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ABSTRACT 

 
 

T lymphocyte responses to Mycobacterium avium subspecies 

paratuberculosis (Map)-derived culture filtrate proteins and membrane 

vesicles during early intestinal Map infection in calves 

 
 
 

Nahla Fouad El Skhawy                                                                Advisor: 
University of Guelph, 2016                                                             Dr. Brandon Plattner 
 
 
Johne’s disease (JD) is a chronic granulomatous enteritis of ruminants caused by 

Mycobacterium avium subspecies paratuberculosis (Map). T lymphocytes play a 

significant role in JD control; however anti‐mycobacterial T cell responses during early 

intestinal Map infection remain poorly understood. Crude Map antigen preparations have 

been studied to detect T cell responses during subclinical JD; however, use of secreted 

Map antigens remains unexplored. Our hypothesis was that exposure of Map sensitized T 

cells to Map-secreted antigens would evoke T cell responses that could be assessed by 

flow cytometry and ELISA. We screened T lymphocytes from blood of experimentally 

Map-infected calves against Map whole cell sonicate, Map culture filtrate and Map 

membrane vesicles. Our data supported the hypothesis and secreted IFNγ was detected in 

supernatants of cells from only Map-infected calves upon exposure to Map antigens. 

Results demonstrated that CD4 T cells from Map-infected calves were a source of IFNγ 

produced in response to Map antigens. CD4 and WC1+ 
γδ T cells from Map infected 

calves and WC1- γδ T cells from uninfected calves proliferated after stimulation with 

Map antigens, which was consistent with the previous findings.   
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CHAPTER 1:  LITERATURE REVIEW  

1.1.   Johne’s disease (JD) in cattle, overview 

Johne’s disease (JD) is a chronic slowly progressive devastating granulomatous enteritis 

affecting domestic and wild ruminants including cattle, sheep, and goats all over the 

world 1. The causative agent is Mycobacterium avium subspecies paratuberculosis 

(Map). The herd prevalence rate is reported to be 68% of dairy herds in the USA 2 and 

economic losses are estimated to be USD $200-250 million annually 1,3,4. The significant 

negative economic impact in the agriculture industry associated with JD is due to 

premature culling of affected animals, reduced milk yield and decreased slaughter value 

of the animals. The disease is transmissible during the subclinical and clinical stages of 

the disease; therefore establishing an early definitive diagnosis of the disease is a key 

factor in controlling transmission and perpetuation of this disease within and between 

herds. Although vaccines are available in some parts of the world, they do not ensure 

complete protection but are documented only to delay onset of the clinical symptoms and 

reduce fecal shedding of Map 5. 

1.1.1.   Incidence and Epidemiology 

Johne’s disease, or paratuberculosis, is a worldwide problem 6, which has expanded 

in host ranges 4. The prevalence of the disease has been historically difficult to 

estimate due to lack of reliable diagnostic tests, particularly during early and 

subclinical stages of the disease; however, herd or animal prevalence generally 

underestimates the actual prevalence of JD. The herd prevalence can be measured 

using culture or polymerase chain reaction (PCR) methods to identify the pathogen 

using pooled fecal samples or bulk tank milk samples. Serological prevalence is also 
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used to estimate herd prevalence; however the sensitivity of antibody tests are 

notoriously low during early infection stages 7. Individual animal prevalence can be 

measured using animal fecal culture, PCR or tissue Map culture; however due to 

being expensive and lengthy (16 weeks), tissue culture for cow prevalence is not 

widely utilized 7.  

In Canada, animal prevalence varies between provinces at the herd level, Ontario has 

an estimated herd sero-prevalence of 9.8% while Alberta have a 40% herd sero-

prevalence 6. In USA, the herd prevalence is estimated at up to 68.1% of dairy herds 

8. The estimated losses by the agriculture industry in USA are USD$200-250 million 

annually 9, while in Canada, the estimated losses are CDN$15 million annually. 

However, these values are likely underestimated 9. 

1.1.2.   Routes of infection 

The main route of infection is generally via oral ingestion of an infectious dose of live 

Map in contaminated milk, colostrum, water or even food contaminated with Map-

infected feces 10. Intrauterine transmission has also been reported in some studies and 

Map has been recovered from the placenta of infected cows 7,11, while sexual 

transmission has not been confirmed as a source of transmission 1. 

1.2.  Pathogenesis and host-pathogen interaction of Johne’s disease in cattle 

JD affects a wide variety of species but the most commonly infected are both domestic 

and wild ruminants. Domestic ruminants (cattle, sheep and goats) are the most vulnerable 

species with dairy cattle being more vulnerable than beef cattle, and calves less than 30 

days of age are the most susceptible age group 1,2. Rabbits, deer, and other mammals can 
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act as a reservoir for Map 12. Other non-ruminant mammals such as rats and mice have 

also been reported to carry Map 6,13. Although there are many Map strains, there is no 

known species restriction and many studies have reported cross species infection13. In 

ruminants, gross macroscopic lesions usually affect the distal part of the ileum; mainly 

the ileocaecal valve and the associated lymph nodes 8. The severity and the extent of 

gross lesions usually do not correlate with the severity of the clinical signs 13. 

1.2.1.  Progress (phases) of the disease 

Only 10-15% of Map-infected animals are thought to eventually progress to the 

clinical phase of JD because many animals are likely able to clear the infection and 

control the disease 13,14. Studies have suggested that some individual calves appear to 

be resistant to infection 14; however this has not been definitively demonstrated. 

Individuals who progress into the subclinical phase are likely to be infected for life and 

importantly, they represent potential sources of Map via fecal shedding of the bacteria. 

These animals are thus a significant source of transmission of the disease to 

susceptible herd mates 13. Once infected, animals are often divided into four 

overlapping disease phases based on the immunological responses, fecal shedding of 

Map and clinical signs 13. 

1.2.1.1 Early stage (silent stage) 

 The first stage is the silent infection or the early stage, where there is no fecal 

bacteria shedding, no clinical signs and minimal detectable cell-mediated and 

humoral immunologic responses. In some models, it should be noted that early cell-

mediated and/or humoral responses have recently been described 6,13,15. In this 
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stage, establishment of intestinal Map infection can be very difficult to definitively 

confirm due to poor sensitivity of the diagnostic tests 1. 

1.2.1.2 Subclinical stage 

The second stage is the subclinical stage which is also characterized by lack of 

clinical signs, and minimal or total lack of detectable Map-specific antibodies; 

however a distinction in this phase is that most animals exhibit intermittent fecal 

bacteria shedding 16,17. Subclinically infected animals initially shed Map 

intermittently in small numbers, but over time shedding is progressive and 

eventually large numbers of Map are shed in the feces. Intermittent shedding can 

occur for up to 18 months before development of clinical signs 1,17, so this phase of 

the infection is problematic due to increased risk for spreading the infection to 

susceptible herd mates. The length of the subclinical phase of JD is estimated to be 

5 years (range 2-10) in cows and 2 years in small ruminants 4. 

1.2.1.3 Clinical stage 

The third stage is the clinical stage where clinical signs including progressive 

diarrhea, nutrient and fluid malabsorption, hypoproteinemia, and gradual weight 

loss are evident. During the clinical stage, there are also high levels of bacteria 

shed in the feces as well as rising amounts of Map-specific antibodies in the blood 

13. The wall of the small intestine is usually oedematous, inflamed and thickened. 

The serosa and the mesenteric lymph vessels are usually dilated and thickened 

while the mesenteric lymph nodes are often swollen and pale. Histologically, the 

lesions are multifocal to diffuse granulomatous enteritis 13. 
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1.2.1.4 Advanced clinical stage 

If the animal is not culled, it will eventually progress into the advanced clinical 

stage of JD, which is characterized by emaciation, lethargy, anemia, 

hypoproteinemia and eventual death 18.  

Phases of Johne’s disease are illustrated in the following in figure 1.  

 

 

 

 
 
 
 
 
 
 
 

 

 

 
 
 

 

Figure 1: Phases of Johne’s Disease. 
This diagram shows that some animals are resistant to infection while others 
progress through the early phase, with a subset of these eventually moving into the 
subclinical and clinical phases. 
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1.3.  Host-pathogen interactions 

After being ingested, the Map bacterium passes into the distal ileum; survival in the 

harsh luminal environment of the gastrointestinal tract is likely aided by the relatively 

impermeable Map cell wall. Microfold (M) cells, which lie at the dome of the 

epithelium covering the Peyer's patches of the distal ileum, are the primary site of 

invasion 19. The bacteria interact with the proteins in extracellular matrix (ECM) 

through an adhesin molecule called fibronectin-binding protein (Fbp) 18,19. This 

binding is essential for attachment and internalization of Map 19. Beta-1 integrins, 

which are receptors highly expressed on M cells, interact with the fibronectin- 

opsonised Map and facilitates the uptake of Map 19. 

After binding to M cells, Map is endocytosed prior to being released through the 

basolateral surface of the M cells and will be subsequently phagocytosed by 

subepthelial (lamina propria-resident) macrophages. These macrophages 

constitutively express many receptors including complement receptors (CR) 1, 3 and 

4; mannose receptors; immunoglobulin receptor (FcR); and scavenger receptors 14, 

which facilitate the phagocytosis of the bacteria. Inside the macrophage, Map has 

several unique mechanisms to survive and multiply within the inhospitable 

microenvironment of the phagocyte 20. From those mechanisms, failure of phago-

lysosomal fusion and suppression of the phagolysosomal acidification. By those two 

mechanisms, Map is able to avoid killing and survive within these phagocytes 21.  

Activated macrophages are the primary effector cells for killing Map through the 

production of reactive nitrogen intermediates (RNIs), and reactive oxygen 

intermediates (ROIs) 20.  Map, on the other hand, is known to produce sulfatides, 
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super oxide dismutase, lipoarabinomannan (LAM) and catalases, which collectively 

scavenge ROIs and RNIs which aid the bacterium to avoid death within the 

macrophage 20. Tumour necrosis factor (TNF)-α has a limited role in activation of the 

macrophages 22 because Map is able to neutralize receptors of TNF-α 20. At least 

some proportion of Map-infected macrophages and dendritic cells (DCs) migrate to 

the draining lymph nodes where they present processed Map antigens to naïve T cells 

for activation of adaptive immune system.  

