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Abstract 

Lawsonia intracellularis (L. intracellularis) is an obligate intracellular bacterium 

associated with enteric disease in pigs. Clinical signs include weight loss, 

diarrhoea and, in some cases, sudden death. The hallmark pathology is the 

thickening of the intestinal mucosa due to increased epithelial cell replication 

known as proliferative enteropathy. The diagnosis tools currently available for 

L. intracellularis often have limited sensitivity and differentiation of vaccine 

from field isolates is not possible. Furthermore, the immune response to L. 

intracellularis is not well defined and detection of the infection, especially in the 

early stages, is still a significant challenge.  In this thesis, I have investigated 

a number of potential new antigens that will help to gain a better understanding 

of the L. intracellularis infection adaptive immune responses, as well as to 

guide improvements in current diagnostic tools.  

Tools that can differentiate between vaccine and field isolates would be 

extremely helpful to veterinarians, and in this thesis, we have developed a 

‘differentiating infected from vaccinated animals’ (DIVA) qPCR based on the 

genomic differences found between the wild type strains, the Enterisol® Ileitis 

(Boehringer Ingelheim Vetmedica) vaccine strain and the vaccine parental 

strain. 

My research has also investigated the pathogenesis of L. intracellularis in 

different environments by using in vitro culture under different conditions and 

in vivo in two pig trials.   

To summarise, as we have gained this knowledge about the bacterium and its 

pathogenicity, we have increased the power of diagnosis to guide appropriate 

interventions of L. intracellularis infection, a disease that threatens the 

sustainability of the pig industry worldwide through impacts on the welfare of 

animals and the economics of production. 
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Lay summary 

Lawsonia intracellularis (L. intracellularis) is an intracellular bacterium 

associated with gastrointestinal disease in pigs, including weight loss, 

diarrhoea and, in some cases, sudden death. The infection causes the 

thickening of the intestinal wall due to increased cell growth which leads to 

intestinal malfunction. Being able to diagnose the infection is important for 

veterinarians and pig farmers because this bacterial infection has an economic 

impact as pigs take longer to reach slaughter weight or die unexpectedly which 

costs the farmer more money. The disease also impacts on the welfare of the 

animals infected.  

Unfortunately, the diagnosis tools available for L. intracellularis are not too 

sensitive and cannot differentiate between vaccinated or infected pigs. Also, 

the pig’s immunological response to L. intracellularis is not well known. In this 

thesis, I have investigated a number of new proteins that will help understand 

these responses. Furthermore, we have developed a new tool to determine 

which  L. intracellularis strains a pig’s stool contains. 

This thesis has also investigated the infection process of L. intracellularis in 

both controlled laboratory settings and in its natural host.  

To summarise, as we have gained this knowledge about the bacterium and its 

behaviour, we have improved the ability to diagnose L. intracellularis infection, 

a disease that reduces pig productivity and contributes to an economic burden 

for pigs farmers worldwide.
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1.1 Background 

The obligate intracellular bacterium Lawsonia intracellularis (L. intracellularis) 

has been associated with enteric disease in various animal species but it is of 

greatest importance in pigs1-6. In 1931, a clinical presentation in pigs, 

characterised by diarrhoea, weight loss and, in some cases, sudden death, 

was described for the first time7. In 1953 the disease was given the name 

proliferative enteropathy (PE) to reflect the main pathological changes, i.e. 

proliferation of crypt enterocytes8. However due to difficulties culturing the 

newly identified bacterium in vitro, it was not until the early 90s when it was 

properly characterised9,10. The bacterium was named eventually L. 

intracellularis in recognition of G. H. K. Lawson, the discoverer of the 

bacterium9. Since then, PE has emerged as a disease of economic 

significance to the pig industry causing clinical disease in a wide age range of 

pigs.  Economic impact assessments vary depending on the country of origin 

and clinical subtype but, overall, they indicate a potential for significant 

financial impact if L. intracellularis infection is highly prevalent1-3,5. 

L. intracellularis infection is commonly associated with diarrhoea and weight 

loss in pigs and foals. Over the last few years, sporadic L. intracellularis 

infection has been also identified in a variety of other animal species including 

chickens, farmed ostriches, deer, ferrets, dogs, guinea pigs, foxes, rabbits, 

rats, rhesus monkeys, hedgehogs, giraffes, calves and emus11-16. 

Experimental trials of cross-species infection involving hamsters and horses 

conducted in Canada15,17 confirmed that different L. intracellularis isolates are 

species-specific although cross-species transmission could be demonstrated 

under extreme laboratory conditions. To date infection of humans with L. 

intracellularis has not been recorded. 

Diagnosis of L. intracellularis infection remains a challenge for pig practitioners 

and producers. Infection can be subclinical but, even when clinical signs are 

apparent, diagnosis may be complicated by the fact that several pathogens 

can have similar clinical presentations, e.g. Brachyspira hyodysenteriae, 

Salmonella enterica serovar Typhimurium and porcine circovirus type 2 

(PCV2)18-20. The scarcity of suitably validated detection tools21-23, together with 

a lack of pathognomonic clinical signs24 and intermittent shedding of bacteria, 

can hinder confident and meaningful diagnosis. The use of antimicrobials as 
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treatment and prevention has been a widely used technique, but there is 

increased concern of antibiotic resistance25. This has driven some countries to 

enforce rules about the use of antibiotics in commercial farms26 and has led to 

an increased use of vaccines.   

Several studies regarding the prevalence of L. intracellularis in different 

geographic locations have been performed3,27-31. Between 2008 and 2009, 174 

farrow-to-finishing farms were studied across England and an increment in L. 

intracellularis antibody positive pigs was observed with increasing age of the 

pigs; the seroprevalence at 11 weeks was 24.7%, which increased to 93.3% 

in 24 weeks old pigs29. In 2008, a study determined that although the L. 

intracellularis seroprevalence in Scottish finishing pig farms was at least 90%, 

most of the farms involved in the study did not report any clinical cases of 

porcine PE suggesting a high prevalence of subclinical L. 

intracellularis infection in this region32. On a global basis, high L. intracellularis 

antibody prevalence rates have also been reported in pig dense areas like the 

USA (91%) and Denmark (94%)29,30,33,34.  

Ileitis is not always a fatal disease, however shedding of the bacteria in the 

faeces increases pig-to-pig transmission and impacts pig production due to 

increased morbidity, mortality, reduced feed conversion rates, treatment cost 

and lower weight gains3,28,29,35. All this results in an increased cost of 

production which can reach up to £5 per pig based on economic modelling 

studies carried out in 201334.  

1.2 Disease characteristics 

1.2.1 Clinical signs 

Clinical signs of L. intracellularis infection in pigs have been well documented. 

The disease generally manifests in one of two ways clinically, acute PE or 

chronic PE, or the infection may remain subclinical36-38. 

1.2.1.1 Acute PE 

In the most fulminant (and less frequent) form, L. intracellularis infection can 

be associated with the sudden death of pigs, of greater than four months of 

age, due to severe and acute haemorrhage into the intestinal tract, variably 

known as proliferative haemorrhagic enteropathy or acute PE39,40. In these 

severe cases, pigs may exsanguinate prior to the development of diarrhoea, 
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so that the only other clinical sign may be anaemic pallor. However, in more 

prolonged cases, melena or haematochezia are appreciable36. The mortality 

rate for acute PE ranges from 12 to 50% and is more typical in replacement 

breeder animals16,41-43. 

1.2.1.2 Chronic PE  

The chronic form of PE causes non-haemorrhagic diarrhoea (i.e. grey/green, 

semi-solid to liquid faeces), weight loss, or reduced rates of weight gain in 

younger pigs, but clinical signs are often subtle and diarrhoea may not even 

be present44. Affected pigs range from 6-16 weeks of age and are often in 

suboptimal to poor body condition, with a normal to dull demeanour.  Though 

widely known as chronic PE, this subtype is also termed porcine intestinal 

adenomatosis, proliferative ileitis, or just ileitis8,36,39. Chronic PE is generally 

not fatal and recovery within several weeks is the norm36,45. The mortality rate 

fluctuates around 2% and death is generally due to secondary infections. 

However, faecal shedding of L. intracellularis increases the likelihood of pig-

to-pig transmission, negatively impacting morbidity, feed conversion rates, 

treatment cost and time to slaughter3,41,46,47. 

1.2.1.3 Subclinical infection  

Subclinical infection is usually characterised by reduced growth rates and 

increased feed conversion rates, in the absence of other clinical 

signs8,16,37,45,48-50. Although subclinically infected pigs do not usually have 

diarrhoea, they still generally have histological lesions, shed the bacterium and 

may remain a source of infection for other pigs51. Studies to account for the 

dichotomous outcome of L. intracellularis infection, i.e. subclinical infection 

versus overt clinical signs (including acute or chronic PE), are lacking to date.  

1.2.2 Lesions 

1.2.2.1 Macroscopic lesions 

Lesions associated with L. intracellularis infection can occur at all levels of the 

intestinal tract. They are typically localised in the terminal ileum from where 

they may extend distally to the colon and caecum, or proximally to the distal 

jejunum52-54. The intestinal mucosa may become thickened by raised islands 

of the mucosa (originally described as polyps)7. In more severe or advanced 

cases, the islands coalesce, resulting in a mucosa that has a thickened, 



 

17 

corrugated or cerebriform appearance (Figure 1A). In some cases, there is 

focal necrosis, with superimposed yellow/grey deposits of fibrin and cellular 

debris (Figure 1B)55. Secondary infection may lead to necrotic enteritis, 

characterised by coagulative necrosis and superimposed fibrin. If the pig 

survives, the necrotic tissue is replaced by granulation tissue. This is known 

as regional ileitis or, more colloquially, “hosepipe gut”56. The mucosal 

thickening is common to both the acute and chronic forms of PE but only in 

acute PE does the intestinal content consist of blood, including blood clots, 

free blood and fibrin, the exact origin of which remains unclear. While highly 

suggestive of PE, these lesions are not solely indicative of L. intracellularis.  

For example, the gross features of PCV2 enteritis can be very similar to the 

necrotising form of PE57. Pigs may also be infected in the absence of 

macroscopically appreciable lesions or lesions may be small and focal, and 

thus are easily overlooked postmortem58. Diagnosis may also be hampered if 

PE is masked or complicated by other diseases, such as salmonellosis or 

swine dysentery19,44. 

1.2.2.2 Microscopic lesions 

The microscopic lesions are very characteristic and generally pathognomonic, 

unless mild, infrequent or complicated by secondary or concomitant infections.  

The lesions have been well characterised previously and, commonly, consist 

of hyperplasia of crypt enterocytes with the formation of elongated dilated and 

branching crypts. The hyperplasia is accompanied by increased mitoses and 

a reduction in, or complete loss of, goblet cells (Figure 1C), i.e. a loss of 

differentiation of the mucosal epithelial population55,59. However, crypt 

hyperplasia is not specific to L. intracellularis and can also occur as a non-
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specific reactive or regenerative change in the face of mucosal 

injury/ulceration60,61. 

When L. intracellularis infects crypt enterocytes, it provokes an increase of the 

mitosis rate up to a 3-fold, resulting in cell hyperplasia and increased numbers 

of immature enterocytes. Infiltration of immune cells such as macrophages, 

neutrophils, eosinophils and small numbers of well differentiated lymphocytes 

are observed in the lamina propria but also can be present in the submucosa 

in severe cases62. The time from infection to peak hyperplasia of enterocytes 

is approximately 21 days11.  

In affected areas of the ileum, there is a loss of normal villus structure with 

reduction in villus length as a consequence of the lack of normal differentiation 

Figure 1: Lawsonia intracellularis infection and associated pathology. A) Pig ileum from a case 
of acute proliferative enteropathy. The lumen is filled with clotted blood and the exposed 
mucosa is markedly thickened and corrugated. B) Pig ileum from a case of acute proliferative 
enteropathy. The blood clot has been removed to expose the highly corrugated mucosa. A 
severe case of chronic PE would appear grossly similar, lacking only the intraluminal blood 
clot. A-B courtesy of Easter Bush Pathology (RDSVS) C) Dramatic enterocyte hyperplasia in 
the wall of an intestinal crypt from a case of proliferative enteropathy, in which there is also 
goblet cell depletion. Hematoxylin and eosin; 20X. D) PK15 cells infected with Lawsonia 
intracellularis. L. intracellularis is labelled with a specific monoclonal antibody and detected 
with AlexaFluor594 (red), further annotated with white arrows. PK15 actin is labelled with 
phalloidin-495 (green) and nuclei are labelled with DAPI (blue). Immunofluorescence with 
confocal microscopy; 40X. 
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and inflammation. This reduces the overall absorptive surface area and the 

organisation of hyperplasic enterocytes within normal intestinal crypts63. The 

immature enterocytes are poorly functional, contributing to the malnutrition and 

reduced weight gain of infected pigs. The number of goblet cells expressing 

MUC2 in the crypts is reduced during L. intracellularis infection and their 

activity is inversely associated with the abundance of bacteria in the crypts55,59. 

It has been also shown that there are changes in mucin production by the 

goblet cells as a consequence of the inflammation64. Different mucin 

expression levels during L. intracellularis infection have been related to the L. 

intracellularis burden in pigs59 but not much is known about changes in 

function. Modifications in the expression of some cell proliferation molecules 

at the peak of infection, such as MYC, ASCL2 and ISC, have been described65. 

The relationship of these genes has been proposed to be linked to upregulation 

of Notch-1 signalling, which could derive in cell differentiation, the induction of 

crypt cell regulation and the inhibition of goblet cell maturation65. 

Table 1. Characteristics of porcine intestinal adenomatosis (chronic PE), proliferative 
haemorrhagic enteropathy (acute PE) and subclinical L. intracellularis infection36-38. 
 
 

 
 

 

 

 
Age of 

affected 
pigs 

Clinical signs Gross lesions 
Mortality 

rate 

Chronic 
PE 

6-20 weeks 

• Semi-solid to liquid 
diarrhoea 

• Visible decrease in 
body condition 

• Markedly 
thickened 
intestinal wall 

• Moist surface 

• Necrosis 

<2% 

Acute PE 12-20 weeks 

• Semi-solid to liquid 
diarrhoea with blood 

• Visible decrease in 
body condition 

• Acute mortality 

• Markedly 
thickened 
intestine wall 

• Presence of 
blood 

12-50% 

Subclinical 6-20 weeks 

• Increased feed 
conversion rate 

• Reduced weight 
gain 

• Weight variation 

• Slightly 
thickened 
intestinal wall 

0% 
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1.3 Characteristics of L. intracellularis 

 

L. intracellularis is a Gram-negative, obligate intracellular, 1.25-1.75 µm long 

and 0.25-0.43 µm wide, non-spore forming curved bacterium that belongs to 

the Desulfovibrionaceae family66. L. intracellularis is considered a monotype 

bacterium with only one species within the taxon17. Nonetheless, the difficulties 

associated with natural cross-species infection have raised the possibility of a 

redefinition of the L. intracellularis taxon. However, the lack of available L. 

intracellularis sequences from different host species makes this work difficult.  

To phylogenetically classify the bacterium, a partial genome library of L. 

intracellularis was established in 199867. The groE operon and its flanking 

sequences, a total of 720 base pair (bp), were used to identify conserved 

sequences in previously published bacterial genomes including Escherichia 

coli, Bacillus subtilis and Neisseria meningitidis67. The genes of this operon 

are one of the most conserved in Eubacteria and encode for two different 

molecular chaperonins, GroES and GroEL. These chaperonins are essential 

for the folding and correct assembly of polypeptides in all types of organisms. 

The genes are activated under stress or heat shock conditions allowing 

bacterial growth at different temperatures68,69. 

1.3.1 Genomic characterisation of L. intracellularis obtained 
from pigs 

Not many studies have been published aiming to gain a better understanding 

of L. intracellularis from a genomic point of view. In 1993, six isolates obtained 

from ileum samples from Scottish pigs suffering from PE10 were sequenced 

and phenotypically and phylogenetically compared based on the 16S gene. 

The results indicated the presence of a common L. intracellularis strain9,15. 

One of the obtained strains, National Collection of Type Cultures (NCTC) strain 

12656, was established as the reference L. intracellularis strain9.  

Later on, in 2005, the whole genome of L. intracellularis strain acute PE/MN1-

00 (NC_008011.1), isolated from a wild boar in Minnesota, USA, was 

sequenced for the first time using Sanger techniques70. This genome was 

1,719,014 bp and arranged as a single circular chromosome with three 

plasmids (Figure 2). In 2013, strain N343 (NC_020127.1) from a UK pig was 
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characterised and had an overall homology of 99% with acute PE/MN1-00, 

with 90 small insertions or deletions (indels) and 24 single nucleotide 

polymorphisms (SNPs)71. 

In vitro passage studies using McCoy cells indicated that L. intracellularis loses 

its pathogenicity between passage (P) 20 and P4072-74. This was confirmed in 

pigs by evaluation of enteric lesions at day 28 post infection74-76. When pigs 

were infected with P20 or P40 of L. intracellularis acute PHE/MN1-00, 

proliferative enteropathy symptoms were not present in the P40 pigs in 

contrast to P20 pigs that showed typical PE clinical signs74. In 2012, a 

comparative genomic analysis of P10 and P60 of acute PHE/MN1-00 indicated 

that, although there were exclusive genes in both isolates, the genomic 

changes could not explain the previously observed differences in 

pathogenicity, suggesting the presence of a non-specific silencing mechanism 

of pathogenicity genes in P60 isolates73. Nevertheless, transcriptomic analysis 

of P10 and P60 of acute PHE/MN1-00 isolates indicated differences in the 

translation of proteins in particular regions, such as ABC transporters and 

specific transcriptional regulators73. Changes in the P60 isolate occurred 

mainly in the expression of genes related with cellular processes, small 

molecule and macromolecular biosynthesis, cell division, cell membrane, 

motility and stress responses including suppression of plasmid 1 which is 

involved in membrane transport, cell division, adaptation and stress 

responses73. In a follow-up study in 201372 new differences between P10 and 

P60 of L. intracellularis acute PE/MN1-00 were identified on a prophage-

associated island located on the chromosome with a deletion of more than 

Figure 2: Circular genome map of L. intracellularis PHE/MN1-00 showing 1 chromosome and 
3 plasmids16. From the outside to the centre, the first circle represents genes on the forward 
strand and the second indicates genes on the reverse strand (both strands coloured by COG 
categories). RNA genes are shown in green (tRNA), red (rRNA), and black (other RNAs). The 
yellow and pink internal plots indicate G þ C content and G þ C skew, respectively.  
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10kb in P6072. This deletion comprises 15 genes including the DLP12 

integrase gene, an endonuclease gene and a ribosomal protection tetracycline 

resistance protein gene. In E. coli the DLP12 integrase gene is responsible for 

inducing biofilm formation and the lysis of the host cell, thereby releasing the 

bacteria77 and could have a similar role in L. intracellularis, though this still 

requires confirmation. Interestingly, DLP12 is not present in L. intracellularis 

isolates obtained from horses or rabbits perhaps suggesting a role in species 

specificity rather than virulence72. In 2020, a paper by Bengtsson et al78 

published an extensive metagenomics analysis of different clinical L. 

intracellularis cases from around the word. This study showed the low genome 

variety amongst the L. intracellularis analysed and drew for the first time a 

phylogenetic tree that showed three separated clades, one included all the pig 

strains and the two other included different horse strains. Furthermore, they 

also highlighted the prophage deletion previously described78,79. 

1.4 L. intracellularis culture systems 

The diagnosis of many bacterial infections involves bacterial culture80 but this 

has never been an option for L. intracellularis. In vitro propagation of L. 

intracellularis is extremely difficult and considered one of the main challenges 

associated with L. intracellularis research. The main reason for this is that L. 

intracellularis is a strictly intracellular bacterium and only a few labs in the world 

have established in vitro culture systems10,74,81. L. intracellularis is commonly 

propagated within rat small intestinal cells (IEC-18) or murine fibroblast-like 

McCoy cells (ATCC CRL 1696)81 in a tri-gas atmosphere (80% N2, 10% H2 

and 10% CO2)82,83 at 37°C in the presence of antibiotics (either neomycin, 

gentamicin, or vancomycin). The culture method, optimised from the first 

descriptions, resulted in an alternative method using Original Space Bags 

inflated with the gas mixture rather than the conventional use of an anaerobic 

jar83. It has been shown that the number of bacteria in culture decreases after 

10 days, with subcultures required every 3 to 9 days84. L. intracellularis 

cultured in porcine PK15 epithelial cells and imaged by immunofluorescence 

is shown in Figure 1D. 

It has also been shown that the bacteria are able to infect several types of 

mammalian cell lines under the described cultured condition85. However, 

phenotypically, L. intracellularis behaves differently in vitro compared to in vivo 
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infection. When cultured L. intracellularis does not cause an increased rate of 

proliferation in infected cells85. Reasons for this could include a lack of 

necessary interactions with other cells including cells of the immune system or 

goblet cells. This absence of rapid cell turn-over could be one of the reasons 

why the viability of L. intracellularis in culture is limited. In the last year, the use 

of swine enteroids has been presented as a strong alternative to cell cultures 

as they present a more realistic representation of the intestinal niche where L. 

intracellularis infects in the hosts86. Nonetheless, the full potential of this 

system is still under evaluation. 

1.5 Animal models 

Laboratory hamster and rabbit models are commonly used to study L. 

intracellularis infection 87,88. Hamsters have previously been shown to be a 

good in vivo model for pigs. PE is naturally present in the hamster population 

and caused by a hamster-specific L. intracellularis strain89. Moreover, 

hamsters can also be infected with the pig L. intracellularis strain acute 

PE/MN1-00 (NC_008011.1)15. Similar to pigs, infected hamsters develop 

diarrhoea and weight loss associated with severe hyperplasia of the terminal 

ileum84,89. Rabbits have been demonstrated to be a good horse model and 

clinical signs can be demonstrated in rabbits infected with L. intracellularis 

strains obtained from horses12,88. 

1.6 L. intracellularis transmission 

The bacterium is excreted in the faeces for approximately 14 days after 

infection87,90 and therefore, L. intracellularis is mainly transmitted via the 

faecal-oral route. However, some data have suggested an intermittent 

shedding of the bacterium up to 14 weeks after infection independent of the 

bacterial strain used24. After infection, L. intracellularis needs around 5 days to 

reach the small intestine and to invade immature enterocytes in the intestinal 

crypts via an entry vacuole91. This process is not fully understood but a unipolar 

flagellum, identified in the extracellular form of L. intracellularis during in vitro 

cultures92, is suspected to have a role in cell invasion93. Alternatively, the type 

III secretion system (T3SS) could be involved in L. intracellularis escape into 

the cytoplasm similar to Shigella infection93,94. The precise pathway of 

activating mitosis has not yet been elucidated17. A recent study has shown that 

transmission between mice and pigs is possible when a sufficient number of 
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L. intracellularis were ingested in faeces95. Interspecies transmission could 

have a major role in epidemiology and transmission on farms where there is a 

high population of rats, cats and mice6,95,96. 

1.7 Pathogenesis 

Today, the way L. intracellularis causes disease is still a big unknown for the 

scientific and veterinary communities. Different approaches have taken place 

trying to elucidate different genes that could be involved, with some having 

been described in the genomic characterisation part of this introduction78,79. 

These studies focused on the pathogen and their genomes and produced a 

list of genes or regions that had mutations in the non-pathogenic L. 

intracellularis strain, suggesting potential pathogenic roles79. 

A study investigating RNA expression changes in porcine enterocytes infected 

with L. intracellularis was performed using laser microdissection97. This paper 

gave us an insight into the host cell transcriptional changes and proposed a 

model of host-pathogen interactions (Figure 3). In brief, the investigators 

observed that in infected enterocytes there was upregulation of genes involved 

in copper uptake, a toxic metal for bacteria, suggesting a host defence 

mechanism. In parallel, they detected an upregulation of L. intracellularis 

genes involved in oxidative stress protection mechanisms, such as sodC or 

the rubrerythrin-rubredoxin operon79. 

Figure 3: Proposed model for L. intracellularis host-pathogen interaction by Vannucci et al 
in 201397. Infected enterocytes presented down-regulation (red) and up-regulation (green) 
of genes involved in nutrient acquisition and MHC class I genes. On the other hand, L. 
intracellularis showed high expression of genes included in the oxidative stress protection 
system amongst others. 
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While the clinical signs for L. intracellularis infection in pigs are common 

between several infectious diseases as discussed above, the mechanisms 

underlying these outcomes are different. For example, in the case of Shigella 

the infection establishes through M cells in the colon, and is able to efficiently 

invade colonic epithelial cells from the basolateral face. The spread of the 

infection occurs by cell-to-cell transmission, something that is still unknown 

about L. intracellularis. Furthermore, Shigella modifies its host cell upon entry 

using its T3SS by delivering effector proteins that generate actin remodelling 

and polymerisation that ultimately leads to the uptake of the bacterium98. Once 

Shigella has entered the cell, there is a second wave of effectors involved in 

changes in host membrane trafficking, autophagy, inflammatory and death 

signalling, and epigenetic modifications among other processes like 

intracellular motility and intercellular dissemination that promote bacterial 

survival, replication and spread to surrounding cells99. 

Another example of how intracellular bacteria cause pathogenesis in the gut is 

non-typhoidal Salmonella Typhimurium infection. In this case, Salmonella 

colonises the final part of the small intestine where it uses type 1 fimbriae, a 

type of adhesin, to attach and invade epithelial cells100. Furthermore, 

Salmonella Typhimurium carries several virulence genes, such as those 

encoded in the Salmonella Pathogenicity Island 1 (SPI-1), which play a role in 

mediating invasion and therefore are crucial for the colonisation of the 

gut101,102. 

1.8 Immune response 

The immune response to L. intracellularis is still not well defined in healthy 

pigs, and pigs developing chronic PE or acute PE. However, some research 

has elucidated some immune responses against L. intracellularis97,103-108.  

Innate immunity is the first line of defence and, in pigs, the first signs of a 

general inflammatory response are expected 2-3 days post infection109. In 

chronic PE, the absence of an inflammatory response including the relative 

dearth of immune cells in affected areas could be a consequence of bacterial 

inhibition105,110. In contrast, during acute PE some authors have described an 

immune response characterised by increased numbers of macrophages in the 
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mucosa, as well as high levels of pro-inflammatory cytokines38,111. The reason 

for these differences is still unknown38,105,112-114.  

The cell-mediated immune response to L. intracellularis is still poorly defined. 

However, type 1 cytokine levels are often altered; for example, increased 

levels of interferon-gamma (IFN-γ), interleukin-6 (IL-6), interleukin-10 (IL-10), 

transforming growth factor beta (TGF-β) and tumour necrosis factor (TNF) 

have been reported113,115. Insights into the L. intracellularis specific IFN-γ-

producing cell responses have been published using the enzyme-linked 

immunospot (ELISpot) assay for IFN-γ detection as well as the use of IFN-γ 

receptor knockout mice105,108,114-117. These studies have concluded that IFN-γ 

is elevated in infected pigs from 10 days post infection, peaking at 20 days 

post infection, which is earlier than the other cytokines (Figure 4). They have 

also demonstrated that IFN-γ plays a role in the control of L. intracellularis 

infection since mice lacking IFN-γ receptors are unable to control 

infection116,117. These cytokine changes may be of use diagnostically in the 

future if faster and more inexpensive tools to detect cytokines become 

available, but defining L. intracellularis infection specifically with such readouts 

alone would be impossible unless unique signatures are demonstrated118. 

With respect to humoral immunity, specific antibodies have been detected in  

sera, intestinal mucosa and faeces of pigs experimentally infected with L. 

intracellularis114. Antibodies were also detected in oral fluids in pigs naturally 

infected with L. intracellularis119-121. Circulating and/or faecal antibodies may 

have some potential for diagnostic purposes, as they may indicate previous 

exposure to L. intracellularis. Furthermore, in the case of vaccinated and field 

infections, the main antibody isotypes are IgG, IgM and IgA and, hence, 

diagnosis based on antibody types or levels between vaccinated and natural 

infected pigs is not possible113. L. intracellularis-specific IgG and IgM 

responses can be detected in serum 2 weeks after infection (Figure 4), peaking 

at 3-4 weeks and remain detectable for up to 13 weeks post infection42,113. IgG 

responses can be indicative of an active infection, vaccination or colostrum 

intake.113,122-124 On the other hand, while faecal shedding of IgA has been 

observed, the concentration of IgA bears no relationship to the concentration 

of serum IgG112,113,125. The mechanism by which IgA is involved in bacterial 

clearance is unknown113,125. 
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Furthermore, it has been reported that L. intracellularis infection leads to 

downregulation of CD2, a co-receptor involved in the activation of CD8+ T 

cells16. This may interfere with the humoral immune response. Overexpression 

of the major histocompatibility complex class I (MHC I) in L. intracellularis 

infected enterocytes indicates that these cells are able to present peptides to 

the immune cells97. In L. intracellularis infected pigs, infiltration of CD8+ and 

CD25+ T cells into gut tissues is commonly observed106 and macrophages 

frequently contain L. intracellularis inside vacuoles, suggesting they are 

involved in clearance64. 

