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Abstract. 

Bovine Digital Dermatitis (BDD) is the most prevalent infectious disorder of the 

bovine claw and frequently leads to severe lameness in affected animals. Infection 

is characterised by the development of an acutely painful circumscribed ulcerative 

or hyperkeratotic lesion within, or adjacent to, the interdigital cleft. Consequently, 

BDD is a major welfare concern and has a considerable negative impact on milk 

yield and reproductive performance, leading to economic losses in the beef and 

dairy industries worldwide.  A substantial body of evidence supports a spirochaetal 

aetiology involving three treponemal taxa (Treponema medium phylogroup, T. 

phagedenis phylogroup and T. pedis). Although BDD lesions are superficially 

responsive to topical antibiotics, recurrence of disease in treated animals is 

frequently reported, and a BDD vaccine is urgently sought.  

Using a bioinformatics-centred approach, we carried out an analysis of the three 

treponemal genomes, in silico, to identify cross-phylogroup homologous putative β-

barrel proteins of the treponemal outer membrane (Outer Membrane Proteins; 

OMPs). This phase of this project yielded 45 putative vaccine candidates predicted 

to meet these criteria, 32 of which were successfully cloned and overexpressed into 

inclusion bodies (IBs) in Escherichia coli using recombinant DNA technology. IBs 

were extracted and solubilised, and these recombinant proteins were then refolded 

and purified. Stability, solubility, heat modifiability and demonstration by far UV 

circular dichroism of a predominantly β-sheet secondary structure composition 

were considered to be indicative of successful protein refolding. Serological analysis 

revealed that one of the T. medium-phylogroup putative OMPs (and its T.pedis 

homolog) was a pathogen-specific and capable of eliciting a discriminatory 

serological response between BDD-naïve and BDD-positive cattle populations, whist 

an IgG response to two additional putative OMPs was not detected in cattle 

naturally infected with BDD. An IgG response to the remaining proteins was 

identified in both BDD-naïve and BDD-positive cattle populations, indicative of IgG 

antibody cross-reactivity to ubiquitous antigens.  

The functional role of these putative OMPs in bacterial adhesion to the host 

extracellular matrix (ECM) was evaluated. A propensity for fibrinogen binding was 

identified amongst this panel of recombinant proteins. Where calculated, KD values 

for this interaction ranged from 0.05 to 0.4 μM. Moreover, many of these proteins 

were additionally capable of binding to other components of the ECM, and one 

protein was demonstrated to be capable of fibrinogenolytic (α-chain) protease 

activity. Together, these data reveal a potentially important role for these 

molecules in treponemal host colonisation and dissemination within the tissues of 

the bovine foot. Finally, to evaluate the immunogenic properties of a panel of these 

proteins, 12 recombinant proteins, adjuvanted with aluminium hydroxide, were 

selected for inoculation into bull calves. Serological analysis revealed that the 

selected proteins were capable of eliciting IgG1 and/or IgG2 antibody responses of 

variable magnitude, justifying their further evaluation in BDD vaccine efficacy trials.   
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Chapter 1. General Introduction 

1.1. Digital dermatitis in cattle 

Lameness, defined as an observable impairment of locomotion (Maxwell et al. 

2015), is the most significant factor affecting the health of domesticated cattle in 

the UK (Archer et al. 2010) and is associated with pain and distress in affected 

animals (Whay et al. 1998). In addition to compromised welfare, lameness has been 

shown to impede milk yield, both before and after treatment (Warnick et al. 2001; 

Bicalho et al.  2008; Ouared et al. 2015) and undermine reproductive capacity 

(Huxley 2013) giving rise to substantial economic losses. Bovine Digital Dermatitis 

(BDD), a transmissible bacterial disease of the feet in cattle, is a leading cause of 

lameness in both dairy and beef cattle globally, and it is characterised by a focal 

circumscribed ulcerative lesion, localised to the lower limbs, and predominantly 

affecting the hind feet.  Prevalence of BDD continues to increase globally and, in the 

UK, is now the most important dermatological disorder associated with bovine 

lameness.  

1.1.2. Clinical aspects of digital dermatitis in cattle.  

BDD was first reported in Italy as an ulcerative lesion of the posterior skin, proximal 

to the interdigital cleft (Cheli and Mortellaro 1974) and involving an erosive 

epidermitis adjacent to the coronary band. Typically, (in ~80-90% of cases) lesions 

are restricted to one or both hind feet (Murray et al. 2002), and the majority of 

lesions (>80%) are reported to occur on the proximal border of the interdigital 

space (Read and Walker 1998). Histologically, a superficial necrosis and 

hyperkeratosis is evident, and micro-abscesses form within the acanthotic 

epidermis of the lesion.  Expectedly, an inflammatory infiltrate consisting of 

monocytes, macrophages, neutrophils, eosinophils and lymphocytes is detectable 

within the lesion (Dopfer et al. 1997). Severely affected animals display signs of 

non-weight bearing lameness, with affected limbs held in partial flexion, indicative 

of intense pain within the plantar aspect of the foot. In less severely affected feet, 

weight bearing is shifted to the toes, frequently resulting in an abnormal hoof 

conformation and, in unresolved cases, significant heel bulb atrophy (Gomez et al. 
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2015). Lesions vary in size (typically 30-60mm), are moist, bleed readily (Read and 

Walker 1998) and are ‘intensely sensitive’ to palpation (Manske et al. 2002). 

Significantly, lesions persist for long intervals and may not heal spontaneously, 

progressing instead to a severe chronic state (Berry 2001). In addition, the 

conformational changes in the hoof that occur during bone remodelling increase 

later susceptibility to other claw disorders (Gomez et al. 2015). In affected animals, 

an impaired intake of dry matter has been demonstrated (Rebhun et al. 1980, Read 

and Walker 1998). Thus, a marked reduction in body weight is a commonly 

observed secondary symptom of BDD, and a decrease in both milk yield and 

reproductive performance (in particular, extension of the calving-conception 

interval) are recognised features of disease (de Jesús Argáez-Rodríguez et al. 1997), 

the economic impact of which is considerable (see section 1.1.5.). 

1.1.3. Epidemiological aspects of bovine digital dermatitis 

In the forty years since the first case report, BDD has spread globally, and is 

considered to be endemic in several European countries, including the United 

Kingdom (Blowey and Sharp 1988), Germany (Koenig et al. 2005), France (Relun et 

al. 2013), The Netherlands (Holzhauer et al. 2006) and Sweden (Rosander et al. 

2011). BDD is additionally considered endemic in the US (Wells et al. 1999) and 

Japan (Yano et al. 2009), and cases has been reported in Brazil (Cruz et al. 2001), 

New Zealand (Yang et al. 2017), Egypt (el-Ghoul and Shaheed 2001), Israel 

(Yeruham and Perl 1998) and South Africa (van Amstel et al. 1995). Moreover, BDD 

has an alarming capacity to spread both within and between herds at a rapid rate 

and across substantial geographical areas. For example, in 1991, 31% of 350 

Californian herds inspected were found to be infected, rising to 89% of herds by 

1993 (Read and Walker 1998). In North America, between 75-90% of dairy herds are 

now affected by BDD (Cramer et al. 2008, Solano et al. 2016) and a similar 

prevalence level  has been reported in the UK (Barker et al. 2010). Thus, BDD should 

be considered a disease of global significance with a high probability of emergence 

and dissemination in all countries supporting domesticated cattle populations.  
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1.1.4. Risk factors for the development of bovine digital dermatitis in 
cattle 

1.1.4.1. Herd level risk factors.  

BDD infection levels vary considerably between herds, and several modifiable risk 

factors have been proposed to explain these discrepancies. Indeed, a number of 

herd management factors, including lack of access to pasture/restricted grazing 

time (Read and Walker 1998, Somers et al. 2005), the introduction of dry cows into 

the lactating herd before calving (Somers et al. 2005), and failure to wash hoof-

trimming equipment between animals (Wells et al. 1999; Sullivan et al. 2014) have 

been associated with higher risk of BDD infection in a herd. Other biosecurity 

factors of importance have been identified in a recent large study involving 8269 

animals from 39 free-stall dairy herds, including recent animal purchase, a lack of 

boots available for farm visitors, farm staff working between farms and animal 

transport vehicles having access to cattle areas (Oliveira et al. 2017) . Thus, there 

appears to be a high probability of transmission between animals on inanimate 

objects, such as footwear. Without stringent biosecurity measures, including the 

maintenance of closed farms, the likelihood of BDD contraction is extremely high. 

An increased risk of disease in animals housed in less hygienic conditions has also 

been reported. For example, housing animals on solid textured, rather than grooved 

floors was associated with a reduction in risk of disease (Wells et al. 1999) and 

animals housed in a system that employed automatic manure scrappers on slatted 

floors were less likely to be affected by BDD than animals housed on slatted floors 

without scrappers (Somers et al. 2005) or when scrapping occurred less than eight 

times a day (Oliveira et al. 2017). Moreover, at the herd level, animals with poorer 

leg cleanliness were found to be at greater risk of BDD (Relun et al. 2013; Oliveira et 

al. 2017). Finally, smaller cubicle size has also been associated with increased risk 

(Somers et al. 2005), which, it has been proposed, may prolong standing time in 

slurry and subsequent cutaneous exposure to the aetiological agent and/or 

exposure to conditions conducive to infection (Palmer and O’Connell 2015). In 

addition, seasonal variation in risk has been reported, with one study reporting 

higher incidence of BDD occurring 1-3 months after the end of the rainy season, 

when exposure of the lower limbs to manure-rich slurry would have been almost 
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continuous (Read and Walker 1998).  Moreover, dry cows have been shown to be at 

reduced risk of BDD. Since non-lactating animals are fed a diet containing a greater 

proportion of roughage, they excrete more solid faeces, reducing exposure to liquid 

slurry (Somers et al. 2005). Whether the slurry acts as an infection reservoir, or 

merely provides the suitable moist conditions presumed to be required for the 

establishment of infection, remains unknown.  

Additional risk factors have also been reported. Firstly, breed has been 

demonstrated to influence risk. Holstein-Friesian cows have been found to be at 

increased risk compared to a number of other breeds, including the Meuse Rhine 

Ijssel (Holzhauer et al. 2006), German Red-Pied (Rodriguez-Lainz et al. 1998) and 

Normande breeds (Relun et al. 2013), and compared to pure Holstein-Friesian 

herds, prevalence of BDD is reduced in herds that were comprised totally or 

partially of other breeds (Barker et al. 2010). The reasons for an apparent breed 

predisposition are unclear, although a variation in susceptibility driven by biological 

factors, such as hoof morphology or resistance to infection, and differences in 

breed-associated management should be considered.  First parity cows have been 

constantly identified as being at the highest risk of BDD (Frankena et al. 1993, 

Rodriguez-Lainz et al. 1998, Somers et al. 2005), thought to be driven by substantial 

changes in metabolism, nutrition and environment at the time of calving (Somers et 

al. 2005), as well as an immunological suppression associated with calving (Detilleux 

et al. 1994). 

1.1.4.2. Individual-level risk factors.  

There exists considerable heterogeneity in the susceptibility of an individual animal 

to BDD within the same herd; some animals are constantly infected whereas other 

animals of the same breed and parity demonstrate little to no susceptibility to 

disease (Capion et al. 2012). Not unsurprisingly, the presence of other claw 

disorders, specifically heel horn erosion, interdigital hyperplasia and interdigital 

phlegmon, was found to predispose to BDD infection (Holzhauer et al. 2006), 

presumably because of the associated chronic irritation of the skin, degradation of 

the cutaneous barrier and/or localised perturbation of the immune system. 

However, other individual risk factors have been reported, including hoof 
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conformation, and in particular, lower heel height, which may increase contact 

between the skin of the heel and the slurry-contaminated floor (Laven 2007). In 

addition, behavioural traits have also been associated with an increased risk of BDD 

susceptibility, such as standing and walking in the passageway and crosswalks of a 

parlour, and standing half in the cubicle, which, it is suggested, would increase heel 

contact with slurry and potential interactions with infected cows (Palmer & 

O’Connell, 2012).  

1.1.5. The economic impact of bovine digital dermatitis  

The economic cost of BDD is considerable, although establishing precisely the 

economic losses attributable solely to the disease has been difficult, particularly 

since comorbidity associated with other infectious claw diseases is common. 

However given its high prevalence and incidence, BDD is the most economically 

costly of all bovine foot disorders (Bruijnis et al. 2010). There is an abundance of 

evidence to indicate that milk yield is significantly reduced in lame animals: in 

England, milk losses per lame cow have been reported to be up to 2kg/day for up to 

4 months before diagnosis and up to 5 months following treatment (Green et al. 

2002) and in the USA, a reduction of 1.5kg/day was identified two weeks after 

diagnosis of all-cause lameness (Rajala-Schultz et al. 1999; Warnick et al. 2001). 

However, the impact of BDD in particular on milk yield is less pronounced. Indeed, 

several studies have identified only a non-significant reduction in milk yield in BDD-

infected cows (de Jesús Argáez-Rodríguez et al. 1997, Hernandez et al. 2002, Amory 

et al. 2003), suggesting that BDD is likely to be associated with a lesser degree of 

metabolic dysfunction, compared to that associated with non-infectious lameness. 

However, a more recent survey of 47 endemically-infected French dairy farms 

reported a statistically significant reduction in test-day milk yield in all cows 

affected by BDD, and up to 0.75 kg/day in multiparious cows with severe lesions 

(Relun et al. 2013).  Since BDD has been demonstrated to lead to a reduction in 

movement and body condition, which is likely to impact milk yield (de Jesús Argáez-

Rodríguez et al. 1997), milk yield losses should be considered when evaluating the 

economic impact of BDD. An economic welfare analysis of the impact of BDD on the 

US economy reported a fall in milk production of 570±370 million kg, a subsequent 
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rise in the market price of milk by 1.1±8 cents/kg in 1996, and a net loss to the US 

economy of $190 million per annum (Losinger, 2006). Moreover, premature culling, 

death, a prolonged calving interval and increased veterinary treatment costs are 

recognised economic losses in lame cattle populations (Enting et al. 1997; 

Hernandez et al. 2001). Consequently, estimates of total cost that take into account 

all losses arising from BDD infection are scarce and have been difficult to establish.  

Most recently, the cost-per-case of BDD in the UK is estimated to be £99 (Great 

Britain Cattle & Welfare Group, 2014). Assuming a cost-per-case of $133 in the US, 

as reported by Cha et al. (2010), the combined total annual economic loss estimate 

from BDD in both the EU and the US exceeds $1.1 billion (Zinicola et al. 2015).   

1.1.6 The aetiology of bovine digital dermatitis 

The precise aetiopathogenesis of BDD remains to be fully defined and despite more 

than 40 years of research, the identification of the etiological agent by fulfilment of 

Koch’s postulates has yet to be conclusively achieved (Plummer and Krull 2017). 

Early studies revealed no evidence of a viral infection (Rebhun et al. 1980) and 

shotgun metagenomics failed to identify viral or fungal DNA in BDD biopsy 

specimens (Krull et al. 2014). The responsiveness of BDD to parenteral and topical 

antibiotic therapy and its infectious nature were established in the 1980s (Blowey 

and Sharp 1988), and supported a bacterial pathogenesis. Nevertheless, given the 

superficial nature and location of the lesion, identification of the precise etiologic 

agent(s) was confounded by the presence of a large number of contaminating 

organisms, and despite spirochetes being found consistently in diseased feet, a 

plethora of other bacterial species, including, amongst others, Bacteroides spp., 

(Koniarová et al. 1993; Yano et al. 2010), Porphyromonas spp.(Collighan and 

Woodward 1997, Santos et al. 2012) and Dichelobacter nodosus (Rasmussen et al. 

2012, Knappe-Poindecker et al. 2014) have been reported to occur in lesions. 

Defining any one species as causal, even today, remains difficult. Initial examination 

of the lesions revealed a predominance of highly invasive, spirochete-like 

filamentous organisms (Blowey and Sharp 1988). This finding was later confirmed 

by Hematoxylin and Eosin staining, Warthin–Starry silver staining (Blowey et al. 

1994), immunohistochemistry, electron microscopy (Evans et al. 2009) and 
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fluorescence in situ hybridization (FISH) (Rasmussen et al. 2012). The genus of these 

spirochetes was first characterised during examination of these organisms from US 

cattle BDD lesions, which displayed an enzymatic activity profile most closely 

resembling that of Treponema (Walker et al. 1995).  

Later, FISH examination of BDD lesions revealed an epidermal infiltrate in which 

Treponema spp. constituted over 90% of the total bacterial population in 24 out of 

27 specimens (Nielsen et al. 2016). The characterisation of bacterial isolates from 

BDD lesions of cattle in the UK using 16S rRNA and flaB2 gene analysis revealed a 

clustering around this genus into three phylogenetic groups: group 1 (T. 

medium/Treponema vincentii-like), group 2 (T. phagedenis-like) and group 3 (T. 

denticola/T. putidum-like) (Evans et al. 2008), the latter, following taxonomic 

appraisal, being later classified as a new species, T. pedis (Evans et al. 2009). More 

recently, multilocus sequence typing (MLST) of the two phylogroups revealed the 

need for re-designation to T. medium phylogroup and T. phagedenis phylogroup 

(Clegg et al. 2016). Studies have demonstrated that the T. medium phylogroup, the 

T. phagedenis phylogroup and T. pedis were detectable in 96.1%, 98% and 75.5% of 

BDD lesion biopsies, respectively, and were present together in 74.5% of lesions 

(Rasmussen et al. 2012). Indeed, the T. medium phylogroup, the T. phagedenis 

phylogroup and T. pedis have been reported in the vast majority of published 

literature as being clinically relevant to BDD. For the purposes of clarity, the T. 

medium phylogroup, the T. phagedenis phylogroup and T. pedis will be collectively 

referred to as the BDD treponemes in this thesis. As an indicator of the globally 

significant distribution of these organisms, the BDD treponeme isolates were nearly 

identical to the three phylogroups isolated from US BDD lesions (Stamm et al. 2002) 

and three of the five phylogroups characterised from German BDD lesions (Choi et 

al. 1997).  

Whether the BDD treponemes instigate disease or cause a secondary or 

concomitant infection alongside a hitherto uncharacterised bacterial pathogen has 

been difficult to determine. It is highly likely, given their invariable association with 

BDD lesions, that these treponemes play a significant role in the aetiopathogenesis 

of this disease. Substantial evidence for BDD treponeme virulence in a 
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dermatological context comes from a murine abscess model in which subcutaneous 

inoculation with T. phagedenis phylogroup strains induced lesion formation (Elliott 

et al. 2007). The role of BDD treponemes has been further evaluated in an 

experimental infection model developed in four 14-16-month-old Holstein heifers. 

In this model, the moist anaerobic conditions of deep slurry exposure were 

replicated by wrapping the feet in water-soaked cotton sheets and multiple layers 

of polyethylene, and these conditions were maintained throughout the experiment. 

It was demonstrated that inoculation with the biopsy homogenate resulted in BDD-

like lesions, exclusively localised to the distal area of the dewclaws, in four of six 

legs. Conversely, inoculation with a single Treponema spp. clonal isolate largely 

failed to induce disease in the majority of inoculated animals, resulting in only one 

successful lesion induction. All histopathologically-confirmed experimental BDD 

lesions were positive for spirochetes under dark-field microscopy, positive for 

Treponema spp. by PCR and positive for invasive spirochetes by Steiner silver stain 

(Gomez et al. 2012). However, although the single lesion induced by pure cultures 

of Treponema spp. was considered to be histologically compatible with naturally 

occurring BDD lesions, a ‘sparse bacterial mat, light invasion of spirochetes, minimal 

inflammation and no ulceration’ was reported. Thus, on the basis of these data, it is 

possible that Treponema spp. may be necessary, but not sufficient alone, to 

instigate disease.  This hypothesis is supported by the results of a recent infection 

model developed by Krull et al. (2016), designed to investigate the ability of 

macerated BDD biopsy material alone, pure cultures of T. phagedenis and/or D. 

nodosus, or a combination of these inocula, to induce BDD lesions in the feet of 3 

month old Holstein dairy calves. Feet were abraded at the interdigital fold, 

inoculated at the site of abrasion and maintained in wrapping. Macerated material 

was found to be highly effective at inducing BDD lesions that were indistinguishable, 

macroscopically and microscopically, from naturally occurring BDD lesions. Pure 

cultures alone were not found to be consistently capable of instigating disease. 

Perhaps most significantly, it was reported that control animals housed in the same 

pen as animals subjected to an induction protocol that involved macerated material 

were at a significantly increased risk of BDD, despite both the control feet and 

induced lesions being extensively wrapped for the duration of the study. This 
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highlights the highly infectious nature of BDD, the presumably low infectious dose 

required for transmission and the role of environmental, rather than direct-contact, 

transmission.  

Despite an abundance of data suggesting that Treponema spp. are strongly 

associated with the development of BDD, there remains some unanswered 

questions relating to their precise role as aetiological agents, although it seems 

highly improbable that they play the role of ‘innocent bystanders’. Since 

treponemes are readily detectable deep within the BDD lesions, at the interface 

between healthy and diseased tissue (Nordhoff et al. 2008), their invasive nature is 

likely of key importance in the aetiology and pathology of BDD. Indeed, spirochetes 

have been detected at all depths of the epidermis, and most particularly so within 

the stratum spinosum (Cruz et al. 2005). Moreover, deep sequencing analysis of 

BDD biopsies has demonstrated a ‘dramatic’ increase in the number of Treponema 

spp. sequences detected as lesions progress (Krull et al. 2014). Crucially, 

examination of biopsies from non-diseased bovine feet were found to be entirely 

free of the BDD treponemes (Dopfer et al. 1997, Evans et al. 2009, Berry et al. 

2010). Additionally, these organisms are capable of impairing both wound healing 

and the innate immune response of bovine macrophages (Zuerner et al. 2007) and 

extensive serological evidence of an IgG antibody response to these organisms 

(Demirkan et al. 1999, Elliott and Alt 2009, Vink et al. 2009) in affected animals 

suggests their role in BDD goes beyond mere colonisation of pre-existing lesions. 

Interestingly, immunohistochemical studies have reported an intense localisation of 

treponemes to the hair follicles and sebaceous glands of the foot, both of which 

may act as potential entry points to deeper tissues through an otherwise hard 

physical barrier (Evans et al. 2010). However, hair follicles are not an essential 

requirement for disease susceptibility. Abrasion of the skin, conversely, was 

reported to be a necessary criterion for induction of disease in the infection model 

developed by Krull et al. (2016).  

Despite substantial evidence indicating that treponemes are integral to the 

initiation and maintenance of disease, synergy with other organisms has not been 

ruled out; tissue-destructive processes may be enhanced by, or may even be 
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dependent upon, the presence of a number of other bacteria 

immunohistochemically associated with treponemes within the lesion and absent 

from disease-free controls, including Campylobacter spp. and F. necrophorum (Cruz 

et al. 2005). Synergistic relationships between human oral treponemes and oral 

fusobacteria have been demonstrated previously, suggesting that cell-to-cell 

contact between these co-aggregation partners may enhance treponemal metabolic 

processes and proliferative capacity (Kolenbrander et al. 1995). Notably, in the 

experimental infection models described previously, challenge with biopsy 

homogenate was considerably more successful than a Treponema spp. pure culture 

broth in instigating BDD lesion development in Holstein heifers (Gomez et al. 2011). 

Since a wide range of additional microorganisms will have been present in this 

material, a polymicrobial synergy is a likely factor in the aetiopathogenesis of BDD, 

and BDD is now widely considered to be a polytreponemal, if not a polymicrobial 

disease (Klitgaard et al. 2008, 2013, Nordhoff et al. 2008, Marcatili et al. 2016).  

1.1.7. The transmission of bovine digital dermatitis 

BDD is highly contagious, and spreads rapidly though intensively managed cattle 

herds. Moreover, BDD can enter disease-free herds via integration of seemingly 

disease-free heifers from infected farms (Read and Walker 1998). Moreover, since 

most new outbreaks occur during the housing period, a number of environmental 

factors have been postulated to explain seasonality, including poor hygiene, poor 

cubicle design and overcrowding (Blowey and Sharp 1988). An understanding of 

infection dynamics within a herd has been hindered by a lack of data on non-foot 

tissue and environmental reservoirs of BDD treponemes. Earlier studies revealed 

that neither Diptera (flies) nor dairy farm environmental slurry samples were 

positive for BDD treponemes (Evans et al. 2012). Hence, it has been thought 

possible that BDD treponemes thrive within tissues remote to the DD lesion, 

particularly within the gastrointestinal tract, thereby representing an obvious route 

of transmission to the foot via faecal matter. A recent study has demonstrated that 

BDD treponemes were occasionally detectable in several sites other than the bovine 

foot, including the oral cavity (14.3% of BDD-infected cattle) and the recto-anal 

junction (14.8% of BDD-infected cattle), thereby supporting a role of possible oral 
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and rectal carriage in BDD transmission (Evans et al. 2012). In a PCR-based study 

investigating the presence of the BDD treponemes in the rumen and faecal 

microbiomes of lactating dairy cows housed with BDD-infected cattle, six 

Treponema spp. found the be associated with active BDD lesions (T. denticola, T. 

maltophilum, T. medium, T. putidum, T. phagedenis and T. paraluiscuniculi) were 

found in the faecal samples (n=14), whilst four BDD-associated Treponema spp. 

were detected in the rumen fluid (n=8) of these cows (Zinicola et al. 2015). The 

presence of BDD-associated treponemes in 60% of rumen fluid specimens collected 

from cows living within BDD-positive herds has also been reported by Nascimento 

et al. (2015). Since the rumen fluid is rich in fatty acids (Erwin et al. 1961) it is likely 

to provide a favourable environment for treponemal survival (Wilson-Welder et al. 

2013). These data suggest that the gut may be an important reservoir for BDD 

treponemes.  

Interestingly, although early studies failed to demonstrate the presence of BDD-

associated Treponema spp. DNA in the slurry of a BDD positive farm (Evans et al. 

2012), more recent studies have identified the bacterial DNA (16 S rRNA) of these 

organisms, in low abundance (<0.6% of the total microflora), in the slurry of 

infected farms (Klitgaard et al. 2014, 2017). In addition, the detection of BDD 

treponemal DNA from lesion-free forefeet and non-diseased hind leg tissue above a 

BDD lesion (Evans et al. 2012) supports the possibility of treponemal survival at sites 

other than within the DD lesion, making direct skin contact a possible transmission 

route. 

Given their fastidious nature and anaerobic requirements, it was thought 

improbable that these relatively fragile organisms were capable of persisting in 

environmental reservoirs for extended periods of time. However, recent evidence 

suggests that CODD-associated Treponema spp. (which are identical to the BDD 

treponemes) remain viable on latex gloves for 2-3 days (Angell et al. 2017). It is 

therefore plausible that in addition to the likely spread of infection via skin-to-skin 

contact, a transmission route recognised in another non-venereal dermatological 

treponemal infection (Yaws) (Antal et al. 2002), slurry might act as a conduit for 

transmission under certain circumstances. It has been postulated that because the 
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hindlimbs are exposed to deeper slurry during feeding, these moist conditions 

favour the development of BDD (Read & Walker, 1998). In further support of the 

need for anaerobic and moist conditions, a significantly higher proportion of lesions 

have been recording on the left hind foot than on the right (Frankena et al. 1993) a 

pattern thought to arise because cows tend to lie on their left side with the left hind 

leg resting underneath the abdomen, maintaining the foot in a warm and often 

damp environment (Murray et al. 2002).  

Recently, a deep-sequencing approach revealed that BDD treponemal DNA was 

detectable in 43 of 64 environmental samples collected from seven Danish farms 

with recurrent cases of BDD, albeit at very low levels: 0.22% of cow manure and 

0.75% of slurry DNA sequences amplified were homologous to BDD treponeme 

sequences (Klitgaard et al. 2014). How intra-herd transmission could occur via 

environmental infection reservoirs harbouring such low levels of BDD treponemes 

remains to be elucidated. Non-BDD associated treponemes certainly have the 

capacity to survive in slurry, and short-term persistence of BDD-associated 

treponemes within the environment may be an important transmission route 

(Evans et al. 2012). Indeed, highly effective environmental transmission has been 

identified in experimental settings (Krull et al. 2016), although the mechanism 

remains unknown. In support of a mode of transmission involving exposure to slurry 

in particular, the level of contact between the foot and slurry has been reported to 

be a key risk factor for the development of BDD (Laven 2007). In addition, rumen 

fluid itself, harbouring DD-associated Treponema spp., may support a cyclical 

transmission route that involves transfer of pathogenic treponemes from the BDD 

lesion to the oral cavity (possibly via licking of the BDD lesion) and from the oral 

cavity to the environment (via rumination or salivation) (Nascimento et al. 2015).  

In addition to the potential spread of BDD from exposure to environmental 

reservoirs, the contamination of hoof-trimming equipment is an obvious potential 

route of both intra- and inter-herd transmission, and both hoof-trimmer attendance 

on multiple farms and a failure to wash equipment between cows were first 

reported in 1999 as factors associated with increased incidence of BDD (Wells et al. 

1999). Importantly, Sullivan et al. (2014) reported a high level of BDD treponeme 
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blade contamination, detected by PCR, on knives used to trim the hooves of 

infected animals, with levels of contamination dropping markedly following 

disinfection. Since the data from this study demonstrated the persistence of 

culturable BDD treponemes on contaminated hoof-trimming equipment, the 

probability of BDD treponeme transmission via this route is likely to be high. Thus, a 

number of transmission routes exist to facilitate the spread of BDD both within and 

between domesticated cattle herds.  

1.1.8. Treatment options in the management of bovine digital 
dermatitis 

In vitro studies have revealed BDD-associated Treponema spp. are variably sensitive  

to a number of antibiotics, including penicillin, erythromycin, ampicillin and 

oxytetracycline (Evans et al. 2009b). However, despite its endemicity, few peer-

reviewed studies have sought to establish the precise effectiveness of current BDD 

treatment regimens in either providing preventative or curative outcomes in the 

field. To date, three treatment options are available: (i) systemic antibiotics, (ii) 

topical antibiotics, (iii) footbaths containing non-antibiotic antimicrobial agents. The 

effectiveness of systemic antibiotics have been demonstrated in two studies: 

intramuscular procaine penicillin or intramuscular ceftiofur resulted in favourable 

changes to lesion scores in treated animals indicative of healing (Read and Walker, 

1998), whilst Rutter et al. (2001) reported an 82% cure rate in animals treated daily 

with systemic cefquinome for 30 days.  In the UK, ceftiofur is licensed for systemic 

use against BDD (Laven 2016). Despite this, others have suggested that systemic 

antibiotics are ineffective (Blowey and Sharp, 1988; Borgmann et al. 1996). Laven 

and Hunt (2000) reported that a 5 day systemic course of cefquinome was not 

effective in reducing disease severity, whilst Silva et al., (2005) reported suboptimal 

(50%) recovery rates in animals treated with systemic oxytetracycline. Irrespective 

of clinical efficacy, the use of systemic antibiotics to treat BDD presents several 

practical disadvantages, including higher treatment costs and prolonged milk and 

meat withdrawal times. Conversely, the effectiveness of topical antibiotics have 

been more rigorously investigated and a number of studies have demonstrated 

their effectiveness (Blowey & Sharp, 1988; Nutter & Moffitt 1990; Manske et al., 
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2002; Read & Walker, 1998). Studies have demonstrated favourable responses to 

procaine penicillin G, ceftiofur sodium, oxytetracycline, lincomycin, or a 

combination of lincomycin and spectinomycin, when administered topically, within 

7-30 days (Read and Walker 1998, Hernandez et al. 1999, Hernandez and Shearer 

2000, el-Ghoul and Shaheed 2001). In the UK, topical oxytetracycline (aerosol) is 

licensed for the treatment of BDD and is routinely used in clinical practice to treat 

individual animals, although long-term use in endemically-infected herds has been 

associated with a reduction in effectiveness (Nishikawa and Taguchi 2008). In 

addition, interdigital cleft lesions are less responsive to topical oxytetracycline, 

compared to lesions located on the heels or the dewclaw, potentially resulting from 

inaccessibility of these lesions to topical sprays (Hernandez and Shearer 2000).  

Historically, oxytetracycline, erythromycin, lincomycin and spectinomycin  have all 

been administered via footbath (Laven and Logue 2006). Via this route, 

erythromycin (35 mg/L, twice within 24 hours) has previously been shown to be 

moderately effective in reducing lameness, lesion sensitivity to pressure and 

promoting lesion resolution (Laven and Proven 2000, Laven and Hunt 2002), 

although antibiotic footbaths are seldom used in the US and no antibiotic has been 

licenced for use in footbaths by the EU. Indeed, this mode of administration is illegal 

in several European countries (Laven and Logue 2006), although in the face of 

severe BDD outbreaks, antibiotic footbaths are still occasionally used in the UK. 

Significantly, whilst clinical cure may be achieved with the use of antibiotics, 

recurrence of disease in treated animals is common. Specifically, recurrence has 

been reported within 7-12 weeks of a complete therapeutic response to topical 

oxytetracycline or intramuscular procaine penicillin G or Ceftiofur in 48% of animals  

(Read and Walker 1998). Similarly, Berry et al. (2010) reported a recurrence rate of 

32% one month after topical treatment with oxytetracycline or lincomycin. Finally, a 

longer-term (11 month) study reported macroscopic and histological evidence of 

recurrence in approximately half of the animals treated with topical lincomycin 

(Berry et al. 2012). On the basis of these data, although BDD infection responds well 

to topical antibiotic therapy, recurrence of infection is common place and repeated 

application of topical antibiotics is necessary.  
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There currently exists a growing number of non-antibiotic treatments, and foot 

baths using non-antibiotic antimicrobial agents is the most frequently utilised herd-

level strategy to control BDD, although considerable controversy exists around their 

efficacy and the environmental impact of their use.  When used in footbaths over a 

period of seven days, 2% copper sulphate, 2.5 % formalin and 1% paracetic acid 

have all been demonstrated to significantly reduce lesion scores on a single farm 

with mild endemic disease (Laven and Hunt 2002), and in a comparison of different 

agents, Speijers et al. (2010) reported that a 5% CuSO4 footbath resulted in a 

significant reduction in the number of BDD lesions at herd level (Logue et al. 2012). 

Most recently, CuSO4 demonstrated superior efficacy to a commercial ammonium-

based footbath product in reducing BDD lesions (Jacobs et al. 2017). Nevertheless, 

despite their popularity, both CuSO4 and formalin have significant undesirable 

characteristics. Formalin is both carcinogenic and an irritant (Doane and Sarenbo 

2014) and has been shown to induce pain upon contact with BDD lesions. Indeed, 

because of safety concerns, its use for this purpose is illegal in some EU countries, 

although it is still used frequently elsewhere, including Canada (Solano et al. 2015). 

Copper sulphate, being an astringent, is also likely to cause pain upon contact with 

BDD lesions and environmental contamination has been linked to toxicity to aquatic 

organisms (Padrilah et al. 2017) and fatalities in sheep (Oruc et al. 2009).  

Interestingly, shotgun metagenomics of BDD lesions has identified an increase in 

the abundance of genes associated with resistance to copper and zinc (Zinicola et 

al. 2015).  Given the frequently observed recurrence of disease in individual 

animals, it has been suggested that BDD is a chronic disease with a remitting-

relapsing course (Vink 2006). It is plausible that this chronicity is associated with the 

ability of treponemes to undergo morphological transformation into an 

immunologically-resistant encysted form deep within the tissue layers (Döpfer et al. 

2012), inaccessible to topical therapies. Hence, whilst antibiotic and non-antibiotic 

therapies have been used intensively for many years, prevalence of BDD remains 

high, and indeed, continues to increase worldwide. The search for effective non-

antibiotic agents with a more favourable toxicity profile remains an intensive areas 

of research, and a number of compounds, including salicylic acid (Schultz & Capion, 
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2013; Capion et al. 2017) and allyl isothiocyanate (a phytochemical) (Okada et al. 

2017) have reportedly shown promise. However, should these products be 

developed commercially, the risk of disease recurrence in treated animals still 

remains high, and repeat application is likely to be necessary.   

1.1.9. Immunological aspects of bovine digital dermatitis 

1.1.9.1. The systemic antibody response is considerable but ineffective.  

Both a humoral and a cell-mediated immune response to infection is detectable in 

BDD infected cattle, although neither is thought to be protective since recurrence of 

BDD in animals previously infected is a recognised feature of disease (Trott et al. 

2003). Anti-treponemal IgG antibodies are markedly elevated in animals following 

infection (Demirkan et al. 1999), and titres are positively correlated with the clinical 

staging of disease; a 56% rise in titre was observed upon first clinical diagnosis, with 

a progressive decrease following either topical oxytetracycline treatment or 

convalescence (Trott et al. 2003). Recovery from primary infection does not, 

however, confer any protection against subsequent infections, despite observations 

of an enhanced IgG response (Murray et al. 2002). Lack of protection therefore is 

not due to an inability to raise a substantial antibody response. Perhaps relevantly, 

in studies of T. denticola (an oral treponeme implicated in human periodontal 

disease), virulence was minimally affected by incubation with antibody-containing 

sera derived from challenged mice, despite evidence of treponemal aggregation and 

immobilisation. Moreover, relative to controls, mice challenged with T. denticola 

pre-treated with immune sera elicited a weaker antibody response upon infection. 

This could mean that masking of surface antigens by these antibodies may impair 

host immune recognition in the face of subsequent infection challenge (Kesavalu et 

al. 1999), and the BDD treponemes may employ similar immunoevasive strategies. 

In addition to a coating by antibodies, other host serum proteins have been 

implicated in treponemal persistence in the immunocompetent host; for example, 

transcription of α2-macroglobulin-like 1, which has the potential to coat 

treponemes, is elevated in BDD lesions (Scholey et al. 2013). Finally, since the BDD 

treponemes have been observed to adopt an encysted form (Döpfer et al. 2012), 

this may confer some resistance to anti-treponemal antibodies via masking 
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accessibility and/or modifying the surface antigen profile. Hence, it is possible that 

key virulence determinants which may otherwise serve as protective antigens may 

not be subject to immune targeting once infection is established. Thus, in summary, 

either a strong antibody response may be elicited, albeit to presumably non-critical 

treponemal proteins, or BDD treponemes are able to employ immunosubversive 

strategies to facilitate their persistence.  

Whilst few studies have sought to characterise the humoral response to Treponema 

infection in BDD, the use of ELISA and Western Blotting has revealed that IgG 

antibodies are raised against a relatively small number of cross-reactive 

immunodominant antigens in the majority of infected animals, including LPS and 

protein antigens of 34kDa, 41 kDa (flagellin protein) and 55kDa (Walker et al. 1997, 

Demirkan et al. 1999, Elliott et al. 2007). Recently, high-density peptide microarray 

analysis of the IgG antibody repertoire in BDD positive cattle revealed that it was 

only limited with consistency to a small number of highly expressed proteins, 

including flagellar proteins, cytoplasmic filament protein A, factor H binding protein 

(fHbp), transporter proteins and major surface antigen (Msp). When the results of 

the peptide array analysis were combined with meta-transcriptomics data, some of 

the most immunogenic transcripts identified amongst the treponemal highly 

expressed core genes in this study encoded proteins of unknown function. 

However, beyond this, antibody repertoire diversity between BDD-infected Danish 

Holstein cattle was found to be extensive and directed instead against proteins that 

were identified in only a few samples or expressed in low abundance (Marcatili et 

al. 2016). Taken together, these data clearly indicate that a specific and substantial 

IgG antibody response to BDD-associated treponemes is detectable in infected 

cattle, albeit directed only consistently to a small number of antigenic targets.  

1.1.9.2. Bovine DD treponemes illicit an antibody response skewed in isotype.  

Antibody subclass is an important determinant in the orchestration of immune 

effector mechanisms, and hence the overall effectiveness of the immune response. 

Inappropriate or inadequate antibody subclass switching may be correlated with a 

reduced resistance to infection, a phenomenon observed in a number of chronic 

bacterial infections, including Pseudomonas aeruginosa (Pressler et al. 1992) and 
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Lyme borreliosis (Widhe et al. 1998). In BDD, the ineffective humoral response may 

at least be partially attributed to a skewing in the subclass of antibody raised 

against treponemal spirochetes, which may impart a survival advantage on BDD 

treponemes. In contrast to earlier studies indicating that the IgG2 subclass 

dominated in BDD infection (Demirkan et al. 1999; Dhawi et al.  2005; Murray et al. 

2002), Elliott and Alt (2009) more recently reported that an IgG1 antibody response 

was found to be the dominant antibody class in both naturally infected and T. 

phagedenis phylogroup-inoculated animals. Similarly, an IgG1 antibody response 

against BDD treponeme isolates was observed to predominate in a mouse abscess 

model of BDD (Elliott et al. 2007) and in studies undertaken by our group (Sullivan, 

2015). The reasons for this discrepancy remain unknown and require further 

investigation. Should IgG1 be confirmed as the dominant isotype, pathogenic 

treponemes may be afforded a survival advantage: IgG2 is an effective opsonin and 

the most effective subclass in the stimulation of antibody dependent cellular 

cytotoxicity, whereas IgG1 is, in this respect, relatively poor (Elliott and Alt 2009). 

The accurate measurement of the IgG subclass profile is essential to the 

characterisation of the immune response elicited during infection. However, whilst 

several studies have used IgG antibody subclass as a proxy determinant of Th 

phenotype in BDD, there remains considerable uncertainty as to which IgG subclass 

dominates. Certainly, given the possible differences in avidity between specific 

conjugates, accurate determination of IgG1/IgG2 ratios can prove to be difficult, 

and these differences alone may explain the contrasting observations reported 

between groups in terms of IgG subclass dominance. As mentioned previously, 

Demirkan et al. (1999), Dhawi et al. (2005) and Murray et al. (2002) detected only 

anti-treponemal IgG2 and failed to detect measurable levels of bovine IgG1 using 

monoclonal murine anti-bovine IgG1 and IgG2 antibodies, whereas Elliot and Alt 

(2009), using polyclonal sheep anti-bovine IgG1 and IgG2 antibodies, detected 

predominant levels of IgG1. Sullivan (2015) similarly reported anti-treponemal IgG1 

predominance, although both IgG subclasses were readily detected with the use of 

monoclonal murine anti-bovine IgG2 and IgG2 antibodies. These findings are 

difficult to reconcile, and the possibility of antibody detection bias should be borne 
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in mind. The idiosyncratic nature of monoclonal murine IgG1 and IgG2 antibodies 

may itself result in suboptimal detection, and polyclonal antibody reagents, due to 

their multiple antigenic specificity, may result in greater accuracy (Elliot and Alt 

2009). This source of bias should be borne in mind during future studies, and where 

possible, such comparisons should be calibrated with the aid of bovine reference 

sera containing known concentrations of IgG1 and IgG2. Reference sera may be 

used to coat microtitre plates and permit calibration of the ELISA optical density as 

a function of relative subclass concentration (Makepeace et al. 2009), or 

alternatively, standard curves maybe constructed from reference sera IgG1 and 

IgG2 antibodies captured by solid phase anti-bovine IgG F(ab’)2 (Sousa et al. 1998).  

1.1.9.3. Inappropriate Th1/Th2 polarisation may perturb the anti-treponemal 

immune response. 

The polarisation of naïve CD4+ cells towards either the Th1 or the Th2 phenotype 

controls the type of immune response. Differentiation of precursor Th cells towards 

a particular phenotype is itself controlled by cytokines, with IL-4 driving Th2 

responses and IL-12, IL-18 and IFNγ driving the Th1 response (Murphy 1998). The 

classical explanation of the Th1/Th2 paradigm in mammals suggests that Th1 cells 

produce IL-2, IFNγ and TNF-α/β, which promote a cell-mediated immune reaction. 

The Th1 response activates macrophage phagocytic activity, intracellular killing of 

microbes and MHC class II-restricted antigen presentation. A Th1 phenotype is 

additionally implicated in stimulating the release of pro-inflammatory cytokines and 

chemokines and the production of opsonising and complement-activating 

antibodies (Shtrichman and Samuel 2001). Conversely, Th2 cells produce cytokines 

including IL-4, IL-5, IL-10, and IL-13, which stimulate eosinophil activation, strong B 

cell activation, antibody production (Diehl and Rincón 2002) and macrophage 

functional inhibition (Romagnani 1999). However, both Th1 and Th2 cells produce 

IL-3 and GM-CSF and both cell types induce the secretion of IgM and IgG3 from 

antigen-specific B cells, although antibody isotype specificity exists: Th1 cells 

stimulate the production of IgG2a and Th2 cells stimulate the production of IgG1 

(Stevens et al. 1988). The IgG1-dominant response observed in BDD is indicative of 

CD4+ T cell polarisation towards an ineffective Th2 immune response. Coupled with 

an antibody response tilted towards IgG1 production and a concomitant down-
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regulation of IgG2 isotype secretion, opsonisation and phagocytosis may be 

impaired, possibly providing a more favourable environment for treponemal 

persistence.  

In addition to an observed IgG1-dominant response to BDD treponeme infection in 

cattle, Th2 polarisation is supported by a number of additional findings relating to 

changes in the cytokine profile of BDD lesions. Firstly, BDD lesion analysis revealed a 

complete absence of the prototypic Th1 cytokines IFNγ and a transcriptional 

downregulation of several Th2 cytokines, including IL-4, IL-5 and IL-1 (Refaai et al. 

2013). Secondly, the Th1-type cytokines TNFα and IL-18 transcriptional activities in 

bovine macrophages activated by exposure to T. phagedenis phylogroup 

treponemes are down-regulated (Zuerner et al. 2007) whilst IL-10 receptor 

transcription is increased. Thirdly, a marked elevation in anti-inflammatory 

cytokines (including IL-24 and IL-19) is detected in BDD lesion biopsies (Scholey et 

al. 2013), both of which drive Th2 polarisation.  Fourthly, Rafaai et al (2013) 

revealed that both IL-6 and IL-8 are significantly increased (by 44.4 ±23.6 and 328 

±144.4 fold, respectively) in M2-stage BDD lesions, a finding corroborated by 

studies into T. phagadenis exposed-macrophage cytokine transcriptional activity in 

vitro (Zuerner et al. 2007):  Th2 differentiation is promoted by IL-6 (via an IL-4-

dependent mechanism) which simultaneously acts as an inhibitor to Th1 

differentiation (Diehl and Rincón 2002), whilst IL-8 may be important in propagation 

of the Th2 response (the IL-8 receptor on both macrophages and dendritic cells is 

significantly upregulated in Th2-skewed pathologies of the skin (Bonecchi et al. 

2000)). Fifthly, macrophage IL-10 (cytokine synthesis inhibitory factor) receptors 

were upregulated in macrophages exposed to T. phagedenis phylogroup isolates, 

leading to inhibition of Th1 cytokine production (Zuerner et al. 2007). Finally, Th2 

polarisation has been reported in the guinea-pig model of T. pallidum infection 

(Wicher et al. 1998), the mouse model of T. denticola infection (Lee et al. 2009), and 

the mouse model of Borrelia burgdorferi (Lazarus et al. 2006). Taken together, these 

findings suggest that Th2-dominance may be an important mechanism by which 

treponemal bacteria persist. If confirmed, this will inform the decision into the 
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selection of adjuvants for immunological intervention studies, such as vaccine 

development.  

1.1.9.4. The role of the IL-17 secreting CD4+ T helper cell subpopulation (Th17) in 

BDD is poorly understood. 

In addition to the now well-recognised CD4+ Th1 and Th2 T-helper subpopulations, 

a third Th phenotype, characterised by the secretion of IL-17A, IL-17F, IL-21 and IL-

22, and termed Th17, has more recently been described (Harrington et al. 2005, 

Langrish et al. 2005, Park et al. 2005). Differentiation of naïve CD4+ T cells towards 

a Th17 phenotype is driven by a number of cytokines, including Transforming 

Growth Factor β (TGF-β), IL-1β, IL-6 and IL-23 in mice and humans, and similar 

observations have been made in cattle (Flynn and Marshall 2011, Peckham et al. 

2015). Since this Th subset has been implicated in the progression of a number of 

inflammatory and autoimmune diseases in humans, its pathologic role has been 

investigated intensively. However, Th17 also plays a crucial role in host defence 

against infection. IL-17 was originally demonstrated to drive differentiation of 

human CD34+ cells along a granulopoietic lineage, and Th17 cells were 

subsequently deemed to be key orchestrators of the neutrophil response 

(Schwarzenberger et al. 1998). In addition, IL-17 stimulates the release of several 

proinflammatory mediators, including IL-1, IL-6, TNF-α, NOS-2, metalloproteases, 

and chemokines (Nakae et al. 2003, Kolls and Lindén 2004). These IL-17 producing 

CD4+ T cells have been shown to be essential for defence against bacterial 

pathogens, including Klebsiella pneumoniae (Ye et al. 2001) and Bacteroides fragilis 

(Chung et al. 2003). Defects in IL-17 receptor signalling have resulted in increased 

susceptibility of experimental mice to infection with a variety of extracellular 

bacteria, including  Toxoplasmosis gondii (Kelly et al. 2005) and Candida albicans 

(Huang et al. 2004). Conversely, aberration of the Th17 response did not increase 

the susceptibility of experimental mice to two intracellular bacterial species, 

Mycobacterium tuberculosis or Listeria monocytogenes (Aujla et al. 2008), 

suggesting that the Th17 response is of greater importance to defence against 

extracellular pathogens. The extracellular nature of the BDD-associated 

treponemes, a pro-inflammatory milieu and the pronounced infiltration of 

leukocytes in the epidermal and dermal layers of the skin, comprising 
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predominantly of neutrophils, eosinophils and lymphocytes (Dopfer et al. 1997; 

Refaai et al. 2013) raises the possibility that the CD4+ Th17 subset is involved in the 

bovine immune response to infection by the BDD-associated treponemes. 