1.4.  Immunologic responses during JD stages 

The progression and the outcome of Johne’s disease are dependent on a complex 

aggregate of interactions between Map and the host immune system, and the balance 

between the generated immune response (TH1/TH2 immune responses). The immune 

response may succeed in clearing the infection or it may be just enough to control the 

disease progression. If the immune system fails, the disease will progress toward the late 

stages and death eventually follows 14. 

1.4.1.  Innate immune responses 

After Map is released from the basolateral surface of M cells, the injured epithelial 

cells release interleukin (IL-1) which leads to recruitment of macrophages within 10 

minutes of infection 14. Map is then phagocytosed by macrophages and dendritic cells 

within the underlying lamina propria 3,14. Map has the ability to suppress the innate 

immune response through evoking a state of delayed or insufficient maturation of both 

macrophages and dendritic cells 23, down-regulation of IL-12 21, MHC I and II 14,20 and 

up-regulation of IL-10 leading to interference with acidification of phagolysosomes 
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and rendering macrophages and DCs resistant to interferon gamma (IFNγ). Some 

macrophages are able to kill Map while others are suppressed due to delayed 

maturation and activation 14.  

Gamma delta (γδ) T cells are a type of lymphocytes found abundantly in calves, and 

they are thought to play a dual role in both the innate and adaptive immune responses. 

At the innate immune level, γδ T cells interact directly with the pathogen through 

pathogen-associated molecular patterns (PAMP); some studies have shown that γδ T 

cells function as professional antigen presenting cells (APCs) or they will aid in 

granuloma formation 14. Along with γδ T cells, natural killer (NK) cells are considered 

an early effector cell of the innate immune response through the release of IFNγ  22. 

1.4.2.  Adaptive immune responses 

Interaction between an activated antigen-presenting cell and T cells is an important 

step in the successful host response to a pathogen. Because infected DCs and 

macrophages are improperly activated, their migration to the draining lymph node 

and their role as pro-inflammatory APCs will be presumably affected leading to 

delayed activation of T cells 14. Macrophages and DCs, through the release of pro-

inflammatory cytokines such as IL-1, IL-2, IFNγ, TNF-alpha, IL-23 and others, will 

activate and direct T cells to the site of the lesion and induce activation and clonal 

expansion of T cells 14,20. The immune response in JD resembles that of other 

mycobacterial infections where the cell-mediated immune response dominates early 

and is generally considered to be protective while the non-protective humoral 

immune response coincides latter stages of the disease 13,18. 
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1.4.2.1 Cell-mediated immune response 

During the early and subclinical stage of the JD, a cell-mediated immune response 

dominates, which is mediated by T-helper 1 (TH1) cells and characterized by the 

production of IFNγ, IL-2, IL-6, IL-8 and TNF 3,5. These cytokines mediate early 

inflammatory responses, granuloma formation and the recruitment of more 

macrophages, neutrophils and T cells 5. TNF and IFNγ are crucial in activating un-

stimulated macrophage to induce killing of the intracellular pathogen 20. The 

release of IFNγ marks the early and subclinical stages of JD. High levels of IFNγ 

in ileal tissue and lymph nodes, has been observed during the subclinical stage of 

JD 3,20,21.  

IFNγ is a key factor in resistance 13 and controlling mycobacterial infection 3,11,21. 

At the level of the APCs, IFNγ promotes maturation of the APCs and up-

regulation of MHC I and II expression. It also stimulates macrophages to produce 

ROIs and RNIs which have bactericidal effects as well as the production of IL-12 

which is essential in the differentiation of naïve CD4 T cells into a TH1 subtype 

which is known to be protective 21. 

At the level of T cells, IFNγ is the main inducer toward differentiation of naïve T 

cells into TH1 effector cells and inhibits the differentiation of naïve T cells to TH2 

effector T cells 21. At the level of tissues, it increases vascular permeability and 

reduces tight junctions resulting in lethal effect on the tissue 21. The duration of 

cell-mediated TH1 immunity varies; however studies have shown that this 

typically wanes during the subclinical stage of disease 18. 
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1.4.2.2 The shift in the immune response 

Approximately 10% of Map-infected animals will eventually progress to clinical 

disease 14. This shift to clinical stage is associated with a shift in the immune 

response from a predominantly cell-mediated (TH1) to humoral (TH2) immune 

response. The cause of the shift is believed to be multi-factorial and includes 

concurrent stressors on the host such as lactation, parturition, increased metabolic 

demand, reduced dietary/nutrient intake, intensive farming systems or 

transportation. Immune-suppression secondary to other infectious diseases such as 

bovine viral diarrhea virus have also been hypothesized to influence the shift to the 

clinical stage of JD 1.  

There are several hypotheses to explain the cause of this shift, including 

exhaustion or suppression of TH1 immune responses and rising dominance of TH2 

immunity in response to accumulation of extracellular bacteria 24. The mechanism 

for the shift remains incompletely understood; however it’s clear that the balance 

of TH1/ TH2 immune responses and the released cytokines will influence the final 

outcome of the Johne’s disease 8. 

1.4.2.3  Humoral immune response 

At some point during the subclinical stage of infection, the strength of the Map-

specific TH1 immune response wanes and this corresponds to development of a 

Map-specific but non-protective antibody (TH2) immune response, which is 

characterized by the cytokines IL-2, IL-4, IL-5 and IL-10. Development of this 

humoral immune response classically marks the onset of the clinical stage of the 
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disease 24. Simultaneously, there is down-regulation of IL-1, TNF and IFNγ  3. IL-

10 and IL-4 play direct suppression of IFNγ  21. Though the antibodies produced in 

JD are Map-specific, they are usually considered to be non-protective and are 

apparently unable to control or limit progression of the disease 18. 

1.5.  Effector immune cells in early JD 

It’s apparent from several studies that the early events at the site of Map infection 

probably play a significant role in driving the immune response either towards early Map 

clearance or towards survival of the pathogen. This highlights the importance to 

understand the role of early effector cells during this disease; however much in this area 

remains unknown.   

1.5.1.  Gamma delta (γδ) T cells 

Gamma delta T cells are lymphocytes with a γδ heterodimer forming the T cell 

receptor as opposed to classic αβ T cells. These cells are found in large numbers in 

the blood of young calves, representing up to 30-80% of total peripheral blood 

mononuclear cells (PBMCs) which is much higher than human and mice 

(approximately 10%) 25. In ruminants, multiple markers facilitate differentiation of γδ 

T cells. Broadly, based on the surface expression of workshop cluster (WC1) 

molecule, γδ T cells can be classified into WC1+ and WC1- subsets. 23,25. WC1+ γδ T 

cells are found mainly in the blood while WC1- γδ T cells are mainly in the spleen 

and along mucosal surfaces including the gastrointestinal tract. Their role is not 

completely known; however studies have shown that γδ T cells are effectors and 

regulators of the immune system in cattle 23, 25.  
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An important distinguishing feature of γδ T cells is that they do not require classic 

MHC interaction for stimulation. Antigens are recognized by γδ T cells via non-

classical MHC I (MHC Ib), CD1 molecules for lipid based antigens or even by direct 

interaction with the pathogen through PAMPs; some studies have shown that γδ T 

cells may function as professional APCs 14. These cells are not dependent on IL-12 

for their stimulation, they are dependent on IL-15 secreted by epithelial cells which 

utilizes the same IL-2 receptor 20. γδ T cells are hypothesized to perform an essential 

role in defence early against Map infection 3,20,25, and perhaps during other infections. 

During early and subclinical stages of JD, γδ T cells are thought to play an important 

role in controlling the infection through secretion of IFNγ 23 and regulation of 

granuloma formation 13. At the tissue level, γδ T cells have been shown to be 

recruited to the site of the lesion earlier than CD4 T cells 25. Furthermore, γδ T cells 

are reported to have an immunoregulatory role through the production of IL-10, 

which may down-regulate IFNγ 23,14,23. 

1.5.2.  CD4 T cells 

CD4 T cells have long been considered essential during the control of intracellular 

infections including Map infection. Upon stimulation of a naïve CD4 T cell by an 

APC, differentiation of T helper cells occurs. Many factors contribute to 

differentiation of T helper cells to TH1 or TH2 phenotypes including; the dose, the 

nature of the antigen, the cell-to-cell contact dynamics and the types of transcription 

factors that are expressed 21,24. Specifically, in the presence of IFNγ, IL-12 and strong 

antigenic stimulation, the expression of T-bet transcription factor is up-regulated 

which directs T cells to differentiate into TH1 effector cells that are characterized by 
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secretion of IFNγ, IL-2 and TNF-β 21,24. In the presence of IL4 and weak antigenic 

stimulation, the expression of transcription factor GATA-3 is up-regulated and naïve T 

cells are differentiated into TH2 effector cells which are characterized by secretion of 

IL-4, IL-5, IL-6 and IL-10. These cytokines will also drive production of Map-specific 

antibodies by B cells 21,24.  

1.5.3.  B cells 

The role of B cells during Map infection is not well studied. B cells can act as a 

professional APCs to CD4 T cells, which in turn will be stimulated to produce IFNγ 

for activation of macrophages. The limited antibodies produced early during Map 

infection indicates that B cells are involved in the initial host responses against Map. 

Immunoglobulin (Ig) G1 is the predominant antibody subtype in the mid to late 

subclinical stage of JD, which suggests a possible role of IFNγ in the iso-type switch 

from IgM to IgG1 16, 23. 

1.6.  Mycobacterium avium subspecies paratuberculosis (Map) as a pathogen 

1.6.1.  Microbiology 

1.6.1.1 History 

Soon after the discovery of the initial case of bovine intestinal paratuberculosis in 

1895 by Johne and Frothingham, the causative agent was identified as a bacterium 

and was cultured successfully in the laboratory and eventually was named Map 1. 
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1.6.1.2 Classification and Structure 

Mycobacterium is one of the most important genera in suborder 

Corynebacterineaea. Mycobacterium in general are characterized by high G 

(guanine) and C (cytosine) content which varies between 60-70% 11, 26. They are 

aerobic, slowly growing, non-motile and non-sporulating bacteria with high lipid 

content in their cell wall 26. The cell wall of Mycobacteria is a complex structure 

and relatively impermeable. It is composed of an inner peptidoglycan layer, an 

asymmetric intermediate bi-layer of long chain fatty acids (mycolic acid) attached 

to arabinogalactan (arabinose and galactose monosaccharide). The outer layer of 

the bacterial cell wall is formed of peptidoglycolipids. Lipoarabinomannan (a 

membrane anchored glycolipid) is inserted in the cell wall and has as an 

immunomodominant role 1,11. 