Although the full protective role of antibodies remains unclear, there is 

increasing interest in exploring specific antigens that might be appropriate for 

future vaccine development and induction of specific antibodies against the L. 

intracellularis. Some studies have explored the immune recognition of 

predicted L. intracellularis T3SS proteins (LscQ and LscN)126 as well as the L. 

intracellularis autotransporter (LatA)127, and the L. intracellularis haemolytic 

protein A (LhlyA)128, using serum from infected animals. Exhibiting stimulation 

of the immune system in natural infections. This highlights the potential of 

Figure 4: Detection of L. intracellularis infection. (A) This figure includes the earliest time post 
infection when each technique is capable of detecting infection. The underlined techniques 
are those most widely used in diagnostic laboratories globally. (B) Graphical representation of 
the course of L. intracellularis infection, clinical signs, immune reaction and adaptive immune 
response. Solid Blue line: Clinical signs with interventions. Dash Blue line: Clinical signs 
without interventions. Orange line: IFN-γ detection. Solid black line: Faecal shedding detection 
without interventions. Dash black line: Faecal shedding detection with interventions. Green 
line: Total antibody response. 
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these proteins as recombinant vaccine components. In addition to aiding 

vaccine development, understanding the host immune response against a 

specific pathogen can also help in the development of specific diagnostic tests. 

1.9 Diagnosis of L. intracellularis infection 

Diagnosis of L. intracellularis infection is often hindered by lack of broadly 

validated diagnostic tools, difficulties in differentiating between vaccine and 

field strains, intermittent shedding of the bacteria in faeces and the need to 

combine several assays to get an accurate diagnosis. Furthermore, because 

of the lack of specific clinical signs during L. intracellularis infection, it is 

important to acknowledge that other pathogens that can cause similar clinical 

signs and/or gross lesions including PCV2, Salmonella spp and Brachyspira 

spp129,130. Research into improved diagnostic tools will allow veterinarians to 

better address ongoing issues, diagnose and appropriately treat cases as soon 

as possible. These will help prevent new infections, overall better health of the 

animals and decrease the use of nonspecific antibiotics. L. intracellularis 

diagnosis can be approached by demonstrating the presence of the bacteria 

or the presence of antibodies directed against L. intracellularis.  

1.9.1 Demonstration of L. intracellularis 

1.9.1.1 Isolation of the bacteria  

Culturing homogenates from intestinal content10 and tissue samples, from pigs 

showing clinical signs, can be used to detect L. intracellularis in a sample. 48 

hours after incorporating the sample into cell culture, L. intracellularis can be 

detected inside the cells by using specific stains. The major disadvantage is 

the known difficulty in culturing the bacteria as explained in Culture system 

section above. 

1.9.1.2 Stains 

1.9.1.2.1 Silver staining or Warthin-Starry stain 

In 1920, a silver nitrate based stain was first developed for improved detection 

of spirochaetes131. The stain works on the basis of the ability of spirochaetal 

organisms to absorb silver from solution, due to their distinctive double-layered 

envelope (diderm)132. In conjunction with knowledge of the preferred location 

of the bacterium within the intestinal crypt cells, the silver stain is a cost-

effective, often frontline method for confirming L. intracellularis infection. It is 
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also a readily available test used in most veterinary diagnostic 

laboratories132,133. However, there are disadvantages including low specificity 

(e.g. L. intracellularis cannot be distinguished from other curved bacilli, such 

as Campylobacter species) and reproducibility133. 

1.9.1.2.2 Immunohistochemistry (IHC) and immunofluorescence (IF) 

Immunohistochemistry (IHC) and immunofluorescence (IF) are two similar 

tests based on the same principle but using different labelling methods. 

Immunohistochemistry (IHC) has been well-reviewed in the general veterinary 

literature134-136 and the immunohistochemical detection of L. intracellularis 

antigen is now an established research and diagnostic tool137,138. The test 

result can be visualised using a chromogen, most commonly 3,3'-

diaminobenzidine which serves as a substrate for the catalyst horseradish 

peroxidase. In practice, it is mainly applicable to formalin fixed paraffin wax 

embedded tissue. The IF test, which uses a fluorescent label is less applicable 

to routine diagnostic use due to the requirement for fluorescence 

microscopy134,139. 

When IHC was first described in the context of PE in 1987, L. intracellularis 

bacteria (“Campylobacter-like organisms”) were detected in the intestinal 

mucosa and faecal smears from infected pigs and hamsters using a mouse 

monoclonal antibody generated by immunising mice with L. intracellularis140. 

This approach has subsequently formed the basis of what is now a commonly 

used technique for PE diagnosis and, over the years, other groups have 

generated their own monoclonal antibodies53,140-142. 

Immunohistochemistry (IHC) and immunofluorescence (IF) methods have 

proven to be the most reliable for postmortem diagnosis of PE53,58,133,143-145. 

Disadvantages of these antibody based techniques are that they require 

specialist equipment and appropriately trained staff to analyse and interpret, 

contributing further to costs. However, the main advantage of both IHC and IF 

over PCR is that they can correlate the presence of L. intracellularis with 

histological lesions.  

1.9.1.2.3 In situ hybridization 

In situ hybridization (ISH) using L. intracellularis-specific oligonucleotide 

probes allows a comparable, if more expensive, approach to IHC53 and can be 
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used on fixed tissue samples from infected pigs, similar to IHC. However, one 

study also found that fluorescent in situ hybridization (FISH) was more 

vulnerable to the effects of autolysis compared to IF when testing formalin-

fixed porcine intestinal tissue samples, effectively reducing the assay 

sensitivity53. Similarly to IHC, ISH requires specialist equipment and technical 

knowledge. Nonetheless, both IHC and ISH techniques are considered gold 

standards in the diagnosis of PE53. 

1.9.1.3 Detection of antibodies against L. intracellularis 

As introduced previously, IgG and IgM antibodies against L. intracellularis can 

be detected from around 14 days after infection (Figure 4) and have been 

shown to be present until at least 13 weeks post infection, in the case of IgG42. 

Demonstration of antibodies against L. intracellularis can be interpreted in 

three ways: I) pigs are actively infected and have developed a humoral immune 

response; II) pigs have passively received antibodies through dam colostrum; 

and III) pigs are vaccinated against L. intracellularis. Currently, serum is the 

most commonly used sample type and the only commercially available kit for 

diagnostic purposes detects total immunoglobulins without differentiation 

between IgA, IgM or IgG.  

1.9.1.3.1 Enzyme-linked immunosorbent assay (ELISA) 

Over the years, several ELISA test have been developed for detecting L. 

intracellularis antibodies in serum146-149. Most are competitive ELISAs, the 

major advantage of which is their ability to selectively detect the antibody 

recognised by the plated antigen that may be present, even in crude or impure 

samples. Only one kit is commercially available at time of writing, SVANOVIR® 

L. intracellularis/Ileitis-Ab (Boehringer Ingelheim Svanova, Uppsala, 

Sweden)146,150. This test is unable to quantify the response against L. 

intracellularis and the sensitivity may vary depending on the selected value of 

percent inhibition (PI). It has been shown that for a PI = 35, the test sensitivity 

is 72% and the specificity reaches 93%146. L. intracellularis-specific serum 

antibody responses, IgG and IgM, can be detected in serum 2 weeks after 

infection (Figure 4). They peak at 3-4 weeks and remain detectable for up to 

13 weeks post infection42,113. 
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1.9.1.3.2 Immunofluorescence assay (IFA) 

The IFA technique (IFAT) was first described for the detection of IgG 

antibodies in serum of pigs exposed to L. intracellularis and uses IF to detect 

antibodies rather than antigen151,152. Briefly, serum samples are applied to a 

plate to which L. intracellularis infected McCoy cells have been fixed. Following 

incubation and a series of washes, a detection antibody labelled with a 

fluorophore is added to the plate. Serial dilutions of serum samples are used 

to determine the concentration of antibodies directed against L. intracellularis. 

One disadvantage of IFAT is the need for a specialised fluorescence 

microscope. Furthermore, the generation of infected culture monolayers on 

slides for the test can take a long time (reaching high infection levels in culture 

takes 5-7 days)82. The principal advantage of IFAT is that results are measured 

as titres, which can be considered semi-quantitative. 

1.9.1.3.3 Immunoperoxidase monolayer assay (IPMA) 

The IPMA method is similar to the IFAT except that a colourimetric change is 

produced by the breakdown of a chemical substrate by a peroxidase 

conjugated to the secondary antibody. The major advantage is that the 

resulting brown stain, rather than fluorescent label, can be evaluated using a 

more readily available light microscope. Furthermore, another advantage is 

that the brown stain is usually more stable and lasts longer than fluorescent 

stains, which fade over time and have to be protected from light. The principal 

disadvantages of both techniques (IFAT and IPMA) are non-specific staining 

(IFAT more so than IPMA), low reproducibility, and the highly subjective 

interpretation of the results58,149,153. Although IPMA and IFAT are considered 

the most specific techniques for detection of L. intracellularis seroconversion 

compared to the commercial and other research ELISAs, both assays require 

a source of infected cells152,154,155. Thus, there is the need to culture L. 

intracellularis in vitro, which remains one of the consistent challenges in PE 

research145,152,154,155. 

1.9.1.4 Molecular diagnosis 

Amplification techniques such as standard PCR, real-time PCR and loop-

mediated isothermal amplification (LAMP) offer potentially rapid and sensitive 

ways to demonstrate the presence of L. intracellularis DNA/RNA in samples. 

The assays are commonly applied to faecal samples, rectal swabs or intestinal 
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samples156-162. Pigs experimentally infected with L. intracellularis are expected 

to show L. intracellularis shedding in faeces by 7 days post infection and may 

sustain shedding of the bacterium for up to 10 weeks after infection (Figure 

4)42,163. The gene target commonly used is the 16S ribosomal DNA gene (16S 

rDNA)158, although aspA157 and dnaA162 have been also used as a marker for 

L. intracellularis6,158,162. The use of ‘in situ’ amplification in tissue samples has 

also been reported and it could potentially be a good candidate to substitute 

for tissue IHC164. One of the main drawbacks of these techniques is the 

complex nature of the samples that are used, normally faeces. These samples 

can have problems with contaminants that can inhibit amplification165,166, 

though this can be overcome with careful selection of extraction methods.  

Molecular methods are capable of more rapid and accurate antemortem 

detection of L. intracellularis during the first stages of infection, but their 

reported sensitivities and specificities span a wide range167,168. Recently, two 

innovative amplification assays have been developed for the detection of L. 

intracellularis. The first is a real-time LAMP assay which allows quantification 

of bacteria in a single 60 min reaction, targeting a conserved region of the 16S 

rDNA gene161.  The second assay, initially described in early 2019, is a 

detection assay that combines an isothermal recombinase polymerase 

amplification of the L. intracellularis dnaA gene with the visual observation of 

the results using a lateral-flow dipstick (LFD) containing streptavidin-coated 

colloidal gold162. These new approaches allow more rapid detection and could 

potentially be developed as point of care diagnostic tests for on-farm use. 

Furthermore, a multiplex PCR has been described to simultaneously detect 

specific combinations of L. intracellularis, B. hyodysenteriae, Mycoplasma spp. 

and Salmonella serovars44,169. 

Aside from the well-recognised and previously mentioned disadvantages of 

PCR as a diagnostic test, another issue is the inability to differentiate 

pathogenic strains of L. intracellularis from the Enterisol® Ileitis (Boehringer 

Ingelheim Vetmedica) live attenuated vaccine strain. No such test is yet 

available but comparative genomic studies may help to define robust 

differences that can be exploited diagnostically. Laboratory methods that can 

differentiate infected from vaccinated animals (DIVA) have been developed for 

other pig pathogens, such as pseudorabies virus, classical swine fever virus, 



 

33 

foot and mouth disease virus and Salmonella170-172. Some of these methods 

target specific markers that are added to vaccine formulations at the time of 

manufacture, ensuring a route for distinguishing vaccinated from naturally 

infected animals by serology173,174. Currently, there are no markers in 

commercially available L. intracellularis vaccines, but the design of an 

amplification method based on the genomic differences between the live 

attenuated Enterisol® Ileitis (Boehringer Ingelheim Vetmedica) vaccine and 

wild type strains would be an interesting approach for the development of a L. 

intracellularis DIVA diagnostic method.  
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1.10 Control and Prevention 

In-farm control measures, particulary those related to hygiene practices, are 

directly linked to the pig production systems that are taking place. Nowadays, 

there are many types of pig farming style, according to pig-farming.net: Free 

Range Pig Farming, Natural Pig Farming, Free Farmed Pig Raising, Stall Free 

Pig Farming, Outdoor Bred Pig Farming and Indoor Intensive Housing Pig 

farming. This comprehensive list is ranked in relation to the level of free-

roaming time, space and, in most cases, human intervention. Leaving the 

welfare debate aside, more interventive farming methods such as Indoor 

Intensive Housing Pig farming, allows the farmer and their team to keep a close 

control on the health status of the herd and implement measures to control 

diseases. In addition, it is important to mention that the type of farming is also 

affected by the location of the farm; for example, Indoor Intensive Housing Pig 

farming practices in the USA are different to those in the UK, with UK farms 

being generally smaller with cemented floors as opposed to generally larger, 

slatted floored farms in the USA. These changes also affect the overall practice 

on the farm and could affect management strategies for controlling outbreaks. 

Overall, it is known that good hygiene practice between batches (including full 

disinfection of barns), periodically herd testing and enriched stalls will 

decrease the overall incidence of outbreaks and increase the welfare of the 

pigs175.  

 

1.10.1 Antimicrobials 

As a consequence of the high prevalence rate of L. intracellularis in pig farms 

and its slow spread within the herd, control mechanisms are routinely 

implemented on many pig farms around the world176. Antimicrobials such as 

tiamulin, tylosin, tetracycline, lincomycin, and some quinoxalines have been 

shown to be effective against L. intracellularis and are commonly given as 

prophylactic doses to control infections177-188. Although prophylactic antibiotics 

have been shown to protect herds by preventing early infection, there is an 

increased concern over excessive antibiotic use in the farm industry25,184 and 

its implication on antimicrobial resistance which can impact animal and human 

treatment189. For this reason, there is pressure from governments to reduce 
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antibiotic use in many parts of the world, including within the European Union 

(Regulation 1831/2003 of the European Parliament).   

1.10.2 Vaccines 

Two commercial vaccines are currently available to reduce the negative effects 

of infection or as a control against L. intracellularis infections: Enterisol® Ileitis 

(Boehringer Ingelheim Vetmedica) and Porcilis™ Ileitis (Merck). Enterisol® 

Ileitis is used worldwide while Porcilis™ Ileitis is only approved for use in the 

USA, Canada and Europe. Although both vaccines provide clinical protection, 

neither of them are able to produce sterile immunity34,190. 

Enterisol® Ileitis (Boehringer Ingelheim GmbH, Germany) is a live attenuated 

orally administered vaccine introduced in 2001 in the USA, and subsequently 

licensed in other countries34,191. The administration of antibiotics must be 

halted at least 3 days prior to vaccination and until 3 days after vaccine 

administration, as this is a live attenuated vaccine. Faecal shedding of the 

vaccine peaks 2 weeks after vaccination and is reduced to baseline by the 9th 

week24.  The other available vaccine is Porcilis™ Ileitis (Merck, USA) (2015), 

which is an intramuscular injectable consisting of inactivated whole cell 

bacterin that contains the adjuvant Microsol Diluvac Forte®192,193.  

The differences between the two vaccine efficacies are still under 

investigation. However, a recent paper by Jacobs et al. showed that the 

injectable Porcilis™ Ileitis vaccine administered intradermally induced higher 

antibody titres and a reduction in bacterial shedding. This could be the result 

of a direct response to the antigen in a more preferential environment as the 

site of injection has a larger number of dendritic cells and is more proximal to 

skin-draining lymph nodes, resulting in the stronger immune response194. This 

could present an advantage in comparison to oral vaccines. 

Recently, a study presented a subunit vaccine candidate against L. 

intracellularis195. In this subunit vaccine, they included three chimeric antigens 

INVASc, OMP2c and OMP1c and expressed them in an E. coli vector195. 

Finally, their in vivo results showed significant humoral and cellular immune 

responses, opening the door to future recombinant vaccine development with 

new and/or known L. intracellularis antigens. 
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1.10.3 Other alternatives 

Another approach to control L. intracellularis burden in pigs has been 

proposed and several studies have proven its value. This approach is based 

on the potential of manipulating the gut microbiome of pigs by using feed that 

contains additives or supplements18,196-202. 

A published example of the use of phytogenic ingredients used in the control 

of L. intracellularis infection is the use of Origanum vulgaris and Allium sativum 

in feed202,203. In these publications, they were able to show the potential of 

these supplements as possible replacements for antibiotics used in livestock 

production. 

Another alternative control measure is the use of prebiotics, probiotics, gut 

acidifiers, and mannan oligosaccharides to promote a beneficial gut 

microbiome204. Opriessnig et al. have recently published a series of articles 

where they showed that the use of Bacillus pumilus as a probiotic in feed 

mitigates L. intracellularis shedding and lesions205,206. 

In conclusion, it is important to highlight that there is still a lot of work to do to 

reach a better understanding of the gut microbiome dynamics and its role in L. 

intracellularis infection control. This knowledge will help the field in formulating 

appropriate diet-based control interventions, which would help in reducing the 

use of antimicrobials and work synergistically with the available vaccines. 
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1.11 Aims and research objectives  

Currently available diagnostic tools for L. intracellularis often have limited 

sensitivity and differentiation of vaccine and field isolates is difficult and not 

always possible. Investigation of new immunological markers for L. 

intracellularis infection will help to better understand the adaptive immune 

responses against L. intracellularis, as well as to guide improvements in 

current diagnostic tools. Tools that can differentiate between vaccine and field 

isolates would be extremely helpful to veterinarians, particularly when making 

treatment decisions on a herd level.   

My research objectives were: 

 To identify immune-reactive proteins expressed by L. intracellularis that 

will allow us to investigate antibody-based immune responses against 

L. intracellularis. 

 To establish L. intracellularis infections in different epithelial cell lines to 

gain a better understanding of the requirements for L. intracellularis 

infection in vitro. 

 To unveil the differences between the attenuated vaccine strain 

(Enterisol® Ileitis) and its parental strain. The goal is to generate a 

specific DIVA diagnostic tool by studying the genomic differences 

between WT L. intracellularis, Enterisol® Ileitis and its parental strains. 

 To develop my own experimental challenge model in pigs to generate 

samples of known infection status and timeline of infection to allow us 

to monitor L. intracellularis infection and validate new diagnostic tools. 
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Chapter 2  

Identification of new immunological 
markers of L. intracellularis infection. 
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2.1 Introduction 

As awareness of Lawsonia intracellularis (L. intracellularis) induced clinical 

disease increases, coupled with widespread concern of antibiotic resistance in 

countries where the pig industry has a high economic value, it is important to 

better understand both its pathogenesis and how the host responds to 

infection. Clinical signs of L. intracellularis infection in pigs have been well 

documented. The disease generally manifests in one of two ways clinically, 

acute proliferative enteropathy (PE) and chronic PE, or the infection may 

remain subclinical36-38. 

The immune response in the two main clinical manifestations induced by L. 

intracellularis in pigs is still poorly defined despite published work aiming to 

elucidate it further97,103-105,107,207. The absence of a severe inflammatory 

response and mild infiltration of immune cells into affected areas during 

chronic proliferate enteropathy (PE) could be a consequence of bacterial 

inhibitory mechanisms105,208. In contrast, during acute PE there is an acute 

immune response characterized by increased numbers of macrophages and 

high levels of pro-inflammatory cytokines91,107. To sum up, it is still largely 

unknown why a pig develops the acute or the chronic form of PE. 

It is well recognized that in L. intracellularis infected pigs, specific antibodies 

can be detected in serum samples and in the gut mucosa207. It has been shown 

that the earliest Lawsonia-specific IgG responses in serum could be detected 

is 2 weeks after infection with a pathogenic isolate (with a peak at 3-4 weeks) 

and they remain detectable up to 13 weeks post-secondary infection24. 

Shedding of IgA in faeces has also been observed, however, whether IgA is 

involved in bacterial clearance is unknown3,28,209. 

Despite a lack of knowledge about bacterial entry and transmission within 

cells, there is interest in looking for specific antigens involved in these 

processes that could be used for vaccine development and improved 

diagnostics. By visually checking bands present on western blots (WB) using 

a total L. intracellularis protein preparation and serum from confirmed positive 

pig cases, the limited number of bands that react with the antiserum indicates 
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that there are some L. intracellularis proteins that induce immune responses 

in pigs (Figure 1). 

The presence of genes from the Type 3 Secretion System (T3SS) in the L. 

intracellularis genome stimulated interest about whether these proteins would 

induce an immune response in infected pigs. The immune recognition of some 

proteins belonging to the Type 3 Secretion System (T3SS) has been 

published93. The LscQ and LscN proteins were described after an in vitro PCR 

based screening targeting highly conserved Gram negative sequences 

encoding T3SS components. After expression of LscQ and LscN in an E. coli 

system, immunoblotting was carried out with highly antibody positive serum 

samples from naturally infected or vaccinated pigs that had seroconverted to 

look for possible immune recognition. In 2011, Watson et al. reported the L. 

intracellularis autotransporter LatA, another immune-reactive antigen, by a 

similar methodology127. Back then, LatA protein was identified after 

immunoblotting of whole L. intracellularis protein extract, from a heavily 

infected L. intracellularis cell culture, with a pooled serum sample obtained 

from naturally infected pigs. Subsequent bioinformatics analysis compared the 

L. intracellularis LatA amino acid sequences with particular high immunogenic 

T3SS antigens from other bacterial species127. Recently, the induction of 

specific antibodies against the L. intracellularis haemolytic protein A (LhlyA) 

was demonstrated in mice previously injected with the purified protein followed 

by intraperitoneal infection210. In that study no haemolysis or acute 

inflammation was observed indicating protection, however, more studies have 

Figure 1: Western blot of L. intracellularis antigen extract using serum from a confirmed 
positive L. intracellularis infection with a Percentage of Inhibition (PI) in the SVANOVIR® L. 
intracellularis/Ileitis-Ab ELISA over 30. Yellow bands = published; Blue bands = unknown. 
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to be done to better understand the role of LhlyA as a possible vaccine 

candidate for a future L. intracellularis subunit vaccine.  

In conclusion, the intracellular nature of L. intracellularis appears beneficial for 

hiding from the immune system, providing circulating or mucosal antibodies 

with a difficult task accessing bacteria within infected enterocytes. However, 

and in line with its intracellularity, our rationale was that exported, secreted or 

proteasome derived L. intracellularis proteins are more likely to be presented 

by the major histocompatibility complex class II (MHC-II) on the surface of 

infected cells or antigen presenting cells (APC) to consequently activate B cells 

and promote antibody production. The aim of this chapter was to investigate 

antibody-based immune responses against L. intracellularis proteins that have 

been predicted to be either exported or are T3SS proteins, which could be 

used to develop an immunological diagnostic test. We planned to produce L. 

intracellularis recombinant proteins and test them against serum samples from 

confirmed positive and negative L. intracellularis case. If a protein showed a 

specific immunogenic activity, further purification for specific antiserum 

generation in rabbits was conducted followed by immunological assay 

development.  
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2.2 Materials and Methods 

 Bioinformatic analysis 

The bioinformatic analysis was performed by Dr Nadejda Lupolova, a former 

Postdoctoral Fellow in the laboratory of Professor David Gally. Dr Lupolova 

performed the analysis according to our aims using her valuable knowledge 

and expertise on genomes analysis.  

2.2.1.1 Target selection criteria 

Due to the intracellular nature of the bacteria, the selection criteria for the gene 

targets were: 1) the gene sequence must be present in both, PHE/MN1-00 

(GCA_000055945.1) and N343 (GCA_000331715.1), the two publicly 

available L. intracellularis sequences at the time of analysis and 2) the 

sequence must possess a predicted signal peptide. Furthermore, we included 

some of the predicted and annotated Type 3 Secretion System (T3SS) 

proteins of L. intracellularis. 

 Generation of Clones 

2.2.2.1 Cloning strategy 

The cloning kit chosen was the NEBuilder HiFi DNA Assembly (New England 

Biolabs). This kit allows a one-step cloning strategy which is based on the 

design of primers for the target of choice with overlapping ends to the chosen 

regions of plasmid that are selected for target insertion (Figure 2). The first 

step was the amplification of the desired gene targets by PCR with primers 

that contain the plasmid overlapping ends and the desired restriction enzyme 

site for insertion. In parallel, the purified plasmid of choice was digested with 

the enzyme of choice and treated with alkaline phosphatase to prevent re-

ligation of the empty plasmid. A total of 0.1-0.2 pmol of DNA fragments were 

added to the digested purified plasmid on ice (as suggested in the 

manufacturer’s guidelines). Finally, the NEBuilder HiFi DNA Assembly 

mastermix was added to the mix and incubated in a thermocycler at 50°C for 

15-60 min. After this stage, the samples were stored on ice or at -20°C for 

subsequent transformation. 
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In these experiments, as shown in Table 1, the first part of each primer is 

complementary to the plasmid and included the restriction enzyme of choice 

(NcoI for pTcr99a and NcoI / XhoI for pET21d+). The second part of each 

primer (in capital letters) is specific for each target and excluded the start and 

terminal codon of the target gene. 