Moreover, a growing body of evidence supports the involvement of the Th17 CD4+ 

subset in the immune response to a range of infections originally attributed to the 

Th1 and/or Th2 phenotype, including spirochaetal infections with B. burgdorferi 

(Codolo et al. 2008) and T. pallidum (Bernardeschi et al. 2012). Interestingly, human 

PBMCs stimulated in vitro with T. denticola antigens produced both IL-17 and IFN-γ 

(Shin et al. 2013). However, Refaai et al. (2003) reported that no significant change 

in either IL-17 or TGF-β gene expression was detected by quantitative real time PCR 

in homogenised BDD lesion samples, relative to lesion free tissue homogenates, 

which brings into question the involvement of this Th subset in BDD pathogenesis; 

further analysis of mRNA expression cytokine profiles for evidence of the Th17 

phenotype is warranted. Finally, it is important to note that Th cells are capable of 

producing cytokines in patterns that do not fit even into the updated Th1/Th2/Th17 

paradigm, and additional Th lineages, including Th22 and Th9, have been described 

(Bernardeschi et al. 2012). Whilst complicating further our ability to ascribe specific 

immune phenotypes to any given infectious disease, it is probable that a mixed 

immunological phenotype with some degree of polarisation is often more typical of 

the in vivo situation, rather than exclusive dominance by any one Th subset.   

1.1.9.5. The adaptive cellular immune response in bovine digital dermatitis is 

poorly characterised.  

The cellular immune response to treponemes in BDD has yet to be fully elucidated. 

Although an initial blastogenesis assay revealed that a response to the T. 

phagedenis phylogroup is observable, it is short-lived, with a spirochete-specific 

blastogenic memory response diminishing after 42 days (Trott et al. 2003). Even so, 

the localised adaptive immune response appears to be ineffective; analysis of BDD 

lesion biopsies revealed a reduced expression of major histocompatibility class 

(MHC) II genes DYα and DQβ (Scholey et al. 2013), thus hindering professional 

antigen presentation. However, the importance of the cellular immune response in 

BDD is uncertain, and since the BDD-associated Treponema spp. are known to be 

extracellular pathogens (Clegg et al. 2016), humoral immunity is presumed to be the 
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primary immune mechanism evoked by this infection. In agreement with this, a 

recently study demonstrated that a significant inverse correlation existed between 

antibody-mediated, but not cell-mediated, immune responsiveness and BDD 

susceptibility (Cartwright et al. 2017). However, since T-lymphocytes, and the Th 

subset in particular, are involved in orchestrating B cell differentiation and antibody 

production, the involvement of the cell-mediated immune response may yet prove 

to be crucial to BDD resistance.   

1.1.9.6. The innate immune response to bovine digital dermatitis treponemes may 

be impaired.  

As with the adaptive immune response, the innate immune response may be 

similarly compromised. T. phagadenis phylogroup spirochetes have been shown to 

exert an immunosuppressive effect on bovine macrophages. Exposure of 

macrophages to the cellular constituents of T. phagedenis phylogroup treponemes 

was found to down-regulate transcription of several cytoskeletal protein genes 

(including cytoskeleton-associated protein-1 and cytohesin-1), potentially hindering 

macrophage-lymphocyte crosstalk. Macrophage functionality is also likely to be 

impaired by the heightened gene expression of two negative regulators of NFkB (IkB 

and SIVA-1), and a reduced expression of CREP binding protein p300-interacting 

transactivator, which is required by interferon regulatory factor 3 for macrophage 

functional activity. Additionally, several pro-inflammatory cytokine receptors 

(including those for IL-1, IL-6 and IL-11) were either down-regulated or remained 

unchanged, leading to a potential disturbance to bacterial clearance (Zuerner et al. 

2007). The mechanisms underpinning these immunomodulatory effects have yet to 

be fully characterised. In studies of T. denticola, the surface protease dentilisin has 

been shown to degrade human PBMC-derived IL-1β, IL-6 and TNFα, potentially 

modifying host cytokine production and subsequently, the inflammatory response 

(Miyamoto et al. 2006), a finding of unknown but potential relevance to the BDD 

treponemes.  

Inflammatory dysregulation is thought to play a significant role in tissue destruction 

and treponeme persistence. Recently, it was demonstrated that following exposure 

to BDD treponeme sonicates, gene expression of the chemotactic cytokine 



40 
 

RANTES/CCL5 and macrophage elastase (ME; MMP-12) was substantially 

upregulated in bovine foot fibroblasts (Evans et al. 2014), a response similarly 

observed in a variety of human dermatological disorders, including psoriasis and 

atopic and contact dermatitis (Nedoszytko et al. 2014). Both RANTES/CCL5 and ME 

are potent chemoattractants and drive leucocyte recruitment to lesions which is 

likely to play a significant role in potentiating the inflammatory response in BDD. A 

down-regulation of inflammatory mediators in macrophages and an up-regulation 

of inflammatory mediators in fibroblasts, as reported by Evans et al. (2004), may 

contribute to a dysregulation of the inflammatory response that favours 

treponemal survival and persistence in the BDD lesion. 

1.1.9.7. Treponemes promote tissue destruction and hinder wound healing.  

The persistence of treponemes within a BDD lesion may be permitted by a failure in 

wound repair, and a down-regulation of tissue growth factor transcription 

(including Connective Tissue Growth Factor, Epidermal Growth Factor 1, Insulin-like 

Growth Factor Binding Protein-7 and Insulin-like Growth Factor 2), in concert with a 

down-regulation of Tissue Inhibitors of metalloproteinase (MMP) 2 transcription, 

has been reported in macrophages exposed to T. phagedenis phylogroup cellular 

constituents (Zuerner et al. 2007). Subsequently, MMPs 1, 3, 9 and 13 up-regulation 

in BDD lesions has been observed, and these changes, combined with a down-

regulation of keratin and filaggrin-2 gene expression, are implicated in 

dysregulation of epidermal barrier formation and degradation of extracellular 

matrix components (Scholey et al. 2013). It is likely therefore that, via these 

mechanisms, treponemes both curtail the wound-healing process and actively 

promote tissue degradation.  

1.2. Outer membrane-associated virulence factors in treponemal 
spirochetes. 

Relatively little is known about the virulence factors employed by BDD treponemes, 

although it is assumed that proteins that are expressed on the outer membrane or 

secreted play a pivotal role in invasion and interaction with the host. Whilst the 

outer membrane architecture of BDD treponemes has yet to be investigated in 

detail, it is presumed that many features of the outer membrane are likely to be 
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shared amongst members of this genus. Indeed, the adhesion properties and outer 

membrane protein profiles (examined by SDS-PAGE) of treponemes isolated from 

human periodontal tissues and bovine and ovine foot tissues demonstrate 

remarkable similarities (Edwards et al. 2003).   

Virulence features common to spirochetal bacteria have been described previously. 

For instance, all pathogenic spirochetes are able to cause persistent infections in 

immunocompetent mammalian hosts. In addition to modulation of the immune 

response discussed previously, access to immunoprivileged sites (including the 

intracellular compartments) has been identified as a potential mechanism of 

survival for Borrelia burgdorferi (Girschick et al. 1996), although no evidence exists 

to show that Treponema spp. employ this tactic, given their predominantly 

extracellular existence and localisation to the foot. Spirochaetal survival may 

however be explained, at least in part, by their ability to reduce surface exposure of 

protein antigens (Haake 2000). In the case of Leptospira spp., immunostimulatory 

outer membrane proteins (OMPs) may be expressed only at low levels during 

infection (Nally et al.  2001), and deep-etch electron microscopy of the outer 

membrane of T. pallidum demonstrated a paucity of intramembranous particles 

(Radolf et al. 1989). Furthermore, in immunological studies of T. pallidum, the 

protracted length of time taken for antibody-mediated aggregation of treponemal 

Rare Outer Membrane Protein 1 (TROMP1) molecules has been shown to 

significantly limit the rate of complement activation. This response may contribute 

towards treponemal persistence, and maybe a direct function of the low density of 

these molecules on the cell surface (Blanco et al. 1990). Despite their limited 

abundance, a number of spirochete OMPs have been characterised and have been 

shown to possess a range of functions. Conversely, the treponemal LPS analogue, 

which constitutes a major component of the outer membrane, is atypical in 

structure, and it has been postulated that this may perturb the magnitude of the 

inflammatory immune response (Kesavalu et al. 2002). Several OMPs relevant to 

human treponemal diseases have been characterised, including the laminin binding 

protein of T. pallidum (Cameron 2003) and the major surface protein (Msp) of T. 

denticola (Masuda and Kawata 1982, Weinberg and Holt 1991), which were both 
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demonstrated to be essential for host colonisation. In addition to TROMP1, several 

other spirochaetal porins have been characterised, and possess functions beyond 

passive diffusion facilitation, including immune evasion (via variation in their 

surface-exposed loops and colonisation (via adhesin-like properties). This is 

exemplified by the antigenic heterogeneity observed in the immunogenic T. 

pallidum repeat (TPR) protein K, which has been postulated to contribute to the 

chronicity of syphilis (Centurion-Lara et al. 2004). Conversely, the T. denticola OMP 

Msp has been demonstrated to possess erythrolytic and cytotoxic activity (Fenno et 

al. 1998). Genes encoding Msp homologs have been detected in all treponemal 

species to date, including the BDD treponemes (Edwards et al. 2003) 

1.2.1. The porins as vaccine candidates.  

Interestingly, porins may represent important putative vaccine targets. Leptospiral 

OmpL1, when administered with the outer membrane lipoprotein LipL41, was able 

to induce protective immunity in a hamster model of leptospirosis (Haake et al. 

1999). Furthermore, in an experimental model of syphilis in rabbits, high titres of 

anti-TROMP antibodies were correlated with complete immunity to challenge 

reinfection (Lewinski et al. 1999). Finally, the immunisation of rabbits with TprK 

fragments significantly reduced lesion treponeme burden and ulcerative potential 

following T. pallidum challenge (Centurion-Lara et al. 1999) and conferred 

significant protection against challenge with a homologous, but not a heterologous, 

inoculum of T. pallidum, owing to the diversity observed in the B cell epitopes of the 

TPR K variable regions. Even so, all TPR-K immunised groups demonstrated reduced 

treponemal burden, a response potentially explained by the presence of conserved 

T cell epitopes of TprK (Morgan et al. 2003).  

1.2.2. The adhesins as vaccine candidates.  

Development of a vaccine that targets specifically a second class of surface proteins, 

known as adhesins, may represent the most effective strategy in the prevention of 

bacterial infections, given their pivotal role in bacterial colonisation. Adhesins 

mediate interactions between the pathogen and extracellular matrix, a hydrated 

complex of fibrous and non-fibrous proteins and proteoglycans (Frantz et al. 2010). 
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Theoretically, blockage of adhesion-mediated attachment may be sufficient to 

abolish virulence. Despite a paucity of data detailing the mechanisms by which BDD-

associated treponemes adhere to the host and establish an infection, the 

interaction between treponemal adhesins and components of the extracellular 

matrix of the foot are likely to be essential. Interestingly, it has been suggested that 

ECM provides a protective niche for spirochetes, perhaps via an ECM-induced 

downregulation of antigens or an ECM-mediated interference with immune 

effectors (Cabello, et al. 2007). As vaccine candidates, adhesins possess two 

desirable properties. Firstly, expression of adhesins must always occur during the 

initial phase of infection, providing an opportunity for targeting by anti-adhesin 

antibodies. Secondly, given the need for interaction with invariant host receptors, 

adhesins are typically highly conserved (Wizemann et al. 1999).  

The expression of adhesins by pathogenic spirochetes has been well documented. 

Borrelia spp., for example, have been demonstrated to express a 47kDa OMP that 

binds fibronectin (Probert and Johnson 1998), whilst Treponema pallidum expresses 

adhesins with affinity for fibronectin (Tp0155, Tp0483) (Cameron et al. 2004) and 

laminin (Tp0751) (Cameron et al. 2005). The value of adhesins as vaccine candidates 

was revealed initially in studies of the uropathogenic E.coli adhesin, FimH. FimH is 

located on the tip of fibrillar structures called type 1 fimbriae that are expressed by 

the majority of E.coli and confers adhesion to mannosides, laminin, fibronectin and 

plasminogen (Krogfelt et al. 1990; Sokurenko et al. 1997; Pouttu et al. 1999). 

Systemic administration of a FimH-based vaccine conferred protection against 

bacterial challenge in both murine (Langermann et al. 1997) and primate models 

(Langermann et al. 2000). It is noteworthy that FimH is a relatively minor 

component of the pilus fibres of uropathogenic E. coli and is therefore poorly 

immunogenic in natural infection (Hultgren et al. 1993), yet in animal models 

stimulates a robust and protective immune response when administered in 

microgram quantities. Despite these encouraging results, human phase II clinical 

trials have failed to demonstrate adequate protection (Brumbaugh and Mobley 

2012), and later microarray and transcriptional analyses revealed stark differences 

in the expression of FimH between humans and mice (Hagan et al. 2010). 
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Conversely, Neisseria adhesin A (NadA) is a major component of Bexsero®, a vaccine 

now licensed for use against meningococcal serogroup B in Europe, Australia, and 

Canada (Abad et al. 2016). Since antibodies that target adhesins have been shown 

to be broadly neutralising and highly protective against infection, at least 

experimentally, it is considered prudent, in the pursuit of a BDD vaccine, to attempt 

to identify adhesin proteins expressed on the outer surface of the bovine DD 

treponemes, given their potential as immunostimulatory antigens.  

1.3. Reverse vaccinology: A genome-centred approach to vaccine 
design.  

Conventional approaches to vaccine design have provided efficacious vaccines to a 

range of infectious diseases, and presently, approximately 20 vaccines have been 

licenced worldwide for human use (Kaushik and Sehgal 2008). However, 

conventional vaccinology, despite its successes, is a time-consuming process, 

limited to identifying abundantly expressed antigens that are immunogenic during 

disease (Rappuoli 2000). One of the main drawbacks is that in conventional 

vaccinology, one is using the whole organism or organism fragments and often 

mimicking what happens in terms of immunological exposure in natural infection.  

As a result, there are many diseases of man and animals for which conventional 

vaccinology has failed and other approaches are required. The design of a vaccine 

for BDD remains such a challenge, not least because treponemes are poorly 

cultivable and do not elicit a protective immune response in cattle, making 

serological analysis in natural infection futile in the search for vaccine targets. 

Indeed, inoculation of cattle with whole-cell or membrane preparations of the 

pathogenic treponemes results in a serological antibody profile similar to that of 

natural infection, suggesting that the most abundant proteins expressed by the 

treponemal spirochetes are not immunoprotective.   

Reverse vaccinology (RV) is a relatively new concept, with the term coined by 

Rappuoli (2000) at the start of the 21st century.  RV describes the process of 

candidate vaccine target selection that begins with the genome of the pathogen 

rather than the pathogen itself. The entire genetic (and therefore antigenic) 

potential of the infectious agent can be mapped and scrutinised. This method 
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permits not only the potential identification of all antigens that would otherwise 

have been discovered by conventional approaches, but also novel antigens not 

detectable or overlooked by traditional methods. In addition, reverse vaccinology is 

a relatively fast process (1-2 years), able to identify virtually all antigens, regardless 

of time of expression, abundance or immunogenicity (Vernikos and Medini 2014).  

Using bioinformatics approaches, the genome can be screened in silico for genes 

that encode proteins with antigenic potential. A computational approach to the 

subcellular localisation of bacterial proteins, although historically imprecise, now 

compares favourably to high-throughput laboratory approaches (Rey et al. 2004), 

with a wide range of bioinformatic tools freely available online for this purpose.  

Amongst the most frequently cited programs in reverse vaccinology, the sequence 

comparison programs Basic Local Alignment Search Tool (BLAST) (Altschul et al. 

1990), the Conserved Domain Database (Marchler-Bauer et al. 2015) and the 

Protein Family Database (Finn et al. 2016) offer sequence homology identification 

between putative antigens identified in silico and proteins from other organisms, 

and can predict virulence factors, function and localisation based on gene sequence 

similarity. These are accurate prediction methods, and the level of homology 

required for the accurate assignment of localisation may be as low as 30% (Yu et al. 

2006). Because protein localisation tends to be an evolutionarily conserved trait, 

homology-based detection methods are robust (Gardy and Brinkman, 2006), and 

can offer valuable insights into the features of newly characterised amino acid 

sequences. Nevertheless, a large proportion of the putative proteins identified in 

silico in a RV pipeline will lack known homologs.  

The ability to characterise the subcellular localisation of a putative protein is also 

permitted by the identification of sequence-encoded signals that influence 

subcellular localisation; computational identification of protein targeting signals or 

sequence features that are associated with localisation to particular cellular 

compartments can be predicted solely from the amino acid sequence (Gardy and 

Brinkman 2006).  Together, these methods represent an accurate means of 

identifying novel proteins of relevance to vaccine design.  
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Because surface-exposed and secreted antigens are subject to immune recognition, 

the entire genome can be screened for specific amino acid sequence signatures 

indicative of protein cell surface expression, or secretion into the extracellular 

milieu. This is particularly relevant to treponemes and other extracellular 

pathogens, whereby the predominant immunological effector response is likely to 

be antibody-mediated. Moreover, bioinformatics can be used to predict a number 

of additional characteristics by which vaccine candidates can be selected, including 

topology, function and conservation in the infectious agent. More recently, the 

development of epitope prediction tools has shown considerable promise. T cell 

epitope prediction in particular has made considerable progress, and a large 

number of computational algorithms have been developed (Desai and Kulkarni-Kale 

2014). Moreover, B cell epitope prediction has made recent headway (Potocnakova 

et al. 2016) Bringing together these prediction methods, the bioinformatic phase of 

the reverse vaccinology pipeline can be easily constructed to select, with high 

confidence, putative vaccine candidates from the genome sequence. 

This approach was validated for the first time to design a vaccine against Neisseria 

meningitidis, whereby the entire genome of the virulent serogroup B strain (MC58) 

was screened using bioinformatic algorithms for open reading frames (ORFs) 

potentially coding for putative surface exposed or exported proteins. Of the 570 

such ORFs identified, 350 were cloned and expressed as his-tagged or glutathione S-

transferase (GST) fusion proteins in Escherichia coli, purified and used to immunise 

mice. Subsequent analysis of the antisera by FACS and ELISA confirmed surface 

localisation of 91 recombinant antigens, of which 28 were found to bactericidal in 

vitro. The final vaccine formulation (4CMenB) contained four recombinant proteins 

which were antigenically conserved and selected on the basis of cross-protection 

(Pizza et al. 2000). The final formulation provides immunity to 78% of a panel of 85 

meningococcal strains found globally (Kaushik & Sehgal, 2008) and has been 

recommended for clinical use by the European Medicines Agency (EMA, 2014). 

Since 2000, RV has been used to design vaccines against a wide range of important 

microbes, including, for example, Streptococcus pneumonia (Wizemann et al. 2001), 

Chlamydia pneumonia (Thorpe et al. 2007), Leishmania major (Singh et al. 2015)  
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and Leptospira borgpetersenii (Murray et al. 2013). However, none of the studies 

have yet led to the production of a licensable vaccine product.  

The number of programs currently available for use in RV is expanding, and this has 

led to a wide range of available bioinformatic methods that may be employed in the 

stepwise identification of putative vaccine candidates in silco. Nevertheless, when 

designing a vaccine in which a humoral immune response is most desirable (i.e. 

against an extracellular pathogen), the most significant criterion for selection, prior 

to any laboratory-based evaluation of candidates, remains the prediction of surface 

exposure. Subcellular localisation (SL) of putative encoded proteins may be 

predicted using programs such as PSORTb (Gardy et al. 2003) and SignalP (Petersen 

et al. 2011) to identify sequence signatures typical of surface exposure in bacteria 

(Kaushik & Sehgal, 2008). Moreover, additional parameters, including the 

computational prediction of a protein’s tertiary structure and prediction of function, 

may also employed to strengthen the evidence supporting assigned SLs and to 

further scrutinise putative surface-exposed proteins for candidates predicted to 

play a role in the pathogen’s colonisation of the host, for example. In gram-negative 

prokaryotes such as the treponemes, it is possible to distinguish proteins of the 

outer membrane from proteins of the periplasm and the inner membrane by their 

β-barrel topology, and a large number of β-barrel prediction algorithms are now 

available to facilitate this means of vaccine candidate selection. The presence of 

both a signal peptide and a β-barrel signature within the amino acid sequence of a 

putative treponemal protein is indicative of its localisation to the bacterial outer 

membrane, thus confirming its potential as a vaccine candidate antigen worthy of 

further investigation. Once expressed and purified as recombinant proteins in E. 

coli, these proteins can be scrutinised in vitro for functional and immunogenic 

attributes deemed to be favourable for inclusion in trial vaccine formulations. It is 

on this basis that the putative BDD treponemal proteins will be selected for 

evaluation as vaccine candidates in the present study.  
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1.4 Aims of the project.  

The primary aim of this project is to identify, using bioinformatic tools, novel 

treponemal proteins which show promise as BDD vaccine candidates, to synthesize 

these proteins in the laboratory and to evaluate their structural, functional and 

immunogenic properties.  The eight specific objectives of this project are listed 

below.  

1. Screen all CDS features from the annotated genome of phylogroup 1 (T. 

medium phylogroup) for i) Signal Peptidase I cleavage sites and, where 

positive for a Signal Peptidase I cleavage site,  ii) predicted β-barrel topology. 

2. In Bovine DD-associated Phylogroups 2(T. phagedenis phylogroup) and 3 (T. 

pedis), identify genes homologous to those identified in aim 1, and verify 

their status as putative OMPs using the same bioinformatic process.  

3. Clone putative bovine DD treponemal OMP genes into E. coli and induce 

overexpression as insoluble inclusion bodies.  

4. Solubilise and refold putative OMPs and purify recombinant proteins using 

Immobilised Metal Affinity Chromatography.  

5. Determine the overall secondary structure of the refolded putative OMPs 

using Circular Dichroism (CD).  

6. Examine the immunogenic role played by these OMPs in natural infection 

using ELISA and Western Blot techniques.  

7. Evaluate adhesin-like functionality of all successfully refolded OMPs using 

ELISA-based methods. 

8. Prepare trial vaccine formulations and undertake immunogenicity trials in 

bull calves. Such proteins, if demonstrated to be novel, pathogenic-specific 

and immunogenic, should be recognised as promising bovine DD vaccine 

candidates, worthy of further evaluation in protection efficacy trials.  
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Chapter 2. Identification of Putative Vaccine Candidates from 
BDD-associated Treponema spp.. 

2.1 Introduction  

2.1.1. Bacterial OMPs: A functionally-diverse class of proteins. 

Gram-negative bacteria possess a cell-envelope consisting of three distinct layers: 

an inner membrane comprised of a symmetrical phospholipid bilayer, an outer 

membrane (OM) comprised of an asymmetrical phospholipid bilayer and 

lipopolysaccharides, and in between, the periplasmic space, which contains a thin 

peptidoglycan cell wall (Bos and Tommassen 2004). The transmembrane proteins of 

the OM are an important group of proteins that serve diverse roles in passive 

nutrient uptake, active ion transport, cell signalling and protection. In pathogenic 

strains of bacteria, transmembrane proteins may also serve as virulence factors that 

facilitate infection (Bakelar et al. 2016) and subsequently, may represent important 

pharmacologic and vaccine targets.  

Whilst the OM lipid bilayer is essential for the protection of the bacterium, 

approximately 50% of its composition is proteinaceous, comprising of both integral 

OM proteins or as lipoproteins tethered to the membrane via N-terminal lipids 

(Koebnik et al. 2000). These proteins exhibit considerable diversity in function, yet 

because of their subcellular localisation and bacterial surface exposure, these roles 

typically entail some degree of interaction with the environment external to the 

bacterial cell. Adhesin-mediated colonisation of the host and non-specific and 

porin-mediated passive diffusion of solutes, for instance, which have been 

mentioned previously (see Chapter 1), represents only two of the commonly 

encountered functions attributable to bacterial OMPs, and the survival of the cell is 

dependent on a wide array of OMPs capable of a diverse array of functions. The 

entry of nutrients and other small molecules into the bacterial cell is not reliant 

solely on passive diffusion alone, and a number of additional mechanisms exist to 

fulfil the nutritional requirements of the bacterial cell. For example, the expression 

of some pore-forming proteins are induced by the substrates themselves and 

permit preferential substrate uptake via solute-specific channels, including the 
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maltoporin, LamB (Andersen et al. 1995) and the nucleoside transporter, Tsx, which 

contains a number of nucleotide binding sites within its channel. In both of these 

examples, substrate specificity is achieved by the presence of sites consisting of 

pairs of aromatic residues flanked by ionisable residues (Luckey 2014). Adequate 

nutrient acquisition, however, cannot always be adequately achieved by gradient 

diffusion alone. Active transport of micronutrients across the OM requires a 

transporter, particularly if they are large or of low concentration in the extracellular 

milieu, and a number of active transporters have been identified in Gram-negative 

bacteria. One such example, and perhaps the most important, are the TonB-

dependent transporters, which are required for the transport of ferric chelates 

(siderophores), vitamin B12, nickel complexes and carbohydrates (Noinaj et al. 

2010), and typically consist of a monomeric 22-stranded β-barrel positioned within 

the OM, extensive extracellular loops, short periplasmic turns and a globular plug 

domain that occludes the barrel in the resting state (Shultis et al. 2006). Once a 

target molecule is bound, TonB is thought to utilise energy from the chemiosmotic 

potential of the inner membrane to trigger a conformational change in the 

transmembrane channel to enable active transport via proton motive force (Usher 

et al. 2001, Noinaj et al. 2010). Importantly, given the criticality of these systems to 

bacterial survival, the attempted abolition of associated functions via vaccine-

induced antibodies is a rational approach to vaccine design.  

Since none of the components of the OM are synthesised in situ, they must be 

inserted into, or transported across, the OM. Indeed, integral OMPs are assembled 

into the OMP by the β-barrel assembly machinery (BAM), which comprises of five 

proteins: BamA, which is itself a β-barrel OMP, and the lipoproteins BamB, BamC, 

BamD and BamE (Knowles et al. 2009, Ricci and Silhavy 2012).  Thereafter, β-barrel 

OMPs are involved in the assembly of additional surface components. Type 1 pili, 

for example, produced by uropathogenic E. coli and found on the surface of gram-

negative bacteria generally, are synthesised by the chaperone/usher (CU) pathway 

and comprise of four different subunits (FimH, FimG, FimF and FimA). Once folding 

and stabilisation has been achieved via formation of a binary complex with FimC in 

the periplasm, this complex is then directed towards the OM usher, FimD. FimD 
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then catalyses subunit polymerisation and facilitates translocation across the OM 

(Phan et al. 2011). Pili, anchored to FimD, are important mediators of bacterial 

adhesion (Eidam et al. 2008). Similarly, β-barrel OMPs, and in particular, LptD (in 

complex with the lipoprotein LptE) are also important facilitators of LPS secretion, 

which, in the latter stages of assembly, translocate LPS across the OM to the surface 

of the cell (Freinkman et al. 2011). 

Proteins localised to the OM are also involved in the secretion of an extensive 

number of substrates, including small molecules and proteins, into the extracellular 

environment, as well as the injection of virulence factor into host cells. The 

secretion systems of the gram negative bacteria may be sub-divided into two 

groups: those that span both the inner and outer membrane, including the Type I 

secretion system (T1SS), T2SS, T3SS, T4SS and T6SS, and those that span the outer 

membrane only, including T5SS and machineries required for the assembly of cell-

surface appendages including type I and P pili (Costa et al. 2015). TolC, for example, 

is a homotrimeric 12-stranded β-barrel belonging to T1SS that plays a prominent 

role in the secretion of large proteins, the efflux of smaller compounds, and plays a 

key role in antibiotic resistance (Buchanan 2001). By comparison, Ysc-Yop, a T3SS of 

Yersinia pseudotuberculosis, is responsible for the delivery of toxic effect proteins 

into eukaryotic cells of the host, activation of which is achieved by the bacterium-

host cell interactions mediated by adhesins (Leo and Skurnik 2011).  

However, although the vast majority of OM proteins have been shown to be, or are 

predicted to be, β-barrel proteins, a small number of exceptions exist. For instance, 

type IV secretion systems, comprising of twelve proteins named VirB1 to VirB11 and 

VirD4, permit delivery of virulence factors into host cells and conjugative transfer of 

genetic material (Cascales and Christie 2003, Christie et al. 2005, Schröder and 

Lanka 2005). Intriguingly, the structure of this complex is highly unusual, not just 

because it inserts into both the inner and outer membranes, but also because the 

OM channel of this complex is formed by a hydrophobic 2-helix bundle ring 

(Chandran et al. 2009). Similarly, α-helical OM insertions have been identified in 

Wza, an integral membrane protein essential for capsule export, and in which the 

transmembrane region is comprised of an α-helical barrel (Dong et al. 2006).  
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Difficulties in crystallisation have largely precluded attempts to characterise the 

structure and function of proteins localised to the bacterial OM. The prediction of 

localisation and structure from gene sequences offers an alternative approach for 

the identification of bacterial OM proteins. A range of programs are currently freely 

available to the research community that permit detection of signal peptide 

sequences and computational discrimination of outer membrane β-barrel proteins 

from globular and transmembrane α-helical proteins of the bacterial membrane. 

This strategy forms the basis of the current reverse vaccinology approach to 

Treponema vaccine candidate identification.  

2.1.2. The stepwise identification of bacterial OMPs in silico.  

Unsurprisingly, the in silico phases of the reverse vaccinology pipelines vary, since 

the number and range of tools available for bioinformatic analysis of a pathogen’s 

genome continues to increase. The bacterial genome is typically characterised by a 

high gene density, with protein-coding regions comprising, on average, 88% of the 

DNA sequence (Land et al. 2014). Identification of open reading frames (ORFs) from 

raw sequence necessitates the use of one of a growing number of gene prediction 

programs which scan the sequence for regions with a high probability of encoding 

proteins or functional RNA products (Stothard and Wishart 2006). Once identified, 

these ORFs may be examined in silico for their suitability as potential vaccine 

candidates.   

The stepwise identification of putative vaccine candidates usually follows a typical 

pathway, beginning with full genome sequencing, the identification of genes, and 

the prediction of structural and functional characteristics of their respective 

proteins, from which putative proteins with desirable characteristics may be 

selected. The prediction of coding regions from raw sequence is now a well-

established technique and several computational methods exist for this purpose. 

Glimmer 3.02, the most widely used ORF predictor, utilises an interpolated Markov 

model-based method to predict genes, using a learning dataset for ORF prediction 

produced using only the input genomic sequence to be examined (Delcher 1999). 

This makes Glimmer a highly accurate gene-finding system which is conservatively 
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estimated to identify >97% of all prokaryotic genes without any human intervention 

(Salzberg et al. 1998, Delcher 1999) with a reported sensitivity that exceeds 99% 

(Delcher et al. 2007). Glimmer has been used previously to identify ORFs in the 

genomes of other spirochaetal species, including Treponema pallidum (Fraser et al. 

1998), Borrelia burgdorferi (Fraser et al. 1997) and Leptospira interrogans 

(Gamberini et al. 2005), supporting its applicability to the examination of the 

genomic sequences of the BDD-associated treponemes.   

In the search for proteins with the potential to serve as vaccine candidates, 

subcellular localisation is considered to be the most significant characteristic, and in 

the context of vaccine design, localisation of a protein to the surface of a pathogen 

is a desirable feature predictive of protein-immune interactions. In prokaryotes, 

signal peptide (SP) sequences are ubiquitous protein sorting signals present at the 

N-terminus of the amino acid sequence of newly synthesised secreted or 

membrane-bound proteins (Emanuelsson et al. 2007). SP sequences targets its 

passenger protein to the secretion machinery in the inner membrane. The general 

secretion (sec) pathway is responsible for both the assembly of α-helical proteins in 

the inner membrane and the orchestration of periplasmic and outer membrane 

protein translocation from the cytoplasm (Hagan et al. 2011). Signal peptide 

identification therefore represents a logical early step in the identification of 

proteins destined for the bacterial periplasmic space or the inner and outer 

membranes. The presence of a signal peptide I cleavage site indicates that these 

putative proteins are likely to be either (i) exported to the periplasmic space (ii) 

exported to the outer membrane or (iii) secreted into the extracellular 

environment. SignalP is one of the most frequently utilised programs in the 

prediction of signal peptide sequences. The most recently developed algorithm, 

SignalP 4.1, employs a neural network-based method able to detect the presence 

and position of a signal peptidase I cleavage site (Bendtsen et al. 2004) and is able 

to discriminate the signal peptidase II cleavage site that is typical of the other class 

of protein present within the bacterial outer membrane, the lipoproteins. Although 

lipoproteins represent a potential vaccine target, considerable ambiguity exists 

relating to their surface exposure, and this feature is difficult to predict in silico. In 
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testing, SignalP 4.0 demonstrated a Matthews correlation coefficient of >0.8, a 

prediction performance that exceeds that of all other signal peptide predictors 

readily available (Petersen et al. 2011). Furthermore, SignalP has been used 

successfully in a number of RV pipelines targeting a number of pathogenic 

spirochaetal bacteria, including L. interrogans (Gamberini et al. 2005, Pinne and 

Haake 2009, Atzingen et al. 2012) Brachyspira hyodysenteriae (Song et al. 2009) and 

B. burgdorferi (Brooks et al. 2006).  

Crucially, when attempting to predict prokaryote outer membrane proteins from an 

amino acid sequence, discrimination must be made between the integral α-helical 

proteins that predominate in the cytoplasmic membrane and the integral β-barrel 

proteins that predominate in the OM. Whilst no characterisation of a spirochaetal 

β-barrel protein structure has yet been undertaken, all structurally-characterised 

gram-negative bacterial transmembrane OMPs to date have been found to share 

essentially the same β-barrel topology, consisting of 8-22 anti-parallel β-barrel 

strands folding into a cylindrical β-barrel structure (Misra 2012). Since the presence 

of an α-helical structure would prevent translocation of the protein beyond the 

cytoplasmic membrane during biogenesis, it is thought that only integral β-barrel 

proteins exist in the outer membrane of bacteria, the assembly and membrane 

insertion of which is orchestrated via the β-barrel assembly machinery (BAM) 

(Cullen et al. 2009). It is therefore advantageous, when identifying potential 

treponemal surface antigens, to prioritise the identification of β-barrel OMPs. A 

range of programs exist that facilitates discrimination between α-helix proteins and 

β-barrel proteins, although prediction accuracy varies somewhat, depending on the 

computational algorithms used. As one of the most frequently utilised prediction 

programs in the reverse vaccinology literature, the β-barrel Outer Membrane 

protein Predictor (BOMP) demonstrates a high level of predictive accuracy (80%), 

with prediction based on typical C-terminal and transmembrane strand amino acid 

patterns (Berven et al. 2004). The concurrent release of a second β-barrel 

prediction program, PRED-TMBB with a reported accuracy of 88% (Bagos et al. 

2004), and later, TMBETA-NET with a reported accuracy of 89% (Gromiha et al. 

2005) has widened the choice of programs that exist for predicting β-barrel OMPs. 
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Since algorithms vary between these programs, it is reasonable to use all three to 

increase β-barrel detection efficiency. Taken together, the presence of both a signal 

peptide and a β-barrel signature within the amino acid sequence of a putative 

treponemal protein is highly suggestive of its localisation to the bacterial outer 

membrane. By way of verification, three different subcellular localisation (SL) 

prediction servers were additionally employed, each using different prediction 

methods: PSortB3, CELLO, and LocTree3. PSORTb3 is the most widely used SL 

prediction program and uses a multi-component (modular) approach involving 

signal peptide detection, homology-based prediction, transmembrane helix 

prediction, subsequence-based support vector machines (SVMs) and motif and 

profile matching modules. The reported SL prediction accuracy of a protein from a 

gram negative bacteria is 97.9%  (Yu et al. 2010). CELLO, a multi-layered support 

vector machine (SVM) -trained SL program demonstrates a lesser reported accuracy 

of 89% (Yu et al. 2004), and was also employed. Finally, LocTree3 is an SVM-trained 

program with additional homology inference with a reported accuracy of 89% 

(Goldberg et al. 2014). All three programs have been used previously to identify 

spirochaetal OMPs (Figueredo et al. 2017) and were used by the present study as an 

additional means of verifying OMP assignment.  

2.1.3. Vaccine candidates: the prediction of desirable characteristics.  

Clearly, it is of value to identify vaccine targets that may play a role in pathogenicity; 

adhesins for example represent a particularly attractive target, and it is possible to 

abrogate the colonisation process by immunisation against these proteins 

(Wizemann et al. 1999a). SPAAN, via analysis of 105 compositional properties 

combined with artificial neural networks (ANNs), is capable of predicting adhesins 

or adhesin-like proteins across a wide phylogenetic spectrum. Based on a defined 

data set, this non-homology method has a sensitivity of 89% and a specificity of 

100% (Sachdeva et al. 2005), and can be used as a useful adjunct to SL analysis.  We 

also sought to predict whole protein antigenicity of these hypothetical proteins 

using the VaxiJen program. The classification of a protein by Vaxijen 2.0 is based on 

auto cross covariance transformation of sequence into uniform vectors of principle 

amino acid properties, and predictions are therefore based on the physicochemical 
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properties using an alignment-independent method (Doytchinova & Flower, 2007). 

Finally, in order to facilitate an understanding of the functional potential of these 

proteins, amino acid sequences can be subjected to sequence homology searches 

against the PFam (Finn et al. 2016) and HHPred (Soding et al. 2005) databases.   

Using a range of the aforementioned  methods, it is the purpose of the present 

investigation to survey all coding sequences, originally annotated within the 

sequenced genomes of the three cultivable DD-associated treponemes, T. medium 

phylogroup, T. phagedenis phylogroup and T. pedis, for amino acid patterns 

predictive of i) a signal peptidase I cleavage site and ii) a β-barrel topology, and 

thereafter, to attempt to shed further light on their subcellular localisation and 

potential function using a suite of additional bioinformatic tools.  

2.2. Methods.  

2.2.1. The prediction of treponemal OMPs from raw sequence.  

The genomes of the BDD-associated treponemes were sequenced using the Roche 

454 and Illumina MiSeq technologies, as part of two BBSRC funded studies 

(BB/K009443/1 and BB/E018920/1) (Clegg et al. In Press). Initial genome analysis 

was undertaken using the RAST server (Aziz et al. 2008) to establish features of 

significance, including total genome size, overall GC content and percentage coding 

sequences. Open reading frames (ORFs) from these genomes were identified using 

Glimmer3 and annotated in the Genome Browser and Annotation tool, Artemis 

(Rutherford et al. 2000), using BLAST (Altschul et al. 1990). Translation of coding 

regions to amino acid sequence was undertaken in Artemis prior to analysis. To 

predict protein translocation to the bacterial membranes, all CDS amino acid 

sequences in the T. medium phylogroup representative genome were analysed for 

the presence of an N-terminal signal peptide sequence using SignalP 4.1 

(http://www.cbs.dtu.dk/services/SignalP/). Those sequences that generated a Ymax 

score of ≥ 0.51 were considered to be exported from the cytoplasm, destined for 

insertion into the inner or outer membranes or the periplasmic space, and were 

selected for further analysis. Prior to protein topology prediction, the predicted 

signal peptide sequence was removed from each amino acid sequence to represent 

http://www.cbs.dtu.dk/services/SignalP/
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the mature protein. Tertiary structure was predicted from these amino acid 

sequences using three different topology prediction programs: BOMP 

(http://services.cbu.uib.no/tools/bomp), TM-BETA (http://psfs.cbrc.jp/tmbeta-net/) 

and PRED-TMBB (http://biophysics.biol.uoa.gr/PRED-TMBB/input.jsp). Only 

sequences that were predicted to encode proteins with a β-barrel topology by at 

least one of these programs were selected for further investigation. Those coding 

sequences predicted to harbour a signal peptide sequence and code a β-barrel 

protein were considered likely to represent T. medium phylogroup OMPs. Finally, 

NCBI Basic Local Alignment Search Tool (BLAST) was employed in order to identify 

homologous protein sequences in the representative genomes of the BDD T. 

phagedenis phylogroup and T. pedis, a characteristic desirable in the development 

of a vaccine that elicits cross-protective immunity against all three BDD treponeme 

taxa. Proteins were then subject to further in silico characterisation using a variety 

of functional and structural prediction servers, including the subcellular localisation 

programs, Psortb3 (Yu et al. 2010), CELLO (Yu et al. 2004) and LocTree3 (Goldberg et 

al. 2014), prediction of whole protein antigenicity using VaxiJen (Doytchinova and 

Flower 2007) and prediction of adhesin function using SPAAN (Sachdeva et al. 

2005). Structural homology searches, performed using Pfam (Finn et al. 2016) and 

HHPred (Soding et al. 2005) were additionally performed. Finally, the genomes of 

two other species of Treponema (T. ruminis (Newbrook et al. 2017) and T. rectale 

(Staton et al. 2017)), isolated from the bovine gastrointestinal (GI) tract, and 

thought to be commensal members of the genus, were screened for homologs of 

the putative BDD-associated Treponema OMPs identified in the present study in 

order to facilitate the identification of pathogen-specific vaccine targets using a 

Markov cluster (MCL) algorithm (Enright, et al. 2002). 

2.3 Results. 

2.3.1. Full genome analysis.  

The RAST server (Aziz et al. 2008) was employed to examine the full genome 

sequences of the three BDD-associated phylogroups under investigation as a means 

of providing supplementary data, and the results are shown in Table 2.1.  

http://services.cbu.uib.no/tools/bomp
http://psfs.cbrc.jp/tmbeta-net/
http://biophysics.biol.uoa.gr/PRED-TMBB/input.jsp
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Table 2.1. General features of the BDD-associated Treponema Phylogroup genomes.  
 

Phylogroup Phylogroup (representative 
strain) 

Genome 
size 
(bp) 

Coding 
features (n) 

GC 
content 
(%) 

1 T.medium phylogroup (T19) 3,176,855 3146 43.9 

2 T. phagedenis phylogroup (T320a) 5,800,542 5982 39.3 

3 T. pedis (T3352b) 6,691,556 7011 38.4 

 

2.3.2. The identification signal peptidase I cleavage sites within the amino 
acid sequences of all T.medium phylogroup genes.  

In order to identify T. medium phylogroup OMPs, the amino acid sequences of all 

putative genes identified by Glimmer3 previously were submitted to the SignalP 4.1 

server for analysis. Putative signal peptide sequences (identified by signal peptidase 

I cleavage sites) were identified in 182 of the 3146 sequences analysed. An example 

of the SignalP 4.1 output is provided in Fig. 2.1, in which a signal peptide cleavage 

site has been detected between amino acid positions 21 and 22 (IMA-QA) of the 

gene T19_00019 from the T. medium phylogroup. 

Figure 2.1. The identification of a signal peptide cleavage site and predicted beta barrel in 

the amino acid sequence of TRP19.  

 

Figure 2.1. SignalP 4.1 analysis of the T19_00019 amino acid sequence. Amino acids 

from positions 1-70 are shown on the x-axis. C-score indicates the predicted signal 

peptidase-I cleavage site. S-score indicates the amino acids that are part of the 

signal peptide sequence. Y score is derived from the C and S scores.  
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2.3.3. The identification of Signal Peptidase I cleavage site-positive T. 
medium phylogroup putative OMPs.   

The amino acid sequences of these predicted ORFs were further evaluated using 

three β-barrel prediction programs, BOMP, TMBETA-NET and PRED-TMBB. Those 

ORFs predicted to both contain a signal peptidase I cleavage site and amino acid 

sequence signature predictive of a beta-barrel tertiary structure by at least one of 

the beta barrel prediction tools were selected (see Table 2.2). BLAST was used to 

identify homologous CDS features in the T. phagedenis phylogroup and T. pedis 

genomes. Only CDS features that existed as homologs in the T. phagedenis 

phylogroup and T. pedis genomes were selected, resulting in 15 CDS features with 

varying degrees of sequence homology across the three Treponema phylogroups 

(and therefore a total of 45 targets across the three genomes). A flow diagram of 

the method employed to identify potential vaccine candidates is shown in Fig. 2.2 

and the results of this analysis are shown in Table 2.2. The homologous CDS 

features of T. phagedenis phylogroup and T. pedis are shown in Table 2.3. All of the 

homologous CDS features identified in the T. phagedenis phylogroup and T. pedis 

genomes were independently examined using the bioinformatics pipeline described 

and judged to encode treponemal OMPs, providing further confidence in OMP 

assignment.   

Figure 2.2. The basic pipeline for the identification of putative OMPs, homologous across 

all three Treponema groups.  

 

Fig. 2.2. Analysis of all BDD-associated T. medium genes for the presence of a Signal 
Peptidase I cleavage site led to the identification of 182 putative genes predicted to 
code for exported proteins. Further analysis of predicted tertiary structure and 
subsequent identification of homologous amino acid sequences in the BDD-
associated T. phagedenis and T. pedis genomes resulted in a total of 15 putative 
OMPs, homologous across the three phylogroups.  
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Table 2.2. The BDD-associated T. medium putative OMPs.   

 

Table 2.2. In total, 15 putative gene sequences fulfilled the criteria for selection, 
namely, the detection of a signal peptidase I cleavage site and predicted beta-barrel 
tertiary structure in at least one of the three β-barrel prediction programs utilised in 
this study. The program outputs are included. For BOMP analysis, a category (Cat) 
score from 0-5 is provided, in which 0 indicates that the predictor did not detect 
integral outer membrane protein features and 5 indicates the highest score of 
confidence. Prediction by TMBETA-NET produces a percentage confidence score, 
whereas PRED-TMBB predicted the number of β-strands within the barrel structure.  

 

PRED-TMBB was also used to create 2D hydrophobic models of the β-barrel 

proteins identified using this program. Four examples are provided in Fig. 2.3 and 

reveal the predicted structural conformation of the putative OMPs under 

investigation in respect to transmembrane domains.  

 

 

 

 

 

 

 

 

 

 

Yes/No Cleavage (AA pos) Yes/no Cat Yes/No Predicted BB Yes/No Predicted BB

t19_00019 1.8 YES 21/22 (Q/A) YES 4 NO - NO -

t19_00020 1.6 YES 21/22 (CFA/DT) YES 1 NO - NO -

t19_00034 0.62 YES 19/20 (TFA/QE) NO 0 YES 10 YES 4

t19_00078 1 YES 24/25 (LFA/QD) NO 0 NO - NO -

t19_00148 1.4 YES 19/20 (LFA/QT) NO 0 YES 24 YES 11

t19_00480 0.6 YES 19/20 (AQT/AL) YES 1 NO - NO -

t19_00483 2.4 YES 24/25 (AQA/PD) YES 1 YES 39 YES 12

t19_00489 0.7 YES 21/22 (LSA-NV) YES 4 YES 10 YES 5

t19_00740 1.5 YES 19/20 (VFA/QD) YES 3 NO - YES 10

t19_00914 1.6 YES 23/24 ( QDA/VD) YES 2 YES 19 YES 7

t19_01472 0.7 YES 21/22 (VFS/DG) YES 1 YES 11 YES 4

t19_01497 1.2 YES 21/22 LYA/QQ YES 1 YES 21 YES 8

t19_02427 0.7 YES 24/25 (LFA/QD) YES 2 NO - NO -

t19_02501 0.7 YES 21/22 (AFA/QE) YES 2 NO - NO -

t19_02582 0.94 YES 20/21 (LSA/QE) YES 1 NO - YES 7

BOMP TMBETA-NET PRED-TMBB

T19 locus_tag Size (kbp)

SignalP Signal Peptide Predicton

β-Barrel prediction 
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Figure 2.3. 2D hydrophobic models of four T. medium phylogroup putative OMPs.  

 

Fig 2.3. PRED-TMBB was used to create 2D representative hydrophobic models of 
the putative treponemal OMPs with respect to the lipid bilayer, calculated using 
posterior decoding. Four of these models are shown. A, t19_00034; B, t19_00148; C, 
t19_02582; and D, t19_00740.  
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Table 2.3. Phylogroup 2 and 3 homologs of the original putative OMPs of 
phylogroup 1. 

 

Table 2.3. The T320A and T3552B strain (T. phagedenis phylogroup and T. pedis, 
respectively) homologs of the T19 (T. medium phylogroup) putative OMP genes 
were identified using BLAST analysis. Homology is represented by % cover (percent 
of the query sequence that overlaps the subject sequence), Expect (E) value (average 
number of false-positive hits) and % ID (% sequence identity; the extent to which two 
amino acid sequences have the same residues at the same positions in an 
alignment). 

2.3.4. The verification of outer membrane compartmentalisation using 
subcellular localisation predictors 

Although the subcellular localisation of these hypothetical proteins is assumed to be 

the outer membrane, it was deemed of value to use additional subcellular 

localisation prediction tools to add weight to these assumptions. To this end, three 

such programs were used (PSortB3, CELLO and LOCTree3), although localisation to 

the OM was not reported consistently (see Table 2.4). Indeed, only two CDS 

features (t19_00480 and t19_02427) were not predicted to be associated with the 

OM in any of the SL programs utilised. Although the amino acid sequence of both 

t19_00480 and t19_02427 were found to contain a signal peptidase I cleavage site, 

only analysis by BOMP predicted β-barrel topology. The β-barrel prediction 

reliability score was 1 for t19_00480 and 2 for t19_02427 (see Table 2.2), indicating 

a low level of confidence in this prediction. However, since this protein met the 

predetermined selection criteria, it was not excluded from further evaluation.  