Mycobacterium avium complex, where Map belongs, has many species including 

Mycobacterium avium, Mycobacterium intracellulare and many others. 

Mycobacterium avium has four subspecies; M. avium subsp. avium, M. avium 

subsp. sylvaticum, Map and M. avium subsp. hominissuis 6, 26. 

Map can be identified both phenotypically and genotypically. The phenotypic 

identification of Map is based on mycobactin (iron-chelator) dependency and thus 

mycobactin must be added to the culture media for in vitro growth of Map 6,26, 

although this feature was reported to be shared with M. avium subsp. sylvaticum 5. 

Genotypic identification is based on DNA analysis. Map shares more than 99% 

homology in the DNA with Mycobacterium avium subspecies avium and the 16S 
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rRNA is identical for both of them 18. Map DNA analysis reveals a unique 

insertion element known as IS900, and Map is known to have from 15-20 copies of 

this insertion sequence 5,6,26. PCR-based methods have used this insertion sequence 

intensively and the sequence is often considered to be a highly sensitive and 

specific diagnostic marker for Map. Importantly, IS900 is in non-Map 

mycobacteria, and is no longer considered unique to Map 5. Researchers are now 

often including other target sequences, which will increase specificity of assays. 

ISMAP02 (six copies per genome) and ISMAP04 (four copies per genome) are 

considered novel targets with no homology with other mycobacteria and ISMAP02 

has already been used as a new target sequences in PCR-based diagnostic assays 

20,27. F57 is another unique Map sequence and has been used in combination with 

IS900 to establish a definitive Map diagnosis 26. 

IS1311 has been identified in all Mycobacterium avium subspecies but was absent 

in Mycobacterium intracellulare. Based on this sequence Map is classified into 

two major groups: sheep type “S, or type I” and cattle type “C, or type II” 10. An 

intermediate type (type III) has been more recently identified and is likely to 

represent a subtype of Type S. Bison type “B” is another group described in some 

literature. In IS1311 at base pair 223, the number of copies with cytosine (C) or 

thymine (T) can be used to differentiate between Map types. S type strains have all 

C at this site; B type strains have T at this site; C type strains have one or more 

copies with a T or a C at that position 28. 
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1.6.1.3 Physical properties 

Map is a slow growing fastidious acid-fast bacillus. It is an obligate intracellular 

pathogen ranging in size from 0.5-1.5 µm 13. The bacillus is resistant to dryness, 

some disinfectants and acid conditions. It is more thermo-resistant than any other 

mycobacteria 18; high temperature short time pasteurization is considered to be 

insufficient to kill Map 7. Map DNA can be detected in plant and soil samples two 

years after destocking of infected animals 20.  

1.6.2.  Map antigens 

Given the lack of sensitive diagnostic tests for this complex disease, identifying and 

characterizing immunogenic Map components has been pursued in recent years with 

the hope of identifying novel Map-specific antigens that can be useful during 

development of new and improved diagnostic tools. Many Map antigens have been 

identified but few have been well studied and characterized. Map antigens can be 

classified broadly into cell wall and membrane antigens, secreted antigens, heat shock 

antigens 11,29 and membrane vesicles 30. 

1.6.2.1 Cell wall and membrane antigens 

Cell wall antigens are highly accessible to cells of the immune system and are 

hypothesized to be highly immunogenic but most of them are conserved among 

other mycobacteria and thus not Map-specific. They can be broadly subdivided 

into protein and lipid antigens. These antigens are frequently used experimentally 

and are acquired by using mechanical disruption of whole Map cells, giving rise to 

the terms cellular extract (CE) 31 or whole cell sonicate (WCS). 
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1.6.2.1.1 Protein antigens 

Many cell wall proteins have been studied and evaluated for their antigenic role 

during both the cell-mediated and humoral immune responses. MAP 1087, A36, 

MMP and MAP 2121 are some examples of cell wall proteins that have been 

recently examined experimentally 11,13. The latter two proteins are considered to 

be major membrane protein antigens with a role in invasion of the epithelial 

cells. Other potential novel immunogenic hypothetical proteins have been 

proposed, including MAP 1204, MAP 1506 and MAP 3968. All of the 

previously-mentioned proteins have shown homology with other mycobacteria 

and are not likely Map-specific 11.  

Heparin-binding hemagglutinin adhesin (HBHA) is located on the surface of the 

mycobacterium and plays an important role in bacterial adhesion and they 

represent a potential diagnostic in detection of latent human tuberculosis. 

Recently, HBHA had been identified and characterized in Map and humoral 

responses were detected in clinically Map-infected animals using ELISA while 

coating the plates with Map HBHA. T cell responses to Map HBHA have not 

been investigated yet 32. 

A36 is a major antigen complex in Map and is composed of thirty proteins with 

different molecular masses (20-90 kDa). The proteins in the range of 28-45 kDa 

have proven to have strong antigenic properties in the context of humoral and 

cell-mediated responses. A362 is considered a potent humoral immune response 

stimulator and carries species-specific B-cell epitopes which do not cross-react 

with other mycobacteria pathogens 11,33. Some studies had tested its potential 
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diagnostic ability through an ELISA-based procedure to identify Map antibodies 

in sera. Antibodies for a362 were detected in reference set of serum from cattle 

with paratuberculosis. Some healthy cows had shown antibodies in their sera to 

a362 and this was explained that most probably that those cows had either been 

previously exposed to Map and cleared the infection or they are still in the early 

phase of JD 34. 

1.6.2.1.2 Lipoprotein antigens 

Lipoproteins constitute large portions of the Map cell wall and are involved in 

adhesion, cell wall synthesis, and trans-membrane signaling 35. They are highly 

immunodominant component of Map cell wall as they are readily available and 

accessible to cells of the immune system. Map lipoproteins act as PAMPs and 

interact with Toll-like receptors (TLRs) 11. In bovine macrophages, Map-

lipoproteins were recently reported to be involved in mitogen activated protein 

kinases p38 activation (strongly induce IL-10 gene transcription in bovine 

macrophages) and help in Map survival in bovine macrophages 35. 

LAM; a glycolipid; is a potent humoral immune inducer 11,13 and  has been used 

widely as a Map serological diagnostic tool 11 but again, it is not Map-specific 

and it is shared with other mycobacterial 7,13. Para-LP-01, lipopeptide PstA and 

L5P are other lipid components that have been tested as potential antigen 

candidates and their value as diagnostic tool have not been evaluated. They are 

also absent in Mycobacterium avium subspecies avium 11. Para-LP-01 is a 

potent inducer of humoral but not cell-mediated immune responses 29. Map-
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lipoproteins are incorporated in the formation of microvesicles, which will be 

discussed later.  

1.6.2.2 Secreted antigens 

Secreted antigens are not cell wall structural antigens, but are released by Map into 

the extracellular environment. Since they will be theoretically readily available and 

accessible to the host immune cells during early Map infection, these antigens are 

hypothesized to play an essential role during initial infection. These are under-

investigated antigens that need to be further explored, given their strong potential to 

be important particularly during early phases of Map infection and may have an 

important role in the progression or outcome of the disease 11,31,33.  

1.6.2.2.1 Secreted protein antigens 

Several secreted protein antigens have been identified and tested for their 

potential application as diagnostic tools. Ppa, ClpP, MAP 4308, MAP 1272c, 

and others are examples of Map-secreted proteins which have been used as a 

capture antigen in enzyme-linked immunosorbent assay (ELISA) to detect Map-

specific humoral immune responses in Map shedding cows. Like cell wall 

antigens, many of these also showed homology with other mycobacteria, which 

unfortunately limits their potential use in diagnostic tools. Studies which 

showed that some of these antigens were able to detect Map infection implies 

that there might be Map-specific epitopes 11. 

 Ag85 A, B, and C are considered T cell antigens and have been shown to 

induce cell-mediated immune responses. They share some sequence homology 



20 
 

with Mycobacterium bovis, Mycobacterium avium and Mycobacterium 

tuberculosis, though, and their diagnostic utility in the field is therefore limited 

11. Alkyl hydroperoxide C and D are two hypothetical secreted Map proteins 

which showed good recall capacity for cell-mediated immunity as well as 

humoral responses in Map-infected goats. Interestingly, these two proteins were 

shown to have the highest level of Map specificity when compared to 20 

different mycobacterial species 11. 

In 2013, Facciuolo et al identified 162 Map proteins, 66 of which are considered 

newly identified. Four identified proteins of molecular weights 27, 28, 36 and 

46 kDa reacted to sera from naturally Map-infected animals in the subclinical 

phase of disease, which were also determined to be low fecal shedders of Map 

(by fecal culture). These animals tested negatively using Map-specific antibody 

(ELISA) kit. These data suggest that these particular proteins may be useful 

diagnostic tools for improving ELISA sensitivity 15. More research should be 

done to estimate the potential use of these proteins, in particular, for testing the 

cell-mediated immune response during subclinical stages of Map infection. 

1.6.2.3 Heat shock protein antigen 

Map heat shock proteins (Hsps) are a highly conserved group of proteins produced 

by Map upon exposure to stress including heat stress 11,34. In Map, there are 

approximately five distinct heat shock proteins that have been defined (Hsp 70, Hsp 

65, MAP 3840, MAP 3841 and GroES); however thus far, none of them has been 

shown to be Map-specific 11. The crucial role of these proteins is likely related to 
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modulation and activation of DCs 11. The high level of conservation of those 

proteins between mycobacterial species limits their potential use as diagnostic tools 

11,13,36. 