Table 1: Cloning primers Primers for pTcr99a and pET21d+ vector 
 

Primer 
name 

Primer sequence 
Restriction 

Enzyme 
Plasmid 

Nt-LI0005 aatttcacacaggaaacagaccatggAAATAAAACTATTTTTTGTTAC NcoI pTcr99a 

Ct-LI0005 ccgggtaccgagctcgaattccatggCTAGTTTGGTATAACACCAC NcoI pTcr99a 

Nt-LI0105 aatttcacacaggaaacagaccatggATAGCAGTATAAGATTGATATG NcoI pTcr99a 

Ct-LI0105 ccgggtaccgagctcgaattccatggTTACATAACGTTATTATGAATAC NcoI pTcr99a 

Nt-LI0129 aatttcacacaggaaacagaccatggTTCGCACTTTTGGCTTTCTAAG NcoI pTcr99a 

Ct-LI0129 ccgggtaccgagctcgaattccatggTTAATGCATGATCCACTTC NcoI pTcr99a 

Nt-LI0138 aatttcacacaggaaacagaccatggAAGTACATGCAGTAATTATAAG NcoI pTcr99a 

Ct-LI0138 ccgggtaccgagctcgaattccatggTTATAATCCACTTTTTATATGTTC NcoI pTcr99a 

Nt-LI0147 aatttcacacaggaaacagaccatggAGCGTTGTGGTCTTTATATCATTTG NcoI pTcr99a 

Ct-LI0147 ccgggtaccgagctcgaattccatggCTATATTGAAGATACTCGAGC NcoI pTcr99a 

Nt-LI0234 aatttcacacaggaaacagaccatggCAATACAAAAAACTTTCTTTAAC NcoI pTcr99a 

Ct-LI0234 ccgggtaccgagctcgaattccatggTTATTGTCCTAACTTACTATTTC NcoI pTcr99a 

Nt-LI0267 aatttcacacaggaaacagaccatggGATATATGCTTTAATGATATG NcoI pTcr99a 

Ct-LI0267 ccgggtaccgagctcgaattccatggTTACTTTGTATTTGGAGCCATA NcoI pTcr99a 

Nt-LI0303 aatttcacacaggaaacagaccatggGAGAAATAATTACCTTATTTG NcoI pTcr99a 

Ct-LI0303 ccgggtaccgagctcgaattccatggCAGTAGTTGATATTAGATATTAG NcoI pTcr99a 

Nt-LI0341 aatttcacacaggaaacagaccatggGTATAGTTGTATTACTATGTG NcoI pTcr99a 

Figure 2: Illustration of NEBuilder HiFi DNA Assembly Method. From https://www.neb-
online.de/ 
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Ct-LI0341 ccgggtaccgagctcgaattccatggTCAAAATGCTAATGGTTCTGGC NcoI pTcr99a 

Nt-LI0460 aatttcacacaggaaacagaccatggAAAAACTGATTCTAACTTTTG NcoI pTcr99a 

Ct-LI0460 ccgggtaccgagctcgaattccatggTTACTTACGAGAATAAGTAGC NcoI pTcr99a 

Nt-LI0461 aatttcacacaggaaacagaccatggAAAAAGTGCTTATTAGTG NcoI pTcr99a 

Ct-LI0461 ccgggtaccgagctcgaattccatggTTAGAATTGATACTTC NcoI pTcr99a 

Nt-LI0494 aatttcacacaggaaacagaccatggAGAAATGGATGGTAATATG NcoI pTcr99a 

Ct-LI0494 ccgggtaccgagctcgaattccatggCTATTTAGTTACTGGTGGTTGAAC NcoI pTcr99a 

Nt-LI0554 aatttcacacaggaaacagaccatggCTTCTTTTTCTTTTGTATTAAG NcoI pTcr99a 

Ct-LI0554 ccgggtaccgagctcgaattccatggTTATTTTTTTGATGTGATAGTTGTC NcoI pTcr99a 

Nt-LI0587 aatttcacacaggaaacagaccatggATAAAGTGATACAGTTAG NcoI pTcr99a 

Ct-LI0587 ccgggtaccgagctcgaattccatggCTATAGCCTAAACTC NcoI pTcr99a 

Nt-LI0614 aatttcacacaggaaacagaccatggATACTATTCGTACTATTTTTC NcoI pTcr99a 

Ct-LI0614 ccgggtaccgagctcgaattccatggTTATTTGATATACTTATTTAGC NcoI pTcr99a 

Nt-LI0742 aatttcacacaggaaacagaccatggAATACATTCGTCTTCTATTATTC NcoI pTcr99a 

Ct-LI0742 ccgggtaccgagctcgaattccatggTTAGCGTATTTCTACTGTATTAG NcoI pTcr99a 

Nt-LI0809 aatttcacacaggaaacagaccatggAACGTTTAGTTATAGTACTTTC NcoI pTcr99a 

Ct-LI0809 ccgggtaccgagctcgaattccatggTTATTTTTTCATTACTTTTTTC NcoI pTcr99a 

Nt-LI0841 aatttcacacaggaaacagaccatggGAAAATTATGGATTTTACTTTCAG NcoI pTcr99a 

Ct-LI0841 ccgggtaccgagctcgaattccatggTTAGAATGTTAAACGTGCAC NcoI pTcr99a 

Nt-LI0845 aatttcacacaggaaacagaccatggATCAAAAAAGTTGTTTAGTTGC NcoI pTcr99a 

Ct-LI0845 ccgggtaccgagctcgaattccatggTTAGTTATCTTCAACAGCCTTAGG NcoI pTcr99a 

Nt-LI0847 aatttcacacaggaaacagaccatggAATTAAAAATATTTTTTGTAG NcoI pTcr99a 

Ct-LI0847 ccgggtaccgagctcgaattccatggTTAGGGTGTTACCCAAAATAG NcoI pTcr99a 

Nt-LI0864 aatttcacacaggaaacagaccatggAATATTTTTTTCTTATTATATTC NcoI pTcr99a 

Ct-LI0864 ccgggtaccgagctcgaattccatggTCACTTATGTGCATGACAGGA NcoI pTcr99a 

Nt-LI0902 aatttcacacaggaaacagaccatggAAATTATCCATTCTGCAATTTTTG NcoI pTcr99a 

Ct-LI0902 ccgggtaccgagctcgaattccatggCTAATCAAAAAAGACAAGTTCTG NcoI pTcr99a 

Nt-LI0949 aatttcacacaggaaacagaccatggGTCGTATCTTAGCTTCCTTC NcoI pTcr99a 

Ct-LI0949 ccgggtaccgagctcgaattccatggTTATTTGCGATAAATAGTTACG NcoI pTcr99a 

Nt-LI0995 aatttcacacaggaaacagaccatggAAAGATTGTTACTCTGTATTATAAC NcoI pTcr99a 

Ct-LI0995 ccgggtaccgagctcgaattccatggTTATTCCCAACTGCCTCCTAATG NcoI pTcr99a 

Nt-LI1022 aatttcacacaggaaacagaccatggAAGTAAAAACTCTTTCCATGGC NcoI pTcr99a 

Ct-LI1022 ccgggtaccgagctcgaattccatggTTATTTTTTCCGGTTTGCCATC NcoI pTcr99a 

Nt-LI1028 
aatttcacacaggaaacagaccatggAAAATTTTTTTGTTTTATTGTATATTA
TG 

NcoI pTcr99a 

Ct-LI1028 ccgggtaccgagctcgaattccatggCTATTCTCTTTCAATAGGAATGTATCC NcoI pTcr99a 

Nt-LI1058 aatttcacacaggaaacagaccatggTCAAAGGTGTTATAGGGATATTAG NcoI pTcr99a 

Ct-LI1058 
ccgggtaccgagctcgaattccatggTTATACAAAAGGGTTTGCAAATAAAAT
AATC 

NcoI pTcr99a 

Nt-LIC029 aatttcacacaggaaacagaccatggAAATTCTCCAATCGTGTTTCAC NcoI pTcr99a 

Ct-LIC029 ccgggtaccgagctcgaattccatggTTATGACTCTCTAGAATATGTATG NcoI pTcr99a 

Nt-LI0005 aactttaagaaggagatataccatggAAATAAAACTATTTTTTGTTAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0005 cagtggtggtggtggtggtgctcgagGTTTGGTATAACACCACAAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0105 aactttaagaaggagatataccatggATAGCAGTATAAGATTGATATG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0105 cagtggtggtggtggtggtgctcgagCATAACGTTATTATGAATAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0129 aactttaagaaggagatataccatggTTCGCACTTTTGGCTTTCTAAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0129 cagtggtggtggtggtggtgctcgagATGCATGATCCACTTCTTTA NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0138 aactttaagaaggagatataccatggAAGTACATGCAGTAATTATAAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0138 cagtggtggtggtggtggtgctcgagTAATCCACTTTTTATATGTTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0147 aactttaagaaggagatataccatggAGCGTTGTGGTCTTTATATC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0147 cagtggtggtggtggtggtgctcgagTATTGAAGATACTCGAGCCGAAC NcoI [Nt] / XhoI [Ct] pET21d+ 
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Nt-LI0234 aactttaagaaggagatataccatggCAATACAAAAAACTTTCTTTAAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0234 cagtggtggtggtggtggtgctcgagTTGTCCTAACTTACTATTTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0267 aactttaagaaggagatataccatggGATATATGCTTTAATGATATG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0267 cagtggtggtggtggtggtgctcgagCTTTGTATTTGGAGCCATA NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0303 aactttaagaaggagatataccatggGAGAAATAATTACCTTATTTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0303 cagtggtggtggtggtggtgctcgagTAGTTGATATTAGATATTAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0341 aactttaagaaggagatataccatggGTATAGTTGTATTACTATGTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0341 cagtggtggtggtggtggtgctcgagAAATGCTAATGGTTCTGGC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0460 aactttaagaaggagatataccatggAAAAACTGATTCTAACTTTTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0460 cagtggtggtggtggtggtgctcgagCTTACGAGAATAAGTAGC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0461 aactttaagaaggagatataccatggAAAAAGTGCTTATTAGTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0461 cagtggtggtggtggtggtgctcgagGAATTGATACTTCATATTTAAAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0494 aactttaagaaggagatataccatggAGAAATGGATGGTAATATG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0494 cagtggtggtggtggtggtgctcgagCTATTTAGTTACTGGTGGTTGAAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0554 aactttaagaaggagatataccatggCTTCTTTTTCTTTTGTATTAAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0554 cagtggtggtggtggtggtgctcgagTTTTTTTGATGTGATAGTTGTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0587 aactttaagaaggagatataccatggATAAAGTGATACAGTTAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0587 cagtggtggtggtggtggtgctcgagTAGCCTAAACTCA NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0614 aactttaagaaggagatataccatggATACTATTCGTACTATTTTTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0614 cagtggtggtggtggtggtgctcgagTTTGATATACTTATTTAGC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0742 aactttaagaaggagatataccatggAATACATTCGTCTTCTATTATTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0742 cagtggtggtggtggtggtgctcgagGCGTATTTCTACTGTATTAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0809 aactttaagaaggagatataccatggAACGTTTAGTTATAGTACTTTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0809 cagtggtggtggtggtggtgctcgagTTTTTTCATTACTTTTTTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0841 aactttaagaaggagatataccatggGAAAATTATGGATTTTACTTTCAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0841 
cagtggtggtggtggtggtgctcgagGAATGTTAAACGTGCACTTAATATAAT
TTG 

NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0845 aactttaagaaggagatataccatggATCAAAAAAGTTGTTTAGTTGC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0845 cagtggtggtggtggtggtgctcgagGTTATCTTCAACAGCCTTAGG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0847 aactttaagaaggagatataccatggAATTAAAAATATTTTTTGTAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0847 cagtggtggtggtggtggtgctcgagGGGTGTTACCCAAAATAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0864 aactttaagaaggagatataccatggAATATTTTTTTCTTATTATATTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0864 cagtggtggtggtggtggtgctcgagCTTATGTGCATGACAGGA NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0902 aactttaagaaggagatataccatggAAATTATCCATTCTGCAATTTTTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0902 cagtggtggtggtggtggtgctcgagATCAAAAAAGACAAGTTCTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0949 aactttaagaaggagatataccatggGTCGTATCTTAGCTTCCTTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0949 cagtggtggtggtggtggtgctcgagTTTGCGATAAATAGTTACG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0995 aactttaagaaggagatataccatggAAAGATTGTTACTCTGTATTAT NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI0995 cagtggtggtggtggtggtgctcgagTTCCCAACTGCCTCCTAATG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI1022 aactttaagaaggagatataccatggAAGTAAAAACTCTTTCCATGGC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI1022 cagtggtggtggtggtggtgctcgagTTTTTTCCGGTTTGCCATC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI1028 
aactttaagaaggagatataccatggAAAATTTTTTTGTTTTATTGTATATTAT
G 

NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI1028 cagtggtggtggtggtggtgctcgagTTCTCTTTCAATAGGAATGTATCC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI1058 aactttaagaaggagatataccatggTCAAAGGTGTTATAGGGATATTAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LI1058 
cagtggtggtggtggtggtgctcgagTACAAAAGGGTTTGCAAATAAAATAAT
C 

NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LIC029 aactttaagaaggagatataccatggAAATTCTCCAATCGTGTTTCAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-LIC029 cagtggtggtggtggtggtgctcgagTGACTCTCTAGAATATGTATG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0537 aactttaagaaggagatataccatgg TTGGTGTTGATCCTCTAATAATC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct -LI0537 cagtggtggtggtggtggtgctcgag TCTATAGCTTAACATTAAAC NcoI [Nt] / XhoI [Ct] pET21d+ 

NT-LI0540 aactttaagaaggagatataccatgg CGCTTGAATATATTGCTTCACTC NcoI [Nt] / XhoI [Ct] pET21d+ 
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Ct -LI0540 cagtggtggtggtggtggtgctcgag AGCCACCGCTTTTTTTAAAGC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0541 aactttaagaaggagatataccatgg GCACCTATTTTCGACTAACATC NcoI [Nt] / XhoI [Ct] pET21d+ 

R-LI0541 cagtggtggtggtggtggtgctcgag ATATTTAATTTTAGAATGG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI1163 aactttaagaaggagatataccatgg ATCTCTATATGGAAAATGTAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct -LI1163 cagtggtggtggtggtggtgctcgag ATTATCTGTATTACTTTTAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0691 aactttaagaaggagatataccatggAAGTATTTAGACGTTATGG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct -LI0691 cagtggtggtggtggtggtgctcgagCTTGGCAATAATACGAAAATC NcoI [Nt] / XhoI [Ct] pET21d+ 

NT-LI1055 aactttaagaaggagatataccatggCAACAGTGTGGATTAATGC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct -LI1055 cagtggtggtggtggtggtgctcgagGTGAGACAAAAATTTTTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0046 aactttaagaaggagatataccatggCTTCTAATCTTGATGAGGTTAAG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct -LI0046 cagtggtggtggtggtggtgctcgagCAATTGAGCTTTACAGGTTATGT NcoI [Nt] / XhoI [Ct] pET21d+ 

NT-LI0902 aactttaagaaggagatataccatggAAATTATCCATTCTGCAATTTTTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct -LI0902 cagtggtggtggtggtggtgctcgagATCAAAAAAGACAAGTTC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0995 aactttaagaaggagatataccatggAAAGATTGTTACTCTGTATTATAAC NcoI [Nt] / XhoI [Ct] pET21d+ 

R-LI0995 cagtggtggtggtggtggtgctcgagTTCCCAACTGCCTCCTAATG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI1022 aactttaagaaggagatataccatggAAGTAAAAACTCTTTCCATGG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct -LI1022 cagtggtggtggtggtggtgctcgagTTTTTTCCGGTTTGCCATC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-LI0649 aactttaagaaggagatataccatggAAAAAAGCATTAAAGAATAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct -LI0649 cagtggtggtggtggtggtgctcgagAGGAATATATTCTGCATTTTTTG NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-zupT aactttaagaaggagatataccatggTAATAGAACAATTTTTTAATACTCC NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-zupT cagtggtggtggtggtggtgctcgagCCCTAATAAAACATCAAAACAC NcoI [Nt] / XhoI [Ct] pET21d+ 

Nt-
SAMMTase 

aactttaagaaggagatataccatggCTTTTTTAGAGATTGGTTTTAATG NcoI [Nt] / XhoI [Ct] pET21d+ 

Ct-
SAMMTase 

cagtggtggtggtggtggtgctcgagATGCTTGTAATGTGAGCTGG NcoI [Nt] / XhoI [Ct] pET21d+ 

 

2.2.2.1.1 Fragment generation: PCR and purification 

Bacterial genomic DNA was extracted from an L. intracellularis DKp23 culture 

using the QIAamp PowerFecal DNA Kit (Qiagen). Fragments were generated 

by PCR using a Thermo Hybaid PCR EXPRESS machine with ReadyMix™ 

Taq PCR Reaction Mix with MgCl2 (Sigma). The protocol comprised a first 

stage of 94⁰C for 3 min followed by 35 cycles of 94⁰C (1 min), 55⁰C (2 min) and 

72⁰C (2 min). In each 50 µL reaction, there were 25 µL of the mastermix, 5 µL 

of each primer (10µM), and 3 µL of the template DNA. The list of primers for 

each target and plasmid is summarized in Table 1.  

The PCR was assessed by running 10 µL of the PCR product on a 4% agarose 

gel with SYBR™ Safe DNA Gel Stain (Invitrogen) for 60 min at 100V. Once 

the expected band was observed on the gel, and although it was not essential, 

the remaining PCR products were purified using the GFX™ PCR DNA and Gel 

Band Purification Kit (GE Healthcare) prior to quantification. Finally, the 

quantity and quality of purified DNA were assessed using a ND-1000 

Spectrophotometer (Nanodrop). 
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2.2.2.1.2 Vectors 

The vectors chosen for L. intracellularis recombinant protein expression in E. 

coli were pTcr99a and pET21d+.  

pTcr99a is a vector specific for expression of non E. coli proteins in E. coli. It 

has a T-cell antigen receptor (TCR) promoter regulated by a lacZ control 

element that allows induction with Isopropyl β-d-1-thiogalactopyranoside 

(IPTG). It also has one multiple cloning site of restriction enzymes. The NcoI 

site was chosen for insertion of the target genes in this project. It also contains 

an ampicillin (Amp) resistance gene that was the basis for selection of bacteria 

transformed with this plasmid (Figure 3).  

pET21d+ shares several characteristics with pTcr99a, such as containing a 

lacZ gene for IPTG induction and ampicillin resistance for selection of the 

transformed bacteria. Furthermore, it contains a multi-cloning site and a 6x 

Histidine tag (His-tag) domain downstream. Primers were designed using the 

overlapping ends to the vector cleavage sites (NcoI/XhoI) for in-frame cloning 

with the N-terminal His-tag (Figure 4). 

Vectors were stored at -80⁰C in DH5α. For plasmid purification, an aliquot of 

the transformed DH5α was plated on Lysogeny broth (LB) - ampicillin (Amp) 

(100 µg/mL) (LB-Amp) plates and incubated overnight at 37⁰C. Next, one 

colony was cultured in 25mL of liquid LB-Amp for 4-6h at 37⁰C with shaking 

(200 rpm), until OD≈1, and then 10mL of the culture were used for plasmid 

extraction using the GeneJET Plasmid Miniprep Kit (Thermo Fisher). The 

extracted plasmid was digested with NcoI (pTcr99a) or NcoI + XhoI (pET21d+) 

(FastDigest Thermo Fisher) following the manufacturer’s guidelines. Plasmid 

digestion results were assessed by running 30 µL of the digestion reaction on 

a 4% Agarose gel with SYBR™ Safe DNA Gel Stain (Invitrogen) for 90 min at 

100V. The band showing the digested plasmid DNA, lower in the gel, was cut 

from the gel and DNA was extracted using the GFX™ PCR DNA and Gel Band 

Purification Kit (GE Healthcare) according to manufacturer’s guidelines. 

Finally, the quantity and quality of purified plasmid DNA were assessed using 

a ND-1000 Spectrophotometer (Nanodrop). Furthermore, digested plasmids 

were treated with alkaline phosphatase (FastAP Thermo Fisher) to 
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dephosphorylate the DNA termini and therefore impair its re-ligation by DNA 

ligase. 

2.2.2.1.3 Bacteria transformation 

The bacterial strains used for transformation and the L. intracellularis 

recombinant protein production were E. coli DH5α for pTcr99a expression and 

E. coli BL21 for pET21d+. Freshly made chemically competent E. coli were 

transformed with 5 µL product from the NEBuilder reaction. Transformed 

bacteria were then plated on LB-Amp plates and incubated for 12-24 h at 37⁰C 

for selection of transformed bacteria. Next, individual colonies were cultured in 

LB-Amp plates and liquid LB-Amp overnight at 37⁰C. Bacterial plasmid DNA 

was purified from the liquid cultures using GeneJET Plasmid Miniprep Kit 

(Thermo Fisher) and the success of the insertions was validated by DNA 

sequencing (Eurofins) using specific plasmid primers (Table 2), plasmid 

specific PCR and restriction digestion (NcoI/XhoI) of the purified plasmid DNA. 

The latter two products were also run on a 4% Agarose gel with SYBR™ Safe 

DNA Gel Stain (Invitrogen) for DNA visualisation. The plasmids containing the 

desired sequences were stored in E. coli at -80⁰C. 

Table 2: Vector specific PCR primers 
 

Plasmid Target Sequence 
pTcr99a Forward ATGAGCTGTTGACAATTAATC 

pTcr99a Reverse TCTGTTTTATCAGACCGCTTC 

pET21d+ T7 promoter TAATACGACTCACTATA 

pET21d+ T7 terminator GCTAGTTATTGCTCAGCGG 
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Figure 4: Schematic representation of the cloning process using the pET21d+ vector. 

A 

Figure 3: Schematic representation of the plasmid + target generation (A) and 
transformation/selection of the desired clones (B) using NEBuilder HiFi DNA Assembly. This 
figure shows pTcr99a. 

B 
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 Recombinant protein expression and purification 

Liquid LB-Amp was inoculated from colonies cultured on LB-Amp plates 

containing the different recombinant clones and incubated overnight at 37⁰C 

with shaking at 200 rpm. In the morning, cultures were diluted 1/50 and left to 

grow for 2-3 h until the exponential phase (OD=0.6). At this point, induction of 

the cultures was performed by addition of 0.1 mM IPTG and left to grow for 4 

h under the same conditions. Bacteria were harvested following 10 min 

centrifugation at 6000 x g. To ascertain the success of the induction, bacteria 

were harvested from before and after induction and normalised to (OD=0.6). 

After a 5 min centrifugation to pellet the bacteria, the pellets were resuspended 

in 2 x Laemmli buffer (BioRad) and incubated for 10 min at 96⁰C. Those 

samples were run on a 12% SDS PAGE for 90 min 100V, then the gel was 

stained with Coomassie blue to detect proteins and observe if induction had 

taken place. In the case of pET21d+ clones, a second gel was run in parallel 

and transferred onto a nitrocellulose membrane and later stained with HRP-

conjugated anti His-tag to also check if the recombinant protein was 

detectable.  

After induction, the BL21-pET21d+ cultures were pelleted by centrifugation.  

His-tagged recombinant proteins were purified from the harvested bacteria 

with the Ni-NTA Purification System (Thermo Fisher) according to the 

manufacturer’s guidelines under denaturing conditions. This kit is designed for 

the purification of recombinant proteins containing a His-tag using a nickel-

chelating resin. The different fractions were collected and run on two 12% SDS 

PAGE, one was stained with Coomassie blue to see how clean the elution 

fraction was and if the recombinant protein was there. A second one was 

transferred to a nitrocellulose membrane for western blotting.  

 Immune recognition of L. intracellularis recombinant 
proteins 

DH5α-pTcr99a Laemmli extracts and BL21-pET21d+ purified recombinant 

proteins were tested by Western blot using sera from pigs that had a 

positive/negative result using the SVANOVIR® L. intracellularis/Ileitis-Ab 

ELISA test to decide their potential as antigens. 
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In brief, the samples were diluted in 2 x Laemmli buffer (BioRad) and incubated 

for 10 min at 96⁰C. These protein preparations were run on a 10% SDS PAGE 

gel at 120 V for 90 min. Next, the proteins were transferred to a nitrocellulose 

membrane for 30 min at 120V. The membranes were blocked for 3-4 h at room 

temperature on a rocking machine with 5% skimmed milk in PBS and 0.1% 

Tween (PBST) solution. Then the membranes were incubated with the diluted 

serum samples from pigs with positive/negative results for the SVANOVIR® L. 

intracellularis/Ileitis-Ab at a concentration 1:50 in 20 mL of 5% skimmed milk 

in PBST solution. For secondary antibodies, the membrane was incubated with 

5 µL HRP-conjugated goat anti-swine antibody in 20 mL 5% skimmed milk in 

PBST at room temperature for 1 h on the rocking machine. For signal 

development, 1:1 of the enhanced chemiluminescence (ECL) solutions were 

added and incubated for 3 min in the dark. Finally, we acquired an image using 

a photograph developer SRX-101A (Konica Minolta) in the darkroom using a 

piece of Cytiva Amersham™ Hyperfilm™ ECL (Cytiva) where the 

chemiluminescent signal was detected. Alternatively, the GeneGnome XRQ 

machine (Syngene) was used.   

2.2.4.1 Enterisol® Ileitis protein extraction 

As a positive control for the immune recognition of L. intracellularis proteins by 

the pig serum on western blots, a protein extract from the Enterisol® Ileitis 

vaccine was used. The extraction method published by Boesen et al. was 

used211. This consisted putting L. intracellularis extracts in different sodium 

deoxycholate (DOC) solutions through a course of ultracentrifugations to finally 

obtain a suspension of L. intracellularis proteins. The protein extract was 

aliquoted and stored at −20 °C until used. 

 Antiserum production 

Polyclonal production in rabbits against selected proteins was performed by 

Antibody Applications Limited following their standard 77-day immunisation 

protocol (Figure 5). In brief, rabbits were immunised with 0.3 - 0.4mg of antigen 

Figure 5: Vaccination protocol for antiserum generation in rabbits performed by Antibody 
Applications Limited. 
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at day 0 and three boosters were given at days 14, 42, and 70. ELISA analyses 

of serum samples, to know if the animals were responding to the antigens, 

were performed one week after each injection. Finally, at day 77 the harvest 

bleed was performed providing approximately 1000 mL of serum per rabbit.  

Antibody production was tested by Antibody Applications Limited by ELISA 

using an antigen coating concentration of 2 μg/mL. Furthermore, half-titre 

values were calculated based on a 4-Parameter logistic regression model by 

the company. 

2.2.5.1 In vitro stains 

The ability of antiserum anti-L0138 to specifically recognise L. intracellularis 

was tested by in vitro staining of DKp23 and Enterisol infected Intestinal 

Porcine Epithelial Cell line-J2 (IPEC-J2) cells. The full extended protocol is 

explained in Chapter 3. In brief, the immunocytochemistry (ICC) was 

performed using anti-LI0138 rabbit serum, VPM56 (monoclonal mouse-anti-L. 

intracellularis) as primary antibodies and AlexaFluor488 goat-anti-rabbit, 

AlexaFluor594 donkey-anti-mouse secondary antibodies, in addition to DAPI 

(1:1000) for nuclear staining. 

For specific detection of L. intracellularis antigen in tissue137, Easter Bush 

Pathology performed immunohistochemical staining using the rabbit 

polyclonal antibody anti-LI0138, and horseradish peroxidase (HRP)-

conjugated anti-rabbit secondary antibody (ThermoFisher). For light 

microscopy, the test result was visualised using 3,3'-diaminobenzidine (DAB) 

chromogen, which serves as a substrate for HRP.  

2.2.5.2 Western blots using antigen specific rabbit polyclonal antiserum. 

The western blot protocol is outlined in detail in Section 1.2.4 and was further 

used to investigate the expressed L. intracellularis recombinant proteins. The 

protein extracts used were either DKp23 or Enterisol® Ileitis from in vitro 

culture or the purified protein LI0138 that was sent to Antibody Applications 

Limited for immunizing rabbits.  
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2.3 Results 

 Bioinformatic analysis and target selection criteria 

The alignment and filtering of the two L. intracellularis public strains 

sequences, PHE/MN1-00 (GCA_000055945.1) and N343 

(GCA_000331715.1), resulted in a list of 36 potential antigen candidates 

(Table 3). This list included proteins with a predicted signal peptide and/or part 

of a predicted L. intracellularis T3SS. Furthermore, we included two additional 

proteins, LI0636 and SAMMTase. As demonstrated in Chapter 3, there was 

evidence from the comparative genomics analysis that there might also be 

differences between the Enterisol® Ileitis vaccine and WT strains with respect 

to LI0636 and SAMMTase.  

Table 3: List of antigen candidates 
 

  Gene ID Description 
Gene 
size 
(Kb) 

Protein 
Mass 
(KDa) 

1 LI0005 sodC 0.54 19.8 

2 LI0105 Uncharacterized protein 0.942 34.54 

3 LI0129 Amino acid ABC transporter 0.747 27.39 

4 LI0138 Not available 0.384 14.08 

5 LI0147 Outer membrane lipoprotein 0.456 16.72 

6 LI0234 ABC-type transport system 0.549 20.13 

7 LI0267 Not available 0.366 13.42 

8 LI0303 Peptidylprolyl isomerase (EC 5.2.1.8) 0.924 33.88 

9 LI0341 Uncharacterized protein 0.702 25.74 

10 LI0460 Putative outer membrane protein 1.494 54.78 

11 LI0461 Uncharacterized protein 0.651 40.1 

12 LI0494 Uncharacterized protein 0.375 13.75 

13 LI0537 EscR/YscR/HrcR family 1.317 48.29 

14 LI0540 EscN/YscN/HrcN family 0.612 22.44 

15 LI0541 HrpE/YscL family 2.553 93.61 

16 LI0554 Not available 1.176 43.12 

17 LI0587 Uncharacterized protein 0.642 23.54 

18 LI0614 Thiol-disulfide isomerase and thioredoxins 0.465 17.05 

19 LI0649 Functional auto-transporter protein 0.486 17.82 

20 LI0691 Outer membrane protein 1.02 37.4 

21 LI0742 Uncharacterized protein 0.981 35.97 

22 LI0809 Not available 0.387 14.19 

23 LI0841 Putative invasin 0.732 26.84 

24 LI0845 Uncharacterized protein 1.641 60.17 

25 LI0847 Uncharacterized protein 0.792 29.04 

26 LI0864 Not available 0.495 18.15 

27 LI0902 Outer membrane protein 1.377 50.49 

28 LI0949 Not available 0.324 11.88 

29 LI0995 oprM 0.825 30.25 
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30 LI1022 Outer membrane protein 0.648 23.76 

31 LI1028 Phosphate-binding protein 0.558 20.46 

32 LI1055 UDP-3-O-acylglucosamine N-acyltransferase 0.348 9.24 

33 LI1163 Putative type III secretion system protein 0.822 30.14 

34 LIC029 Uncharacterized protein 1.611 59.07 

35 LI0636 Membrane transporter (zupT) 0.806 29.48 

36 SAMMTasa 
S-adenosylmethionine-dependent 
methyltransferase (SAMMTase) 

0.575 21.01 

 
 

 Cloning strategy 

Clones were successfully generated using the NEBuilder© HiFi DNA 

Assembly Cloning Kit (New England BioLabs) for most of the targets in Table 

3. 

