion) were sterile, RNase and DNase h e ,  and any other 

equipment used was wiped down with RVase Zap wipes (Ambion) to eliminate any 

RNases that may have been present (130). All RT-PCR reagents were thawed, vortex 
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mixed briefly and centrifbged prior to setting up the reactions. The RNA was thawed, 

centrifuged and then kept on ice along with the other reagents until required. 

Three main master mixes were made for each run. Master mix 1 (per 50 p1 final 

reaction volume) contained, molecular grade HP (up to 25 p1) (Sigma), 1 pl of dNTP mix 

(containing dATP, dTTP, dGTP, and dCTP at 0.2 mM each in the final 

concentration)(Roche), 2.5 p1 of dithiotreiotol(5 mM final concentration), 5 U of RNase 

inhibitor (Roche), 0.4 pM each of folward and reverse primers, and 250 ng of total W A .  

Master mix 2a (per 50 p1 final reaction volume) contained 14 pl of molecular grade H 2 0 ,  

10 p1 of 5 x RT-PCR buffer (Roche), and 1 p1 of Expand High Fidelity enzyme mix 

containing avian myeloblastosis virus (AMV) reverse transcriptase. Taq DNA 

polymerase, and a proofreading polymerase (Roche). Master mix 2b (per 50 pl final 

reaction volume) contained 14.5 p1 of molecular grade H20, 10 pl of 5 x RT-PCR buffer, 

and 0.5 pl of Taq DNA polymerase (2.5 U) (Ficher). All tubes were mixed by vortexing 

and centrifuged prior to use. For each sample two RT-PCR reactions were done; one 

reaction tube contained 25 p1 each of master mix 1 and 2 4  this reaction tube had all the 

components for RT-PCR, while the second reaction tube, the negative control, which was 

missing the enzyme required for reverse transcription, contained 25 pl each of master 

mix 1 and 2b. The final reaction mixtures were vortex mixed and pulse centrifuged to 

spin the contents down to the bottom of the tube. 

Tubes were placed in the wide spaced holders on the thermobiock of the 

MastercyclerQD Gradient thennocycler (Eppendorf Scientific, Inc., Westbury, New York) 

and cycled using specific reaction temperatures, depending on the primers. For GADPH 



91 
and TNFa, reverse transcription was conducted at 5S°C for 30 minutes, and the PCR 

amplification was completed under the following conditions; a 94OC hot start 

denaturation for 2 minutes, followed by 40 cycles of denaturation at 94OC for 30 seconds, 

annealing at 57OC for 30 seconds, and elongation at 68OC for 45 seconds. A final 3.5 

minute prolonged elongation step at 68OC was conducted upon completion of the 40 

cycles. For IL8 RT-PCR, the only change in the above cycling protocol was the 

annealing temperature which was optimized at 58'C. The ILlP primer sequence was 

shorter in length and also had a higher A:T percentage when compared to the other 

primers. This caused an adjustment in the temperature from the above protocol. 

Specifically, a lower RT temperature of SO°C was used and the PCR was optimized for 

an annealing temperature of 51°C. Following RT-PCR, samples were placed at -20°C 

until required. 

7. Analysis of RT-PCR 

RT-PCR samples were elctrophoresed on 2% agarose gels, according to 

procedures outlined in Sambrook et al., (1 989) for visualization and analysis (1 30). Two 

per cent (w/v) agarose gels were prepared in 1 x TAE buffer (0.04 M Tris-acetate, 0.001 

M EDTA) using Agarose LE (low electroendosmosis, Roche) and heated to 88OC to melt 

the agarose. Gels were cast using a horizontal gel apparatus (Bio-Rad Sub-cell@ GT, 

Hoefer HE 33B Mini Horizontal Agarose Unit) and solidified at 36*C with a 12-well 

comb to create sample wells in the horizontal gel. A 2% agarose gel allowed for DNA 

resolution between 0.1 - 2 kB in size (1 30). RT-PCR samples were mixed with 5 pl of 
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10 x gel-loading bdfier (2.5% (wlv) Bromophenol blue, 2.5% (wlv) xylene cyanol FF, 

50% (vlv) glycerol, 50% (v/v) 1 x TAE buffer) and a 15 p1 aliquot was loaded into the 

sample well while the gel was submerged in 1 x TAE buffer. A PCR gel marker with 

DNA f'ragments ranging from 50 - 2,000 base pairs, was also loaded in the gel using 

approximately 5 pVwell (Sigma, P-9577). Gels were subjected to 5 Vlcm (80-100 V) 

using either the Labconco 1000 V Power Supply (Buchler Instruments, Saddle Brook, 

Ni) or the BioRad Power Pac 3000 (BioRad, Hercules, CA), for approximately 1.5 hours 

or until the xylene cyanol marker had moved through 75% of the length of the gel. Gels 

were then stained for 40 minutes on a rotating platform in a 0.5 pg/ml ethidium bromide 

(EtBr, BioRad) solution in I x TAE buffer (130). Following staining, the EtBr solution 

was disposed of in a waste container and the gels were rinsed for 20 minutes in ddHzO. 

Gels were visualized and photographed using a BioRad Gel Doc 2000 and the Quantity 

One BioRad software, to contin the presence or absence of RT-PCR products. 

8. Densitometric Analysis 

In order to compare relative expression amounts among treatment groups, 2% gels 

were run that contained equal amounts (10 PI) of RT-PCR product from the control, P. 

levii, and LPS exposed macrophages. In order to relatively quantify cytokine mRNA 

expression, larger gels were cast using the same protocol as above (130). All of the RT- 

PCR products for GADPH, TNFa, ILle, and IL8 were individually loaded onto their 

own respective gels and digital images were created and saved in inverted picture format 

using the Quantity One BioRad sobare. Gels were analyzed by densitometric image 

analysis using Scion Image analysis sohare for windows, a program based on NM 
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image for Machtosh initially developed by Wayne Rasband of National Institute of 

Health, USA (www.scioncorp.com). Briefly, plot profiles of each band were created 

based on band density. The area under the curve was quantified and individual results for 

TNFa, L I P ,  and IL8 were each normalized against GADPH expression, to control for 

varying amounts of mRNA that may be present in the initial total RNA sample. 

Expression was then plotted with respect to mean background levels of each cytokine, 

using the control treatment group for comparison. 

9. DNA sequencing 

To validate the visuai analysis results of the RT-PCR, DNA was selected from E. 

coli LPS and P. Ievii exposed macrophages and sequenced to confirm identity. Large 

volumes of the RT-PCR sample (30 pl) were loaded onto 2% agarose gels and the DNA 

band of interest was isolated h m  the agarose gel using a razor blade (130). The DNA 

was extracted tiom the agarose slice using GenElutem minus EtBr Spin Columns 

(Supelco, Inc., Bellefonte, PA). Briefly 100 p1 of TE buffer (10 rnM Tris, pH 8, 1 mM 

EDTA) was added to the spin column and centrifuged for 5 seconds at 12,000 x g in a 

microcentrifbge. The spin column was then transferred to a sterile 1.5 ml 

microcentrifuge tube and the gel slice was added to the upper portion of the spin column 

and centrifuged for 10 minutes at 12,000 x g. After centrifugation, the DNA was 

collected in TAE buffer at the bottom of the microcentrifbge tube, h e  of EtBr and 

agarose, while the spin column was discarded. 

DNA was then precipitated h m  the buffer to obtain a pure sample in water for 

use in sequencing. A 0.1 volume of 5 M ammonium acetate @H 5.3) and 2 volumes of 
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ice cold ethanol were added to the DNA and the mixture was incubated at -20aC for 30 

minutes. Precipitated DNA was collected by centrihrging the solution for 10 minutes at 

12,000 x g (130). The supernatant was discarded and the DNA resuspended in 20 pl of 

molecular grade H20 (Sigma) and Wher quantified using the GmeQuant RNA/DNA 

calculator as previously described (Section G, part 5). The machine parameters were set 

to quantify DNA at an absorbance of 260 am. In addition, the calculation for the 

quantification of DNA was also adjusted. The OD of the sample at 260 nm was 

multiplied by 33 pg/ml and then by 10 (dilution factor), the value was then divided by 

1000 to determine the DNA concentration in pg/pl(130). 

To set up the sequencing reaction, a 12 pl reaction volume was required that 

contained 3.2 pmol of the forward primer, and 0.1 pg of template DNA. Samples were 

sent to the University of Calgary Core DNA Sequencing Laboratory for DNA 

sequencing. Sequences obtained were analyzed using the National Center for 

Biotechnology Information (NCBI) database by conducting a basic BLAST nucleotide 

search to identify DNA sequences with homologous identity to the RT-PCR hgrnents 

sequenced. Matches were displayed and results were expressed in order of highest to 

lowest match in terms of sequence homology and the expect (e) value and score was 

obtained. The expect (e) value is a representation of the number of results one could 

'expect' to see by chance when searching the NCBI database of a particular size. The 

expect (e) value decreases exponentially with the score (S) that is assigned to a match 

between two sequences. 
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8. Statistical Analysic 

All numerical data were analyzed non-parametrically using Kruskal-Wallis 

rnultiway factorial analysis of variance (133). Post-tests were performed using Dunn's 

test for multiple comparisons if a P value of c 0.05 was obtained with the Kruskal-Wallis 

statistical test. The P value of less than 0.05 was considered significant for all Dunn's 

post tests (133). 