1.6.2.4 Membrane vesicles 

The release of membrane vesicles (MVs) from cells is a conserved feature among 

many organisms including Gram-positive and negative bacteria, fungi, and 

parasites. Both pathogenic and non-pathogenic bacteria produce MVs 37. The 

function of MVs and the mechanisms driving their formation and release remain 

poorly understood; however, several hypotheses have been proposed. Host MVs 

may be beneficial through the performance of physiological functions such as 

wound healing, coagulation, neovascularisation and cellular signalling/recruitment 

37. At the pathogen level, bacterial MVs are thought to be important for packaging 

and trafficking of virulence factors 30,38. 

Bacterial MVs may initiate innate immune responses through interactions with 

TLRs and Nod-like receptors (NLRs), induction of cytokine release, promotion of 

maturation of DCs and macrophages and production of pro-inflammatory cytokines 

to mediate inflammatory responses 30. An APC such as a macrophage or DCs 

infected with an intracellular pathogen, release MVs loaded with bacterial-peptides 

and other virulence factors which are recognized by a naïve APCs in order to 

amplify an initial immune response 30,37. MVs have been shown to activate T cells 

and thus promote the adaptive immune responses 37.  
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Vesicles are broadly classified according to their size, origin, and shape into four 

types: exosomes, shedding vesicles, apoptotic bodies and classic membrane vesicles 

(MVs). Exosomes bud during exocytosis from multivesicular bodies (a subset of 

endosomes); their sizes ranging between 30 to 100 nm. Shedding vesicles bud from 

the plasma membrane and range in size from 100-1000 nm. Apoptotic bodies are 

formed during cell death and shrinkage and range in size between 50-5000 nm 37. 

Lastly, MVs; from Gram negative bacteria; are parts of the bacterial outer 

membrane while in Gram positive bacteria, MVs are composed of cell wall as 

cytoplasmic components 30. Bacterial MVs are heterogeneous spherical shaped 

vesicles usually containing virulence factors such as LPS, toxins and other antigenic 

components. MVs from Gram negative bacteria vary in sizes from 10-300 nm. 

Gram-positive bacteria do not have an outer membrane, and, therefore, it was 

assumed for a long time that they do not produce MVs. Since 2009 however, MVs 

have been identified from Gram positive bacteria, including Mycobactria, with 

sizes from 50-150 nm with cell wall and cytoplasmic components 30,37. 

Almost all mycobacteria are able to produce vesicles in the form of MVs. MVs are 

able to induce immune responses and act as pro-inflammatory molecules leading to 

initiation and amplification of both the innate and the adaptive immune systems 

35,39. Recently, Map MVs had been isolated, identified and characterized 

(unpublished, W. Martin, MSc thesis, University of Guelph, 2016, Mutharia 

laboratory), but their role in inducing initial immune responses and the persistence 

of these responses as recall responses remains unknown and more investigation is 

needed in this field. 
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1.6.3.  Antigen preparations 

Multiple Map-derived antigen preparations have been used to develop a diagnostic 

tool for JD. Criteria of a so-called ideal diagnostic antigen are that it should be unique 

to Map, antigenic and identifiable in Map-infected animals during the early and 

subclinical stages of JD and throughout the disease 11. The fact that the same antigen 

may not induce both cell-mediated and humoral immune responses by the host adds 

an additional challenging aspect in identifying such an ideal antigen 29. 

Since no single Map antigen has been identified to be an ideal Map  diagnostic 

antigen, a mixture of antigens or specific epitopes which are antigenically determined 

to be Map-specific are probably best suited for diagnosis of Map 11. Some 

terminology is frequently used when studying Map antigen preparations: cellular 

extract (CE) is the term used when the antigen is derived by mechanical disruption of 

the cell using different techniques 31, culture filtrate (CF) refers to the collection of 

supernatant from logarithmic phase static liquid culture containing the secreted 

antigens 31. The next section of this literature review will focus on the different 

antigen preparations of Map used in previous studies to investigate and understand 

host immune responses during Map infection in calves. 

1.6.3.1 Protoplasmic antigen (PPA) (Cell extract / Whole cell sonicate) 

PPA is a crude preparation of mixed Map antigens formed through disruption of the 

mycobacteria with removal of cell debris and cell wall components. Typically, 

whole bacteria are sonicated, and large insoluble particles are removed. PPA 

contains mainly soluble cell wall-associated and cytoplasmic proteins and has been 
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used as the target antigen in ELISAs for the diagnosis of Map in cattle 7, but 

because many antigens in PPA are shared with other mycobacterial species, cross 

reactivity is a significant confounding factor which limits the specificity of PPA as 

a diagnostically-useful antigen. In addition to this problem, failure of 

standardization of PPA preparation protocol limited the ability to compare the 

results between different laboratories 7. 

1.6.3.2 Purified protein derivative (PPD) 

PPD is a widely known crude extract of mycobacteria cell culture 11,40. When 

derived from Map, PPD is referred to as PPDj; when derived from Mycobacterium 

avium subspecies avium (Maa), it is known as PPDa and when derived from M. 

bovis, it is PPDb. PPDs are applied for intra-dermal skin testing of cattle to detect 

delayed-type hypersensitivity (DTH) reactions, and as such they have been used 

extensively in cattle and humans for the diagnosis of tuberculosis, caused by M 

bovis and M tuberculosis, respectively 7,11. PPDs have been used to diagnose 

bovine tuberculosis through quantification of IFNγ in an ELISA-based technique 

as a measure of the M. bovis-specific cell-mediated immune response (BOVIGAM 

™ ) 40.  

For Map diagnosis, PPDj has been used in the DTH skin test to measure Map 

specific cell-mediated immunity through measuring skin thickness. PPDj are also 

used for quantification of IFNγ in an ELISA-based technique, which is now 

applied for goat, cattle and sheep 40. The use of PPDj in the diagnosis of JD is not 

definitive however, and has several drawbacks and limitations 11. First, all the 
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available PPDj preparations contain shared immunogenic proteins with other 

mycobacterial species, which results in high incidence of cross reactivity and 

reduced overall specificity of the assay. To overcome this cross reactivity, refining 

the components of the PPDj to Map-specific antigens has been shown to improve 

specificity 7. Second, PPDj has been shown to be insufficient at discrimination of 

Map infection in cattle from other mycobacterial infection such as tuberculosis (M. 

bovis) or Map vaccination 7. Third, the absence of standardization and the 

significant variability of the components of PPDj further reduces reliability and 

consistency of the diagnostic data 7,11,40. To overcome this problem, a standardized 

protocol to produce PPDj, with respect to the components, concentrations and the 

harvest time points, should be utilized by laboratories preparing PPDj for use in 

research or diagnostics 40. Fourth, PPDj is Map strain-specific which means that 

using different strains of the bacterium will likely introduce additional variability 

in PPDj preparations 40. In Canada, for example, there are six different Map strains 

in use by different laboratories to prepare PPDj 40. From around 269 different 

proteins in different PPDj preparations, only 29 proteins are found to be common 

along all the examined PPDj preparations, according to a recent study 40. This 

illustrates the need for standardization in the field before use of PPD is broadly 

adopted. 
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1.6.3.3 Purified culture filtrate 

Based on the previous drawbacks of the use of both PPA and PPD, and based on 

the previously discussed cellular extract antigens and secreted antigens collected 

from CF, there is an emerging need to purify secreted antigens from culture filtrate 

of Map and evaluate the capacity of individual proteins of the CF with respect to 

Map specificity and antigenicity. Interestingly, proteomic analysis of Map culture 

filtrate has shown a high degree of similarity among different strains 31. These 

proteins must be tested for their potential to induce humoral and/or cell-mediated 

immune responses to evaluate their role in the pathogenesis of Map infection, as 

well as to identify candidates for both diagnostic and preventive tools.  

Some labs have compared the immunogenicity of Map-secreted antigens from 

supernatant (CF) to antigens from cellular origin (CE) in the serum from Map-

infected cattle and found that stronger antibody reactions were generated (based on 

the intensity of the response and the number of the antigens detected) to proteins in 

the CF compared to CE 11,15,31. In fact, sensitivity of a Map-specific ELISA has 

been demonstrated to increase by 25% when using the CF antigens compared to 

the commercially available ELISA kit, which contains a mixture of cell extract 

(CE) 15. Similar studies using CF from Mycobacterium tuberculosis had reported 

strong sero-reactivity of sera of tuberculosis-infected human cases compared to 

using whole cell extract 31. Therefore, significant interest has been generated in 

investigating the use of the secreted CF antigens as potential immunogenic 

components with potential for use as diagnostic and vaccine  reagents for 

mycobacterial diseases.  
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1.7.  Previous studies in early host immune response 

Several different animal models have been utilized to study the early immune response to 

Map infection in calves. These studies were conducted using animals of different ages, 

and various routes of infection including: intra-tonsillar infection in neonatal calves 12; 

oral infection in neonatal calves 41; intra-peritoneal infection in calves 42; and direct 

Peyer's patch inoculation in calves 43. The objectives of the studies using these models of 

Map infection were to study the humoral and/or cell-mediated immune responses in 

calves by testing for initial and recall immune responses following Map infection. 

1.7.1.  Using Map whole cell sonicate and PPD 

In most animal model studies, stimulation of PBMCs from Map-infected calves to 

detect Map-specific host immune responses was accomplished using Map whole cell 

sonicate (WCS) and/ or PPDj as the stimulating antigen. These data have shown that 

CD4 T cells have the greatest proliferative capacity and the highest production of pro-

inflammatory cytokines, predominantly IFNγ 12,41,42. This supports the hypothesis that 

the role of CD4 T cells is foremost in protection of the host against Map during the 

early and subclinical phases of Map infection 12,41,42. 

1.7.2.  Using Map-secreted proteins 

Using culture filtrate, secreted Map proteins have also been identified, purified and 

tested in these models for their ability to promote recall responses during Map 

infection. Some of those proteins have recently been cloned and expressed as 

recombinant proteins for detectetion of humoral and/or cell-mediated immune 

responses in different Map-infected animal models 7. 
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Shin et al. in 2005 tested the cell-mediated immune responses against a subset of 

recombinant Map proteins including antigens referred to as A85A, 85B, 85C, 

superoxide dismutase (SOD) and 35 kDa protein by evaluating in-vitro responses by 

PBMCs collected from naturally Map-infected cows identified as low and medium 

fecal Map shedders by fecal culture and fecal PCR. Those proteins were able to induce 

T cell proliferation as well as IFNγ, IL-2, IL-12 and TNF-alpha production 44. 