T19

locus_tag locus_tag % cover E-value % ID locus_tag % cover E-value % ID

T19_00019 t320a_03090 100% 0 53% t3552b_01724 100% 0 55%

T19_00020 t320a_03089 98% 4.00E-166 45% t3552b_01723 95% 2.00E-157 44%

T19_00034 t320a_00694 100% 2.00E-84 50% t3552b_02390 80% 8.00E-71 57%

T19_00078 t320a_00115 77% 1.00E-35 27% t3552b_02414 100% 2.00E-37 29%

T19_00148 t320a_01978 98% 1.00E-134 43% t3552b_02169 91% 4.00E-99 37%

T19_00480 t320a_01722  98% 8.00E-115 74% t3552b_02267  99% 1.00E-105 72%

T19_00483 t320a_01725 100% 0 63% t3552b_02260 100% 0 58%

T19_00489 t320a_00654 99% 3.00E-17 28% t3552b_01350 100% 7.00E-25 29%

T19_00740 t320a_01728 29% 1.00E-04 23% t3552b_01694 77% 1.00E-170 62%

T19_00914 t320a_00103 73% 9.00E-97 37% t3552b_00983 70% 7.00E-55 30%

T19_01472 t320a_02637  74% 3.00E-15 34% t3552b_00683  99% 5.00E-35 32%

T19_01497 t320a_02649  98% 2.00E-115 43% t3552b_00904 93% 2.00E-137 50%

T19_02427 t320a_02465 99% 1.00E-128 70% t3552b_00976 99% 6.00E-140 72%

T19_02501 t320a_01243 99% 2.00E-127 50% t3552b_02625 100% 8.00E-99 43%

T19_02582 t320a_00892  100% 4.00E-87 41% t3552b_02391  96% 3.00E-40 29%

T320A T3552B
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Table 2.4. Verification of subcellular localisation prediction and prediction of 
adhesion function from raw sequence.  

 

Table 2.4. The BDD-associated Treponema phylogroup 1 putative OMP sequences 
were further scrutinized for signatures of OM localisation using three localisation 
prediction programs (Psortb3, CELLO and LocTree3). Fourteen putative OMPs 
selected for investigation were predicted to be localised to the OM by at least one of 
the subcellular localisation programs utilised. Furthermore, thirteen of the fifteen 
putative OMP sequences were predicted to be ‘probable antigens’ and five of the 
fifteen putative OMPs were predicted to be adhesins.  

 

Whilst PSORTb3 was unable to assign a subcellular localisation for eight of the T19 

CDS features, this program was able to predict, with high confidence, three OM-

associated hypothetical proteins. CELLO and LocTree3 predicted considerably more 

OM-associated hypothetical proteins (n=10 and n=9, respectively), although 

complete concordance between these predictions was absent. Only seven CDS 

features received a consensus OMP prediction (i.e. OMP predictions from >2 

programs). No hypothetical protein was rejected on the basis of these data alone. 

Interestingly, the majority of these hypothetical proteins were predicted to be 

antigenic using the VaxiJen server and five hypothetical proteins were predicted to 

be adhesins using SPAAN.  

2.3.5. Prediction of function: functional domain homology detection 

Next, in order to shed light on the functionality of these proteins, Pfam was used to 

identify functional domain homologs that exist in the pfamseq sequence database. 

The results of this analysis are shown in Table 2.5.  

 

T19 locus_tag PsortB3 Score CELLO Score LocTree3 Expected Accuracy VaxiJan Adhesin Adhesin Probability

t19_00019 Unknown Outer Membrane 3.278 Outer Membrane 97 Probable Antigen No 0.361

t19_00020 Cyto. Membrane 9.86 Innter Membrane 1.88 Outer Membrane 93 Probable Antigen No 0.209

t19_00034 Cyto. Membrane 9.86 Outer Membrane 2.231 Inner Membrane 95 Probable Antigen Yes 0.51

t19_00078 Unknown Innter Membrane 2.02 Outer Membrane 98 Probable Antigen No 0.32

t19_00148 Outer Membrane 9.52 Outer Membrane 3.972 Cytoplasm 89 Probable Antigen Yes 0.57

t19_00480 Unknown Cytoplasmic 2.057 Inner Membrane 89 Probable Antigen No 0.306

t19_00483 Outer Membrane 9.93 Outer Membrane 4.005 Outer Membrane 95 Probable Antigen Yes 0.514

t19_00489 Unknown Outer Membrane 2.419 Outer Membrane 93 Probable Antigen Yes 0.668

t19_00740 Outer Membrane 9.52 Outer Membrane 3.223 Outer Membrane 97 Probable Antigen Yes 0.587

t19_00914 Unknown Outer Membrane 3.629 Secreted 88 Probable Antigen No 0.411

t19_01472 Cyto. Membrane 9.82 Outer Membrane 1.914 Outer Membrane 97 Probable NON-antigen Yes 0.604

t19_01497 Unknown Outer Membrane 1.731 Outer Membrane 94 Probable Antigen No 0.434

t19_02427 Unknown Cytoplasmic 1.884 Periplasm 88 Probable Antigen No 0.129

t19_02501 Unknown Outer Membrane 2.596 Cytoplasm 89 Probable NON-antigen No 0.45

t19_02582 Cyto. Membrane 9.86 Periplasmic 1.861 Outer Membrane 89 Probable Antigen No 0.339

Subcellular Localisation Prediction Additional Analysis
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Table 2.5. Pfam analysis of the BDD-associated Treponema Phylogroup 1 (T19) 
putative OMPs.  

 

Table 2.5. The fifteen putative OMP amino acid sequences were analysed for 
matches in the Pfam database, using the default E-value cut-off of 1.0, identifying 
seven putative OMPs with domain sequence similarities.  

No conserved domains were identified in the majority of the CDS features analysed 

by Pfam (n=8). However, where domain homology was predicted, results were 

either consistent with bacterial surface exposure or were of indeterminate 

relevance: neither the Y_Y_Y or PPIC-type PPIASE domains exclude the possibility of 

OM localisation, for instance. In order to elaborate on these findings further, the 

HHPred server was used to identify homologous proteins with structures resolved 

atomically. Highly significant hits were identified for all but two treponemal CDS 

features (T19_00480 and T19_02582), and of these, thirteen CDS features were 

successfully aligned to previously characterised bacterial β-barrel OMPs, ranging in 

β-strand number from eight to eighteen. Conversely, T19_02501 was identified as a 

treponemal homolog of the periplasmic molecular chaperone protein, SurA 

(probability: 100%). Although the tertiary structure of this protein was originally 

predicted to be a β-barrel by BOMP, the confidence level was low. Moreover, the 

two other tertiary structure prediction servers did not identify β-barrel signatures in 

the amino acid sequence of this CDS feature. The results of subcellular localisation 

were also found to be contradictory, with T19_02501 being identified as an OM 

protein by CELLO, but as a cytoplasmic protein using LocTree3; PsortB3 was unable 

to assign a localisation. In line with a periplasmic localisation, VaxiJen analysis 

predicted that this protein was non-antigenic.  

T19 locus_tag Pfam Top Hit Description Details

t19_00019

t19_00020

t19_00034

t19_00078 Omptin Omptin Family Bacterial proteases

t19_00148

t19_00480

t19_00483 POTRA Surface antigen variable number repeat Bacterial surface antigens

t19_00489 DUF2715 Domain of unknown function Spirocheatal beta barrel of unknown fuction 

t19_00740

t19_00914

t19_01472 DUF2715 Domain of unknown function Spirocheatal beta barrel of unknown fuction 

t19_01497 Y_Y_Y Y_Y_Y domain Periplasmic sensor domain; possible signal transduction

t19_02427 FlaA Flagellar filament outer layer protein Flaa Outer sheath of spirocheatal periplasmic flagella

t19_02501 Rotamase_2 PPIC-type PPIASE domain Prolyl isomerase

t19_02582
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2.3.6. Prediction of antigenicity using VaxiJen.  

The likelihood that these proteins were antigenic was determined using VaxiJen 

(Doytchinova and Flower 2007). All but two T19 CDS features (T19_01472 and 

T19_02501), originally predicted to be β-barrel OMPs, were predicted to be 

antigenic. Moreover, CELLO predicted that the putative protein products of these 

CDS features are localised to the OM, and LocTree3 additionally predicted that 

T19_01472 is also an OMP. SPAAN analysis of the T19_01472 amino acid sequence 

predicted adhesin function, although T19_02501 was not predicted to be an 

adhesin in this analysis. Finally, a search against the Pfam database identified a 

DU2715 conserved domain (spirochaetal β-barrel of unknown function) within the 

sequence of T19_01472 and submission to the HHPred server identified 

orthologous associations with other spirochaetal beta barrel OMPs, as shown in 

Table 2.7. Thus, T19_01472 was retained for further evaluation as a vaccine 

candidate. Conversely, neither Pfam nor HHpred database integration returned 

significant hits for T19_02501, although this was similarly retained for further 

evaluation.  

2.3.7. The identification of putative OMP homologs in commensal treponemes.  

Finally, the sequenced genomes of two commensal bovine GI tract treponemes, T. 

ruminis and T. rectale, were screened for the presence of the homologous putative 

OMP gene sequences identified in section 2.3.3, using cut-off criteria of >70% amino 

acid sequence identity across 100% of the amino acid sequence. The results of this 

analysis are provided in Table 2.6.  
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Table 2.6. The examination of two GI tract Treponema spp. (T. ruminis and T. 
rectale) genomes for the presence of putative BDD-associated treponemal OMP 
genes.  

 

Table 2.6. The identification of BDD-associated Treponema putative OMP homologs 
in the genomes of commensal GI tract Treponema spp., T. ruminis and T. rectale. 
This analysis revealed that homologs of the majority of putative OMPs identified in 
the genomes of the three BDD-associated phylogroups were also identified in the 
genomes of the GI tract treponemes. Those gene sequences highlighted in blue 
were not detected within the genomes of these commensal treponemes. n.d.; not 
determined.  

 

 

T19 Locus 

Tag

GI Tract 

Treponeme 

detected

T320A Locus 

Tag

GI Tract 

Treponeme 

detected

T3552B Locus 

Tag

GI Tract 

Treponeme 

detected

t19_00019 Positive t320a_03090 Positive t3552b_01724 Positive

t19_00020 Positive t320a_03089 Positive t3552b_01723 Positive

t19_00034 Positive t320a_00694 Positive t3552b_02390 Positive

t19_00078 Positive t320a_00115 Positive t3552b_02414 Positive

t19_00148 Positive t320a_01978 Positive t3552b_02169 Positive

t19_00480 Positive t320a_01722  Positive t3552b_02267  Positive

t19_00483 Positive t320a_01725 Positive t3552b_02260 Positive

t19_00489 Negative t320a_00654 Negative t3552b_01350 Negative

t19_00740 negative t320a_01728 n.d. t3552b_01694 Negative

t19_00914 Positive t320a_00103 Positive t3552b_00983 Positive

t19_01472 Negative t320a_02637  Negative t3552b_00683  Negative

t19_01497 Positive t320a_02649  Positive t3552b_00904 Positive

t19_02427 Positive t320a_02465 Positive t3552b_00976 Positive

t19_02501 Positive t320a_01243 Positive t3552b_02625 Positive

t19_02582 Positive t320a_00892  Positive t3552b_02391  Positive



67 
 

Table 2.7. Interrogation of the PDB to identify structural and domain homologs of the putative treponemal OMPs. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.7. HHPred was used to search the Protein Databank (PDB) to identify putative treponemal OMP structural and domain homologs. The 

vast majority (n=12) of the putative treponemal OMPs were homologous to β-barrel outer membrane proteins with diverse functions. 

Significant hits for two putative OMPs (T19_00148 and T19_02582) were not identified, and two putative OMPs (T19_02427 and T19_02501) 

were homologous to proteins localised to the secretory (sec) and periplasmic (peri) compartments, respectively. 

 

Protein 
identity 

Significant hits 
(species) 

Probability  
(E value) 

Function/Domain  Subcellular 
localisation 

Tertiary structure of 
hit 

References 

T19_00019 Wzi (E.coli).  100 (6.1e-36) Lectin: bacterial capsule formation via direct interaction with 
capsular polysaccharides 

OM 18-stranded β-
barrel 

Bushell et al., (2013) 

AlgE (P. aeruginosa) 96.57 (0.33) Porin: AlgE alginate export protein OM 18-stranded β-
barrel 

Tan et al., (2014) 

T19_00020 Wzi (E.coli). 100 (2.9e-37) Lectin: bacterial capsule formation via direct interaction with 
capsular polysaccharides 

OM 18-stranded β-
barrel 

Bushell et al., (2013) 

T19_00034 OmpW (E.coli) 99.37 ( 1.8e-12) Porin: small hydrophobic molecule transport OM 8-stranded β-barrel Hong et al., (2006) 

OmpA (Klebsiella 
pneumoniae) 

99.34 4.1e-13) OmpA: adhesin and invasin  OM 8-stranded β-barrel (Renault et al., 2009a) 

T19_00078 OmpT (E.coli) 100 (2.6e-47) Protease OM 10-stranded  β-
barrel 

Vandeputte-Rutten et 
al., (2001) 

T19_00148 TolC (E. coli) 100 (2.4e-35) Exit duct: drug efflux and protein export OM 12-stranded α/β-
barrel 

Pei et al., (2011) 

T19_00480 No significant hits - - - - - 

T19_00483 BamA (Neisseria 
gonorrhoeae) 

100 (1.6e-67) Β-barrel assembly machinery (BAM) complex component OM 16-stranded  β-
barrel 

Noinaj et al., (2013) 

T19_00489 OmpA (Klebsiella 
pneumoniae) 

99.28 (1.1e-12) Carrier protein OM 8-stranded β-barrel Renault et al., (2009) 

OmpW (E. coli) 99.23 (1.7e-11) Porin: small hydrophobic molecule transport OM 8-stranded β-barrel Hong et al., (2006) 

T19_00740  AlgE (P. aeruginosa) 97.58 (0.013) Porin: AlgE alginate export protein OM 18-stranded β-
barrel 

Tan et al., (2014) 

T19_00914 FadL (E.coli) 97.42 (0.0031) Ligand-gated channel: Fatty acid transporter OM 14-stranded  β-
barrel 

(Lepore et al., 2011) 

T19_01472  NspA  (Neisseria 
meningitidis) 

96.98 (0.00069) Porin OM 8-stranded β-barrel Vandeputte-Rutten et 
al., (2003) 

T19_01497 OmpA Membrane 
domain (E.coli) 

96.1 (0.051) OmpA: adhesin and invasin OM 8-stranded β-barrel (Pautsch & Schulz, 
2000) 

T19__02427  Lic26A-Cel5E 
(Clostridium 
thermocellum) 

 98.74 (5.4e-9)  Carbohydrate-Binding Module  SEC β-jelly roll fold and β 
sandwich 

(Carvalho et al., 2004) 

T19_02501 SurA (E.coli) 100 (6.3e-30) Molecular chaperone protein (OMP folding) PERI Mixed α-helix and β-
sheet 

(Xu et al., 2007) 

T19_02582 No significant hits      



68 
 

2.4 Discussion.  

Annotation of a bacterial protein’s subcellular localisation is a critical step towards 

evaluating its value as a vaccine candidate and subcellular localisation is still 

considered to be the main criterion of selection during the vaccine candidate screening 

process. Numerous bioinformatic methods have been developed to predict this 

feature and are now part of a relatively well-established approach to identifying novel 

vaccine candidates. By using a reverse vaccinology approach, this analysis has 

identified fifteen CDS features within the T. medium-like BDD spirochete genome 

predicted to code mature proteins that are destined for the Sec pathway, which 

additionally contain within their amino acid sequences the hallmarks of a beta barrel 

topology. Thus, these CDS features are highly likely to code treponemal OM proteins, 

which, given their surface-exposed state, are more susceptible to antibody recognition, 

and therefore are more likely to illicit protective humoral responses. Moreover, in 

order to target vaccine candidates that could illicit cross-protection against the three 

treponemal phylogroups implicated in most BDD infections in the US and the UK, only 

CDS features that were found to be homologous across all three phylogroups were 

selected for further evaluation, giving rise to the 45 putative OMPs targeted in this 

study. Whilst this bioinformatic strategy represented the primary mechanism of 

putative protein selection in this study, additional analyses were used to verify OM 

compartmentalisation and to further examine the likely structural and probable 

functional characteristics of these hitherto uncharacterized treponemal proteins. The 

results of sequence analysis by SL prediction programs were largely consistent with the 

original OM β-barrel classification of these fifteen putative proteins, although 

considerable discordance in localisation prediction were observed. Nevertheless, 

fourteen of the fifteen targets received an OM localisation prediction by at least one of 

the prediction servers. Moreover, OM β-barrel orthologs of eleven of these putative 

OMPs have been identified, providing additional evidence of their OM 

compartmentalisation.  

The strategy used in this study to identity putative treponemal OM proteins is 

comprehensive and based on the prediction of secondary structure elements from 

sequence. The screening of all CDS features for signal peptidase I cleavage sites 
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represents a highly sensitive method for the detection of non-cytoplasmic proteins. 

Moreover, a high degree of confidence in the computational prediction of antiparallel 

transmembrane β-sheets of β-barrel OMPs is usually achieved. The rapidity and ease 

with which this list of putative vaccine candidates was obtained highlight the 

advantages of employing such a strategy to identify novel vaccine candidates. Of 

course, nothing is known about the in vivo expression of these putative OMPs. 

However, this pool of previously unexploited vaccine candidates may contain 

important antigens that can induce protective immunity against BDD infection.  

Several limitations to this approach are worthy of consideration. Firstly, homologs of 

the vast majority of these CDS features have been detected in the genomes of 

presumed commensal treponemes of the bovine GI tract, and their respective proteins 

may therefore not be pathogen-restricted. The consequences of using protein antigens 

that are present in both pathogenic and commensal treponemes is unknown. It is of 

course unsurprising that concordance between all of the bioinformatic tools utilized in 

the present study is not demonstrated. Clearly, the bioinformatics analysis employed 

here is not infallible and it is highly likely that some treponemal OMPs have not been 

identified. A comparative study into the reliability of Beta-barrel prediction found that 

hidden Markov model methods, including PRED-TMBB and TMBETA-NET, performed 

significantly better than other available methods, and consensus predictions using a 

range of methods does not improve accuracy compared to top-scoring methods. Since 

PRED-TMBB was found to be the top-scoring HMM prediction method, it may have 

been more appropriate to combine this with a top-scoring program that employs a 

different method (e.g. NN or SVM). This approach has been demonstrated to enhance 

prediction accuracy in one study (Bagos et al. 2005). There is, of course, no way of 

identifying the most accurate method for the identification of treponemal OMPs, and 

considerable disparity exists in both the performance metrics and the data sets used 

for evaluation. An independent comparison of such methods is required (Gardy and 

Brinkman 2006). Here, the use of three widely employed B-barrel prediction methods, 

with demonstrable efficacy in identifying spirochetal OMPs, was considered prudent.   

Several RV approaches have used direct SL prediction as a screening method. 

Presently, PSORTb3 is considered to be the most accurate open-source SL prediction 
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program. Interestingly, in a method comparison, PSORTb outperformed all of the 

specialized beta barrel prediction programs, including BOMP, in an evaluation of 

precision (Gardy and Brinkman 2006). However, despite its popularity, using this 

method alone is likely to miss a considerable number of potential (and possibly highly 

antigenic) vaccine targets, simply because their predicted SL was unknown (Zeng et al. 

2017). The results of the present study, in which PSORTb3 was unable to predict a SL 

for nine of the CDS features, demonstrates this point. That 14 of the 15 CDS features 

were predicted to be putative OMPs in at least one of the SL prediction programs is 

reassuring, although consensus predictions were only observed for seven of these. 

Hence, there exists a considerable degree of variation between the results of SL 

prediction servers, the impact of which is difficult to evaluate. It should also be noted 

that both CELLO and LocTree3 force predictions (i.e. a prediction is made even in cases 

of low confidence) likely increasing detection of false positives. Thus, unlike others, we 

decided not to base candidate selection on direct SL prediction. SL is an evolutionarily-

conserved trait, and homologous proteins tend to be similarly compartmentalised 

within the cell (Nair and Rost 2009). Indeed, even remotely homologous proteins tend 

to have somewhat similar tertiary structures (Rychlewski et al. 1998), and therefore, 

HHpred was used in the present study for homology detection and, from these results, 

to infer tertiary structure. The results of this analysis clearly demonstrate that the 

majority of putative treponemal OMPs now under investigation share considerable 

homology with β-barrels of the OM from a diverse range of bacterial species. This 

analysis however failed to support the assignment of a β-barrel tertiary structure 

product to gene T19_02501, but rather was homologous to a periplasmic protein 

(SurA) with a mixed αβ structure (Xu et al. 2007). In addition, two genes (T19_02582 

and T19_00480) were not significantly homologous to any proteins in the PDB.  

This study aimed to use a methodology akin to other reported reverse vaccinology 

studies with putative vaccine candidates identified direct from bacterial genomes. 

Here a plethora of bioinformatics programs were used that enabled identification of 

potential antigens from BDD treponeme genome ORFs. The result of this survey is a 

shortlist of 45 putative OMPs representing 15 different protein homologues present in 

each of the three BDD treponeme phylogroups. These putative vaccine candidates 
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were well evidenced as OMPs through various bioinformatic techniques will now have 

their respective genetic loci cloned, proteins recombinantly expressed and refolded 

(Chapter 3), subjected to immunological and functional investigations (Chapters 4 and 

5) and subsequently will undergo immunogenicity testing to further qualify the surface 

exposure of these putative OMPs (Chapter 6).  Such a comprehensive pipeline should 

dissect the functional and immunological importance of these putative OMPs from 

these important treponemal pathogens responsible for a substantial endemic disease 

of dairy cattle. 
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Chapter 3. The overexpression, refolding and purification of 
putative treponemal outer membrane proteins.  

3.1. Introduction. 

3.1.1. The Expression of hexahistidine-tagged fusion proteins in E.coli. 

Isolating specific proteins from the outer membrane of the target organism is difficult, 

since they are rarely present in abundance or as the major peptidic constituent of the 

membrane (Seddon et al. 2004). If the DNA sequences of these proteins are known, 

recombinant DNA technology may be employed to induce heterologous expression in 

a suitable host. The overexpression of foreign genes in E. coli is the most convenient 

and most frequently used method for producing recombinant proteins of prokaryote 

origin. Indeed, the use of E. coli as an expression host affords several advantages, 

including well-characterised genetics, growth on inexpensive carbon sources, rapid 

biomass accumulation and ease of process scale-up (Baneyx and Mujacic 2004, Terpe 

2006). Moreover, its protein expression capabilities have been studied intensively, and 

the ease by which E.coli can be genetically manipulated has permitted the 

development of strains engineered exclusively for protein production (Zerbs et al. 

2014). The suitability of E. coli as an expression host has been demonstrated in a wide 

range of studies, including those seeking to characterize proteins of spirochetal origin  

(Peterson et al. 1987; Fenno et al. 1996; Fernandes et al. 2012).  

Determining the most appropriate vector for delivery of a heterologous gene into the 

E.coli expression host is of equal importance to the selection of the expression host, 

and requires consideration of two factors: the promoter system and selection of an 

affinity tag. Despite a relatively large number of commercially available promoter 

systems, only a small number are used frequently; the T7 promoter is by far the most 

widely used system for induction of heterologous gene expression in E. coli (Terpe 

2006). Here, advantage is taken of the high activity and specificity of bacteriophage T7 

RNA polymerase to drive regulated expression of heterologous genes from the T7 

promoter (see below). Indeed, the T7 promoter and the T7 RNA polymerase rapidly 

synthesize large amounts of mRNA and within three hours of induction, 50% of the 

total cell protein may constitute target protein (Studier and Moffatt 1986). 
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When designing a cloning and expression strategy in which the downstream 

purification of the recombinant protein is required, a key consideration is the selection 

of a fusion tag. Selection of the 6-Histidine tag (His-tag) has been made for three 

reasons: i) the His-tag is small and poorly immunogenic in all species (except in 

monkeys), ii) the 6xHis tag is uncharged at physiological pH and therefore rarely affects 

structure or function of the tagged protein and iii) the availability of a robust and well-

established His-tag purification system (Crowe et al. 1994). 

The number of commercially available expression vectors continues to increase each 

year. Building on the success of previous studies, the Gateway Cloning system (Life 

Technologies, Paisley, UK) has been selected here for the cloning and expression of 

treponemal recombinant outer membrane proteins in E. coli. The Gateway cloning 

system takes advantage of the site-specific recombination properties of bacteriophage 

lambda (Landy 1989), and is a multistep cloning technique that eradicates the need for 

classical restriction enzyme and ligase cloning for the transfer of genes between 

vectors (Esposito et al. 2009), and has been found to be a valuable tool in the cloning 

and expression of spirochaetal outer membrane proteins in E. coli (Haake et al., 1993, 

Radolf et al. 1995). Gateway technology uses the site-specific recombination system 

utilised by bacteriophage λ to transfer gene sequences between plasmids that harbour 

flanking compatible recombination attachment (att) sites, a process that must first 

begin with the creation of an entry clone. Here, PCR products are inserted into an 

entry vector in a reaction that is mediated by topoisomerase I, an enzyme that 

catalyses the transient and site-specific breakage and re-joining of the DNA duplex via 

a covalent DNA-enzyme intermediate (Cheng and Shuman 2000). Briefly, a 3’ single 

stranded overhang (GTCC) is added to the target gene sequence that is identical to the 

5’ end of the topoisomerase-charged DNA fragment. Directional cloning into the entry 

clone is achieved by the addition of a four base sequence (CACC) to the forward primer 

of the PCR product, complementary to the overhang in the cloning vector. The cloning 

vector overhang invades the 5’ end of the PCR product, displaces its lower strand and 

anneals to the added bases on the incoming DNA.  

Once an entry clone is created, a second recombination event is required to subclone 

the DNA segment of interest from the entry clone to the expression clone, driven by 
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the site-specific recombination properties of bacteriophage λ. Recombination between 

an entry clone attL-flanked gene and an attR-containing destination vector is mediated 

by a propriety enzyme and buffer formulation that contains bacteriophage λ integrase 

and excisionase enzymes and the E. coli Integration Host Factor (IHF) protein. In this 

reaction, an integrase-mediated recombination generates a cointergrate molecule 

which is then resolved to achieve transfer of the DNA segment to the destination 

vector. The expression vector pDEST17 carries the T7 promoter and adds an N-terminal 

affinity purification tag (6x histidine residues). Once created, this expression construct 

can be propagated in DH5α E. coli, purified and inserted into an expression strain of E. 

coli in order to assess target protein production.  

 

An inducible T7 expression system is an efficient and widely used method in the 

production of these proteins from cloned coding sequences, whereby the gene of 

interest is cloned behind a promoter recognised by the phage T7 RNA polymerase.  

This highly active polymerase is most commonly encoded in the bacterial genome as a 

prophage (λDE3) under the transcriptional control of a lacUV5 promoter. The system 

can therefore be induced with lactose or its non-fermentable analog, isopropyl β-ᴅ-1-

thiogalactopyranoside (IPTG), resulting in the synthesis of T7 RNA polymerase and 

subsequent transcription of almost any DNA sequence under the control of the T7 

promoter (Studier 2005).  

 

Selection of a suitable expression host is another important consideration. For initial 

recombinant protein expression screens and routine expressions, E. coli BL21 and K12 

strains are most frequently used (Terpe 2006). BL21 DE3 represents the most 

commonly utilised T7-compatible strain that is able to express non-toxic recombinant 

proteins in relatively high levels. This strain, unlike K12 strains, is deficient in both Lon 

protease, which digests many foreign proteins, and the outer membrane protease 

OmpT, which may degrade recombinant proteins following cell lysis. In addition, 

plasmid loss is minimised by the presence of the hsdSB mutation, which hinders DNA 

methylation and degradation (Rosano and Ceccarelli 2014). Moreover, since all 

recombinant proteins will be intentionally expressed in inclusion bodies, the risk of 



75 
 

toxicity is diminished, since as misfolded aggregates, expressed proteins are rarely 

toxic to the cell.  The expression of recombinant proteins in inclusion bodies, using the 

BL21 DE3 expression strain, was employed in the present study.  

3.1.2. The overexpression of putative treponemal OMPs in E. coli.  

When overexpressed in the outer membrane of E.coli, recombinant proteins typically 

become toxic to the cell and consequently reduce obtainable yield (Wagner et al. 

2007). Removal of the signal peptide sequence from the heterologous gene and 

subsequent retention of the recombinant protein within the cytoplasm is more readily 

tolerated by E.coli and will, in most cases, permit recovery of higher protein yields 

(Mayer and Buchner 2004). Usually, this results in the production of relatively pure but 

insoluble protein aggregates within the cytoplasm called inclusion bodies (IBs), the 

formation of which is thought to occur primarily because protein production exceeds 

the pace of protein refolding, leading to exposure of hydrophobic regions that 

facilitate dense aggregation of insoluble protein in a highly enriched form. In addition, 

microenvironmental variation between the original ‘source’ microorganism and the E. 

coli cell (including pH, osmolarity, redox potential, cofactors and mechanisms of 

folding) contribute to misfolding and protein instability (Rosano and Ceccarelli 2014). 

IBs vary in diameter from 0.5-1.3 μm, and since they typically have a higher density 

than other cellular components (~1.3 mg ml-1) (Taylor et al. 1986), separation by 

centrifugal force is straightforward. Thus, IBs can be readily recovered from a lysed cell 

homogenate using low speed centrifugation and washed, usually with detergents, to 

further remove contaminants (Singh et al. 2005). Contamination is likely to arise from 

co-precipitation or absorption of cell-debris associated material post-lysis, especially 

proteins of the E.coli outer membrane (Valax and Georgiou 1993). 

3.1.3. IB Solubilisation, protein refolding and purification 

Whilst overexpression in some cases can lead to the formation of IBs that comprise 

predominantly of native protein structure, the majority of IB will require high 

concentrations of denaturants to achieve solubilisation (Burgess 2009). Solubilisation 

buffers containing chaotropic agents such as 6-8M urea or guanidine hydrochloride are 

typically used. In addition to the solubilising agent, chelating agents, most frequently 
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EDTA, are included to prevent metal-catalysed air oxidation of cysteines (Singh et al. 

2005). Solubilisation under these conditions will usually lead to complete loss of any 

pre-existing secondary structure. Therefore, once solubilised, target proteins must be 

refolded under conditions that promote formation of the correct intramolecular 

interactions to produce a natively conformed bioactive molecule. The mechanism by 

which a denatured protein can refolded back into its native conformation is 

incompletely understood.  

Since small protein molecules intrinsically and spontaneously refold into their native 

conformation following removal of the denaturing agent, it has been theorised that 

such a conformational state has the lowest free energy (Anfinsen, 1973). Hence, when 

denaturing conditions are removed, the formation of some secondary structure occurs 

to form a molten globule state with non-native tertiary structures which progresses 

through multiple intermediates until the lowest energy (native) state is achieved 

(Burgess 2009). However, the folding and subsequent stability of integral membrane 

proteins is dependent on interactions between either lipid bilayers of the cellular 

membrane or a suitable mimic, such as detergent micelles. Detergents create a mimic 

of the lipid bilayer environment occupied by the protein in vivo (Seddon et al. 2004). 

Early studies into the interactions between OmpA (an E.coli outer membrane protein) 

and detergent micelles clearly indicated the need for detergent concentration to 

exceed that of the critical micelle concentration (CMC) in order for refolding to 

proceed (Kleinschmidt et al. 1999). Indeed, the optimal concentration of detergent 

varies extensively, from four (Pfanner et al. 1998) to 500 times (Qi et al. 1994) above 

the critical micelle concentration (CMC).  

Several methods are available to enable in vitro refolding via removal of denaturing 

agents, including dialysis, dilution, diafilitration, and gel filtration. Upon removal of the 

denaturant, and via mechanisms similar to those seen in IB formation, the probability 

of improper protein-protein interactions and the subsequent reformation of insoluble 

protein aggregates is increased, especially under conditions of high protein 

concentration. These intermolecular interactions are mediated by ‘sticky’ refolding 

intermediates, the hydrophobic amino acid stretches of which have yet to be buried in 

the natively conformed structure (Vallejo and Rinas 2004). The use of a drop-wise 
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refolding method (and subsequent rapid dilution) has been employed in the present 

study to ensure maintenance of a high protein dilution factor throughout the refolding 

procedure, whereby the protein-denaturant solution is added slowly, over the course 

of at least an hour, to a relatively large volume of refolding buffer (Tsumoto et al. 

2003). This minimises contact potential between these aggregation-prone 

intermediates during the refolding process and relative to the other methods of 

refolding (reverse dilution and flash dilution), permits protein refolding at minimal 

protein concentrations (Fischer et al. 1992). Typically, the concentration of protein 

after dilution is 1-10 μg/ml,  favouring a refolding, rather than aggregation, pathway 

(Vallejo and Rinas 2004).  

Once refolded, proteins may be purified. The 6xHis/Ni-NTA Immobilised Metal Affinity 

Chromatography (IMAC) system relies on the highly selective, high affinity binding of 

six consecutive histidine residues (the 6xHis tag) to resin-immobilised nickel ions, the 

binding capacity of which is reported to be 5-10 mg of 6xHis-tagged protein per ml of 

resin. The tightness of this interaction allows for contaminants to be removed by 

stringent washing, and the bound target protein may then be eluted from the resin 

with high concentrations (250 mM) of free imidazole (Crowe et al. 1994).  

3.1.4. The determination of fold state using far UV circular dichroism 

When high resolution structural data is unavailable, CD spectroscopy is considered the 

method of choice for the determination of the secondary structure of proteins in 

solution. Optically active macromolecules, including proteins, exhibit differential 

absorption of circular polarized light. The far UV CD spectrum of proteins (180-250nm) 

is largely based on the excitation of electronic transitions in amide groups and is 

influenced by the presence of protein secondary structure, yielding structure-specific 

spectra, which is suitable for quantitative analysis and subsequent prediction of 

secondary structure composition (Woody 1995). Thus, α-helical proteins yield negative 

bands at 222 nm and 208 nm and a positive band at 193 nm (Holzworth & Doty, 1965), 

whilst proteins comprising of well-defined antiparallel β-sheets yield negative bands at 

218 nm and a positive band at 195 nm (Greenfield and Fasman 1969). Random coil also 

yields a unique spectral signature, and is characterised by very low ellipticity above 210 

nm and negative bands close to 195 nm (Venyaminov et al. 1993). Proteins typically 
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are not comprised entirely of a single structural state, and interpretation of a CD plot 

can be difficult by visual inspection alone. A relatively large number of algorithms have 

been produced for the purposes of secondary structure prediction from spectra, based 

on validated reference spectra, and overall prediction is considered to be of 

satisfactory accuracy (Greenfield 2006, Woollett et al. 2013). However, since structural 

determination of β-sheet rich membrane proteins by X ray crystallography or solution 

NMR spectroscopy has been hindered by frequent crystallization failure, and since high 

degrees of spectral diversity exist amongst this group of proteins, there is a paucity of 

data pertaining to this structural class, and quantitative spectral analysis methods 

frequently fail to provide acceptable levels of accuracy in αβ-mixed or β-structure rich 

proteins. Here, an open access web-based server, β-structure selection (BestSel; 

bestsel.elte.edu) (Micsonai et al. 2015), was selected to analyze the CD spectra 

generated from the analysis of all sufficiently pure, solution-stable TRPs produced in 

our laboratory, to determine the nature of their secondary structures. Specifically, this 

algorithm has been designed to take into account the twist of β-structures, and 

thereby discriminate more accurately between the secondary structure states. This 

server has several advantages over others that are available, including the ability to 

classify eight structural elements rather than the usual three, an ability to analyze 

millidegrees (Mdeg, Machine Units) without prior need for unit conversion.  

3.2 Materials and Methods 

3.2.1. Polymerase Chain Reaction (PCR) amplification of the target gene sequences.  

3.2.1.1. Primer Design 

Open reading frames predicted to code proteins localised to the outer membrane of 

the BDD-associated Treponema phylogroups 1, 2 and 3 were identified as described 

previously (see Chapter 2). The signal peptidase I cleavage site of the corresponding 

amino acid sequence was identified using SignalP 4.1 and the region encoding this 

signal peptide sequence removed. The resulting DNA sequence representing the 

mature protein was then used as the amplification target in primer design. In order to 

enable directional cloning, the four-nucleotide sequence, CACC, was added to the 5’ 

end of the forward (sense) primer (where CACC base-pairs with the overhang 

sequence, GTGG, in the TOPO pENTR vector). The reverse (antisense) primer was 
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designed as a reverse complement of the natural end of each target gene and covered 

the stop codon. All primer sequences used are listed in Table 3.1. The CACC overhang 

is highlighted in red. All primers were synthesised by and purchased from Eurofins 

MWG (Ebersberg, Germany).  

Primer design, cloning, expression, refolding and purification work was undertaken as 

follows: T. medium phylogroup targets: Gareth J Staton and Stuart Ainsworth, T. 

phagedenis phylogroup targets: Stuart Ainsworth and T. pedis targets: Gareth J Staton.  
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Table 3.1. The PCR primers used to amplify the putative treponemal OMP genes.  

 

 3.2.1.2. PCR amplification of the target genes for cloning.  

The PCR primers and the appropriate genomic DNA were added to a Phusion II 

Hotstart mastermix (Thermo Fisher Scientific, Loughborough, UK), prepared according 

to manufacturer’s instructions (Table 3.2). Originally, PCRs were performed with Taq 

(Qiagen, Manchester, UK), a polymerase with no proofreading capability, resulting in 

an unacceptably high number of gene mutations in reaction products. PCRs were 

subsequently performed using Phusion Hotstart II PCR, which utilises a high-fidelity 

ORF
Treponema 

Phylogroup
Sense primer (5’-3’) Antisense primer (5’-3’)

Amplicon 

size (kb)

Annealing 

temperature 

(
o
C)

T19_00019 1 CACCCCGGTAGATTTGTTCGATC CTAATACGCAAACTCTGCG  1.8 59.2

T19_00020 1 CACCGATACGCCTTATGCCTTATTTG TTACCGAATCGTATATTTCACAG 1.6 62.9

T19_00034 1 CACCGCTGCCGAAACTCAAGAAC TTAGAAGTGATATCGGGCG  0.6 60.7

T19_00078 1 CACCGTAAAATCTTTTGATACCGCTG TTACCGCCCTAAGCGGA  1.0 59.7

T19_00148 1 CACCACGGAAACAGGGCTTGCTC TTACCGCTTTTCAAACAGCAG  1.4 64.4

T19_00480 1 CACCCTGCCTGCGTACTTTGTA TCAATATGTGTCCTCCATTTGC  0.6 58.1

T19_00483 1 CACCGATAATTGGTATGAAAATAAACCG TTATAGGTTAGGTACATTAAACG 2.4 57.2

T19_00489 1 CACCAACGTAAAGATGAGCCTTGATG TTAAAAGACGAATTGAACACCG 0.7 65.4

T19_00581 1 CACCTCATACGATAATAACGAATATC TTACTTTTTAGCAGGCGGTAATTTTTC  0.7 56.3

T19_00740 1 CACCGACGCGGTGCAAACTGAAAC TTAGAACTTGCCGCCGCCGA  1.5 68.2

T19_00914 1 CACCTAGATACTAGTACCGATTCTG CTAGAAACCGATACCTACGC 1.6 50.9

T19_01472 1 CACCGATGGGGTCGATTTTTCG CTACAGCTTAAAAGCGATCC 0.7 58.7

T19_01497 1 CACCCAG CAG ACT GCT GAT TCT G CCACCAACTCTTTAGAATTC 1.2 55.9

T19_02427 1 - 0.7

T19_02501 1 CACCCAAACTAATCTGCAGCCTATTGC CCATTTTTACCACGAAAGCG 0.7 64.0

T19_02582 1 CACCCAGGAAGAAGGAGCAGAGG AGAGATACCCATTAGTTGTTG 0.9 55.4

T320A_03090 2 CACCGCGACTGATATTTTTGATCC TTAGTATGCAAACTCCGCAC  1.7 59.1

T320A_03089 2 CACCCAAGAAAATATGGCAAAAATAATCC TCTTATCGTATACTATAATTTATCG  1.6 56.1

T320A_00694 2 CACCTCCGAGCAGGAAACTACTG TCAAAAGTGATATCGTGCTC  0.7 58.4

T320A_00115 2 CACCGTAAAATCTTTTGATACCGCTG TTACCGCCCTAAGCGGA  1.0 59.7

T320A_01978 2 CACCGCGGAAGAAAATTTATATGATGC TTATTTGTCTCCTTGTACCGA  1.5 62.2

T320A_01722 2 CACCTATGTTGTGCAATATAAAGAGC TTAGTAGGTTGTGTCCATATTCA   0.6 59.7

T320A_01725 2 CACCGTTGCGGATAACTGGTATG CTCCTTTATATCATAAATTAGGTG  2.5 55.1

T320A_00654 2 CACCAAGCAGTATGGCATTAATG TTAAAAATGAAAGCGTAACCCG  0.6 55.8

T320A_01248 2 CACCTCCTATGATGATAATGAGTATTC TTATCGTTTGGGAAGTGCCT  1.2 54.5

T320A_01728 2 - 1.1

T320A_00103 2 - 1.3

T320A_02637 2 CACCGCGGAAGTTTCAATTTCTGT  CTTAGAATTTTACCGATAAGCC 0.7 58.1

T320A_02649 2 CACCACAATCGAGCAGCAAAATTCTC TTAGAATTCCCATCCGACG  1.2 62.8

T320A_02393 2 CACCGAAATATTCAGGTTCAAATTTAAAG GTCCAAAAAGGAGGTGGATT 1.2 58.3

T320A_02465 2 CACCCAAGAAGAACAAAGCGCAAG  TTACCAGTTATCAGCCATGTCA 0.8 62.4

T320A_01243 2 CACCGCTTTGCAGCCGATTGCT TTACCAAGCTAGAAGTTTTTTC  1.1 56.6

T320A_00892 2 CACCGAAGAGAGTAGTCAATCAACG  TTAGTTATGGTTGAATGTCATG 1.0 59.2

T3552B_01724 3 CACCGCCGTAGATCTTTTAGACC GCTTAGTACGTAATTTTTATTGC 1.7 56.0

T3552B_02260 3 CACCGCGGAAGGCTGGTATAACG ACTCCTCATTTATTAAATATTAGG 2.4 54.0

T3552B_02296 3 CACCTCCTATGATGATAATGAATATCAG GTTTTCGGAGTATTATCCGG 0.8 56.8

T3552B_00683 3 CACCTTAAGCGATATTTCAGGCGATG TTACAGCTTCCATGCAATACC 0.8 64.9

T3552B_02625 3 CACCGCACAAAGCGATTTACAGG TTACCAAGAAAGAATCTTGTCC 1.0 59.2

T3552B_02390 3 CACCGAAGAAGGAGGGAAGGAAG TTAAAAATGATACCTTGCGGC 0.6 59.9

T3552B_00904 3 CACCGCGGAAAACGGAGTTTC TTAAAATTCCCAACCCAAAGAAAG 1.2 61.3

T3552B_00623 3 CACCCAGACGGAAGAGGGCTC TTGTAAAGCAGACTGAACG 1.3 57.1

T3552B_00976 3 CACCCAGGAAGAAGCAAATACC TTACCAGTTATCGTTCATATCG 0.8 55.3

T3552B_02391 3 CACCTGTGAAGAAGAAAAAAAATCCG CTAAAAACTAAACGACACG 0.9 53.2

T3552B_02169 3 CACCGAAAATATTTATAATAACCTTCTCG CCATTATTTACCTCCGGTTTC 1.5 58.8

T3552B_02267 3 CACCTCGATATTCCCTTATTTTGTGG TTAATATGTTTTTTCGTCCATATCC 0.6 64.0

T3552B_01350 3 CACCGCAAAGACTATCGGTCTTAATTG TTAAAAATAAACTCTTAAACCCGC 0.6 63.6

T3552B_01694 3 CACCCAGGAAAATAAAGAGAATCTTG TTAAAAATTACCGCCGCC 1.0 56.8

T3552B_00983 3 CACCTCTCAAGAAAGCGTTTCTTC TTAATACCCCACAACCACC 1.4 59.3

T3552B_02414 3 CACCGTTATAAACGGAATTTATACCG TTACTCTCCTAAACGTATCATC 1.0 57.8
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DNA polymerase with 3´→5´ exonuclease activity. Results were consistent, with no 

further mutations detected in PCR products.  

Table 3.2. Phusion Hotstart MasterMix composition.  

Component Volume (20μl rxn) Final concentration 

PCR grade H2O 12.4 μl - 

5 X GC Buffer 4 μl 1 X 

Forward primer 1 μl  0.2-1.0 μM 

Reverse primer 1 μl 0.2-1.0 μM 

10 mM DNTP Mix 0.8 μl 200 μM each 

DMSO 0.6 μl 3 % 

Phusion HotStart II DNA Polymerase (2 U/μl) 0.2 μl 0.02 U/μL 

 

PCRs were performed on a Mastercycler gradient thermocycler (Eppendorf, Hamburg, 

Germany). Annealing temperature was calculated using the modified Breslauer's 

thermodynamics method (Breslauer et al. 1986) via the ThermoFisher Melting 

Temperature Tm online calculator (Thermo Fisher Scientific, Loughborough, UK). 

Temperature cycling conditions consisted of an initial denaturation of 98oC for 30 

seconds, followed by 35 cycles of: 98oC for 10 seconds, a 15 second annealing with 

primer specific temperature (see Table 3.1) and 72oC for 45 seconds (extension), 

followed by a final extension of 72oC for 10 minutes.  

3.2.1.3. Agarose Gel Electrophoresis 

PCR products were resolved electrophoretically in a 1% (w/v) agarose gel. Immediately 

prior to pouring the molten gel into the casting apparatus, ethidium bromide (Thermo 

Fisher Scientific, Loughborough, UK) was added to a final concentration of 0.5 mg/ml. 

To determine electrophoretic mobility of the PCR product, DNA samples were mixed 

with Orange DNA Loading Dye (Thermo Scientific, Hemel Hempstead, UK) and loaded 

into the wells of the set gel. A 1 Kb marker (Promega UK, Southampton, UK) was used 

to aid determination of product size. Electrophoresis was performed in a Geneflow 

electrophoresis tank (GeneFlow, Staffordshire, UK) under 1X TAE buffer for 30 minutes 

at 110 volts, supplied via a Biorad powerpac 300 (Bio-Rad,, Hemel Hempstead, UK). 

Gels were visualised using an Ingenius3 UV transilluminator (Syngene UK, Cambridge, 

UK) and images optimized and recorded using GeneSys v. 1.5.9.0 software.  
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3.2.1.4. Purification of PCR products  

PCR products for gene sequencing were purified using the QIAquick PCR Purification 

Kit (Qiagen, Manchester, UK) according to manufacturer’s instructions and stored at -

20oC until required.  

3.2.2 The molecular cloning of the target genes into the expression plasmid, 
pDEST17. 

3.2.2.1. Cloning I: Construction of the pENTR entry vector.  

PCR products, produced in readiness for cloning, were ligated into the pENTR/D-TOPO 

vector according to manufacturer’s instructions, using a reaction mix composed of 1-5 

ng of PCR product, 15-20 ng of the pENTR/D-TOPO linearised vector, 1 μl of Salt 

Solution (1.2M NaCl, 0.06M MgCl2), and adjusted to a final volume of 6 μl with sterile, 

PCR-grade water. The reaction mix was incubated at room temperature (22oC) for 5 

minutes and then stored on ice. Immediately following this cloning step, 2 μl of the 

reaction mix was used to transform OneShot® Top10 chemically-competent E.coli (Life 

Technologies, Paisley, UK), as detailed in section 3.2.3.2, below.  

3.2.2.2. Transformation of OneShot® Top10 chemically-competent E.coli 

A vial of 50 μl of OneShot® Top10 chemically-competent E.coli was thawed on ice for 

10 minutes and 2 μl of the ligation mix was added to the cell suspension. Cells were 

incubated on ice for 30 minutes and then heat-shocked for 30 seconds at 42oC and 

returned to ice for 2 minutes.  250 μl of ambient temperature SOC medium (Life 

Technologies, Paisley, UK) were added to the cell suspension and the vial transferred 

to an orbital incubator (37oC, 200 rpm for 1 hour). The suspension was spread onto a 

selective LB agar plate containing 50 μg/ml kanamycin (Sigma-Aldrich, Dorset, UK) and 

incubated at 37oC overnight.  

3.2.2.3. Detecting positive E.coli transformants using Taq polymerase colony PCR  

Taq polymerase colony PCR was used to screen up to ten E. coli colonies for the 

presence of the pENTR-ORF construct and to verify correct orientation of the insert 

within the plasmid construct. Here, a forward primer (M13f) that hybridises within the 

vector (5´-GTAAAACGACGGCCAG-3´) and a reverse primer that hybridises within the 

respective insert were employed. A taq PCR mastermix was prepared according to the 
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manufacturer’s instructions (Qiagen, Manchester, UK). The final mastermix was 

aliquoted, in volumes of 25 μl, into up to 10 PCR reaction tubes.  

Single, distinct E. coli colonies were picked using a sterile 200μl pipette tip and added 

to each of the prepared PCR reaction tubes. Cells were re-suspended by gentle mixing. 