RESULTS 

A. Macrophage Dinerentiation 

1. Mononucleat Cell Purification 

Mononuclear cells isolated by density w e n t  centrifugation remained highly viable 

after manipulation, with a mean viability of 92.52% f 0.44 SE, n=72. Differential counts 

on mononuclear preparations showed a population of monocytes at 26.45% f 0.95 SE 

(n=47), demonstrating that blood isolation from several different donors still produced a 

stable source of monocytes for experimentation. Figure 4 shows a typical cytospin 

preparation of mononuclear cells, following the final isolation step, prior to seeding for 

cell culture. The photomicrograph was taken at 1,000 X magnification under direct light 

microscopy. Mononuclear cells were stained with the DiffQuik differential stain. The 

preparation shows the presence of both lymphocytes and monocytes (kidney bean shaped 

nuclei) as to be expected following isolation (Figure 4). Occasionally the mononuclear 

cell preparations yielded a small percentage of contaminating cell types, 0.06% (n=47), 

which was extremely low yield throughout the isolations. 

2. Macrophage Characterization 

Monocyte isolation and in wino macrophage differentiation had not been 

conducted within our laboratory setting prior to this study. This warranted characterizing 

the cell growth to ensure that the culture conditions were stimulating differentiation into 

macrophages and not another cell phenotype. Several parameters were assessed over the 

seven day differentiation period. The quantification of cell width in micrometres, over 



Figure 4: Photomicrograph of a cytospin pnparation of mononuclear cells following 

isolation from peripheral bovine blood. The cells were stained with DiffQuik and viewed 

under direct light microscopy at 1,000 X magnification. Bar equals 2 pm. 
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time is displayed in Figure 5. Following two days of in vitro culture, macrophage cell 

width was significantly different when compared to the first day in culture (Pc0.05). 

This difference was also observed at days 4,6, and 7 (PcO.05) when compared to day 1, 

and at day 7 a mean cell width of 26.68 pm f 0.95 SE (n=90) was measured (Figure 5). 

In conjunction with an increase in size, it was important to measure the percentage of cell 

differentiation within the cultured monocyte-macrophage population. The data 

representing the percentage of cells differentiating over time is presented in Figure 6. 

Although an increase in cell width was noticeably significant by day 2 (Figure 5) ,  the 

percentage of cells with this increase in size was not significantly increased (Figure 6). 

At day 4 the percentage of cells with an increase in size was significantly different with 

respect to day 1 (Pc0.05). By days 6 and 7, differentiation was at a maximum with a 

mean percent cell differentiation of 95.1 1 % + 0.96 SE at day 6 and 98.50 % f 0.34 SE at 

day 7, P<0.05 with respect to day 1 (Figure 6). 

Macrophage differentiation in culture was also evaluated using histochemical 

staining for non-specific esterase and immunocytochemical staining for the 

differentiation marker CD 68. Macrophages were identified by the presence of non- 

specific esterase, an enzyme contained within the cytoplasm of monocytes and 

macrophages. Macrophages display high amounts of this enzyme and as cells 

differentiate over time, staining for esterase leads to a higher deposition of stain within 

the cytoplasm. The presence of non-specific esterase was quantified in differentiating 

monocytes over time (Figure 7). Cells examined on days 4, 6, and 7 displayed high 

levels of the non-specific esterase enzyme 80.17 % * 2.71 SE, 96% f 0.59 SE, and 94.13 

% f 0.58 SE, respectively, and each was significantly different when compared to the 



Figure 5: Monocyte differentiation into macrophages over time as measured by cell 

width in micrometres at 1 ,  2, 4, 6, and 7 days post-isolation. Values are expressed as 

mean width (pm) + standard error (n value is 60 for day 1, 90 for days 2, 6 and 7, and 

160 for day 4). 

a= significantly different h m  Day 1 (P<O.OS). 





Figure 6: Percentage of cells differentiated into macrophages over time at 1,2.4, 6, and 

7 days post-isolation. Values represent mean percent + standard error (n value 9 for day 

1,2,4, and 6, and 6 for day 7). 

a= significantly different h r n  Day 1 (PcO.05). 





Figure 7: Examination of non-specific esterase staining in bovine rnacrophages, stained 

at 1,2,4,6, and 7 days following isolation. Values are expressed as the mean number of 

macrophages that stained intensely positive for non-specific esterase per 300 cells r 

standard error (n = 18 for days 1 and 7, and n= 24 for days 2,4, and 6). 

a= significantly different fiom day 1 (PC 0.05). 
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presence of non-specific estenw after 1 day in culture 36.50 % f 1.89 SE, Pc0.05. In 

addition, macrophages were stained for the glycoprotein CD 68 at Day 0 and 7. The 

photomicrograph of CD 68 staining in macrophages is presented in Figure 8. The 

appearance of the intense red stain (Fast Red) at day 7 is much greater than day 0, 

indicating a greater presence in CD 68 antigen at day 7. This increase in CD 68 was 

quantified and the results are displayed in Figure 9. By day 7, the differentiated 

macrophages had a significant increase in the presence of CD 68 when compared to cell 

staining following isolation (Day 0) 21.20 k 6.26 SE versus 298 + 0.68 SE (number of 

positively stained cells per 300 cells counted per sample), respectively (PcO.05, n=5) 

(Figure 9). 

B. Macrophage Cell Movement 

1. Chernotaxis and Chemokinesis towards fMLP 

The ability of bovine macrophages to migrate following concentration gradients 

of fMLP, a positive chemoattractant in vitro, is displayed in figure 10. The tripeptide 

fMLP significantly stimulated macrophage migration within the concentration range of 

to lo-' M when compared to control migration, where no stimulus was added (PC 

0.05). Bovine macrop hages displayed a distinct concentration-dependent response curve 

when stimulated with the tMLP chemoattractant over the tested range of concentrations 

(Figure 10). Cell movement was similar in each of the fMLP concentrations; lo-' M, 

17.1 1 f 1.44 SE; lod M, 16.77 f 0.79 SE; loA7 M, 16.44 f 0.92 SE (Figure 10). 

Evaluation of a chemokinetic versus chemotactic response for fMLP was determined by 

exposing macrophages to equal concentrations in the upper and lower compartments of 



Figure 8: Photomicrographs of bovine macrophages immunostained for the glycoprotein 

CD 68, as observed under direct light microscopy at 1,000 X magnification. A: CD 68 

staining at Day 0, post-isolation. Bar equals 4 pm. B: CD 68 staining at Day 7. Bar 

equals 2 p. 





Figure 9: Graphical representation of immunostaining for the macrophage marker CD 68 

in bovine macrophages at 0 and 7 days post-isolation. Values are expressed as the mean 

number of macrophages stained intensely for CD 68 per 300 cells counted f standard 

error (n=S). 

a= significantly different from day 0 (PC 0.05). 





Figure 10: Chemotaxis of bovine macrophages towards the tripeptide £MLP at several 

molar concentrations. Values represent the mean migration in pm 1 90 minute incubation 

f Standard Error. n= 7 for 1vs and lo-" M fMLP, n= 8 for 1 04, 1 w', and 10" M tMLP, 

n= 9 for lo4 and tw9 M fMLP, and n= 30 for control. 

a= significantly different from control PC 0.05. 



dMLP Concentration (M) 
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the Boyden chamber. Although a full checkerboard assay was conducted that 

incorporated multiple concentrations of the chemotaxin above and below the filter (Table 

3), statistical comparisons were only made between macrophage migration when exposed 

to stimulus in the bottom compartment (chemotaxis) and migration when exposed to the 

same concentration of stimulus above and below the filter (chemokinesis). Only the 

fMLP concentrations that stimulated migration of macrophages at the peak of the 

concentration-response curve in a chemotactic setting (10'~ to loa M) were evaluated for 

chemokinesis. This was important to evaluate whether chemotaxis was occurring, not 

merely chemokinesis. Macrophage migration at lo4 and lo-' M fMLP as assessed 

chemokinetically, were significantly different from their chemotactic counterparts. At 

lo4 M fMLP, the chemokinetic value for macrophage migration was 9.689 pm/ 90 min. 

+ 1 593 SE versus 16.770 p d 9 0  min. f 0.792 SE for chemotaxis (P<0.05). At 10" M 

M L P ,  the chemokinetic value for migration by macrophages was 6.464 p d 9 0  min. f 

1.131 SE vs. 16.440 pm/90 min. f 0.919 SE for chemotaxis (P<O.OS). This confirmed 

that the positive control was chemotactic at lo4 M and M fMLP concentrations. The 

chemokinetic versus chemotactic cell movement values for 10'~ M minP were found to 

be not significantly different. 

2. Cbemotaxis and Cbemokinesis towards P. leuii 

The migratory response of bovine macrophages towards various concentrations of 

P. levii is displayed in figure1 1. Bovine macrophages showed no significant chemotactic 

response to P. levii at any of the bacterial concentrations examined (Figure 11). 