In a study of Map-infected mice, sensitized spleen cells were examined for their 

responses to a 35 kDa recombinant Map protein via an immune response recall assay; 

these cells responded by proliferation, increased expression of IFNγ mRNA and 

generation of IFNγ 45. 

Facciuolo et al. (2013) tested the serum of naturally infected low Map fecal shedding 

cows to identify Map-specific humoral immune responses to four novel Map-secreted 

proteins. Using those four proteins as capture antigens, an ELISA showed that the sera 

of these cows reacted with those proteins. The sera from these same animals tested 

negative by a commercially available ELISA kit. Importantly, because the sera of 

uninfected animals in this study reacted with Map whole cell lysate but not with these 

novel secreted Map proteins, these authors also demonstrated enhanced specificity of 

their novel secreted proteins compared to whole cell lysates in these naturally infected 

animals 15. Further evaluation of cellular immune responses specific to those four 

novel Map-secreted proteins represents an important future direction towards gaining 

an improved understanding of immune response during early and subclinical JD stages 

as well as improving the available diagnostic tools in these historically difficult-to- 

detect stages of infection.  
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1.7.3.   Using bacterial membrane vesicles 

Because Gram positive bacteria have been recently confirmed to release MVs in 2009 

33, studies seeking to understand the specific immune responses of the host to those 

vesicles have been very limited and are still in their early stages. No studies have 

been conducted yet using Map MVs but closely related work has been reported using 

MVs from M. tuberculosis and M. bovis. Prados-Rosales et al. in 2014 demonstrated 

the role of the M. tuberculosis-derived MVs in the induction of immune responses 

and their potential role as a vaccine candidate 38. The researchers measured both 

humoral and cellular immune responses in mice after subcutaneous inoculation of 

MVs from M. tuberculosis and M. bovis. Their data revealed that both humoral and 

cellular immune responses were induced by these MVs, and that most of the produced 

antibodies were directed against surface mycobacterial components including cell 

wall components 38. This emphasizes the potentially significant role of MVs to induce 

both humoral and cellular host immune responses during early mycobacterial 

infection, and suggests that MV-derived antigens hold significant potential as vaccine 

candidates 38. MVs from Map have been recently isolated (unpublished, W. Martin, 

MSc thesis, University of Guelph, 2016, Mutharia laboratory). No work has yet been 

performed to examine if MVs from Map have similar immune potential in cattle 

during JD; however research should be conducted in this area in order to evaluate 

their potential role as a novel diagnostic tool as well as a vaccine candidate.  
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1.8.  JD diagnostic tools 

To establish a successful control program for paratuberculosis, definitive identification of 

infected animals is vital. Because the subclinical stage of JD disease is where infected 

animals have the highest risk of transmission of the disease but have the least clinical 

signs, diagnostic tests should be directed more toward identifying animals at this stage 13. 

Diagnostic tools are generally classified by what they detect: a) the agent or b) the host 

immune response 18.  

1.8.1.  Detection of the agent 

The bacteria can be detected either phenotypically or genotypically. Culture remains 

the gold standard for Map diagnosis, and the best confirmatory diagnostic test for 

animals that test positive during immunological assays 6,17. Culture can be performed 

on feces pooled in herds to improve efficiency and reduce costs or post-mortem from 

tissue of individual animals. Because fecal culture is time-consuming and can take up 

to 16 weeks to visualize colonies, it is not widely used in the field due to time and 

cost restraints 6. Intermittent fecal shedding of Map during the subclinical stage is 

another significant challenge to overcome when interpreting the results of bacterial 

culture and when relying solely on this technique for definitive diagnosis, depending 

on when the samples are collected 6. The sensitivity of bacterial culture during the 

early and subclinical stages is estimated between 45-72% while in the clinical stage it 

rises up to 90% due to the increased frequency of shedding of the bacteria in the 

feces. The specificity of the culture is almost 100% in all stages of the disease 27.  
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Staining with Ziehl–Neelsen acid-fast stain in formalin-fixed tissue is another method 

to detect the bacteria but it is only applied as a post-mortem diagnostic confirmation 

tool. The sensitivity of acid fast staining is typically very low, except when the 

histological lesions are evident and the number of bacteria is very high in the tissues 

22. In addition to the poor sensitivity, other important drawbacks to consider when 

using this method is the lack of specificity (not Map-specific), and it stains only the 

bacteria with intact cell wall, so any degraded bacteria will not be detected 22. 

PCR is a method now commonly utilized in the field to identify Map presence by 

identifying the specific genetic components of the bacteria, such as the unique 

insertion sequence IS900. PCR is a rapid and highly specific technique that is used to 

detect individual infected animals, or as a tool to estimate herd prevalence of 

paratuberculosis 13. When PCR is applied to confirm the detection of acid fast bacilli 

identified by culture or by histological examination, the sensitivity and specificity of 

the combined assay approaches 100%, although some reports suggest the incidence of 

false positive results when using the IS900 5,18, largely because some probes including 

IS900 may be shared with other closely related mycobacteria 5,13.  

1.8.2.  Detection of the host immune response 

Qualitative and quantitative assessment of the immune response of an animal is 

another option employed in the diagnosis of subclinical and clinical stages of the 

disease. Detecting humoral immune responses against Map is mainly directed toward 

the clinical stages of disease, while cell-mediated immune response assessment has 

been shown to be useful during the subclinical stage of JD 27. 
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1.8.2.1 Humoral immune responses 

Detecting a humoral immune response is a useful tool during the clinical stages of 

JD, when antibody responses (TH2) dominate and the circulating antibody level is 

usually high. ELISA is the most commonly used tool to test for Map-specific 

antibodies in either milk or blood samples; this is the single most commonly used 

method for screening of dairy herd prevalence 17. Using ELISA kit for Map, ELISA 

has a sensitivity of 90% in the clinical stages; however sensitivity is as low as 15% 

during the subclinical stage and 7% in the silent stage 13,27. Multiple antigens have 

been applied in ELISAs including protoplasmic extract and extracts from the cell 

wall such as LAM 27; however, to date only limited improvement in the sensitivity 

has been documented regardless of the capture antigen used in the assay. 

1.8.2.2 Cell-mediated immune response 

Measuring the cell-mediated immune response is another potentially useful 

technique to diagnose Map. In the field, cell-mediated responses are detected in two 

primary assays. First, the intra-dermal skin test is a classic DTH reaction measured 

by changes in skin thickness at the site of injection of Map antigens. Although this 

test has been heavily utilized in the diagnosis of bovine tuberculosis, it has not been 

shown to be specific or sensitive for the diagnosis of bovine paratuberculosis. The 

second method used to detect cell-mediated immunity against Map is the IFNγ 

release assay, which may be most useful during early Map infection as the cell-

mediated immune response fades during clinical JD 1. In this assay, whole blood is 

collected from cattle and then stimulated with Map antigens in vitro. Naïve animals 
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lack memory responses, while the sensitized lymphocytes from Map-exposed 

individuals respond to the Map antigens by secreting IFNγ, which is measured 

using an ELISA assay (Bovigam™). Based on the list of diagnostic methods 

mentioned above, it is clear that no single test is definitive in paratuberculosis 

diagnosis and to maximize the probability of Map diagnosis, a mixture of those 

diagnostic methods should be used together.  

This highlights the importance of continued work in understanding the early cellular 

and antibody responses of calves during Map infection. Identification and selection 

of Map-specific antigens, particularly during the distinct phases of infection will be 

a key point in improving the ability to accurately and definitively diagnose JD, 

which will be a highly important development in the control of this devastating 

disease.  
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 PROJECT PROPOSAL 

 HYPOTHESIS 

Purified Map culture filtrate proteins and Map MVs will induce T cell responses in-vitro 

during early intestinal Map infection in a calf model; these responses may be useful in 

understanding the early immune responses and developing improved diagnostic tests.  

 OBJECTIVES 

1. Detect cytokine responses (secreted IFNγ) by ELISA using the supernatant of cell 

cultures (lymphocytes and autologous macrophages) from Map-infected and 

uninfected calves stimulated with different Map-derived  antigens at several time 

points after experimental Map infection.  

2. Identify intracellular IFNγ generated by blood lymphocytes after stimulation by 

different Map-derived antigens at several time points after experimental Map 

infection. Determine whether CD4, WC1+ γδ T cells and WC1- γδ T cells are 

responsible for the production of IFNγ using multicolour flow cytometry. 

3. Determine if blood lymphocytes proliferate after stimulation with different Map-

derived antigens at several time points after experimental Map infection. If 

proliferation is evident, attempt to define which cell subtypes are proliferating  using 

multicolour flow cytometry with emphasis on CD4, WC1+ γδ T cells and WC1-  γδ T 

cells.  
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CHAPTER 2:  METHODS AND MATERIALS 

2.1.  Animals and animal care 

All animal use protocols were approved by the Animal Care Committee at the University 

of Guelph (AUP #3373) and met the standards of the Canadian Council of Animal Care..  

Eighteen castrated male calves were used for this study. All calves were acquired from 

the University of Guelph dairy teaching facility (Elora / Ponsonby Ontario). The herd of 

origin has been considered free of Map for several years because it has been repeatedly 

serological test (ELISA) negative and with no clinical cases. Calves were transferred to 

the large animal infectious disease isolation facility, a biosafety level II facility on the 

main campus at the University of Guelph at approximately four-six weeks of age, and 

were monitored for seven days in the facility for acclimation prior to surgical procedures.  

Animals were randomly assigned into groups of 6 each for this study, based on the 

duration of the study and the pre-determined euthanasia time points. Calves in group one 

were maintained in the isolation unit until three months (90 days) post-Map inoculation, 

calves in group two for five months (150 days) and calves in group three for seven 

months (220 days) post-Map inoculation. Within each group of six calves, four were 

randomly selected to be surgically inoculated with Map while the two remaining calves 

were selected as non Map-infected control. Non Map-infected calves (2 per group) were 

housed together but separately from infected calves and had no contact with infected 

calves or their feces. All animals were monitored daily for two weeks after surgical Map 

inoculation (rectal temperature, discharge from and healing of surgical skin incision, food 

consumption, feces consistency, overall appearance and health), and then weekly for 
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routine health parameters (general appearance, food consumption and behaviour). No 

animal showed clinical signs or other negative consequences of Map infection during the 

duration of the study. One Map-infected calf from group two acquired 

bronchopneumonia approximately four weeks after Map inoculation, and was excluded 

from the study. 