Tubes were transferred to a Mastercycler gradient thermocycler (Eppendorf, Hamburg, 

Germany). Annealing temperatures were calculated using the modified Breslauer's 

thermodynamics method (Breslauer et al. 1986) via the ThermoFisher Melting 

Temperature Tm online calculator, and extension times determined on the basis of 

amplicon size (1 minute per 1 kb). Cycling conditions consisted of an initial 

denaturation of 95oC for 3 minutes, followed by 35 cycles of: 95oC for 1 minute, 1 

minute at the primer-specific annealing temperature and then for an amplicon-specific 

extension time at 72oC, followed by a final extension of 72oC for 7 minutes. Reaction 

products were examined by agarose gel electrophoresis, as described in section 

3.2.1.3. 

3.2.2.4. Plasmid DNA purification from OneShot® Top10 chemically competent E.coli 

For each protein, two positive transformant colonies, as identified in section 3.2.2.3, 

were selected for overnight culture. Briefly, a 20 ml Sterilin™ tube (Appleton Woods, 

Kings Norton, UK) containing 5 ml of LB medium and selective antibiotic (kanamycin, 

50 μg/ml) was inoculated with a single transformed bacterial colony, demonstrated to 

have been successfully transformed with a pENTR construct and incubated overnight in 

an orbital shaker (37˚C, 200 rpm). From this culture, 4 ml of bacteria were transferred 

into a 15 ml falcon tube and the cells harvested by centrifugation at 13000 rpm for 5 

minutes. Plasmid isolation was then carried out using a QIAprep Spin Miniprep Kit 

(Qiagen, Manchester, UK), according to the manufacturer’s instructions. Briefly, 

supernatant was discarded and the pellet mixed in to 250 μl resuspension buffer (P1) 

by pipetting. 250 μl of Lysis buffer (P2) was added and lysis achieved by inverting the 

tube gently 6-8 times. Thereafter, 350 μl of neutralizing solution (N3) was added to 

halt further lytic activity. The solution was centrifuged at 13,000 rpm for 10 minutes 

and the supernatant transferred to a QIAprep column filter unit, centrifuged at 13,000 

rpm for 1 minute and the eluate discarded. The QIAprep filter was washed with 500 l 

of PB buffer and then 750 l of PE buffer. DNA was eluted from the column by the 
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addition of 50 l of EB buffer and centrifugation. The plasmid DNA was stored at –20˚C 

until use.  

3.2.2.5. Analysis of pENTR-OMP construct using universal restriction endonuclease 

EcoRV.   

To confirm that the plasmid construct contained the gene of interest, restriction 

analysis was undertaken using a reaction mix composed of 12 μl nuclease-free water, 2 

μl 10x FastDigest Green Buffer (ThermoFisher Scientific, Hemel Hempstead, UK), 5 μl of 

the plasmid DNA (~0.1-0.5 μg) prepared in Section 3.2.3.4., and 1 μl of EcoRV 

FastDigest Enzyme (1 Unit/μl) (ThermoFisher Scientific, Hemel Hempstead, UK). The 

reaction was incubated for 5 minutes at 37oC in a heat block and stored on ice. The 

digestion products were resolved electrophoretically, as in section 3.2.1.3.  Simulated 

restriction enzyme mapping was performed using Clone Manager v. 7.04 (Sci Ed 

Central) and compared to the electrophoretic banding pattern observed on the gel. 

Only pENTR clones without discrepancies between predicted and actual restriction 

mapping were used for pDEST17 vector assembly.  

3.2.2.6 Assembly of the expression vector pDEST17-OMP construct  

Assembly of each expression vector used recombination of the entry clone (attL 

substrate) with the destination vector (attR substrate), termed LR recombination, to 

produce the attB-containing expression clone. The LR recombination reaction between 

the entry clone and the pDEST17 destination vector (Life Technologies, Paisley, UK) 

was performed using a reaction mix of composed of 1 μl of the pENTR-OMP construct 

(~5-150 ng/reaction), 1 μl of the pDEST17 Destination vector (150 ng) and 6 μl TE 

Buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). The LR Clonase® II enzyme mix (Life 

Technologies, Paisley, UK) was thawed on ice and vortexed briefly. To the 

recombination reaction above, 2 μl of Clonase II enzyme mix was added and incubated 

at 25oC for one hour using a Themocycler PCR block (Eppendorf, Hamburg, Germany). 

1 μl of Proteinase K solution (Life Technologies, Paisley, UK) was added and incubated 

for 10 minutes at 37oC to terminate the reaction, prior to storage on ice in readiness 

for immediate transformation of Library Efficiency DH5α E. coli cells.    
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3.2.2.7 Transformation of Library Efficiency DH5α with the expression clone, 

pDEST17.  

1 μl of LR recombination reaction mix was added to 50 μl of Library Efficiency®DH5α™ 

competent E. coli (Life Technologies, Paisley, UK), incubated on ice for 30 minutes and 

heat-shocked for exactly 30 seconds by partial submersion of the tube in a 42oC water 

bath. The tube was returned to ice and incubated for 2 minutes and 450 μl of SOC 

medium (Life Technologies, Paisley, UK) added prior to incubation at 37oC, shaking at 

200 rpm, for 1 hour. This suspension was spread onto an LB agar plate containing 100 

μg/ml ampicillin (Sigma-Aldrich, Dorset, UK) and incubated at 37oC overnight. Plasmid 

DNA purification was performed as described in section 3.2.2.4. 

3.2.2.8 Analysis of Plasmid DNA using a universal restriction endonuclease (EcoRI).   

To confirm that the plasmid construct contained the gene of interest, restriction 

analysis was undertaken using a reaction mix composed of 12 μl nuclease-free water, 2 

μl 10x FastDigest Green Buffer (ThermoFisher Scientific, Hemel Hempstead, UK), 5 μl of 

the plasmid DNA (~0.1-0.5 µg) prepared as described in Section 3.2.2.7., and 1 μl of 

EcoRI FastDigest Enzyme (1 Unit/μl) (ThermoFisher Scientific, Hemel Hempstead, UK). 

The components of the reaction were mixed and incubated for 5 minutes at 37oC in a 

heat block before being stored on ice. The digestion products were resolved 

electrophoretically, as described in section 3.2.1.3.  Simulated restriction enzyme 

mapping was performed using Clone Manager 7.04 and compared to the 

electrophoretic banding pattern observed on the gel. Only pDEST17 clones without 

discrepancies between predicted and actual restriction mapping were DNA-sequenced.  

3.2.2.9. Analysis of Plasmid DNA using Sanger Sequencing.  

To confirm that the gene of interest was in frame with the affinity His tag, expression 

constructs were sequenced commercially (Source Bioscience, Nottingham, UK) and the 

results analysed in DNA Baser version 4.2 (Heracle Biosoft).  

3.2.2.10. Transformation of OneShot®BL21-DE3 chemically competent E.coli with the 

expression clone.  

1 μl of the purified pDEST17 expression clone DNA was added to a single vial (50 μl) of 

OneShot®BL21-DE3 Chemically competent E.coli (Life Technologies, Paisley, UK) and 

incubated on ice for 30 minutes.  Cells were then heat-shocked for 30 seconds by 

partial submersion of the tube in a 42oC water bath before being returned to ice and 
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incubated for 2 minutes. 250 μl of SOC medium (at room temperature) was added and 

the cells incubated at 37oC with horizontal shaking (200 rpm) for 30 minutes. 100 μl of 

the suspension was spread onto an LB agar plate containing 100 μg/ml ampicillin and 

incubated at 37oC overnight. A single transformant colony was selected for pilot 

expression, as described in section 3.2.3.1. 

3.2.3 The overexpression of hexahistadine-tagged recombinant proteins in 
E.coli 

3.2.3.1. Pilot expression of recombinant proteins. 

A single BL21 DE3 E. coli transformant colony was used to inoculate 5ml fresh LB 

medium containing 100 μg/ml ampicillin and incubated at 37oC with horizontal shaking 

(200 rpm) for ~15 hours. A falcon tube containing 40 ml of pre-warmed medium 

containing 100 μg/ml ampicillin was inoculated with 2 ml of the seed culture and 

incubated at 37oC with vigorous (300 rpm) shaking. Once the OD600 reached 0.5-0.7, a 1 

ml sample was collected (the non-induced control) and expression was induced by the 

addition of IPTG (Sigma-Aldrich, Dorset, UK) to a final concentration of 1 mM. After a 

further 4-5 hours incubation a second 1 ml sample was collected (the induced control) 

and the remainder of the culture harvested by centrifugation at 4000 x g for 20 

minutes. The supernatant was removed and the cell pellet was stored at -20oC. The 

non-induced and induced 1ml control cultures were similarly harvested, the 

supernatant removed and the cells re-suspended in 50 μl and 100 μl 1x SDS-PAGE 

sample buffer respectively, and analysed by SDS-PAGE.  

3.2.3.2. One-dimensional sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (1D SDS-PAGE) analysis of pilot expression.  

SDS-PAGE, performed using the Bio-Rad Protean mini gel kit and based on the original 

method (Laemmli 1970), was used to detect the presence of recombinant protein in 

pilot expression trials. A 12% (v/v) resolving gel was firstly cast (see Table 3.3) into 

cassettes (0.75 mm short plates and spacer plates; Biorad), overlayed with isobutanol, 

and allowed to polymerize (~30 minutes). A 5% (v/v) stacking gel was prepared (see 

Table 3.3) and poured onto the resolving gel with combs to form wells. Set gels were 

transferred into the electrophoresis tank. Electrophoresis was performed under tris-

glycine electrophoresis running buffer (see Table 3.3). E. coli pellets were solubilised in 
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1X SDS-gel loading buffer (100 mM Tris-HCl [pH 6.8], 4% (w/v) SDS, 0.2% (w/v) 

bromophenol blue, 20% (v/v) glycerol) by heating at 100oC for 5 minutes prior to 

loading into wells. A wide-range protein marker (Sigma-Aldrich, Poole, UK) was 

additionally loaded. Electrophoresis was performed at 180 V for 50 minutes, using a 

Biorad Powerpac 300 (Biorad, Hemel Hempstead, UK). Gels were removed from the 

glass plates and the stacking gel discarded. Gels were microwaved in 3 changes of 

ddH2O for 40 seconds (high power). The gel was submerged in ~20 ml of PageBlue 

Protein Staining Solution (Thermo Fisher Scientific, Loughborough, UK) microwaved for 

30 seconds (high power) and gently agitated for 20 minutes before washing 

extensively with ddH2O. The gel was then inspected for the presence of bands 

corresponding to expressed recombinant proteins. 

Table 3.3. Composition of resolving and stacking gels for SDS-PAGE.  

Component Supplier Volume 

12% Resolving Gel (10ml) 

ddH2O - 3.3 ml 

30% (w/v) acrylamide mix Severn Biotech, Worcester, UK 4.0 ml 

1.5M Tris-HCl (pH 8.8) - 2.5 ml 

10% (w/v) ammonium persulfate Sigma Aldrich, Dorset , UK 0.1 ml 

10% (w/v) SDS Sigma Aldrich, Dorset , UK 0.1 ml 

TEMED Sigma Aldrich, Dorset , UK 0.004 ml 

5% Stacking gel (4ml) 

ddH2O - 2.7 ml 

30% (w/v) acrylamide mix Severn Biotech, Worcester, UK 0.67 ml 

1.5M Tris-HCl (pH 8.8) - 0.5 ml 

10% (w/v) ammonium persulfate Sigma Aldrich, Dorset , UK 0.4 ml 

10% (w/v) SDS Sigma Aldrich, Dorset , UK 0.4 ml 

TEMED Sigma Aldrich, Dorset , UK 0.004 ml 

Tris Glycine Running buffer (1x, 500ml) 

Trizma base Sigma Aldrich, Dorset , UK 1.5g 

Glycine Sigma Aldrich, Dorset , UK 9.4g 

10% (w/v) SDS Sigma Aldrich, Dorset , UK 5 ml 

ddH2O - 500 ml 
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3.2.3.3. Pilot expression scale-up. 

To achieve an adequate final concentration of protein, the pilot expressions were 

scaled up. Baffled flasks, containing 2 L of pre-warmed LB medium containing 100 

μg/ml ampicillin were inoculated with 40 ml of overnight cultured transformed BL21 

DE3 cells. The OD of the culture was monitored. Once an OD of 0.6-0.8 (600 nm) was 

reached, cultures were induced with IPTG, as in the pilot expressions.   

3.2.4. Inclusion Body extraction, Protein Refolding and Purification 

3.2.4.1. The isolation and washing of Inclusion Bodies 

An inclusion body isolation protocol was designed on the basis of previously published 

protocols employed in the purification of E.coli FepA (Buchanan 1999), on a solid/liquid 

separation principle. Harvested E. coli cell pellets were re-suspended in 50mM Tris-HCl, 

pH 7.9 (20 ml per 10 g cell paste) with lysozyme (Sigma-Aldrich, Dorset, UK) (5 mg/g 

cell paste), incubated on ice for 30 minutes and lysed using a Soniprep-150 (MSE, 

London, UK) (cycle: 5 min sonication, 20 sec on, 10 sec off) at 45% amplitude. Insoluble 

material was harvested by centrifugation (10,000 x g, 4oC, 30 minutes) (Avanti® J-E 

Centrifuge; Beckman Coulter Life Sciences, Indianapolis, USA). The supernatant was 

retained and analysed by SDS-PAGE to identify expression in the soluble fraction. To 

selectively solubilise and remove contaminants from the insoluble pellet, including E. 

coli OMPs, insoluble pellets were re-suspended in 150 ml of wash buffer (50 mM Tris 

HCl pH 7.9) containing 4% Tergitol (Sigma-Aldrich, Dorset, UK) and maintained at room 

temperature with continuous stirring for 2 hours using a magnetic stirrer system. 

Insoluble material was again harvested by centrifugation (10,000 x g, 4oC, 30 minutes) 

and washed twice in 100 ml Tris pH 7.9 to remove detergent. Washed pellets were 

stored at -20oC until further processing.  

3.2.4.2 Chaotrope solublisation of Inclusion Bodies.  

Approximately 500 mg of IB pellet was thawed at room temperature and added to 40 

mls of solublisation buffer (6M Guanidium hydrochloride, 1 mM EDTA, 50 mM Tris-HCl 

[pH 7.9]) and rocked gently for at least two hours on a rocking platform (ProBlot, 

Appleton Woods, Birmingham, UK). Material that failed to solubilise was removed by 

centrifugation at 10, 000 x g, 4oC, 30 minutes. The supernatant was retained for 

protein refolding. 
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3.2.4.3. The refolding of chaotrope-solubilised proteins by rapid dilution. 

A refolding protocol based on the principle of rapid dilution (Burgess 2009) into a 

detergent buffer that contained the zwitterionic detergent, LDAO (Sigma-Aldrich, 

Dorset, UK), at a concentration of 0.1% (i.e. twice the reported CMC), was employed.  

Here, 40 ml of denatured protein in chaotrope were added to 500 ml of refolding 

buffer (50 mM Tris pH 7.9, 250 mM NaCl, 5% (v/v) LDAO) in a dropwise manner, with 

continuous stirring, over a minimum of 2 hours. A minimum 12.5-fold dilution factor 

was employed to refold all TRPs. Refolding was performed at room temperature 

followed by dialysis against 6 L of buffer (50 mM Tris pH 7.9, 250 mM NaCl, 0.1% (v/v) 

LDAO) overnight at 4oC. The dialysed solution was then subjected to protein 

purification, as described in section 3.2.4.4.  

3.2.4.4. The purification of HexaHistidine-tagged proteins by Immobilised Metal 

Affinity Chromatography 

Metal-affinity chromatography was undertaken to purify the 6 x His-tagged putative 

TRPs. A 20 ml BioRad chromatography column (Biorad, Hemel Hempstead, UK) was 

packed with 3 ml of NTA-Ni matrix (Qiagen, Manchester, UK) and equilibrated with 5 

column volumes of equilibration buffer (20 mM Tris-HCl pH 7.9, 50 mM NaCl, 0.1% 

LDAO). Refolded protein solution was added to the column at ~1ml/min. The column 

was then washed with 10 column volumes of wash buffer (20 mM imidazole, 20mM 

Tris-HCl pH 7.9, 50 mM NaCl, 0.1% LDAO). 6xHis-tagged protein was eluted into 5 x 5 

ml fractions in elution buffer (250 mM imidazole, 20mM Tris-HCl pH 7.9, 50 mM NaCl, 

0.1% LDAO). Eluted fractions were placed on ice and analysed by SDS-PAGE 

immediately, as described in section 3.2.3.2. Protein-containing fractions were dialysed 

against 10 volumes of imidazole-free dialysis buffer (20 mM Tris-HCl pH 7.9, 50 mM 

NaCl, 0.1% LDAO) for 16 hours. Protein concentration was determined as described in 

section 3.2.4.5.  

3.2.4.5. The quantification of purified TRPs in solution.  

Protein concentrations were measured by absorbance at 280 nm using a NanoDrop™ 

ND-2000 spectrophotometer (Thermo Fisher Scientific, Loughborough, UK), in 

accordance with manufacturer instructions, using default calibration settings (1 

Absorbance unit = 1 mg/ml protein).  
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3.2.4.6. Concentration of purified TRPs by centrifugal filtering.  

Where necessary, proteins were concentrated using AMICON Ultra-15 centrifugal filter 

units (Merck Millipore, Burlington, MA), selected on the basis of molecular weight cut-

off (MWCO), to facilitate downstream structural and functional analyses. It was 

however noted that following the concentration of proteins, detergent concentration 

tended to increase in the retentate, leading to the formation of an abnormal gel 

staining pattern at the dye front. In an attempt to standardise buffer composition and 

maintain all proteins in a buffer containing 0.1% LDAO, additional methods were 

employed. Initial attempts to reduce the LDAO concentration using buffer exchange or 

extensive dialyses failed to eliminate excess detergent. Concentration of protein on 

the column was deemed successful.   

3.2.4.7. Concentration of protein on the column.  

TRPs, purified and dialysed as described previously, but demonstrated to be of 

suboptimal concentration for further study, were re-purified in an attempt to increase 

their concentration without concomitantly increasing detergent concentration. 

Previously eluted fractions, dialysed as described in section 3.2.4.4., were pooled and 

purified using a batch method. Here, 3 ml of Ni-NTA (50 % slurry) resin was added to 

the pooled protein solution and incubated at room temperature with gentle rocking 

for two hours. After incubation, the solution was transferred to a 20 ml 

chromatography column (Biorad, Manchester, UK), the solution allowed to flow 

through, and the matrix bed allowed to form. Purified protein was eluted as described 

in section 3.2.4.4, although into lower volume fractions (2 ml) to maximise protein 

concentration. Fractions were dialysed against 2 L of dialysis buffer, and protein 

concentration quantified as described in section 3.2.4.5.  

3.2.4.8. Long-term storage of proteins.  

TRPs were filter-sterilised using a 0.22 μM syringe filter (Sigma-Aldrich, Dorset, UK) and 

stored in 0.1 ml aliquot at s -80oC. The structural stability of the TRPs stored under 

these conditions was assumed to have been maintained following demonstration, that 

they remained heat-modifiable when tested using the band-shift assay, as described in 

section 3.2.5.1.  
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3.2.5. Determination of refolded protein secondary structure 

3.2.5.1. Determination of fold state using the electrophoretic mobility (Band shift) 

assay. 

Electrophoretic heat modifiability of the TRPs was examined by SDS-PAGE. For each 

protein to be tested, two samples were prepared by mixing 16 μl of purified 

recombinant protein with 4 μl SDS-PAGE 5X SDS-gel loading buffer. One sample was 

then heat-treated for 5 minutes at 100oC, and the other sample maintained at ambient 

temperature for 5 minutes. Samples were analysed by SDS-PAGE as described in 

section 3.2.3.2. Differences in electrophoretic mobility between heat-treated and non-

heat-treated samples was reported as a band shift.  

3.2.5.2. Secondary structure determination by circular dichroism (CD) spectroscopy. 

Purified recombinant TRPs, dialysed against dialysis buffer (100 mM Tris-HCl pH 7.9, 50 

mM NaCl, 0.1% LDAO) as described in section 3.2.4.4. were analysed for signatures of 

β-sheet secondary structure using Circular dichroism (CD) spectroscopy. CD analysis 

was performed at 20°C by using a Jasco J-810 spectropolarimeter (Japan 

Spectroscopic) equipped with a Peltier unit for temperature control. Far-UV CD spectra 

were measured by using a 1-mm-path-length cell at 0.5-nm intervals. The spectra were 

presented as averages of three scans recorded from 190 to 260 nm. The residual molar 

ellipticity is expressed in degrees × centimeter per decimole. Spectrum data were 

evaluated by BestSel software (http://bestsel.elte.hu/) using a method that calculated 

the percentage secondary-structure content from the ellipticity experimental data.  

3.3. Results 

3.3.1. Protein expression 

Following initial attempts at pilot expression, all successfully expressed proteins were 

further expressed in culture volumes of 2L, as described in section 3.2.3.3. The 

expression of treponemal recombinant proteins in BL21 DE3 E. coli was evaluated 

using SDS-PAGE, as described in section 3.2.3.2. Where high-intensity bands were 

observed, their corresponding MW was verified against the formula MW to indicate 

successful expression. The extent of successful protein expression is shown in Table 

3.6. In total, 14 TRPs from the Treponema phylogroup 1 genome (T. medium), 10 TRPs 

from the Treponema phylogroup 2 genome (T. phagedenis) and 11 TRPs from the 

http://bestsel.elte.hu/
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Treponema phylogroup 3 (T. pedis) genome were successfully expressed using this 

system. In order to aid identification of TRPs in the laboratory, locus tags were 

modified in accordance as shown in Table 3.4. 

Table 3.4. Locus tag name reassignment.  

 

From this point on, TRP designations will be used in place of the locus tag to identify 

target proteins. 

3.3.2. Inclusion Body extraction. 

The expression of only one protein, TRP2501, in the soluble fraction was observed (see 

Figure 3.1), with the remaining successfully expressed proteins expressed in the 

insoluble fraction as inclusion bodies. Solubility was determined and all IBs were 

extracted as described in section 3.2.4.1.  

 

 

 

 

 

 

 

 

T19 Locus 

Tag

TRP 

designation

T320A Locus 

Tag

TRP 

designation

T3552B Locus 

Tag

TRP 

designation

t19_00019 TRP19 t320a_03090 TRP3 t3552b_01724 TRP1724

t19_00020 TRP20 t320a_03089 TRP4 t3552b_01723 TRP1723

t19_00034 TRP34 t320a_00694 TRP5 t3552b_02390 TRP2390

t19_00078 TRP78 t320a_00115 TRP14 t3552b_02414 TRP414

t19_00148 TRP148 t320a_01978 TRP6 t3552b_02169 TRP2169

t19_00480 TRP480 t320a_01722  TRP7 t3552b_02267  TRP2267

t19_00483 TRP483 t320a_01725 TRP15 t3552b_02260 TRP2260

t19_00489 TRP489 t320a_00654 TRP9 t3552b_01350 TRP350

t19_00740 TRP740 t320a_01728 TRP16 t3552b_01694 TRP694

t19_00914 TRP914 t320a_00103 TRP17 t3552b_00983 TRP983

t19_01472 TRP1472 t320a_02637  TRP11 t3552b_00683  TRP683

t19_01497 TRP1497 t320a_02649  TRP12 t3552b_00904 TRP904

t19_02427 TRP2427 t320a_02465 TRP18 t3552b_00976 TRP976

t19_02501 TRP2501 t320a_01243 TRP2 t3552b_02625 TRP625

t19_02582 TRP2582 t320a_00892  TRP1 t3552b_02391  TRP391
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3.3.2.1. Determination of protein solubility.  

 

Figure 3.1. Determination of the solubility of 4 TRPs 

 

 

 

 

 

 

Figure 3.1. Protein expression and protein solubility were examined by SDS-PAGE. High-

intensity bands, demonstrating successful expression, are highlighted. TRP480, 581 and 740 

were expressed in the insoluble fraction and TRP2501 was expressed in the soluble fraction. 

(MKR: Marker; INS: Insoluble fraction; SOL: Soluble fraction).  

3.3.3. Purification of TRPs from solubilised Inclusion Bodies.   

In total, 32 TRPs were purified successfully, and these are listed in Table 3.6. Several 

examples of successfully IMAC-purified TRPs are shown in Fig. 3.2.  
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Figure 3.2. Purification of TRPs from solubilised IBs using IMAC.  

 

 

 

  

 

 

  

 

 

 

3.3.4. Determination of fold state using the electrophoretic mobility (band 
shift) assay 

As indicated in Table 3.6, a number of the proteins expressed a heat-modifiable 

electrophoretic mobility, which is consistent with the stability of protein comprising 

predominantly of a β-structure (Haake et al. 1993). Fig. 3.3 shows the change in 

electrophoretic mobility observed under conditions of unheated versus heated for 

three of these proteins, TRP390, TRP350 and TRP2582. In the unheated sample of 

TRP390 (Gel A), for instance, a band of approximately 20.5 kDa is visible, which upon 

1    2     3     4     5    6    7     8     9   10   11 1       2          3          4           5         6  

Figure 3.2. TRP purification analysis by SDS-PAGE. Gel A, TRP683. Lane 1, protein 
marker; lane 2, purification wash; lanes 3-6, first to fourth elution fractions; yellow 
arrow, 30kDa. Gel B, TRP390. Lane 1, protein marker; lane 2, purification wash; lanes 
3-6, first to fourth elution fractions; yellow arrow 23kDa; blue arrow, 56 kDa. Gel C, 
TRP489 and TRP904. Lane 1, protein marker; lane 2, TRP489 purification wash; lanes 
3-6, TRP389 first to fourth elution fractions, Lane 7, TRP904 purification wash; lanes 
8-11, TRP904 first to fourth elution fractions; yellow arrow, 26 kDa; blue arrow, 47 
kDa. Gel D, TRP1724. Lane 1, protein marker; lane 2, purification wash; lanes 3-6, 
first to fourth elution fractions; yellow arrow, 65kDa. Overall purity was considered 
acceptable for the purposes of TRP functional assessment and evaluation of 
immunogenicity. An additional band of approximately 56 kDa was observed upon 
purification of TRP390. This band was not observed following pre-treatment of this 
protein with 200mM DL-Dithiothreitol (data not shown). 

 

1      2     3     4      5      6  

D C 

1      2     3     4      5      6  
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heating, migrates to approximately 22 kDa. A second band of approximately 35 kDa is 

also visible (~40 kDa after heating) is also noted and is likely to be a dimer. It is 

noteworthy that a considerable amount of protein was identified in the wash and is 

suggestive of overly-stringent wash conditions relative to the binding avidity of this 

fusion protein to the matrix.  

Figure 3.3. Heat-modifiability of TRPs TRP390 (Gel A), TRP350 (Gel B) and TRP2582 (Gel C) 

 

 

 

 

 

 

 

 

 

Figure 3.3. SDS-PAGE analysis demonstrating heat modifiability (indicative of β-barrel 

topology) of three recombinantly expressed, refolded and purified BDD Treponema antigen 

candidates (Gel A, TRP390; Gel B, TRP350; Gel C, TRP2582). Proteins were suspended in SDS-

PAGE loading buffer without reducing agent and either incubated at room temperature (-) or at 

100 °C (+) for five minutes. Gel A: 1, Wide-range MW marker (kDa); 2, purification wash buffer 

flow-through; 3, unheated sample; 4, heated sample. Gel B: 1, Wide-range MW marker (kDa); 

2, purification wash buffer flow-through; 3, unheated sample; 4, heated sample. Gel C: 1, Wide-

range MW weight marker (kDa); 2, unheated sample; 4; heated sample. The heat-modified 

(unfolded) forms of the proteins are distinguished from the unmodified (folded) forms by the 

addition of an asterisk (*).  

Similar observations were made for a number of other proteins. TRP350 was also 

shown to be susceptible to heat modification, although whereas the majority of 

TRP390 was observed to be heat-modifiable, this was not found to be the case for 

TRP35O, where, in the unheated sample, the folded and unfolded bands are of 

approximately equal intensity. This may suggest incomplete refolding or a high 

susceptibility to unfolding in SDS at room temperature.  
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A greater number of proteins did not display any ability to band-shift, and the larger 

proteins in particular did not exhibit any change in electrophoretic mobility upon 

heating. Additionally, this behaviour was not always identified between TRP homologs. 

For example, as reported in Table 3.6, the phylogroup 1 TRP, TRP740, was heat 

modifiable, whereas its phylogroup 3 homolog, TRP1694, appeared not to possess this 

property under the conditions tested. On the basis of presently available data, the 

precise reasons for these observations are unknown. Where an absence of folding has 

been observed consistently between homologous TRPs, enhanced stability of the 

protein in SDS, even at higher temperature, may be accountable. Is it however clear 

that even in the absence of heat modifiability, a protein’s tertiary structure may be 

intact, as has been demonstrated for a number of previously characterised bacterial 

OMPs. Certainly, an absence of heat modifiability is not in itself evidence of a lack of 

structure, particularly in consideration of maintained solubility in buffer.  

One protein did not migrate in accordance with its formula molecular weight. TRP976, 

calculated to be 28.4 kDa in size on the basis of amino acid composition, migrated with 

an apparent molecular weight of 32 kDa. No obvious explanation, including sequence 

anomalies, were identified. However, this phenomenon, termed ‘gel shifting’, is 

reportedly common amongst the membrane proteins, including the 27 kDa Salmonella 

typhimurium OMP, YshA (Freeman et al. 2011). This phenomenon has been shown to 

originate from atypical SDS detergent loading at the abundantly hydrophobic regions 

of membrane proteins (Rath et al. 2009) and is reported merely as an interesting 

observation. In order to verify the presence of secondary structure, CD spectroscopy 

was used to analyse the OMPs folded and purified as described in section 3.2.5.2. 
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Table 3.5. Secondary structure determination of TRPs 

 

 

 

 

 

 

Protein 

Identity α-Helix Antiparallel Parallel Turn Others

Helix1 

(regular)

Helix2 

(distorted)

Anti1 (left-

twisted)

Anti2 

(relaxed)

Anti3 (right-

twisted)

predominant 

structure

SCALE 

FACTOR

NO. 

RESIDUES
CONC 

(mg/ml) CONC. (μM)

MW 

(kDa) α-hel ix β-sheet disordered TM

predominant 

structure

TRP2296 38.2 15 0 12.7 34.2 24.8 13.3 3 3.6 8.4 α-helix 2 251 0.5 17.67 28.3 58 4 53 α-helix

OmpL1 0 47.4 0 13.4 39.3 0 0 4.9 21.3 21.2 β-sheet 2 296 2.3 72.73 31.2 2 59 28 β-sheet

TRP683 5.9 38.6 1.2 12.7 41.6 3.3 2.6 4.6 16.7 17.3 β-sheet 1.65 157 0.5 26.88 18.6 32 39 23 6 β-sheet

TRP2267 1.3 42.8 0 13.6 42.3 1.3 0 5.2 18.7 18.7 β-sheet 2 202 0.7 28 56 83 0 7 α-helix

TRP350 4.7 42.5 0 12.6 40.1 3.2 1.6 6.2 19.2 17.1 β-sheet 2 200 0.5 22.62 22.1 6 69 22 β-sheet

TRP390 2.1 48 0 11.7 38.3 2.1 0 4.8 21.1 22.1 β-sheet 2 206 0.3 12.99 23.1 7 68 14 9 β-sheet

TRP694 9.6 23.4 2.3 15.1 49.6 4.2 5.4 0.3 11.4 11.7 β-sheet 1.35 342 0.3 7.94 37.8 2 59 31 β-sheet

TRP904 10.2 25.3 0 15.2 49.3 4.7 5.5 0 11.2 14.1 β-sheet 1.7 407 0.3 6.45 46.5 9 66 23 β-sheet

TRP1724 6 34.3 1.4 13.8 44.6 3.8 2.2 4.2 17.1 13 β-sheet 2 567 0.2 3.06 65.3 14 51 18 β-sheet

TRP2169 1.2 36.9 0.8 15 46.1 0.8 0.4 3.8 15.3 17.9 β-sheet 1.2 488 0.5 8.96 55.8 62 8 28 α-helix

TRP489 0 37.2 3.8 14.2 44.8 0 0 4.1 16.3 16.8 β-sheet 0.6 235 0.05 1.95 25.6 4 68 29 8 β-sheet

TRP2582 12.6 29.2 3.8 13.6 40.8 5.1 7.5 2.9 13.9 12.4 β-sheet 1.05 313 0.5 14.29 35 4 65 17 β-sheet

TRP1472 10.4 33.1 6.2 11.2 39 4.1 6.3 6 10.9 16.2 β-sheet 2 245 1 36.9 27.1 23 51 11 β-sheet

TRP1497 1.4 48.3 0 13.1 37.2 0 1.4 0.2 18.4 29.7 β-sheet 2 407 0.2 4.33 46.2 7 64 19 β-sheet

TRP34 12.1 27.9 0.1 11.8 48.1 5.5 6.6 4.3 11.7 11.9 β-sheet 2 207 0.5 21.1 23.7 5 69 14 8 β-sheet

TRP7 20.9 16.4 1.8 13.3 47.6 12 8.9 1.4 10.3 4.7 α-helix 2 203 0.5 20.16 24.8 83 4 4 α-helix

TRP4 14.8 32 0 12.4 40.9 8 6.8 4.8 13 14.2 β-sheet 2 530 0.5 8.21 60.9 13 53 16 β-sheet

TRP740 0.6 31.8 7.5 14.6 45.4 0 0.6 3.2 13.7 14.9 β-sheet 0.75 503 0.3 5.36 56 16 42 33 β-sheet

TRP6 2.6 31 11.1 14.3 41 0 2.6 2.2 16.1 12.7 β-sheet 1.95 489 0.3 5.5 54.5 54 21 24 α-helix

TRP34 13.5 19 4 11.2 25.2 6.3 7.3 3.4 8.4 7.2 β-sheet 1.65 207 0.3 12.71 23.6 5 69 14 8 β-sheet

TRP148 8.2 11.8 13.9 17.2 48.9 0 8.2 0 5.1 6.7 β-sheet 2 482 0.2 3.7 54 65 11 28 3 α-helix

analytical parametersBeStSel secondary structure determination and fold recognition Phyre2 secondary structure prediction

Table 3.5. Analysis of the circular dichroism spectra using the online server BestSel has permitted classification of each protein by secondary 

structure composition. As expected, and in agreement with the prediction that these proteins are β-barrel OMPs, anti-parallel β-structure 

predominance was detected in the majority of TRPs produced in this study.  
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3.3.5. Determination of fold state using far UV circular dichroism 

Fig. 3.4. Analysis of TRPs by Circular Dichroism.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

As demonstrated in Table 3.5, the majority of refolded proteins were found to yield 

spectra consistent with a predominantly β-sheet secondary structure, although a wide 

variation exists between proteins in terms of β-sheet proportion. Moreover, on the 

basis of these data, two proteins, originally predicted to be β-barrel outer membrane 

proteins, adopted a predominantly α-helical structure, a finding that is in agreement 

with the secondary structure conformation predicted from sequence. The secondary 

structures determined from CD spectrum analysis for two proteins, TRP6 and TRP169, 

did not correlate with the predicted secondary structure conformation. TRP6, although 

predicted to fold into a mixed α-helix (54%) and β-sheet (21%) protein, instead 

A 

B 

Fig 3.4. The prediction of TRP secondary structure by circular dichroism 

spectroscopy. Analysis of TRP2296 (Graph A) yielded a spectral signature 

typical of a mixed  protein, with spectral minima occurring between 

approximately 222 and 208nm. Analysis of TRPs 350 (Graph B) yielded 

spectral signatures consistent with a high proportion of β-sheet secondary 

structure, with spectral minima occurring at approximately 218 nm. Data 

smoothed using a Savitzky-Golay filter (Savitzky and Golay 1964). 
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comprised a secondary structure consisting of 31% anti-parallel β-strands and 2.6% α-

helix. TRP169 was predicted to comprise of a predominantly a helical secondary 

structure (62%), yet was found by CD spectral analysis to comprise of only 1.2% α-helix 

and 36.9% antiparallel β-strand. The analysis of some proteins yielded very poor 

spectra and whether they do indeed represent a mature folded protein is uncertain. 

Generally, these data, by demonstrating that the refolded proteins have largely 

adopted a secondary structure consistent with that of beta barrel OMPs, alongside 

their apparent stability in solution, supports the supposition that these proteins have 

adopted their native, or close -to-native, conformation.  

Circular dichroism analysis identified structured regions in all proteins for which 

refolding was attempted, and for 18 TRPs examined, CD spectra were consistent with 

β-sheet predominance. A further two TRPs (TRP2296 and TRP7), although 

predominantly α-helical, additionally were predicted, on the basis of their CD spectra, 

to contain significant amounts of β-sheet (15% and 16.4%, respectively). However, 

unexpected differences were found to exist between the secondary structure 

predicted from amino acid sequence and the secondary structure inferred from CD 

spectroscopic examination. In particular, one group of homologous proteins (TRPs 

TRP148, TRP6 and TRP169) were all predicted by Phyre2 analysis to contain a 

predominantly α-helical secondary structure, albeit with a significant portion of β-

sheet. Conversely, CD analysis yielded spectral signatures indicative of secondary 

structures in which β-sheet predominates. To more fully understand this discrepancy, 

a Protein Database (PDB) homology search was performed. The BDD-associated 

Treponema phylogroup 1 TRP, TRP148, and its phylogroup 2 and 3 homologs, TRP6 and 

TRP2169 were found to be homologous to the Vibrio cholerae OM β-barrel, VceC 

(Federici et al. 2005), with  probabilities of 100% and E-values of 1e-37, 5.8e-38 and 

8e-37, respectively.  VceC spans the entire cell envelope and comprises of a large α-

helical inner membrane protein that forms an α-helical tunnel, a periplasmic 

membrane fusion protein and an outer membrane β-barrel. Thus, overall, VceC 

comprises of a mixed α/β secondary structure, in agreement with the Phyre2 predicted 

secondary structure composition. It is speculated that whereas β-sheet folding may 

have been successful, the α-helix portion of these proteins may not have folded 
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correctly. Since the CD spectral profile indicates the presence of β-sheet (which 

presumably represents the OM portion of the protein), these proteins will not be 

excluded from further development as vaccine candidates at this stage.  

An identical pattern of discordance between structure predicted from amino acid 

sequence and CD analysis was also identified for TRP2267, yet its Group 1 homolog, 

TRP480, was predicted to be of a chiefly α-helical protein from sequence and CD 

spectroscopic analysis of the refolded protein. The reasons for these discrepancies are 

unclear.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

101 
 

Table 3.6. TRP selection, expression and refolding: A summary of the results.  

 

Table 3.6. Attempts were made to heterologously express all putative treponemal 
OMPs originally identified by bioinformatic analysis of the in E. coli. Expression failure 
was reported for 7 target proteins (highlighted in light blue). For the remaining 
proteins, expression and IB extraction was successful. Solubilised IBs were refolded, and 
structural assessment performed using an electrophoretic mobility assay and circular 
dichroism. *As determined by PFam Database homology search; + Homologs 
determined by MCL Blastline; HM, Heat Modification of electrophoretic mobility; CD, 
Far UV Circular Dichroism analysis.  

 

19 1 Hypothetical Yes Good n.d.

20 1 Hypothetical Yes Good n.d.

1472 1 Hypothetical No Good HM/CD

2582 1 Hypothetical Yes Good CD

34 1 Hypothetical Yes Good HM/CD

148 1 Putative OM efflux Yes Good CD

78 1 Omptin Yes Good n.d. 

581 1 XkdP domain - function unknown Yes Good CD (α-helical)

480 1 Hypothetical Yes Good n.d

483 1 putative surface antigen Yes None n.d.

489 1 Hypothetical No Good CD

82 1 MOSP Yes Good n.d. 

740 1 Hypothetical No Good HM/CD

2501 1 Putative periplasmic protein Yes Good n.d. 

1497 1 Hypothetical Yes Good CD

1 2 Hypothetical - 2582 homolog Yes Good HM/CD

2 2 Hypothetical - 2501 homolog Yes Good n.d. 

3 2 Hypotherical - 19 homolog Yes Good n.d. 

4 2 Hypothetical - 20 homolog Yes Good CD

5 2 Hypothetical - 34 homolog Yes Good HM 

6 2 putative OM efflux - 148 homolg Yes Good CD

7 2 Hypothetical - 480 homolog Yes Good CD (α-helical)

9 2 Hypothetical - 489 homolog No Good n.d.

10 2 Hypothetical - 581 homolog Yes None n.d.

11 2 Hypothetical - 1472 homolog No Good HM

12 2 Hypothetical - 1497 homolog Yes None n.d.

13 2 OmpA - like Yes Good CD

1724 3 Hypotherical - 19 homolog Yes Good CD

2390 3 Hypothetical - 34 homolog Yes Good HM/CD

2414 3 omptin - 78 homolog Yes None n.d.

2169 3 Hypothetical - 148 homolog Yes Good CD

2267  3 Hypothetical - 480 homolog Yes Good CD

2260 3 Hypothetical - 483 homolog Yes None n.d

1350 3 Hypothetical - 489 homolog No Good HM

2296 3 Hypothetical - 581 homolog Yes Good CD (α-helical)

1694 3 Hypothetical - 740 homolog No Good CD

983 3 Hypothetical Yes None n.d

683  3 Hypothetical - 1472 homolog No Good CD

904 3 Hypothetical - 1497 homolog Yes Good HM/CD

623 3 OmpA - like, 13 homolog Yes Good CD

976 3 Putative flagellar filament protein Yes Good CD

2625 3 Hypothetical - 2501 homolog Yes Good CD

2391  3 Hypothetical - 2582 homolog Yes None n.d.

Determination of β-Barrel 

tertiary structureTRP ID

Treponema 

Phylogroup Predicted function*

Homologs detected in T. 

ruminis  and T. rectale ?+

E. coli  expression 

Proficiency
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3.4. Discussion.  

The screening of a pathogen’s genome using bioinformatic tools has proven valuable in 

the identification of putative proteins worthy of consideration as vaccine candidates. 

This approach was applied herein to identify 15 putative OMPs from the genome of 

the T. medium phylogroup, and their homologs in the T. phagedenis phylogroup and T. 

pedis. Gene cloning and protein expression using the Gateway Cloning System (Life 

Technologies, Paisley, UK) was attempted, and successfully expressed proteins were 

isolated, refolded and purified in accordance with the methods described within this 

chapter. Not all proteins were successfully expressed, and not all expressed proteins 

were successfully purified. A summary of these results (Table 3.6) clearly shows, 

however, that our approach was broadly successful, and in total, refolding was 

attempted for all of the TRPs expressed in E.coli. Purification was largely successful, 

although occasionally, yield was poor. Although the purification was generally found to 

be good (i.e. >70% purity as determined by visual inspection of the SDS-PAGE gel), a 

small number of proteins were consistently found to elute from the Ni-NTA 

purification column in multiple bands. These additional bands were investigated 

further on only one occasion using a western blot (data not shown) and found to be 

reactive to anti-His antibody probing. These bands were therefore assumed to indicate 

truncated protein, a conclusion supported by the absence of these additional bands 

with MWs that exceeded that of the target.  

The formation of dimers and occasionally trimers is of interest, and was observed in a 

number of proteins, including TRPs TRP2296, TRP350, TRP390 and TRP976. The 

reduction of disulphide bonds by pre-treatment with 200mM DL-Dithiothreitol 

reversed the formation of dimers and trimers in all cases. Low molecular weight thiol 

agents (such as dithiothreitol or 2-mercaptoethanol) were not used during the IB 

isolation process. Such agents are typically recommended to minimise the formation of 

non-native intra- and intermolecular disulphide bonds thought to be formed by air 

oxidation during cell lysis, and to maintain cysteines in their reduced state (De 

Bernardez et al. 1999; Clark, 2001). These substances however can impede refolding, 

and therefore should be removed before refolding is initiated. Although the 

monomeric form in all cases was identified as the major band and is likely to be of little 
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consequence to immunogenicity, it is possible that oligomeric forms of these proteins 

may affect function, perhaps by reducing the availability of binding sites. Thus, the 

formation of dimeric and trimeric forms should be further evaluated and if necessary, 

inhibited. Alternatively, where oligomers have formed, such behaviour may reflect the 

natural tendency of the correctly folded protein.  The formation of non-native 

oligomeric associations would presumably impede folding and result in aggregation 

and precipitation. That these proteins are capable of forming dimers and trimers whilst 

remaining in solution may reflect a natural propensity towards oligomer formation, 

and further investigation of this feature is justified. 

On the basis of the evidence generated in the present study, the expression, refolding 

and purification of the target proteins under investigation may be considered broadly 

successful, inasmuch as the majority of target proteins originally identified were made 

available in the laboratory for further investigation. it is unknown whether their 

refolded state represents that of the native tertiary structure, although a 

predominantly β-sheet secondary structure has been identified using CD spectroscopy, 

and this is consistent with the predicted secondary structure of this putative OMPs, 

and as such, strongly suggests that these proteins had adopted their respective native 

states during the refolding process.  Not all of the proteins investigated in this study 

were found to be heat-modifiable, although this alone is not indicative of unsuccessful 

folding, or absence of a β-barrel tertiary structure. Some OMPs, including Protein H2 

from P. aeruginosa (Hancock and Carey 1979), do exhibit this unusual stability to heat 

in the presence of SDS. However, it is possible that extended boiling periods are 

required to convert some of these proteins to their heat-modified form, and periods of 

extended heating for up to 30 minutes may be required for highly resistant tertiary-

structured proteins, such as the P. aeruginosa OMP, Protein F (Mizuno & Kageyama, 

1978) and OmpL1 from L. interrogans (Shang et al. 1995). Moreover, buffer 

composition may inhibit this heat-induced transition, since NaCl has been shown to act 

as a potent stabiliser, able to inhibit the heat modification of Protein II from E. coli K12 

(McMichael and Ou 1977). Hence, whilst heat modifiability provides additional 

evidence to support the adoption of a β barrel tertiary structure, further investigation 
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is required to elucidate the full extent of this attribute amongst the apparently non-

heat modifiable proteins.   

In accordance with the aims of this study, these proteins, now available in the 

laboratory, may be further scrutinized for functional attributes, and in particular, for 

the presence of adhesin activity. It is likely that protein fold, as well as basic sequence, 

is important in the mediation of specific interactions between these putative OMPs 

and their ligands. The immunogenicity of a protein is less dependent on the structural 

confirmation of a protein, and the use of inclusion bodies alone has previously been 

used with success in some cases to induce a robust antibody response (Ksik et al. 2004, 

Hanjiang et al. 2011), although conformational (discontinuous) B cell epitopes, that are 

dependent on the tertiary structure of a protein, are likely to be greater importance. 

Indeed, several studies have reported that the proportion of antibodies directed 

against discontinuous epitopes greatly exceeds those recognising continuous epitopes, 

perhaps accounting for 90% of circulating antibodies (Andersen et al. 2006), and the 

administration of tertiary-structured proteins may prove to be an essential criterion 

for the induction of protective immunity. It is the aim of this study to now ascertain 

any antigenic properties played by these proteins in the bovine antibody response to 

natural infection, to screen these proteins for extracellular matrix adhesin function, 

and finally, to evaluate the immunogenic capacity of 12 of these TRPs in vivo. 
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Chapter 4. An investigation into the IgG antibody responses to 
digital dermatitis treponeme OMPs in Holstein-Friesian cows. 

4.1 Introduction.  

The quest for an efficacious BDD vaccine has been met with some disappointment, and 

no commercially available vaccine is currently available.  However, the feasibility of 

such a vaccine should be considered with optimism, since a reduction in BDD 

prevalence has been demonstrated in herds vaccinated with bacterin-based vaccines. 

Firstly, Keil et al. (2002) reported a reduction in BDD prevalence amongst adult cows 

and heifers vaccinated with an inactivated Treponema vaccine, relative to controls. 

Secondly, Berry et al. (2003) reported significantly lower incidence of BDD in heifers 

that were vaccinated before calving and cows that were vaccinated during the dry 

period. The latter study underpinned the commercialisation of a bivalent Treponema 

bacterin product, marketed by Novartis Animal Health as Trepshield HW™, although 

this has since been withdrawn because of suboptimal efficacy in the field (Palmer and 

O’Connell 2015). An additional study involving experimental challenge of calves 

vaccinated with a Treponema bacterin demonstrated at best only partial protection 

(i.e. a reduction in lesion size), whilst failing to demonstrate an antibody response to 

the vaccine (Berry et al. 2002; cited in Palmer & O’Connell, 2015). More recent data 

suggest that the adaptive immune response to BDD-associated Treponema spp. is 

short-lived (Trott et al. 2003), a finding that may explain why the protective efficacy of 

bacterin-based vaccines is poor, whilst implying that sustained protection may be 

achieved with a more intensive vaccination schedule involving multiple inoculations. 

Therefore, despite these failings, there exists the tantalising prospect of being able to 

successfully develop a functional vaccine that is able to induce neutralising and 

opsonising anti-treponemal antibodies against those treponemal phylogroups most 

frequently associated with BDD lesion development. It is suspected that the efficacy of 

all previously evaluated BDD bacterin vaccines is limited to inducing robust but weakly 

or non-protective immune responses to immunodominant antigens, akin to the 

response observed in natural infection. Inasmuch as bacterin preparations closely 

mimic the antigenic profile of live organisms, the antigenic determinants of IgG 

specificity are likely to be similar in natural infection and bacterin immunisation. 