2.3.2.1 Fragment generation: PCR and purification 

After optimization of the PCR conditions in each step, such as temperature 

and duration, L. intracellularis genomic DNA fragments of the expected sizes 

for each target were obtained (Figure 6).  

2.3.2.2 Plasmid digestion 

High amounts of linearized digested pTcr99a and pET21d  plasmids were 

purified from the gels  (Figure 7).  

Figure 6: Example of agarose gel of the PCR for target generation. Each line contains 10 µL 
of the PCR product resulted of each individual target reaction. As observable on the gel, all of 
them resulted positive although the concentration of the desired products varies depending of 
the reaction. 

 

Figure 7: Example of agarose gel of the pTcr99a digestion with NcoI. Digested plasmid is indicated with 
the red arrow. Purification was made from the lower bands of the digested plasmids lines. 



 

55 

 pTcr99a clones 

A total of 14 amplified fragments were generated by PCR. From those, 10 were 

successfully cloned into pTcr99a and introduced into E. coli DH5α for 

recombinant protein production. 

2.3.3.1 Protein expression induction and Western blotting  

Aliquots from induced cultures were separated by SDS PAGE and then stained 

with Coomassie Brilliant Blue (Thermo Fisher). As observable in Figure 8, 

there was an increase in the amount of certain proteins in the samples. 

However, it was difficult to observe if the recombinant protein of choice had 

been induced, due to the high number of proteins present in the samples. 

In parallel, nitrocellulose membranes containing the same pre/post-induction 

samples were stained using anti-L. intracellularis antibody positive pig sera. In 

these cases, high background precluded the visualisation of any antibody 

recognition of the desired L. intracellularis recombinant proteins (Figure 9). 

Figure 8: SDS PAGE pTcr99a induced (I) and non-induced (NI) protein fractions. As observable on the 
gel, there was an increase in the amount of certain proteins in the samples. Due to the high number of 
proteins present in the samples, it is difficult to observe if the recombinant proteins are induced.  

 

Figure 9: Western blots using an L. intracellularis positive pig serum against different pTcr99a 
clones under induced (I) and non-induced (NI) conditions. Due to the high number of proteins 
present in the samples, it is difficult to observe if the recombinant proteins are induced. 
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 Generation of pET21d+ clones 

A total of 32 amplified target fragments were generated by conventional PCR. 

From those, 20 were successfully cloned into pET21d+ and introduced into E. 

coli BL21 for recombinant protein production (Table 3). An example of the 

efficiency of the cloning method is demonstrated in Figure 10. The presence 

of the Amp resistance gene in the plasmid allows to selectively grow 

transformed bacteria. If successful, 2-5 colonies per plate were then selected 

for colony PCR and/or plasmid extraction and digestion (Figure 10). If the clone 

presented the right fragment insert, this was followed by plasmid sequencing 

to verify each clone. 

 

 

Figure 10: pET21d+ colony digestion using NcoI and Xhol. The band over 4 Kb indicated the 
digested plasmid in each of the colonies. The different bands on the gel represent the different 
fragment sizes for each L. intracellularis recombinant protein. As observable in lane 14, not all 
the colonies present the desired fragment. The band over 4kb shows the linearized plasmid. 
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2.3.4.1 Protein expression induction, western blotting and protein 
purification 

After a 4h IPTG induction, an aliquot of the pre and post induction cultures was 

run on a gel and transferred to a membrane for western blotting using a His-

tag primary antibody to confirm successful induction success prior to 

purification. From the 20 pET21d+ clones, 10 were positive for the His-tag, 

subsequently purified, and used in the NiTa column system with denaturing 

conditions (Figure 11). This additional step allowed to remove the majority of 

the background (Figure 11). The purified His-tag positive extracts were then 

examined to determine their reactivity against L. intracellularis positive pig sera 

(Figure 12). 

Figure 12: Western blots using an L. intracellularis positive pig serum against different L. 
intracellularis recombinant proteins. Different lines on the membrane indicate the different 
protein fractions as follows Pre: pre-purification; E1: elution 1; E2: elution 2. 

Figure 11: SDS PAGE gel stained with Coomassie Blue showing the His-tag purification 
process, for clones LI0540 and LI1028. Different lanes on the gel indicate the different protein 
fractions as follows Pre: pre-purification; W1: wash 1; W2: wash 2; E1: elution 1; E2: elution 
2. 
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Table 4: pET21d+ clones production and immunogenicity results. Green: positive; Red: negative. 
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Targets LI0138, LI0461, LI0540, LI0995 and LI1028 were positive for His-tag 

western blots, and the His-tag purification step worked well. In all cases, we 

observed mostly clean bands on the Coomassie blue stains with the presence 

of the expressed protein of choice in both elution fractions 1 and 2 (E1 and 

E2). The elution of choice for the serum western blots was either E1 or E2, and 

the choice was made respecting the amount of protein of choice and its 

purification status observed in the Coomassie blue stains. 

In the next step, western blotting was conducted using serum samples from 

negative and positive commercial pigs which had anti-L. intracellularis ELISAs 

results that varied from 15-75 percent inhibition (PI) (positive >30 PI). 

As observable in Figure 13, LI0540 and LI1028 presented reactivity in both, 

negative and positive serums. The recognition of LI0129, LI0540 and LI1028 

presented cross reactivity in some of the negative serums (Figure 13 and 

Figure 14), therefore not being reliable as a positive L. intracellularis antigen 

marker. On the other hand, LI0138 was consistently negative when tested with 

Figure 13: Western blots using an L. intracellularis positive and negative pig serum against 
different L. intracellularis purified recombinant proteins. The red arrows on the Positive 
serum gel (top) indicate the bands for the recombinant proteins. The red arrows on the  
Negative serum gel (bottom) indicate the bands for the recombinant proteins, indicating 
recognition by negative serum and, therefore, lack of potential as L. intracellularis specific 
antigen. 
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negative serum and there was variable positive signal for all the positive 

serums.  

Other clones, such as LI0541, did not present any reactivity against any of the 

serum samples tested (Figure 15). 

2.3.4.1.1 LI0138 

As mentioned above, the only expressed clone that clearly showed some 

recognition by positive sera was LI0138 with clean negative controls. Its 

purification gave a clean elution 1 with a good amount of protein (Figure 16). 

 

Figure 14: Western blots using an L. intracellularis positive and negative pig serum against 
different L. intracellularis purified recombinant proteins. As observable some of the 
recombinant proteins were not recognised by the positive pig serum, there were LI0641, 
LI0995 and LI1163. 

Figure 15: Western blots using an L. intracellularis positive and a negative pig serum against 
different L. intracellularis purified recombinant proteins. The positive or negative pig sera did 
not recognise LI0541. However, LI0138 showed specific recognition by positive serum with 
not cross reactivity in the negative sera, indicating its potential and specificity. E1: elution 1; 
E2: elution 2. 
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To further understand the antigen potential of LI0138, the protein was tested 

against 7 different positive and negative serum samples that comprise the full 

range from “negative” to “strong positive”. This test confirmed the antigenic 

characteristics of LI0138 as most of the positive sera recognised the protein 

and none of the negative sera showed recognition of it by western blotting 

(Data not shown). 

Lastly, I investigated if the different positive serum values for the ELISA 

corresponded to the level of recognition of LI0138. As positive control, I used 

an antigen extract from the Enterisol® Ileitis vaccine. As observable in Figure 

18, only the sera with a high positive result were able to recognise both the 

Enterisol® Ileitis vaccine and the LI0138 protein. It is also important to highlight 

Figure 18: Western blots using an L. intracellularis positive (high and low) and a negative pig 
sera, according  to the SVANOVIR® L. intracellularis/Ileitis-Ab ELISA, against LI0138 
recombinant protein (arrow). Each membrane includes a C+: Enterisol® Ileitis vaccine protein 
extract next to the purified LI0138 lane.  

Figure 16: SDS PAGE gel stained with Coomassie blue showing the His-tag purification 
process, for clones LI0138. Different lines on the gel indicate the different protein fractions as 
follow Pre: pre-purification; W1: wash 1; W2: wash 2; E1: elution 1; E2: elution 2. 
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that the LI0138 band corresponds to a band present in the Enterisol® Ileitis 

vaccine lane.  

 Antiserum production 

Antiserum production for LI0138 recognition was performed with a final harvest 

half titre of 1:36,800. 

2.3.5.1 In vitro stains 

Staining using 1:400 and 1:500 dilutions of the LI0138 antiserum showed 

specific binding to L. intracellularis comparable to the control monoclonal 

antibody VPM53 in vitro infections of PK15 and IPEC-J2 cells with either 

DKp23 or Enterisol® Ileitis strains (Figure 20). 

 

 

 

Figure 19: Titration of anti-LI0138 sera against antigens by ELISA during the rabbit injection 
trial performed by Antibody Applications Limited. 
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Figure 20: Staining using anti LI0138 polyclonal serum on 3 days L. intracellularis infected IPEC-J2 
cells. Cells were infected with either DKp23 or Enterisol® Ileitis strains. Red: anti-L. intracellularis  

mAb VPM53 + AF594 / Green: α-LI0138 polyclonal Ab + AF488  / Blue: DAPI. 40x objective. Scale 
Bar shows 20 μm. 
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The results of the specific staining for detection of L. intracellularis in tissue 

using the polyclonal Ab anti-LI0636 (zupT), visualised using DAB, showed the 

presence of L. intracellularis in the apical area of the cytoplasm of enterocytes 

where the lesions had developed (Figure 21). This stain is specific and 

comparable to our positive control VPM53. 

2.3.5.2 Attempted detection of LI0138 from cultured L. intracellularis by 
western blotting using the raised anti-serum. 

Anti-LI0138 antiserum did not detect the protein by western blotting against 

SDS gel separated L. intracellularis protein preparations. As a positive control, 

we tested its recognition against the purified protein. Furthermore, the anti-

LI0138 antiserum did not recognize the IPEC-J2 cell protein preparation as 

shown in Figure 22.  

Figure 21: anti-LI0138 polyclonal serum used for IHC stains using L. intracellularis infected 
tissues. The showed negative control was stained with the LI0138 antiserum. 
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Figure 22: Western blots using anti-LI0138 antiserum against different L. intracellularis strains 
(DKp23 and Enterisol® Ileitis) protein extracts and IPEC-J2 as cell control. Third membrane 
(right) shows the recognition of the purified LI0138 protein used for the serum production. 
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2.4 Discussion and Conclusions 

Staining of Lawsonia intracellularis protein preparations used in this work have 

indicated that antibodies present in hyper-immune serum samples obtained 

from pigs naturally infected with L. intracellularis recognise a total of seven 

main proteins. As L. intracellularis is an intracellular pathogen we hypothesized 

that proteins on the bacterium surface or exported by the bacterium could be 

the ones recognised by antigen presenting cells via MHC-II to mediate 

antibody responses. Of these seven visible cross-reacting proteins, three had 

already been characterised93,127,210. This chapter describes the investigation of 

other potential antigens. The overall role of antibodies against L. intracellularis 

in bacterial clearance or removal has not been fully elucidated yet but 

identifying additional antigens can have value for improving diagnostic tests 

and possible for inclusion in a sub-unit vaccine.  

As L. intracellularis research advances have been slower than in other 

bacteria, in this work we identified a number of targets with predicted or 

hypothetical proteins largely with unknown functions. Overall, the annotation 

of L. intracellularis genomes is still poor in comparison with other bacteria such 

as Salmonella enterica or Escherichia coli. 

Furthermore, during the PCR optimisation step, it was concluded that the 

different steps of the PCR reaction required a long duration and this could be 

attributed to the high repeated regions on the L. intracellularis genome.  

The reason why the NEBuilder HiFi DNA Assembly Cloning kit was chosen for 

this work, was the fast, one step nature of the process, which could reduce the 

laboratory time substantially compared to other cloning kits. This provided an 

opportunity to generate many clones in a reduced amount of time. The kit also 

offered advantages over NEB Gibson Assembly, such as the ability to 

assemble mismatches on both the 5´- and 3´-end, a higher accuracy due to 

the use of a high-fidelity polymerase, and the lower DNA concentration 

required due to its high efficiency.  

Unfortunately, pTcr99a clones were shown to not be appropriate for my 

screening as the pig serum samples recognised many other proteins in the 

induced samples. The serum samples used were from commercial pigs that 
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likely had been exposed to many organisms during their production including 

E. coli. This may explain why the antibodies reacted against E. coli proteins. 

Purification was therefore required before the western blotting stage and the 

change to the pET21D+ vector, that includes a 6x His-tag, was the chosen 

alternative.  

An additional change adopted was the implementation of the GeneGnome 

system, a visualization system specially designed for chemiluminescence 

imaging. This machine allowed the selection of both the exposure time and 

area of focus, which increased the detection sensitivity. 

Some of the proteins generated were recognised by both negative and positive 

pig serum samples. This could be due to the similarity of these proteins to 

those in other bacteria as previously discussed and pigs likely have a complex 

antibody repertoire. 

One of the problems encountered during data generation was the lack of good 

controls. For example for Figure 14, a loading control showing that the same 

amount of protein was in each sample should have been included, this could 

have been done by showing a SDS-PAGE gel with the samples stained with 

Coomassie blue. Another example is the need for a L. intracellularis infected 

cell lysate as an internal positive control for the positive sera blots. These 

controls will be required for future publication of this data. However, it is 

important to mention that every ELISA positive sera was tested against a L. 

intracellularis infected cell lysate as a positive control during these experiments 

(data not shown). 

Furthermore, we characterized the antigenic activity of the predicted secreted 

protein LI0138. LI0138 is a small protein (under 15KDa) and due to its location 

within the genome, located downstream from a predicted T3SS protein LI0139 

(more information in Chapter 3), it could also be linked to the T3SS system, 

with this genomic region being a possible operon (Figure 23). As such, 

upstream LI0137 is a putative integral membrane protein and downstream 

LI0140 is a glycosyltransferase that could be an effector of the T3SS. Such 
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characteristics have already been recently described for E. coli NleB effectors 

and Salmonella enterica SseK212. 

As shown in Figure 24, the nucleotide sequence of LI0138 is conserved 

amongst the L. intracellularis available sequences and a BLAST analysis did 

not encounter hits with any other microbial nucleotide sequences. That makes 

us think that LI0138 is a L. intracellularis specific and conserved gene amongst 

pig isolates, as no horse L. intracellularis sequences presented homology. 

Furthermore, when looking for homologous proteins to LI0138 in other 

microorganisms, there were only five hits (Figure 25). Two of them were from 

the two available, annotated L. intracellularis sequences. Apart from the L. 

intracellularis sequences, the next highest homology hit was against a 

Bilophila wadsworthia protein with a 43.90% identity similarity, which also 

makes us think the protein is specific to L. intracellularis. 

 

 

 

 

 

Figure 23: Scheme showing the different genomic location of L. intracellularis LI0138. Colour 
changes reflect the different GC content. 

 

Figure 24: Scheme showing the alignment of LI0138 on the L. intracellularis sequences by 
nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). This figure showed the conservation 
of the nuclear sequence amongst L. intracellularis pig sequences. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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In addition, the high specificity of anti-LI0138 antiserum against an L. 

intracellularis surface protein visualised during in vitro staining makes LI0138 

a great candidate as an L. intracellularis marker for histopathology. However, 

further specific testing needs to be done to further discard cross reactivity with 

other bacteria and its potential recognition of L. intracellularis horse strains.  

The fact that there are very few commercial reagents for detection of L. 

intracellularis in tissue, there is only one commercial monoclonal antibody for 

L. intracellularis stains (Bio-X Diagnostics), makes our successful IHC stains 

in tissue with my new LI0138 antiserum a great asset for prospective L. 

intracellularis diagnosis. These preliminary results, with corroborative negative 

controls, have given us high hopes about the potential of this new marker. 

However, further specificity testing in tissues from clinical and experimental 

samples infected with different strains is required.  

On the other hand, there is the issue with the specificity of the detection of 

LI0138, expressed on the surface of L. intracellularis, using our antiserum. 

Using my antiserum and WB, I can detect the purified protein but not when it 

is derived from in vitro culture as a protein extract. Nonetheless, when using 

my new antiserum and immunofluorescence we can visualise a very positive 

signal in a system that is more physiologically relevant and ultimately useful 

for diagnosis.  

With respect to the different levels of recognition of LI0138 using sera from 

infected pigs and WB, this could be due to the different concentrations of α-

LI0138 antibodies present in each of the sera samples used. Furthermore, this 

concept of antibody concentration could be one of the reasons why we could 

not detect any protein in the WB when using our new antiserum against 

proteins extracts from in vitro cultures.  

Figure 25: Scheme showing the protein alignment of LI0138 on the L. intracellularis 
sequences using nucleotide BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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The antigenic activity of LI0138 may also have great potential as part of a 

recombinant vaccine like that proposed by Montesino et al195, where they 

designed and tested a subunit vaccine based on two outer membrane proteins 

(OMP1c and OMP2c) and a secreted invasin (INVASc).  

Another future application of LI0138 is its use for new serology methods such 

us as enzyme-linked immunosorbent assay (ELISA) or enzyme-linked 

immunospot (ELISPOT) assay. ELISPOT is a highly sensitive immunoassay 

that measures the frequency of cytokine-secreting cells; on the other hand, 

ELISA measures the amount of antibodies in serum samples. Both tests would 

have great potential in the diagnosis or further characterization of L. 

intracellularis infection. One advantage of the ELISPOT assay is that as it 

detects single antigen-specific T-cells responses, it would allow monitoring of 

specific T-cell responses over time giving accurate information on the temporal 

nature of the animal’s immune response against this pathogen. 

Moving forward, it will be of great interest to perform this type of 

immunoblotting analysis on infected horse sera. Comparing antigen 

recognition between the sera of infected horses and pigs will provide a wider 

picture of the immune responses against L. intracellularis in different host 

species. These experiments will also help untangle the reasons behind failed 

cross-species experimental infection between horses and pigs, which has 

been proposed to be due host-specific tropism213,214 

To recapitulate, there are still some bands that appear on the positive control 

that have yet to be identified (Figure 26). A different approach to further 

characterize these proteins could be the use of 2D SDS-PAGE and Mass 

Spectrometry. Potential experiments could include using the generated clones 

and antibodies to further study protein expression, immune recognition and L. 

intracellularis biology using in vitro culture. In addition, the discovery of new 

antigens could be achieved by performing a MHC pull-down of L. intracellularis 
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infected infected cells, and analysing the peptides in similar ways to previously 

published work215,216. 

To conclude, L. intracellularis antibody responses to certain proteins are not 

as complex as predicted and may not play an important role in protection 

against the bacterium in pigs. However, these proteins are likely to be 

presented as antigens on the MHC-I, by the enterocytes, activating CD8+ T-

cells and macrophages that would specifically target those cells that are 

infected for infection clearance. Their role in the L. intracellularis infection 

protection and resolution is still unknown. This challenge needs to be 

addressed by the use of appropriate in vitro and in vivo models to further 

understand and advance the fight against L. intracellularis.   

 

  

Figure 26: L. intracellularis antigens on the positive control. Yellow = published; Pink = LI0138; 
Blue = unknown. 
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Chapter 3  

Characterisation of L. intracellularis 
infection in epithelial cells. 
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3.1 Introduction 

The clinical manifestations of L. intracellularis infection, referred to as porcine 

enteropathy (PE), were first described in the 1930s and for a long time, a 

Campylobacter-like bacterium was suspected as the causative pathogen 7,8,37-

39,45. It was not until the 1990s when Lawson et al. successfully isolated a novel 

bacterium in vitro, later designated as Lawsonia intracellularis, that it was 

studied more comprehensively82. 

L. intracellularis is a Gram-negative, curved shaped, obligatory intracellular 

bacterium which is motile via flagella and has a type 3 secretion system (T3SS) 

which, akin with other pathogens, is likely to be critical for invasion and/or 

intracellular survival. L. intracellularis has been shown to enter enterocytes via 

a vacuole217-219, a process that can be mediated by actin amongst other 

molecules. To this day, the in vitro culture of L. intracellularis remains 

challenging, and still uses Lawson’s original protocols82, with only minor 

changes. The complexity of culturing L. intracellularis has made understanding 

the first stages of invasion difficult.  

The main objective of this chapter is to gain a better understanding of the 

requirements for L. intracellularis invasion of epithelial cells by using different 

bacterial conditions and specific endocytosis inhibitors. In addition, I outline 

and discuss further optimisations to the culture conditions that I have used, 

which are essential to advance our fundamental understanding of L. 

intracellularis pathogenesis as well as the development of better diagnostics 

and interventions. 
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3.2 Materials and Methods 

 Culture method 

As an intracellular pathogen, it is assumed that L. intracellularis can only be 

propagated within a eukaryotic cell culture. Selected mammalian cell lines 

have been found to support the bacterium in vitro82,85. 

3.2.1.1 Lawsonia intracellularis strains 

3.2.1.1.1 Enterisol® Ileitis 

This L. intracellularis strain is a commercial attenuated L. intracellularis 

vaccine strain, (Enterisol® Ileitis; Boehringer Ingelheim, Ingelheim, Germany). 

This strain has been generated by serial in vitro passage in tissue culture in 

McCoy cells (ATCC CRL-1696). Passaging has resulted in genomic changes 

as we have determined in our genomic analysis when we compared this strain 

to its parental strain and other WT strains (Chapter 4).  

3.2.1.1.2 DKp23 

This strain has been derived from a Danish clinical case and was isolated in 

cell culture in 2003. It has been passaged an unknown number of times and 

presents some genomic changes with respect to other WT strains as reported 

by Bengtsson et al.78 and in our own findings (Chapter 4). 

3.2.1.1.3 Field strain 1 culture 

An ileum from a pig naturally infected with L. intracellularis was obtained from 

a Scottish farrow to finish farm, isolated in cell culture, and named Field Strain 

1. More information about this strain can be found in Chapter 5. 

3.2.1.2 Eukaryotic cell culture  

The cell lines used included Porcine Kidney 15 (PK15) and the Intestinal 

Porcine Epithelial Cell line J2 (IPEC-J2). PK15 cells were grown in Dulbecco's 

Modified Eagle Medium (DMEM) (Gibson) while IPECJ2 cells were cultured in 

Dulbecco's Modified Eagle Medium/ Nutrient Mixture F-12 Ham (DMEM F12) 

(Gibson). In both cases, the media was supplemented with 10% of heat 

inactivated Foetal Bovine Serum (FBS) (Life Technologies), 1% GlutaMAX™ 

(Life Technologies) and 100 units/100 μg per mL of penicillin/streptomycin (Life 

Technologies). Cell culture was maintained on a 5% CO2 incubator at 37°C. 
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Cultures were passaged every 3-4 days at a ratio of 1:5 using 5 mL trypsin 

solution, TrypLE™ Express Enzyme (ThermoScientific).  

3.2.1.3 L. intracellularis in vitro infection and maintenance 

For both cell lines, the overall cell culture conditions were the same apart from 

the media used. Eukaryotic cells were prepared by removing the medium from 

the culture flask. Then the monolayer was washed with Phosphate-Buffered 

Saline (PBS) to remove all traces of serum prior to dispensing 5 mL trypsin 

solution, TrypLE™ Express Enzyme (ThermoScientific), into culture flask to 

completely cover the monolayer of cells. Trypsinized cells were transferred to 

a 15 mL Falcon tube, centrifuged for 5min x 3000 g and resuspended in 10 mL 

of medium. Freshly trypsinized cells were seeded at 30% confluence in 

Nunc™ 6 well or 24 well culture plates (Life Technologies) and 75T flasks 

(ThermoFisher). The cells were infected by adding L. intracellularis from frozen 

stocks or purified from fresh cultures. To increase the rate of infection, the 

plates were centrifuged at 2,000 g for 10 min as described previously82. 

When infections took place on Nunc™ 24 wells plates, one glass coverslip 

(ThermoFisher) was added to the bottom of each well. This way, it was 

ensured that the infection took place on the coverslip and the glass coverslip 

could be stained and mounted onto slides for microscopy.  

Infected plates and flasks were then placed into an anaerobic jar (Don Whitley 

Scientific, York; Figure 1) filled with an anaerobic tri-gas mixture consisting of 

80% N2, 10% H2 and 10% CO2
82,83. The jar was incubated at 37°C for up to a 

week. The gas mixture was changed daily and every 2-3 days the cells were 

washed with PBS and the medium was changed.  

 

Figure 1: Anaerobic jar for L. intracellularis culture. 
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3.2.1.3.1 Culture passage and stock preparation 

As mentioned above, passaging of L. intracellularis was achieved by infecting 

freshly trypsinized cells with a lysate of infected cells at 5 days post infection 

(dpi), in 24 well plates or the 75T flasks. For this, infected cells were collected 

using a TPP 240mm cell scraper (Scientific Laboratory Supplies, UK) and 

passed through a 1½ inch, 21 gauge hypodermic needle (Sigma Aldrich) 15-

20 times. The cell debris was pelleted by centrifugation at 100 g for 5 min and 

the supernatant containing released bacteria was added onto fresh cells.  

For the generation of L. intracellularis stocks, Dimethyl sulfoxide (DMSO) 

(D2438 Sigma Aldrich) was added to the released bacteria to a final volume of 

10% and aliquots were stored at -80°C. 

3.2.1.4 L. intracellularis isolation and culture from infected tissues 

Fresh or frozen (-80°C) L. intracellularis infected gut tissues were used to 

isolate the bacterium in vitro. The methodology used is an adaptation of the 

methods previously used by Lawson et al (1993) and Wattanaphansak et al 

(2008)82,177. In brief, any remaining mucosa collected with glass coverslips and 

the obtained mucosa was digested by adding an equal volume of 1% trypsin 

in PBS. After a 35 min incubation at 37°C, 40 mL of DMEM supplemented with 

1% Glutamax, 10% FCS and 1% pen-strep-Amphotericin B (Gibco) was added 

to 10 mL of trypsinized mucosa. The mix was then homogenised in a 

gentleMACS™ Dissociator (Miltenyi Biotech) for 2 min. After centrifugation to 

get rid of the debris at 500 g for 20 min, the supernatant was passed through 

a glass fibre filter, and 1.2 µm, 0.8 µm, and 0.65 µm pore size membrane filters. 

A final centrifugation step at 8,000 g for 20 min was performed and the 

resulting pellet was resuspended in DMEM supplemented with 1% Glutamax 

and 10% FCS, plus 50 µg/mL gentamycin, 50 µg/mL vancomycin and 1% pen-

strep-Amphotericin B. This bacterial suspension was then transferred to 

freshly trypsinized cells. 

 

  Stains  

3.2.2.1 Immunofluorescence 

Different combinations of primary and secondary antibodies were utilised to 

stain L. intracellularis and host cellular proteins. All the primary antibodies are 
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described in Table 5. Secondary antibodies were a range of AlexaFluor 

conjugated species-specific antibodies. The choice of AlexaFluor conjugated 

secondary antibodies varied depending on the nature of the primary 

antibodies, with efforts made to avoid interference between the emission 

spectra and the colour availability in our antibody collection.  

Table 5: All primary antibodies used in the different staining in vitro. 

Name Target Dilution  

VPM53 L. intracellularis surface protein 1:400 

α-LI0138 LI0138 1:400 

α-LI1160 LI1160 1:400 

α-LI1161 LI1161 1:400 

α-LI0636 LI0636 (α-ZupT ) 1:400 

Lamin β Lamin β 1:1000 

Phalloidin FITC-phalloidin 1:1000 

 

Infected Nunc™ 24 well plates, with glass coverslips on the bottom of the wells, 

were washed with PBS and the cultures were fixed with 4% PFA 

(paraformaldehyde) for 20 min at RT. Cells were permeabilised with 0.01% 

Triton-X in PBS and blocked with 5% BSA in PBS for 30 min at RT. Next, 

cultures were incubated with the different primary antibodies for 1h at RT in 

PBS + 2% BSA. After three washes with PBS, we added the secondary 

antibodies and the pre-labelled phalloidin for 1h at RT in PBS + 2% BSA. 

Coverslips were washed three more times with PBS prior to a final incubation 

step with DAPI (1:1000) for 10-20 min. All coverslips were washed with PBS 

before being mounted onto Thermo Scientific™ Frosted Microscope Slides, 

Ground 90° (Fisher Scientific) with a small drop of Thermo Scientific™ Lab 

Vision™ PermaFluor™ Aqueous Mounting Medium (Fisher Scientific). 