Migration towards the 10,000:1 bacteria to macrophage ratio was lower than the 



Table 3: Evaluation of EMLP as a chemotactic versus chemokinetic factor for bovine 

macrophages, using a range of concentrations in the upper and lower compartments of the 

Boyden chamber. Values represent the mean migration (pm/ 90 min. incubation), n 

values and standard enor an given for each test group. 

a= significantly different from the comsponding chernotactic fMLP dose used 
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Figure 11: Chemotaxis of bovine macrophages towards several concentrations of P. 

levii. Each test group ratio represents bacteria to macrophage numbers for that group. 

Values represent the mean migration in pm/ 90 min. f SE. n= 30 for control, n= 7 for the 

10,000: 1, n= 6 for both the 10: 1 and 100: 1 groups, and n= 5 for the 1,000: 1 treatment 

P U P *  
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migration levels, when compared to control (9.780 pm/ 90 min. i 0.5 17 SE vs. 7.408 pm/ 

90 min. k 0.71 1 SE), but this difference was not significant, & 0.05. When macrophage 

migration was evaluated for chemokinesis using P. levii as a stimulus, several 

concentrations were examined (Table 4). Once again a hrll checkerboard assay of 

varying P. levii concentrations above and below the filter was performed, but the only 

chemokinetic value used for comparison to the chemotactic assay was one where equal 

concentrations of P. levii were applied above and below the filter. It may be of interest to 

note that although macrophage migration towards P. Ievii in a chemotactic setting was 

not significantly different from control migration levels, the comparisons between P. levii 

groups when evaluated in a chemotactic versus chemokinetic environment were 

significantly different. All of the P. lwi i  concentrations tested in a chemokinetic setting 

were significantly different from their chemotactic counterparts. except for the 100:l 

ratio (Table 4). The 10:l P. levii group had a macrophage migration of 6.476 pm/90 min. 

f 1.340 SE in a chemokinetic setting vs. 13.155 pm/90 min. f 1.378 SE in a chemotactic 

setting, PcO.05. The 1,000: 1 P. levii group had a macrophage migration of 4.071 pm/90 

min. f 0.943 SE chemokinetically vs. 1 1.186 pm/90 min. k 1.269 SE chemotactically, 

Pc0.05. While the 10,000:1 P. Ievii group had a macrophage migration of 2.398 p d 9 0  

min. k 0.564 SE in a chemokinetic setting vs. 7.408 pm/90 rnin. * 0.71 SE in a 

chemotactic setting, P<O.OS. 



Table 4: Evaluation of P. levii as a chemotactic versus chemokinetic factor for bovine 

macrophages, using several P. levii to macrophage ratios, in the upper and lower 

compartments of the Boyden chamber. Values represent the mean migration (pm/ 90 

min. incubation), n values and standard enor are given for each test group. 

a= significantly different h m  the corresponding chemotactic P. levii concentration 

evaluated. 
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C. Macrophage Phagocytosis 

1. Western blot of anti-P. fwii Serum Fractions 

Serum fkactions obtained fiom the immunization of a steer with P. levii were 

collected and analyzed by western blot. Figure 12 displays the western blot of pre- 

immune, low titre and high titre anti#. levii sera The western blot of low titre and high 

titre anti-P. levii sera showed a low level and a very high level of specific antibodies to P. 

levii, respectively (Figure 12). The pre-immune serum had nearly undetectable levels of 

antibody at similar dilutions (Figure 12). The antibodies were reactive to several proteins 

of high and low molecular weight, that were present in the crude total protein extract of 

P. levii. When measured by ELISA, the low titre and high titre anti-P. levii serum had 

titres of 3,200 and 12,800, respectively. 

2. Macrophage Phagocytosis of P. levii: Concentration and Time Studies 

Macrophage phagocytosis was examined using several concentrations of P. Ievii 

incubated for 20.40, or 60 minutes and the quantitative results are displayed in Figure 13. 

The 10: 1 test group at 20 minutes had the lowest phagocytosis value of 33.6 1 f 3.41 SE 

per 300 macrophages counted. Incubation of macrophages with higher concentrations of 

P. levii for a duration of 20 minutes (white bars), resulted in significant increases in 

phagocytosis for the 100: 1 and 1,000: 1 test group, P<0.05. when compared to the 10: 1 

test group (Figure 13). This trend of increased phagocytosis, as the concentration of P. 

Ievii increased, was evident in all of the incubation times tested. However in the 40 and 

60 minute extended incubation times, only the 1,000:l test group was significantly 

different h m  the comsponding 10: 1 ratio, B0.05, while the 100: 1 ratio was not (Figure 



Figure 12: Western blot of sera isolated kom a Holstein steer immunized with P. levii 

antigen. Lane 1 represents the reaction of  high titre anti-P. levii sera, lane 2 represents 

the reaction of low titre anti-P. levii sera and lane 3 represents the reaction of pre-immune 

sera. Antigen in all cases was 50 pg of  protein obtained from P. Ievii whole cell lysate. 





Figure 13: Evaluation of phagocytosis by bovine macrophages when exposed to 

different ratios of bacteria to macrophage for 20,40, or 60 minutes. Values are expressed 

as the mean number of macrophages that phagocytosed P. levii per 300 macrophages 

counted + standard error. n= 41 for the 10: 1,20 min. group, n= 8 for the 1000: 1.40 min. 

p u p ,  and n= 12 for all other groups. 

a= significantly d i f f m t  h m  the 10: 1.20 min. treatment group (pcO.05) 

b= significantly different h m  the 10: 1.40 min. treatment group (RO.05) 

c= significantly different from the 10: 1,60 min. treatment group (PcO.05) 
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13). The effect of increased incubation time, while P. levii bacteria to macrophage ratios 

remained constant, was also evaluated. An increase in incubation time in the 10:1 ratio 

from 20 min. to 40 and to 60 minutes resulted in significantly higher phagocytosis values 

in the 60 minute test group when compared to the 20 minute test group (33.61 + 3.4 1 vs. 

74.92 + 5.41, PC 0.05 (Figure 13). No other P. levii ratios exhibited a significant 

difference when incubation time was extended to 40 or 60 minutes. 

3. Macrophage Pbagoeytosb of P. lcvii and the Evaluation of Opsonins 

The results of macrophage phagocytosis of P. levii with or without previous 

incubation of the bacteria with various anti- P. Ievii opsonic agents, using a 10: 1 bacteria 

to macrophage ratio, is displayed in figure 14. When macrophages were exposed to only 

P. levii, phagocytosis was low (33.61 f 3.41 SE) and the level was quite comparable to 

phagocytosis in the latex beads positive control group (Figure 14). The effects of  

opsonization in this phagocytosis assay was evaluated using low titre serum, high titre 

serum, and heat inactivated high titre anti-P. Ievii serum. A similar assessment using 

m i t y  column chromatography purified anti-P. levii igG was perfotmed. Pre-immune 

and fetal bovine sera (FBS) served as negative controls. Macrophage phagocytosis of P. 

ievii was significantly increased in the presence of low titre serum, compared to P. Ievii 

alone (PcO.OS), however this increase in phagocytosis was even greater (fourfold), when 

bacteria were opsonized with high titre anti-P. levii serum (Pc0.05) (Figure 14). 

Comparison of phagocytosis of P. levii following bacterial opsonization with pre- 

immune, low titre and high titre serum have shown that high titre anti-P. levii serum was 

significantly different from the pre-immune serum opsonized group (PcO.05) but the low 



Figure 14: Evaluation of phagocytosis by bovine macrophages when exposed to latex 

beads (positive control), P. levii alone, or when opsonized with fetal bovine serum (FBS), 

pre-immune serum, low ti- serum, high titre serum, heat inactivated high titre anti-P. 

Ievii serum, and affinity purified anti-P. leuii IgG. Values are expressed as the mean 

number of macrophages that phagocytosed bacteria per 300 macrophages counted + 
standard error. n= 41 for P. levii, n= 32 for pre-immune and low titre anti-f. levii sera, n= 

28 for latex beads and high titre anti-P. levii serum, n= 24 for fetal bovine serum and heat 

treated high titre anti-P. levii serum, and n= 8 for anti-P. levii IgG. 

a= significantly different from P. levii alone, latex beads, and FBS, PC 0.05 

b= significantly different &om pre-immune serum, PC 0.05 
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titre senun did not show significance when compared to pre-immune sera (Figure 14). 