  

106 
 

Conversely, treponemal outer membrane proteins with the capacity to confer 

protective immunity may be subdominant, being expressed in low abundance. Since 

the antigenic targets of the antibodies induced by bacterin-based vaccines and natural 

BDD infection have been poorly characterised, discriminating between these non-

protective and potentially protective antigens remains difficult. To date, only a limited 

number of treponemal antigens are known to be recognised by IgG antibodies. During 

natural infection, IgG antibodies are elicited against a relatively small number of 

immunodominant treponemal antigens in the majority of infected animals, although 

there is evidence for the existence of considerable antigenic heterogenicity between 

isolates. For example, Western blot analysis of antigens derived from BDD-associated 

Treponema spp. isolated in the United States, probed with sera from BDD infected 

animals in the UK, identified IgG reactivity to protein antigens of 34kDa (OspB), 41 kDa 

(flagellin protein) and 55kDa (Demirkan et al. 1999). Conversely, in a Japanese study, 

(Moe et al. 2010) identified a 60kDa antigen as the most widely recognised antigen in 

BDD-infected animals, whereas Trott et al. (2003) identified seroreactivity to an 80kDa 

band in proteinase-K treated antigen from T. phagedenis phylogroup isolate 4A, in the 

pooled sera from three infected Iowa dairy cows. The reasons for these discrepancies 

remains unknown, although the variation between studies in relation to geographic, 

host and bacterial factors is pronounced. However, on the basis of epidemiological 

observations indicating no reduction in susceptibility following primary infection, it 

must be presumed that these immunodominant antigens elicit non-protective 

antibodies. 

Genomic approaches to vaccine design facilitates in silico identification of potentially 

minor and immunologically subdominant components of the treponemal outer 

membrane that are undetectable in standard immunological analyses. The 

immunogenic properties of these components, once expressed as recombinant 

proteins, may then be evaluated in order to prioritise vaccine candidates. It was the 

purpose of this cross-sectional serological study to ascertain whether the putative 

OMPs identified previously (see Chapter 2) are involved in the development of the IgG 

response during natural infection, and to identify weakly antigenic/subdominant 

treponemal OMPs, which, it is hypothesised, may possess the potential to stimulate a 
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protective immune response when sufficiently adjuvanted. Therefore, in order to 

determine whether the putative OMPs identified previously are recognised by serum 

IgG antibodies in animals known to have been exposed to BDD-associated Treponema 

spp., the IgG antibody response to a panel of TRPs was evaluated in adult Holstein-

Friesian cows with active BDD (BDD+). This selection criterion was applied in order to 

maximise the probability of detecting specific IgG anti-treponemal antibodies, since a 

strong association between active disease and antibody titre has been reported. In 

particular, a previous investigation failed to identity measurable anti-Treponema IgG1 

and IgG2 antibodies to two BDD-associated Treponema isolates (2-1498 and 1-

9185MED) in animals that were lesion-free at the time of sampling (Walker et al. 

1997). Moreover, Trott et al. (2003) later reported that in animals fully recovered from 

BDD, the IgG antibody response to T. phagedenis phylogroup spirochetes had 

diminished considerably, becoming almost undetectable by Immunoblot. In addition, 

other studies have reported a strong positive correlation between serum anti-

Treponema antibody titre and the presence of visible BDD lesions (Murray et al. 2002, 

Gomez et al. 2014), and concordance between active disease and ELISA reactivity is 

high, in the range of 88-100% (Walker et al. 1997). It should be assumed therefore that 

in animals without any visible BDD lesions, the probability of detecting an anti-

Treponema antibody response is lower, at least in animals previously diagnosed with a 

non-relapsed lesion that had resolved >6 months prior to blood sampling. We 

therefore sought to exclude these animals from the present investigation, recognising 

that a detectable antibody response is likely in most animals with an active lesion.  

Subsequently, serum samples from individual animals of a BDD-infected herd, known 

to be lesion positive, were obtained and screened for IgG reactivity against the 

recombinant protein panel by ELISA. The detection of an IgG-mediated response to any 

one of these TRPs in animals that have been recently diagnosed with BDD confirms 

both in vivo expression of the wild-type protein during infection and its immunogenic 

properties. Moreover, it is highly suggestive, although not confirmatory, of surface 

exposure. The role any given protein plays in protective immunity is unknown and 

cannot be established with these data. However, in light of the non-protective nature 

of the antibody response against re-infection, it is speculated that such a protein will 
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be unlikely to confer protective immunity as a vaccine component. The purpose of this 

work was (a) to evaluate whether cattle recently or actively infected with BDD 

produced an IgG response to any of the putative treponemal outer membrane proteins 

identified in Chapter 2, and (b) to classify the IgG subclass in an attempt to identify 

potential isotype bias.  

4.2 Materials and Methods.  

4.2.1. Cattle sera collection.  

As part of a previous study (unpublished) that took place during June-December 2013, 

a herd of adult Holstein-Friesian cattle (age range approximately 1-13 years) situated 

in Cheshire, UK, in which BDD infection has been endemic since the early 1990s, was 

selected to assess the efficacy of a bacterin-based BDD vaccine. At regular intervals, 

the feet of all animals enrolled in the study were examined for lesions of BDD. At the 

study endpoint, whole blood was collected from the coccygeal vein of all study 

animals. Following clotting and centrifugation, the serum fraction was harvested from 

these samples and stored at -20oC for serological assessment. The present study 

sought to utilise this bank of samples to assess the involvement of the putative 

treponemal OMPs in elicitation of the IgG1 and IgG2 antibody response during the 

course of natural infection. To this end, the sera from animals allocated to the control 

arm of the bacterin study (i.e. non-vaccinated), diagnosed with BDD both prior to 

commencement of the study and during study follow-up, were selected for assessment 

(n= ≥20). In addition, sera from a BDD negative herd of adult Friesian beef cattle (age 

range approximately 1-1.5 years), situated in Gloucestershire UK, were included as a 

control group (n=5).  

4.2.2. Treponemal antigens 

Treponemal antigens were prepared according to the methods described in Chapter 3. 
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4.2.3. Quantification of protein concentrations in antigen preparations 

In order to permit consistent concentrations of proteins to be used in the ELISAs, 

protein concentrations were determined according to method Chapter 3 (section 

3.2.5.5)  

4.2.4. ELISA for anti-Treponema OMP antibodies.  

TRPs were thawed on ice. Non-activated, 96-well microtitre plates (Microplate 

Immulon 2HB, Thermo Scientific, Hemel Hempstead) were coated with 5 μg/ml TRP 

antigen in PBS (pH 7.2) per well and incubated for 1 hour at 37oC and overnight at 4oC. 

Unbound antigen was removed by washing three times with PBS-Tween20 (PBS-T20; 

0.05%). All sera were diluted 1/100 in PBS-T20 and pipetted into ELISA plate wells in 

duplicate and incubated for 1 hour at 37oC. Plates were washed twice with PBS-T, 

followed by the addition of 100 μl of either monoclonal mouse anti-bovine 

immunoglobulin class G subclass 1 (IgG1) antibody, clone IL-A60 (BioRad, Hemel 

Hempstead, UK) or monoclonal mouse anti-bovine immunoglobulin class G subclass 2 

(IgG2) antibody, clone IL-A2 (BioRad, Hemel Hempstead, UK), diluted 1:1000 in PBS-T20 

and incubated for 1 hour at 37oC. To ensure adherence of the antigen to the plate, 100 

μl of mouse monoclonal anti-polyhistidine antibody, clone HIS-1 (Sigma-Aldrich, 

Dorset, UK), diluted 1:2000 in PBS-T20, was added to each TRP control well. Wells were 

incubated with 100 μl of horse-radish peroxidase (HRP)-conjugated goat anti-mouse 

IgG antibodies (Sigma-Aldrich, Dorset, UK), diluted 1:10000 in PBS-T20 for 1 hour at 

37oC. Conjugate control wells were incubated with 100 μl of PBS-T20 only. Following a 

final two washes in PBS-T20, the presence of HRP-conjugated goat anti-mouse IgG 

antibodies was detected by the addition of 100 μl of the HRP substrate, 3,3′,5,5′-

Tetramethylbenzidine (TMB) (Sigma-Aldrich, Dorset, UK). Substrate control wells were 

incubated with 100 μl of PBS-T20 only. The reaction was terminated after 

approximately 20 minutes by the addition of 100 μl 0.5 M hydrochloric acid to all wells. 

The optical density of each well was read at 450nm using a microplate reader 

(Multiskan EX; Thermo Fisher Scientific, Loughborough, UK). In order to classify results 

as positive or negative, an ELISA OD value of less than or equal to the mean plus 3 

standard deviations of the control sera was considered to be non-reactive (Ji and 

Collins 1994), calculated as follows:  
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4.2.5. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and 
western blotting.  

Where significant positive reactions were identified by ELISA, or where ELISA results 

were inconclusive, Western blotting was employed to clarify results. Recombinant 

protein (8 μg) was mixed with 92 μl of SDS gel loading buffer (100 mM Tris-HCl [pH 

6.8], 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (v/v) glycerol), boiled at 100oC 

for 5 minutes, and separated using discontinuous SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE), performed on 1.5 mm-thick vertical slabs (Bio-Rad, Hemel 

Hempstead, UK) using a 5% stacking gel and a 12% resolving gel, using the 

formulations described previously (see Chapter 3, section 3.1.2.17). Recombinant 

antigens were transblotted onto 0.2 μm pore nitrocellulose membrane (NCM) (Bio-

Rad, Hemel Hempstead, UK) using a Trans-Blot cell (Bio-Rad, Hemel Hempstead, UK) 

containing 192 mM glycine, 25 mM Tris base, 20% (v/v) methanol in deionised water. 

During electrophoresis (100 V, 240 mA, 80 minutes), the cell was kept cool with the aid 

of an ice pack. Following electrophoresis, the membrane was blocked by incubation 

with 5% (w/v) milk powder dissolved in PBS-T20 for 16 hours at 4oC with continuous 

agitation. The membrane was washed for 5 minutes in PBS-T20 and the wash step 

repeated a further two times. The membrane was cut into strips with a diameter of 

approximately 0.5 cm.  Serum samples to be investigated were diluted 1:100 with PBS-

T20. Each NCM strip was incubated for 1 hour at room temperature with 1ml of the 

diluted serum with continuous agitation. NCM was washed as previously and 

incubated with either mouse anti-bovine immunoglobulin class G subclass 1 (IgG1) 

antibody, clone IL-A60 (BioRad, Hemel Hempstead, UK) or monoclonal mouse anti-
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bovine immunoglobulin class G subclass 2 (IgG2) antibody, clone IL-A2 (BioRad, Hemel 

Hempstead, UK), diluted 1:1000 in PBS-T20, for 1 hour with continuous agitation. 

Following washing, each strip was incubated with 1ml of horse-radish peroxidase 

(HRP)-conjugated goat anti-mouse IgG antibodies (Sigma-Aldrich, Dorset, UK), diluted 

1:10000 in PBS-T20, for 1 hour with continuous agitation. Following a final wash step, 

NCM strips were incubated with TMB substrate (Sigma-Aldrich, Dorset, UK) until visible 

bands developed. The membranes were dried and photographed immediately.  

4.2.6. Data analysis.  

Serological data, as determined by ELISA, were analysed for statistical significance by 

Mann-Whitney U test using GraphPad Prism v5 (GraphPad Prism Software, Inc).   

4. 3 Results. 

4.3.1 The serological assessment of the IgG1 and IgG2 response to treponemal 
OMPs in DD-naïve vs DD-exposed cattle using ELISA and Western blot. 

In order to evaluate the contributions made to the serological response observed in 

BDD in animals with a recent history of disease, an ELISA was employed to detect IgG1 

and IgG2 antibodies to 26 putative treponemal OMPs. Since true positive controls 

were not available (i.e. samples with known seroreactivity to the treponemal outer 

membrane proteins used in this study) at the time of analysis, the sera of animals from 

a herd free of BDD, and with no known risk of exposure to BDD, were selected to 

calculate a negative cut-off value. In addition, the statistical difference between BDD 

non-exposed and DD-exposed/infected animals was calculated using the Mann Witney 

U test, with a P value of <0.05 being considered to be significant.  

It is clear that for the majority (24/26) of TRPs tested, no statistically significant 

increase was found in the mean OD values reported for animals infected (recently or 

actively) with BDD, relative to controls, for either IgG1 or IgG2. A summary of these 

data are reported in Table 4.1. Statistically significant differences, in terms of ELISA OD 

between DD-negative and DD-positive sera are highlighted. The data acquired for the 

most seroreactive proteins, TRPs 489 and 350, are presented in Figs. 4.1 and 4.3, 

respectively.  
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  IgG1 IgG2 

Protein 
Identity 

Phylogroup BDD naïve (mean OD, 
450nm) 

BDD-exposed (mean 
OD, 450nm) 

P value Diseased animal sera 
exceeding NCO (%) 

BDD naïve (mean OD, 
450nm) 

BDD-exposed (mean 
OD, 450 nm) 

P value Diseased animal 
sera exceeding 

NCO (%) 

19 1 0.353 ±0.1185 0.302 ±0.08051 0.5335 0 0.275 ±0.1342 0.188 ±0.08453 0.3137 0 

20 1 1.109 ±0.1677 0.905 ±0.2647 0.0429 0 0.852 ±0.3630 1.064 ±0.4835 0.3054 4 

1472 1 0.247 ±0.03322 0.205 ±0.05602 0.0395 3.2 0.254 ±0.1680 0.197 ±0.1067 0.5520 0 

2582 1 0.191 ±0.05383 0.125 ±0.04005 0.0104 0 0.074 ±0.01642 0.083 ±0.02416 0.4586 6.25 

34 1 0.121 ±0.05012 0.165 ±0.04458 0.0862 3.2 0.099 ±0.04112 0.114 ±0.03213 0.3847 0 

148 1 0.215 ±0.05888 0.176 ±0.05178 0.1485 0 0.194 ±0.09739 0.153 ±0.05316 0.4328 0 

581 1 0.193 ±0.05346 0.135 ±0.03839 0.0012 0 0.102 ±0.04261 0.096 ±0.03711 0.5993 2.0 

480 1 n.d. n.d. - - n.d. n.d. - - 

82 1 0.164 ±0.05668 0.123 ±0.05131 0.0691 0 0.073 ±0.01524 0.056 ±0.01385 0.0079 0 

740 1 n.d. n.d. - - n.d. n.d. - - 

1497 1 n.d. n.d. - - n.d. n.d. - - 

489 1 0.126 ±0.01645 0.133 ±0.03365 0.9770 12.5 0.082 ±0.01021 0.184 ±0.05361 0.0006 91.66 

3 2 0.595 ±0.06444 0.404 ±0.1290 0.0436 0 0.191 ±0.008083 0.267 ±0.1601 0.9497 35.71 

4 2 0.248 ±0.09868 0.258 ±0.1071 0.5787 6.25 0.186 ±0.1105 0.206 ±0.1197 0.9823 6.25 

5 2 0.457 ±0.1079 0.416 ±0.1139 0.5592 0 0.184 ±0.06420 0.313 ±0.1344 0.1236 21.4 

6 2 0.403 ±0.1148 0.362 ±0.1209 0.7508 0 0.119 ±0.03835 0.141 ±0.05156 0.3004 6.25 

7 2 0.213 ±0.02568 0.163 ±0.04989 0.0149 6.25 0.256 ±0.07220 0.285 ±0.08668 0.7726 6.25 

9 2 0.363 ±0.1313 0.309 ±0.09492 0.3427 0 0.189 ±0.06965 0.219 ±0.07278 0.2199 0 

13* 2 0.858 ±0.1555 0.804 ±0.2821 0.2508 2.86 0.904 ±0.2996 0.996 ±0.3914 0.6256 2.86 

390 3 0.352 ±0.1087 0.354 ±0.07620 0.7726 0 0.220 ±0.08513 0.239 ±0.1024 0.7726 6.25 

169 3 0.342 ±0.05915 0.358 ±0.1494 0.6526 0 0.197 ±0.05715 0.306 ±0.1418 0.2376 31.25 

2267 3 0.282 ±0.03679 0.232 ±0.8346 0.0590 6.25 0.205 ±0.08455 0.296 ±0.1906 0.1551 9.38 

350 3 0.084 ±0.01681 0.090 ±0.02680 0.4828 6.25 0.067 ±0.005886 0.111 ±0.03137 0.0020 75 

2296 3 0.199 ±0.03907 0.171 ±0.04397 0.1861 0 0.159 ±0.03516 0.193 ±0.05343 0.1949 13.3 

694 3 0.349 ±0.08452 0.274 ±0.08939 0.0999 8.33 0.270 ±0.07951  0.273 ±0.07682 0.5833 0 

683 3 0.144 ±0.06906 0.180 ±0.07456 0.4716 4.35 0.099 ±0.04402 0.155 ±0.07151 0.1337 12.5 

904  3 n.d.  n.d. - - n.d. n.d. - - 

623 3 0.158 ±0.02624 0.177 ±0.04825 0.4785 12.5 0.110 ±0.04009 0.182 ±0.09157 0.0527 18.75 

976 3 0.217  ±0.02376 0.231 ±0.1023 0.2006 18.75 0.226 ±0.09212 0.221 ±0.08920 0.9014 0 

1724 3 0.174 ±0.06210 0.176 ±0.04478 0.7401 0 0.147 ±0.04557 0.172 ±0.06197 0.4828 4.16 

 

  

 

 

 

 

  

 

 

 

  

 

 

 

Table 4.1 TRP seroreactivity in BDD-naïve and BDD-positive cattle: summary of the results.  

Table 4.1. Serological analysis of the IgG1 and IgG2 reactivity to the TRPs. For the majority of TRPs, no statistically 

significant (P<0.05) increase in seroreactivity was observed in BDD-positive animals, when compared to BDD-naïve animals. 

Only two TRPs (TRP489 and 350) opposed this trend (highlighted in red).  
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Figure 4.1. IgG1/IgG2 antibody response to TRP489
in adult Holstein Friesian cattle.
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If it is assumed that these TRPs are both pathogen- and disease-specific markers, this 

finding indicates an absence of IgG antibody-mediated immunity to these antigens in 

the majority of BDD-infected animals. Alternatively, these results may indicate similar 

levels of specific IgG antibody titres in both the control and BDD+ sera. Conversely, the 

mean IgG2 OD values obtained in the DD-exposed group were significantly higher than 

the mean OD values obtained in the DD non-exposed group for two TRPs, namely, the 

T. medium phylogroup TRP489 (Figure 4.1; P ≤ 0.001) and its phylogroup 3 homolog, 

TRP350 (Figure 4.3; P ≤ 0.01).  

 

 

 

  

 

 

 

 

 

 

 

Figure. 4.1. IgG1 and IgG2 seroreactivity of BDD naïve and BDD-positive cattle sera to 
TRP489 (Non-exp., animals from a BDD-naïve herd; BDD exp., animals with BDD as 
determined by clinical examination of the hoof; NS, not significant).  
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Figure 4.3. IgG1/IgG2 antibody response to putative TRP350
in adult Holstein Friesian cattle.
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Figure. 4.2. Western blot analysis of the serological IgG2 response to TRP489. Serum 
control (PBST only, lane 1); Positive control (anti-polyhistidine antibody, lane 2); 
animals with a recent history of BDD infection (lanes 3-6); animals with no known risk 
factors for BDD (lanes 7-10); Color Prestained Protein Standard, Broad range 11-245 
kDa (lane 11); Red arrow, 26kDa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.3. IgG1 and IgG2 seroreactivity of BDD naïve and BDD-positive cattle sera to 
TRP350. (Non-exp., animals from a BDD-naïve herd; BDD exp., animals with BDD as 
determined by clinical examination of the hoof; NS, not significant). 

Figure 4.2. Western blot analysis of the serological 
IgG2 response to TRP489 in adult Holstein Friesian 

cattle. 
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Figure. 4.4. Western blot analysis of the serological IgG2 response to TRP350 in 
animals with no known risk factors for BDD (lanes 1-3), animals with a recent history of 
BDD infection (lanes 4-9); Positive control (anti-polyhistidine antibody, lane 10); Serum 
control (PBS only, lane 11); Color Prestained Protein Standard, Broad range 11-245 kDa 
(lane 12); Red arrow, 22kDa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.5. IgG1 and IgG2 seroreactivity of BDD naïve and BDD-positive cattle sera to 
TRP683. Non-exp., animals from a BDD-naïve herd; BDD exp., animals with BDD as 
determined by clinical examination of the hoof; NS, not significant). 

Figure 4.4. Western blot analysis of the serological 
IgG2 response to TRP350 in adult Holstein Friesian 

cattle 

 

Figure 4.5. IgG1/IgG2 antibody response to putative TRP683
in adult Holstein Friesian cattle.
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Figure 4.6. Western blot analysis of the serological IgG1 (Blot A) and IgG2 (Blot B) 
response to TRP683. Blot A (IgG1): PBS only (lane 1); animals with no known risk 
factors for BDD (lanes 2-3); animals with a recent history of BDD infection (lanes 4-6); 
Negative control (pre-immune calf serum) (lane 7); Positive control (TRP683-immunised 
calf serum) (lane 8); Color Prestained Protein Standard, Broad range 11-245 kDa (lane 
9). Blot B (IgG2) Animals with no known risk factors for BDD (lanes 1-2); animals with a 
recent history of BDD infection (lanes 3-5); Negative control (pre-immune calf serum) 
(lane 6); Positive control (TRP683-immunised calf serum) (lane 8); Color Prestained 
Protein Standard, Broad range 11-245 kDa (lane 8). Red arrow, 30kDa.  

 

These treponemal OMPs are therefore thought likely to play a significant role in the 

elicitation of the IgG2 antibody response during natural infection and demonstrated 

reactivity in 91.6% and 75% of infected animals, respectively (see Table 4.1). The IgG1 

response against these two treponemal OMPs was observed in infected animals to a 

lesser extent, occurring in 12.5% and 6.25%, respectively, although no statistical 

significance between BDD-naïve and BDD-positive animals was observed. An initial 

assessment of the IgG response to the other TRPs reveals less obvious indicators of 

reactivity, with no evidence to suggest that these proteins are pathogen-restricted or 

disease-specific.  The negative cut-off was established using ODs from animals thought 

not to be at risk of BDD infection and was used on a presumptive basis to identity 

seroreactivity. When consideration was given to the sera that exceed the calculated 

Figure 4.6. Western blot analysis of the serological 
IgG1 and IgG2 response to TRP683 in adult Holstein 

Friesian cattle. 

 

 

 



  

117 
 

ELISA negative cut-off value, the IgG antibody response to the OMPs tested by this 

method was detectable against a number of other proteins, albeit generally restricted 

to relatively small numbers of BDD-infected animals, ranging from 11.6-35.71%. 

Moreover, these analyses failed to identify any sera with an OD that exceeds the 

calculated negative cut off for seven proteins (TRPs TRP19, TRP34, TRP148, TRP82, 

TRP9, TRP2296 and TRP976), for either IgG1 or IgG2. The biological significance of 

these findings remains unknown, but these data highlight the heterogeneity of the 

immune response to some treponemal OMPs between individual animals on the same 

farm. In order to further clarify the findings of these ELISAs, western blotting 

(immunoblot) was employed to qualitatively determine the presence of TRP-specific 

IgG1 and IgG2 antibodies to all available TRPs. Here, a small number of serum samples 

with varying degrees of seroreactivity were selected from those analysed by ELISA, 

from both the control and BDD-exposed groups. In addition, and where available, pre-

immune and immune sera from an immunogenicity trial in calves (see Chapter 7) were 

included as additional controls. The Western blotting analysis was largely undertaken 

by Dr. Jennie Mullin.  
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       Table 4.2. A summary of the results of Western blot analysis of the serological IgG1  
        and IgG2 response to a panel of TRPs in adult Holstein Friesian cattle.  
 

 

Table 4.2. Western blot analysis of the serological response to TRPs in BDD-naïve and 
BDD-positive cattle populations. Two TRPs (TRP2582 and TRP4) were not recognised by 
sera from either population. Seroreactivity to two TRPs (TRP489 and TRP350) were 
identified as disease-specific. Disease-specific antibody responses to the remaining 
TRPS were not observed and seroreactivity was detected in both BDD-naïve and BDD –
positive cattle sera. -, no reactivity detected; +, reactivity detected. The serological 
response to the following TRPs was not analysed by Western blot: TRP19, TRP20, 
TRP82, TRP1497, TRP5, TRP6, TRP9, TRP2169, TRP904, TRP623. 

 

Western blot analysis has revealed some findings of interest. Firstly, and reassuringly, 

analysis of the IgG2 response validates the results of the ELISA in confirming the IgG2 

seroreactivity reported for TRPs 489 (Figure 4.2) and 350 (Figure 4.4), with clear 

distinctions in band staining noted between control sera and BDD+ animals. 

Interestingly, the probing of TRP350 blots by control (BDD-naïve cattle) sera revealed 

some degree of IgG2 seroreactivity, although the resulting bands were considerably 

weaker than those observed by BDD+ sera. Immunoblot analysis of IgG2 seroreactivity 

to the other TRPs revealed a more complex picture. Firstly, no IgG2 reactivity was 

detected, in controls or BDD+ animals, to TRPs 2267, 148 and 390. Conversely, IgG2 

seroreactivity to TRP 1724 appeared to be disease-specific and was only detected in 

TRP 
IDENTITY 

IGG1 REACTIVITY 
IN CONTROL 
SERA 

IGG1 REACTIVITY 
IN BDD+ SERA  

IGG2 REACTIVITY 
IN CONTROL 
SERA 

IGG2 
REACTIVITY IN 
BDD+ SERA 

1472 + + - - 
2582 - - - - 
34 + + + + 
148 + + + + 
581 - + - + 
480 + + + + 
740 + + + + 
489 - - - + 
4 - - - - 
7 + + +/- +/- 
13 + + + + 
390 + + - - 
2267 + + - - 
350 - - - + 
2296 - - - - 
694 + + + + 
683 - + + + 
976 + + + + 
1724 + + - + 
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the sera of animals classified as BDD+, although no statistically significant differences 

were identified between these sera and controls by ELISA, and IgG1 seroreactivity to 

TRP1724 was detected in both naïve and BDD+ animals (data not shown). The 

remaining analyses identified weak to very weak IgG2 reactivity, in both control and 

BDD+ sera, to TRPs 34 and 1472 and 683, and in failing to discriminate between the 

control and BDD+ sera, are in agreement with the ELISA analyses. In contrast to an 

apparently weak IgG2 response identified to many of the proteins evaluated, IgG1 anti-

TRP antibodies were more readily detected, although again frequently with significant 

evidence of reactivity in control sera.  Immunoblot analysis of TRP976-mediated IgG1 

reactivity revealed the presence of anti-TRP976 IgG1 antibodies in the sera of both 

control and BDD+ animals, with no appreciable difference in staining intensity 

observed between the groups. Immunoblot analysis similarly revealed IgG1-mediated 

reactivity in controls and BDD+ sera against TRPs 34, 1724, 2267, 148, 390, 1472 and 7, 

and these observations are in agreement with the results of the ELISA-based analyses, 

which failed to demonstrate any statistically significant difference between control and 

BDD+ groups. Although weaker in controls relative to BDD+ sera, IgG1 seroreactivity to 

TRP683 was also detected in both animal groups, a finding that is again concordant 

with the results of the ELISA (Figure 4.5), which reveals a non-statistically significant 

increase in the mean OD of BDD+ serum samples, relative to controls. Finally, there 

was no evidence to support the existence of an IgG1 or IgG2 response against three 

proteins (TRP2582, TRP4 and TRP2296) in control sera or BDD+ sera. Analysis of 

TRP2296 (figure not shown), predicted to be a periplasmic subsurface protein, 

revealed the absence of either an IgG1 or IgG2 serological reaction to this protein in all 

animals tested.  

Since immunoblot analysis has revealed extensive evidence of IgG1, IgG2, or combined 

reactivity in the sera of animals with no known risk factors for BDD for a considerable 

number of the proteins examined, and with no significant differences observed 

between groups in terms of mean ELISA OD or immunoblot band staining intensity, it 

must be assumed that all animals, regardless of exposure status, are serologically 

reactive to these proteins (see Table 4.2). The negative cut off values applied to these 

assays were calculated on the basis of seroreactive ODs and are consequently invalid. 
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Although the ODs of clinically negative control sera are widely used to define the cut-

off value of a serological ELISA, this method relies on the analyte in question being 

disease-specific (i.e. not present in control sera). It has been demonstrated in the 

present study that only two of the 26 proteins evaluated by ELISA elicit antibodies that 

meet this criterion.  

 In summary, it has been demonstrated that, on the basis of these data, (i) no 

statistically significant differences were detected between the mean ELISA ODs of 

control and BDD+ sera, for the majority of TRPs analysed, (ii) immunblot frequently 

confirmed the presence, rather than the absence, of anti-TRP IgG antibodies in both 

control and BDD+ sera, (iii) IgG2 antibodies to two proteins (TRP489 and TRP350) has 

been identified as a serological markers of recent exposure in >70% infected animals, 

(iv) where an antibody response has been detected in other proteins, these data are 

suggestive of IgG1 isotype dominance, with little to no detectable IgG2, and (v) two 

proteins (TRP4 and TRP2582) were found not to elicit an IgG antibody response during 

natural infection.  

These analyses have identified two proteins that are disease-specific and arguably, 

only one protein that may be classified as pathogen-restricted. An additional two 

putative OMPs were found not to be immunogenic. Not all proteins were analysed by 

western blot. However, of those that were, control sera reactivity was consistently 

observed.  
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4.4 Discussion.  

In an attempt to establish whether any of the predicted OMPs, identified as described 

previously (see Chapter 2) play a role in the elicitation of an IgG1- and/or IgG2-

mediated antibody response to natural infection with BDD-associated Treponema spp., 

an ELISA was utilised to detect TRP-specific antibodies in the sera of adult Holstein-

Friesian cows with active disease at the time of sampling.  

For the majority of TRPs tested, no significant difference was found between the 

control sera and infected animals (see Table 4.1). Whilst this was originally thought to 

suggest that the IgG response to these putative OMPs plays no role in stimulating the 

presumed non-protective antibody response observed in infected animals, subsequent 

immunoblot analysis has revealed considerable anti-TRP antibody reactivity in the sera 

of animals with no known risk factors for BDD infection. The implications of these 

findings are discussed below. Nevertheless, a significant IgG2-mediated antibody 

response was identified against some of two of the TRPs tested (TRP489 and TRP350), 

relative to controls, in >70% of the BDD+ infected animals tested, which, in addition to 

going some way towards validating the reverse vaccinology approach, supports the 

following suppositions: i) the natural antibody response to these two proteins is 

unlikely to be protective against BDD during the course of natural infection ii) these 

proteins are likely to be surface-exposed and expressed during the course of natural 

infection iii) these disease-specific proteins may be of value in the serodiagnosis of 

BDD infection.  

Despite the seemingly strong concordance observed between the serological response 

to TRP489 and its phylogroup 3 homolog, the TRP489 phylogroup 2 homolog, TRP9, 

was found not to elicit an IgG response in cattle. Concordance does exist between 

some of the homologous TRPs tested, albeit without any obvious pattern (i.e. 

seroreactivity to some TRPs and their homologs are similar, but in others, no such 

similarity is found).  Since variation in immunological response is likely to exist 

between animals, as a consequence a host and bacterial factors, and since the degree 

of homology varies between such proteins, the absence of a clear pattern is not 

unexpected. The complete absence of an IgG response to TRP9 may indicate that the 
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T. phagedenis BDD phylogroup does not express this putative OMP during the 

infectious phase of its lifecycle, or that expression is immunosubversive in nature.  

In identifying a disease-specific IgG2 antibody response to TRP489 and TRP350, these 

findings are in concordance with the findings of  a number of previous studies that 

demonstrated a strong IgG2 bias in the antibody response of animals naturally infected 

with BDD (Demirkan et al. 1999; Murray et al. 2002; Dhawi et al. 2005). However, 

these observations were not typical, and immunoblot analysis of the IgG response to 

all of the other TRPs tested revealed a predominance of mixed IgG1 and IgG2 

responses, whereas no seroreactivity was observed against two TRPs (TRP4 and 

TRP2582). Interestingly, one serological study into BDD infection, whilst detecting the 

presence of both IgG1 and IgG2 anti-treponemal antibodies, reported a significant bias 

towards IgG1 dominance in both naturally infected and experimentally infected cattle 

(Elliott and Alt 2009), and this isotype was also found to dominate in a mouse abscess 

model of BDD (Elliot et al.  2007). Sullivan (2015) reported the presence of both IgG1 

and IgG2 anti-treponemal antibodies in the sera of BDD-infected beef cattle, although 

both IgG1 detection rates and titres were found to be higher. In this analysis of 

antibody reactivity to individual treponemal OMPs, rather than whole cell lysates, a 

pronounced IgG1 antibody response to the majority of putative OMPs tested has been 

identified, but with a clear IgG2-mediated response against two disease-associated 

proteins. The biological significance of this is unclear. It is possible that an anti-

treponemal IgG2 response is associated with disease, whereas anti-treponemal IgG1, 

in being readily detectable in the sera of control animals, mediates a response to 

presumably cross-reactive antigens found on the surface of presently unidentified 

organisms. In support of this theory, and in addition to relatively consistent reports of 

IgG2 isotype skewing in BDD infection, Th1 (IgG2) response has been associated 

previously with spirochaetal infections (Arroll et al. 1999; Glickstein et al. 2003; Klimpel 

et al. 2003), whereas a Th2 (IgG1) response may be driven by other bacterial organisms 

that exist intracellularly. However, due to time constraints, these data are incomplete, 

and further evaluation is warranted.   

An IgG1 response to TRP976, predicted on the basis of homology to be a component of 

the flagellar outer filament sheath protein, was detected. The flagellin protein has 
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previously been demonstrated to be highly immunogenic and in B. burgdorferi 

infection, has been shown to be one of the first antigenic targets to which antibodies 

are directed (Zöller et al. 1991). In the present study, the FlaA homolog, TRP976, is the 

only protein known to be associated with the flagellar architecture (see Chapter 2, 

section 2.3.5, T19_02427 homolog). It was therefore not unexpected that an IgG 

antibody response to this protein had been identified in some animals diagnosed with 

BDD by ELISA. However, immunoblot analysis also revealed similar band staining 

intensity in control sera. Flagellar components are highly conserved amongst 

spirochetes and strongly immunogenic, and the presence of cross-reactive antibodies 

in control sera to components of the flagellum, including FlaA, has been reported 

previously (Ge et al. 1998). Within this study, TRP976 was the first protein identified to 

have been found to elicit IgG antibodies in all animals, regardless of their BDD 

exposure status, but subsequent investigations revealed this pattern of seroreactivity 

in all but two TRPs analysed by western blotting.  

The classification of OD values as negative or positive, although calculated using a 

widely accepted formula, should not be assumed to be infallible. This study has 

demonstrated that only two proteins (TRP489 and TRP350) should be considered to be 

disease-specific immunogens during the course of natural infection in the majority 

(>70%) of infected animals. Conversely, the immunoblots performed cast doubt on the 

validity of the ELISA assay as a means of determining seroconversion status, since IgG 

reactivity in control sera was frequently observed against the majority of TRPs 

analysed using this method. Subsequently, if no significant difference between control 

sera and BDD+ sera is found, this does not necessarily infer a lack of TRP-specific IgG, 

but rather ‘all or nothing’: either reactivity in all animals, including controls, or none. 

Therefore, the serological response to all TRPs must be followed up with Western Blot 

analysis following ELISA. The antigenic drivers behind such reactivity are unknown and 

may represent cross-reactivity to commonly encountered pathogenic or non-

pathogenic organisms in the animal’s environment and/or commensal species of 

Treponema, for example. Also worthy of consideration as a potential source of 

antibody cross-reactivity is the bovine multivalent Leptospira borgpetersenii vaccine, 

which has been widely adopted in Europe and the US, and is usually composed of five 
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to ten inactivated serovars (bacterins) (Martins and Lilenbaum 2017), as well as 

previous or co-existing infection by B. burgdorferi, which has been demonstrated 

previously to elicit cross-reactive antibodies to both borrelial and treponemal flagellar 

protein antigens (Murray et al. 2002). Evidence for extensive serological cross-

reactivity within the Spirochaetaceae family (Hindersson et al. 1984) and beyond this, 

in unrelated organisms (Luther and Moskophidis 1990, Keasey et al. 2009), exists. 

Moreover, Dhawi et al.  (2005) reported a seropositivity rate of 24% in the sera of 

animals from a BDD negative farms. The precise reasons for these observations remain 

elusive.  Two non-pathogenic species of Treponema have been isolated from the 

gastrointestinal tract of cows (Newbrook et al. 2017; Staton et al. 2017), which have 

been demonstrated in chapter 2 (section 2.3.7) to possess homologous amino acid 

sequences in their genomes to all but four TRPs examined in this study, i.e. TRPs 489, 

350, 1472 and 683. However, although disease specificity of TRPs 350 and 489 has 

been demonstrated, T. medium phylogroup TRP1472 and the T. pedis phylogroup 

homolog, TRP683 were not shown to be disease-specific, since control sera were found 

to be reactive to both. One untested explanation for the extensive cross reactivity 

observed in this study is the possible exposure of the control animals to BDD-

associated Treponema spp. Since its initial emergence in 1987, BDD has spread widely 

throughout the UK, and is now considered to be endemic (Laven & Lawrence, 2006). 

Vink et al.  (2009), whilst demonstrating a strong association between the presence of 

a lesion and serological response, also reported greater overlap in antibody titre 

between the clinically-negative and clinically-positive animals. The authors postulated 

that a change in the farm-level epidemiology of BDD over time, from epidemic to 

endemic, has resulted in repeated exposure of cattle populations to BDD-associated 

treponemes, resulting in an increase in the number of animals that are lesion-free but 

serologically reactive. Given the rapidly expanding prevalence of BDD in the UK, it has 

become increasingly difficult to conclusively identify herds that are truly free from 

infection. Indeed, the majority of herds that have remained free from infection are 

closed to heifer replacement from external sources, although this style of herd 

management is uncommon. However, it is possible that even in the absence of a 

diagnosis, BDD may be present, albeit at subclinical levels, since this risk of emergence 

is high. Alternatively, BDD-associated Treponema spp. may be necessary, but not 
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sufficient, for development of BDD, and other hitherto unknown microbiological or 

environmental factors may be required to induce BDD.  

Given these data, it is highly probable that some of these antigens, should they be 

incorporated into experimental vaccine formulations, will induce antibody cross-

recognition of commensal organisms, the consequences of which are unpredictable. 

The bovine GI tract harbours a diverse microbiota, amongst which spirochetes, and 

Treponema spp. in particular, are found in abundance (Evans et al. 2011, Mao et al. 

2015). Although their presence within the GI tract is associated with commensalism, it 

is unknown whether they are of functional significance to the host. The GI tract 

microbiota has been associated with a wide variety of biological processes, including 

nutrient acquisition (Sekirov et al. 2010) and resistance to a number of infectious and 

inflammatory enteric diseases (Bäumler and Sperandio 2016). Although it is desirable 

to select antigens that are pathogen-restricted, and therefore minimise the impact on 

the commensal flora, homologs to the majority of proteins identified in the present 

study are present within the genomes of at least two GI tract-associated species of 

Treponema: T. ruminis (Newbrook et al. 2017) and T. rectale (Staton et al. 2017) (see 

Chapter 2, section 2.3.7). Subsequently, vaccination with cross-reactive antigens risks 

modifying the bacterial composition of the GI tract microbiota, although whether this 

will give rise to any clinically meaningful effects remains speculative. Importantly, 

OMPs that are homologous between species are evolutionarily conserved, highlighting 

their necessity to survival. Interestingly, there is evidence to suggest that antibodies 

raised against commensal organisms afford at least partial protection against 

subsequent pathogenic challenge via a cross-reactive mechanism. For example, the 

natural immunity to Neisseria meningitidis is thought to be conferred by colonisation 

with commensal strains (Oliver et al. 2002), whereas immunisation of mice with non-

pathogenic Alphaproteobacteria confers partial protection against Brucella (Delpino et 

al. 2007). Whether bovids colonised with particular species of spirochete are partially 

or fully protected from BDD is unknown, although for reasons that have not been fully 

elucidated, susceptibility and disease severity varies widely between individual animals 

and farms (Scholey et al. 2012). Nevertheless, T. ruminis and T. rectale have only been 

isolated from single animals, and their true prevalence has not been determined. In 
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the present study, there exists clear evidence of an IgG response in animals thought 

not to be at risk of BDD. Whether this is because of exposure to BDD treponemes in 

the absence of other risk factors for disease development, or because of exposure to 

cross-reactive antigens, has not been investigated. Interestingly, it has been 

demonstrated previously that antibodies that are cross-reactive to other spirochaetal 

antigens failed to enhance in vitro macrophage phagocytosis of Treponema pallidum 

(Shaffer et al. 1993), although the relevance of this finding to the current study is 

unknown, particularly since the source of any potential cross-reactivity remains 

undefined. In light of these uncertainties, no specific recommendations can be made 

regarding the inclusion of proteins with demonstrable IgG reactivity in control animals. 

With no knowledge of the precise epitopes involved, the significance of these findings 

to vaccine design remains elusive, although the case for selection of such TRPs for 

inclusion in future vaccine formulations is arguably weaker. After all, antibodies to 

these TRPs have been identified in animals that are known to be susceptible to BDD, as 

well as in animals thought not be have been exposed to BDD-associated Treponema 

spp. Without any evaluation of clinical efficacy, the value of these recombinant 

proteins as vaccine constituents cannot be estimated.  

Somewhat unexpectedly, the mean ELISA ODs of some negative control sera were 

occasionally found to be higher than the mean ODs calculated from BDD positive 

animals, reaching statistical significance for TRPs 20, 1472, 581, 3, 7 and 82. The 

biological significance of these findings is unknown, and may represent evidence of 

cross-reactivity to localised environmental antigens or other undefinable biological 

factors. Unfortunately, it was not possible to match affected and control animals in 

terms of age, lactation number, days in milk or management system, which may have 

important consequences for serological parameters.  

Attention is drawn to the findings relating to TRP2296. This protein, originally 

identified as a treponemal OMP homolog, was later found to lack the specific amino 

acid signatures indicative of treponemal surface exposure. Results from CD 

spectrophotometric analysis also suggest a predominantly α-helical, rather than β-

sheet, secondary structure that is incompatible with bacterial outer membrane 

localisation (see Chapter 3, section 3.3.6). On the basis of these data, this protein is 
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thought to be inaccessible to immune surveillance in living treponemes. Although no 

IgG response has been detected in 86.7% of BDD+ animals, there appears, on the basis 

of the cut-off strategy used in this study, to be an IgG2 response to this treponemal 

OMP in a small number of animals. Whereas the ELISA cut-off strategy is clearly invalid 

where seroreactivity has been detected in control sera, immunoblot analysis of 

TRP2296 did not detect any anti-TRP2296 IgG-specific antibodies. Responses to non-

exposed sub-surface proteins can arise via two mechanisms: i) the activation of the 

innate immune system by proteins released by dead organisms, and ii) activation of 

the innate immune system following degradation of treponemes within 

phagolysosomal vacuoles (Salazar et al. 2002). Again, the ODs reported for those sera 

classified as positive are only marginally higher than the cut-off OD assigned to this 

assay, bringing into question their true classification. However, it is assumed that this 

periplasmic protein will stimulate only minimal, if any, TRP2296-specific IgG antibody 

in infected cattle, providing a negative reactivity profile against which the results of 

other TRP serological analyses can be broadly compared.  

Finally, no commercially available serological assay to detect BDD treponemes is 

presently available for field diagnostics and immunoassay-based serological 

assessment of BDD in research settings is currently dependent on the use of whole cell 

lysates. The T. phagedenis putative proline-rich repeat lipoprotein, PrrA, was 

previously identified as an immunogenic protein of T. phagedenis-like strain V1, 

isolated from a BDD lesion, and an antigenic target capable of discriminating between 

animals acutely infected with BDD (n=8) and BDD naïve animals (n=7) (Rosander et al. 

2011). An ELISA, capable of detecting bovine anti-PrrA antibodies in serum and milk, 

has been available to the research community for some time, although there are 

currently no reports detailing post-marketing experience. In addition, the PrrA gene 

and its product have been absent from several T. phagedenis-like BDD lesion isolates 

(Pringle et al. 2008, Rosander et al. 2011), potentially limiting the value of this ELISA as 

a means of determining herd infection status. It is proposed that the IgG2 antibody 

response to TRP489 and TRP350 be further evaluated as potential antigenic markers of 

BDD-associated Treponema infection. The diagnosis of BDD currently remains 

restricted to clinical examination of the lifted foot by means of individual restraint 
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(Stokes et al. 2012) and sensitivity is limited by subjectivity and observer-bias 

(Rodriguez-Lainz et al. 1998). Conversely, a quantitative diagnostic ELISA is less labour-

intensive, less time consuming, and is a more reproducible indicator of biological 

infection (Vink et al. 2009). The IgG2 response to these homologous proteins may act 

as a potentially useful marker of seroconversion in infected animals, and since these 

recombinant molecules can be readily synthesised in E. coli expression systems, the 

difficulties in cultivating BDD-associated Treponema spp. for whole-cell antigen 

preparations are bypassed.   

The biological significance of the findings presented here is precluded by a poor 

understanding of bovine IgG function, although it has been argued that the bovine 

immune system is thought to broadly resemble that of other mammals in terms of 

physiochemical properties and nomenclature (McGuire et al. 1979). Across all 

mammals, the most significant functions of the IgG class antibodies are mediated via 

complement and/or Fcγ receptors, a family of cell-surface proteins on leukocytes that 

bind to the Fc portion of IgG antibodies (Kapur et al. 2014). In bovids, in vitro studies 

have indicated that specific IgG expression patterns are under the control of the T 

helper type 1/T helper type 2 (Th1/Th2) phenotype, similarly to that observed in mice 

and humans (Brown et al. 1994). It is generally accepted that Th1 response, stimulated 

by cytokines including tumour necrosis factor-α, interleukin-12 (IL-12) and interferon-γ 

(IFN-γ), preferentially drives a cell-mediated immune response against intracellular 

pathogens, whereas a Th2 response, stimulated by Il-4 and IL-13, preferentially drives 

an antibody-mediated response against extracellular pathogens (Heriazon et al. 2011). 

Additionally, the Ig isotypes synthesised during an antibody mediated response are 

similarly under the control of the Th1/Th2 cytokine milieu; in cattle, as in humans and 

mice, the bovine type 2 cytokines, IL-4 and IL-13, have been demonstrated to stimulate 

B lymphocyte production of IgG1 and IgE (Trigona et al. 1999) and the type 1 cytokine, 

IFN-y,  has been demonstrated to stimulate B lymphocyte production of IgG2 (Estes et 

al. 1994). The functional properties of bovine IgG subclasses have not been thoroughly 

investigated, rendering comparison with other species speculative.  

Little is known about how an anti-treponemal IgG antibody response influences the 

course of infection in BDD. Studies in humans and mice have revealed that unlike IgG1 
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and IgG3, which bind all FcγRs, IgG2 binds only FcγRIIa on neutrophils and FcγRIIIa on 

NK cells and macrophages (Bruhns et al. 2009). Furthermore, it has been 

demonstrated previously that human IgG2 is a relatively poor activator of the 

complement cascade (Burton and Woof 1992) and is incapable of mediating antibody 

dependent cellular cytotoxicity, whereas IgG1 and IgG3 are potent activators (Niwa et 

al. 2005). Because it has been shown previously that anti-treponemal IgG2 antibodies 

are readily detectable in the serum of BDD-infected cows, this isotype skewing may be 

deleterious to treponemal infection control. However, bovine IgG2 effector functions 

have not been fully characterised and studies are sparse. IgG subclasses diversified 

after speciation (Butler et al. 2009), and differences in effector function are apparent. 

For example, an early study demonstrated that although both bovine IgG1 and IgG2 

possess similar complement-fixing functionality in vitro, IgG2 is a more effective 

opsonin than IgG1 (McGuire et al. 1979). This IgG2 effector function may be important 

in the control of treponemal infection (Alder et al. 1990; Shaffer et al. 1993). Since this 

study and others (Elliott & Alt 2009; Elliott et al.  2007; Sullivan, 2015) have reported 

antibody subclass patterns consistent with IgG1 polarisation, these data may be 

suggestive of an inappropriate modulation of the host immune system biased towards 

a non-protective Th2 phenotype and a potential reduction in spirochaetal cell 

phagocytosis. Paradoxically, anti-treponemal IgG2 antibodies have been readily 

detected in the serum of BDD-infected animals by others (Demirkan et al. 1999, 

Murray et al. 2002, Dhawi et al. 2005). It may be speculated that certain 

immunodominant but non-protective components of BDD-associated treponemes may 

preferentially drive Th1 polarisation and consequently, an anti-Treponema antibody 

response biased towards IgG2. It is however unclear how such an aberrant isotype 

class switch is detrimental to treponemal clearance. Moreover, whether elicitation of 

an IgG2 response to those putative OMPs seemingly capable of inducing only an IgG1 

response would confer protection remains an intriguing research question. In addition, 

the presence of cross-reactive IgG1 antibody responses in animals living within a herd 

known not to be affected by BDD requires further investigation. Given the 

considerable uncertainties and apparent inconsistencies, it is unknown whether, in 

BDD, susceptibility to infection, despite a robust antibody response, is driven by 

aberrant antibody class switching towards IgG1, IgG2, or via an undefined mechanism.  
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There is substantial evidence to suggest that inappropriate polarisation can be 

deleterious to the host and can enhance pathology (Heinzel et al. 1989; Bancroft et al. 

1994). It might be speculated, therefore, that since anti-Treponema IgG2 antibody is 

readily detected in the sera of BDD infected cattle, the Th1 phenotype associated with 

this subclass may represent a deficiency in protective immunity, a phenomenon 

recognised in a number of other diseases, including Borrelia burgdorferi infection in 

mice (Keane-Myers et al.  1995; Matyniak & Reiner, 1995) and Mycobacterium bovis in 

cattle (Welsh et al. 2005). Interestingly, sterile immunity to leptospires in cattle, 

induced by a Leptospira borgpetersenii serovar Hardjo vaccine, was correlated with an 

IFN-gamma driven Th1 response (Naiman et al. 2001) that was later shown to be 

associated with higher titres of IgG2 antibodies, relative to infection-susceptible naïve 

animals (Naiman et al. 2002).  