For specific detection of L. intracellularis in pig ileum tissue, Easter Bush 

Pathology performed immunohistochemical staining using the mouse 

monoclonal antibody VPM53 and AlexaFluor594 donkey-anti-mouse 

secondary antibodies, in addition to DAPI (1:1000) for nuclear staining. 
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 New antibody generation  

Polyclonal antibodies against the below listed predicted proteins of the T3SS 

were generated. The genomic locations of the selected targets are shown in 

Figure 2.  

1. LI0139: hypothetical protein - Possible needle O component.  

2. LI1160: putative type III secretion protein - EscC. 

3. LI1161: hypothetical protein - EscD. 

4. LI1163: putative type III secretion protein - YscJ. 

5. LI0636: ZupT  - outer membrane protein. 

The sequence of these proteins was retrieved from xBase 

(http://xbase.warwick.ac.uk/) database220. 

3.2.3.1 Recombinant protein generation, expression and purification 

The recombinant proteins were generated following the material and methods 

described in Chapter 2. In brief, the cloning kit chosen was NEBuilder HiFi 

DNA Assembly (New England Biolabs), and pET21d+ was used as the vector 

in the BL21 E. coli expression system. After induction, the His-tagged 

recombinant proteins were purified from the lysed harvested bacteria using the 

Ni-NTA Purification System according to the manufacturer’s guidelines under 

denaturing conditions (Thermo Fisher). The different fractions were collected 

and run on two 12% SDS PAGEs. One was stained with Coomassie blue to 

assess the purity of the elution fraction and if the recombinant protein was 

present. A second one was transferred to a nitrocellulose membrane for 

western blotting.  

LI0636 

(zupT) 

Figure 2: Scheme showing the different genomic location of the selected targets and LI0636 
(zupT) predicted structure. Colour changes reflect the different GC content. 
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Full length LI0139, LI1160, LI1161 proteins were produced using the above 

protocol while LI0636 had to be generated as a peptide keyhole limpet 

hemocyanin (KLH) conjugated by ThermoScientific. For LI0636, the peptide 

sequence selected for the peptide production was the predicted extracellular 

domains of the LI0636 (ZupT) protein. 

3.2.3.2 Polyclonal antiserum production 

Polyclonal production in rabbits against selected proteins was performed by 

Antibody Applications Limited following their standard 77 day immunisation 

protocol (Figure 3). In brief, rabbits were immunised with 0.3 - 0.4 mg of 

antigen at day 0 and three boosters were given at days 14, 42, and 70. ELISA 

analyses of serum samples, to know if the animal were responding to the 

antigen, were performed one week after each injection. Finally, at day 7,7 the 

final terminal blood collection was performed providing approximately 60-80 

mL of serum per rabbit. Furthermore, half-titre values were calculated based 

on a 4-Parameter logistic regression model by the company. 

 Microscopy and image capture 

All the microscopy was performed at the Roslin Institute Imaging Facility. In 

particular, the slides were first assessed by fluorescence microscopy with an 

upright widefield fluorescence microscope (Hamamatsu/Coolsnap) and 

analysed using ImageJ (NIH) software. Furthermore, slides were evaluated 

using the Zeiss LSM 880 Airyscan/Fastscan confocal microscope (Carl Zeiss). 

Confocal images were captured and processed using Zen Blue software (Carl 

Zeiss) or Imaris software (Oxford Instruments) for 3D reconstructions of Z 

stacks. 

3.2.4.1 Staining of naturally infected porcine tissues 

The capacity of the new antisera to specifically recognise L. intracellularis was 

tested with sections from infected pig ileum tissue. Easter Bush Pathology 

performed immunohistochemical staining using the rabbit polyclonal antibody 

anti-LI0636 (ZupT) or mouse monoclonal antibody anti-L. intracellularis 

Figure 3: Vaccination protocol for antiserum generation in rabbits performed by Antibody 
Applications Limited. 
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VPM53, our positive control Ab, as primary antibodies. Horseradish 

peroxidase (HRP)-conjugated donkey anti-rabbit secondary antibody 

(ThermoFisher). For light microscopy, the test result was visualised using 3,3'-

diaminobenzidine (DAB) chromogen, which serves as a substrate for HRP. 

 Western Blotting 

To attempt to observe the production of both the predicted T3SS proteins and 

other antigens by L. intracellularis, Western blotting was performed using 

bacterial preparations and the new polyclonal antibodies (anti-LI0139, anti-

LI1160, anti-LI1161 and anti-LI0636 peptide). Protein extracts were diluted in 

2 x Laemmli buffer (BioRad) and incubated for 10 min at 96⁰C. These protein 

preparations were first run on a 10% SDS PAGE gel at 120 V for 90 min. 

Secondly, the proteins were transferred to a nitrocellulose membrane for 30 

min at 120V. The membranes were blocked for 3-4 h at room temperature on 

a rocking machine with 5% skimmed milk in PBS and 0.1% Tween (PBST) 

solution. Finally, the membranes were then incubated with the diluted 

antiserums 1:200 in 20 mL of 5% skimmed milk in PBST solution. For 

secondary antibody, the membranes were incubated with 5 µL HRP-

conjugated donkey anti-rabbit antibody in 20 mL 5% skimmed milk in PBST at 

room temperature for 1 h on a rocking machine. For signal development, 1:1 

of the enhanced chemiluminescence (ECL) solutions were added and 

incubated for 3 min in the dark. Finally, images were acquired using a 

photograph developer SRX-101A (Konica Minolta) in a darkroom using a piece 

of Cytiva Amersham™ Hyperfilm™ ECL (Cytiva) where the chemiluminescent 

signal was detected. Alternatively, the GeneGnome XRQ machine (Syngene) 

was used.   

For the Western blots, the protein samples were either full DKp23 or Enterisol® 

Ileitis extracts from in vitro cultures or the purified proteins (LI0139, LI1160, 

and LI1161) that were sent to Antibody Applications Limited for the rabbit 

immunisations. The amount of L. intracellularis in the DKp23 and Enterisol® 

Ileitis protein extracts was quantified by qPCR using the aspA gene with the 

primers For - TGGCTGTCAAACACTCCGTG, Rev - 

TACTTGTCCCTGCACCTCCTTG and Probe: 5' FAM-

TGCAGCACTTGCAAACA ATAAACTTGGTCTTCTT-BHQ1 3'. The full 

description of this qPCR can be found in Chapter 4. 
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3.3 Results 

 Culture establishment (bacteria location and growth 
rates) 

Firstly, I established PK15 cultures, with both strains, Enterisol® Ileitis and 

DKp23. On three occasions, we tried isolation and establishment of L. 

intracellularis cultures from clinical samples, and it proved to be difficult and 

could not be achieved. 

After several attempts culturing Enterisol® Ileitis and DKp23 L. intracellularis 

strains and fully optimising the staining (Figure 4A), it was observed that both 

strains were viable for up to 5-7 days in PK15 cells. The number of infected 

cells in the culture did not increase exponentially and the number of bacteria 

only seemed to noticeably expand from day 3. From day 3, the presence of 

highly infected cells could be observed. These highly infected cells have been 

previously described219 and, in our cultures, they were surrounded by less 

infected cells, as visible in Figure 4B, leading to an irregular pattern of infection. 

Once confident with the method of culture and with the staining optimised, 

cultures were also establish in IPEC-J2, a cell line potentially more relevant for 

L. intracellularis as it is a porcine intestinal cell line. After repeating, in triplicate, 

the cultures under the same conditions as those used with PK15 cells, I 

observed that there was no obvious difference between the cell lines with 

respect to bacterial cell growth, infection pattern or location of the bacteria 

within the cells. Nonetheless, I noted that the B3903 strain seems to multiply 

faster, producing a higher numbers of bacteria, than DKp23 over a similar time 

frame (around day 5) in both PK15 and IPEC-J2 (Figure 5). 
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Figure 4: Example of L. intracellularis staining in PK15 and IPEC-J2 cells at day 3 post 
infection. (A) This figure represents the staining strategy used in the different experiments: 
green: actin; red: L. intracellularis (VPM53); blue: nuclear DNA. (B) These figures show PK15 
infected with Enterisol (left) and IPEC-J2 infected with DKp23 (right). The arrows point to L. 
intracellularis bacteria inside the cells.  

 

A 

B 
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Figure 5: Enterisol® Ileitis and DKp23 L. intracellularis cultures in PK15 and IPEC-J2 cell lines 
over time. Time points are 1, 3 and 5 days post infection (dpi). Green: actin; red: L. 
intracellularis (VPM53); blue: nucleus. Arrows indicate the location of the bacteria.  
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In addition, I observed there was a tendency of L. intracellularis to be closely 

associated with the nucleus of PK15 and IPEC-J2 cells. This is observable in 

Figure 5, where on 5 dpi large populations of L. intracellularis are visible 

around the nucleus of the cell. To see if this nuclear proximity was evident in 

the L. intracellularis infected tissues from animals, I stained some L. 

intracellularis infected and non-infected pig ileum samples generated from the 

pig trials (Chapter 5), with the same antibody combination used for the infected 

cell cultures. In this case, actin was not stained as I wanted to see clearly the 

location of the bacteria with respect to the DAPI nuclear stain. As shown in 

Figure 6, the location of the bacteria in the tissue is mainly on the apical side 

of the cells, however, bacteria can be visualised located adjacent to the 

nucleus in the deep part of the crypts, but clearly this resolution was too low to 

determine if there was any interaction between the bacteria and the nuclear 

membranes.  

To further investigate this, the nuclear membrane was stained with lamin β, 

one of the nuclear lamins that provide a structural function to the cell nucleus 

(generic lamin beta ref). By doing so, I was able to locate L. intracellularis 

Figure 6: Fluorescence histological stain in infected swine intestine tissue. L. intracellularis 
infected ileum showing signs of PE. Stain using primary monoclonal VPM53 and secondary 
AF594. DAPI was used for nuclear staining. 
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outside the cell nucleus but closely interacting with it. This staining was 

performed in IPEC-J2 cells 3 days after infection with Enterisol® Ileitis and 

DKp23 – Figure 7). Confocal microscopy 3D Z-stacks were performed and 

videos can be found in Chapter 4 annexe, while a snapshot of these videos 

are in Figure 7B. 
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Figure 7: L. intracellularis is located closely associated with the nucleus of IPEC-J2 cells. 
Figure A and C show the staining of 3 dpi infected IPEC-J2 cells with L. intracellularis 
Enterisol® Ileitis and DKp23 where Purple shows Lamin-β, Green is actin, blue for the nucleus 
and Red for L. intracellularis (VPM53). Figure B is a 3D confocal Z-stack where cyan shows 
L. intracellularis (VPM53), blue are the nuclear acids stained with DAPI and purple shows 
Lamin-β. Arrows indicate the location of the bacteria. 

A B 
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 New antibody generation  

The selection of T3SS proteins was based on the predicted annotations from 

the L. intracellularis genome sequence. The selected proteins were LI0139, 

LI1160, LI1161 and LI1163. Furthermore, we included the protein LI0636 

(ZupT), a predicted outer membrane protein that exhibited two allelic variants 

in L. intracellularis due to a deletion (investigated in Chapter 4).  

3.3.2.1 Recombinant protein generation, expression and purification 

The first step was to clone the selected targets into pET21d and follow the 

same protocol as outlined in Chapter 2. Out of the 5 targets, only LI0139, 

LI1160, LI1161 were successfully cloned in full length, as demonstrated on the 

Coomassie-stained SDS-PAGE (Figure 8). There was the presence of 

contamination for LI0139 but it was considered to be pure enough to raise anti-

sera. The LI1163 and LI0636 were not successfully cloned. 

As we had a significant interest in LI0636, it was decided to go ahead and 

generate it instead as a peptide conjugated to KLH for rabbit immunisation. 

Figure 8: Coomassie-stained SDS-PAGE of ~1ug of HIS-tagged LI0139, LI1160, and LI1161. 
The expected sizes of each of these denatured proteins were LI0139: 18.64 KDa; LI1160: 
64.68 KDa, LI1161: 51.73 KDa 
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3.3.2.2 Polyclonal antiserum production 

Rabbit antisera was generated by Antibody Applications Limited against 

LI0139, LI1160, LI1161 and conjugated LI0636 (ZupT) peptide. The company 

performed ELISAs to calculate half-titre values during the process (Figure 9). 

The half-titre at final harvest was: LI0139 = 1:869,000; LI1160 = 1:6,850; 

LI1161 = 1:2,050, and there was no detectable response by ELISA for the 

conjugated peptide of LI0636 (ZupT).  

3.3.2.3 In vitro stains with raised antisera 

Staining using 1:200, 1:400 and 1:500 concentrations of the different antisera 

showed different binding signatures to L. intracellularis infected cells, in 

comparison to our control monoclonal antibody VPM53. 

Figure 9: Titration of anti-sera against antigens by ELISA during the rabbit injection trial 
performed by Antibody Applications Limited. 
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Thus I found that antisera raised against LI0139, LI1160 and LI1161 L. 

intracellularis proteins did not show specific surface binding to L. intracellularis 

in vitro (Figure 10).  

On the other hand, the antiserum against the conjugated LI0636 (ZupT) 

peptide surprisingly demonstrated specific L. intracellularis surface binding 

comparable to the control antibody VPM56 (Figure 10). 

Figure 10: Stain using polyclonal antiserums against  L. intracellularis proteins in IPEC-J2 
cells infected for 3 dpi with DKp23. Green: new antiserum; Red: L. intracellularis (VPM53); 
Blue: nucleus. Arrows indicate the location of the bacteria. 
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3.3.2.4 Immunohistochemical stain using our newly produced antiserum 
against LI0636 (ZupT) 

Finally, I looked at the potential of the new antiserum against LI0636 (ZupT) 

as marker for L. intracellularis in infected pig tissue. The results of this specific 

staining for detection of L. intracellularis in tissue using the polyclonal Ab anti-

LI0636 (ZupT), visualised using DAB, showed the presence of L. intracellularis 

in the apical area of the cytoplasm of enterocytes where the lesions had 

developed (Figure 11). This stain was specific and comparable to the VPM53 

positive control VPM53. 

3.3.2.5 Attempted detection of from cultured L. intracellularis by western 
blotting using the raised anti-sera.  

After seeing the results of the antisera by immunohistochemistry, I wanted to 

test the recognition by WB when using protein preparations from DKp23 and 

Enterisol® Ileitis (Figure 12). 

Antisera against LI1160 and LI0139 did not present specific recognition of the 

expected proteins by WB. When using α-LI1160 in WB, a band of only ~30 

KDa was observed while the expected size is 69.56 KDa) (Figure 12). This 

band was also present in the control cell lane, indicating cross-reactivity with 

a protein present in the host cells. With regard to LI0139, a non-specific band 

Figure 11: IHC Stain of swine tissue stains using polyclonal antiserum against LI0636 (zupT). 
The negative control was stained with the zupT antiserum. L. intracellularis infected ileum 
shows signs of PE. Arrows indicate L. intracellularis position within the apical side of the 
infected cells. 
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over 30 KDa was present, similar to when using α-LI1160. When I tested both 

antisera against the purified proteins specific bands of the correct size were 

detectable (Figure 12). 

α-LI0636 (α-ZupT) antiserum recognized a protein around the expected size 

of ZupT (WT), 28.12 kDa, however, the protein is slightly smaller than the ZupT 

protein correspondent to the WT genotype. This smaller protein could 

correspond to the ZupT (short) (24.61 kDa) version that we have shown to be 

present in the in DKp23 strain. There were no proteins detected in Enterisol® 

Ileitis or the cell control lanes (E or C respectively) (Figure 12).  

The antiserum against LI1161 seemed to specifically recognise a band at the 

expected size of 51.73 kDa (Figure 12). Although there was a small band 

recognized in the cell control lane, there was a strong clear recognition of a 

protein of the right size in DKp23.  

Figure 12: Western blotting using antisera raised against different L. intracellularis proteins 
and tested against extracts from cells infected with L. intracellularis strains DKp23 and 
Enterisol® Ileitis. Specific purified proteins and non-infected IPEC-J2 cells were used as 
positive and negative controls respectively. WT proteins molecular weights are: LI0139 - 
18.64; LI1160 - 69.56; zupT (WT) - 28.12; zupT (short) - 24.61; LI1161 - 51.73. 



 

92 

As the recognition of proteins varied between samples, and the lack of an 

internal WB positive control, we decided to quantify the number of bacteria in 

each bacterial sample by qPCR. The number of bacteria in the bacterial protein 

preparations was assessed by calculating the copy number by qPCR using the 

aspA gene. The results showed an almost equivalent number of bacteria 

between DKp23 and Enterisol® Ileitis culture preparations. For the DKp23 

sample, the ΔCq was 20.0, which indicate a total of 4.2x1013 L. intracellularis 

Copy number/sample; for the Enterisol® Ileitis sample the ΔCq was 21.8, 

which indicate a total of 1.1x1013 L. intracellularis Copy number/sample. 

However, it is important to state that there is a caveat to using qPCR for 

quantification of L. intracellularis, particularly when quantifying inoculums, in 

that qPCR does not allows discrimination between live or dead bacteria.
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3.4 Discussion and conclusions 

Even when all conditions seem favourable, in vitro propagation of L. 

intracellularis is extremely difficult and, in my opinion, it is the primary research 

hurdle for the progress of L. intracellularis research. As a consequence of this, 

only a few laboratories around the world have established continuous L. 

intracellularis in vitro culture systems like the one developed for the work 

performed in this thesis.   

It has been shown that none of the cell lines we used fully represents the 

pathology observed in pigs, as there is not an increase in hyperproliferation 

markers in vitro. However, I have seen that the location of the bacteria in vitro 

and in infected tissues is sometimes similar and, especially in culture, it is 

evident that the bacteria can be present in close proximity to cell nuclei. Further 

work would need to be carried out to determine if the same association is 

present on the bacteria infecting cells in the deep part of the crypts. It is an 

intriguing possibility that this association may be related to the trademark 

pathology of these bacteria. It has been shown that L. intracellularis causes 

hyperproliferation which originates at the bottom of the crypts as new cells are 

produced from stem cells and transition as they mature towards the apical 

Figure 13: L. intracellularis infection and gut environment. Normal gut microbiome, beneficial 
microbes (left). L. intracellularis have affinity towards immature epithelial cells, most likely 
transit amplifying cells (light blue), where they invade and multiply. Created with 
BioRender.com 
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surface37,52-54 (Figure 13). The presence of the bacterium next to the nuclei 

hints at the idea of the bacteria interfering with the nucleus and potentially 

manipulating the host cell cycle. 

This, linked with the fact that I have shown for the first time that components 

associated with the T3SS protein machinery (LI1161) are present in L. 

intracellularis protein lysates, opens the discussion of whether or not L. 

intracellularis is using its T3SS effectors to manipulate the host cell cycle for 

its benefit.  Moreover, I speculate that this may occur by direct injection of 

effectors into the nucleus which, as far as I am aware, has not been 

documented for another intracellular bacterium.  

Other obligate intracellular bacteria have similar locations inside the host cells. 

One example is Salmonella which has both a cytosolic and intravacuolar 

lifestyle, though contrary to L. intracellularis, predominantly resides inside 

vacuola inside eukaryotic cells221,222. Another example, that resembles more 

to L. intracellularis, is Shigella flexneri. S. flexneri escapes from its vacuole by 

lysis of the surrounding double membrane in a T3SS manner, and resides as 

free bacteria in the cytoplasm, where it can start a new cycle of replication and 

cell-to-cell spread94,223. 

Furthermore, I observed that LI1161 seems to be more recognised in DKp23 

protein preparations than in Enterisol® Ileitis in one of the Western blots 

(Figure 12). DKp23 is a strain that presents genomic characteristics of both 

pathogenic (WT) and non-pathogenic (Enterisol® Ileitis) L. intracellularis 

defined by the presence of a deletion in the ZupT gene (more information in 

Chapter 4). For this reason, it is possible that the difference in levels of the 

LI1161 protein between the strains is related to strain pathogenicity. To fully 

address this matter, the same type of WB analysis performed in this chapter 

should be carried out using a WT L. intracellularis strain from a clinical sample. 

This way a full comparison of the expression of these proteins can be 

achieved. Furthermore, performing genetic analysis of the expression of the 

predicted T3SS genes would be another informative approach to fully 

understand the expression of the L. intracellularis T3SS in different time points 

of L. intracellularis infection and between strains. Reduced T3SS gene 

expression for the vaccine strain compared to DKp23 and a WT would test my 
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hypothesis.  If culture of a L. intracellularis WT strain fails, clinical samples 

could potentially be used with accurate quantitation of bacterial levels. Another 

option would be exploring more vigorous permeabilisation methods which 

might then allow in situ detection of these proteins. 

Likewise, α-LI0636 (ZupT) antiserum presented specific recognition in DKp23, 

but not in Enterisol® Ileitis. As explained in Chapter 4, we have shown that the 

ZupT allele present in the attenuated Enterisol® Ileitis contains a 111 bp 

deletion. More interestingly, during the WB testing in this work, in one of the 

blots (Figure 12) I detected two proteins corresponding to the two predicted 

sizes of the WT and deletion variant. Similarly, the blotting and detection 

methodology needs to be optimised further and then samples analysed to 

confirm the relative levels of WT ZupT and the deletion variant ZupT in different 

backgrounds. A further speculation is that full length ZupT is required as a 

regulator of the T3SS in L. intracellularis and that the truncate has a reduced 

regulatory capacity with reduced T3SS expression in the vaccine strain.  It is 

interesting to note that the deletion is primarily of an intracellular section. 

On the other hand, the work presented has shown the potential of ZupT as an 

additional marker for L. intracellularis by histopathology. When the α-LI0636 

(ZupT) antiserum was used as primary Ab to stain L. intracellularis WT infected 

pig tissue from our trial (Chapter 5), I could see how the staining is as clear 

and specific as the monoclonal antibody VPM53. In addition, when the α-

LI0636 (ZupT) antiserum was used to stain DKp23 and Enterisol® Ileitis 

infected cell cultures, both strains were recognised and visualised as opposed 

to in Western blots. There might be some specific recognition requirements of 

the antibody directly related to the structure and presentation of the ZupT 

protein which would account for these different activities. As the α-LI0636 

(ZupT) serum was produced by vaccinating rabbits with a synthetic KLH 

conjugated peptide that only included a predicted extracellular domain of the 

protein, there is a chance that the antibodies produced by the rabbit only 

recognise the ZupT protein in its transmembrane conformation akin to its 

native conformation. In this case, denaturing the protein in preparation for WB, 

which affects its tertiary conformation, may prevent the antibody binding, thus 

explaining the differences we see between cells/tissues and Western blot. 

There is also the possibility that the shorter version of the ZupT  protein has 
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lower stability when protein extracts are generated for WB and that could be 

the reason why I cannot detect it in the Enterisol® Ileitis protein preparations. 

I believe that, regardless the three-fold difference on the amount of bacteria 

we used for these WBs, this finding may suggest a differential expression of 

these proteins in the two strains, maybe indicating that this part contributes to 

bacterial attenuation. Unfortunately, I could not perform the neat peptide WB 

against its antiserum as there was no KHL-conjugated ZupT peptide left as the 

full amount produced was used for the rabbit immunisations. 

With respect to the in vitro culture morphology, I observed a pattern where L. 

intracellularis infected cells were not equally spread throughout the cell 

monolayer. This translates to a relatively low number of superinfected cells 

surrounded by less or non-infected cells. As such this is an interesting finding 

as in vivo the infection takes place from the bottom of the crypts all the way up 

to the lumen of the intestine. It may be that L. intracellularis can transmit from 

cell to cell. Unfortunately, due to the impossibility of generating a L. 

intracellularis clone and subsequent mutants such as GFP-L. intracellularis, 

experiments involving live tracking of individual bacteria overtime was not 

possible. Making these constructs is imperative to progress our knowledge of 

the bacteria in this regard. An alternative experiment would be to use 

fluorogenic membrane dyes that can stain the plasma membrane in live cells. 

In this way, L. intracellularis location could be investigated in vitro and whether 

it transmits in a lateral manner cell-to-cell or if the bacteria has to exit the cell 

and actively infects a new cell that may not be close to its original infected cell. 

In conclusion, I have presented two exciting findings: a number of L. 

intracellularis are generally closely associated with the nucleus of the infected 

host cell and proteins of the T3SS have been identified for the first time in L. 

intracellularis protein lysates. This leads us to propose a role for the L. 

intracellularis T3SS with proliferative enteropathy pathology. What we know so 

far is that L. intracellularis cultures, using a single cell line at a time, are not 

able to recapitulate the cell hyperproliferative status that is observed in the 

animals. This is most likely due to the ‘immortal’ replicating state cell lines 

anyway as really distinct from the differentiated state of most cells in the 

intestinal epithelium. Other factors such as of the role of gut microbiota in gut 

health and infection may also be important. The use of swine enteroids seems 
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the logical next step to minimize the host cell differences between the lab 

environments and the animal; recently it has been shown that the infection of 

enteroids with L. intracellularis is possible and this offers great potential for 

future pathogenicity studies86.  I hypothesise that L. intracellularis infects the 

stem cells at the bottom of the crypts interacting with the host cell nucleus, and 

remains in this location as the cell starts to divide and generates immature 

enterocytes. The bacteria divide in parallel and in situ in these new enterocytes 

which result in heavily infected immature enterocytes pushed to the top of the 

crypts (to the intestinal lumen). The localisation to the nucleus may be a means 

to modify the host cell cycle, which results in the hyperproliferation witnessed 

in infected pigs. 

L. intracellularis is still ‘incognito’ and a seriously challenging bacteria to work 

with. The advances in new imaging techniques, the generation of tools that 

allow L. intracellularis genetic modification and the analysis of more bacterial 

and host cell RNA sequences at different times of infection, will enable the next 

phase of research, progressing our understanding of the ways this bacterium 

successfully infects cells an then proliferates within them. 
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Chapter 4  

Unveiling the differences between 

the attenuated vaccine strain 

(Enterisol® Ileitis) and its parental 

strain, and development of 

differential diagnosis tools 
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4.1 Introduction 

Diagnosis of L. intracellularis infection is a challenge for pig practitioners and 

producers. The fact that several other pig pathogens can have similar clinical 

presentations, such as Brachyspira hyodysenteriae, Salmonella enterica 

serovar Typhimurium and porcine circovirus type 2 (PCV2), and that in some 

cases the infection can be subclinical18-20. The clinical signs of L. intracellularis 

infection in pigs have been well documented throughout the years36-38. The 

disease generally manifests in one of two ways clinically: acute Proliferative 

enteropathy (PE) or chronic PE, or, as mentioned, the infection may remain 

subclinical8,36,39,40,44,48. The scarcity of suitably validated detection tools and 

intermittent shedding of bacteria, further hinder confident and meaningful 

diagnosis42,58,133,146,163. 

Due to the nature of the infection, the bacteria can be found in enterocytes in 

the ileum, colon, and faeces, in which the bacteria are excreted. L. 

intracellularis remains an important bacterial pathogen in pigs. Since it is one 

of the pig pathogens that is most commonly controlled by antimicrobial 

intervention, there is a risk that it will become more of a problem in the future, 

given the global drive to reduce antimicrobial use in agriculture224,225. 

Commonly used detection tools to demonstrate L. intracellularis infection in 

infected tissue include histochemical, immunohistochemical and in situ 

hybridization techniques. A drawback of these techniques is the requirement 

for a tissue sample, which usually only becomes available upon the death of 

the animal, making them post-mortem diagnosis tools. For this reason, the 

development of molecular diagnostic tools that demonstrate the presence of 

L. intracellularis DNA/RNA in samples in a rapid way has taken over most of 

the recent developments in this field. These tests are normally based on 

Polymerase Chain Reaction (PCR) and commonly used on faecal samples, 

ante-mortem rectal swabs or intestinal samples post-mortem. A list of 

published primer pairs used for the detection of L. intracellularis is detailed in 

Table 6156-162.  
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Table 6: Reported PCR techniques used to detect Lawsonia intracellularis DNA. 

 

*RPA-LFD = Recombinase polymerase amplification - Lateral-flow dipstick; †LAMP = loop-mediated, isothermal amplification. 

PCR type Primers Target 
Sensitivity /  

detection limit  

Samples tested 

(No.) 
Ref. 