When purified anti#. levii IgG was used as the opsonic agent under similar assay 

conditions, phagocytosis of P. levii by macrophages significantly increased by 

approximately 5 times when compand to non-opsonized P. levii (P<0.05) or three times 

greater then that seen when P. levii was opsonized with pre-immune serurn (Pc0.05) 

(Figure 14). An evaluation of the opsonic effect that heat inactivated high titre anti-P. 

levii serum had on macrophage phagocytosis showed that there were no significant 

differences in the ability of macrophages to phagocytose P. levii when opsonized with 

high titre serum or heat inactivated high titre anti-P. levii serum (15 1.2 f 6.0 SE versus 

154.7 f 5.7 SE) (Figure 14). These serum samples were assayed for the presence of 

complement using the complement-mediated lysis assay. All of the sera obtained from 

the immunization (the pre-immune serum, low titre serurn and high titre anti-P. levii 

serum) were negative in their ability to lyse sheep red blood cells. This indicates that 

either they are missing specific complement factors required for complement-mediated 

lysis, or that the complement was never present in high concentrations. Alternatively the 

complement in these sera may have been degraded during storage over time. All positive 

and negative controls gave the appropriate result, indicating that the assay was fully 

hctional. 

Figure 15 are photomicrographs of bovine macmphages phagocytosing P. levii 

when P. levii was opsonized with either A: high titre anti-P. levii serurn or B: a n t i 2  levii 

IgG, as obsmed by direct light microscopy at 1,000 X magnification. Cells were stained 

with the DifiPuik diffrrntial stain. Macrophages phagocytose P. levii in low numben 

without opsonins, but in the presence of opsonins phagocytosis greatly increased to the 



Figure I 5: Photomicrographs of bovine rnacrop hages phagoc ytosing P. levii as viewed 

at 1,000 X using direct light microscopy. A: Bacteria were opsonized with high titre 

anti-P. levii serum prior to exposure with bovine macrophages. Bar equals 4 pm. B: 

Bacteria opsonized with amnity purified anti-P. levii IgG. Bar equals 2 pm The 

macrophage in B appears to have more bacteria present in the cell however statistical 

analyses of  bacterial counts in cells were not petformed. 
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levels seen in Figure IS. Although a direct quantification of the numbers of P. levii 

present in the macrophage was never conducted, it was qualitatively observed that the 

number of bacteria macmphages phagocytosed in amnity purified anti-P. levii IgG 

appeared greater when compared to high titre anti-P. levii serum (Figure IS). To 

confirm phagocytosis of P. Iwii by macrophages, transmission electron microscopy was 

conducted on a large scale assay using high titre anti-P. levii serum to optimize the 

opportunities of observing this event. Figure 16A is an electron micrograph of a bovine 

macrophage with P. levii contained within a phagosome at low magnification, 4,000 X. 

Figure 16B is a high magnification electron micrograph (30,000 X) was taken to confirm 

the presence of a typical gram-negative cell wall on the bacteria, which confirms the 

bacteria is most probably P. levii. 

D. Oxidative Metabolism in Macrophages 

The oxidative activity of bovine macrophages at various concentrations of P. 

levii, the footrot isolate Fusobacteriwr necrophorum, and PMA (positive control) was 

evaluated by the NBT assay (Figure 17). Compared to PMA (200nM) (positive control) 

stimulated macrophages, cells exposed to either of P. levii and F. necrophorum at 10: 1 

bacteria to macrophage ratios showed reduced oxidative bunts. These oxidative burst 

levels in the 10:1 P. levii and F, necrophorum test groups did not vary markedly horn 

basal levels in the negative control group (P. levii: 70.58 f 9.84 SE vs. F. necrophorum: 

95.00 f 23.26 SE vs. NBT only: 50.94 f 7.39 SE, &O.OS) (Figure 17). There was a 

significant difference compared to negative control when the bacterium to cell ratio was 

increased tiom 10: 1 to 1000: 1 for both of the P. levii and F. necrophomm groups 



Figure 16: Transmission electron micrograph of a bovine macrophage phagocytosing 

Porphyromonas levii. The bacteria were opsonized with high titre anti-P. Ievii serum 

followed by incubation with the macrophages. A) A low magnification (4,000 X) 

micrograph of a bovine macrophage. The box indicates the phagolysosome in which P. 

levii is present. Bar equals 1 pm. B) A higher magnification (30,000 X) transmission 

electron micrograph of the same bovine macrophage engulfing P. levii. Note the 

appearance of the gram-negative cell wall (arrow). Bar equals 0.1 prn. 





Figure 17: Graphical representation of oxidative metabolism in bovine macrophages 

exposed to various concentrations of PMA, P. levii, or the footrot isolate F. necrophorum 

as assessed by the NBT reduction assay. Values represent the mean number of fomazan 

positive cells counted per 300 cells k standard error. n= 4 for the F. necrophorum test 

groups, 12= for P. levii test groups and PMA (20 nM), and 16= for NBT and PMA (200 

nM)* 

a= significantly different h m  NBT control, Pc0.05. 



Treatment Group 
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(B0.05). Although the 100:l test ratio showed an increase in oxidative burst when 

compared to negative control, it did not stimulate a significant response in either of the P. 

fevii or F. necrophorum groups (Figure 17). It is important to note that in addition to 

PMA, several other stimulants were evaluated in an attempt to invoke the oxidative bunt. 

When MLP was used at 10 nM and 100 nM concentrations or LPS was used at 100 

ngml and 1 pg/ml there were no significant differences from the basal levels seen in the 

NBT negative control group. 

E. Macrophage Exposure Studies 

1. Total RNA Isolation and Quality 

For RT-PCR it is ideal to utilize RNA that is free of genomic DNA and 

extraneous protein. Absorbency readings on purified RNA following DNA removal were 

performed to quantify the amount of total RNA present in each sample and to evaluate 

the purity. The 24 macrophage exposure samples used for RT-PCR had a mean AL&A280 

ratio of 1.692 f 0.026 SE, and a mean mglml protein of 0.120 f 0.012 SE. 

2. RT-PCR Agarose Gel Electrophoresis 

Two percent agarose gels were utilized to visualize RT-PCR products as well as 

compare relative expression levels by densitometric scanning. Figure 18 illustrates the 

agarose gel electrophoresis of products fiom RT-PCR using GADPH primers. GADPH 

RT-PCR was used as an internal standard to control for minor discrepancies that might be 

present in the amount of mRNA in the total RNA sample used. As seen in Figure 18 the 

GADPH levels remained fairly constant over time in each of the samples. The relative 



Figure 18: GADPH mRNA expression by bovine macrophages over 24 hours as 

assessed by RT-PCR, when macrophages were exposed to either IDMEM (control), 2 x 

lo6 CFUIml of P. levii or 5 pg/ml of E. coli LPS. Equal amounts of total RNA (250 ng) 

were reverse transcribed, amplified using PCR, and electrophoresed in 2% agamse gels. 



Time (hours) 
1 1 . 5  Z 4 6 8 11 24 

Control 0 

LPS 
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amounts of expression also did not seem to fluctuate greatly between control and either 

the P. levii or E. coli LPS exposed macrophagcs. The results of ILlg RT-PCR are 

illustrated in Figure 19. As observed visually in Figure 19 very little IL 1 P expression is 

evident in control conditions with respect to both P. fevii and LPS exposed samples. 

Based on visual qualitative assessment, ILlP mRNA expression seemed to be maximal at 

approximately 1 .S hrs. El p expression in LPS treated macrophages did not decrease as 

noticeably following the 1.5 hr time point, as seen in the P. levii exposed samples (Figure 

19). At approximately 8 hours during exposure to LPS IL 1 p rnRNA expression seemed 

to increase and plateau until 24 hours (Figure 19). TNFa mRNA expression was 

evaluated by RT-PCR and the gel products are illustrated in Figure 20. It was apparent 

that TNFa mRNA expression increased compared to control in both the P. levii and E. 

coli LPS exposed macrophages. Background mRNA expression of TNFa was present in 

the negative control macrophages and was present throughout the time course, although 

there was some intersample variation (Figure 20). It appeared that TNFa rnRNA 

expression in the P. levii exposed sample started to begin to decline at 8, 12 and even 

more so at 24 hours. This observed effect was not as obvious in the LPS exposed 

macrophages. Figure 21 illustrates the results of IL8 RT-PCR in the negative control, P. 

levii exposed macrophages and LPS exposed macrophages. As seen with TNFa mRNA 

expression, background levels of 1 . 8  mRNA expression were also present in the negative 

control (IDMEM). Levels of mRNA expression fluctuated in the negative control, but 

when compared to IL8 mRNA expression in the P. Ievii and LPS treated macrophages, 

expression was lower. In all t h e  points over the course of the 24 hour experiments, IL8 



Figure 19: ILlp rnRNA expression by bovine macrophages over 24 how as assessed 

by RT-PCR when macrophages were exposed to either IDMEM (control), 2 x lo6 

CFU/ml of P. levii or 5 pgfrnl of E. coli LPS. Equal amounts of total RNA (250 ng) were 

reverse transcribed, amplified using PCR, and electrophoretically separated in 2% 

agarose gels. 



Time (Hours) 

1 1 . 5  7 4 6 8 12 24 

Control 1-1 



Figure 20: TNFa mA expression by bovine macrophages over 24 hours as assessed 

by RT-PCR when macmphages were exposed to either IDMEM (control), 2 x lo6 

CNIml of P. levii or 5 pgfml of E. coli LPS. Equal amounts of total RNA (250 ng) were 

reverse transcribed, amplified using PCR, and electrophoretically separated in 2% 

agarose gels. 