Whether the robust and frequently detected IgG2 antibody response to 

immunodominant antigens confers a survival advantage to BDD-associated Treponema 

spp. remains unresolved. Treponema spp. employ a range of immunoevasion 

strategies that may operate irrespective of the antibody subclass. In particular, the 

antibody response itself might promote immunoevasion; Kesavalu et al. (1999) 

demonstrated that T. denticola, pre-incubated with immune sera, elicited an antibody 

response of lower magnitude than was observed with T. denticola incubated with 

control sera, leading the authors to conclude that surface-bound antibodies mask 

antigens. In addition, deep-etch electron microscopy has demonstrated that the outer 

membrane of Treponema spp. possesses a unique ultrastructure, largely devoid of 

transmembrane proteins, thereby presenting few antigenic targets to the host immune 

system (Radolf et al, 1989; Radolf, 1995). Moreover, Treponema spp. possess a system 

of antigenic variation, able to further impede humoral immunity. This mechanism has 

been demonstrated to be functional in BDD-associated T. phagedenis spirochetes: 

comparative genomic analysis of three antigenic proteins, VpsA, PrrA and VpsB, within 

the same locus, revealed variability in expression amongst 15 isolates from the same 

geographical region, demonstrating the potential for antigenic and phase variability 

within this locus (Mushtaq et al. 2016). Since this is a phenomenon well-characterised 

in Treponema pallidum (LaFond et al. 2006, Giacani et al. 2010) and Treponema 
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denticola (Gaibani et al. 2010), it seems that Treponema spp. are particularly adept at 

confounding the host immunological response. The contribution to infection-phase 

specific protein expression and/or antigenic variation is presently unknown and 

longitudinal studies are required with intensive follow-up to fully define the temporal 

relationship between serology and clinical morbidity and more precisely, the temporal 

relationship between TRP-specific IgG antibody responses and clinical staging of 

disease.  

It is noteworthy that antibody-dependent enhancement of infection is recognised in 

some microbial infections, particularly viruses (Halstead and O’Rourke 1977), but there 

is a growing body of evidence that implicates this mechanism as a facilitator of gram 

negative bacterial persistence. For example, high titres of IgG2 specific for O-antigen, 

which is a target distal to the LPS molecule, impairs serum-dependent bactericidal 

activity against Pseudomonas aeruginosa, thought to exert a protective effect by either 

activating and depositing complement away from the bacterial membrane and 

preventing Membrane Attack Complex insertion or by shielding the bacterium from 

access by neutralising antibody (Wells et al. 2014). IgG2 immunoreactivity against O-

antigen-like subunits of BDD-associated Treponema spp. has been demonstrated 

previously by western blot analysis (Demirkan et al. 1999, Trott et al. 2003, Moe et al. 

2010). Impaired serum bactericidal activity has been long recognised as a feature of 

gram negative bacterial infections (Waisbren and Brown 1966), and it is speculated 

that IgG2 polarisation against certain immunodominant antigens, and elicitation of 

IgG2 anti-LPS antibodies in particular, may facilitate gram negative bacterial survival. 

These data suggest that stimulation of a Th2 response, perhaps in addition to a Th1 

response, may be a pre-requisite for vaccine efficacy.  

In attempting to select the most suitable proteins for inclusion in trial formulations of a 

BDD vaccine, it is theorised that treponemal OMPs that do not play a role in eliciting 

the presumed non-protective antibody response in cattle during natural infection 

represent the most attractive target antigens. However, this approach, although 

appropriate for the exclusion of non-protective immunogenic peptides, should be used 

with considerable caution. The reasons for the apparent lack of an IgG response 

cannot be assumed to relate only to a protein’s poor immunogenic properties and the 
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possibility that these proteins are not expressed during the infection process must be 

considered prior to the commencement of efficacy trials.  

In the search for the ideal vaccination cocktail, it must be assumed that based on the 

current evidence, natural infection is unable to confer protective immunity, and a 

protective vaccine must be able to induce an immune response of greater potency 

than has been observed following such an exposure. Based on the results of the 

present study, the immune response to BDD-treponemal challenge can be 

manipulated in several ways: (i) administration of a bacterin-based vaccine, (ii) 

boosting of pre-existing low titre serum antibodies, (ii) elicitation of antibodies to non-

immunogenic subdominant treponemal antigens, (iii) adjuvant-driven IgG isotype class 

switching. It is probable that a combination of these strategies will offer most 

likelihood of success. The functionality, as well as quantity, of antibodies generated by 

infection or vaccination are important (Plotkin 2010) and it has been previously 

demonstrated that the post-vaccine bovine antibody response, both in terms of titre 

and isotype, are major determinants of protection against a number of infections, 

including by Fasciola hepatica (Mulchay et al. 1998) and Pasteurella multocida (Shah et 

al. 2006).  

In being unable to detect specific IgG1 or IgG2 antibodies, the present study has 

identified two treponemal OMPs that may be classified as subdominant antigens with 

little or no immunogenic capacity under the conditions of natural infection (TRP2582 

and TRP4). An increase of TRP489- and TRP350-specific IgG2 antibodies in the majority 

of BDD infected animals, relative to controls, with no detectable IgG2 by immunoblot 

in control sera, indicates that these two proteins are expressed specifically by BDD 

associated Treponema spp., whilst providing further support for the involvement of T. 

medium and T. pedis phylogroups in the pathogenesis of BDD. The role of the 

treponemal OMPs that are represented by TRPs 489 and 350 is also unknown and at 

this stage, they should not be exempted from further evaluation as vaccine candidates, 

especially since in vivo expression and presumably, surface exposure, has been 

established. The remaining TRPs, potentially being capable of inducing cross-reactive 

antibodies against both BDD-associated Treponema spp. and hitherto unknown 
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targets, are not considered to be pathogen-specific, and their suitability for further 

investigation as vaccine candidates is uncertain.   
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Chapter 5. Extracellular matrix binding of putative outer 
membrane proteins of bovine digital dermatitis Treponema 

spp.. 

 

5.1. Introduction 

For the majority of pathogenic bacteria, adherence of the bacterial cell to target 

tissues is an essential first-step mechanism in the establishment of infection. Bacteria 

have evolved an extensive number of specific proteinaceous surface-exposed 

molecules, known as adhesins, to mediate this initial interaction. Adhesin-mediated 

bacterial adherence is essential for colonisation and dissemination beyond the initial 

point of host entry (Patti et al. 1994). The interactions that occur between the 

bacterial cell and molecules of the extracellular matrix (ECM) are of particular 

importance (Chagnot et al. 2012). The ECM is a ubiquitous constituent of animal 

tissues and exists as a complex mixture of glycoproteins and proteoglycans that 

provides both a structural framework and biochemical support to tissues (Patti, Allen, 

McGavin, et al. 1994). Whilst most extracellular matrices are masked by epithelial or 

endothelial cells in intact organisms, and are therefore inaccessible to exogenous 

microorganisms, chemical or physical trauma that damages host tissues may lead to 

exposure of the ECM and a subsequent opportunity for microbial colonisation. 

Additionally, bacterial toxins and lytic enzymes may sufficiently degrade protective 

barriers and permit access (Ljungh et al. 1996) 

Certain bacterial adhesins, termed microbial surface components recognising adhesive 

matrix molecules (MSCRAMMs) demonstrate high affinity for host extracellular matrix 

components, including collagen, elastin, fibronectin and fibrinogen (Patti et al. 1994). 

In doing so, they mediate initial interaction between a bacterial pathogen and its 

cognate host receptor, constituting the first step in a pathogen’s attempt to transverse 

the tissue barrier (Klemm and Schembri 2000). Given their selectivity, these bacterial 

proteins contribute to tissue tropism and play a pivotal role in host specificity. A 

second class of molecules, termed lectin-like adhesins, possess carbohydrate 

recognition domains and interact with carbohydrate moieties on a wide range of 

molecules, broadening their specificity (Esko and Sharon 2009). Regardless of 
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specificity, adhesins enable bacteria to resist physical removal by hydrodynamic shear 

force. Once bound, the activation of complex signal transduction cascades in the host 

cell can lead to a variety of innate host defence mechanisms. Subsequently, the 

delivery of a variety of effector proteins to the local environment abrogates the local 

host immune response and favourably alters cellular and biochemical processes to the 

pathogen’s advantage, increasing the likelihood of productive infection (Galán 2009). 

Of the treponemal spirochetes, these interactions have been most extensively 

characterised for Treponema pallidum, the causative agent of syphilis in humans. 

Indeed, early studies reported rapid and sustained adherence of T. pallidum to host 

cell monolayers (Fitzgerald et al. 1975, Hayes et al. 1977, Baseman et al. 1980), and to 

plates coated with the ECM components fibronectin, laminin, collagen IV, and collagen 

I (Fitzgerald 1984). Similarly, proteins derived from the surface of T. denticola were 

found to bind fibronectin (Umemoto et al. 1993), collagen and laminin (Umemoto and 

Namikawa 1994), suggesting that for both species, the ECM is a target for adhesion 

during infection. The identification of a number of the surface molecules that mediate 

these interactions is now known. For example, the Major Surface Protein (Msp) of T. 

denticola, has been shown to specifically to bind to fibronectin, laminin, fibrinogen 

(Haapasalo et al. 1992), and additionally to keratin, collagen I, heparan sulphate and 

hyaluronic acid (Edwards et al. 2005). The chymotrypsin-like protease complex (CLTP) 

originally described by Uitto et al. (1988) was later reported to form oligomeric cell 

surface complex with Msp (Rosen et al. 1999) and conferred fibrinogen adherence and 

degradation activity (Bamford et al. 2007), as well as fibronectin degradation and cell 

detachment (Fenno et al. 2000). Finally, the T.denticola OppA homolog has been 

shown to bind to soluble host proteins, including fibronectin and plasminogen (Fenno 

et al. 2000). Because T. pallidum is an obligate human pathogen that cannot be 

continuously cultured in vitro, attempts at identifying T. pallidum virulence factors 

have been hindered. More recently however, the availability of whole-genome 

sequences has permitted the use of molecular approaches to identify and characterise 

a growing number of T. pallidum adhesins, including TP0751, a multifunctional adhesin 

and protease with affinity for laminin (Cameron 2003, Cameron et al. 2005) and 

fibrinogen (Houston et al. 2011), and TP0136, a fibronectin-binding adhesin (Ke et al. 



  

136 
 

2015). Conversely, little is known about the mechanisms by which BDD-associated 

treponemes establish an infection and to date, only a limited number of virulence 

factors have been characterised, pertaining primarily to innate immune evasion 

mechanisms (Scholey et al. 2013). Given the cross-kingdom ubiquity of bacterial 

adhesins, there is a high probability of their involvement in cytoadherence of BDD-

associated Treponema spp. to susceptible tissues of the bovine foot. Interestingly, the 

only study that has evaluated BDD- and CODD-associated Treponema binding activities 

revealed only weak or non-significant binding to a range of immobilised host tissue 

components, including laminin, collagen, keratin and heparin, in comparison to the 

human oral strains, T. denticola and T. vincentii. However, unlike T. vincentii, the BDD 

isolates consistently adhered to fibrinogen in numbers that were equal to, or greater 

than, T. denticola (Edwards et al. 2003), suggesting that this avidity may be central to 

the pathogenesis of periodontal disease and BDD. Despite this, almost nothing is 

known of the proteins that mediate the interactions between BDD-associated 

Treponema spp. and the ECM components of the bovine foot.  

Whole genome sequencing analysis of the three cultivable Treponema spp. associated 

with BDD has facilitated identification of a number of predicted genes with the 

potential to code hypothetical surface-exposed proteins. Given their predicted 

localisation, it is possible that a number of these proteins possess adhesin-like 

properties and facilitate treponemal invasiveness. If identified, disruption of bacterial 

attachment by specific anti-adhesin antibodies may represent a rational means by 

which to incapacitate the pathogen and prevent the establishment of infection. 

Importantly, the necessity of adhesin surface exposure renders these proteins 

vulnerable to antibody-mediated effector functions, and there is some evidence that 

an anti-adherence strategy may offer potential in the pursuit of a vaccine. Adhesins 

should be considered critical to the successful establishment of infection and anti-

spirochaetal adhesin antibodies are considered to be an important effector function of 

host immunity (Matsunaga et al. 2003; Palaniappan et al. 2002; Cameron 2003). In 

addition, the targeting of adhesins as part of a vaccine strategy may confer protection 

to the host. The IgG from immune rabbit serum blocks treponemal attachment to 

fibronectin, laminin, collagen IV and collagen I (Fitzgerald et al. 1984). Moreover, 
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purified anti-Tp0751 antibodies inhibited the attachment of T. phagedenis, 

heterologously expressing Tp0751, to immobilised laminin (Cameron et al. 2008). 

Finally, sera from TP0136-immunised rabbits reduced binding interactions between T. 

pallidum and fibronectin, although not as efficiently as the serum from T. pallidum-

infected rabbits, suggesting that other adhesins can mediate these interactions (Ke et 

al. 2015), and highlighting the likely need for a multivalent vaccine approach. These 

molecules are therefore of considerable interest in the search for promising vaccine 

candidates. The aim of the present study was to evaluate the capacity of the 

recombinant proteins under investigation to bind to components of the extracellular 

matrix by developing ELISA-based methods.  

5.2 Materials and Methods. 

5.2.1 ECM binding screen and dose response curves. 

5.2.1.1. ECM Components.  

All ECM macromolecules, including the control protein BSA, were purchased from 

Sigma-Aldrich (Dorset, UK). Collagen I was prepared from bovine skin; elastin was 

prepared from bovine neck filament; fibrinogen was prepared from bovine plasma; 

heparan sulphate was prepared from bovine kidney; chondroitin sulphate was 

prepared from bovine cartilage; laminin-1 was prepared from the basement 

membrane of Engelbreth-Holm-Swarm mouse sarcoma. 

5.2.1.2. Recombinant proteins.  

Hexahistidine-tagged recombinant treponemal outer membrane proteins (TRPs) were 

prepared as described in chapter 3. A hexahistidine-tagged recombinant treponemal 

periplasmic chaperone protein, TRP2296, expected to demonstrate no ECM-binding 

activity, was analysed as a negative control, and OmpL1, a previously characterised 

leptospiral lipoprotein (Haake et al. 1993) with multiple ECM ligand specificities 

(Robbins et al. 2015), was analysed as a means of validating this method.  
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PBST Blank      TRP1     TRP2   TRP3               TRP4              TRP5 

5.2.1.3. ECM binding screen ELISA.  

Enzyme-linked immunosorbent assays (ELISAs) were designed to screen the 

recombinant proteins for their ability to attach to individual ECM components and to 

establish whether these interactions are dose-dependent and saturable using a 

published protocol (Cameron 2003), with some modifications. Briefly, 96-well ELISA 

plate wells (Microplate Immulon 2HB) were coated with 5 μg/ml of the ECM 

component or the negative control protein, BSA, in 100 μl of Phosphate Buffered 

Saline (PBS) by incubation for 1 hour at 37oC and overnight at 4oC. Fig. 5. 1 illustrates 

the plate layout.  

Fig. 5.1. Binding ELISA: plate layout.  

 
                                                                                       
 1 2 3 4 5 6 7 8 9 10 11 12 

A BSA BSA BSA BSA BSA BSA BSA BSA BSA BSA BSA BSA 

B Lam Lam Lam Lam Lam Lam Lam Lam Lam Lam Lam Lam 

C Fib Fib Fib Fib Fib Fib Fib Fib Fib Fib Fib Fib 

D Fg Fg Fg Fg Fg Fg Fg Fg Fg Fg Fg Fg 

E Coll Coll Coll Coll Coll Coll Coll Coll Coll Coll Coll Coll 

F Ela Ela Ela Ela Ela Ela Ela Ela Ela Ela Ela Ela 

G Chon Chon Chon Chon Chon Chon Chon Chon Chon Chon Chon Chon 

H Hep Hep Hep Hep Hep Hep Hep Hep Hep Hep Hep Hep 

 

Figure 5.1. The ELISA plate layout. In order to screen TRPs for ECM-binding activity, 96 
well microtitre plates were coated with various components of the ECM as shown. 100 
μl of each TRP, at a concentration of 10 μg/ml, was added to the ECM-coated wells as 
indicted. Binding was detected using an indirect ELISA targeting the hexahistidine tag 
of the TRPs.  

The wells were then washed 3 times with PBS-Tween20 (PBS-T20; 0.05%). and blocked 

with 100 μl of PBS-T20 containing 1% BSA for 30 minutes at 37oC. Following incubation, 

wells were washed a further three times with PBS-T20. In order to assess the binding 

potential of each recombinant protein, recombinant proteins were diluted to 10 μg/ml 

in PBS-T20 immediately before use. 50 μl of each recombinant protein dilution was 

added per well and incubated with the different ECM substrates for 90 minutes at 

37oC. Wells were washed six times with PBS-T20 to ensure adequate removal of 

unbound TRP. Detection of bound recombinant proteins was achieved by the addition 
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of 100μl of mouse antipolyhistidine IgG antibodies (Sigma-Aldrich, Dorset, UK) to all 

wells, diluted to 1:2000 in PBST, followed by a 1 hour incubation at 37oC. After 3 

washes in PBST, wells were incubated with 100μl of goat anti-mouse horseradish 

peroxidase (HRP)-conjugated IgG antibodies (Sigma-Aldrich, Dorset, UK), diluted to 

1:10,000 in PBS-T20, for 1 hour at 37oC. Wells were washed a further 3 times, followed 

by the addition of 100μl of HRP substrate, 3,3′,5,5′-Tetramethylbenzidine (TMB) 

(Sigma-Aldrich, Dorset, UK). The reaction was allowed to proceed for 20 minutes. 

Termination of the reaction was achieved by the addition of 100μl 0.5M hydrochloric 

acid. The optical density of each well was read at 450nm, using a microplate plate 

reader (Multiskan EX; Thermo Fisher). Baseline (protein blank) correction and 

calculation of the mean ELISA ODs from three independent experiments was 

performed in GraphPad v. 5 (GraphPad Prism Software, Inc). Statistical analysis was 

undertaken by comparing the ELISA ODs for the negative control, BSA, with those for 

the components of the ligand panel, using One-way ANOVA and Dunnett's Multiple 

Comparison Test. Where these binding interactions reached significance (P<0.05), 

further ELISA-based analysis and construction of concentration response curves was 

deemed appropriate in order to assess saturation and estimate the dissociation 

constant (KD).   

5.2.2. ECM dose-response curves.  

Recombinant proteins that demonstrated significant and specific interactions with 

components of the ECM were selected for further analysis. To better define the 

binding kinetics of these interactions, the dose-dependent attachment of a wider 

range of recombinant protein concentrations to specific ECM molecules was 

determined. Here, the developed ELISA was used with a range of recombinant ligand 

concentrations. KD values were estimated from curves fitted by non-linear regression 

analysis in GraphPad Prism v. 5, using the following equation: KD = (Amax [protein])/A) 

– [protein], where A is the absorbance at a given protein concentration, Amax is the 

maximum plate reader absorbance (when the equilibrium is reached), [protein] is the 

protein concentration and KD is the dissociation equilibrium constant (Pathirana et al. 

2006, Lin et al. 2009).  
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5.2.3. Far Western blot analysis of fibrinogen interactions.  

Where ELISA-based analysis revealed binding interactions between recombinant OMPs 

and fibrinogen, Far western blot analysis was employed to confirm this interaction and 

to assess fibrinogen chain specificity, based on a method adapted from Wu et al.  

(2007). 60 μl of bovine fibrinogen stock solution (1 mg/ml) was mixed with 350 μl of 

gel loading buffer (100 mM Tris-Cl [pH 6.8] 4% SDS, 0.2% bromophenol blue, 20 % 

glycerol, 200 mM dithiothreitol, heated at 95oC for 5 minutes and separated in Tris-

glycine polyacrylamide gels by SDS-PAGE (4-20 % gradient gel) at a constant voltage of 

180 V for 50 minutes and transferred onto a nitrocellulose membrane (100 V, 240 mA, 

120 minutes). The successful transfer of fibrinogen was confirmed with Ponceau S 

(Sigma-Aldrich, Dorset, UK) staining and the membrane was cut into strips. The 

membrane was blocked overnight with 5% (w/v) skimmed milk, diluted in PBS-T20 

overnight at 4oC. The membrane was washed three times with PBS-T20 (with a 5-

minute incubation after each wash). Each membrane strip was incubated with 3ml of 

30 μg/ml recombinant protein for 1 hour at room temperature (22-23oC) and washed 

three times with PBS-T20. The membranes were incubated with 2 ml 1/2000 mouse 

anti-polyhistidine antibody, diluted in PBS-T20 (Sigma-Aldrich, Dorset, UK) for 1 hour at 

room temperature and washed three times with PBS-T and then incubated with 2 ml 

1/10000 goat anti-mouse antibody, diluted in PBS-T20 (Sigma-Aldrich, Dorset, UK) for 1 

hour at room temperature. After washing a further three times with PBS-T20, the 

membranes were developed by incubation in 3,3′-diaminobenzidine membrane 

substrate for 15 minutes (Sigma-Aldrich, Dorset, UK). The membranes were then dried 

and photographed.  

5.2.4. In vitro substrate degradation assay.  

In order to determine whether any of the TRPs possess fibrinogen-degrading protease 

activity, 30 μg of each recombinant protein was mixed with 60 μg of plasminogen-free 

bovine fibrinogen in protease activation buffer (25 mM Tris [pH 7.5], 25mM CaCl2), 

using a method adapted from Houston et al. (2011). Reaction mixes were initially 

incubated at 37oC for 24 hours prior to sampling. For those TRPs in which 

fibrinogenolytic activity was detected, a further experiment was undertaken to permit 
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sampling at 1 hour, 6 hours and 24 hours incubation. All samples were stored at -80oC 

until SDS-PAGE analysis. Samples (10 μl) were mixed with 10 μl of SDS-PAGE sample 

buffer and heated for 5 minutes at 100oC. The three fibrinogen chains (α, β and γ) 

were separated in Tris-glycine polyacrylamide gels by SDS-PAGE (5% stacking gel, 12 % 

resolving gel, reducing conditions) at a constant voltage of 180 V for 50 minutes. Gels 

were stained with PAGEBlue™ Protein staining solution (ThermoFisher Scientific, 

Loughborough, UK) according to the manufacturer’s instructions, de-stained with 

deionized water and photographed.  

5.3. Results.  

5.3.1. The screening of TRPs for ECM binding interactions.  

With the exception of OmpL1, all TRPs under investigation were novel and of unknown 

function. The proteins selected for this study could be expressed and purified to 

adequate concentrations and purity in our laboratory (see Chapter 3). It was 

hypothesised that, given their predicted localisation to the outer membrane of the 

bacterial cell, at least some of the TRPs synthesised and prepared in Chapter 3 would 

demonstrate affinity for components of the extracellular matrix. The ability of each 

protein to bind to a panel of seven ligands was investigated using an ELISA-based 

assay, and compared to the negative control host protein, BSA. The results of these 

binding screens, grouped by homologous group, are summarised in Table 5.1.  
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Table 5.1. Summary of the binding of recombinant TRPs with various components of the 

mammalian ECM and the negative control protein, BSA.  Statistically significant binding, as 

indicated by ‘+’, were determined by one-way ANOVA and the Dunnet’s post-test. 

Discordancy between homologs is indicated by +.  

Table 5.1. A summary of the ECM attachment screen data, grouped by protein 
homology.  

                                                                                

ECM COMPONENT 

IDENTITY PHYLOGROUP LAMININ FIBRONECTIN FIBRINOGEN COLLAGEN ELASTIN CHONDROITIN HEPARAN 

HOMOLOG REACTIVITIES (P<0.05) 

TRP19 1  + + + + +  

TRP1724 3   +     

TRP1472 1  + +  +  + 

TRP11 2   +  +   

TRP683 3  + +  + + + 

TRP480 1        

TRP7 2 + + +  +   

TRP2267 3 +  +  +  + 

TRP489 1   +  +   

TRP9 2  + +  + + + 

TRP350 3  + +  + + + 

TRP1497 1   +     

TRP904 3   +     

TRP13 2 + + + + +  + 

TRP623 3 + + +    + 

TRP34 1   +  + + + 

TRP390 3   +  + +  

TRP20 1  + + + + +  

TRP4 2 + + + + +   

TRP740 1   +  +   

TRP694 3 + + +   +  

NON-HOMOLOG ECM REACTIVITIES (P<0.05) 

TRP2582 1   +  +  + 

TRP169 3 + + +  + + + 

TRP78 1 + + + + +   

TRP82 1   +     

TRP976 3  + +     

PREDICTED SUBSURFACE (PERIPLASMIC PROTEIN) REACTIVITIES (P<0.05) 

TRP581 1        

TRP296 3   +     

POSTITIVE CONTROL (LEPTOSPIRAL OMPL1) REACTIVITES (P<0.05) 

OMPL1 - + + +  + + + 
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These data reveal that many of the TRPs bound to ECM components, but that 

considerable disparity exists between the ECM binding profiles of different TRPs. As 

shown in Table 5.1, seven homologous groups were analysed, although complete 

concordance in ligand specificity between homologous TRPs was demonstrated in only 

one of these groups (the homologs TRP1497 and TRP904). Discordant affinities 

between phylogroups are highlighted in red. The biggest difference in the ECM binding 

pattern was between the phylogroup 1 homolog, TRP19, and its phylogroup 3 

homolog, TRP1724. A review of the remaining data reveals that considerable overlap in 

specificity exists between homologs, indicating the presence of shared cross-

phylogroup functional characteristics.  

Three proteins (TRPs 1497, its T. pedis homolog, TRP904 and the unrelated TRP82) 

demonstrated an ability to interact with only one protein in the panel, fibrinogen. 

Specificity for only one ECM ligand however appears to be an exception rather than a 

rule in this panel of TRPs, and all the remaining proteins with demonstrable ECM ligand 

affinity were found to bind to at least two ligands. Strikingly, all but two of the putative 

OMPs analysed (TRP1472 and TRP480) were found to bind to fibrinogen, and a high 

frequency of interactions with elastin was also been observed amongst these putative 

OMPs, whereas interactions between TRPs and collagen I were infrequent. Somewhat 

unexpectedly, TRP2296, thought to be a periplasmic protein with no OM protrusion, 

was also found to bind fibrinogen, although this association was relatively weak, since 

the ELISA OD value was very low (Fig. 5.28). Moreover, no such interaction was found 

in its group 1 homolog, TRP581 (data not shown). Further analysis of this apparent 

TRP2296-fibrinogen interaction revealed limited evidence of concentration 

dependency and no evidence of saturation, despite evaluating this interaction using a 

wide TRP concentration range (0-6 μM) (Fig. 5.29).   

Further exploration of these interactions was undertaken to establish the effect of 

protein concentration on the ELISA optical density. Due to time constraints, only a 

subset of the proteins analysed in the ECM binding screen were further evaluated, 

selected on the basis of availability in our laboratory and if available at a concentration 

sufficient for the preparation of an appropriate range of dilutions. Non-linear 

regression was used to fit curves to the ELISA OD data generated from these 
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Figure 5.2. Binding of TRP1724 to ECM components 
(ELISA). Asterisks (*) indicates a significant difference in 
binding compared to the negative control protein, BSA, 
as determined by one-way ANOVA and the Dunnets 
post test (* P<0.05, **P<0.005, ***P<0.001). Error bars: 
Standard Error of the Mean.  
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experiments. The R2 values for all of the predicted binding curves ranged from 0.97 to 

0.99, indicating an excellent fit of the curves to the ELISA data. The results of these 

analyses will be discussed in turn.  
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Figure 5.3. Binding affinity curves of TRP1724 to 
selected ECM proteins.  Data points represent the 
mean OD of a single experiment. Error bars: standard 
Error of the Mean. 
 

Figure 5.3
Non-linear regression analysis of TRP1724 binding interactions
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As shown in Fig. 5.2, TRP1724 was found to significantly bind to fibrinogen only. Unlike 

its phylogroup 1 homolog, TRP19, no appreciable binding to the ECM ligands was 

detected in the binding screen, and as expected, concentration-dependent 

interactions between TRP1724, BSA, fibronectin or laminin were not identified (Fig. 

5.3). The interaction between TRP1724 and fibrinogen was concentration-dependent 

and saturable, suggesting a specific interaction with a finite number of specific, high-

affinity binding sites. The KD for this interaction was estimated to be 0.14 ±0.03 μM 

(Table 5.2). 
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Figure 5.4. Binding of TRP1472 to ECM components 
(ELISA). Asterisks (*) indicates a significant difference in 
binding compared to the negative control protein, BSA, as 
determined by one-way ANOVA and the Dunnets post 
test (* P<0.05, **P<0.005, ***P<0.001). Error bars: 
Standard Error of the Mean.  
 

Figure 5.5. Binding affinity curve of TRP1472 to 
bovine fibrinogen.  Data points represent the mean 
OD of a single experiment. Error bars: standard Error 
of the Mean. 
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Figure 5.5
Non-linear regression analysis of TRP1472 binding interaction

with fibrinogen.
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Figure 5.6. Binding of TRP683 to ECM components 
(ELISA). Asterisks (*) indicates a significant difference 
in binding compared to the negative control protein, 
BSA, as determined by one -way ANOVA and the 
Dunnets post test (* P<0.05, **P<0.005, ***P<0.001). 
Error bars: Standard Error of the Mean.  
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As shown in Fig. 5.4, TRP1472 was found to bind to fibronectin, fibrinogen, elastin and 

heparan sulphate, and its phylogroup group 3 homolog (TRP683) additionally bound to 

chondroitin sulphate (Fig. 5.6). Further analysis of the interactions between these TRPs 

and fibrinogen revealed that they were concentration-dependent, but saturation was 

not convincingly reached for TRP1472 up to a concentration of 2.0 μM (Fig. 5.5). A 

more extensive concentration range revealed saturable binding of TRP683 to 

fibrinogen (Fig. 5.7). The estimated KD for this interaction was 0.72±0.09 μM. Although 

concentration-dependent, the binding of TRP683 to elastin was not saturable up to a 

TRP concentration of 5 μM and followed a similar curve trajectory to BSA. 
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Figure 5.7. Binding affinity curves of TRP683 to 
selected ECM proteins.  Data points represent the 
mean OD of a single experiment. Error bars: standard 
Error of the Mean. 
 

Figure 5.7
Non-linear regression analysis of TRP683 binding interactions

with elastin and fibrinogen.
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TRP7 and its phylogroup 3 homolog (TRP2267) exhibited different ECM binding 

profiles. Both proteins bound laminin, fibrinogen and elastin, but whereas TRP7 bound 

fibronectin (Fig. 5.8), TRP2267 was found to bind heparan sulphate (Fig. 5.10). The 

observed ELISA ODs registered for both proteins adopted a broadly similar pattern, 

with unusually high ODs associated with all panel components, including the negative 

control protein, BSA. Both of these treponeme proteins demonstrated a clearly 

defined fibrinogen binding interaction. Further analysis revealed that both TRP7 (Fig. 

5.9) and TRP2267 (Fig. 5.11) bound to fibrinogen in a concentration-dependent and 

saturable manner. Similar TRP-fibrinogen KD values were observed, estimated to be 

0.24± 0.08 μM and 0.39±0.03 μM, for TRP7 and TRP2267, respectively. The TRP7 

concentration-dependent decrease in BSA binding was unexpected and may have 

resulted from inhibitory components present in the protein buffer, which have the 

potential to interfere with weak and non-specific binding interactions. For example, 

interactions between the Leptospira inter protein, LenA, and laminin are affected by 

ionic strength (Stevenson et al. 2007), and NaCl, at concentrations above physiological 

concentrations, dose-dependently inhibited this interaction. This may indicate that 

affected interactions are ionic in nature. However, other interferences should be 
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Figure 5.8. Binding of TRP7 to ECM components 
(ELISA). Asterisks (*) indicates a significant 
difference in binding compared to the negative 
control protein, BSA, as determined by one-way 
ANOVA and the Dunnets post test (* P<0.05, 
**P<0.005, ***P<0.001). Error bars: Standard Error 
of the Mean.   
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considered, including the presence of detergent. Alternatively, since TRP7 is suspected 

to possess fibrinogenolytic protease activity (see Section 5.3.3), it is possible that this 

protein may also possess the capacity to degrade immobilised albumin. This finding 

requires further study. 
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Figure 5.9. Binding affinity curves of TRP7 to bovine 
fibrinogen.  Data points represent the mean OD of a 
single experiment. Error bars: standard Error of the 
Mean. 
 

Figure 5.10. Binding of TRP2267 to ECM components 
(ELISA). Asterisks (*) indicates a significant difference 
in binding compared to the negative control protein, 
BSA, as determined by one-way ANOVA and the 
Dunnets post test (* P<0.05, **P<0.005, ***P<0.001). 
Error bars: Standard Error of the Mean.  
 

Figure 5.9
Non-linear regression analysis of TRP7 binding interaction
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Figure 5.10
Evaluation of TRP2267 attachment to

mammalian ECM substrates.
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Figure 5.11. Binding affinity curve of TRP2267 to 
bovine fibrinogen.  Data points represent the mean 
OD of a single experiment. Error bars: standard Error 
of the Mean. 
 

Figure 5.12. Binding of TRP489 to ECM components 
(ELISA). Asterisks (*) indicates a significant difference 
in binding compared to the negative control protein, 
BSA, as determined by one-way ANOVA and the 
Dunnets post test (* P<0.05, **P<0.005, ***P<0.001). 
Error bars: Standard Error of the Mean.   
 

Figure 5.11
Non-linear regression analysis of TRP2267 binding interaction

with fibrinogen.
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Figure 5.12
Evaluation of TRP489 attachment to

mammalian ECM substrates.
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Figure 5.13. Binding affinity curves of TRP489 to 
bovine fibrinogen.  Data points represent the mean 
OD of a single experiment. Error bars: standard Error 
of the Mean. 
 

Figure 5.14. Binding of TRP350 to ECM components 
(ELISA). Asterisks (*) indicates a significant difference 
in binding compared to the negative control protein, 
BSA, as determined by one-way ANOVA and the 
Dunnets post test (* P<0.05, **P<0.005, ***P<0.001). 
Error bars: Standard Error of the Mean.  
 

Figure 5.13
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Figure 5.14
Evaluation of TRP350 attachment to

mammalian ECM substrates.
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Figure 5.15. Binding affinity curves of TRP350 to 
selected ECM proteins.  Data points represent the 
mean OD of a single experiment. Error bars: 
standard Error of the Mean. 
 

Figure 5.15
Non-linear regression analysis of TR350 binding interactions

with fibrinogen and elastin.
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TRP489 from the BDD T. medium phylogroup and its BDD T. pedis phylogroup 

homolog, TRP350, again exhibit different ECM binding profiles. Whilst both proteins 

demonstrate an affinity to fibrinogen and elastin, TRP350 additionally shown to bind to 

fibronectin (Fig. 5.14), chondroitin and heparan sulphate. TRP489 also showed a 

propensity towards binding these ligands (Fig 5.12), although statistical significance 

was not reached. The interactions between both homologs and fibrinogen were found 

to be concentration-dependent and saturable. The fibrinogen binding KD values were 

estimated to be 0.46± 0.11 μM for TRP489 (Fig. 5.13) and 0.99± 0.12 μM for TRP350 

(Fig. 5.15). In addition, the interaction between TRP350 and elastin was also found to 

be concentration-dependent and saturable. The estimated KD for this interaction was 

1.79±0.23 μM and was therefore relatively weak in comparison to this protein’s affinity 

for fibrinogen. Both homologs demonstrated concentration-dependent binding to BSA. 

Beyond a TRP concentration of 4 μM, the TRP350-BSA interaction also appeared to 

reach saturation, although an estimated KD could not be calculated from these data 

and would be in excess of 2.0 μM. 

 



  

154 
 

Figure 5.16. Binding of TRP1497 to ECM components 
(ELISA). Asterisks (*) indicates a significant 
difference in binding compared to the negative 
control protein, BSA, as determined by one-way 
ANOVA and the Dunnets post test (* P<0.05, 
**P<0.005, ***P<0.001). Error bars: Standard Error 
of the Mean.   
 

Figure 5.17. Binding affinity curves of TRP1497 to 
selected ECM proteins.  Data points represent the 
mean OD of a single experiment. Error bars: standard 
Error of the Mean. 
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Figure 5.17
Non-linear regression analysis of TRP1497 binding interactions

with components of the ECM.
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Figure 5.18. Binding of TRP13 to ECM components 
(ELISA). Asterisks (*) indicates a significant difference in 
binding compared to the negative control protein, BSA, as 
determined by one-way ANOVA and the Dunnets post test 
(* P<0.05, **P<0.005, ***P<0.001). Error bars: Standard 
Error of the Mean. 
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The ECM binding screen revealed that the phylogroup 1 protein TRP1497 (Fig. 5.16), 

and its phylogroup 3 homolog, TRP904 (Table 5.1), both interacted with fibrinogen 

only. Although this interaction was demonstrated to be concentration-dependent, 

saturation was not observed up to a TRP concentration of 3.0 μM, although a trend 

towards saturation was apparent (Fig. 5.17). Due to unavailability of sufficient protein, 

further analyses could not be performed to establish the TRP1497-fibrinogen binding 

saturation point.  
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Figure 5.19. Binding affinity curves of TRP13 to 
selected ECM proteins.  Data points represent the 
mean OD of a single experiment. Error bars: 
standard Error of the Mean. 
 

Figure 5.19
Non-linear regression analysis of TRP13 binding interactions

with components of the ECM.
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TRP13 exhibited a wide range of affinities, binding to all but one (chondroitin) 

component of the ligand panel. The OD registered for the interaction between TRP13 

and the negative control protein, BSA, was low, indicating probable specificity (Fig. 5. 

18). Further investigation revealed that these interactions were concentration-

dependent and saturable (Fig. 5.19). The estimated KD values for these interactions 

were as follows: 0.27±0.04 μM, 0.20±0.02 μM, 0.14±0.02 μM, 0.29±0.18 μM, 

0.26±0.07 μM for laminin, fibronectin, fibrinogen, collagen I and elastin, respectively.  
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Figure 5.20. Binding of TRP2582 to ECM components 
(ELISA). Asterisks (*) indicates a significant difference in 
binding compared to the negative control protein, BSA, as 
determined by one-way ANOVA and the Dunnets post test  
(* P<0.05, **P<0.005, ***P<0.001). Error bars: Standard 
Error of the Mean.  
 

 

Figure 5.21. Binding affinity curves of TRP2582 to 
bovine fibrinogen.  Data points represent the mean 
OD of a single experiment. Error bars: standard Error 
of the Mean. 
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Figure 5.21
Non-linear regression analysis of TRP2582 binding interaction

with fibrinogen.
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Figure 5.22. Binding of TRP390 to ECM components 

(ELISA). Asterisks (*) indicates a significant 

difference in binding compared to the negative 

control protein, BSA, as determined by one-way 

ANOVA and the Dunnets post test (* P<0.05, 

**P<0.005, ***P<0.001). Error bars: Standard Error 

of the Mean.  

 

Figure 5.23. Binding affinity curves of TRP390 to bovine 

fibrinogen.  Data points represent the mean OD of a 

single experiment. Error bars: standard Error of the Mean. 
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Figure 5.23
Non-linear regression analysis of TRP390 binding interaction

with Fibrinogen.
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Figure 5.25. Binding affinity curves of TRP694 to 

bovine fibrinogen.  Data points represent the mean 

OD of a single experiment. Error bars: standard Error 

of the Mean. 

 

Figure 5.25. Binding of TRP694 to ECM components 

(ELISA). Asterisks (*) indicates a significant difference 

in binding compared to the negative control protein, 

BSA, as determined by one-way ANOVA and the 

Dunnets post test (* P<0.05, **P<0.005, ***P<0.001). 

Error bars: Standard Error of the Mean.  

 

Figure 5.24
Evaluation of TRP694 attachment to
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Figure 5.25
Non-linear regression analysis of TRP694 binding interaction

with fibrinogen.
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TRP2582 exhibited binding affinity for three ligands: fibrinogen, elastin and heparan 

sulphate (Fig. 5.20). Only the interaction between TRP2582 and fibrinogen was 

subjected to further evaluation (Fig. 5.21). Clear concentration dependency and 

saturation was observed, with an estimated KD value of 0.91±0.09 μM. Conversely, 

TRP390 exhibited binding affinity for three ligands: fibrinogen, elastin and chondroitin 

(Fig. 5.22). Although further evaluation of the interaction between TRP390 and 

fibrinogen revealed concentration dependency, no saturation was evident up to a TRP 

concentration of 5 μM (Fig. 5.23), suggesting this interaction is of limited biological 

significance. However, a similar ECM binding profile was observed for the TRP390 

homolog, TRP34 (Table 5.1), suggesting common macromolecule binding sites in these 

two proteins, and indicating biological relevance. Further study is required to address 

this obscurity.  

TRP694 exhibited an affinity for laminin, fibronectin, fibrinogen and chondroitin (Fig 

5.24). Again, the interaction between this protein and fibrinogen was further evaluated 

to reveal concentration dependency and saturation (Fig. 5.25). The estimated KD of this 

interaction was 0.05± 0.006 μM, which was the lowest value calculated amongst these 

proteins.  
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Figure 5.26. Binding of TRP976 to ECM components 

(ELISA). Asterisks (*) indicates a significant difference 

in binding compared to the negative control protein, 

BSA, as determined by one-way ANOVA and the 

Dunnets post test (* P<0.05, **P<0.005, ***P<0.001). 

Error bars: Standard Error of the Mean.  

 

Fig. 5.27. Binding affinity curves of TRP976 to 

selected ECM proteins.  Data points represent the 

mean OD of a single experiment. Error bars: 

standard Error of the Mean. 
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Figure 5.27
Non-linear regression analysis of TRP976 binding interactions

with components of the ECM.
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Figure 5.28. Binding of TRP2296 to ECM components 

(ELISA). Asterisks (*) indicates a significant difference 

in binding compared to the negative control protein, 

BSA, as determined by one-way ANOVA and the 

Dunnets post test (* P<0.05, **P<0.005, ***P<0.001). 

Error bars: Standard Error of the Mean.  
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TRP976 exhibited an apparent affinity or both fibronectin and fibrinogen (Fig. 5.26) 

that were concentration dependent and saturable (Fig. 5.27). The estimated KD values 

for these interactions were 0.89±0.22 μM and 0.19±0.02 μM. A lesser binding affinity 

for the negative control protein, BSA, was also noted, that failed to reach saturation up 

to a TRP concentration of 6 μM.  
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Figure 5.29. Binding affinity curves of TRP2296 to 

bovine fibrinogen.  Data points represent the mean OD 

of a single experiment. Error bars: standard Error of 

the Mean. 

 

Figure 5.29
Non-linear regression analysis of TRP2296 binding interactions

with fibrinogen and Fibrinogen.
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Finally, TRP2296, a His-tagged recombinant treponemal protein thought not to be 

surface exposed, was demonstrated in the ECM ligand binding screen to adhere to 

fibrinogen. The absolute OD registered for this interaction was comparatively very low 

(Fig. 5.28). Further analysis revealed evidence of a weak concentration dependent 

interaction that did not reach saturation (Fig. 5.29). Thus, although this reaction is not 

considered to be biologically significant, it highlights the possibility that some of the 

fibrinogen binding interactions may be due to the non-specific ‘stickiness’ of the 

fibrinogen molecule or perhaps the TRP, or indeed, a combination of both.  

In order to validate this method as a means of determining OMP-ECM binding 

interactions, a well-characterised Leptospiral OMP, OmpL1, was employed. Previous 

studies using an ELISA-based method similar to the one described above have 

identified OmpL1 binding interactions with both fibronectin and fibrinogen. In this 

instance, the interaction between OmpL1 and these two ligands was assessed (Fig. 

5.30).  
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Figure 5.30. Binding affinity curves of OmpL1 to bovine 

fibronectin and fibrinogen.  Data points represent the 

mean OD of a single experiment. Error bars: standard 

Error of the Mean. 

 

Figure 5.30
Non-linear regression analysis of OmpL1 binding interactions

with fibrinogen and fibronectin.
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On the basis of statistical significantly differences in the ELISA ODs between BSA and 

the ECM ligands, OmpL1 interacted with laminin, plasma fibronectin, fibrinogen, 

elastin, chondroitin and heparan sulphate (Table 5.1). An earlier study identified 

OmpL1 as a laminin- and plasma fibronectin-binding protein, with KD of 2.10 ± 0.87 μM 

and 1.24 ± 0.50 μM, respectively (Fernandes et al. 2012). More recently, this 

fibronectin-binding capability of OmpL1 was reported again, albeit with a lower KD of 

approximately 0.87 ± 0.5 μM (Robbins et al. 2015). In addition, OmpL1 was also 

reported to bind to Heparan sulphate (KD ≈ 0.16 + 0.08 μM) and Chondroitin sulphate B 

(KD not reported). This binding interaction KD is in agreement with the findings of the 

present study (see Table 5.2). Finally, OmpL1 has been previously demonstrated to 

bind to fibrinogen with an estimated KD of 0.22±0.06 μM (Oliveira et al. 2013). 

Although the KD for this interaction was estimated to be slightly higher in this study 

(0.36 μM), it is considered that this is of a similar order of magnitude. Thus, the binding 

profile reported previously for OmpL1 has also been reproduced here, confirming the 

suitability of these methods for identification of novel treponemal adhesin ligands.   
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Table 5.2. The Estimation of ECM-TRP binding KD by ELISA.   

Protein identity ECM component μM KD  Reference 
values 

 TRP13 
  

Laminin 0.2745 ±0.04806  

Fibronectin 0.2013 ±0.02526  

Fibrinogen 0.1493 ±0.02107  

Collagen I 0.2950 ±0.1803  

Elastin 0.2698 ±0.07449  

TRP1472 Fibrinogen 0.1241 ±0.03615  

TRP2583 Fibrinogen 0.3370 ±0.09753  

TRP683 Fibrinogen 0.7180 ±0.08743  

Elastin 0.4209 ±0.08553  

TRP489 Fibrinogen 0.4629 ±0.1079  

TRP350 Fibrinogen 0.9952 ±0.1192   

Elastin 1.786   ±0.2296  

TRP2267 Fibrinogen 0.4353 ±0.04176  

TRP694 Fibrinogen 0.0498 ±0.006110  

TRP1724 Fibrinogen 0.1401 ±0.03398  

Laminin 0.3557 ±0.1058  

Fibronectin 0.4169 ±0.2010  

TRP976 Fibronectin  0.8984 ±0.2284  

Fibrinogen 0.1981 ±0.02664  

OMPL1 Fibronectin 1.004   ±0.4065  1.239 ±0.506a 

Fibrinogen 0.3669 ± 0.04328 0.223  ±0.063b 

 
a 

Fernandes et al. (2012); 
b
 Robbins et al. (2015).  

Due to time constraints, dose response curves were restricted to 9 TRPs, and particular 

emphasis was given to the interactions with fibrinogen. Additional studies are required 

to investigate the remaining interactions identified in the ECM binding screen. 
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5.3.2. Fibrinogen Far Western Blotting.  

In order to establish whether the TRPs demonstrated to bind fibrinogen did so with 

specificity for any particular chain of the fibrinogen molecule, a far western blotting 

technique was employed. A selection of these results is shown in Fig. 5.31. 

Figure 5.31. Far Western Blot determination of TRP-Fibrinogen interactions 

 

Figure 5.31. A Far Western blot analysis of the binding interactions between the TRPs 
and fibrinogen α-, β-, and γ-chains was performed, revealing an array of fibrinogen 
chain specificities amongst the TRPs tested.  
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Whilst clear evidence of fibrinogen binding was demonstrated in all cases, fibrinogen 

chain specificity between the TRPs varied, although the majority of TRPs tested 

demonstrated were shown to be capable of binding to all three chains. However, 

differences in chain specificity were noted. TRP623, for example, was shown, on the 

basis of band intensity, to have approximately equal binding affinities for the 

fibrinogen α-, β-, and γ-chains, with similar observations made for TRP2267, TRP694 

and the positive control, OmpL1. Conversely, TRPs TRP489 and TRP169 demonstrated 

a preferential affinity for the fibrinogen γ-chain. Some TRPs were demonstrated to 

binding to fibrinogen only weakly (i.e. TRP390, TRP694 and TRP904), whereas the 

negative control protein, TRP2296 failed to associate with any of the fibrinogen chains 

under the conditions of this assay. In all Far Western experiments, there was evidence 

of a TRP-fibrinogen β-chain interaction. These results suggest that the almost universal 

affinity for fibrinogen detected during the ECM binding screens is determined by a 

TRP-specific affinity for chains of the fibrinogen molecule, and these affinities vary 

amongst the TRPs tested. With the exception of TRP489 and TRP1497 (which are both 

T. medium phylogroup TRPs), the data presented here relates to the T. pedis genome-

derived TRPs only. Dr. Stuart Ainsworth also performed this assay on the T. phagedenis 

phylogroup TRPs and reported the following results: TRP740 and TRP13 bound the γ-

and the β-chain of fibrinogen (data not shown).  
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5.3.3. Fibrinogen degradation assay.  

Fibrinogen binding was a frequently observed feature of these putative OMPs, and it 

was therefore of interest to evaluate whether any of these proteins possessed 

fibrinogenolytic activity. The results of an initial screen, in which all available TRPs 

were incubated with bovine fibrinogen over a 24-hour period identified this activity in 

only one protein, the T. phagedenis phylogroup protein, TRP7. This activity was 

investigated further as a function of time. The results of this experiment are shown in 

Fig. 5.32. 