Conventional and 

nested 

F: 5'-TATGGCTGTCAAACACTCCG-3' 

R: 5'-TGAAGGTATTGGTATTCTCC-3 

NF: 5'-TTACAGGTGAAGTTATTGGG-3' 

NR: 5'-CTTTCTCATGTCCCATAAGC-3' 

aspA 103-104 LI/g 
Faeces and mucosal 

scraps 

(n=18) 

226 

Conventional 
F: 5'-CAGCACTTGCAAACAATAAACT-3 

R: 5'-TTCTCCTTTCTCATGTCCCATAA-3’ 

aspA 94.1 - 88.2% 
Faeces 

(n=18) 

157 

Real-time PCR 
F: 5’-GCGCGCGTAGGTGGTTATAT-3’ 

R: 5’-GCCACCCTCTCCGATACTCA-3’ 
16S - 

Faeces 

(n=204) 

158 

Conventional 
F: 5’-GATGAAAGCCTGCTGCACGGA-3’ 

R: 5’-GTCTTGTTGAAGCTATGGAACCTG-3 
ubiE 97.3% 

Faeces 

(n=150) 

159 

Real-time PCR 
F: 5'-GCGCGCGTAGGTGGTTATAT-3' 

R: 5'- GCCACCCTCTCCGATACTCA -3' 
16S 102 LI/g 

Faeces 

(n=113) 

160 

RPA-LFD* assay 
F: 5′-AAATCCAAAAGTCGAGTATCTAACTGCGG-3′ 

R: 5′-TAAAAACCCAGAGCAAAATCGTGATACCAGGCG-3′ 
dnaA 104 LI/g 

Faeces 

(n=150) 

162 

Real-time LAMP† 

assay 

F: 5'- GCATCTCAGTCCGGATTGG -3' 

R: 5'-  CTTGTTACGACTTCACCCCA -3' 
16S 101 pg/sample 

Faeces 

(n=136) 

161 
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Advantages of molecular methods, compared to culture methods or 

histopathology, include more rapid and accurate ante-mortem detection of L. 

intracellularis but, even with PCR, the reported sensitivities and specificities 

span a wide range167,168. Another advantage is the possibility of simultaneously 

detecting specific combinations of L. intracellularis, B. hyodysenteriae and 

Salmonella serovars by using multiplex PCR18,19,44,169,227. As well as benefits, 

PCR assays using faecal material can suffer contamination with complex 

polysaccharides from other bacterial species or urea from urine that could 

inhibit the PCR reaction potentially leading to false negative results165,166.  

While PCR diagnostic tests for L. intracellularis are important, they are not able 

to differentiate pathogenic strains of L. intracellularis from the commonly used 

Enterisol® Ileitis (Boehringer Ingelheim Vetmedica) live attenuated vaccine 

strain. As no such test is yet available, part of the thesis research was to carry 

out a comparative genomic study with the aim of defining robust genetic 

differences that could be exploited diagnostically either by PCR and/or at a 

serological level. Nowadays, vaccine and laboratory methods that can 

differentiate infected from vaccinated animals (DIVAs) have been developed 

for other pig pathogens, such as pseudorabies virus, classical swine fever 

virus (CSFV), foot and mouth disease virus (FMDV) and Salmonella170-

172,228,229.  

The term “Differentiation of Infected from Vaccinated Animals (DIVA)” was first 

used in 1999171 to redefine the term “marker vaccine”. A marker vaccine 

defined those vaccines that included specific markers added to vaccine 

formulations at the time of manufacture, ensuring a route for distinguishing 

vaccinated from naturally infected animals.172,229 One excellent example of the 

use of a DIVA test is CSFV. In many places wild type (WT) virus and vaccine 

virus coexist making diagnostic difficult; genetic DIVA strategies based on 

Real-Time PCR have been reported that permit the differentiation of 

vaccinated from WT CSFV infected animals by targeting a gene with a different 

length depending on the strain present in the samples230-232. 

Currently, there are no such markers in the commercially available L. 

intracellularis vaccines. This highlights the need for further investment in more 

sophisticated detection tools, vaccines and management strategies. This 
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chapter aims to study the genomic differences between WT L. intracellularis, 

Enterisol® Ileitis and its parental strains to generate a specific DIVA diagnostic 

tool. Ideally, this new diagnostic method would allow us to accurately quantify 

levels of the different strains present in a sample, valuable in cases where the 

vaccine and a WT infection co-exist. 
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4.2 Materials and Methods 

 Strains 

Multifasta files containing Enterisol® Ileitis vaccine strain (B3903) and its 

parental strain (DK15540) sequences were provided by Boehringer Ingelheim, 

Ingelheim, Germany. Furthermore, two publicly available sequences 

PHE/MN1-00 (GCA_000055945.1) and N343 (GCA_000331715.1) were used 

as reference WT strains. 

 Bioinformatic analysis 

The bioinformatic analysis was performed by Dr Nadejda Lupolova, a former 

Postdoctoral Fellow in Professor David Gally’s research group. Dr Lupolova 

performed the analysis according to our aims using her knowledge and 

expertise. I shadowed Nadejda while this work was carried out and include the 

basic methods below for reference (3.2.2.1). 

4.2.2.1 Assembly and mapping 

The received multifasta sequences B3903_merged_Sequence.fasta and 

DK15540_merged_Sequence.fasta first were assembled with SPAdes 

(http://cab.spbu.ru/software/spades/), and mapped to the reference genomes, 

PHE/MN1-00 (Pubmed: NC_008011.1) and N343 (Pubmed: NC_020127.1), 

and visualised using Bandage tool (https://github.com/rrwick/Bandage).   

4.2.2.1.1 Filtering 

The multifasta sequences B3903_merged_Sequence.fasta and 

DK15540_merged_Sequence.fasta were mapped against the standard 

Kraken database (http://ccb.jhu.edu/software/kraken/) to remove sequences 

that were not from bacterial sources. From this analysis, all short-read 

sequences that were unclassified or classified to anything other than bacteria 

kingdoms were filtered out.  

4.2.2.1.2 Second Assembly, annotation and pangenome analysis 

Sequences remaining after the filtering step were assembled with SPAdes 

using --careful flag (http://cab.spbu.ru/software/spades/).  

http://cab.spbu.ru/software/spades/
https://github.com/rrwick/Bandage
http://ccb.jhu.edu/software/kraken/MANUAL.html
http://cab.spbu.ru/software/spades/
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Once the assemblies were finished to a good standard, they were annotated 

with PROKKA (https://github.com/tseemann/prokka) using a custom protein 

database for better annotation. This database was composed of proteins 

extracted from reference L. intracellularis sequences PHE/MN1-00 and N343. 

To generate a pangenome matrix, PROKKA predicted proteins were clustered 

using the programme Roary with a setting where paralogs are grouped 

together. 

4.2.2.1.3 Reference mapping 

All short reads were mapped to the reference PHE/MN1-00 with minimap2 -ax 

sr (https://github.com/lh3/minimap2). Bam files were processed with snippy 

using miinfrac 0.8 flaf. All the alignments were visualised with Tablet 

(https://ics.hutton.ac.uk/tablet/).  

 Design and validation of a ‘Differentiating Infected from 

Vaccinated Animals’ Quantitative Polymerase Chain 

Reaction (DIVA qPCR) for Lawsonia intracellularis 

4.2.3.1 Endpoint PCR 

Endpoint PCR was performed using a Thermo Hybaid PCR EXPRESS 

machine with ReadyMix™ Taq PCR Reaction Mix with MgCl2 (Sigma). The 

protocol comprised a first stage of 94⁰C for 3 minutes followed by 35 cycles of 

94⁰C (1 minute), 55⁰C (2 minutes) and 72⁰C (2 minutes). In each 50µL reaction, 

25µL of mastermix were added to 5µL of each primer (10µM), as well as 3µL 

of template DNA. 

DNA from bacterial cultures and faeces was extracted using the DNeasy Blood 

& Tissue Kit (Qiagen) according to the manufacturer’s conditions. Infected L. 

intracellularis cells (from culture, see Chapter 3) were collected using a TPP 

240mm cell scraper (Scientific Laboratory Supplies), pelleted at 200g for 5 

minutes and DNA was extracted. Faeces were processed by suspending 

approximate 1g of faeces in PBS prior extraction under manufacturer 

condition. 

The quantity and quality of the extracted DNA were assessed using a ND-1000 

Spectrophotometer (Nanodrop). 

https://github.com/tseemann/prokka
https://github.com/lh3/minimap2
https://ics.hutton.ac.uk/tablet/
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4.2.3.1.1 SAMMTase  

Endpoint PCR with three primer sets was used to determine whether detection 

of a deletion in SAMMTase could be used as a differential diagnostic for 

Enterisol® Ileitis (Table 2). All sets shared the same forward primer (F). Three 

different reverse primers were designed: a) R1 targeted the C-terminus of the 

WT sequence, this area was predicted to be absent in Enterisol® Ileitis, 

therefore, if correct, no amplified product should be produced if Enterisol® 

Ileitis DNA is used as the substrate in the reaction; b) R2 targeted upstream of 

the predicted deletion, therefore, an amplified product should be present for 

either WT or Enterisol® Ileitis DNA as the substrate; c) R3 targeted the G rich 

area where the predicted deletion starts, therefore, it should not give an 

amplified product if Enterisol® Ileitis DNA was present (Table 3, Figure 1).



 

106 

Table 7: Primers and probes

Target Primers/Probes PCR 

SAMMTase 

F : ATGAAAAATATCGATATCCAATC 

R1 : TTAATGCTTGTAATGTGAGCTGG 

R2 : CCCCCCCCCCCTCTGGTTATC 

R3 : CTAACAAAAATAAGTATCCC 

Endpoint 

zupT 

F:  CCTCTTATTGGTCACTTTTAG 

R1:  CAATAATAACAGCAATAGGTTC 

R2: CTAGATAACGTAGCTTCTGGTG 

Endpoint 

zupT 

F :  CCTCTTATTGGTCACTTTTAG 

R1 :  CAATAATAACAGCAATAGGTTC 

P1 : TGGTGCTGCAGGGTTAGGAACACCA  5'-TX, 3'-BHQ2 

P2 : AAAGTAAGTTACCACGTAGTACATTGCTTGTTC  5'-HEX, 3'-BHQ1 

qPCR 

16S 

F : GCGCGCGTAGGTGGTTATAT 

R : GCCACCCTCTCCGATATCCA 

P : CACCGCTTAACGGTGGAACAGCCTT  5'-FAM, 3'-BHQ1 

qPCR 

aspA 

F : TGGCTGTCAAACACTCCGTG 

R : TACTTGTCCCTGCACCTCCTTG 

P : TGCAGCACTTGCAAACA ATAAACTTGGTCTTCTT  5'-FAM, 3'- BHQ1 

qPCR 
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Table 8: SAMMTase Endpoint PCR design and expected results. 

 

 

 

 

 

 

 

4.2.3.1.2 ZupT  

Endpoint PCR was designed to determine the presence or absence of a 

deletion in zupT as a differential diagnostic for the Enterisol® Ileitis vaccine 

strain. Two sets of primers were tested; both sets shared the same forward 

primer (F). One reverse primer would only bind when the full zupT gene was 

present (R2) and the other reverse primer (R1) was designed to bind the other 

side of the deletion giving two different length PCR products with a 111bp 

difference, depending on the presence or absence of the deletion  (Table 9, 

Figure 2).  

Table 9: zupT Endpoint PCR design and expected results. 

 

Strain Primers 
Size in Kb 

(expected) 

Wild Type  

F-R3 0.454 

F-R2 0.434 

F-R1 0.576 

B3903 strain 

F-R3 No band 

F-R2 0.434 

F-R1 No band 

PCR type Strain Primers Kb (expected) 

Size change 
WT F-R1 0.447 

Enterisol® Ileitis  F-R1 0.336 

Y/N PCR 
WT F-R2 0.336 

Enterisol® Ileitis  F-R2 No band 

Figure 1: SAMMTase PCR primers design. Three different reverse primers were designed 
aiming to differentiate WT and B3903 strain. 
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4.2.3.2 DIVA zupT qPCR  

The outer set of primers of the endpoint zupT PCR (F – R1) was selected for 

the qPCR design as this set of primers would always detect the presence of L. 

intracellularis, despite not discriminating if the strain present was WT or 

Enterisol® Ileitis (Figure 2, Figure 3).  

16S rRNA gene and aspA, two known conserved genes for L. intracellularis, 

were also chosen as markers to determine the total amount of L. intracellualris. 

A new set of primers was designed for aspA (Table 7, Figure 3) while the 16S 

rRNA gene primers are the ones used by Boehringer Ingelheim Veterinary 

Research Center GmbH&Co.KG (BIVRC) Research and Development 

department in Hannover (Germany) and previously published by 

Lindercroma158 (Table 7, Figure 3). 

Four different TaqMan probes were used for the multiplex qPCR (Table 2), one 

for each housekeeping gene (aspA and 16S rRNA), both carrying the FAM 

fluorophore; and two different ones for the zupT gene (Figure 2). One of them 

targeted the region not present in Enterisol® Ileitis (P1) and a second one 

targeted the region of zupT outside the deletion (P2), carrying Texas Red and 

HEX fluorophores. respectively (Table 7) thus allowing differentiation between 

WT and Enterisol® Ileitis. 

DNA from faeces was extracted using the DNeasy Blood & Tissue Kit (Qiagen) 

using manufacturer conditions in 96 well plates. All the samples were tested in 

triplicate on 384 well plates in addition to suitable controls and a standard 

curve; these plates were pipetted by a Microlab® STAR™ (Hamilton, NE, 

USA). The qPCR was optimised on the QuantStudio 5 Real-Time PCR System 

(Applied Biosystems, MA, USA) at BIVRC, using TaqMan™ Fast Advanced 

Master Mix (Applied Biosystems, MA, USA). The protocol comprised a first 

Figure 2: zupT PCR primers design. Two different reverse primers were designed aiming to 
differentiate WT and B3903 strain. 
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stage of 50⁰C for 2 minutes followed by 95⁰C for 20 sec and finalising with 45 

cycles of 95⁰C (3 sec) and 60⁰C (30 sec). In each 20µL reaction, 10µL of 

mastermix was added to 0.3µL of each primer (20 pM), as well as 2 or 3µL of 

template DNA. 

4.3 Results 

 Bioinformatic analysis 

4.3.1.1 Assembly and mapping 

To select the best differential gene between B3903 strain and its parental 

strain, as well as with the publicly available L. intracellularis strains, Boehringer 

Ingelheim provided the group with access to the sequence data of the 

Enterisol® Ileitis vaccine strain (B3903) and its parental strain (DK15540). 

Figure 3: DIVA qPCR primers and probes design.  
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The assemblies from both bacterial genomes were compared against the 

reference strain PHE/MN1-00 (NC_008011.1) and the B3903 assembly 

covered 98.7% of PHE/MN1-00 chromosome and plasmid using 84.9% of all 

the contigs present on the assembled data (Annexe - Chapter 4). DK15540 

also covered an overall of 98.7% of PHE/MN1-00 chromosome and plasmid 

using 76.7% of all the assembled sequences (Annexe - Chapter 4). Moreover, 

both of the assemblies, B3903 and DK15540, covered the same area of 

PHE/MN1-00 genomes (Figure 4). All unmapped contigs were small (below 

1000nt); these were blasted against the National Center for Biotechnology 

Information (NCBI) database and showed similarity to sequences mostly from 

mouse genomes and some viral genomes. This result was not unexpected as 

B3903 and DK15540 were cultured in mouse cells (McCoy, ATCC® CRL-

1696™) and extracted from pig tissue respectively prior to sequencing. 

Therefore, these mouse and viral sequences were also removed from the 

initial fasta files used to derive new assemblies. 

Figure 4: Bandage assembly map of the coverage of the reference strain (PHE/MN1-00) 
by the new assemblies (A) DK15540 and (B) B3903. The diagrams show coverage in the 
main chromosome and the three plasmids (in blue). It also shows a region in both de novo 
assemblies unmapped to the main chromosome of the reference strain (Grey). Overall, the 
same areas of the genome were covered in both cases indicating a good quality of the de 
novo assemblies.  
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After the second set of assemblies, annotation and pangenome analysis 

comparing DK15540 vs B3903 vs PHE/MN1-00 vs L. intracellularis N343 

(another publicly available genome) resulted in a list of potential DIVA 

candidates (Table 5, Figure 5).  

Finally, the sequences were mapped to PHE/MN1-00 to select any Single 

Nucleotide Polymorphisms (SNPs). The SNPs were selected only when 80% 

of the reads had evidence for them. The SNPs that differ between DK15540 

and B3903 strains are shown in Table 6.

Figure 5: Circular aligment of four strains of interest as shown using a BRIG plot. Both B3903 
and DK15540 strains lack a prophage region that is present in the reference strains. Green: 
B3903; Blue: DK15540; Pink: N343; Purple: PHE/MN1-00.  
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Table 10: Differential gene targets result of comparative analysis of the L. intracellularis sequences. 

 

Table 11: Differential SNPs targets result of comparative analysis of the L. intracellularis sequences. 

Sequence with deletion Deletion size Gene 

B3903 and DK15540 18,086 bp Prophage-associated genomic island  

B3903 142 bp S-adenosylmethionine-dependent methyltransferase (SAMMTase) (plasmid 1) 

B3903 111 bp zupT 

Ref. DK15540 B3903 
Locus 

Tag 
Gene Product Effect 

T T G LI0064 - Predicted transcriptional regulator 
missense_variant c.119T>G 
p.Val40Gly 

T T A LI0636 zupT Conserved membrane protein 
missense_variant c.498A>T 
p.Gln166His 

C C G LI0636 zupT Conserved membrane protein 
missense_variant 
c.490_491delGGinsAC p.Gly164Thr 

C C T LI0636 zupT Conserved membrane protein 
missense_variant 
c.490_491delGGinsAC p.Gly164Thr 

A A G LI1139 cheR 
Methylase of chemotaxis methyl-
accepting proteins 

missense_variant c.406A>G 
p.Thr136Ala 
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4.3.1.2 Genome Deletion and insertions  

Three putative deleted regions were identified as a result of comparative 

analysis of the assemblies (Table 5, Figure 5). Firstly, a phage region (18 Kb) 

was missing from both B3903 and DK15540 but is present in the other two 

reference strains. This, therefore, was not a suitable candidate for 

differentiating vaccinated from non-vaccinated animals as it may be absent 

only in certain wild type strains. 

Secondly, a deletion of 132bp was identified in the 5’ region of the S-

adenosylmethionine-dependent methyltransferase (SAMMTase) gene on 

plasmid 1. The alignment of the sequences indicated that there was a deletion 

in B3903 after a G repeat region, although the functional domain of SAMMTase 

seems to exist in all the strains (Figure 6). Methyltransferases transfer a methyl 

group from a donor to an acceptor and play a role in epigenetic regulation in 

bacteria.233 SAM-binding methyltransferases utilise the ubiquitous methyl 

donor SAM as a cofactor to methylate proteins, small molecules, lipids and 

nucleic acids. All SAMMTases contain a structurally conserved SAM-binding 

domain consisting of a central seven-stranded beta-sheet that is flanked by 

three alpha-helices per side of the sheet. L. intracellularis plasmid 1 had a 

conserved cluster of five SAMMTases, the role these play in the lifecycle of L. 

intracellularis infection and replication are currently unknown (Figure 7).
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Figure 6: SAMMTase alignment of B3903, DK15540, N343 and PHE/MN1-00 strains showing a deletion in B3903 compare to the other strains after 
a G repetition domain. 
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Lastly, we found an in frame deletion of 111bp in the zupT gene (LI0636) 

(Figure 8). ZupT has been described as a cytoplasmic membrane protein and 

as a zinc transporter234,235. It is a member of the ZIP transporter family, 

characterised by a broad transport spectrum; and as such may transport iron, 

cobalt as well as zinc, and possibly manganese and cadmium. Like other ZIP 

transporters, ZupT is predicted to have eight transmembrane domains with 

both the N-terminal and C-terminal ends of the protein located on the 

extracellular side of the membrane. The sequence analysis indicated a 

deletion only in B3903, which corresponded to a predicted internal loop of the 

protein (Figure 9)234. 

Figure 7: Comparison of B3903, DK15540, N343 and PHE/MN1-00 plasmid 1 sequences 
showing the level of conservation of the SAMMTase genes. The purple arrow is the particular 
SAMMTase of interest. 
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Figure 8: zupT alignment of B3903, DK15540, N343 and PHE/MN1-00 strains showing a 111nt deletion in B3903 compared to the other strains. 
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Thus, with deletions within SAMMTase and zupT only present in the vaccine 

Enterisol® Ileitis (B3903), different PCR approaches were designed and tested 

to see if differentiation of the vaccine strain (B3903) from parental and other 

WT strains is feasible. 

4.3.1.3 SNPs analysis 

Only five SNPs were selected and their potential as DIVA markers were further 

investigated. Three of them were in the same gene (LI0636, zupT), and 

another two were in LI0064 and LI1139. All details can be found in Table 5.  

 Design and validation of a Differentiating Infected from 

Vaccinated Animals Quantitative Polymerase Chain 

Reaction (DIVA qPCR) for Lawsonia intracellularis 

4.3.2.1 Endpoint SAMMTase 

Three sets of primers were tested with Enterisol® Ileitis and DKp23 DNA. The 

three different primer combinations were expected to produce bands at F-R1: 

0.576 Kb, F-R2: 0.434 Kb and F-R3:0.454 Kb when a WT strain DNA (DKp23) 

was present but only a band with F-R2 with Enterisol® Ileitis (B3903) DNA. 

However, as observable on Figure 10, F-R2 and F-R3 did not generate any 

bands when tested with DKP23 L. intracellularis DNA and only a band with F-

R1. On the other hand, you can observe how F-R2 did not produce a band for 

Enterisol DNA but generated an erroneous band of similar size to the one 

observed in the DKP23 sample when using primers F-R1. 

 

Intracellular 

Space 

Extracellular 

Space 

Deletion 

Figure 9: Predicted structure of ZupT protein, adapted from Nie (2013)234. 



 

118 

 

 

Thus, unfortunately, SAMMTase is not a good differential diagnosis marker 

(Figure 10). Therefore, we decided to focus on the other differential marker. 

4.3.2.2 Endpoint zupT 

Three sets of primers were first tested using DNA from the Enterisol® Ileitis 

(B3903) and WT strains extracted using a tissue extraction kit and therefore 

with a known concentration of L. intracellularis Enterisol® Ileitis (B3903) or WT 

DNA. As observable in Figure 11, the results showed clear potential for using 

zupT as a target for differential diagnosis. In the first two lanes (F-R1), a size 

difference was detectable between bands in the Enterisol® Ileitis column and 

WT columns. Based on sequence comparison, this was predicted to be 111nt.  

Furthermore, in the last two columns (F-R2), a band was absent in the 

Enterisol® Ileitis lane but a clear band appeared in the WT reactions at 0.295 

Kb. 

Moreover, in order to determine if the PCR could work with strains from animal 

samples, 13 DNA faecal extracts with known L. intracellularis infection status, 

8 known positive and 5 negatives, were donated by SAC Consulting Solutions 

(Edinburgh, UK), to test the potential of zupT DIVA PCR in faecal extracts. 

Figure 10: Agarose gel from Endpoint SAMMTase primer testing using known positive 
samples, DKp23 and Enterisol® Ileitis (B3903). For DKp23, bands were expected at F-R3: 
0.454 Kb, F-R2: 0.434 Kb and F-R1: 0.576 Kb. For Enterisol® Ileitis (B3903), bands were 
expected at F-R3: No band, F-R2: 0.434 and F-R1: No band.  

Figure 11: Agarose gel from endpoint zupT primer testing using known positive samples, 
DNA extracted from a WT case and Enterisol® Ileitis (B3903)  DNA. For WT, bands were 
expected at F-R1: 0.447 Kb and F-R2: 0.336 Kb. For Enterisol® Ileitis, bands were expected 
at F-R1: No band, F-R2: No band. 
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Using the zupT endpoint PCR, all the positive samples presented a full length 

zupT gene and the negative samples were negatives with no bands present. 

In addition, some of the negative samples were spiked with Enterisol® Ileitis 

DNA to simulate vaccinated cases. Here, all the Enterisol® Ileitis spiked 

samples showed presented the deletion in the zupT gene, as expected (data 

not shown).  

To continue testing the DIVA capacity of this PCR, a set of 25 Scottish field 

samples from a farm with suspected cases of L. intracellularis infection were 

extracted and tested using the new zupT based DIVA PCR. At this point it was 

decided that the best set of primers for this DIVA PCR would be F-R1 (Figure 

2), as this set of primers ensure a reaction always when L. intracellularis DNA 

is present, allowing discrimination between the 3 possible scenarios: i) L. 

intracellularis WT positive, ii) L. intracellularis Enterisol® Ileitis positive, iii) L. 

intracellularis negative sample. The results showed that out of 25 samples, 7 

were positive for L. intracellularis WT infection (Figure 12). It was concluded 

from these samples that there was no obvious cross reactivity with other 

sequences present in the faecal extracts and thus the reaction demonstrated 

potential specificity for L. intracellularis. 

After obtaining these results, I was confident about the capacity of the PCR to 

differentiate WT and vaccine L. intracellularis strains based on zupT variation 

using the primer set F-R1. (Table 7, Figure 2).  

4.3.2.3 L. intracellularis DIVA qPCR  

An endpoint PCR provides sufficient information to accurately differentiate the 

presence of the L. intracellularis vaccine strain from WT strains in infected 

Figure 12: Agarose gel showing the results of the DIVA (F-R1) zupT endpoint PCR of Scottish 
field samples. C-: Negative control; E+: Enterisol® Ileitis (B3903); D+: DKp23 
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samples, however, sometimes there is also a need for a method that quantifies 

the amount of the particular L. intracellularis strain(s) in a sample. 

To address this need, full optimisation of a DIVA qPCR was performed at 

BIVRC R&D during my industrial placement visit between September and 

December 2019. The samples used were Enterisol® Ileitis, WT, DKp23 spiked 

negative faecal samples and all the samples generated at an animal infection 

trial conducted at the Moredun Research Institute (MRI) in April-June 2019 

(Chapter 5).  

Unfortunately, it was not possible to generate an Enterisol® Ileitis vaccine 

specific probe for the deleted zupT region, as the deleted region is part of a 

repeated sequence and there is too much similarity in the WT and the 

Enterisol® Ileitis vaccine. Therefore a complementary strategy was required. 

In the hypothetical situation of having a pig shedding the B3903 strain and only 

the zupT deletion probe is being used, no signal will be given by the zupT 

probe making it impossible to distinguish between a L. intracellularis negative 

sample and a sample containing only the Enterisol® Ileitis strain. 

Consequently, by adding a housekeeping gene to the reaction, it is possible to 

know how much L. intracellularis is in the sample, by the housekeeping gene 

Cq, and at the same time quantify how much of the L. intracellularis is WT or 

Enterisol® Ileitis (B3903) strain with the zupT Cq. 

The first decision was to select which housekeeping gene to use. By 

comparing 16S and aspA, two standard L. intracellularis housekeeping 

genes157,158, under the same conditions, it was clear than aspA had higher ΔRn 

values throughout all PCR reactions than 16S (Figure 13) and therefore was 

more specific. ΔRn represents a normalized value of the fluorescent signal 

from each Taqman probes at each cycle of the specific PCR reaction. 

Furthermore, if any inhibition of the reaction would happen by adding the 

second (zupT) reaction, aka multiplex qPCR, it would be less likely to affect 

the results of aspA.  

The next step was to decide how many µL of DNA extract was most 

appropriate for the best performance of the reaction. The original BIVRC 

protocol uses 3µL DNA in each 20µL reaction, but after some trial runs, some 

inconsistencies were observed in the zupT results. Therefore, 2µL of template 
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DNA was tested to determine if this helped reaction consistency. In this case, 

all samples were pipetted manually, as the Microlab® STAR™ (Hamilton) 

pipette robot was not calibrated for pipetting 2µL volumes. Nonetheless, as 

observable in Figure 14, the assay performance was improved, and was now 

consistent in each of the three technical replicates, without affecting the aspA 

results. Thus, further work proceeded with 2µL of template DNA in a total 

reaction volume of 20µL. 

In parallel, the corresponding standard curves were performed using plasmid 

DNA extracted from bacterial cultures carrying the aspA and full zupT gene. 

As shown in Figure 15, both standard curves had an R2 value close to <0.98 

and their efficiency was over 100%. An efficiency over 100% means that some 

inhibition could be present in the reactions; however, due to time constrictions, 

no further assay optimisation took place. 

The final step was to test this new DIVA qPCR with known L. intracellularis 

samples. To do so, field negative faecal samples were spiked with Enterisol® 

Ileitis, WT L. intracellularis, DKP23 L. intracellularis strain (with a mixed zupT 

gene population, see Chapter 3) and a mix of WT L. intracellularis and 

Enterisol® Ileitis strains. These samples aimed to emulate scenarios that could 

happen on a farm. Examples of results for these samples are shown in Figure 

16 for multiplex (aspA and zupT) or singleplex reactions, accurately 

differentiating zupT gene variations and allowing the quantification of the 

different zupT genotypes in the sample.   