Time (Hours) 



Figure 21: IL8 mRNA expression by bovine macrophages over 24 hours as assessed by 

RT-PCR when macrophages were exposed to either IDMEM (control), 2 x lo6 CFUIml 

of P. levii or 5 pg/ml of E. coli LPS. Equal amounts of total RNA (250 ng) were reverse 

transcribed, amplified using PCR, and electrophoretically separated in 2% agarose gels. 



Time (Hours) 

1 1 . 5  2 4 6 8 12 24 
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m W A  expression was elevated in both the P. levii and LPS treated macrophages (Figure 

3. Relative Expression of RT-PCR Products 

For the following graphs of cytokine expression over time, test groups were 

treated identically. Using Scion image analysis sohare, densitometry plots of the DNA 

bands produced through RT-PCR were generated. A baseline for background was 

established and the relative area was quantified for each band. Using the raw data, From 

the denstiometry plots, each RT-PCR product was normalized against the respective 

GADPH samples, to control for discrepancies in the amount of rnRNA present in the total 

RNA used for RT-PCR and to compare to baseline gene expression in the macrophages. 

Subsequently, each experimental group at theu respective time point, was divided by 

mean background mRNA expression levels for that cytokine based on expression levels 

in their corresponding control sample. This created a rough estimate of the amount of 

mRNA expression present above background in each of the experimental groups (P. levii 

and E. coli LPS). Figure 22 is a graphical representation of the relative ILlP mRNA 

expression levels of P. levii exposed macrophages and LPS exposed macrophages over 

24 hours with respect to background levels present in the control group. For the P. levzi 

exposed macrophages, ILlP rnRNA expression was at its highest value at 1.5 hours and 

declines to approximately 3 times the control value over the remaining 24 hours (Figure 

22). LPS stimulated macrophages showed a similar increase in IL 1 P mRNA expression 

at 1 to 1.5 hours, but levels did not decline, in fact they seemed to reach a second peak at 

8 hours which remained higher than P. levii IL1 P rnRNA expression. A graphical 



Figure 22: Bar graph showing the relative L l p  mRNA expression in P. levii exposed 

macrophages and in LPS exposed macrophages at 1, 1.5,2,4,6, 8, 12, and 24 horn with 

respect to mean control expression levels. 
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representation of the relative rnRNA expression for TNFa in the P. levii and LPS treated 

macrophages is illustrated in Figure 23. As observed visually in Figure 20, TNFa 

mRNA expression in the control was much lower than the P. levii exposed macrophages 

or in the LPS treated macrophages. As observed quantitatively, the values show the 

highest levels of expression, a &fold increase, within 1 hour of exposure to either P. levii 

or LPS (Figure 23). The lowest levels of TNFa rnRNA expression over the 24 hour 

exposure period still remained 2 times greater then mean control values (Figure 23). By 

24 hours, TNFa mRNA expression in both the P. levii and LPS exposed macrophages 

were at the lowest values and may have declined hther, although no other time points 

were evaluated in this study. Figure 24 demonstrates the relative expression of IL8 

mRNA in P. levii exposed macrophages and in LPS treated macrophages with respect to 

mean control values. Although the relative values of expression were not as high when 

compared to ILl and TNFa (Figure 22 and 23). IL8 expression levels were above 

resting levels throughout the 24 hour exposure period in both P. Ievii exposed cells and in 

LPS treated macrophages (Figure 24). Fluctuations in the level of expression over time 

occurred in both the P. levii and LPS samples, but this variation only differed by 1 to 1.5 

units between time periods, which may not be an exact representation of the events. L8 

mRNA expression over the 24 hours remained elevated, with no distinct decline 

occurring during the time of this experiment (Figure 2 1 and 24). 

4. DNA Sequencing of RT-PCR Products and Homology Searcb 

Selected bands of RT-PCR product were extracted from the DNA gels, purified 

and sequenced in order to contirm the identity of the RT-PCR products. One of each 



Figure 23: Bar graph showing the relative TNFa mRNA expression in P. levii exposed 

macrophages and in LPS exposed macrophages at 1, 1 .S, 2,4,6,8, 12, and 24 horn with 

respect to mean control expression levels. 





Figure 24: Bar graph showing the relative IL8 mRNA expression in P. levii exposed 

macrophages and LPS exposed macrophages at 1, 1.5, 2, 4, 6, 8, 12, and 24 hours with 

respect to mean control expression levels. 
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cytokine a l p ,  M a ,  and IL8) as well as GADPH were sequenced and checked for 

homology using the BLAST search tool on the National Centre for Biotechnology 

Information (NCBI) database. Figure 25 represents the sequence obtained from RT-PCR 

amplification using GADPH primers. Based on the quality of the sequencing results, 

varying lengths of sequenced DNA can be selected and searched for using the basic local 

alignment search tool or BLAST. A 263 bp stretch of the GADPH sequence was selected 

(indicated by arrows, Figure 25) and a BLAST search was conducted. The sequence 

showed the greatest alignment to Bos taurus mRNA for GADPH, obtaining a score of 

500, with an expect e-value of e-'j9. For the cytokine DNA sequencing, RT-PCR 

amplified bands from both the P. levii and LPS exposed macrophages were analyzed. 

The sequence for ILlp h m  the P. levii exposed macrophage sample is displayed in 

Figure 26. An 84 bp stretch of sequence was selected from the P. levii sequence, as 

indicated by arrows, in Figure 26, and the BLAST search resulted in a homologous match 

for Bos fourus ILl P mRNA. A lower score of 153 was given from the search, with an e- 

value of 5 ed5 but we consider this to be an acceptable match. Figure 27 displays the 

results of the DNA sequencing for TNFa RT-PCR from P. levii exposed macrophages. 

A 277 bp sequence was selected for BLAST analysis (as indicated by arrows, Figure 27), 

and results confirmed the amplification of Bos tourus TNFa rnRNA. The score from the 

search was 529 with an e-value of e-I". The results from the LPS exposed macrophage 

sample presented identical results (data not shown). The sequence for IL8 mRNA From 

P. levii exposed macrophages is presented in Figure 28. Analysis of a 282 bp hgment 

on the sequence, as indicated by arrows (Figure 28). showed the highest alignment with 

Bar t 4 u m  mRNA giving a score of 543 and an e-value of 6' 52. This result was also 



Figure 25: DNA sequence of the GADPH RT-PCR product from bovine macrophages 

exposed to IDMEM (negative control). Arrows indicate the segment of DNA that was 

subject to a BLAST search to confirm the identity of the sequence. 



1 36 
GNA ATG TGC CAA TAG NTG CAG GCT TGT CCT GGT AGT 

37 72 
GAA GAC CCC AGT GGA CTC CAC CAC ATA CTC AGC ACC 

73 108 
AGC ATC ACC CCA CTT GAT GTT GGC AGG ATC TCG CTC 

109 144 
CTG GAA GAT GGT GAT GGC CTT TCC ATT GAT GAC GAG 

145 t 80 
CTT CCC GTT CTC TGC CTT GAC TGT GCC GTT GAA CTT 

181 216 
GCC GTG GGT GGA ATC ATA CTG GAA CAT GTAGAC CAT 

217 252 
GTA GTG AAG GTC AAT GAA GGG GNC ATT GAT GGC GAC 

253 288 
GAT GTC CAC TTT GCC AGA ATT AAA AGC TTC CCT GGT 

289 4 324 
GAC CNA GGC CGC CCG TAC GCA GTC AAN TNT CTN NNN 

325 35 1 
ACN CCN ANT TTC NNC NCT TTC TNC NTT 



Figure 26: DNA sequence of the [LIP RT-PCR product from bovine macrophages 

exposed to P. levii. Arrows indicate the segment of DNA that was subject to a BLAST 

search to confirm the identity of the sequence. 



1 36 
TCC CGT TTT GTG ATN TAG TGC CNG NNN GGA CTT ANT 

73 t 08 
ANA ATC TAT ACC TGT CTT GTG TGA AAA AAG GTG ATA 

109 144 
CGC CCA CCC T GAG CTN GGA NGA AAT TTA CCN CAA 

145 180 
ANT GTACAN CTA ANA NNN NTATGG CNN TNC TNC CCT 

I81 216 
TTN CCT CTT TCT CRJ TAT AAATAA NCN AGA ATN CAC 

217 252 
CNT CCN TNT TAN TTT NTT CCT TGT CCC TCN AAC TGG 



Figure 27: DNA sequence of the TNFa RT-PCR product lrom bovine macrophages 

exposed to P. levii. Amws indicate the segment of DNA that was subject to a BLAST 

search to confirm the identity of the sequence. 