 

              TRP negative control                                                 TRP7 

Figure 5.32. The fibrinogenolytic activity of TRP7 as a function of time. Lanes 1-4, TRP 
negative control. Lane 1, 0 hours; Lane 2, 1 hour; Lane 3, 6 hours; Lane 4, 24 hours. 
Lanes 5-8, TRP7. Lane 5, 0 hours; Lane 6, 1 hour; Lane 7, 6 hours; Lane 8, 24 hours.  

 

By six hours, there is clear evidence of fibrinogen α-chain degradation, which was 

almost complete by 24 hours. There was no obvious degradation of the fibrinogen β- 

or γ-chains under the conditions of this experiment.  

5.4. Discussion.  

Adhesion to tissue components of the host is an essential first step towards bacterial 

colonisation and dissemination, and antibody blockade of this interaction is an 

important immunological effector function that has the potential to be induced or 

enhanced using a rationally designed recombinant protein vaccine formulation. To 

date, very little is known about the ECM matrix binding affinity repertoire of BDD-

associated Treponema spp., and although one study has previously demonstrated that 

BDD-associated Treponema spp. are able to bind to a number of ligands, including 

fibrinogen and fibronectin (Edwards et al. 2003), nothing is known of the molecules 

that mediate these interactions. It was the purpose of the present study to begin to 

   1               2           3              4                  5              6           7           8 
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characterise some of the surface molecules that are potentially involved in adherence 

of BDD-associated Treponema spp. to the host ECM, and the results of this 

investigation will be discussed by ECM ligand.  

Collagens are triple helical proteins and are the most abundant of ECM proteins, and 

represent a frequently defined bacterial adherence target. Some collagens show a 

tissue-specific distribution. For example, whereas collagen IV is localised almost 

exclusively to the basement membrane, collagen I has a comparatively broad 

distribution, including within the dermis (Miller and Gay 1987). The latter collagen type 

was investigated as a potential target for treponemal adherence in BDD. Edwards et al. 

(2003) found that unlike the T. denticola strains, BDD- and CODD-associated 

Treponema spp. bound only weakly or non-significantly to collagen I. It is therefore 

perhaps not unexpected that collagen I binding was found relatively infrequently 

amongst the panel of TRPs tested. However, the abundance of these molecules on the 

surface of BDD-associated Treponema spp., and indeed, their expression status is 

unknown. Proteomic analysis will be required to understand the expression levels of 

these proteins. Moreover, these five TRPs represent four of the fourteen homologous 

putative OMP groups originally identified. Interestingly, T. pallidum subsp. pallidum 

has also been demonstrated to adhere to immobilised collagen IV and collagen I 

(Fitzgerald et al. 1984), although only one treponemal protein with collagen-binding 

capability, Tp0751, has been described to date (Parker et al. 2017). In the present 

study, the collagen I binding capacity of only one protein, TRP13, was further 

evaluated. This interaction was concentration-dependent and saturable, which is 

characteristic of specific receptor-ligand interactions, and produced an estimated KD of 

0.3 ±0.18 μM. This binding affinity is of a similar order of magnitude to both the KD 

reported for many of the other TRP-ECM component interactions and to the KD 

reported for a number of well-characterised bacterial adhesins (see Table 5.2). 

Nevertheless, although this interaction has the potential to be of biological 

significance, it is unclear whether collagen binding is of importance to treponemal 

adherence to the host. This relative paucity of collagen-binding adhesins, alongside the 

inability of BDD-associated Treponema to bind to immobilised collagen I, may suggest 

that unlike the other pathogenic treponemes, BDD-associated Treponema spp. may 
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have little avidity for collagen I.  On this basis, BDD treponemes may exhibit a unique 

ECM component binding profile amongst the pathogenic treponemes, in which 

fibrinogen binding may be of major importance to the physiology of BDD-associated 

Treponema spp.  

Strikingly, fibrinogen attachment was frequently observed amongst these TRPs, and 

these interactions were confirmed by Far Western blot analysis (see Table 5.31). 

Indeed, fibrinogen binding was observed amongst all fourteen putative OMP homolog 

groups. Thus, fibrinogen binding is ubiquitous amongst these TRPs. For a subset of 

these proteins, further investigation revealed that these interactions were 

concentration-dependent and saturable. Non-linear regression analysis revealed that 

the strength of these interactions varied considerably, with KD values ranging from 

0.05±0.001 μM for TRP694 to 0.43±0.04 μM for TRP2267. This range is considered to 

be of biological significance, since broadly similar KD values have been reported for 

other fibrinogen-binding proteins, including the leptospiral OMP, OmpL37 

(0.244±0.015 μM) (Pinne et al. 2010) and the leptospiral adhesin, Lsa33 (0.12±0.08 

μM) (Oliveira et al. 2013). As these data support the findings of Edwards et al. (2003), 

in which pronounced immobilised fibrinogen adherence activity amongst the BDD- and 

CODD-associated Treponema spp. was identified, it is probable that at least some of 

the TRPs analysed in the present study are mediators of the observed high cellular 

avidity for fibrinogen.  

Bovine fibrinogen, the major clotting protein in blood plasma, is a 340kDa glycoprotein 

composed of three pairs of non-identical polypeptide chains (Aα at ~63.5 kDa, two Bβ 

at ~56 kDa and γ at ~47 kDa), linked by 29 disulphide bridges and arranged in a 

symmetrical dimeric structure (Brown et al. 1999).  Fibrinogen is a major component of 

plasma, with two widely recognised haemostatic functions: i) polymerisation into fibrin 

and ii) mediation of platelet aggregation which together, result in the formation of 

platelet-fibrin thrombi (Herrick et al. 1999); thus, fibrinogen is essential in preventing 

haemorrhage and promoting vascular repair.  Additionally, fibrinogen is considered to 

be a positive acute-phase reactant protein, and plasma concentrations rise in response 

to bacterial infection and inflammation (Hirvonen et al. 1996).  Fibrinogen plays an 

early role in antimicrobial host defence via two broad mechanisms.  Firstly, fibrinogen 
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facilitates pathogen containment by providing a protective structural barrier that 

prevents bacterial dissemination (Levi et al. 2004), including the formation of 

abscesses. Secondly, thrombin-catalysed fibrinogen proteolysis releases a number of 

potent chemotactic elements, including fibrinopeptide B, which drives an influx of 

phagocytic cells (Ponnuraj et al. 2003). Fibrinogen also becomes embedded in the ECM 

at sites of tissue damage and plays a role in wound repair (Pereira et al. 2002, 

Rybarczyk et al. 2003). Finally, it is possible that fibrinogen may mask bacterial 

pathogens from host detection and defence mechanisms: the binding of fibrinogen to 

the bacterial cell surface has been implicated in inefficient immune clearance of Group 

A Streptococci and Streptococcus equi subsp. equi, via resistance to opsonisation and 

neutrophil phagocytosis (Poirier et al. 1989, Boschwitz and Timoney 1994). Thus, 

fibrinogen plays a number of diverse functional roles implicated in the control of 

infection.  Unsurprisingly therefore, the ability to manipulate fibrinogen function has 

been reported extensively amongst pathogenic bacteria and fibrinogen binding 

proteins may promote bacterial survival via a number of mechanisms beyond bacterial 

adherence.  

Although whole cell adherence assays have demonstrated that both T. denticola and 

BDD-associated Treponema spp. are capable of binding to immobilised fibrinogen, only 

a limited number of treponemal proteins have been found to be capable of 

manipulating fibrinogen biology to date. Indeed, only two treponemal proteins capable 

of forming a complex with fibrinogen have been described, and both demonstrate 

fibrinogenolytic activity: T. pallidum adhesin Tp0751 specifically binds and degrades 

fibrinogen, which is thought to aid systemic dissemination via the inhibition of 

containment through coagulation (Houston et al. 2011), whilst T. denticola has been 

shown to express chymotrypsin-like protease (CTLP), which is capable of degrading 

several host proteins, including fibrinogen, and facilitate colonisation via presumably 

similar mechanisms of haemostatic interference (Bamford et al. 2007). Indeed 

fibrinogen-affinity chromatographic analysis of T. denticola outer membrane protein 

extracts revealed that the CTLP-Msp complex is the major mediator of fibrinogen 

binding in this organism (Bamford et al. 2007). Although this protein complex is 

expressed by the human oral treponeme, T.denticola, it is not expressed by the BDD-
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associated T.medium phylogroup and T. pedis strains examined by Edwards et al. 

(2003), despite their avidity for fibrinogen. It is therefore of considerable interest that 

multiple fibrinogen-binding TRPs have been identified in the present study. Amongst 

the TRPs investigated, only one TRP, TRP7, demonstrated in vitro fibrinogenolytic 

activity, as determined by the fibrinogen degradation assay (see Fig. 5.32). The 

remainder, although apparently capable of binding to immobilised fibrinogen, require 

further evaluation to ascertain whether their function extends beyond adherence. 

Nevertheless, this clear fibrinogen-binding activity, with its likely consequences for 

hemostatis, raises the possibility that access to a naïve host via small, pre-existing 

abrasions of the foot may be an important route of transmission.  

Fibrinogen is likely to be abundant within the lesions of BDD, in which tissue 

destruction is evident and lesions bleed readily. The thrombin-catalysed conversion of 

fibrinogen to fibrin clots facilitates bacterial containment via the formation of a 

structural protective barrier that prevents further dissemination of bacteria into the 

surrounding tissue. The ability to degrade fibrinogen is considered to be an important 

virulence factor, since haemostatic interference may be employed to overcome 

localised clot formation, and thereby enhance bacterial invasion. Indeed, CTLP is 

capable of degrading several host proteins, including fibrinogen, and its expression by 

T. denticola is thought to facilitate bacterial colonisation (Chi et al. 2003). In addition, 

degradation of fibrinogen into smaller peptide fragments and amino acid may of 

importance in nutrient acquisition (Houston et al. 2011). In the present study, all 

available proteins were screened for their ability to degrade the fibrinogen molecule in 

vitro. The T. phagedenis phylogroup protein, TRP7, but not its T. medium phylogroup 

or T. pedis homologs, demonstrated an apparent ability to degrade the α-chain of 

fibrinogen, and almost complete degradation occurred following an incubation period 

of 24 hours. This finding suggests a novel proteolytic mechanism that may perturb 

bacterial containment mechanisms and permit treponemal spirochetes to advance 

deeper into target tissues. The α-chain of fibrinogen extends outside of the globular D 

domain of the fibrinogen molecule, which may account for its increased sensitivity to 

proteolytic attack by proteases (Houston et al. 2010). Whether prolonged incubation 

times beyond 24 hours would reveal a more extensive pattern of degradation remains 
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to be elucidated, but is reported for β-chain and γ-chain degradation by 54 kDa 

Bacteroides fragilis fibrinogen-binding protein (Houston et al. 2010), although Tp0751 

was able to completely degrade both the α and β chain within an incubation period of 

8-16 hours (Houston et al. 2011). It is therefore possible that TRP7 is also capable of 

degrading these chains, given sufficient time. Moreover, removal of the N-terminal 

histidine tag from the mature protein lead to accelerated Tp0751-mediated fibrinogen 

degradation (Houston et al. 2011), indicating that the histidine tag conferred a partial 

inhibitory effect on its proteolytic function. Significantly, the α-chain is similarly 

targeted by Pseudomonas aeruginosa elastase (Komori et al. 2001) and Streptococcus 

pyogenes extracellular cysteine protease (Matsuka et al. 1999). Degradation of this 

subunit alone, even in the presence of intact β- and γ-chains, is sufficient to impede 

clot formation in patients with afibrinogenaemia (Neerman-Arbez 2001). The extent to 

which TRP7 inhibits in vitro fibrin clot formation is a recommended area of further 

investigation. It is unknown why fibrinogenolytic activity in the phylogroup 3 homolog, 

TRP2267, was not identified, although the T. medium phylogroup homolog exhibited 

no ECM binding activity whatsoever.  The TRP7 and TRP2267 proteins share >70% 

amino acid sequence identity, and their fibrinogen affinities are similar (Table 5.2). This 

investigation therefore suggests the BDD-associated T. phagedenis phylogroup spp. 

express at least one fibrinogenolytic protein that is potentially involved in bacterial 

dissemination. Further screening studies are required to identify other substrates and 

to elucidate the mechanism of action.  

The second most frequently observed ECM specificity amongst the panel of TRPs 

investigated was for elastin, which was identified in twelve of the fourteen 

homologous groups. Elastin is a key component of the ECM that is found in abundance 

in the dermis, vasculature and on the surface of host cells and plays an essential role in 

tissue elasticity and resilience (Mithieux and Weiss 2005). Several bacterial 

MSCRAMMs demonstrate elastin specificity, including FnBPA and FnBPB of 

Staphylococcus aureus (Roche et al. 2004) and the LigA and LigB adhesins of L. 

interrogans (Lin et al. 2009). Moreover, in the present study, many of the TRPs that are 

capable of binding fibrinogen appear also capable of binding elastin. This dual ligand 

specificity has been observed previously. In FnBPA, dual fibrinogen and elastin 
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specificity has been localised to the same N2N3 subdomain, and indeed, the same 

binding trench (Keane et al. 2007). Although no previous reports of whole-cell 

treponemal interactions with elastin exist, and no treponemal elastin-binding adhesins 

have been characterised to date, elastin adherence is a commonly encountered 

phenomenon amongst some spirochetes, and in particular, amongst the pathogenic 

leptospires. Leptospiral LigB binds to elastin via an interaction mediated by salt bridges 

(Lin et al. 2009). OmpL37, a multispecific adhesin of L. interrogans, binds fibrinogen, 

fibronectin and laminin, in addition to elastin (Pinne et al. 2010). In the present study, 

concentration-dependent and saturable binding to elastin was observed for only one 

TRP, TRP13, with an estimated KD of 0.27 μM±0.07. Although of a somewhat tighter 

binding affinity than was observed for the elastin-binding leptospiral OMP, OmpL37 

(0.104 μM ± 0.019) (Pinne et al. 2010), it is still considered to be of a magnitude 

indicative of biological relevance. Elastin is an important adhesin target for pathogens 

that gain access to their host via the inner elastin-rich layer of the skin and blood 

vessels exposed by abrasion. It is therefore tempting to speculate that, given the high 

frequency in which elastin binding has been observed amongst these TRPs, particularly 

given the high levels of fibrinogen binding, access to the foot via microabrasions may 

be a primary transmission route for BDD-associated treponemes. Further investigation 

of the remaining TRP-elastin interactions is warranted, whilst whole-cell binding assays 

would shed light on the relative importance of this macromolecule to BDD-associated 

treponeme virulence.  

Fibronectin is an important component of the host ECM, existing ubiquitously as either 

insoluble glycoprotein known as matrix fibronectin, which has polymerised to provide 

structural support to host tissues, or in high concentrations as a soluble disulphide-

linked plasma protein that that is essential for wound healing and fibrin clot formation 

(Couchman et al. 1990). Fibronectin is also involved in a number of diverse roles 

relating to inflammation, including leucocyte chemotaxis (Rossen et al. 2009) and 

modulation of the immune response (Sandig et al. 2009). Thus, similarly to interactions 

with fibrinogen, fibronectin binding may confer functions that go beyond bacterial 

adherence. Matrix fibronectin is one of the most common ECM targets for bacterial 

adhesins (Henderson et al. 2011) and an appreciable number of spirochaetal adhesins 
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have been characterised, including those expressed by the pathogenic treponemes. In 

addition, adhesin to plasma fibronectin has been shown to promote colonisation via a 

mechanism of indirect cytoadherence, in which soluble fibronectin may act as a 

bridging molecule between target cells and the treponemal fibronectin adhesin 

(Cameron, et al. 2004). Finally, proteolysis of fibronectin can provide a source of 

peptide nutrients (Samen et al. 2004).  

Whole cell fibronectin binding activity by T. pallidum has been reported previously 

(Hayes et al. 1977, Peterson et al. 1983) and several fibronectin-specific adhesins have 

been identified (Peterson et al. 1987, Cameron, et al. 2004). Fibronectin adherence by 

BDD-associated Treponema spp. is likely to be of importance to their pathogenicity, yet 

although Edwards et al.  (2003) demonstrated that the two BDD-associated strains of 

Treponema are able to the bind to the fibrin I/heparin I binding domain of fibronectin, 

their ability to bind intact immobilised fibronectin was observed to a much lesser 

degree (5-10 fold) than was observed for T. denticola, in which the CTLP-Msp surface 

complex has been identified as the primary mediator of this high-affinity interaction 

(Fenno et al. 1998). Since the T. medium phylogroup and T. pedis BDD strains are not 

thought to express CTLP, it is suggested that other molecules are able to confer the 

comparatively weaker fibronectin binding observed in those BDD-associated strains 

examined by Edwards et al. (2003).   

In this study, TRP binding to plasma fibronectin was investigated. The present study 

identified 13 TRPs, representing 10 homologous groups, with an apparent ability to 

interact with fibronectin. Two of these TRPs were observed (TRP13 and TRP976) to 

interact with fibronectin in a dose-dependent and saturable manner. Apparent KD 

values were calculated to be 0.20 ±0.02μM and 0.80 ±0.20 μM, respectively. 

Interestingly, compared to individual substructures of the multifunctional ECM-binding 

T. pallidum protein now described as a vascular adhesin (Tp0751; Pallilysin), with a 

fibronectin-binding KD ranging from 1.6 μM to 5.8 μM (Parker et al. 2016), these data 

described here, using an intact protein, reveal considerably greater binding 

fibronectin-binding affinity. Indeed, the estimated KD for TRP13 aligns closely with that 

of the  fibronectin-binding B. burgdorferi protein, BB0347 (0.2±0.07 μM) (Gaultney et 

al. 2013), and the leptospiral fibronectin binding protein, Lsa23 (0.5±0.1 μM) (Siqueira 
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et al. 2013), but is of a value considerably higher than that observed for the B. 

burgdorferi adhesin, RevA (0.0125 μM) (Brissette et al. 2009). Early studies 

investigating the specificity of T. pallidum fibronectin adhesins revealed that 

antibodies directed towards the cell-(or intergrin-) binding and heparin-binding 

domains inhibited T. pallidum adherence to immobilised fibronectin (Thomas et al. 

1985). Similarly, Edwards et al. (2003) demonstrated that the two BDD isolates were 

able to bind to the N-terminal heparin I/fibrin I domain of fibronectin. Since this 

adherence was inhibited by heparin, it would be interesting to similarly determine the 

effect of solubilised heparin on the TRP-fibronectin interactions described herein.  

Laminins are  large multidomain heterotrimeric glycoproteins consisting of an alpha, 

beta and gamma chains, characterised by a high carbohydrate content (13% to 15%) 

(Fujiwara et al. 1988) and are the most abundant constituents of the basement 

membrane, a dense barrier of ECM that forms between the epithelium and connective 

tissue (Colognato and Yurchenco 2000). Laminin-binding adhesins have been identified 

in T. denticola (Edwards et al. 2005), T. pallidum (Cameron 2003), L. interrogans  

(Barbosa et al. 2006) and B. burgdorferi (Verma et al. 2009), and are thus considered to 

be an important class of pathogenic spirochaetal adhesins. However, Edwards et al. 

(2003) failed to demonstrate significant laminin binding activity in the two BDD-

associated strains of Treponema, despite confirming the ability of T. denticola cells to 

bind to this molecule avidly. In the present study, eight TRPs were identified as 

putative laminin-binding adhesins during the initial ECM binding screen, representing 

five homolog groups. The binding characteristics of only one TRP (TRP13) was 

evaluated further to reveal a concentration-dependent and saturable interaction (see 

Fig. 5.19). Linear regression analysis produced an estimated KD of 0.27 ±0.04 μM, 

which is nearly 3 fold higher than that reported for the B. burgdorferi laminin binding 

adhesins, BmpA (0.1 μM) (Verma et al. 2009). It is noteworthy that the interaction 

between the leptospiral laminin-binding protein, Lsa24, and its ligand was found to be 

heavily dependent on the presence of laminin sugar moieties, since oxidation with 

sodium metaperiodate, leading to cleavage of carbohydrate hydroxyl groups, 

significantly reduced attachment of Lsa24 to laminin (Barbosa et al. 2006). If any of the 

interactions between the TRPs employed in this study and laminin are similarly 
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sensitive to sodium metaperiodate treatment, a common binding mechanism is likely 

to be involved, although no universal laminin-binding motif has been described to 

date.  

Heparan sulphate, heparin (a heparan sulphate analogue), chondroitin-6-sulphate, and 

dermatan sulfate (also known as chondroitin sulphate B) belong to the 

glycosaminoglycan (GAG) family (Shriver et al. 2012). GAGs are long, linear and highly 

sulphated disaccharide repeats, classified according structure, and covalently linked to 

a core protein to form proteoglycans (Sugahara et al. 2003). Amongst the spirochetes, 

GAG chain adherence has been most thoroughly investigated in B. burgdorferi. In 

particular, it has been demonstrated previously that Borrelia is capable of adhering to 

GAG chains heparin, heparan sulfate, and dermatan sulfate (Isaacs 1994, Leong et al. 

1995). Later, recombinant BBK32 was found to bind to both purified and mammalian 

cell-associated heparin and dermatan sulphate, but not to chondroitin-6-sulphate 

(Fischer et al. 2006). Conversely, the B. burgdorferi surface lipoprotein Decorin-binding 

protein B (DbpB) was found to bind to purified chondroitin-6-sulphate (Fischer et al. 

2003). Interestingly, the GAG-binding specificity may act as a determinant of tissue 

tropism, since the strains of Borrelia that bound multiple classes of GAG were also 

found capable of binding to a variety of cell types in vitro, whereas cell-type-specific 

binding was restricted in those strains that bound fewer GAG classes (Parveen et al. 

1999). To begin to understand whether BDD-associated Treponema spp. employ 

similar GAG-binding strategies, the panel of TRPs was screened for heparan sulphate 

and chrondroitin-6-sulphate binding activity.  The ECM binding screen revealed 

putative heparan sulphate binding activity in ten of the TRPs tested, representing 

seven TRP homologous groups, and putative chrondroitin-6-phosphate binding activity 

in ten, again representing ten homologous TRP groups. Heparan sulphate and 

chondroitin-6-suphate interactions have not previously been described for any 

pathogenic member of the Treponema genus, and indeed, these molecules have only 

rarely been empirically assessed as bacterial adhesin targets. Although these data 

suggest that BDD-associated Treponema spp. may possess the ability to adhere to GAG 

chains, there was insufficient time to evaluate these interactions further. A 

concentration-dependent interaction with chrondroitin-6-sulphate was identified for 
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TRP350, but saturation was not reached up to a TRP concentration range 6 μM, and 

this reaction is therefore of questionable biological relevance.  Further characterisation 

of these molecules must be undertaken in order to understand the contributions made 

to BDD-associated treponeme biology.  

In the present study, the majority of TRPs tested were capable of adhering to multiple 

(>2) ECM components. Multifunctional MSCRAMMS have been reported extensively 

and there is no empirically-defined upper-limit to the number and diversity of ligands 

that can be bound by a given adhesin. Indeed, multispecificity is now considered to be 

the rule rather than the exception (Patti, Allen, and Mcgavin 1994). For example, the T. 

denticola Major Sheath Protein (Msp) has been demonstrated to adhere to 

immobilized fibronectin, keratin, laminin, collagen type I, fibrinogen, hyaluronic acid, 

and heparin (Edwards et al. 2005) and the leptospiral OMP, OmpL47, has been 

demonstrated to bind collagen III, elastin, laminin, fibronectin and fibrinogen (Pinne et 

al. 2010) Since the treponemal outer membrane is characterised by a low protein 

content (Radolf et al. 1989b; Radolf et al. 1995), it is reasonable to speculate that 

those proteins that are expressed convey multiple functions. However, in studies of 

the outer membrane protein extracts of T. denticola, the CTLP complex alone was 

considered necessary and sufficient to enable fibrinogen binding by this organism; 

CTLP-deficient mutant strains of Treponema and other proteinaceous components of 

the outer membrane were unable at all to bind to fibrinogen (Bamford et al. 2007). It 

seems peculiar, therefore, that the majority of TRPs under investigation have been 

demonstrated to bind to fibrinogen in the ECM binding screens, and this ubiquity 

raises questions about the true nature of these interactions. Whilst concentration 

dependency and saturation are generally considered to be hallmarks of a specific 

interaction, this approach is not infallible, and should be only used merely to select 

TRPs for further scrutiny, using more robust methods of protein-protein interactions. 

However, should this seemingly extensive fibrinogen-binding property be confirmed, 

fibrinogen targeting may represent a major BDD-associated Treponema virulence 

factor.  

In order to be classified as a MSCRAMM, a molecule must be surface-exposed,  exhibit 

affinity for at least one macromolecular component of the ECM, and exhibit a high 
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degree of specificity (Patti, Allen, and Mcgavin 1994). In the present study, these 

criteria have been partially met for a number of novel treponemal proteins. However, 

not all adhesins should be classified as MSCRAMM. Lectin-like adhesins, for example, 

recognise carbohydrate determinants present on a wide range of molecules, and to 

further characterise these TRPs, it will be important to elucidate the precise binding 

mechanisms. The mechanism(s) employed by these TRPs to enable attachment to ECM 

components remains unclear and is likely to differ between TRPs and their ligands. 

Moreover, the amino acid sequences of these proteins provide sparse data about the 

molecular architecture of the protein and there is a paucity of crystallographic 

structural data that hinders meaningful comparisons. However, some parallels may be 

speculatively drawn. The fibrinogen- fibronectin- and laminin-binding vascular 

adhesion of T. pallidum, Tp0751 (Pallilysin), for example, uses positively-charged 

residues on a single face of its non-canonical lipocalin fold (Parker et al. 2016), a 

mechanism that has also been identified in N. meningitidis Factor H Binding Protein 

(fHbp) (Cendron et al. 2011). Subsequently, nearly all of the ECM-binding capacity of 

Tp0751 was localised to a region harbouring an arginine triplet framed by hydrophobic 

residues (Parker et al. 2016). Interestingly, the binding interaction between Tp0751 

and laminin was specific to the region of the binding site, being either dependent on 

the linear peptide sequence, or merely the presence, and not the contiguous 

sequence, of particular amino acids (Cameron et al. 2005). The importance of basic 

amino acids has been demonstrated in other adhesins. For example, the BBK32 

fibronectin binding motif is partly comprised of arginine and lysine residues 

(Prabhakaran et al. 2009) and the decorin-binding site of the B. burgdorferi adhesin, 

DbpA, rich in lysine residues, is also thought to interact with its ligand in a charge-

dependent fashion (Pikas et al. 2003). Basic positively charged amino acid residues 

may therefore be of considerable importance in the interaction between some 

bacterial adhesins and their ECM ligands. Additionally, MSCRAMMs with 

immunoglobulin (Ig-)-like domains, in which the Ig-like repeats are directly involved in 

fibronectin (Choy et al. 2007) and elastin (Lin et al. 2009) binding via charge-charge 

interactions have also been described. However, a plethora of binding mechanisms 

exist, including for example the Dock, Lock and Latch (DLL) mechanism of fibrinogen 

binding, in which hydrophobic interactions between the protein and its ligand play a 
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central role (Ponnuraj et al. 2003) and the tandem beta-zipper mechanism, in which 

the bacterial peptide forms a β-strand that aligns anti-parallel to a beta sheet in the N-

terminal domain of the fibronectin molecule (Schwarz-Linek et al. 2003). Therefore, a 

wide range of binding mechanisms exist, and considerable further evaluation is 

required to elucidate the mechanistic basis of the interactions reported in this study.  

Homology searches based on primary amino acid sequence has indicated that a 

number of these proteins under investigation may be porins (see Chapter 2, Table 2.7). 

CD analysis supports this prediction, since porins are typically B-sheet rich (Schulz 

2002). Porins contain peptide sequence loops that are surface exposed, and it is 

therefore probable that these regions play a key role host-pathogen interactions; this 

includes mediation of adherence to host cells and tissues. Porins have previously been 

demonstrated to mediate cytoadherence. For example, the Major Sheath Protein 

(Msp) of T. denticola has been shown to bind to immobilised laminin and fibronectin 

(Fenno et al. 1996), whilst additionally possessing physiochemical properties indicative 

of its function as a porin (Haapasalo et al. 1992, Egli et al. 1993, Anand et al. 2013). 

Bifunctionality has also been described for a number of other porins with apparent 

adhesive properties, including the outer membrane porins of Chlamydia trachomatis 

(Su et al. 1990) and Legionella pneumophila (Bellinger-Kawahara and Horwitz 1990).  

There are some limitations to the present study that necessitate further discussion. It 

is accepted that these data are far from complete as a means of accurately assessing 

true ligand specificity. Rather, they provide the preliminary groundwork on which to 

base further study. Although focus was justifiably given to the interaction of these 

TRPs with fibrinogen, there remains considerable gaps in this dataset. The ECM binding 

screen revealed a wide range of apparent interactions. These must be explored 

further.  

Because some of the ECM components tested, including laminin, fibronectin, collagen 

and fibrinogen are inherently ‘sticky’, it is maybe unsurprising that the initial screen 

identified extensive adhesive properties in nearly all of the TRPs tested, and extensive 

further analysis of these interactions are required to understand their relative 

importance and specificity. For instance, when the kinetics of an interaction between 

fibronectin and heparin or collagen are quantified, the affinity is typically in the 
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nanomolar range (Henderson et al. 2011). This raises obvious concerns about the 

direction of binding i.e. whether the TRPs are specifically binding to the ECM ligands, 

or whether the ECM ligands are non-specifically binding to the TRPs. Moreover, on the 

basis of a high ELISA OD, two proteins (TRP7 and TRP2267) appeared to be capable of 

binding to all of the macromolecules, including the negative control protein, BSA, 

suggesting that these interactions occurred due to a general stickiness of the TRP, 

rather than specific interactions. Considerable caution should therefore be exercised 

when interpreting these data, since non-specific interactions are likely to account for 

some of the observed binding activity. Without further kinetic and thermodynamic 

analysis of these interactions, the proposed adhesin-like functions reported remain 

somewhat dubious. However, three pieces of evidence support at least some degree 

of ligand specificity amongst these TRPs: i) these interactions are concentration-

dependent and saturable. If these interactions were passive, rather than specific, it is 

unlikely that saturation would be achieved with low concentrations of TRP, ii) there 

exists a high degree of variability between TRP binding profiles, suggesting that specific 

domains are involved in binding interactions. Passive adherence would lead to similar 

ligand specificity profiles between proteins, iii) the negative control protein, TRP2296, 

failed to bind to any of the ECM components under investigation, and further 

evaluation of the TRP2296-fibrinogen binding interaction observed during screening 

was found to be inconsequential.  

Although BSA was used as a widely accepted negative control in the ECM binding 

experiments, and negligible binding to BSA was reported for the majority of TRPs 

tested, concentration-dependent interactions with BSA were sometimes observed (i.e. 

with TRPs 489 and 350, and leptospiral OmpL1). BSA has been in used in similar studies 

by others as a negative control, yet some outer membrane proteins have also been 

reported to bind to BSA, including the leptospiral OMP, OmpL37 (Pinne et al. 2010). 

Albumin is found at high concentrations in blood, and the apparent affinity some of 

these proteins have for BSA may be of importance in host-pathogen interactions. In 

this study, it was considered worthwhile to investigate the binding activity of TRP489 

and TRP350 to fetuin, since it has been demonstrated previously that whole cell 

Treponema spp., including BDD isolates, do not adhere to this protein (Edwards et al. 
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2003). There was no statistically significant difference between BSA and fetuin binding 

for these two proteins (data not shown). This suggests that the apparent 

concentration-dependency in the interaction between TRPs 489 and 350, although 

pronounced, is likely to be of a non-specific nature. Reassuringly, and with the 

exception of TRP350, there was no evidence of saturation in any of the observed TRP-

BSA interactions.  Nevertheless, the potential for these interactions should be borne in 

mind, and it is recommended that fetuin be additionally used as a second control 

protein in future studies.  

There are some areas of further study that should be pursued. TRP transcript 

quantification is perhaps one of the most important areas of further research. The 

majority of these proteins have been demonstrated to be immunogenic, not only in 

animals known to have been exposed to BDD-associated Treponema spp., but also in 

animals with no known risk factors for such exposure. Although this itself is something 

of a conundrum, and the relative contribution of antibody cross-reactivity cannot be 

defined, it suggests that these proteins are expressed at some point during the 

treponemal lifecycle. However, transcriptomic analysis of the putative OMP genes will 

aid in the understanding of the role their protein products play in the infectious 

lifecycle of BDD-associated Treponema.  Additionally, immunofluorescence microscopy 

using labelled anti-TRP antibodies will assist in confirming in vivo expression and 

localisation to the outer membrane of the treponemal cell.  

Amongst these TRPs, there are some potentially novel adhesins. However, the binding 

mechanisms employed by these TRPs is unknown. It is therefore of considerable 

importance, in the first instance, to identify which regions of the protein confer this 

activity. Specificity must be confirmed before these proteins can truly be described as 

adhesins. Firstly, it is important to understand whether protein fold is critical to these 

interactions. This may be achieved simply by assessing the binding interactions 

between these ligands and unfolded TRPs. Demonstration that only a correctly 

refolded protein is able to efficiently bind to its ECM ligands may offer further 

evidence of the specific nature of these interactions. However, it is unknown whether 

unstructured amino acid sequence is alone sufficient to mediate specific binding 

interactions. Certain leptospiral adhesins, including Lsa30 (Souza et al. 2012), Lsa33 
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(Domingos et al. 2012) and rLIC11975 (Siqueira et al. 2013), retain 63-77% of their 

fibrinogen-binding capacity after heat denaturation, suggesting their linear primary 

conformation governs their ability to bind fibrinogen. Conversely, the fibrinogen-

binding capacity of OmpL1 (Fernandes et al. 2012) and rLIC12238 (Siqueira et al. 2013) 

was totally abolished after heat denaturation, suggesting their ability to bind 

fibrinogen is dependent on their conformational structure (Oliveira et al. 2013). Similar 

investigations are needed to better understand the determinants of fibrinogen (and 

other ligand) binding in TRPs. Furthermore, truncation of the TRP to yield fragments, 

rather than the full length mature protein, and subsequent re-analysis of their binding 

interactions with components of the ECM, will enable delineation of the particular 

regions of the protein that confer ligand specificity. This technique has been employed 

to map critical binding domains (Parker et al. 2016; Pikas et al. 2003). 

Presently, data on whether BDD-associated Treponema spp. bind immobilised ECM 

components is somewhat lacking and is restricted to two BDD-associated strains and 

only a limited number of ECM components. These studies should be expanded. 

Concurrently, competitive inhibition assays are a valuable tool for demonstrating 

interaction specificity. It would be worthwhile to undertake two assays of this nature, 

firstly, to evaluate whether these TRPs inhibit the binding of viable treponemes to 

their respective ECM ligands, as described by Cameron et al. (2004), and secondly, to 

evaluate anti-TRP fragment antibody-mediated inhibition of treponemal adherence to 

their respective ECM ligands, as described by Cameron et al. (2005), to confirm the 

critical TRP regions involved in these interactions. It is also considered to be of value to 

assess the effect of soluble ECM components on the interaction between TRPs and 

their putative ligands. Once specific interaction regions have been identified, 

scrambled and mutagenized fragments of these regions will assist in the understanding 

of the precise molecular mechanisms that are involved in these interactions.  

In consideration of discordant ECM binding profiles between homologous TRPs, the 

most pronounced difference observed was between the T. medium phylogroup 

homolog, TRP19, and its T. pedis phylogroup homolog, TRP1724. Since the amino acid 

sequence identity shared between these two putative OMPs is relatively poor (55%), 

the extent to which their binding profiles differ may be due to inherent functional 
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dissimilarities. However, the structural stability of TRP1724 was of concern, since the 

presence of possible degradation products was observed post-purification (data not 

shown). It is therefore possible that the stability of TRP1724, rather than a difference 

in biological function, can account for the pronounced differences in ligand specificity.  

In summary, despite their diversity, these data have identified an unexpectedly 

common phenotype amongst the majority of TRPs evaluated in this study. An avidity 

for both fibrinogen and elastin has been identified on the basis of these preliminary 

data, and further evaluation has satisfied the criteria for concentration-dependent and 

saturable fibrinogen interactions in a number of TRPs tested. Although the true extent 

of these interactions amongst these TRPs has yet to be determined, the current data 

suggest a prominent role for treponemal fibrinogen manipulation during BDD 

infection.   

In demonstrating that some of the TRPs under investigation appear able to specifically 

adhere to immobilised ECM components, this study has taken an important step 

towards furthering our understanding of the initial interaction between treponeme 

and its host. It has been demonstrated that representative species of the three 

treponemal phylogroups implicated in BDD express a broad repertoire of putative 

adhesins, which are likely to be involved in the adherence of these organisms to 

various components of the ECM, including elastin and fibronectin. These data also 

suggest that BDD-associated Treponema spp. are able to interfere with the blood 

coagulation cascade via adhesion to, and degradation of, fibrinogen. 

Vaccine-induced anti-adhesin immunity represents an attractive and obvious 

protection strategy. Several pre-clinical examples exist of the utilisation of bacterial 

adhesins as effective vaccine candidates, including the Hap adhesin from Haemophilus 

influenzae (Cutter et al. 2002), a fragment of the collagen adhesin from Staphylococcus 

aureus (Nilsson et al. 1998), a subunit vaccine comprised of the ECM-binding domains 

of Leptospiral LigB (Cao et al. 2011), DbpA, a decorin adhesin from B. burgdorferi 

(Cassatt et al. 1998), and the T. pallidum adhesin, Tp0751 (Floden et al. 2013).  To 

date, only one adhesin-based vaccine has sufficiently satisfied the criteria for licensing, 

namely Bexsero®, the multicomponent vaccine against serogroup B Neisseria 

meningitidis (MenB), which contains Neisseria adhesin A (NadA) (Bertoldi et al. 2016). 
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The vaccine potential of NadA was explored in early studies and demonstrated to 

induce strong bactericidal antibodies and confer protection against neisserial challenge 

in the infant rat model (Comanducci et al. 2002). Conversely, some adhesin-based 

vaccines were unable to confer protective immunity in preclinical studies, despite 

inducing a robust antibody response in experimental animals, including the B. 

burgdorferi fibronectin-binding protein, RevA (Floden et al. 2013). Whilst it seems 

probable that targeting single adhesin molecules will result in vaccine failure due to 

the expression of a number of additional molecules with multiple specificities able to 

maintain adhesive function, it has been suggested that past focus on full length 

adhesins and complete binding domains presents the immune system with decoy and 

non-inhibitory epitopes, and thereby perturbs the production of inhibitory antibodies  

(Malpede and Tolia 2014). Whilst the former hindrance may be overcome with the use 

of a multivalent vaccine targeting several adhesins, future vaccine design strategies 

may need to focus on the functional domains of the adhesin molecule in order to 

specifically target protective epitopes, rather than the intact protein. Finally, 

conformational epitopes may be necessary to confer immunoprotection, as has been 

demonstrated with the leptospiral adhesins, OmpL1 and Lip41, which together induced 

partial immunity to challenge in hamsters, but only when delivered in the membrane 

fractions of the recombinant E.coli cells used to express them. In this example, 

induction of immunoprotection may be mediated by conformational epitopes, which 

persist via membrane association (Haake et al. 1999). Whilst we have attempted to 

refold the TRPs under investigation, this conformation is highly unlikely to remain 

stable once these proteins have been formulated into an injectable vaccine (see 

Chapter 7). Nevertheless, in pursuit of an effective vaccine against BDD-associated 

Treponema, there is sufficient evidence to demonstrate that the targeting of adhesins, 

and therefore the very earliest events involved in bacterial colonisation, is a feasible 

strategy under some circumstances, and this warrants further investigation. 
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Chapter 6. An evaluation of the immunogenicity of twelve 
recombinant treponemal antigens in healthy bull calves. 

6.1. Introduction.  

In pursuit of a multivalent recombinant vaccine able to confer humoral protection 

against infection with BDD-associated Treponema spp. in cattle, a reverse vaccinology 

approach was employed to scrutinise the sequenced genomes of three Treponema 

phylogroups that are highly associated with the pathogenesis of BDD for putative outer 

membrane proteins.  The recombinant expression, refolding and purification of these 

proteins for further evaluation as vaccine candidates has yielded promising results, 

since at least some of these proteins may represent treponemal adhesins, and on the 

basis of serological analysis, are considered to be immunogenic in natural infection.  

The immunogenic capacity of a protein when administered as part of a vaccine 

formulation is of major significance in the evaluation of an experimental vaccine and 

represents the final stage of the current study. The failure of a protein to induce a 

robust immune response in naïve animals is indicative of an intrinsic weakness in 

immunogenicity and may preclude its development as a vaccine candidate. Whilst all 

foreign proteins are likely to be immunogenic to some degree, recombinant protein 

antigens tend to be relatively weak immunogens and often require formulation with an 

adjuvant (O’Hagan et al. 2001). Considerable variation exists between proteins in 

terms of their ability to induce cellular and humoral responses. This variation is driven, 

at least in part, by a protein’s molecular structure (Sela, 2014), and it has been 

recognised for some time that denaturation of a protein is invariably associated with a 

reduction in immunogenicity (Erickson and Neurath 1943), and studies into the 

immunogenic properties of ovalbumin, for example, revealed that relative to the 

native form, the denatured form had lower epitope density and poorer 

immunogenicity  (Koch et al. 1996). Similarly, recombinant OmpL1 of L. interrogans 

purified under denaturing conditions using IMAC, was ineffective at inducing a 

protective immune response, yet hamsters that were immunised with OmpL1 

expressed as a membrane protein in E.coli were partially protected from lethal and 

sub-lethal challenge (Haake et al. 1999). Thus, the structural state of a proteinaceous 

vaccine candidate is of considerable importance, particularly when considering that up 
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to 90% of circulating antibodies are directed against tertiary structure-dependent 

discontinuous epitopes (Haste Andersen et al. 2006). Attempts have therefore been 

made to refold the TRPs under investigation into their native structural conformation. 

However, it is probable that amongst the proteins to be tested for their immunogenic 

properties, structural stability within the formulated vaccine preparation, and 

therefore their immunogenic potential, will vary. Whether this will equate to an 

appreciable difference in antibody elicitation between proteins is presently unknown, 

and the present study seeks to address this uncertainty.  

Of additional interest is the effect of adjuvant on the antibody response, and in 

particular, the polarisation of the antibody response towards a particular antibody 

isotype (i.e. IgG1 or IgG2). In the present study, a frequently used aluminium hydroxide 

based-adjuvant, Rehydragel®, will be used. Aluminium hydroxide has become one of 

the most widely used immunopotentiating substances globally (Kuroda et al.  2013), is 

free of antigenicity, toxicity and pyrogenicity (Matheis et al. 2001) and exerts its 

adjuvant effect through several mechanisms. Aluminium hydroxide has an intrinsically 

high antigen absorption capacity (Johnston et al.  2002), mediated by electrostatic 

and/hydrophobic forces (Al-Shakhshir et al. 1995). Once absorbed onto the surface of 

aluminium hydroxide particles, antigens aggregate, which enhances their physical and 

chemical stability. The decomposition of aluminium hydroxide results in a gradual 

release of antigen, prolonging immune stimulation (the depot effect) (Matheis et al.  

2001). However, this delayed antigen clearance effect alone is not thought to explain 

the adjuvanticity of aluminium hydroxide, and a wide range of possible additional 

mechanisms have been reported. Because antigen absorbed onto aluminium 

hydroxide is presented to immunocompenent cells as particulates rather than in 

soluble form, phagocytosis of antigen by APCs is enhanced (Mannhalter et al. 1985). In 

addition, aluminium hydroxide adjuvants have also been demonstrated to activate 

complement (Ramanathan et al. 1979), induce a localised inflammatory response (Qin 

et al. 2009) and enhance the recruitment of leukocytes to the inoculation site via the 

triggering of chemokine and cytokine signalling (Mosca et al. 2008, Lu and HogenEsch 

2013) and enhanced APC activation and maturation (Ulanova et al. 2001).  



  

188 
 

Certainly, aluminium salts induce robust antibody responses. However, antibody 

production is dependent on T-cell help, and since aluminium hydroxide has 

traditionally been reported to preferentially prime a Th2-type immune response, at 

least in mice (Serre et al. 2008), the differentiation of B cells that secrete the Th2-

associated antibody isotypes IgG1 (and IgE) is favoured (Grun and Maurer 1989a). 

Indeed, the Th2 profile of aluminium hydroxide has been widely accepted and 

consistently demonstrated (Grun and Maurer 1989b, Chilton et al. 1993).  In 

vitro studies have shown that aluminium-based adjuvants stimulate the production of 

IL-1β and IL-18 from DCs, leading to an expansion and differentiation of naïve CD4+ T 

cells into Th2 cells (Sokolovska et al. 2007), as well as the production of Th2 cytokines 

by CD4+ T cells (Serre et al. 2010). However,  in humans, aluminium hydroxide has 

been demonstrated to produce a mixed Th1/Th2 response (HogenEsch 2013), and 

under certain circumstances in mice, including vaccine administration via a 

subcutaneous, rather than a intraperitoneal route, a mixed Th1/Th2 response (Wang 

et al. 2012). In bovids, aluminium salts are similarly expected to prime a Th2 response, 

and it is expected that in the present study, anti-TRP IgG1 will also be the prominent 

isotype.  

Vaccine safety is of paramount importance. Although a full clinical assessment of 

vaccinated animals is beyond the scope of the current study, regular veterinary 

inspections will be performed throughout the study period, and animals will be 

assessed for adverse events, both at the inoculation site and symptomatically. 

Aluminium hydroxide adjuvanted vaccines may cause local adverse reactions such as 

erythema, subcutaneous nodules, contact hypersensitivity and granuloma (He et a., 

2015), although systemic effects are considered to be highly unlikely.  

Assessing the immunogenicity of a trial vaccine formulation, prior to the 

commencement of efficacy trials, represents an essential step in the vaccine 

development pathway. The aims of the present investigation are therefore as follows:  

i. To immunise naïve bull calves, allocated to two treatment groups, with trial 

vaccine formulations each comprising 6 TRPs, in order to evaluate the 

relative immunogenic properties of these proteins 
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ii. To assess the extent of IgG antibody cross-reactivity between treponemal 

antigens 

iii. To assess the serological IgG response in vaccinated animals in terms of 

antibody subclass elicitation 

iv. To undertake a preliminary safety assessment of the two trial vaccine 

formulations.  

6.2 Materials and Methods.  

6.2.1. Ethical approval.  

All experimental work involving animals was covered by a UK Home Office License. All 

blood sampling and vaccine administration were undertaken by Prof. Robert Smith, 

MRCVS, Home Office Personal Licence holder.  

6.2.2. Experimental animals and immunisation procedure.  

Six bull calves, supplied by the University’s Wood Park Farm (Institute of Veterinary 

Science, University of Liverpool, UK) and identifiable by ear tag, were housed and 

maintained in conditions designed to exclude the possibility of exposure to BDD-

associated Treponema spp., at the University’s Ness Heath Farm. The calves were 8-9 

weeks old at trial initiation, deemed free of disease and under the constant 

supervision of experienced herdsmen and a veterinarian. All animals were provided 

with water and feed pellets (NWF Calf Feed) ad libitum. Additionally, calves were 

provided with milk replacer, receiving 2.5L twice daily until 6 weeks of age, 2.5L once 

daily between 6 and 8 weeks of age, and were fully weaned from 8 weeks of age. 

Calves were bedded on straw and quarantined for 4 weeks before vaccine 

administration. Calves were pre-bled to confirm their anti-TRP antibody-free status. 

Calves were assigned into three groups: Treatment Groups T01, T02 and T03, as shown 

in Table 6.1. Table 6.3 details the vaccine formation compositions and the group to 

which each formulation was assigned.   
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Forumulation 1 for treatment group T01. 

TRP identity vol req. 100μg vol req. 300μg

7 125 375

1472 27.2 81.6

2582 54.3 162.9

1724 125 375

2390 100 300

976 100 300

total vol. 1594.5 μl

plus Rehydragel®

40μl per 2ml dose 120 μl

to 6mls with PBS 4285.5 μl

total volume 6000 μl

Formulation 2 for treatment group T02

TRP identity vol. req. 100μg vol. req. 300μg

148 125 375

34 89.3 267.9

4 167 501

350 125 375

2267 79.4 238.2

683 111 333

total vol. 2090.1 μl

plus Rehydragel®

40μl per 2ml dose 120 μl

to 6mls with PBS 3789.9 μl

total volume 6000 μl

Table 6.1. The assignment of animals into treatment groups.  

 

 

 

 

Table 6.1. Six calves were allocated into three different treatment groups.  

 

Table 6.2. Calf inoculation study design.  

Treatment 
Group 

# of 
animals 

Treatment Inoculation 
Day 

Bleed Day Dose Route 

T01 2 6 TRPs in 
Rehydragel 

0, 14 0, 14, 28, 
42, 56. 

2ml SC 

T02 2 6 TRPs in 
Rehydragel 

0, 14 0, 14, 28, 
42, 56. 

2ml SC 

T03 2 Vehicle 
(Rehydragel) 

0, 14 0, 14, 28 2ml SC 

 

Table 6.3. Trial vaccine formulations.  

 

 

 

 

 

Table 6.3. Hexavalent antigen formulations were prepared in sterile PBS. Each formulation 
included 100μg of each TRP, adjuvanted with aluminium hydroxide.    

 

A summary of the study design is shown in Table 6.2. All vaccines were administered 

subcutaneously, on the left flank. All animals received an initial 2 ml dose of the 

vaccine (or vehicle-only control) followed by a 2 ml booster dose two weeks later. 