From this, it was concluded that a DIVA qPCR based on zupT and aspA, is 

able to accurately differentiate Enterisol® and WT L. intracellularis strains from 

faecal samples and could quantify concentrations of vaccine and/or WT strains 

present.  
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Figure 13: qPCR reaction comparing aspA and 16S primer set under the same conditions on 
serial dilutions of L. intracellularis Positive field samples or negative faecal samples spiked 
with Enterisol® Ileitis. F:Field sample. E: Enterisol spiked sample. 1-5 indicate the dilution 
series of the sample. 

Figure 14: Multiplex qPCR reaction comparing different sample concentrations under the 
same conditions on serial dilutions of L. intracellularis positive field samples. Only zupT 
signals showed on the graphs. F:Field sample. 1-5 indicate the dilution series of the sample. 
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Figure 15: Standard curves were performed using serial dilutions of plasmid DNA extracted 
from bacterial cultures carrying the aspA and full zupT gene respectively. 

Figure 16: qPCR plots showing A) Lack of change on the Cq values when multiplexing vs 
non-multiplexing using a positive field samples tested in triplicate; B) Differentiating power of 
the zupT DIVA qPCR using a positive field samples and a negative faecal samples spiked 
with Enterisol® Ileitis in triplicate.  
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4.4 Discussion 

The success of L. intracellularis vaccination is often hidden by the appearance 

of clinical signs that could indicate L. intracellularis infection as well as other 

bacterial and viral infections. This is a challenge that farmers and veterinary 

professionals face routinely. This fact, in combination with the pressure from 

governments for the reduced use of antimicrobials on commercial farms, has 

led to increased interest in the development of new vaccines and diagnostic 

tools. Here, I have developed a novel diagnostic DIVA qPCR tool for L. 

intracellularis that accurately detects and quantifies the different populations 

of L. intracellularis in DNA faecal extracts from pigs. 

In developing the L. intracellularis DIVA qPCR, the assembly and comparison 

of the genomic sequences of the B3903 and its parental strain, and other 

publicly available L. intracellularis sequences, showed that there were only a 

few genetic differences. A recent paper that compared metagenomic 

sequences from L. intracellularis positive clinical samples has helped confirm 

these findings.78 The hypo-variability of the genome, as well as the known lack 

of immunological potential for some of those proteins (Chapter 2), prevented 

DIVA ELISA development being an option and therefore the qPCR route was 

deemed the most appropriate DIVA test to try and develop. 

The target selection was primarily focused on the larger genomic changes 

(deletions), rather than SNPs, as the deletions should be easier to detect by 

PCR and provide more opportunities for designing diagnostic primer sets and 

probes. ZupT finally was selected as the candidate for this new L. intracellularis 

DIVA test. The fact that zupT is on the main chromosome of L. intracellularis, 

has an in-frame deletion, and that the deletion seems to be occurring in strains 

that have been heavily passaged in vitro (i.e Enterisol® Ileitis and DKp23), 

made zupT an attractive target for diagnosis and biologically interesting too, 

as it could also potentially explain the attenuation of the Enterisol® Ileitis 

vaccine strain. 

From the putative deleted regions identified, it is important to highlight the 

phage region (18Kb) as a possible strain differentiation target. This phage 

region is missing from both B3903 and DK15540, similar to several other 

strains, and there is no correlation of presence and a virulent phenotype78,79. 
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This, therefore, was not a suitable candidate for differentiating vaccinated from 

non-vaccinated animals, but in combination with other targets, it could 

potentially be a strain-differentiating tool that will facilitate the tracking of 

outbreaks and their origin. 

My zupT based DIVA L. intracellularis qPCR had been successfully developed 

and optimised, although further testing with a greater number of samples still 

needs to be carried out to be able to set a numerical value of sensitivity and 

specificity. Unfortunately, I had a very limited number of field samples available 

at the time of optimisation.  

The decision to use Taqman probes for this qPCR was mainly made because 

it was a goal to multiplex several targets in one reaction and Taqman probes 

have better specificities than using SYBR green236. Despite this, exploring the 

use of SYBR green to perform melting curve analysis to differentiate WT and 

Enterisol® populations using the zupT reaction could have great potential too. 

This type of assay has been reported previously for simultaneous detection 

and differentiation of PRSS virus isolates42 and protozoan oocyst in faeces for 

example237. 

The use of confirmed clinical faecal samples, like the ones donated by SAC, 

allowed us to confirm the high specificity of our DIVA test PCR. These set of 

samples showed that the PCR reaction does not suffer from inhibition, as can 

be experienced when using faecal extracts166. 

In addition, the use of other sample types such as pooled pen samples or oral 

fluids (where L. intracellularis could be present)119,238, or how different sample 

storage conditions could affect this assay159, could be explored to improve, 

further validate and affirm the usefulness of the assay. 

Finally, the combination of this DIVA PCR with other previously described 

PCRs for enteric pathogens such as B. hyodysenteriae or Salmonella 

serovars18,19,44,169,227 will further help veterinarians to select the right 

treatments and intervention strategies in the future. 
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Chapter 5 Animal trials 
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5.1 Introduction 

Experimental infection of animals with L. intracellularis plays a key role in 

understanding the pathology and immune responses against this pathogen 

due to the lack of good in vitro models. The clinical manifestations of L. 

intracellularis infection were first described in the 1930s but it was not until the 

1990s when Lawson et al. successfully isolated the bacterium7,8,37-39,45. 

Nowadays, L. intracellularis in vitro culture remains challenging and a system 

to be able to faithfully reproduce the pathology presented in the pigs’ ileum has 

yet to be established. A study has been published comparing L. intracellularis 

growth in different cell lines and assessing their proliferation rates in vitro, 

however, none of them demonstrated the characteristic hyperproliferation as 

observed in vivo85.  

Most recent animal studies have been performed in the USA and Brazil, where 

the major L. intracellularis research groups are based.  In the UK, the lack of 

access to experimental samples together with the absence of large outbreaks 

in the field has made the validation of the diagnostic DIVA PCR that was 

developed in Chapter 4 and characterization of the potential antigens 

described in Chapter 2, very challenging. Furthermore, gut homogenates from 

infected animals after passage in experimental pigs are usually used as 

inoculum stock. However, we also wanted to test if we could establish 

infections with a UK field strain of L. intracellularis strains after passage in cell 

culture239. For these reasons, the aim of this chapter was to establish our own 

experimental infection model with the main purpose to generate our own 

samples of known infectious status. 

In the past, several animal models have been used for L. intracellularis 

infections: pigs, rabbits and laboratory hamsters12,15,87-89,240. Classically, these 

different animal species were inoculated with ileum homogenate from infected 

clinical cases196,241,242. The strains from these clinical cases are expected to 

be pathogenic; however, infection establishment is not always successful. In 

the past, this infection technique has been compared to other techniques, the 

outcome is that the use of in vitro cultured strains in different passages is a 

“cleaner” inoculum with the same potential for infecting pigs239. 



 

128 

By developing our own experimental challenge model in pigs, we aimed to 

generate faecal and blood samples to validate our diagnostic tools, such as 

the DIVA PCR described in Chapter 4. As mentioned above, a key issue we 

faced during the diagnostic test development was the unknown infection status 

and the undefined timeline of infection in commercial pigs used for validation. 

Therefore the aim for this chapter was to generate samples of known infection 

status and timeline of infection to allow us to closely monitor L. intracellularis 

shedding in faeces as well as when/if there are immune responses to specific 

antigens. In addition, this trial helped us to obtain further insights on the 

pathogenicity of L. intracellularis strains. Stored samples from these trials may 

also be used for future work on L. intracellularis and host gene expression 

during infection. 
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5.2 Materials and Methods 

 Experimental design 

5.2.1.1 Ethics statement 

This project was performed under the Moredun Scientific home office project 

licence number PFA7E7AD6 with the ethics number E08/19. We did not have 

any input into any medical treatments given to the pigs. 

5.2.1.2 Pig characteristics  

Fifteen male 4-week-old British Landrace piglets were obtained from a 

commercial specific pathogen free pig heard (Easter Howgate farm, Penicuik, 

Scotland). The source herd was free of L. intracellularis antibodies or clinical 

signs based on regular screenings (every 3-6 month). Prior to obtaining the 

piglets, the herd status was further confirmed by screening total anti-L. 

intracellularis antibodies levels, using the commercial test SVANOVIR® L. 

intracellularis/Ileitis-Antibody (Ab) total (Svanovir, Sweden) under 

manufacturer’s conditions (described below). Eight pregnant animals, three 

gilts and five sows located on the farm, were tested twice within 3 weeks apart 

and found negative. Five male piglets were selected from three different litters 

(2 sows, 1 gilt) for a total of 15 pigs at weaning and transported to the research 

facility. (Moredun Scientific, Penicuik, Scotland). At arrival, the pigs were 

divided into five groups and rooms of three pigs (Table 1) ensuring one piglet 

from each litter was present in each of the five groups.  

The pigs were gradually switched from Easter Howgate farm feed to the 

Moredun Research Institute (MRI) (Pentlands Science Park, Penicuik) feed 

(Pacemaker pellets by Harbro Ltd) during the week of acclimation. The five 

groups were intragastrically challenged at 5 weeks of age (Table 12, Figure 1)  

 Group 1: Negative control 

 Group 2: Enterisol® Ileitis culture 

 Group 3: DKp23 culture 

 Group 4: Field Strain 1 - homogenate 

 Group 5: Field Strain 1 - culture  
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In the second phase of the study (Figure 1), six pigs from the first trial (groups 

1 and 5) were infected or re-infected at 11 weeks of age. Previously the pigs 

were either uninfected (Negative control) or infected with L. intracellularis 

culture (Field Strain 1 Culture group), which at the time of re-infection showed 

no signs of L. intracellularis shedding or seroconversion. Pigs were either 

vaccinated orally with 2 mL of Enterisol® Ileitis solution or infected with a Field 

Strain 2 homogenate as shown in Table 12.  

 

Figure 1: Animal trials timeline. In blue are the 5 groups that are part of Trial 1. Pigs were 
challenged at day 0 and 3/5 groups were culled at day 35pi. In yellow, are showed the Trial 2 
groups, these six pigs were re-used from Trial 1 (groups 1 and 5).  
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Table 12: Trial information, groups, inoculums and dosages. Trial 2 groups were pigs re-used from Trial 1 (groups 1 and 5). 

 

* The number of L. intracellularis in each of the inoculum was calculated by qPCR and stain of inoculum titrations on glass slides. 

Trial 
Group 
name 

Group 
ID 

Room ID 
No. 
of 

Pigs 
Inoculum 

L. intracellularis 
dose per pig* 

1 

Negative 

control 
C 8 3 None - 

Enterisol® 

Ileitis culture 
EC 34 3 Enterisol® Ileitis cultured in PK15 cells (P2) 1.2x10

8
 

DKp23 culture DKp 32 3 DKp23 strain cultured in PK15 cells (P2) 1.1x10
8
 

Field Strain 1 

homogenate 
FS1H 2 3 Field Strain 1 Homogenate 1.3x10

4
 

Field Strain 1 

culture 
FS1C 3 3 Field Strain 1 culture in PK15 cells (P2) 10-20 

2 

Enterisol® 

Ileitis vaccine 
EV 3 3 

Enterisol® Ileitis (Boehringer Ingelheim 

Vetmedica) 
104.9 – 106.1 

Field Strain 2 

homogenate 
FS2H 8 3 Field Strain 2 Homogenate 1.24x10

8
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 Housing 

Pigs were housed at MRI at their horseshoe facility, a facility with outdoor 

access. This complex includes several 13m2 rooms in semi-outdoor conditions 

with three walls and a fence at the front. This allows birds and insects to access 

the rooms, however, the pens were not interconnected and each room had an 

individual feed and water supplies where the pigs could feed and drink ad 

libidum. The five rooms selected were spatially distanced within the facility to 

avoid, as much as possible, any cross-contamination (Figure 2A). The pigs 

were fed every morning and access to straw was provided when needed. MRI 

staff wore clean boot covers, gloves and overalls every time they entered into 

a pen.  

 Inocula and dosage 

5.2.3.1 Inoculation 

Pigs were restrained with a snare and inoculated intragastrically using a 

cannula that the pigs swallowed by reflex. A total of 20mL of each inoculum 

was given to each pig. Videos of the process are found in Chapter 5 annexe. 

Figure 2: Trial housing at Moredun Scientific. A) Horseshoe facility showing the selected pens 
and corresponding group names; B) Pen layout diagram showing staff access (blue arrow), 
water source (orange circle) and feed (black rectangle); C) Photograph of a pen from access 
point. 
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5.2.3.2 Inoculum titration 

The inocula generated by in vitro cultures were quantified by staining a serial 

dilution of each inoculum pool using the following protocol. On the day of the 

infection, three vials of the same in vitro cultured passage of each bacterium 

strain were thawed followed by centrifugation for 5 min at 14000 g. The 

resulting pellets were diluted in 1 mL sterile phosphate-buffered saline (PBS) 

and combined in a single tube. Eight serial 1:10 dilutions of each bacterial 

strain solution were made with sterile PBS. 100 µl of each dilution was added 

to wells of an 8-well glass slide (Thermo Scientific) and left to settle for 30 min 

at RT. Then, slides were spun for 5 min at 4000 g and then fixed with 4% of 

paraformaldehyde (PFA) for 20 min at RT. Finally, the bacterium was stained 

with primary monoclonal antibody (Ab) mouse α-VMP53 [1:400 in PBS + 2% 

BSA] for 1 h at RT and then AlexaFluor-488 goat anti-mouse [1:1000 in PBS 

+ 2% BSA] was used as secondary antibody after 3 PBS washes of the slides. 

Finally, the slides were mounted with Thermo Scientific™ Lab Vision™ 

PermaFluor™ Aqueous Mounting Medium (Thermo Scientific) and a coverslip 

was added for bacterial quantification on an upright Widefield Fluorescence 

Microscopes and using ImageJ (NIH) software to calculate the desired 

infection dose. 

5.2.3.3 PCR tests 

Lawsonia intracellularis levels were quantified in the gut homogenates using 

the zupT endpoint PCR and DIVA qPCR (aspA and zupT) described in Chapter 

4. 

The different L. intracellularis strains, passages and dosages administered in 

the trials are listed in Table 12. 

5.2.3.4 In vitro cultures 

Enterisol® Ileitis and DKp23 strains cultures were performed as described in 

Chapter 3. 

For the Field 1 homogenate culture, L. intracellularis isolation was performed 

as described previously82,177. Briefly, the affected gut stored at -80°C was 

thawed at RT, once defrosted a 5 cm-long piece of affected ileum was cut and 

opened to collect all remaining mucosa with glass coverslips and the obtained 

mucosa was digested by adding an equal volume of 1% trypsin in PBS. The 
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suspension was incubated for 35 min at 37°C in the incubator. A total of 40 mL 

cDMEM (DMEM + 1% Glutamax + 10% FCS + 1% Pen-Strep-Amphotericin B) 

(Gibco all) was added to 10 mL of trypsinized mucosa. The tissues were 

homogenized by blending them in the gentleMACS™ Dissociator (Miltenyi 

Biotech) prior to centrifugation at 500 g for 20 min. The supernatants were then 

filtered through a glass fibre filter, and consecutively through 1.2 µm, 0.8 µm, 

and 0.65 µm pore size membrane filters. Finally, the last centrifugation step of 

8000 g for 20 min was performed after which the pellet was resuspended in 

fresh cDMEM containing 50 µg/mL gentamycin and 50 µg/mL vancomycin. 

The bacterium solutions were then transferred in cells (PK15 passage <5). 

5.2.3.5 Field Strains 

Two infected ileum portions from L. intracellularis infected pigs in farrow to 

finish farms were received. Both farms had a known status of active L. 

intracellularis infection and they had been screened for other common pig 

pathogens. Field Strain 1 came from a Scottish farm while Field Strain 2 

originated in the Netherlands. Upon collection, the samples were transported 

on ice (-20 ⁰C) and then moved at -80 ⁰C until used for infection. Two hours 

prior to inoculation, the ileum portions were rapidly thawed in warm water. 

Approximately 10-15 cm of the PE-affected intestine were utilised for the 

preparation of the intestinal homogenate inoculum. The mucosa was scraped 

using clean glass slides. The scraped mucosa (approx. 300 g) was combined 

with 200 mL of sucrose–potassium–glutamate (SPG, pH 7.0) with 5% FBS and 

homogenised in the gentleMACS™ Dissociator (Miltenyi Biotech) for 2 min. 

Aliquots not used for infection and the remaining tissue were frozen at -80⁰C. 

An aliquot of each inoculum sample was tested by endpoint PCR and 

quantitative (q)PCR to confirm the zupT gene status of the inoculum and the 

amount of L. intracellularis.  

5.2.3.6 Vaccine 

For trial 2, a commercial oral vaccine (Enterisol® Ileitis vaccine, Boehringer 

Ingelheim Vetmedica) was administrated following the instructions provided by 

the manufacturer. Each pig received a single 2 mL dose orally which contained 

between 104.9-106.1 L. intracellularis. The vaccine was administrated using a 

vaccination device provided by the manufacturer (Figure 3).  
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 Clinical assessment 

All pigs were weighed once a week using a scale and a plastic box for pigs 

with a weight <25 kg, or a sheep conveyor for larger pigs, which was also used 

for restraining the animals to collect samples 

Furthermore, all pigs were assessed daily for clinical signs including 

inappetence, lethargy, lameness, and other conditions including the presence 

of diarrhoea. 

 Sampling collection 

Daily faecal swabs were taken for DNA extraction and PCR tracking of the L. 

intracellularis shedding of each pig. After sampling, each swab tip was broken 

into a tube containing 1 mL of PBS for storage at -80 ⁰C until DNA extraction 

was performed. Two types of swabs (cotton and dacron) had to be used due 

to a shortage of the supply of dacron swab during the trial months. The DNA 

extraction quality and quantity were compared for both two types of swabs 

(cotton and dacron), which resulted in equivalent DNA extraction values, 

allowing us to use samples from either type. 

A tube of whole blood and faecal samples were obtained from each pig once 

a week. Whole blood samples were left to form a clot for 30 min at RT and then 

centrifuged at 2000 g for 10 min at 4⁰C to obtain serum. 

5.2.5.1 DNA Extraction 

DNA from faecal swabs was extracted using the DNeasy Blood & Tissue Kit 

(Qiagen). After a 10 sec vortex, 200 µL of the faeces-PBS solution from the 

swab samples was pelleted at 200 g for 5 min and DNA extracted from the 

supernatant according to manufacturer conditions. 

Figure 3: Enterisol ileitis oral administration device. 
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5.2.5.2 Shedding detection 

L. intracellularis shedding in faeces was monitored by daily qPCR using DNA 

extracted from faecal swabs. We used our own DIVA qPCR assay using aspA 

and zupT, which is described in Chapter 4. All samples were tested in triplicate 

and for those with a distinctive zupT profile, endpoint zupT PCR and agarose 

gel visualisation were performed. 

5.2.5.3 ELISA 

Weekly serum samples were tested in triplicates for anti-L. intracellularis 

antibodies levels using the commercial test SVANOVIR® L. 

intracellularis/Ileitis-Ab total (Svanovir, Sweden) using the manufacturer’s 

recommended protocols. The percentage of inhibition (PI) cut-off was also set 

accordingly to information provided with the test. 

5.2.5.4 Sample storage 

All faecal and swab samples were stored at -80⁰C until processing and testing. 

Blood samples were centrifuged and serum was processed and tested on the 

collection day and then stored at -80⁰C. 

 

 Necropsy 

Necropsies took place at two-time points as six of the pigs (Enterisol® Ileitis 

and Field Strain 2 Homogenate) were kept for the second trial. In both cases, 

the pigs were euthanised by intramuscular injection with 120-160 mg/kg of 

Pentoject (Pentobarbitone Sodium 20%). The pigs were then weighed and 

necropsied. A necropsy day protocol was followed for the tissue collection 

(Table 13). Specifically, defined sections of ileum, colon and mesenteric lymph 

nodes were collected fresh and in 10% buffered formalin. Ileum content was 

also collected. Any lesions that were present were recorded and scored. 

Besides images were also taken.  
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Table 13: Necropsy day tissue collection list for each pig.  

 

The necropsies took place at the MRI facilities and were performed by Prof 

Tanja Opriessnig with the help of Ms Lysan Eppink, Dr Jolinda Pollock and 

myself. 

After necropsy, the fresh tissues and the tubes containing intestinal content 

were brought back to the lab and frozen at -80 ⁰C. buffered formalin fixed 

tissues were cut into blocks, embedded in paraffin, transferred on slides and 

further processed at the Easter Bush Pathology at The Royal (Dick) School of 

Veterinary Studies School within 24 h post collection.  

5.2.6.1 Haematoxylin and Eosin staining 

Haematoxylin and Eosin (HE) is commonly used for routine diagnosis, for 

visualisation of the tissue structure and its cell composition in detail. This stain 

was performed on PFA fixed tissues by Easter Bush Pathology at The Royal 

(Dick) School of Veterinary Studies School. 

5.2.6.2 Immunohistochemistry staining 

For specific detection of L. intracellularis in tissue, Easter Bush Pathology 

performed immunohistochemical staining using the mouse monoclonal 

antibody anti-L. intracellularis VPM53, previously described in Chapter 3 and 

horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibody 

(ThermoFisher). For light microscopy, the test result was visualised using 3,3'-

 
Fresh 

(to freeze -80⁰C ) 
Fixed (PFA 4%) 

RNAlater 

(to freeze -80⁰C) 

Ileum 3 samples 2x2 cm 
3 samples 2x2 

cm 

2x Prefill 2 mL 

tubes 

Colon 3 samples 2x2 cm 
3 samples 2x2 

cm 
- 

Mesenteric 

lymph node 
1 whole node 1 whole node - 

Ileum 

content 

3 samples in 2 mL 

tubes 
- - 

Colon 

content 

3 samples in 2 mL 

tubes 
- - 
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diaminobenzidine (DAB) chromogen, which serves as a substrate for HRP. For 

fluorescence and confocal microscopy, tissue slides were stained using the 

mouse monoclonal antibody anti-L. intracellularis VPM53 as the primary 

antibody. AlexaFluor-488 goat anti-mouse was used as a secondary antibody. 

DAPI was used for staining nucleic acids. 

5.2.6.3 Further quantification of different L. intracellularis zupT 
genotypes 

Further quantification of the different bands of the PCR products derived from 

the DIVA PCR was performed using the Agilent High Sensitivity D1000 

ScreenTape (Aligent) following the manufacturer protocols. This is an 

automated electrophoresis system that allows to accurately analyse the size 

and the quantity of any of our PCR products in the samples. 

 Statistical analysis 

GraphPad Prism (v8.4.3) was used to perform different statistical tests 

required. A p-value ≤ 0.05 was considered statistically significant. Minitab 19 

Statistical Software (2010) was used to perform the general linear model 

(GLM) statistical test. A p-value ≤ 0.05 was considered statistically significant. 

For a GLM, when the p-value is > 0.05, it indicates that the association 

between the response variable and the term is not statistically significant. 
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5.3 Results 

 Animal trial 1 

5.3.1.1 Inoculum quantification 

The amount of L. intracellularis administrated to each group was calculated by 

titration. 

The desired amount of L. intracellularis for inoculation per pig was between 

106-1010 bacteria/pig, as those levels had been published for trials which 

resulted in infection124,196,239,241,243,244. Final estimated bacterial levels for each 

inoculum can be found in Table 14. All inocula were given to the pigs 

intragastrically in a solution of SPG (pH 7) at a total volume of 20 mL.  

On the day of infection, only one pig, in the FS1H group, regurgitated a small 

amount of the inoculum. In addition, no inoculation distress was observed in 

any of the pigs such as coughing, as a sign of lung infiltration, or vomiting, as 

a sign of discomfort. Short videos of the process are provided in Chapter 5 

annexe. 

Table 14: Inoculum concentrations of titrated L. intracellularis (LI) determined by IFA and 
bacterial enumeration by fluorescence microscopy. 

   
Dilution 

 LI/pig LI/mL 
10

-

1
 

10
-

2
 

10
-

3
 

10
-

4
 

10
-

5
 

10
-

6
 

10
-

7
 

Enterisol® 
Ileitis culture 1.2x10

8
 6x10

7
 + + + + 60 - - 

DKp23 1.1x10
8
 5.5x10

7
 + + + + 55 - - 

Field Strain 1 
homogenate 1.3x10

4
 

100 -
150 

2 - - - - - - 

Field Strain 1 
culture 

10-20 1-5 - - - - - - - 

  

As reflected in Table 14, in both of the Field Strain 1 inocula (culture and 

homogenate) the L. intracellularis concentration per pig was lower than 

desired. Field Strain 1 homogenate sample concentration determined by IFA 

was equivalent to the concentration determined by qPCR. 
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Additionally, it is important to remember that qPCR data has some intrinsic 

limitations for inoculum quantification, as it does not differentiate between live 

and dead bacteria.  

5.3.1.2 Weight and other clinical signs  

Average daily weight gain was 0.635 Kg per day for all groups with no 

significant differences between the groups. No significant weight gain 

differences were identified in individuals within or between groups (Figure 5) 

using one way ANOVA and Holm-Sidak's multiple comparisons test, after 

confirming the normal distribution of the data by Shapiro-Wilk test.  

Furthermore, no clinical signs, such as diarrhoea, were observed for the 

duration of the trial. 

 

5.3.1.3 L. intracellularis Shedding 

The presence of L. intracellularis DNA in faecal swabs was assessed by the 

DIVA qPCR described in Chapter 4, which uses aspA and zupT as L. 

intracellularis markers. 

Figure 4: Ileum sample from the porcine gut from an 11 weeks old pig diagnosed with PE from 
a farm in Scotland which was used for preparation of one of the inocula used I the pig trial. 
Moderate Ileal hyperplasia is evident. 
 

Figure 5: Group weekly weight gain since the day the pigs arrived at the MRI facilities until the 
end of the trial. Each colour represents a different trial group. 
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From the 15 pigs in the trial, only two pigs, both from the DKp23 group, shed 

L. intracellularis (Figure 6). Pigs DKp2 and DKp3 each shed for one day 

between days 10 and 14 post-infection and then intermittently for 10 days from 

day 21 post-infection. 

5.3.1.4 Serology 

At arrival all pigs were negative and 14/15 pigs remained seronegative for the 

duration of the study. One pig from the DKp23 group seroconverted on day 35 

post-infection (Figure 7). That particular pig shed L. intracellularis in faeces 23 

days prior to seroconversion.  

 

Figure 6: Daily L. intracellularis shedding detection by aspA qPCR. Each colour represents a 
different trial group and each pattern represents individual pigs within each group. 

Figure 7: Pig weekly anti-L. intracellularis antibody levels from the day the pig arrived to the 
MRI facilities until the end of the trial. Each colour represents a different trial group and each 
shape represents each group. Cut-off of this commercial ELISA test is 30, and indicated by 
the dotted line. 



 

142 

5.3.1.5 Necropsy 

Tissues (ileum and colon), ileum content and faecal samples were obtained at 

necropsy (Figure 8 A-D). No pig from the first trial showed any macroscopic 

signs of PE. Indeed, tissues collected and submitted for H&E and IHC staining 

also showed no signs of L. intracellularis infection or enterocyte hyperplasia 

characteristic of L. intracellularis infection (Figure 8 E-H). 

Figure 8: Trial 1 necropsy. A) Faecal content collection station. Gut content samples were 
collected from the pig guts in 50 mL falcon tubes, then the gut contents were aliquoted into 2 
mL Eppendorfs for storage at -80⁰C. B) Tissue collection set, with the tissue collection table. 
C) Tissue collection. D) Sample storage and transportation. (E-H) Healthy porcine ileum. Note 
the presence of mucus-containing vesicles inside goblet cells and lack of hyperproliferation. 
(E-F) H&E Stain, x10 and x20. (G-H) IHC Stain, x10. 
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5.3.1.6 Further quantification of different L. intracellularis genotypes 
using zupT in animal colonisation trial setting 

As previously described, DKp23 is a strain that presents both zupT genotypes 

and can be cultured successfully in vitro. The presence of L. intracellularis DNA 

from trial faecal swabs was assessed by our newly developed DIVA qPCR to 

monitor bacterial shedding during the trial.  

Two out of the three pigs in the DKp23 group (Trial 1) shed L. intracellularis in 

faeces. In these cases, it was important to see the proportions of the different 

L. intracellularis populations carrying the different zupT genotypes. For these 

particular samples, the DIVA qPCR indicated different zupT genotypes 

throughout the days on which shedding was detectable.  To complement these 

data, endpoint PCR was performed using the same zupT DIVA primers. This 

way the shedding of the different variants was verified at the same time and 

the qPCR was further validated. 