1 4 36 
NCC GNA TAA CTC TCC GGG CAG CTC CGG TGG TGG GAC 

37 72 
TCG TAT GCC AAT GCC CTC ATG GCC AAC GGT GTG AAG 

73 108 
CTG GAA GAC AAC CAG CTG GTG GTG CCT GCT GAC GGG 

109 144 
CTT TAC CTC ATC TAC TCA CAG GTC CTC TTC AGG GGC 

145 180 
CAA GGC TGC CCT TCC ACC CCC TTG TTC CTC ACC CAC 

181 216 
ACC ATC AGC CGC ATT GCA GTC TCC TAC CAG ACC AAG 

217 252 
GTC AAC ATC CTG TCT GCC ATC U G  GCC CTT GCC ACA 

253 4 
GGG AGA CCC CAG AGT GGG CTG AGG CCA A 



Figure 28: DNA sequence of the IL8 RT-PCR product from bovine macrophages 

exposed to P. [evii. h w s  indicate the segment of DNA that was subject to a BLAST 

search to confirm the identity of the sequence. 



&I 36 
CTC TCT TGG CAG CTT TCC TGC TCT CTG CAG CTC TGT 

37 72 
GTG AAG CTG CAG TTC TGT CAA GAA TGA GTA CAG AAC 

73 108 
TTC GAT GCC AAT GCA TAA AAA CAC ATT CCA CAC CTT 

109 144 
TCC ACC CCA AAT TTA TCAAAGMT TGA GAG TTA TTG 

145 180 
AGA GTG GGC CAC ACT GTG AAA ATT CAG AAA TCA TTG 

181 216 
TTA AGC TTA CCA ATG GAAACGAGG TCT GCT TAA ACC 

217 252 
CCA AGG AAA ACT GGG TGC TAA TGG TTG TGC NNG TOT 

253 
TTG 



1 64 
c o b e d  with LPS exposed macrophages, although the score and e-value were slightly 

lower due to the selection of a smaller 234 bp f'rapent (score 464, e-value e-I**). 



DISCUSSION 

Bovine footrot is an infectious disease of cattle that is found worldwide. It is one 

of the most commonly treated lameness-associated diseases in cattle and most likely one 

of the most under-researched. Clinical clues and bacteriological evaluations have shown 

that anaerobes play an important role in this disease process, but the specific etiological 

agents of infection have not been conclusively proven. Recent investigations of bovine 

footrot have shown that new isolates, such as Porphyromonas levii, were isolated in high 

frequency, while other traditional known pathogens such as Fusobacterium necrophomm 

were not ( 1 4). Furthermore, experimentally induced footrot using Porphyront onus levii 

in conjunction with F. necrophorurn caused a more severe infection then other bacteria 

evaluated (25). These observations led to the investigations of host-bacterial interactions 

with P. levii, and specifically the immune response of bovine macrophages, evaluated in 

these studies. 

The objective of this study was to evaluate the early immune response of bovine 

macrophages, following exposure in vitro to the novel footrot pathogen P. levii. The 

ability of the host to overcome iniection is largely a determinant of adequate detection 

and elimination by tissue macrophages and/or infiltrating neutrophils (46). One of the 

fim immune cells to encounter a pathogen within the tissues is the macrophage. The 

ability of the macrophage to recognize, engulf, and kill bacteria, is important for 

clearance of foreign material (1 6,46). Macrophages are also one of the key instigators of 

the inflammatory response, sewing to signal the intiltration of additional phagocytic cells 

by the production of the pro-idammatory cytokines ILlP and m a ,  as well as the 
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chemotactic cytokine L8. These intercellular signaling proteins have essential roles in 

the initiation of inflammation and subsequently the clearance of infectious bacteria by 

neutrophils and macrophages. It is anticipated that the results of this in vitro study may 

serve to conceptualize some of the preliminary events that may be occurring in the in vivo 

condition. 

Utilizing a wide range of bacterial concentrations, bovine macrophages have 

shown to be chemotactically and chemokinetically unresponsive towards P. levii. These 

findings may indicate that within the bovine tissues, macrophages do not migrate strongly 

towards P. levii, which may benefit the bacteria for establishing residency. In addition, 

phagocytosis and oxidative metabolism were not markedly effective when macrophages 

were exposed to low concentrations of P. levii. At higher concentrations, P. levii was 

phagocytosed at a greater rate and an increase in oxidative metabolism was also evident. 

These results in combination show that macrophages are not strongly activated by 

exposure to low numbers of P. levii, which may Eurther substantiate the hypothesis that 

masking detection through reduced chemotaxis, phagocytosis, and oxidative metabolism 

by macrophages, may aid P. levii in establishing an infection. Macrophage phagocytosis 

of P. levii was significantly enhanced when bacteria were opsonized with specific 

immunoglobulin or high titre anti-P. levii serum. Acquired humoral immunity towards P. 

lwii may be beneficial in clearance of the infection through enhanced phagoc ytosis. 

When P. Ievii was exposed to macrophage cultures, mRNA expression of L I P ,  TNFa, 

and IL8 all increased with respect to non-exposed (control) macrophages. These results 

show that macrophages have the ability to detect and recognize P. Ievii as a foreign 

organism, and subsequently respond by initiating the production of pro-inflammatory 
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cytokines, which serve in the recruitment of additional phagocytic cells. The production 

of pro-inflammatory cytokines can be a beneficial response within the host, and may 

contribute to the initiating events that account for the presence of neutrophils within the 

interdigital tissues in footrot infections. Elevated levels of TNF-a and U l P  can lead to 

increased neutrophil recruitment, through activated endothelium and macrophages, which 

may be responsible for the edema, swelling and pain associated with footrot infections 

(1 6). An overt pro-inflammatory response to P. levii can also contribute directly to tissue 

damage, by recruiting more cells to the infection then may be required and activating 

them to increase bactericidal activity. This enhanced neutrophil recruitment may also be 

detrimental to the host, causing tissue damage if footrot pathogens retard phagocytic 

processes. 

A. Macrophage Culture and Differentiation 

Prior to the initiation of this study, a reliable method of isolation, differentiation, 

and culture of bovine macrophages was required to ensure that consistent macrophage 

subsets were produced. Macrophages although not terminally differentiated, do not 

rapidly divide in culture and as such some of the best culture methods involve the 

differentiation from either bone-marrow or blood-derived monocytes (47,102). The 

relatively large circulating blood volume in bovids, allow for isolation of substantial 

volumes of blood without detriment to the animal. Isolation of mononuclear cells From 

the blood of a wide number of bovine subjects, provided a consistent population of 

monocytes (26.45 % ?r 0.95 SE). This repeatability was important for maintaining 

consistency in the number of cells initially seeded in culture. Several parameters were 
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evaluated to ensure that the monocyte-derived macrophages cultured in vim, exhibited a 

typical macrophage morphology. The results from macrophage characterization suggest 

that seven days of culture in vitro is an adequate period for the differentiation of 

monocytes into macrophages. Measurements of cell width, non-specific esterase 

staining, and the percentage of cells that had shown an increase in size, had all peaked 

during the seven-day incubation period (Figure 5, 6, and 7). In addition the presence of 

CD 68, a macrophage cell marker, in high amounts at day seven, further supported the in 

vitro culture system that was utilized (Figure 8,9). 

This is in agreement with other reported methodologies for culturing monocyte- 

derived macrophages. Studies on the role of monocyte development has shown that 

human serum induces monocytes to take on more characteristics of macrophages in 

culture (47.5 1,52). In addition, they noted that an increase in macrophage-like functions 

included a change in non-speci fic esterase staining characteristics, as cells differentiated 

over seven days (52,104). Similar methods which employ a seven day incubation period 

have noted the appearance of a typical macrophage phenotype, in the presence of serum, 

within several days of culture. This was followed by an up-regulation of several surface 

receptors which included the glycoprotein CD 68 ( 5  1,53). 

B. Macrophage Cell Movement 

1. Macrophage Response to IMLP 

With the introduction of an assay system that has undergone some modifications, 

it is important that the assay is functional within the parameters being evaluated, to have 

confidence in the validity of the data Extraction of macrophages that have been adherent 
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in culture conditions, provided some challenges, and as a result the manipulations 

reduced the viability standard for experimentation to >80%. Conducting the experiment 

in these conditions still generated data that were reliable and powerful enough to assess 

significance. The tripeptide WLP was chemotactic for bovine macrophages in the lo-' to 

lo-' M range (Figure 10). This response was shown to be chemotactic upon evaluation of 

the chemokinetic data (Table 3). Results in the literature on phagocyte chemotaxis 

towards MLP, in similar assay conditions, have shown that the chemotactic range within 

our model, closely represents other published values. Most reports show tMLP eliciting 

a chemotactic effect by either monocytes or macrophages in a concentration-dependent 

manner. Peak chemotaxis towards tMLP occurs in the range of lo4 to M 

(56.1 09.134). Some experiments do not conduct concentration curves. instead individual 

concentrations are used which fall within the range mentioned above ( 109,111.1 1 3). 

Knowing that our chemotactic curve for fMLP fits within the expected effective 

concentrations previously published, it can be said that the model used in this study is 

relatively sound. 