2.2.  Map inoculum preparation  

The Map strain gc86 was acquired from Dr. Lucy Mutharia (University of Guelph), and 

was maintained in Middlebrook 7H9 broth supplemented with 10 % (v/v) OADC, 5g/L 

glycerol, 1g/L casitone, 0.025 %  tyloxapol and  mycobactin J (2 mg/L). Cultures were 

incubated at 37°C for 4-6 weeks to log-growth phase (OD600 0.8-1.0). Logarithmic 

growth-phase bacteria were washed and then suspended in sterile 0.9% normal saline.  

Concentration of bacteria in solution was determined by measuring optical density 

absorbance at 540 nm and then comparing the optical density to a standard curve 

previously generated in our laboratory. Inocula were diluted or concentrated in 0.9% 

sterile saline to a final concentration of 109 CFU per 250 µl in 1ml aliquots of sterile 

0.9% normal saline and frozen at -80°C until needed for inoculation. The aliquots were 

thawed at 37°C for 72 hours prior to inoculation. 

 After thawing, inocula were washed and re-suspended into 250 µl 0.9% normal saline 

and held at room temperature during transportation to the calf housing facility. Prior to 

injection into calves, a separately-prepared aliquot of the inocula were stained with 

fluorescein diacetate viability dye (FDA, ThermoFisher Scientific Canada, Toronto 

Ontario) as per the manufacturers recommended procedure and verified to be >85% 
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viable. In addition, aliquots were streaked onto blood agar to verify inocula were free of 

contaminants prior to inoculation.  

2.3.  Map experimental inoculation 

Animals randomly selected to become Map-infected were inoculated with 250 µl 

containing 109 CFU live Map (strain gc86) directly into the submucosal Peyer's patches 

of the distal ileum via a right flank laparotomy and serosal approach, as previously 

described 43. After injection of Map, sterile India ink (250 µl, diluted 1:100 in sterile 

0.9% normal saline) was injected subserosally, approximately 5 cm proximal to the site 

of Map inoculation. At the pre-determined end point for each groups (three, five or  seven 

months post-Map inoculation), calves were euthanized with an overdose of intravascular 

pentobarbital. Complete post-mortem examination was performed on each calf.  Tissue 

samples from tissues adjacent to the site of Map inoculation (small and large intestine, 

liver, lymph nodes) were snap-frozen at -80°C for PCR testing and fixed in 10% neutral-

buffered formalin for histological analysis and lesion scoring. 

2.4.  Map-specific tissue (intestinal and lymph node) PCR 

Five full-thickness tissue sections were collected at necropsy from sites A-E of the distal 

small intestine, and flash frozen in liquid nitrogen for DNA extraction and detection of 

Map, to confirm Map infection in animals. The first section (A) was collected from the 

ileocecal valve (ICV), and the following 3 sections (B-D) of ileum were collected every 

10 cm proximal to the ICV.  A single section of ileocecal lymph node (E) was also 

collected. 
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 DNA extractions were performed using the DNEasy Blood and Tissue Kit (Qiagen), 

with several modifications. Briefly, 100 mg of frozen tissue was added to 360 µL of 

buffer ATL and 40 µl of proteinase K, and digested overnight at 56°C with mixing at 

1000 RPM on a Thermomixer (Eppendorf).  Cell lysis was performed the following day 

using 400 µl of buffer AL, and heating at 95°C for 5 minutes with mixing. DNA was 

precipitated with 400 µl of ice-cold 100% ethanol, and samples were incubated at -20°C 

for 5 minutes to enhance DNA precipitation.  Samples were loaded onto the Qiagen spin 

columns in two stages (600 µl at a time), followed by two wash steps with both buffers 

AW1 and AW2.  Finally, DNA was eluted with 50 µl of buffer AE. 

A two-step, hemi-nested PCR reaction for the Map IS900 element was performed in order 

to maximize sensitivity.  Due to the likelihood of a high concentration of PCR inhibitors 

in the samples, Accustart PCR Toughmix II (Quanta Biosciences) was used as the PCR 

mastermix, with addition of 2.5 µg of molecular grade bovine serum albumin (BSA) to 

improve polymerase efficiency. The reaction components and the primers (developed in 

the lab) for each round of PCR are shown in Table 1 and 2 respectively in the Appendix. 

Both rounds of PCR utilized the same cycling conditions, consisting of 5 minutes initial 

denaturation at 95°C, 35 cycles of 95°C for 30 seconds, annealing at 68°C for 30 

seconds, and extension at 72°C for 1 minute, followed by a final 5 minutes extension at 

72°C. Products were visualized on a 1% agarose gel in TAE buffer, and stained using 

ethidium bromide. Appendix Figure 1 shows the primer binding sites on the IS900 gene 

and the amplicons, identifying a 1064 base pair product from the first round of PCR, and 

a 839 base pair product from the second round of PCR. 
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In order to further maximize sensitivity in detection of Map, any sample which tested 

negative by PCR was subsequently re-extracted and re-processed. An animal was deemed 

Map-infected if at least one of five tissues was positive by PCR (unpublished, K. Stinson, 

PhD candidate, Plattner lab, 2016). 

2.5.  Preparation of Map antigens 

2.5.1.  Map whole cell sonicate (WCS) 

Map (strain gc86) was cultured in Middlebrook’s 7H9 medium at 37°C to an optical 

density read at 540 nm reading of 0.2 to 0.4. Cells were pelleted, washed twice with 

cold PBS, re-suspended in 10 ml PBS and sonicated on ice with a probe sonicator. 

Sonication consisted of three cycles of 10 minutes bursts at 18W (amplitude 60%) on 

ice with 10-minute chilling periods between sonication steps. Debris were removed by 

centrifugation and the supernatant was harvested and stored at -20°C. 

2.5.2.  Recombinant culture filtrate (CF) proteins  

The recombinant CF protein mixture was kindly provided from Dr. Lucy Mutharia 

(University of Guelph). Briefly, CF proteins were prepared using Map strains 

Madonna, gc86 and gD60, all derived from the feces of individual JD cows that were 

in the clinical stage of JD from different dairy herds in southern Ontario. Culture was 

initiated by the inoculation of 1 ml of frozen seedlots (108 CFU /ml) into 50 ml of 

detergent-free Middlebrook 7H9 medium (Difco, Detroit, MI, USA) supplemented 

with OADC (oleic acid, albumin, dextrose, catalase), 5 g/L glycerol, 1 g/L casitone 

and 2 mg/L of ferric mycobactin J  (Allied Monitor, Fayette, MO, USA).  
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At 4 weeks of static growth at 37˚C, the cells were harvested by centrifugation (4000 

xg, 15 minutes, 4˚C), washed in phosphate-buffered saline (PBS), and suspended in 

Watson-Reid medium supplemented with 2mg/L mycobactin J, 4.1 g/L sodium 

pyruvate and 0.075 g/L ferric ammonium citrate. For preparation of CF proteins, cells 

were collected by centrifugation at 3000 xg for 15 minutes. Using a 0.22 µm 

polyethersulfone membrane filter (EMD Millipore, Mississauga, Ontario, Canada), the 

supernatant was filtered  and the CF proteins were size fractioned by sequential 

ultrafiltration using Amicon Ultra-15 centrifugal filter units with molecular mass 

cutoff of 50 and 3 kDa 15. A pool of four of the purified proteins; collected from the 

CF; of known molecular weights (27, 28, 36 and 46 kDa) was prepared contaning 

equal amount of each of the purified priteins for this current study. 

2.5.3.  Map membrane vesicles (MVs) 

Map MVs were prepared by Dr. Lucy Mutharia’s laboratory. Map-derived MVs were 

prepared as described in a previous study 39. Briefly, MVs were prepared using a Map 

strain gc86, which was obtained from cows that were in the clinical stage of JD from 

different dairy herds in southern Ontario in 2001. Map culture was initiated by the 

inoculation of 1 ml of frozen seedlots (108 CFU /ml) into 50 ml of detergent-free 

Middlebrook 7H9 medium (Difco, Detroit, MI, USA) supplemented with OADC 

(oleic acid, albumin, dextrose, catalase), 5 g/L glycerol, 1 g/L casitone and 2 mg/L of 

ferric mycobactin J (Allied Monitor, Fayette, MO, USA). After 4 weeks of static 

growth at 37˚C, the cells were harvested by centrifugation (4000 x g, 15 minutes, 4˚C), 

washed in PBS, and suspended in 7H9-OADC-Mj medium and cultured for 4 weeks at 

37˚C.  
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The chilled filtrates were then sequentially filtered at 4˚C using a vacuum filtration 

unit equipped with a 0.45 µm polyvinylidene fluoride membrane filter and then with a 

0.22 µm polyethersulfone membrane filter (EMD Millipore, Mississauga, Ontario, 

Canada), (unpublished, W. Martin, MSc thesis, University of Guelph, 2016, Mutharia 

laboratory). 

2.6.  Blood collection, isolation of PBMCs 

Approximately 20 ml of blood was collected by jugular venipuncture into 

ethylenediamine tetraacetic-coated vacutainer tubes at each time point for all calves in 

each group.  The blood was diluted with an equal volume of 0.5% bovine serum albumin 

in PBS and then layered slowly over 12.5 ml Histopaque®-1077 (Sigma Life Science, 

Canada) prior to centrifugation at 1100 xg for 30 minutes at 22˚C with no brakes. The 

buffy coat was collected and remaining erythrocytes were lysed using sterile distilled 

water. Buffy coat cells were suspended in RPMI 1640 (Sigma Aldrich, Canada) 

supplemented with 25 mm HEPES and L-glutamine, 1.4 µl 2-Mercaptoethanol and 10% 

heat-inactivated fetal bovine serum (FBS) or heat-inactivated newborn calf serum (New 

Zealand origin, Thermofisher Scientific). PBMCs were counted using the MOXI-Z mini 

automated cell counter (ORFLO Technologies, Idaho, USA). Cells were then snap-frozen 

in 50% complete RPMI, 40% heat-inactivated FBS and 10% dimethyl sulfoxide at a 

concentration of 1.5 x 107 cells in 1.5 ml of the freezing mixture and kept at -80 °C until 

thawed for culture experiment setup and analysis.  
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2.7.  Cell culture assays 

Several pilot studies were performed to optimize the cell culture protocol. Both 24 and 

48-well plates received cell culture medium at volumes of 500 µl / well, 800 µl / well and 

1 ml / well.  In the final protocol we used a 48-well plate with 800 µl of complete media / 

well.   