Ear tag DoB Treatment group 

202491 26/01/17 T01 

302492 02/02/17 T01 

502480 11/01/17 T02 

402479 11/01/17 T02 

302506 07/03/17 T03 

502508 09/03/17 T03 
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General tolerance to the immunisation protocol was ascertained by close monitoring 

of the vaccinated animals. Eight weeks after the initiation of the trial, all calves were 

sacrificed by stunning with penetrating captive bolt followed by sticking and 

administration of a barbiturate overdose. 

6.2.3. Formulations 

Each 2 ml dose of the trial vaccine was formulated to contain 6 non-homologous TRPs, 

each at a concentration of 100 μg, plus 40 μl Rehydragel®, as shown in Table 6.3. 

Following gentle mixing, the final volume was adjusted to 2ml with sterile PBS. 

Prepared vaccines were stored overnight at 4oC prior to use.  Control animals received 

a 2 ml dose of the vehicle only (40 μl Rehydragel® and 1960 μl sterile PBS).  

6.2.4. Blood collection 

To evaluate the IgG antibody responses, blood samples were obtained by 

venepuncture, at two-week intervals, starting at day 0 of the experiment. Each blood 

draw involved the collection of approximately 6 ml of venous blood from the jugular 

vein into BDD Vacutainer Plain tubes (see Fig. 6.1). Tubes were transported to the 

laboratory at ambient temperature, centrifuged for 10 minutes at 3000 rpm at room 

temperature and the serum removed from the clotted fraction for storage at -20oC for 

later analysis.  
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Figure 6.1. The collection of venous blood from one of the experimental calves.  

 

6.2.5. Anti-TRP antibody ELISA 

An indirect ELISA was performed as per the standard protocol described in Chapter 4, 

(section 4.2.4). Briefly, 96-well flat-bottomed ELISA plates were coated with 100 μl of 

TRP antigen (5 μg/ml), diluted in phosphate buffered saline by incubation at 37oC for 1 

hour and incubation for 16 hours at 4oC. Following plate washing, 1:100 dilutions of 

calf sera, diluted in PBST20, were added to the wells and incubated at 37oC for one 

hour. Following plate washing, 100 μl mouse anti-bovine IgG1 or mouse anti-bovine 

IgG2, diluted 1:1000 in PBST20, was added to the wells and the plates incubated for 1 

hour at 37oC. Plates were again washed and 100 μl of goat anti-mouse HRP-conjugated 

antibody, diluted 1:10000 in PBST20, was added to the wells. Plates were incubated for 

1 hour at 37oC, washed and 100 μl of TMB substrate was added to the wells. Plates 

were transferred to a dark box, incubated at room temperature for 20 minutes. The 

reaction was terminated by the addition of 100 μl of stopping solution to all wells, 

before reading the plates at 450 nm using a Titertek Multiskan plate reader. All sera 
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were analysed in duplicate and all data was processed and analysed using Graphpad 

Prism version 5. ELISA reactivity was confirmed by Western blot analysis. No statistical 

analyses of these data were performed due to the small sample size.  

6.2.6. Western blot analysis.  

To validate ELISA seroreactivity, Western blotting was used (see Chapter 4. section 

4.2.5). Recombinant protein (8 μg) was mixed with 92 μl of SDS gel loading buffer 

(100mM Tris-HCl pH 6.8, 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (v/v) 

glycerol), heated at 100oC for 5 minutes, and separated using discontinuous SDS-

polyacrylamide gel electrophoresis (SDS-PAGE)  in 1.5 mm-thick vertical slabs (Bio-Rad, 

Hemel Hempstead, UK) using a 5% stacking gel and a 12% resolving gel, using the 

formulations described previously (see Chapter 3, Table 3.3.). Recombinant antigens 

were transblotted onto 0.2 μm pore nitrocellulose membrane (NCM) (Bio-Rad, Hemel 

Hempstead, UK) using a Trans-Blot cell (Bio-Rad, Hemel Hempstead, UK) containing 

192 mM glycine, 25 mM Tris base, 20% (v/v) methanol in deionised water. During 

electrophoresis (100 V, 240 mA, 80 minutes), the cell was kept cool with the aid of an 

ice pack. Following electrophoresis, the membrane was blocked by incubation with 5% 

milk powder dissolved in PBST20 for 16 hours at 4oC with continuous agitation. The 

membrane was washed for 5 minutes in PBST20 and the wash step repeated a further 

two times. The membrane was cut into strips approximately 0.5 cm wide.  Serum 

samples were diluted 1:100 with PBST20. Each NCM strip was incubated for 1 hour at 

room temperature with 1 ml of the diluted serum with continuous agitation. NCM 

strips were washed as previously and incubated with either mouse anti-bovine 

immunoglobulin class G subclass 1 (IgG1) antibody, clone IL-A60 (BioRad, Hemel 

Hempstead, UK) or monoclonal mouse anti-bovine immunoglobulin class G subclass 2 

(IgG2) antibody, clone IL-A2 (BioRad, Hemel Hempstead, UK), diluted 1:1000 in PBST20, 

for 1 hour with continuous agitation. Following washing, each strip was incubated with 

1ml of horse-radish peroxidase (HRP)-conjugated goat anti-mouse IgG antibodies 

(Sigma-Aldrich, Dorset, UK), diluted 1:10000 in PBST20, for 1 hour with continuous 

agitation. Following a final wash step, NCM strips were incubated with TMB substrate 

(Sigma-Aldrich, Dorset, UK), until visible bands developed. The membranes were dried 

and photographed immediately. 
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Figure 6.2. Serum anti-TRP683 IgG1 and IgG2 antibodies in vaccinated calf #479 

increased by day 14 (pre-boost) and peaked on day 28 of the trial. All control sera 

were deemed to be negative throughout the trial period, up to the final test day 

(day 28). 

              Figure 6.2. IgG1 and IgG2 antibody response to TRP683 in T02-immunised calf #479.
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6.3. Results.  

6.3.1. The serological ELISAs.  

An ELISA based analysis was performed to determine the serological response to the 

vaccine preparations. For the majority of TRPs tested, a marked increase in both the 

IgG1 and IgG2 ELISA ODs were observed post-immunisation, peaking on day 28, and 

slowly decaying thereafter. An example of the typical antibody response identified is 

shown in Figures 6.2 to 6.5.  In the control animals (given vehicle only), no evidence of 

a serological response to eleven of the TRPs under investigation was found during the 

course of the experiment, up to day 28 (the final blood draw for the control arm of the 

trial). An apparent IgG1 seroreactivity to one TRP (TRP976) was detected in control calf 

#506, and the magnitude of this response was shown to increase over time. Moreover, 

the high IgG1 ELISA OD obtained for calf #491 at trial entry (pre-immunisation) was 

also indicative of seroreactivity. For the remaining TRPs tested, pre-immunisation 

IgG1/IgG2 ELISA ODs were found not to differ from control animal IgG1/IgG2 ELISA 

ODs and were all deemed to be serologically non-reactive.  
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Figure 6.4. Anti-TRP976 IgG1 and IgG2 antibodies were detected in the serum of 

vaccinated calf #491 by day 14 (pre-boost) and peaked on day 28 of the trial. 

Evidence for increasing reactivity in the serum of control calf #506 over time is 

apparent. The IgG1 ELISA OD for the pre-immunisation bleed for calf #491 is also 

unusually high.  

Figure 6.3. Serum anti-TRP2267 IgG1 and IgG2 antibodies in vaccinated calf 

#480 increased by day 14 (pre-boost) and peaked on day 28 of the trial. All 

control sera were deemed to be negative throughout the trial period, up to the 

final test day (day 28). 

                 Figure 6.4. IgG1 and IgG2 antibody response to TRP976 in T01-immunised calf #491.
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                Figure 6.3. IgG1 and IgG2 antibody response to TRP2267 in T02-immunised calf #480.
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Figure 6.6. Western blot analysis of the serological response to TRP683 vaccination. Gel A. 

The IgG1 antibody response. Lane 1, calf #491 pre-immunisation; Lane 2, calf #491 day 28. 

Lane 3, calf #492 pre-immunisation; lane 4, calf #492 day 28; Lane 5, MW marker. Gel B. 

The IgG2 antibody response. Lane 1, calf #491 pre-immunisation; Lane 2, calf #491 day 28. 

Lane 3, calf #492 pre-immunisation; Lane 4, calf #492 day 28; Lane 5: MW marker. Orange 

arrow: 29.8 kDa.  

 

 

 

6.3.2. Western blot analysis 

Figure 6.6 Western blot analysis of the serological response to TRP683 vaccination. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. Anti-TRP350 IgG1 and IgG2 antibodies were detected in the serum of 

vaccinated calf #480 by day 14 (pre-boost) and peaked on day 28 of the trial. All 

control sera were deemed to be negative throughout the trial period, up to the 

final test day (day 28). 

                 Figure 6.5. IgG1 and IgG2 antibody response to TRP350 in T02-immunised calf #480.
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Figure 6.7. Western blot analysis of the serological response to TRP2267 vaccination. Gel A. 

The IgG1 antibody response. Lane 1, calf #479 pre-immunisation; Lane 2, calf #479 study 

day 28; Lane 3, calf #480 pre-immunisation; lane 4, calf #480 study day 28. Lane 5: MW 

marker; Orange arrow: 25.0 kDa. Gel B. The IgG2 antibody response. Lane 1, calf #479 pre-

immunisation; Lane 2, calf #479 study day 28; Lane 3, calf #480 pre-immunisation; Lane 4, 

calf #480 study day 28; Lane 5: MW marker; Orange arrow: 25.0 kDa. 

 

Figure 6.7 Western blot analysis of the serological response to TRP2267 vaccination.  

 

 

 

 

 

 

 

 

 

Figure 6.8 Western blot analysis of the serological response to TRP350 vaccination. 

   

 

 

 

 

Figure 6.8. Western blot analysis of the serological response to TRP350 vaccination. Gel A. 

The IgG1 antibody response. Lane 1, calf #479 pre-immunisation; Lane 2, calf #479 study day 

28; Lane 3, calf #480 pre-immunisation; lane 4, calf #480 study day 28. Lane 5, MW marker; 

Orange arrow: 22.1 kDa. Gel B. The IgG2 antibody response. Lane 1, calf #479 pre-

immunisation; Lane 2, calf #479 study day 28; Lane 3, calf #480 pre-immunisation; Lane 4 calf 

#480 study day 28; Lane 5, MW marker; Orange arrow: 22.1 kDa.  
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Figure 6.9 Western blot analysis of the serological response to TRP350 vaccination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Western blot analysis of the IgG1 serological response to TRP976 vaccination. 

Lane 1, calf #491 pre-immunisation; Lane 2, calf #491 day 28; Lane 3, calf #492 pre-

immunisation; lane 4, calf #492 day 28; Lane 5: MW marker; Orange arrow: 32.0 kDa.  
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Figure 6.10. A summary of the serological response, in terms of fold-change from 
baseline, to the TRPs under investigation.  

 
 
 

Figure 6.10. The hexavalent immunisation protocol employed in this study induced 

antibody responses of varying magnitude, which were classified by fold-change from 

baseline. All TRPs were immunogenic, to some degree, in at least one vaccinated 

animal. Upper-middle sextant: Treatment group T01 serological response to T01 

antigens; Lower-right sextant: Treatment group T02 serological response to T02 

antigens. Cross-reactivity reported as follows: Upper-right sextant: Treatment group 

T02 serological response to T01 antigens; Lower-middle quadrant: Treatment group 

T01 serological response to T02 antigens. T01 control animal seroreactivity is reported 

in the upper-left sextent and T02 control animal seroreactivity is reported in the lower-

left sextant. Key: No Change, nc; 2-4 fold change: *; 4-8 fold change: **; 8-12 fold 

change: ***; 12+ fold change **** (as determined by division by max OD value post-

immunisation over study/day 0 OD value). A ‘+’ sign denotes homology with a TRP in 

the other treatment group.  

 

The results of the immunogenicity trial demonstrated the immunogenic capacity of all 

of the TRPs included in the trial formulations, although wide degrees of variability 

existed between these antigens in terms of the apparent magnitude of the immune 

response elicited. During follow-up, these data revealed a peak in ELISA OD and 

consequently, a peak in IgG antibody titre on day 28 of the trial (i.e. 4 weeks after the 

primary immunisation and 2 weeks after the booster immunisation). In all cases, some 

degree of waning in IgG antibody titre was observed by day 42. No TRP was found to 

be non-immunogenic in both vaccinated calves. In order to verify the antigenic 

specificity of these antibodies, Western blot analysis was performed. In all cases, calf 
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antisera generated by hexavalent TRP inoculation were demonstrated to react to the 

appropriate target antigen. Whilst IgG1 seroreactivity was clearly demonstrated, IgG2 

seroreactivity was found to be somewhat more difficult to detect by Western blot, 

being clearly observed for only TRPs 1724, 34 and 683, and either very faint or not 

detectable by eye for the remaining TRPs under investigation.  

It is noted from the ELISAs that a high background signal existed in the IgG1 assay, 

relative to IgG2. Furthermore, Western blot analysis revealed the presence of TRP-

specific IgG1 antibodies in the pre-immunisation sera without exception, although this 

was particularly pronounced for TRPs 350 and 1724. This may suggest the presence of 

either cross-reactive IgG1 antibodies, or anti-treponemal OMP antibodies in particular, 

in calves prior to immunisation. However, these bands are typically very faint and with 

the exception of TRP976, no evidence of seroreactivity was identified in the 

corresponding ELISAs. The significance of these findings will be further discussed 

below.  

Calf #492 was found to a relatively weak responder to the vaccination protocol, with 

only 4-8 fold changes in anti-TRP IgG1 antibody and no detectable IgG2 response to 

three of the six TRPs included in the T01 vaccine formulation. It is possible that some 

degree of immunological dysfunction may account for this, since calf #491 was found 

to respond much more favourably to the T01 formulation. In addition, ‘no change’ 

values were reported more frequently in the T01 treatment group. The reasons for this 

discrepancy are unclear, and suboptimal vaccine preparation or delivery cannot be 

ruled out.  

The response to some of the TRPs differed markedly between calves. For instance, 

immunisation with TRP976 was found to induce an 8-12-fold change in anti-TRP976 

IgG2 antibody titre (as inferred by the relative change in ELISA OD) in calf #491, yet 

only a 2-4 fold change in anti-TRP976 IgG2 antibody titre in calf #492. Indeed, the IgG 

responses identified in calf #492 appeared to be generally lower, as inferred from 

ELISA OD fold change, than those observed in calf #491. Considerable heterogeneity 

therefore exists between the antibody responses induced between immunised 

animals, although the true extent of this remains unclear given the small sample size. 

Conversely, certain TRPs were found to induce a relatively robust IgG response in both 
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calves. TRP4 in particular was found to induce a 4-8-fold change in IgG1 and a >12 fold 

change in IgG2 in both vaccinated calves.  

6.4. Discussion.  

This small immunogenicity trial demonstrated that the hexavalent vaccination protocol 

employed was able to elicit anti-TRP IgG antibodies in at least one of the animals in 

each treatment group, and therefore demonstrates that all TRPs, adjuvanted with 

aluminium hydroxide, are capable of being immunogenic in bull calves <6 months of 

age. The majority of proteins evaluated (n=11) were found to be immunogenic in both 

calves of the treatment group; only TRP1472 was found to be non-immunogenic in one 

of the two calves immunised with this antigen. Furthermore, the majority of proteins 

(n=9; 75%) were able to induce both an IgG1 and an IgG2 antibody response in both 

immunised calves.  

Interestingly, western blot analysis revealed that a number of IgG anti-TRP antibody 

responses were observed in the calves pre-inoculation, albeit typically of a weaker 

magnitude than was observed post-inoculation. When selecting TRPs as vaccine 

candidates, pathogen specificity is an important criterion. The serological analysis of 

animals known to be BDD negative revealed that a considerable number of the TRPs 

under investigation may lack this feature, or there may exist considerable antibody 

cross-reactivity with other organisms (see Chapter 4). That there appears, by western 

blot analysis, to be anti-TRP antibody reactivity in pre-immunisation samples is in 

agreement with these earlier findings. However, as before, the source of this reactivity 

remains uncertain. There are several possible explanations for this. Firstly, it is possible 

that exposure of the control animals to BDD-associated treponemes had occurred, 

since these animals were sourced from a BDD positive farm and, although all feasible 

biosecurity measures were taken to minimise exposure risk during the experiment, 

pre-trial exposures cannot be excluded. Secondly, it is possible that the antibodies 

detected in pre-immunisation animals were generated by cross-reactive epitopes 

shared between other species of bacteria commonly encountered in the environment 

and the BDD associated treponemes. In addition, certain species of Treponema are 

known to colonise other anatomical sites, including the gingiva, which presumably 

takes place during suckling, and which may contribute to an IgG antibody response to 
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treponemal OMPs in BDD-naïve animals. In studies of Treponema-mediated skin 

disorders, the oral treponemes may also serve as a source of antibody cross-reactivity, 

and it is important to note that with the exception of TRPs 1472, 350 and 683, 

homologous CDS features exist within the annotated genome sequences of two 

species of Treponema, T. ruminis (Newbrook et al. 2017)  and T. rectale (Staton et al. 

2017), localised to the bovine GI tract, and considered to be commensal organisms. A 

similar problem has been encountered by others. For example, during the attempted 

development of an ear necrosis infection model, pigs challenged with a T. pedis pure 

culture inoculum were demonstrated to mount an anti-treponemal IgG antibody 

response in the absence of disease. However, a weak anti-treponemal IgG antibody 

response of the same specificity was also reported in control animals (Karlsson et al. 

2017). Given that anti-TRP seroreactivity was identified (by Western blot) in adult cows 

from a closed herd without BDD (See Chapter 4), it is suggested that cross-reactive 

antibodies, rather than antibodies directed specifically against the OMPs of BDD-

associated Treponema spp., are responsible for the findings reported herein. This 

conclusion is supported by the fact that the sera from the BDD negative farm were 

shown to be serologically non-reactive to BDD-associated Treponema antigen 

preparations (Sullivan, 2016). Alternatively, since the source herd for these calves was 

known to be BDD positive, it is possible that maternally-derived anti-TRP IgG 

antibodies were present in these presumably BDD-naïve calves. Maternally-derived 

antibody clearance to undetectable levels may take in excess of 20 weeks post-

weaning although it is additionally feasible to postulate that these calves may have 

been environmentally exposed to the BDD-associated Treponema spp. early in life. Pre-

immunisation seroreactivity to TRP350, which was previously shown to be a pathogen-

specific TRP (see Chapter 4), was relatively pronounced upon western blot analysis, 

and in terms of band intensity, was almost equal to that of immunised sera (see Fig. 

6.8). This result however was not corroborated by the ELISA results, which revealed no 

more than what appears to be a high background OD. Whether this high background 

signal indicates the presence of anti-TRP IgG antibodies, or assay interference, remains 

unknown at this stage and requires further investigation.  
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In this trial, antibody cross-reactivity was readily detected, and this was not just 

restricted to the homologous proteins. For example, as shown in Fig 6.10, both calves 

in treatment group T02 mounted an IgG1 response to all of the T01 antigens and an 

IgG2 response to all but one of them (calf #497; TRP7). This is somewhat unexpected, 

since an IgG antibody response was elicited against the three TRPs not identified as 

homologous to any of the T02 antigens (i.e. TRPs 2582, 1724 and 976). However, if the 

antibody responses to these proteins are based on conformational, rather than linear 

(and sequence-dependent), epitopes, and if TRP structural conformation is sufficiently 

retained during the preparation and administration of the trial vaccine, there is a 

strong likelihood that in these structurally related proteins, there exists shared 

conformational epitopes. These proteins were identified using a bioinformatics 

pipeline that specifically identified signatures of β-barrels from raw sequence. It is 

therefore possible that this method of identification has resulted in the selection of a 

panel of proteins with considerable structural homologies. However, as previously 

stated, these cross-reactive antibodies may have been induced by exposure to other 

antigens, the nature of which has yet to be defined. Interestingly, one of the calves 

assigned to treatment group T02 (calf #480) appeared to mount a very strong (>12-fold 

increase over baseline) IgG2 antibody response to the T01 antigen, TRP976, whereas 

the other calf assigned to this treatment group mounted a weaker response. These 

data further support the possibility of an alternative route of exposure to this OMP, or 

a close homolog, in animals not vaccinated with TRP976. Although the T01 animals 

similarly elicited an IgG antibody response to the T02 antigens, the magnitude of this 

response was found to be generally weaker (a maximum 2-4-fold change from baseline 

in ELISA OD) and largely restricted to an IgG1 response. The reasons for this 

discrepancy are unknown.  

The safety of the vaccine formulation was evaluated through weekly examination of 

the inoculation site and through the monitoring of vaccinated animals for changes in 

behaviour (including lethargy, gait difficulty and apparent loss of appetite). Whilst no 

overt systemic side effects were reported throughout the trial period, a subcutaneous 

nodule was identified at the site of inoculation in one animal. This nodule appeared 

not to be painful upon palpation and resolved spontaneously during the trial period. 
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Thus, the vaccine preparations, in their current forms, were found to be well-tolerated 

in these calves.  

The duration of the IgG anti-TRP response was not conclusively established in this 

study and it is unknown whether the antibody titres observed in the present study are 

maintained beyond day 56 post-immunisation. It is however assumed that, in line with 

most proteinaceous vaccines, vaccination with these TRPs will generate a population 

of TRP-specific memory B cells which are able to confer long-lasting protection against 

future exposure to BDD-associated Treponema spp.. Whether high titres of the anti-

TRP antibodies generated in this study are true correlates of protection is unknown. 

Although these calves were not examined for post-vaccination susceptibility to BDD, 

an infection model-based approach to assessing vaccine efficacy is recommended. 

Since sheep represent a species known to be susceptible to infection by BDD-

associated treponemes, and since a Contagious Ovine Digital Dermatitis (CODD) 

infection model has recently been developed (Duncan et al. 2018; unpublished), these 

animals, being easier to handle, may represent the most suitable host in which to 

evaluate vaccine efficacy. Furthermore, sheep, in addition to cattle, should be 

considered as a target species for any future BDD vaccine, given the shared 

treponemal aetiology between these two foot disorders (Sayers et al. 2009, Sullivan et 

al. 2015).  

The exploitation of treponemal outer membrane proteins, given the difficulties 

encountered in preserving their β-barrel conformation in a vaccine-ready solution, is of 

concern. In particular, the vaccine cocktail administered to the calves was not 

formulated with the minimum 0.04% LDAO, the specific CMC for this detergent. At 

detergent concentrations below the CMC, tertiary structure is not preserved, although 

how rapidly this structure is lost remains unknown. However, LDAO has a GRAS 

(Generally Regarded As Safe) profile, and low concentrations in subcutaneous vaccines 

are unlikely to cause clinically-significant adverse events. Interestingly however, other 

studies have reported at least partial protection from challenge, despite no attempt to 

refold or preserve recombinant OMP tertiary structure in vaccine formulations, 

including against lethal challenge of hamsters with L. interrogans (Atzingen et al. 2010; 

Yan et al. 2010) and against lethal challange of mice with E. coli CVCC 1515 with OmpF 
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(Wang et al. 2017).  It is presently unknown whether tertiary structure is a pre-

requisite for the generation of protective antibodies. Clearly, the overexpression and 

isolation of TRPs from inclusion bodies, without a refolding step, would reduce 

production time and cost considerably. As previously discussed, in order to maximise 

the probability of achieving vaccine efficacy, the use of natively conformed proteins is 

recommended. Thus, future TRP vaccine formulations should include a minimum LDAO 

concentration of 0.04% in order to maintain protein stability. Moreover, LDAO itself 

has been shown to enhance immunogenicity, through stabilisation of protein structure 

(Chen et al. 2015, Bernard et al. 2016). Detergents themselves may confer an adjuvant 

effect (Bolhassani et al. 2017) through a localised inflammatory response triggered by 

cytolysis (Allison and Byars 1986). Alternative vaccine platforms, including outer 

membrane vesicle vaccines, have not been explored, but offer a detergent-free means 

of delivering recombinant natively-conformed OMPs (Gerritzen et al. 2017).  

It would be of interest, prior to any further assessment of efficacy in vivo, to ascertain 

whether the antibodies generated in this experiment are capable of binding to BDD-

associated Treponema cells, and in addition, whether these antibodies are bactericidal 

and capable of activating complement. Bactericidal function has been observed in the 

antisera of experimental animals vaccinated with recombinant proteins (Earnhart et al. 

2007, Ciabattini et al. 2008), and if such a function is identified amongst one or more 

of these TRPs, it provides additional impetus for further evaluation. Nevertheless, not 

all antibodies demonstrated to be bactericidal in vitro are protective in vivo. Antibodies 

raised in animals naturally infected with Borrelia burgdorferi, for example, whilst 

demonstrating in vitro bactericidal activity, were detected in the serum of chronically 

infected animals (Brooks et al. 2006), indicating their ineffectiveness in vivo. The 

authors suggest that B. burgdorferi may occupy immune-restricted tissue niches early 

during the course of infection, affording protection even in the presence of a specific 

and robust antibody response. Similarly, T. pallidum also employs this survival strategy, 

invading and potentially hiding in immunoprivileged sites such as the central nervous 

system (Lukehart et al. 1988). It is unknown whether the antibodies generated against 

BDD-associated Treponema spp. are capable of neutralising these organisms or 

whether their tissue tropism extends to other sites, perhaps with poor antibody 
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penetrance. However, BDD-associated Treponema are capable of condensing into an 

encysted form  possibly conferring resistance to bactericidal antibodies and therefore 

contributing to a persistence of infection (Döpfer et al. 2012). If these bacteria can 

persist deep within the tissues of the foot in an encysted form, they may escape both 

topically applied treatments and an otherwise potentially effective humoral response. 

Whether, in BDD-naïve animals, a vaccine-induced antibody response, such as the one 

generated here, would afford protection against infection by treponemes in an 

antibody-susceptible (spiral) form, remains an intriguing possibility, and the timing of 

vaccine administration might be crucial.  

Several limitations to this study are worthy of consideration. Firstly, only two animals 

were inoculated with the vaccine preparation, making statistical analysis futile. Whilst 

we were able to demonstrate the immunogenic potential of all TRPs under 

investigation, in at least one of the vaccinated calves, no conclusions can presently be 

drawn beyond this. It is probable that one of the calves used in this study (calf #492) 

was a poor responder to the vaccine preparation, whereas calves #479 and #480 were 

shown to respond well. However, since the immunogenicity of these proteins has been 

shown, the undertaking of a small-scale efficacy trial is warranted. A second limitation 

is the absence of data relating to absolute antibody titres generated by the vaccinated 

animals, rather than a mere change in baseline (pre-immunisation) ELISA OD. Baseline 

ELISA ODs are highly variable, and whilst the method used here provides adequate 

evidence of immunogenicity, absolute antibody titres would permit an accurate 

assessment of the immunogenic properties of each TRP and true comparison between 

them.  Importantly, since the background ELISA OD for the IgG1 assays was 

considerably higher than that of IgG2, these data cannot be reliably used to ascertain 

IgG subclass polarisation in this study. Overall, IgG1 ELISA ODs always exceeded those 

of IgG2, but the biological significance of this is unclear. Finally, the nature of the cross-

reactivity identified by Western blot remains unclear. There are several possible 

explanations, including assay interference and antibody cross-reactivity induced by 

other non-pathogenic treponemes.  

In conclusion, this small trial has demonstrated that all TRPs included in the vaccine 

formulation were immunogenic in at least one (50%) of the animals inoculated and on 
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the basis of the immunogenic data alone, all 12 proteins should be considered for 

further development as vaccine candidates. Since a protective antibody isotype has 

not yet been defined in BDD, TRPs will not be presently selected on their apparent 

ability to illicit one particular IgG subclass or both. Furthermore, these data strongly 

suggest that these TRPs have the capacity to induce cross-reactive antibodies that may 

be able to target non-homologous treponemal OMPs. This intriguing finding requires 

further elucidation and fully justifies similar analyses of the remaining, untested TRPs 

and then potential trials in an in vivo BDD disease model and farm trials in a bid to 

reduce disease incidence and burden on farms.  

 

 

 

 

 

 

 

 

 

 

 



  

208 
 

Chapter 7. General Discussion. 

The management of lameness is a major challenge to farm animal welfare, and in a 

world where the intensification and scale of meat and dairy production is increasing, it 

represents a considerable and growing problem. Cattle lameness hinders meat and 

dairy production efficiency and represents a significant economic burden to an 

industry faced with the challenge of maintaining global food security. BDD is well-

recognised to be a major cause of cattle lameness globally and is the most prevalent 

infectious cause of cattle lameness worldwide. Lesions are responsive to topical 

antibiotics, yet the development of antibiotic resistance, driven in part by 

inappropriate and excessive use in agriculture, now represents a profound threat to 

humanity. Footbaths, conversely, provide some degree of herd-level BDD prophylaxis, 

but the most commonly used compounds, CuSO4 and formalin, are environmentally 

hazardous, with the latter also being a recognised carcinogen. There is an urgent need, 

therefore, for alternatives to the current BDD management strategies available.  

Vaccination has become one of the most important medical interventions in history, 

and its impact on infectious diseases cannot be overstated. The most successful 

vaccines have led to sterile immunity in target species, herd immunity and, in two 

cases, global disease eradication, as was seen in smallpox in humans (Deria et al. 1980) 

and rinderpest in cattle (Anderson et al. 2011). Of course, not all vaccines are capable 

of providing this level of protection. In diseases of a more complex nature, and in 

particular, those diseases classified as polymicrobial, vaccination has not provided a 

means of eradicating the disease from a population. Even vaccination against ovine 

footrot, a disease with a relatively well studied aetiology, but involving multiple 

bacterial serotypes, for instance, typically provides only partial protection in sheep, 

with studies reporting vaccine efficacies of 46.8-83% (Hindmarsh et al. 1989), 73-100% 

(Liardet et al. 1989) and 62% (Duncan et al. 2012).  

A considerable body of research is underway to investigate the most efficient BDD 

management strategies, including sterilising hoof trimming equipment and gloves 

(Sullivan et al. 2014, Angell et al. 2017), the use of non-hazardous active ingredients as 

topical therapies (Smith et al. 2014) or in footbaths (Schultz and Capion 2013) and 
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changes in housing and animal management techniques (Smith et al. 2014). However, 

none of these are likely to provide the ultimate solution to BDD. A vaccine, if 

sufficiently able to reduce disease burden within individual animals and within herds, 

will probably be the most effective means of disease control, although complete 

disease control in outbreak situations is likely to additionally require ancillary 

treatments, as is necessary in the control of ovine footrot.   

The reverse vaccinology (RV) pipeline, although yet to prove itself beyond the MenB 

vaccine as a means of developing licensable, clinically utilisable vaccines, represents a 

logical and relatively easily navigable path towards vaccine development. RV has been 

successfully applied to the development or promising vaccines against a number of 

bacterial and viral diseases, is able to confer at least partial protection in animal 

models, and it is likely that another commercial vaccine product will be forthcoming in 

the near future. As was demonstrated in Chapter 2, the fact that RV was able to 

identify so many targets is both its strength, and to some extent, its weakness. Such an 

approach therefore requires implementation of a subsequent pathway to identify 

irrelevant targets, which typically involves post-bioinformatic (i.e. laboratory-based) 

methods of deselection. In the present study, targets were originally identified in the 

BDD Treponema phylogroup 1 genome, selected for three reasons: i) a peptidase I 

cleavage site was identified in the amino acid sequence of these genes, and ii) they 

were predicted to encode a protein that adopted a β-barrel tertiary structure, and iii) 

homologous sequences were detected in the two other BDD treponeme phylogroups. 

These three features alone formed the basis of candidate selection. Thus, in total, 

fifteen targets were identified in the Treponema BDD phylogroup 1 genome that 

fulfilled these criteria, yielding forty-five targets in total across all three BDD-

associated Treponema phylogroups. Although the selection of forty-five vaccine 

candidates was not considered excessive, in-depth characterisation of each of these 

novel putative OMPs, owing to time constraints, was beyond the remit of the current 

study. Moreover, a large number of non-OM proteins have not been considered, 

including the secreted proteins, which have been previously been demonstrated to be 

highly effective in inducing an efficacious immune response (Andersen, 1994; Murthy 

et al. 2007). It is recommended that future studies should consider surveying the BDD-
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associated treponemes for secreted proteins and investigate their potential as vaccine 

candidates.   

On the basis of the bioinformatic analyses alone, it was unknown whether any of the 

putative OMPs were more likely than others to be able to illicit a protective IgG 

antibody response in bovids. However, since the probability of cell surface expression 

was considered to be substantial, these proteins were assumed likely to be susceptible 

to immune targeting by host antibodies.  At the time this project was undertaken, this 

method of candidate targeting was deemed to the most suitable, and this method of 

candidate selection, based on signal peptide cleavage site detection and β-barrel 

prediction, remains a valid approach (Baliga et al. 2017). Since the completion of this 

thesis, a range of new or updated bioinformatics programs have been described, with 

reportedly better β-barrel identification capabilities (Hayat et al. 2016, Tsirigos et al. 

2016). However, although we can be satisfied that the majority of the proteins 

selected are highly likely to be β-barrel proteins of the treponemal OM, given their 

high β-sheet secondary structure content (as demonstrated by CD spectroscopy), 

confirmation of surface expression should be sought. A more detailed analysis of their 

precise cellular location, using detergent solubilisation and phase partitioning of live 

BDD-associated treponemes (Stevenson et al. 2007) or the employment of fluorescent 

techniques to detect these putative OMPs on the surface of viable treponemes, is 

advised prior to any commencement of vaccine efficacy trials. At the very least, the 

putative OMPs under investigation must be shown to be expressed by the BDD-

associated treponemes using proteomics analyses. Without data demonstrating that 

these putative OMPs are indeed expressed by Treponema, their validity as vaccine 

candidates remains only speculative.  

Not all of the original 45 candidates identified in Chapter 2 were successfully evaluated 

using the pipeline described herein. Candidates were gradually eliminated for technical 

rather than biological reasons; little attempt was made to troubleshoot PCR 

amplification and expression failures for example, leading to a final panel of 32 

successfully prepared TRPs suitable for further evaluation. This reflects the high-

throughput nature of this RV pipeline. The bioinformatics phase was however devised 

to be preferentially sensitive, rather than specific, and in addition to signal peptide 
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cleavage site discrimination, included three different β-barrel prediction programs, 

with selection of a gene being dependent on its classification as a β-barrel protein by 

any one of these programs. Further bioinformatics examination of the amino acid 

sequences, and in particular, PDB homology searches, revealed that the majority of the 

original 15 targets identified were indeed homologous to β-barrel OMPs in other 

species of bacteria. The additional use of three subcellular localisation programs, again 

used in parallel to maximise sensitivity, broadly confirmed these findings. Of the 

proteins that were successfully expressed, refolded and purified, all but two TRPs were 

demonstrated to comprise predominantly of a β-sheet secondary structure, consistent 

with a β-barrel tertiary structure. However, some of these proteins additionally 

demonstrated a shift in electrophoretic mobility upon heating, and it is these proteins 

for which the strongest evidence of successful refolding has become available. Not all 

β-barrel OMPs are heat modifiable, and in the absence of this feature, only the CD 

spectroscopy is available to judge the likelihood that these proteins are indeed β-

barrel OMPs, as well as the extent of refolding efficiency. It would be of considerable 

value, given the analytical limits of far UV CD spectroscopy, to attempt to confirm the 

tertiary structural conformation of these recombinant proteins using Nuclear Magnetic 

Resonance spectroscopy or X-ray crystallography. However herein we have used 

functional data presented in Chapter 4, to provide further evidence of successful 

refolding. It was argued in Chapter 6 that a folded, rather than unstructured protein, 

represents the most desirable vaccine candidate, since discontinuous epitopes 

constitute an important (perhaps the most important) class of immunogen. Therefore, 

building on a body of evidence including protein solubility, Far CD spectroscopy, 

evidence of function and, where possible, evidence of heat modification to indicate 

that these TRPs have successfully refolded, it would now seem prudent to confirm that 

these proteins are indeed folded, and thereafter, to develop an antigen delivery 

system capable of supporting this structural state.  

Pursuing our ambition to develop a multivalent vaccine, able to induce cross-

phylogroup functional antibodies, this study considered only putative OMPs that were 

homologous across the three groups as worthy of further investigation. This deliberate 

attempt to simplify the vaccine formulation came about in response to the need for a 
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vaccine to contain no more than six recombinant proteins, for reasons of commercial 

viability. Non-homologous proteins were therefore excluded, although these proteins 

themselves represent a huge and untapped resource. In addition, it is unknown 

whether one BDD-associated Treponema phylogroup should be considered to be of 

greater importance, pathogenically, than others. Presently, more research is needed 

given neither the precise aetiology of BDD nor the pathogenic mechanisms employed 

by which disease is instigated have been sufficiently clarified. Therefore, future work 

within this field will aid in a more complete understanding of BDD, and subsequently, a 

better definition of the most appropriate pathogenic and antigenic targets on which to 

base BDD vaccine design.  

A potential pitfall in the findings of the present study is the apparent lack of pathogen-

specificity associated with the majority of the OMPs selected. The possible implications 

of this finding have been discussed at length, both in Chapters 4 and 6. Logically, 

pathogen specificity is a highly desirable feature of any vaccinogen, and amongst the 

OMPs characterised here, only three homologous groups meet this criterion, with 

homologs of the remaining putative OMPs having been detected within the genomes 

of the GI tract treponemes, T. ruminis and T. rectale. However, each putative OMP 

represents a hitherto uncharacterised treponemal protein. BDD-associated Treponema 

spp. biology, and in particular, virulence, is poorly understood. This modest panel of 

proteins offers for the first time a chance to understand precisely some of the 

pathogenic mechanisms that the BDD-associated treponemes employ, including the 

mechanisms of colonisation via microbial adhesion.  

The immunological results of this investigation are difficult to explain. On the one 

hand, BDD serology has been shown previously to be typically concordant with both 

exposure and clinical status, yet the western blot analyses presented within this thesis 

revealed that an antibody response was detectable against the majority of the TRPs 

tested, even in animals that were considered to be BDD non-exposed (i.e. born, reared 

and housed on a farm known to be free of BDD). The fact that the immunological 

response to TRP489 and TRP350 was identified as concordant with disease status by 

ELISA led to the conclusion that of the proteins investigated, only these two proteins 

were pathogen-specific. TRP350 was included in the later immunogenicity trial (see 
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Chapter 6). Western blot analysis of the pre-immune calf again revealed evidence of 

IgG seroreactivity, although since these calves were derived from a farm known to be 

BDD positive, the presence of maternally-derived antibodies, or exposure to BDD-

associated treponemes in early life, may have accounted for this observation. 

Unfortunately, the BDD status of the cows during and immediately after pregnancy 

were not reported. In all other cases, the western blot analysis, as performed in 

Chapter 4, revealed the presence of some seroreactivity in both BDD non-exposed and 

BDD-exposed animals, and examination of these bands did not allow for clear 

discrimination between these two groups of animals. Whilst some degree of cross-

reactivity with commensal treponemes may account for these findings, the 

implications for vaccine design remain unknown. However, this finding potentially 

highlights the critical importance of these proteins to treponemal (or perhaps 

spirochaetal) survival, if presumed to be evolutionarily conserved across diverse 

members of the genus.  

In summary, there was no statistically significant difference between the BDD non-

exposed animals and the DD-exposed animals in terms of IgG seroreactivity for the 

majority of proteins tested, and upon western blot analysis, IgG1 bands were detected, 

with typically equal intensity, in both the BDD non-exposed and the BDD-exposed sera. 

Several explanations are offered for these results: i) IgG antibody cross-reactivity 

against other non-pathogenic treponemes, other spirochetes and other bacterial 

species, ii) exposure of the control animals to BDD-associated treponemes and iii) 

some degree of non-specific interaction between the TRPs and IgG serum components. 

As discussed in chapter 4, an anti-BDD treponeme response in control animals is 

unlikely; a clear serological distinction was made between the BDD non-exposed and 

the BDD-exposed sera in terms of IgG seroreactivity to the antigen preparations 

produced from BDD-associated Treponema spp., and sufficient evidence now exists in 

the published literature to dismiss this hypothesis (Demirkan et al. 1999, Vink et al. 

2009, Gomez et al. 2014). Conversely, homologs of the OMPs under investigation were 

detected in the GI tract treponemes, whereas closely-related structural homologs were 

additionally detected in other species of bacteria (see Chapter 2, section 2.3.7). Finally, 

it is difficult to exclude the possibility these putative β-barrel OMPs are ‘sticky’ 
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proteins, and this is presumably more likely if incorrectly refolded or partially 

unfolded. The question therefore arises as to whether antibody components of the 

immunoassay detection system are non-specifically adhering to the TRP-coated wells 

of the ELISA plate, and the TRP band of the nitrocellulose membrane (NCM). The fact 

that nearly all of the proteins demonstrate an ability to adhere to components of the 

ECM may additionally support this theory, and interpretation of these results must 

therefore be made with caution. However, in the antibody detection ELISA used to 

detect calf anti-TRP antibodies in Chapter 8, only immunised calves generated 

unambiguously positive results. Further investigation is required to elucidate the 

precise reasons for the Western blotting findings. 

In Chapter 5, the TRPs were investigated for adhesin-like properties, and their ability to 

bind specifically to a panel of ECM components was evaluated. Clearly, a propensity to 

adhere to fibrinogen was demonstrated in nearly all of the TRPs, which is in agreement 

with published data demonstrating that the BDD-associated treponemes demonstrate 

a high avidity for this component of the blood (Edwards et al. 2003). Given the 

significance of adhesins in early bacterial colonisation events, the vaccine-induced 

antibody blockage of these interactions may be sufficient to prevent the establishment 

of infection and dissemination of the treponemes deeper into the tissues of the foot. 

These data provide an interesting insight into some of the possible pathogenic 

mechanisms employed by the BDD-associated treponemes. Of additional interest, one 

TRP, TRP7, was shown to be capable of degrading the γ-chain of fibrinogen, indicating 

that this protein may be of particular importance to tissue invasion and/or nutrient 

acquisition. Surprisingly, this activity was not detected in the BDD-associated 

Treponema phylogroups 1 or 3, although whether this is for experimental, rather than 

biological reasons, remains to be confirmed.  

The immunisation trial itself was considered to be a success; the inoculation of TRPs 

induced a measurable anti-TRP IgG antibody response in vaccinated calves. The 

variability in response magnitude noted between calves, although clearly dependent 

on differences between individual animals, cannot be extrapolated. Thus, on the basis 

of these data, the ‘typical’ response to these TRPs, as would be expected across a herd, 

is unknown. Of considerable interest is the clear evidence of significant IgG antibody 
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cross-reactivity to the putative OMPs. Whilst the known homology between these 

proteins within the different vaccine formulations may account for some of this cross-

reactivity, it cannot account for all of it, nor it is known how extensive this cross-

reactivity is. For example, would inoculation with a single TRP elicit an IgG antibody 

response capable of targeting multiple treponemal OMPs? This is a question worthy of 

further investigation. It is also justified to study further the precise epitopes 

accountable for this cross-reactivity; a range of epitope prediction programs are now 

freely available to assist such an investigation (Potocnakova et al. 2016). 

The immunogenicity trial marked the final stage of the project and revealed that the 

majority of aluminium hydroxide-adjuvanted TRPs tested were capable of eliciting an 

IgG antibody response in bull calves. Two proteins, TRP7 and TRP1472, appeared to 

relatively very weak immunogens under the conditions of the trial. Immunisation with 

TRP7 induced only a weak IgG1 response in both animals, whereas immunisation with 

TRP1472 induced a weak IgG1/IgG2 response in one animal only. Interestingly, an IgG2 

response was detected to nearly all of the TRPs included in the vaccine formulations by 

ELISA, and fold-change, relative to IgG1, was generally higher. This is unexpected, since 

aluminium hydroxide is considered to be principally a promotor of Th2 polarisation, at 

least in mice and humans. The absolute antibody titres generated by vaccination were 

not quantified, although a mixed IgG1/IgG2 host response may prove to be an 

important correlate of protection against an infection which is considered to induce a 

Th2-polarised immune response. Vaccine multivalency has been associated with 

antigenic competition, which itself has been associated with a variable and suboptimal 

antibody responses of limited duration in vaccinated animals, a phenomenon not 

recognised to arise from monovalent or bivalent vaccine preparations. Since BDD-

positive cattle are likely to be infected with at least three different BDD-associated 

Treponema phylogroups in the field, it is currently expected that protection will only 

be conferred from a vaccine that elicits cross-protective antibodies against all three 

BDD-associated Treponema phylogroups.  However, the targeting of just one 

treponemal phylogroup may be sufficiently effective, as there may be a symbiotic need 

for infection with multiple species of Treponema to generate a BDD lesion. Antigenic 

competition may be driven by epitope immunodominance that may occur at several of 
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the recognition events that lead to antibody production (Hunt et al. 1995). Antigenic 

competition between epitopes has been demonstrated to arise during multivalent 

footrot vaccination, between fimbrial antigens (Schwartzkoff et al. 1993, Hunt et al. 

1994). Conversely, although the monovalent vaccines are capable of inducing long-

lasting protective antibody titres, they do not protect vaccinated animals against 

heterologous strains of D. nodosus (Dhungyel et al. 2013). Studies have demonstrated 

however a high degree of disease control when serotype-specific  mono- or bivalent 

vaccines are administered during an outbreak (Dhungyel et al. 2008, 2013). Antigenic 

competition may occur between structurally related and structurally unrelated 

proteins (Hunt et al. 1995), and the possibility that this phenomenon will similarly arise 

during BDD vaccine responses in cattle should be borne in mind should suboptimal IgG 

responses be identified. Sequential mono- or bivalent vaccination, with three month 

intervals, has been associated with successful footrot eradication (Dhungyel and 

Whittington 2009). It is unknown whether antigenic competition between co-

administered treponemal OMPs is likely to influence vaccine efficacy, although future 

efficacy trials should examine this possibility; antibody titres, if inadequate, will fail to 

interrupt bacterial colonisation and/or dissemination.  

Whether any of the original fifteen putative OMPs (and/or their homologs) should be 

exempted from further evaluation as BDD vaccine candidates, remains one of the most 

pertinent questions at this stage of the study. The most important criterion for further 

development as a vaccine candidate, given the extracellular nature of the aetiological 

agent, remains bacterial cell surface exposure. As already discussed, since no 

localisation studies have been conducted, surface exposure has been inferred by 

structural analysis. CD spectroscopic analysis of these TRPs, following refolding, 

revealed that one of the TRPs and its homolog comprised of predominantly α-helical, 

rather than β-sheet, secondary structure, a finding confirmed by secondary structure 

prediction from raw sequence. A predominant α-helical structure is incompatible with 

outer membrane insertion, and these proteins were subsequently disregarded as 

vaccine candidates, although later use, in Chapter 5, as non-OMP control proteins was 

of value. However, there were also discrepancies between the predicted secondary 

structure calculated by Phyre2 and the secondary structure predicted from CD spectra, 
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although since the refolded state of these proteins has been shown to be 

predominantly of a β-sheet composition, they were retained for further investigation.  

Since the antisera from TRP-vaccinated calves is available in our laboratory, it is 

recommended that these specimens be investigated for bactericidal activity and or 

treponemal aggregation capability. Whilst this is not always a correlate of in vivo 

protection, the presence of this activity would certainly be intriguing, and demonstrate 

the potential for one or more of the anti-TRP antibodies to confer resistance to 

disease. Of course, since the calves were inoculated with a heptavalent cocktail, 

deciphering which anti-TRP antibodies, if any, were responsible for such an effect, 

would be extremely difficult. Nevertheless, the use of an infection model to determine 

vaccine efficacy, preferably in cattle, but likely to be of equal relevance if undertaken 

in sheep, represents the next crucial step in development of a BDD vaccine. Vaccine 

efficacy must be demonstrated before considering large scale efficacy trials in cattle 

herds.  

7.1. Towards a vaccine for bovine digital dermatitis. Concluding remarks.  

The journey along the road of BDD vaccine development has been attempted, without 

success, on a number of occasions, and the need for such a vaccine is becoming 

increasingly urgent. Presented within this thesis is a panel of fifteen putative BDD-

associated Treponema OMPs, homologous across the three treponemal phylogroups 

implicated most frequently in the pathogenesis of digital dermatitis. Attempts to 

express, refold and purify these proteins has been met with varying degrees of 

success, but there still remain representative recombinant proteins from all but one of 

the fifteen homologous sets originally identified. One homologous set was clearly not 

predominantly of a β-sheet composition by CD spectroscopy and did not exhibit any 

ECM binding affinity; this protein should probably be discarded from the list of 

potential vaccine components. Only one set of TRP homologs (TRPs 489 and 350) 

exhibited evidence of pathogen specificity upon serological analysis, and an additional 

two TRPs and their homologs (TRPs 1472 and 740), whilst not detected within the 

genomes of the two commensal treponemes of the GI tract, were still seemingly 

capable of being recognised by the immune system of both BDD non-exposed and 

BDD-exposed cattle. As was discussed in Chapter 4, these data are insufficient to 
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preclude their use in trials of vaccine efficacy. This thesis also presented evidence to 

support the role of these TRPs in bacterial adhesion to the host. This function was 

observed, to some degree, amongst all of the TRPs tested, and fibrinogen binding was 

identified as a frequent and specific interaction partner for a significant number of the 

TRPs. In summary, presented within this thesis is a panel of TRPs, with a body of 

evidence that supports their classification as treponemal OMPs, to be considered for 

further investigation as BDD vaccine trial candidates.  
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