2. Macrophage Response to P. Ievii 

One of the primary responses required for the initiation of inflammation is the 

recognition that foreign antigens or damaged tissues are present. In vivo, tissue 

macrophages remain mobile with the capacity to migrate throughout extravascular 

connective tissue, while conducting their scavenger role (1 6). Migration towards the 

infected site is an important initiating aspect for the onset of inflammation or additional 

cellular recruitment. The results of this study suggest that P. Ievii does not stimulate a 
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chemotactic response (increased migration) towards bovine macrop hages in v i m  (Figure 

11). With increasing bacteria to macrophage ratios, it was observed that migration by 

rnacrophages exposed to higher levels of bacteria, was even less than background 

migration rates (Figure 11). These results may indicate that P. ievii is releasing a 

mediator that could be inhibiting even random migration by macrophages, although no 

attempts were made to isolate this mediator within this study. Previous reports studying 

inhibited chemotaxis by anaerobes, have led to the isolation of short chain fatty acids 

(SCFA), which are metabolic by-products released by anaerobic bacteria when cultured. 

Experiments using these SCFA have proven that they are potent chemotactic inhibiton of 

neutrophils and macrophages in vitro (27,30,41). Some of the most potent SCFA have 

been succinic and butyric acid, which are known by-products in other Pcrphyi-omonas 

species (30). It may be beneficial to evaluate the presence and concentration of these 

metabolic by-products in the medium used for the chemotactic experiments, to determine 

if they play a role in reduced chemotaxis of macrophages. Typically, the concentrations 

that must be achieved to generate an inhibition are relatively high (> 20 mM), and usually 

wouid not be present in an early diseased state (27). However, several anaerobic human 

pathogens have shown levels of SCFA in excess of 30 m M  at the site of infection (27,41). 

Therefore SCFA may provide an explanation for the observed decrease in migration 

below control levels in high P. kvii concentrations, but may not have an observed 

influence in lower doses of P. levii. Consequently, other factors in addition to SCFA, 

may be produced by P. levii that could explain the absence of chernotaxis by 

macrophages in vitro. 
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If a similar phenomenon existed in vivo, P. levii would be able to evade early 

contact with the tissue macrophage, and proliferate within the interdigital tissues, 

establishing an infection. This may also account for the observed delay in clinical 

symptoms following experimental injection of footrot pathogens (1,tS). Any such delay 

in detection by macrophages may be sufficient to allow for local proliferation of the 

bacteria. At higher rates of colonization, macrophages and even infiltrating phagocytes 

could be ovenvhelmed, leading to the overt inflammation and tissue damage observed 

clinically. 

C. Macrophage Pbagocytosb 

In vitro studies on macrophage phagocytosis of P. levii show, that the 10:l 

bacteria to macrophage ratio exhibits low levels of phagocytosis (approximately 10%) 

(Figure 13). Even when the incubation time was extended to 60 min. and the ratio of 

bacteria was increased ten-fold (100:l bacteria to macrophage), the phagocytic ability of 

bovine macrophages was not markedly enhanced (Figure 13). Phagocytosis levels 

increased when higher numbers of P. levii (1000:l) were evaluated (Figure 13). These 

results show that P. levii induces a poor phagocytic response by macrophages. It may be 

that effective phagocytosis is not employed until P. levii numben are extremely high. 

The possession of a capsule by P. ievii may inhibit or reduce phagocytosis by 

macrophages. Studies have shown that capsules prevent adequate phagocytosis by 

inhibiting opsonization, in a wide variety of bacteria (29,30,32,39). Suppression of 

phagocytosis by bovine macrophages towards P. levii would allow for colonization in the 

early stages of a footrot infection. 
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The role of acquind immunity was examined to detemhe the potential 

modifying effkcts of antibody on mmphage phagocytosis (Figure 14). These data 

suggest that specific anti-P. levii immunoglobulin, either as serum or amnity purified 

IgG, greatly contribute to the ability of macrophages to phagocytose P. levii (Figure 14). 

Due to the lack of complement in the serum, we were unable to determine the beneficial 

effects that the interaction of complement components and Ig would have on P. levii 

phagocytosis. Past work has shown that many complement components may not directly 

cause phagocytosis but rather fimction to M e t  intensify the beneficial effects of 

immunoglobulins (59). 

Comparison of the results show, that similar trends were observed when P. levii 

was exposed to bovine neutrophils, and evaluated for phagocytic abilities in vitro (19,43). 

This fixher substantiates the beneficial effects that acquired humoral immunity to P. ievii 

may provide in clearance of the infection through enhanced phagocytosis. P. ievii 

however, may modify the effects of antibody-mediated phagocytosis, by producing a 

protease that specifically destroys IgG2 (43). In bovine neutrophils and monocytes, IgG2 

is crucial as an opsonizing antibody (1 35). The cleavage of immunoglobulin is a well 

documented trait in members of the Porphyromonas genus, and these proteases are 

known to be significant virulence factors in infection (29.30). Cleavage of anti-P. levii 

antibodies or of antibodies reactive to other bacteria involved in this pol yrnicrobial 

infection, in vivo, could thwart any local benefit of acquind immunity on phagocytosis in 

a footrot infection. As demonstrated, the interaction of phagocytic cells, immune factors, 

and bacteria display a complex situation which is important to consider in viw. 
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D. Oxidative Metrrbolhm 

Although the macrophage employs multiple mechanisms to exert it bactericidal 

functions, one of the main indicators of deployment for reactive oxygen intermediates 

(ROI), is the assay for oxidative metabolism. Macrophages, upon detection of bacterial 

stimuli, uptake large amounts of Oz to create ROI for bacterial killing (127). In our assay 

system, the production of ROI by macrophages occurred when presented with high 

concentrations of both P. levii and F. necrophorum (Figure 17). In conjunction with 

these data, oxidative metabolic responses did not differ significantly from background 

levels, in test groups with bacteria to macrophage ratios lower than 1,000: 1 (Figure 17). 

This lack of response in low doses of bacteria, further supports the potential of reduced 

detection and elimination by bovine macrophages, in vitro. In a clinical setting, footrot 

may go undetected until lameness and noticeable swelling are present or until bacterial 

numbers are overwhelmingly high (1). This could be a substantial time period following 

initial infection. In addition, the onset of lameness once present appears rapidly (2,5). 

Past research has shown that subcutaneous injection of footrot pathogens led to delayed 

presentation of lesions by approximately five days (1). Within the host, delayed 

detection may possibly be occurring, until the bacteria colonize further and initiate an 

overt response. This reduced killing through oxidative means by resident macrophages 

may be a crucial feature of the pathogenesis of the infection in clinical situations. 

It has been proposed that Porphyromonas species, like P. gingivalis, protect 

themselves h m  oxidative damage through the accumulation of hemin at their surface 

(30). Although hernin is a nutrient requirement, the presence of hemin at the d a c e  may 

serve as a protective mechanism, by promoting the formation of p-0x0 dimers when it 
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comes in contact with reactive oxygen species (30). A similar effect may be occurring in 

P. levii, a bacterium that also has specific hemin requirements. If scavenging of Oz and 

ROI are occurring, then this may account for the observed reduction in oxidative burst 

when manophages were exposed to low concentrations of P. levii. 

Within the macrophage system the significance of oxidative mechanisms has been 

downplayed in some instances (64). Regardless, studies have shown that ROI are 

produced in bovine macrophages in response to stimuli, indicating that the capacity for 

enhanced production is still present (66,67). What may be beneficial to evaluate, is the 

killing ability of these intermediates on the bacteria themselves. Killing measurements 

would provide a better indication of whether P. levii was resistant to oxidative damage 

and perhaps even other bactericidal mechanisms. Macrophages may be employing non- 

oxidative killing mechanisms to destroy P. levii, which could provide an area of study not 

conducted within the context of this research. In order to ascertain a complete picture of 

the macrophage bactericidal capabilities within the context of bovine footrot, both 

oxidative and non-oxidative mechanisms could be evaluated. 

E. Cellular Recruitment 

The ability of macrophages to initiate cellular recruitment was evaluated by 

measuring the mRNA expression levels of the pro-inflammatory cytokines El g and 

TNFa, as well as the chemotactic cytokine IL8. Upon exposure to either 2 x lo6 CFW/ml 

of P. laii or 5 pg/ml of E. coli LPS, bovine macrophages exhibited detectable levels of 

mRNA expression for all three cytokhes evaluated, as early as 1 hour aAer exposure 

(Figure 19.20, and 21). Over the 24 hour exposun period, ILlP, TNFa, and IL8 were 
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elevated above their respective negative control p u p  (IDMEM), in both the LPS and P. 

levii exposed samples (Figure 19, 20, and 21). This indicates that P. levii was clearly 

detected by exposed bovine macrophages and bacterial presence initiated a response 

similar to the response instigated by E. coli LPS. Elevated levels of mRNA could allow 

for the production of pro-inflammatory cytokines, and ultimately the recruitment and/or 

activation of macrophages and infiltrating neutrophils. 