We also performed pilot studies to determine the number of cells required per well and 

ultimately we found that 1x106 lymphocytes per well was sufficient to allow efficient use 

of cells and still collect data regarding cell proliferation and cytokine generation. 

The choice of the duration of the experiment was chosen based on pilot studies (results 

not shown)  where 5, 24, 48 and 72 hours time points were tested. The goal was to obtain 

responses (proliferation and intra-cellular cytokines) from a high percentage of live cell. 

We found no significant difference between 5 and 24 hours incubation times, regarding 

cell viability or intracellular IFNγ. When incubated for 48 and 72 hours, viability and 

intracellular IFNγ detection were markedly decreased. Thus, subsequent studies were 

performed after 24 hours of incubation.  

Each Map-derived antigen (WCS, CF, and MVs) used in this experiment was titrated to 

determine an optimal dose/concentration and time in the cell co-culture assay in a series 

of pilot studies (data not shown). WCS was titrated between 1 and 5 µg /ml; Map CF 

proteins were titrated at concentrations between 0.5 and 1.5 µg  /ml and Map MVs were 

titrated at concentrations between 1 and 10 µg /ml. The antigen concentrations selected 

for use in this study were as follow; Map WCS= 1 µg  /ml. Map MVs= 5 µg  /ml and 

Map CF= 0.5 µg /ml. 
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2.7.1.  Differentiation of monocytes into macrophages 

For use in cell culture assays, frozen vials; containing PBMCs; were removed from -

80°C, thawed quickly in a dry bath (37°C), and washed three times with warm 

complete RPMI (37°C). For differentiation of monocytes into macrophage (MDM), 

the cells were placed in a flask in an incubator at 37°C with 5% CO2 for 6 days. A 

complete medium change was performed at day three. On day six, non-adherent cells 

were collected in a 15 ml tube for staining for proliferation dye, described later. For 

detachment of macrophages, 1.7 ml of TrypLE™ Express Enzyme (1X) in phenol red 

(ThermoFisher, Burlington, ON, Canada) was added to the flasks and then incubated 

for 20-30 minutes at 37°C in 5% CO2.  The cells were then suspended in complete 

RPMI, collected and counted using the Moxi-Z mini automated cell counter. 

 

2.7.2.  Staining of lymphocytes for proliferation 

After six days of incubation of the thawed PBMCs, non-adherent cells were collected 

from flasks, washed with sterile PBS and counted using a MOXI-Z automated cell 

counter. Staining of the non-adherent cells was done using Cell Proliferation Dye 

eFluor® 450 (eBiosciences, San Diego, USA) according to the manufacturer’s 

suggested protocol. Briefly, cells (≤ 1x107) were suspended in 1 ml of PBS. The dye 

was reconstituted and diluted, where 0.5 µl of the reconstituted proliferation dye was 

suspended in another 1 ml of PBS forming a dye mixture. The dye mixture was then 

added to the suspended cells and vortexed briefly. The cells were incubated for 10 

minutes at room temperature in the dark. Unbound dye was quenched by diluting with 

5 volumes (10 ml) of complete culture medium and incubating at room temperature for 
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5 minutes, followed by two washes with complete RPMI medium.  The cells were then 

suspended in the desired final volume of complete RPMI.  

To optimize staining with the proliferation dye, a sample of the stained cells was 

analyzed using flow cytometry, as a base line prior to the culture for each sample to 

ensure 100% staining of the lymphocytes and avoid false positive results of 

proliferation.  

 

2.7.3.  Cell co-culture assay and Map antigen stimulation 

The cell co-culture assay was setup in individual wells with a target 

(lymphocytes):effector ( macrophages) ratio of 10:1 such that 1x106 lymphocytes were 

plated with 1x105 macrophages in a final volume of 800 µl of complete RPMI. Cells 

were then stimulated with various Map antigens according to the following protocol: 

un-stimulated, Map WCS (1 µg /ml), Map CF proteins (0.5 µg /ml), and Map MVs (5 

µg /ml). All wells were incubated for 24 hours at 37°C with 5% CO2. A diagram of the 

cell culture procedure is shown in figure 2.  



 

 
Figure 2: Steps of cell culture procedure.
PBMCs isolated using a Ficoll gradient 
37°C for 6 days 
6; non-adherent cells
Macrophages were then c
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2.8.  Cytokine production (culture supernatant, ELISA) 

Quantification of bovine IFNγ secretion into cell culture ( lymphocytes co-cultured with 

autologous macrophages) supernatants was measured using a commercial ELISA kit, 

according to the manufacturer’s directions (Bovine IFNγ ELISA development kit, HRP, 

MABTECH, kit 3119-1H-6, Cincinnati, United States). Briefly, high protein binding 

(HPB) plates were coated with capture mAb (MT 17.1);diluted to 2 µg /ml in PBS, pH 

7.4; by adding 100 µl /well overnight at 4-8°C.  The plates were then washed five times 

with sterile PBS. A volume of 100 µl of the cell co-culture supernatant was added per 

well in duplicate, and the plates incubated for 2 hours at room temperature. 

A standard curve was generated using the recombinant bovine IFNγ standard supplied 

with the kit. Briefly, standards were prepared in duplicates according to the manufacture's 

guidelines using serial dilutions that included concentrations of 500, 250, 125, 62.5, 

31.25, 15.6, 7.8 and 3.9 pg/ml, (see Appendix Figure 2, for the dose-response curve that 

was generated). The plates were then incubated for 1 hour at room temperature with 

biotinylated detection mAb (MT307) supplied in the kit at a concentration of 0.25 µg /ml 

in incubation buffer (0.1% BSA and 0.05% Tween 20 in PBS). A volume of 100 µl /well 

of Streptavidin-HRP diluted 1:1000 in incubation buffer supplied in the kit was then 

added for 1 hour before 100 µl of TMB ELISA substrate (MABTECH 3652-F10) was 

added per well. Using an ELISA reader (BIOTEK, Fisher Scientific, Nepean, Ontario), 

the absorbance of the stopped reaction was measured at 450 nm. Values were expressed 

as OD and compared with the standard curve to measure the concentration of IFNγ in 

pg/ml in each sample. 
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2.9.  Cell staining 

For detection of intracellular IFNγ, 0.8 µl of golgi plug protein transport inhibitor 

solution (Brefeldin A, BD Biosciences, San Jose, CA USA) and 0.5 µl of  golgi stop 

protein transport inhibitor solution (Monensin, BD Biosciences) in complete RPMI 

were added to each well 5 hours prior to the end of the assay and collection of cells for 

staining, in order to block secretion of intracellular proteins. At 24 hours, non-adherent 

lymphocytes were collected. Cells were first stained with viability dye (Zombie 

NIR™, Biolegend, San Diego, USA) in PBS at room temperature for 15 minutes in the 

dark according to the manufacturer’s suggested guidelines. Cells were then washed 

and stained with primary antibodies for cell surface markers. The antibodies for target 

cell markers that were used shown in table 1. 

Table 1: List of antibodies for target cell markers 
 
Target marker 

Antibody 
clone Isotype Host Target species Dilution Stain 

TCR δ chain GB21A IgG2b Mouse  Bovine 1:200 On ice 

CD4 IL11A IgG2a Mouse  Bovine 1:200 On ice 

WC1+ γδ (N1) B7A1 IgM Mouse  Bovine 1:200 On ice 

    
   

IFNγ (γ clone) 7B6 IgG1 Mouse  Bovine 1:200 Room temp. 

 
 

All the surface marker antibodies were manufactured and supplied from Washington 

State University Monoclonal Antibody Center, Pullman, WA. The IFNγ antibody was 

supplied from ABD Serotec, Raleigh, NC, USA. The used flurochrome conjugated 

secondary antibodies  are shown in table 2. 
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Table 2: List of flurochrome-conjugated secondary antibodies  
 

Flurochrome Isotype Host 
Target 
species Dilution Stain 

PE IgG2b goat   Mouse 1:200 On ice 

PerCp IgG2a Rat  Mouse 1:200 On ice 

APC IgM goat   Mouse 1:200 On ice 

FITC IgG1 Rat  Mouse 1:200 Room temp 

 

Following staining with surface markers, the cells were fixed for 40 minutes at room 

temperature in the dark using Cytofix™ Fixation Buffer (BD Biosciences, Cat. 

554655) and then washed three times with Perm/Wash™ Buffer (BD Biosciences, Cat. 

554723). The primary antibody (antibody directed toward IFNγ) was then added for 40 

minutes at room temperature in Perm/Wash buffer then washed followed by adding the 

flurochrome-conjugated secondary antibody. Stained cells were then re-suspended in 

flow buffer (PBS, 5% bovine serum albumin and 0.1gm sodium azide) and then fixed 

and stored in 100 µl of 1% paraformaldehyde. 

2.10.  Flow cytometry  

Cells were analyzed by flow cytometry using a flow cytometry Canto II cytometer 

(BD, Biosciences). Appropriate flow cytometry controls were included to allow for 

proper gating and compensation for all samples. An unstained sample and six single-

color compensation controls were included to setup initial electronic gates. After 

compensation, fluorescence minus one (FMO) controls were used to adjust gating. A 

sample of the fluorescence spectrum analyser is shown in Appendix Figure 3. A 
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minimum of 20,000 events were collected for each sample, for analysis. Specific 

parameters used for this study are shown in Appendix Table 3.  

Flowjo analysis software-V10 (Tree Star Inc, San Carlos, CA USA) was used to 

analyze the data. For the gating strategy, the region of interest was chosen based on a 

FSC vs. SSC plot of the collected events. Duplicates were then excluded using FSC-A 

vs. FSC-H plot and dead cells were excluded to ensure analysis of live events only.  