As observable on the agarose gel in Figure 9, none of the genomic variants 

was shed preferentially in either of the two DKp23 infected pigs, at any of the 

time points (Figure 9). According to our DIVA PCR (endpoint and qPCR) both 

zupT genetic variants were excreted during the experiment. The genomic 

variants I described for DKp23 are based on the DKp23 inoculum sequence 

and, for the future, it would be recommendable to sequence the PCR products 

of each time point to fully characterise these particular variants over time. 

Additionally, aiming to fully quantify the proportions of the two DNA genotypes 

in each of the samples, the amount of DNA product was analysed using the 

TapeStation (Figure 10 and Figure 11). Figure 10 shows the electrophoresis 

gels run for quantification on the TapeStation while Figure 11 shows the 

Figure 9: zupT endpoint PCR showing different zupT genotypes in the two DKp23 infected 
pigs (Pigs ID: 1130 and 1160) that showed shedding of L. intracellularis from day 21-30 post 
infection. 
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percentage of each zupT variant in each sample according to the TapeStation 

quantification data. 

Simply by observation, there appears to be a preference between genotypes 

excreted from either of the pigs, namely the zupT short (blue in Figure 11). The 

dependency of each genotype shed was analysed by general linear model 

(GML). The test returned a p-value > 0.05 and therefore I cannot conclude that 

there is a statistically significant association between the response variable 

(zupT short or zupT long) and the term (time).  

Figure 10: Electrophoresis gel from the TapeStation run of DNA from the endpoint PCR of the 
two DKp23 infected pigs (Pigs ID: 1130 and 1160) showing different zupT genotypes (band 
sizes of 447bp and 336bp) from day 21-30 post infection. The controls are a DKp23 sample 
of the inoculum used on these pigs, a sample of Enterisol® Ileitis culture and L. intracellularis 
WT strain from a clinical sample. 
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Figure 11: Bar graphs showing the different percentages of shedding of the different zupT 
genotypes, respecting to total amount of zupT in the sample according to the TapeStation 
quantification results. The samples are faecal swab from pigs (1130 and 1160) infected with 
the L. intracellularis DKp23 strain. Furthermore, the controls are a DKp23 sample of the 
inoculum used on these pigs, a sample of Enterisol® Ileitis culture and L. intracellularis WT 
strain from a clinical sample. In blue, the percentage of short zupT genotype, characteristic of 
the Enterisol® Ileitis vaccine. In yellow, the percentage of full zupT genotype, characteristic of 
the L. intracellularis WT genotype. 
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 Animal trial 2 

As there was limited evidence of any infection in the first trial with the exception 

of the DKp23 group, it was decided to continue work with a subset of the 

animals and determine if an infection could be achieved with different inocula. 

This second attempt was performed with a second field strain from the 

Netherlands (Field Strain 2 homogenate) and the Enterisol® Ileitis vaccine 

(Table 12). In this second study (Figure 1), six pigs from the first trial were 

infected at 11 weeks of age. Previously the pigs were either uninfected 

(Control) or infected with a L. intracellularis culture (Field Strain 1 Culture 

group), which at the time of re-infection showed no signs of L. intracellularis 

shedding or seroconversion. Pigs were either vaccinated with Enterisol® Ileitis 

as recommended by the manufacturer or infected with Field Strain 2 

homogenate as shown in Table 12.  

On the day of trial 2 infection, when the gut for inoculation was thawed, it was 

observed that it presented signs of acute PE, with hyperplasia and blood 

(Figure 12) 

5.3.2.1 Quantification of Lawsonia intracellularis in the homogenate  

After extraction of the bacteria from the infected gut and extraction of DNA, 

aspA and zupT qPCR and endpoint zupT PCR tests were performed to confirm 

the genotype and amount of L. intracellularis in the sample. WT L. 

intracellularis was identified in the sample at high concentrations and the 

qPCR results were used to calculate the amount of pure inoculum needed per 

pig (Figure 13, Table 15). As mentioned before, it is important to remember 

that qPCR data has some intrinsic limitations for inoculum quantification, as it 

does not differentiate between live and dead bacteria.  

 

 

Figure 12: Ileum piece from the porcine gut (donated from a farm located in the Netherlands) 
used for Field Strain 2 homogenate inoculum preparation. Clear ileal hyperplasia with blood 
was observable when the tissue was prepared. 
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Table 15: Field Strain 2 homogenate inoculum concentrations administrated per pig on the 
infection day. The values were determined by our aspA qPCR. 
 

Group name Group ID LI/pig LI/mL 

Enterisol® Ileitis 
vaccine 

EV 104.9 – 106.1 54.9 – 56.1 

Field Strain 2 
homogenate 

FS2H 1.24x10
8
 6.20x10

6
 

 

5.3.2.2 Weight gain and other clinical signs 

Pigs gained weight in a normal way, with an average of 1.087 Kg per day. No 

weight gain differences were found within individuals or between groups 

(Figure 14) using paired t-test, after confirming the normal distribution of the 

data by Shapiro-Wilk test. 

Furthermore, no clinical signs, such as diarrhoea, were observed for the 

duration of the trial. 

Figure 13: Dutch gut homogenate (DGH) inoculum concentrations obtained by aspA qPCR 
and endpoint zupT PCR. The results showed high amounts of WT L. intracellularis on the 
sample. 

Figure 14: Pig weekly weight gain from the day the infection to the end of the trial. Each colour 
represents a different trial group and each shape represents individual pigs within each group. 
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5.3.2.3 L. intracellularis shedding 

The presence of L. intracellularis in faecal swabs was assessed using the DIVA 

qPCR as described in Chapter 4, which uses aspA and zupT as L. 

intracellularis markers. 

L. intracellularis DNA was detected in two of the six trial 2 pigs. These two pigs 

belonged to the Dutch homogenate group. In both pigs, L. intracellularis 

shedding was detected 14 days post-infection and lasted for at least one week 

(Figure 15). 

5.3.2.3.1 Quantification of L. intracellularis levels and ZupT 

DIVA PCR testing confirmed that the L. intracellularis present in all positive 

samples was of the (WT) zupT genotype. 

5.3.2.4 Serology 

Two pigs in each group seroconverted three weeks post-infection. The 

remaining pig in the Dutch homogenate group (FS2H2), which was shedding 

L. intracellularis at necropsy day, had increasing values and likely would have 

achieved seroconversion in the following days if the trial had been extended 

(Figure 16). 

Figure 15: Daily L. intracellularis shedding detection by aspA qPCR. Each colour represents 
a different trial group and each pattern represents individual pigs within each group. 
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5.3.2.5 Necropsy 

One of the six pigs, FSH2, showed macroscopic lesions consistent with PE, 

with hyperplastic ileum as shown in Figure 17. Furthermore, pigs FS2H2 and 

FS2H3 showed signs of PE following histopathological analysis. The pigs that 

had tissue lesions corresponded to the pigs shedding L. intracellularis the days 

prior to culling. 

5.3.2.5.1 Haematoxylin and Eosin staining 

The microscopic lesions observed in the shedding pigs were characteristic of 

PE and consisted of hyperplasia of crypt enterocytes with the formation of 

elongated dilated and branching crypts. The hyperplasia was accompanied by 

increased mitosis and a reduction in goblet cells populations (Figure 18). 

Consequently, these conditions led to an immature enterocyte population all 

along the mucosal epithelia in line with previous reports of L. intracellularis 

Figure 17: Necropsy day Trial 2. (A) Pre necropsy set up. On the table is observable one 
dissection sample collecting set, which includes pre-labelled tubes and samples bag required 
per pig. (B) Ileal sample presenting gross PE lesions. 
 

Figure 16: Pig weekly anti-L. intracellularis antibody levels from the infection day to the end of 
the trial. Each colour and shape represents a different trial group. Cut-off of this commercial 
ELISA test is 30, and indicated by the doted line. 
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infection55,59. The difference between L. intracellularis infected and non-

infected pigs was easily observable (Figure 18, Figure 19).  

5.3.2.5.2 Immunohistochemistry stain 

The results of the specific staining for detection of L. intracellularis in tissue 

using the monoclonal Ab anti-L. intracellularis and visualised using DAB, 

showed the presence of L. intracellularis in the apical area of the cytoplasm of 

enterocytes where the lesions had developed (Figure 19) in line with previous 

studies39,45,55,245. When secondary AF594 was used for L. intracellularis 

visualisation we also observed L. intracellularis in the apical area of the 

cytoplasm of enterocytes. 
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Figure 18: Histological assessment of ileum from pigs in Trial 2. (A-D) L. intracellularis infected ileum 
showing signs of PE. Note absence of mucus-containing vesicles (indicators of goblet cells) and 
hyperproliferation (arrows) (A-B) H&E Stain, x5 and x20. (C-D) IHC Stain, x5 and x20. (E-H) Healthy 
porcine ileum. Note the presence of mucus-containing vesicles inside goblet cells and lack of 
hyperproliferation (E-F) H&E Stain, x5 and x20. (G-H) IHC Stain, x5 and x20.  
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Figure 19: Fluorescence histological assessment of ileum from pigs 1134, 1156 (wt L. 
intracellularis positive) and 1125 (negative control). L. intracellularis infected ileum showing 
signs of PE. Stain using primary monoclonal VPM53 and secondary AF594. DAPI was used 
for nuclear staining. 
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5.4 Conclusions 

Experimentally infecting pigs with L. intracellularis is challenging and future 

studies should consider possible issues identified in this study. 

Focusing on Trial 1, as reflected in Table 14, for both inocula based on the 

Field Strain 1 samples (culture and homogenate) the L. intracellularis 

concentration per pig was lower than desired. Particularly, in the case of the 

gut culture, it has been proven that it is achievable but laborious to establish a 

culture from infected tissue82,83,239,246 and normally it takes several attempts 

with multiple antibiotics to “clean” the sample of other bacteria in addition to 

high numbers of passage to achieve this. In the case presented, the project 

protocol for inoculum preparation was only followed once due to a limited time 

between receiving the infected gut sample from the Scottish farm and the 

timing of the animal trial. Very few bacteria were observed after three passages 

in culture, it is likely that there were not enough live bacteria in the inoculum to 

establish infection in the pigs from either the cell culture or the original 

homogenate. 

Another drawback in L. intracellularis trials is the challenge of quantifying the 

viability of the bacteria in an inoculum. Neither qPCR nor IFA allow 

determination of the viability of the bacteria in the sample hence it remains 

unknown if the bacteria present could actively infect enterocytes in the pig gut. 

Further assays that could be performed to quantify L. intracellularis inoculums 

that take into account viability for the bacteria are viability stains, such as 

Propidium iodide, and TCID50 assays. They should be taken into 

consideration for future trials and quantification assays. 

Despite the lack of clinical signs during the trial, it was exciting to find L. 

intracellularis being shed in two of the pigs in the DKp23 group. The two main 

reasons for using this strain of L. intracellularis was our capacity to grow this 

strain in the lab and the presence of the two zupT genotypes within its 

population. The latter could provide valuable information in future on whether 

a particular zupT genotype represents an advantage for L. intracellularis 

invasion, establishment of infection and activation of an immune response. 

The conclusion drawn from the DKp23 group was that the shedding of L. 

intracellularis was not affected by the zupT genotype. Furthermore, the 
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sustained shedding in faeces could precede seroconversion as demonstrated 

by pig DKp3, which seroconverted on the last day of the trial. Unfortunately, 

the Enterisol® Ileitis culture strain, Field Strain 1 culture and Field Strain 1 

homogenate groups could not be detected in faeces during the trial and the 

pigs in those groups did not show signs of seroconversion. We were expecting 

at least the Enterisol® Ileitis to seroconvert, as the dosage given to the pigs of 

Enterisol® Ileitis culture was equivalent to a normal vaccine dose 

recommended by the manufacturer and Enterisol® Ileitis vaccinated pigs 

seroconversion is widely reported in the literature16,105,113,150. However, 

possible further attenuation due to passage of the bacteria in PK15 cells needs 

to be considered.  

Notwithstanding, we consider it to be a very positive result that DKp23 from in 

vitro cultures did infect the pigs. This could potentially be performed more 

routinely and the generation of more clinical signs could be achieved if a higher 

dose is given to the pigs.  There is evidence that B3903is closely related to 

DKp23 strain78 and it would be logical to think that Enterisol® Ileitis may even 

be derived from DKp23. This is supported by the fact that some of the genomic 

changes characteristic of Enterisol® Ileitis (explained in Chapter 4) seem to 

already have occurred in DKp23. These genomic changes could have a 

potential effect on the virulence of DKp23 making it behave similarly to the 

non-pathogenic Enterisol® Ileitis strain.  

As such, at trial 1 necropsy, none of the nine pigs showed macroscopic lesions 

such us thickening of the ileum wall. Those observations were verified by 

histology of the collected tissues lacking any presence of L. intracellularis 

antigen or microscopic lesions at the tissue level. Although L. intracellularis 

shedding was identified in DKp23 infected pigs, no lesions were detected. It 

was concluded that this could be due to resolution of the infection on the day 

of necropsy which was a week after L. intracellularis was detected in faeces 

for the last time. Alternatively, with a low dose given to the pigs, it may only 

result in a mild focal infection which could have been missed at necropsy.  

Due to the lack of clinical signs, absence of L. intracellularis shedding and 

seroconversion, we decided to keep six of the pigs for a second trial and 

infected them with a Dutch homogenate (Field strain 2) which had just arrived 
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in our lab. In Trial 2, the pigs from the Field Strain 1 culture group were 

vaccinated with Enterisol® Ileitis, and we inoculated the other group of pigs 

(previously the negative control group) with the homogenate generated from 

the Field Strain 2. If successful, this would allow comparison of vaccine and 

wild-type infection side by side.  

There were some clear differences between Trial 1 and 2, which need to be 

kept in mind as they could have played a role in the outcome of the infections. 

Firstly, in Trial 2, the pigs were older, 10 weeks versus 5 weeks at the time of 

trial 1 infection, and therefore there could have been different aspects of their 

microbiome and immune system that impacted the establishment of 

infection109,120,121,247-252. Furthermore, it could be argued that the Field Strain 1 

culture group, which subsequently was vaccinated with Enterisol® Ileitis were 

exposed to L. intracellularis twice. Although, as previously discussed, the L. 

intracellularis number in the Field Strain 1 culture inoculum from the first trial 

were very low and no infection was established (no DNA shedding on swabs 

tested every day for the duration of trial 1) and there was also no detectable 

seroconversion. As such, for the purposes of this second trial, those pigs were 

still considered to be “naïve”. 

Additionally, the homogenate generated from Field Strain 2 had a higher 

number of bacteria, which was within the desired range for an L. intracellularis 

inoculum and 10,000 times
 
higher than that of Field Strain 1 homogenate used 

in Trial 1. This could be linked with the apparent severe lesions present on the 

received gut after arrival in our research facility; the Field Strain 2 infected gut 

demonstrated severe hyperplasia in the ileum including free coagulated blood, 

indicating that this gut was isolated from an animal with a severe L. 

intracellularis infection. As previously mentioned in vitro culture of L. 

intracellularis directly from clinical infections has been shown to be a 

challenge, with strains that grow well in vitro (Enterisol® Ileitis and DKp23) 

likely having adapted over many years in culture. Unfortunately, and due to 

time constraints, I did not try to isolate the L. intracellularis Field Strain 2. 

Certainly, a reproducible inoculum from in vitro cultures derived from clinical 

cases would be a breakthrough in the field for testing interventions and further 

understanding the disease. Furthermore, I understand that the main concern 

with using gut homogenates as inoculum for animal trials is that they are very 
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difficult to normalise across experiments and the fact that multiple pathogens 

could be present in the inoculum which may facilitate L. intracellularis infection.  

Results from Trial 2 showed that two of the pigs infected with Field Strain 2 

homogenate group were shedding the bacteria at 14 days post-infection and 

this continued for a week. We decided to perform the necropsies when the 

shedding was still high to increase the chances of observing gross lesions in 

the ileum. Both of these pigs had clear macroscopic and microscopic lesions 

and they also had seroconverted by the day of necropsy day indicating that 

the L. intracellularis strain from the Field Strain 2 was able to activate the 

immune system. Furthermore, two of the vaccinated pigs showed a high 

positive ELISA response at the termination of the study. 

Unexpectedly, DKp23 presented a mixed zupT gene population which could 

be due to its unknown, presumably high, number of passages in vitro (Chapter 

3). This finding gave us the possibility to study the different zupT gene 

populations in “natural” samples, from our animal trial (Chapter 5), rather than 

on spiked samples generated in the laboratory.  

It is important to highlight that the amount of DNA present in each of the pig 

swab samples was highly variable, which is an inherent challenge with this 

type of sample. Faecal swabs never gave a consistent amount of faecal 

material attached to them, irrespective of pig or time point. This makes 

accurate quantification difficult as the variation in the shedding could be due to 

the amount of DNA present in the sample in the first place. However, with these 

samples that have a mixed zupT genotype, I demonstrated a time difference 

in the shedding of the two different genotypes (zupT short or zupT full). Despite 

the lack of statistical significance, indicating that there is not a significant 

association between shedding a genotype and time, in my opinion it seemed 

that the short genotype trends to be shed more overtime. This is more evident 

when I looked only at those samples that were clearly positive. In those 

samples, it appears to be a shift from the zupT proportions present in the 

inoculum to a higher proportion of the in-frame deletion over time. We 

hypothesise that this non-pathogenic genotype could have an advantage in 

the host which results faster multiplication that the WT.  
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In the future, to overcome this problem, we recommend performing the DNA 

extraction of faecal samples where the total mass (in grams) can be measured 

and, this way, any shedding will be directly proportional to total grams of 

faeces. 

To sum up, successful infection of pigs with L. intracellularis strains under trial 

conditions has proven to be a multifactorial challenge affected possibly by the 

age of the pigs at inoculation, the strain used, titre and vaccination. We have 

also learnt the importance of good experimental design and being flexible and 

creative when we redesigned the trial based on negative trial 1 results and 

decided to reuse a number of the pigs for trial 2. This allowed us to have a 

second small trial and reduce the number of animals that would have been 

used if two trial would have been conducted. In spite of these challenges, we 

have successfully infected pigs with L. intracellularis, providing me with 

positive faecal and tissue samples to further validate our DIVA qPCR (Chapter 

4), and infected tissues that have been stored under the adequate conditions 

for RNAseq which are of great value for future experiments to further and better 

understand L. intracellularis-induced pathology in pigs. 
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6.1 Summary of findings 

The data presented in this thesis has furthered our understanding of the 

pathogenesis caused by the bacterium L. intracellularis and presented new 

targets for L. intracellularis diagnosis through the discovery of two novel 

targets for IHC and the development of a DIVA qPCR. 

We know that the serological responses to L. intracellularis seem relatively 

limited to a few antigens which exhibit strong responses however there are still 

a number of unknown antigens. Identifying those unknown antigens could help 

improve the diagnosis of L. intracellularis infection and possibly could be futher 

exploited in vaccines or other interventions. In my case, the finding that LI0138 

is specifically recognised by antibodies present in sera from L. intracellularis 

seropositive pigs (Chapter 2) has real potential for the improvement of 

antibody based diagnostics and it could be considered as an antigen for 

inclusion in a subunit vaccine. Furthermore, I have shown that anti-serum 

raised against LI0138 is highly specific for L. intracellularis when used for IHC 

which, given the lack of commercially available antibodies for L. intracellularis, 

has provide an ongoing opportunity to develop an additional diagnostic tool for 

this important pathogen. In addition, the surprising specificity of the ZupT 

antiserum, generated as part of my research, when used for recognition of L. 

intracellularis within in vitro cultures as well as infected gut tissues (Chapter 3) 

also highlights the potential of this antigen as another IHC target. Furthermore, 

I have developed a new DIVA PCR based on differences in the zupT gene 

which allows the differentiation of the vaccine Enterisol® Ileitis and WT L. 

intracellularis strains. Furthermore, through ZupT recognition by Western 

blotting of L. intracellularis from cell cultures, I have an indication that ZupT 

may not be expressed at the same level in the Enterisol vaccine strain. 

Although much more research has to be done to fully understand ZupT 

function and expression levels, any potential variation explaining reduced 

virulence of the vaccine strain is exciting and opens the door to further work 

into  L. intracellularis pathogenesis as explained below.  

As indicated in the introduction, a model of L. intracellularis host-pathogen 

interaction proposes that infected enterocytes upregulate genes involved in 

copper uptake as a host defence mechanism. In parallel, the genes involved 
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in oxidative stress protection mechanisms in L. intracellularis are also 

upregulated to counteract this79 (Figure 1).  

I would like to propose a further step for this model that fits with the discoveries 

in this thesis and publications in related fields. Central to this is that Zn2+ may 

be a key signal for activation of the T3SS of L. intracellularis leading to its 

primary proliferative pathology. Bacteria normally have several systems for 

Zn2+ intake, such as ABC(C/D/E), ZinT or ZupT transporter proteins that 

contribute to the ability of these pathogens to multiply in their hosts and cause 

disease234,235,253-256. These transporters have been shown to play a role in the 

ability of S. Typhimurium257 and E. coli O157:H7255 to colonize the host tissues, 

to play a role in proper induction of T3SS genes258,259 and have an 

consequence for cleavage of NF-κB subunits by bacterial T3SS zinc 

metalloprotease effector proteins260. All of these roles would be relevant for L. 

intracellularis survival and infection as the bacteria needs to infect a host 

epithelial cell.  

During my PhD, I investigated zinc transporters in L. intracellularis genome. I 

determined that L. intracellularis does not have a homolog of the ABC or ZinT 

transporters in its genome, only a homolog of zupT. For this reason, as the 

only apparent zinc transporter, I considered that ZupT would have a crucial 

role for maintaining zinc ion homeostasis in the bacterial cell, as well as 

potentially being linked to T3SS expression and its activity through the action 

of Zn2+ requiring effectors. This also could explain the observed location of 

Figure 1: Proposed model for L. intracellularis host-pathogen interaction by Vannucci et al in 
2013 
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some of the bacteria closely interacting with the nuclei of host cells as I have 

demonstrated in Chapter 3. 

In Chapter 4, it was demonstrated that zupT in the live attenuated B3903 strain 

contained a deletion, one of very few found in the genome, compared to its 

parental WT sequenced strains. The nature of the deletion, in frame and 

between repeated regions, could suggest that the protein is still produced but 

its function may be altered. As the vaccine strain is less pathogenic than 

DKp23 (highly related to the parent strain) or WT strains, this fits in with my 

host-pathogen interaction model where the role of metal transporters has a 

direct implication on T3SS functionality and therefore bacteria pathogenicity. 

Furthermore, B3903 strain can colonise enterocytes in vitro, and likely in vivo, 

where it replicates, however, there is no evidence for Enterisol® Ileitis causing 

any of the characteristic macroscopic lesions of PE. As mentioned and shown 

in Chapter 4, besides this mutation in the zupT gene and a previously 

described DLP12 prophage deletion78,79, WT strains do not  contain many 

genomic differences to Enterisol® Ileitis. This suggests that one of the main 

reasons for lack of virulence in L. intracellularis is likely associated to a single 

mutation (such as zupT or DLP12) or a combination of the minor genomic 

changes documented in Chapter 4. Furthermore, T3SS in L. intracellularis, is 

likely to be a critical mechanism controlling bacterial activity in the infected 

cells. This thought is based on evidence from other T3SS-expressing 

pathogens212,261-263 and therefore any reduction in T3SS expression could 

explain the lack of virulence of the live attenuated vaccine strain. The intriguing 

possibility that T3SS expression levels are lower in Enterisol® Ileitis could be 

confirmed by RT-PCR, opening the door to further studies to conclude the roles 

of T3SS as well as ZupT on growth and virulence. The lack of  controlling 

activity by the T3SS, in presence of a mutation on zupT, would mean that the 

B3903 strain may grow quicker in cells as my work in vitro has indicated. 

More experiments should be done to confirm this but an insight into different 

strain behaviour in vivo was achieved in the animal trials conducted as part of 

this thesis research (Chapter 5), adding to the small number of already 

published studies42,105,113. These trials confirmed how challenging it is to 

achieve infection of pigs with L. intracellularis cultured strains and how other 

factors, such as pig age or the composition of the homogenate used as 
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inoculum, may play a role in the success of this studies. This may also be 

important for the dynamics of L. intracellularis infections in farms around the 

world.  

6.2 Potential future research 

 New models of infection 

As mentioned several times throughout my thesis, culturing L. intracellularis is 

one of the main pitfalls when working with this bacteria. New models of 

infection, such as enteroids86, are being proposed at the moment, as an 

alternative to monolayer cultures, but more research has to be carried out to 

further define the cells present during infection and their proliferative status. 

As L. intracellularis is potentially infecting the stem cells in the bottom of the 

crypts, an option to generate swine enteroids could be to derive them from 

infected crypts where L. intracellularis is already present, making the whole 

protocol more straightforward and perhaps more similar to the in vivo 

environment.  The presence of L. intracellularis may even promote the growth 

and expansion of the enteroids given the in vivo phenotype. 

Additionally, the work on developing strategies to genetically modify L. 

intracellularis needs to advance. The generation of an L. intracellularis that 

expresses a fluorescent marker, such a mCherry or GFP under a constitutive 

promoter, will help us to understand the first steps of the infection process, 

particularly cell entry, as well as provide a new tool for time course infections 

in vitro. Furthermore, the possibility of generating specific L. intracellularis 

knockouts will help improve our overall understanding of L. intracellularis. 

Another way to gain knowledge about the pathogenesis of L. intracellularis, 

such as the roles of the T3SS, could be by generating clones of the T3SS in a 

surrogate background such as E. coli. On the other hand, the generation of 

Genome-scale CRISPR-Cas9 Knockout (GECKO) libraries in host cell lines 

would also be a great platform to study the host factors that are critical for 

infection264,265. 

 Implications of the T3SS in pathogenesis and virulence 

Type 3 secretion systems (T3SS) play a great role in bacteria infectivity and 

virulence, and its roles have been investigated in many gram-negative 

bacterial species266,267. To further investigate the transcription, assembly and 



 

163 

role of the L. intracellularis T3SS, reverse transcriptase (RT) PCR analysis of 

the predicted T3SS genes from samples derived from L. intracellularis in vitro 

culture and clinical cases should be performed. With this, we could identify 

transcription levels of each of the T3SS components and when during the 

infection they are expressed. Furthermore, comparing different L. 

intracellularis strains will provide knowledge regarding the different T3SS 

transcription profiles in pathogenic vs. non-pathogenic strains. 

For visualisation of the T3SS components, there is potential in using my new 

antiserum against LI1161, optimised with stronger permeabilisation 

techniques, range of concentrations and different combinations of secondary 

antibodies. 

 Genomic studies, new targets and gene regulation 

Currently, the L. intracellularis host-pathogen interaction model is based on a 

single genomic study79. The use of infected tissues, like the ones generated in 

Chapter 5 would provide a great sample set for RNA sequencing. This 

approach would add a new approach for the identification of genomic targets 

that could play a role in host protection and bacteria infectivity. A study of this 

kind could complement work with a GECKO library and help develop a more 

detailed understanding of the host and bacterial factors required for cell entry, 

replication, cell proliferation and transmission of infection79. 

6.3 Contributions on the fight against L. intracellularis  

The research I have presented in this thesis represents a new path into 

understanding  some of the fundamental aspects of this fastidious bacterium. 

Without a better understanding of the basic biology and pathogenesis, 

advances in translational findings that could help farmers and veterinarians, 

are hindered. In my thesis, I have advanced the field with the description of 

two novel targets for IHC (LI0130 and LI0636-zupT), with LI0138 also being a 

good candidate for inclusion in a subunit vaccine or antibody-based diagnosis 

e.g. ELISA tests. Furthermore, the development of the DIVA qPCR will help 

the accurate identification of WT infection from vaccine and reduce the use of 

broad range antimicrobials in commercial pig settings. Additionally, this 

research could have an impact on the infections produced by L. intracellularis 
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in other species, like horses, if research takes place with different L. 

intracellularis strains. 

Being a pathogen is tough and that is the reason why some bacteria, like L. 

intracellularis, have evolved to a greater degree of specificity and remain a 

mystery to be resolved by researchers around the world. Why the small 

genome size? How does it induce the hyperproliferative state in enterocytes? 

How does it survive outside the cell? Does it take advantage of the host cell 

machinery to multiply? The list of questions to answer is long but my work for 

this thesis has helped to continue the advancement of research on this 

fascinating bacterium, Lawsonia intracellularis. 
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