1. Interleukin l p  

A visual comparison of the mRNA intensity levels among the three cytokines 

shows that ILlP overall, exhibited lower mRNA expression in the P. Ievii and LPS test 

groups, when compared to TNFa and IL8 (Figure 19.20. and 21). This may indicate that 

ILlP may not have been produced in levels as high as RJFa or IL8 were under these 

conditions. Peak IL 1 P expression levels appear to be at 1.5 hours for P. levii and LPS 

treated macrophages, except in LPS exposed macrophages mRNA levels increased again 

at 8 hours (Figure 19, 22). For the P. levii exposed rnacrophages, mRNA expression 

appears to decline over 24 hrs, but LPS induced ILlp mRNA expression levels do not 

decline (Figure 19, 22). It may be possible that over the extended incubation period, 

some phagocytosis of P. levii is occurring. This would initially stimulate ILl p 

production in the cells, but would result in a decline over time as less P. levii are 

available to stimulate the mmphages. In addition, P. levii has a low swival rate in 

macrophage culture conditions approximately 6 hours, which could contribute to 

reducing the e f f i  on the macrophage, although bacterial surface factors, such as LPS, 

would still be present to stimulate these cells. Other experiments using P. gingivalis, or 
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components of P. gingivalis such as hbriae or LPS, have shown that ILlP can be 

produced from monocytes and macrophages, which is in agreement with our findings 

(30,136). There may be a secondary signaling effect occurring with the LPS to account 

for the increase in ILlP mRNA expression levels at 8 hours. Initially, ILl may be 

produced from the macrophage, and act in an autocrine way to trigger the expression of 

even more Lip mRNA by the macrophage (77). This is known to occur in other 

systems. Studies have shown that using ILlP as a stimulant of its own gene expression, 

can sustain levels of IL 1 P mRNA for more than 24 hours (77,78). 

One explanation for why the [LIP mRNA expression in both the P. levzi and LPS 

exposed macrophages, did not increase as much as TNFa and L8 is that macrophages do 

not produce the same high levels of ILlP mRNA as monocytes under similar conditions 

(137). Reports have shown that monocytes are more potent releasers of ILlP then 

macrophages, and release may be largely dependent on the quantity of mRNA transcribed 

(137). Following time course evaluation, early time points (4 horn or less) showed that 

Lip mRNA is lower in macrophages than monocytic counterparts, but over time 

macrophage ILl f3 mRNA can accumulate and surpass monocyte transcript levels by 24 

hours (137). Our results did not exhibit a noticeable increase in the level of mRNA 

expression over time. But the observation that macrophages do not produce as much 

ILlP as monocytes may explain why mRNA expression of this cytokine appears to be 

qualitatively lower than the expression of TNFa and IL8. Another reported feature of 

macrophages in culture that was not seen in our study was the observation that adherence 

of cells to glass or plastic results in the expression of ILlP mRNA (138). This was not 
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obsmed in our studies, as non-exposed control macrophages exhibited extremely low 

levels of El P mRNA production during the tested exposure period. 

2. Turnour Necrosis Factor* 

TNFa mRNA expression in both P. fevii and LPS exposed macrophages was 

elevated with respect to control in all time points tested (Figure 20 and Figure 23). The 

observed data did not clearly illustrate any obvious differences in expression over time. 

Although in both P. levii and LPS exposed macrophages, the level of TNFa mRNA 

expression seemed to be decreasing by 24 hours (Figure 20,23). TNFa is one of earliest 

cytokines produced by activated macrophages and it is very influential in the clinical 

signs observed during inflammation (84). Although TNFa is produced by numerous 

other cell types, it is primarily produced by macrophages and monocytes, and particularly 

following LPS-activation (46,83-85,139). Therefore our observations that bovine 

macrophages show increased levels of TNFa mRNA expression in response to LPS and 

P. fevii (a bacterium that produces LPS), corroborates previously observed results 

(1 8,84,85,139). Our results compare to similar experiments in which other 

Porphyromonus species were used to study the effects of LPS on monocyte or 

macrophage TNFa production (90-92). In addition Porphyromonas gingivalis fimbial 

components have been shown to elicit a TNFa response in macrophages (30). One study 

which evaluated the effects of LPS h m  different P. gingivalis strains, attempted to 

elucidate the mixed nports on the virulence of the LPS from this bacteria (92). This 

study showed that some strains of P. gingivalis are potent inducers of TNFa in 
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macrophages, while other strains diflked in ability to elicit TNFa release (92). Our 

clinical P. levii strain may be considered more virulent due to its ability to stimulate 

TNFa &A expression when exposed to bovine macmphages. It could be of interest in 

the future to evaluate different P. levii strains for TNFa activity to see if variability exists 

in their virulence. Differing levels of \irulence in strains of bacteria, may account for the 

varying degrees of severity and in some cases rrcovery when treatment of bovine footrot 

is delayed. 

When examining the expression of TNFa mRNA over time, it was observed that 

over the 24 hour time course, levels remained well above control at all time points in both 

the P. Ievii and LPS exposed samples. A similar time course experiment in bovine 

macrophages exposed to Pusfuerella haemolyrica LPS, showed that TNFa mRNA 

expression occurred within 1 hour after exposure. Levels remained high in the first four 

hours, followed by a decrease over the remaining 20 hours (76). Although our results are 

not identical, similar observations were seen in our bovine macrophages (Figure 20, and 

23). 

3. Interleukin 8 

As seen with the a l p  and M a ,  IL8 had high levels of mRNA expression in 

both the P. levii and LPS exposed macrophage samples over the 24 hour time period 

(Figure 21, and 24). It is interesting to note that control levels were higher in this 

cytokine than control values for TNFa and ILIP. Expression in controls may be due to 

the production of low levels of ILlP and TNFa that may have occurred as a result of the 

addition of culture medium. These cytokines, ILlP and TNFa have the capacity to 
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stimulate manophages themselves to elicit more cytokine production, specifically IL8 

which may explain the comparatively elevated levels of IL8 mRNA expression seen in 

the control macmphages (Figure 21) (73,74,8 1,89,140). 

It is evident from our data that P. levii and LPS can activate bovine macrophages 

to stimulate the production of IL8 mRNA directly. This is in accordance with previous 

theory that macrophages induced by LPS can stimulate the production of TL.8 (45.78.89). 

IL8 is a potent neutrophil chemoattractant and the upregulation of this cytokine may lead 

to the infiltration and subsequent activation of neutrophils in the bovine foot 

(45,73,74,81,140). To date, no one has demonstrated IL8 mRNA expression in 

macrophages within the context of bovine footrot. If IL8 mRNA expression is occurring 

in bovine macrophages, IL8 levels may be present in the affected tissues and this 

stimulus would be strong enough to elicit the filtration of neutrophils. It may be of 

interest in the fitwe, to attempt detection of IL8 protein levels in footrot tissues, if an 

adequate probe can be acquired or constructed. 

F. Summary 

It is evident that the interaction between bovine macrophages and P. Ievii in 

bovine footrot is a complex matter. Macrophages in vitro display reduced migration, 

phagocytosis, and oxidative killing of these bacteria At high concentrations of P. levii 

(1,000: 1 bacteria per macrophage), macmphages appear to increase their phagocytic and 

oxidative activities. Delayed responses of the macrophage could establish ideal 

conditions for P. levii and other bacteria to colonize tissues and result in infection. In 

fact, bacterial numbers may have to reach critical threshold values for substantial 
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responses to occur and the pathogenic features in this infection. may occur long before 

the cardinal signs of inflammation appear as the clinical signs of footrot. 

Acquired humoral immunity to P. ievii was shown to increase phagocytosis of P. 

levii by bovine macrophages, and may be of benefit to the clearance of a footrot infection 

through enhanced phagocytosis. However, the possession of an IgG2 protease by P. levii, 

may serve to prevent any benefit gained. Therefore, it may be crucial to consider the 

need for humoral immunity and the inhibition of immunoglobulin protease activity in 

order to markedly affect the outcome of this infection. 

The mRNA expression of the pro-inflammatory cytokines TNF-a, IL1, and the 

chemotatic cytokine L8 by bovine macrophages, in response to P. levii. may be 

important initiating events, for the induction of inflammation. Neutrophils are one of the 

key histopathological features in the affected bovine tissues (14). The expression of 

cytokines, such as [LIP ,  M a ,  and IL8, can have a significant effect on the 

establishment of inflammation, through the activation of endotheliurn, and the infiltration 

of neutrophils and plasma fluids. If initial detection by macrophages via chemotaxis, 

phagocytosis and oxidative killing is weak (as seen in vitro), then by the time a response 

does occur, the infection may be well established. A typical mild acute inflammation 

may not be adequate to negate the effects of the bacteria and clear the infection. 



J ,I JSIONS 

1 )  Porphyrornonas levii was not chemotactic for bovine macrophages in vitro, and may 

even be inhibitory in high concentrations. 

2) Bovine macrophages do not have a strong propensity to phagocytosis P. levii in vitro. 

3) The presence of opsonins specific for P. levii, such as high titre anti-P. levii serum 

and affinity purified anti-P. levii IgG, significantly enhanced phagocytosis of P. levii 

by bovine macrophages in vitro. 

4) At low bacteria to macrophage ratios (10: 1 ,  100: 1 )  P. levii does not induce an 

oxidative metabolic response in bovine macrophages in vitro, but in a higher ratio of 

1,000: 1 there was a significant metabolic response. 

5 )  P. levii induces bovine macrophages to increase mRNA expression of the pro- 

inflammatory cytokines U 1 p and m a ,  as well as the chemotactic cytokine IL8. 
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