Using each of the different fluorophores, populations of interest were chosen by 

comparing the single color and FMO control parameters. Detailed gating strategy is 

shown in Appendix Figure 4. A representative sample of the gated intracellular IFNγ is 

shown in Appendix Figure 5. 

To assess cellular proliferation, mean fluorescence intensity (MFI) of proliferation 

dye-labelled live cells for each calf was measured prior to culture; and was then used 

as the reference for all subsequent measures of cellular proliferation in that animal. 

Following the six-day culture period, the MFI was measured for each of the two 

distinct peaks that were observed by histogram. Due to significant inter-animal 

variation, data were first normalized to the reference (prior to culture) MFI for each 

sample, then normalized to the proliferation observed in un-stimulated cells (i.e. cells 

not stimulated with Map-derived antigens). All data are thus presented as a fold-

change in MFI of the proliferation dye which accurately summarizes proliferation due 

to specific Map antigens within each calf. A ratio = 1 means there was no difference 

between stimulated and un-stimulated samples. 
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2.11.  Data analysis 

 Due to animal variability in responses observed in un-stimulated cells, results from 

both ELISAs and flow cytometry were presented as a ratio of Map-derived antigen 

stimulated/un-stimulated values.  For both intracellular IFNγ and cellular proliferation, 

analysis for cell subtype responses was normalized by dividing stimulated / un-

stimulated responses for the corresponding cell subtypes. When required, data were 

log, log10 or square root transformed to ensure a normal distribution. For one set of 

results, the data was not normally distributed after transformations (secreted IFNγ, 

ELISA seven months post-Map infection); therefore, only student's T-test was 

performed.  

Statistical analysis for normal distribution of data was done using SAS University 

Edition (SAS Institute Inc., NC, USA) using analysis of variance (ANOVA) to 

compare between animal state, treatment (Map antigen stimulation) and cell 

phenotypes for each group of calves separately. The graphs presented in this thesis 

show means with standard errors. Significance is considered if P value is less than or 

equal to 0.05. 
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CHAPTER 3:  RESULTS 

3.1.  Map detection in intestinal tissue using PCR 

Using four small intestinal samples (A-D) and one ileocecal lymph node frozen tissue 

sections, Map infection status in each calf was confirmed in each intestinal tissue sample 

using Map-specific PCR. Map infection on an individual animal basis was defined as 

having at least one tissue test positive by PCR. Map-specific PCR revealed that at three 

months post-experimental Map infection, 100% of experimentally Map-infected calves 

were positive (50% of all tissues were positive). At five months post-Map infection, 67% 

of experimentally Map-infected calves were positive (27% of all tissues were positive). 

At seven months post-Map infection, only 50% of experimentally Map-infected calves 

were still positive (10% of all tissues were positive) (unpublished data, K Stinson 2016. 

PhD candidate, Plattner's lab, 2016). 

3.2.  Secreted IFNγ responses detection in cell culture supernatant using an ELISA 
kit 

IFNγ in cell co-culture (lymphocytes and autologous macrophage) supernatants was 

measured using ELISA 24 hours after Map-antigenic stimulation. IFNγ responses were 

measured after stimulation of cells with three different Map-derived antigens: Map WCS, 

MVs and CF at three, five and seven months post-infection with Map. 

Significant inter-animal variability in secreted IFNγ was detected in cell co-culture 

supernatants, but in general Map antigen-stimulated cells from animals infected with Map 

generated significantly higher concentrations of IFNγ compared to autologous un-

stimulated cells or to Map antigen-stimulated cells from uninfected calves. The data were 
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analyzed according to each time point ( three, five and seven months post infection) after 

experimental inoculation with Map, and data are presented by time as follows; 

3.2.1.  Three months post-Map infection 

 We compared the ability of each of the three Map antigens to induce IFNγ in 

cells from both Map-infected and uninfected calves at three months post-Map 

infection. Stimulation of cells with Map MVs induced significantly higher IFNγ in 

cell culture supernatants of the Map-infected animals in comparison to the 

uninfected calves (Figure 3, p=0.009). In Map-infected calves, stimulation of cells 

with Map MVs generated significantly higher IFNγ compared to stimulation with 

Map CF (Figure 3, p=0.0065). Cells stimulated with Map MVs were the highest 

producers of IFNγ in the Map-infected group (Mean=1.41 pg/ml) in comparison 

to WCS and Map CF (mean=1.23 and 0.99 pg/ml, respectively).  

 
Figure 3: Secreted IFNγ at three months post-Map infection.   
Secreted IFNγ was detected using ELISA in  supernatant of co-cultured cells ( 
lymphocytes and autologous macrophages) from both Map-infected and uninfected 
calves upon stimulation with Map-derived antigens. Results are presented as ratio 
of stimulated / un-stimulated sample results in pg/ml.  
At three months post-Map infection, significantly higher levels of IFNγ was 
detected in supernatants of cells from Map-infected calves stimulated by MVs 
compared to uninfected calves (*p=0.009). Significantly higher levels of IFNγ was 
detected in supernatants of cells from Map-infected claves stimulated by MVs 
compared to CF (** p=0.0065).  
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3.2.2.  Five months post-Map infection 

We compared the ability of each of the three Map antigens to generate IFNγ in cells 

from both Map-infected and uninfected calves at five months post-Map infection. We 

observed that two of  Map-derived antigens (MVs and WCS) induced more IFNγ 

production in the supernatants of the cells from Map-infected calves compared to cells 

from uninfected calves. Stimulation of cells with Map MVs induced significantly 

higher IFNγ in the cell culture supernatants of Map-infected animals in comparison to 

the uninfected calves (Figure 4, p=0.0275). Map WCS also induced significantly more 

IFNγ production in cells from Map-infected calves compared to uninfected animals 

(Figure 4, p=0.0323). CF proteins did not induce significant IFNγ production in cells 

from Map-infected calves compared to uninfected calves. We also compared between 

the ability of each of the three Map antigens to generate IFNγ in cells from Map- 

infected calves at five months post-Map infection. Comparing Map MVs and Map CF, 

cells from Map-infected calves stimulated with Map MVs produced significantly 

higher IFNγ (Mean=8.84 pg/ml) compared with cells stimulated with Map CF 

(Mean=1.2 pg/ml) (Figure 4, p= 0.0014). In addition, cells from Map-infected calves 

stimulated with Map WCS generated significantly higher IFNγ (Mean= 6.6 pg/ml) 

compared to cells stimulated with Map CF (Mean=1.2 pg/ml)  (Figure 4, p=0.0044). 
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Figure 4: Secreted IFNγ at five months post-Map infection. 
Secreted IFNγ was detected using ELISA in  supernatant of co-cultured cells ( 
lymphocytes and autologous macrophages) from both Map-infected and uninfected 
calves upon stimulation with Map-derived antigens. Results are presented as ratio 
of stimulated / un-stimulated sample results in pg/ml.  
At five months post-Map  infection, significantly higher levels of IFNγ was 
generated in supernatants of cells from Map-infected calves compared to uninfected 
calves, when stimulated with Map MVs (*p =0.0275) and WCS (**p=0.0323).  
Significantly greater IFNγ was also generated in supernatants of cells of Map-
infected calves when stimulated with either Map MVs compared to Map CF 
(***p=0.0014) or Map WCS compared to Map CF ( ****p =0.0044).  
 
 

3.2.3.  Seven months post-Map infection 

We compared the ability of each of the three Map antigens to generate IFNγ in cells 

from both Map-infected and uninfected calves at seven months post-Map infection.. 

We observed that two of Map-derived antigens (MVs and WCS) induced more 

IFNγ production in the supernatant of cells from Map-infected calves compared to 

cells from uninfected calves. Stimulation with Map MVs induced significantly 

higher IFNγ in cells from Map-infected animals compared to cells from uninfected 

calves (Figure 5, p=0.02, student's T-test). Stimulation with WCS also induced 

significantly more IFNγ production in cells from Map-infected calves compared to 

cells from uninfected calves (Figure 5, p=0.02, student's T-test).  CF proteins did 
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not induce significant amount of IFNγ in cells from either Map-infected or 

uninfected calves. 

We also compared the ability of each of the three Map antigens to generate IFNγ in 

cells from both Map-infected and uninfected calves at seven months post-Map 

infection. Stimulation of cells from Map-infected calves with Map MVs generated 

the highest amount of IFNγ (Figure 5, mean=99.5 pg/ml), followed by Map WCS 

(Figure 5, mean= 57.38 pg/ml). Stimulation of cells from Map-infected calves with 

Map CF generated minimal amount of IFNγ (Figure 5, mean=1.87 pg/ml).  

 

 
 
Figure 5: Secreted IFNγ at seven months post-Map infection. 
Secreted IFNγ was detected using ELISA in  supernatant of co-cultured cells ( 
lymphocytes and autologous macrophages) from both Map-infected and uninfected 
calves upon stimulation with Map-derived antigens. Results are presented as ratio 
of stimulated / un-stimulated sample results in pg/ml.  
At Seven months post-Map  infection, significantly higher levels of IFNγ was 
generated by in supernatants of cells from Map-infected calves compared to 
uninfected calves, when stimulated with either Map MVs (*p=0.02) and WCS 
(**p= 0.02). Minimal IFNγ was generated by cells from Map-infected calves when 
stimulated by Map CF, or by cells from uninfected calves when stimulated with any 
of the three antigens. 
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3.3.  Intracellular IFN γ detection using flow cytometry  

We next set out to detect IFNγ in specific lymphocyte subsets in our co-culture assay 

using intracellular staining with detection by flow cytometry.  In general, cells from 

Map-infected or uninfected calves produced more IFNγ when stimulated with Map 

antigens compared to the un-stimulated cells from the same calves (ratios of 

stimulated/un-stimulated cells with intracellular IFNγ was >1) but with no statistical 

significance difference  at  all three time points. We also compared each of the 

antigens relative ability to generate intracellular IFNγ. The highest levels of 

intracellular IFNγ detected by flow cytometry at three, five or seven months post-Map 

infection was detected after the cells were stimulated with Map MVs (Figure 6). At 

three  and seven months post-Map infection, significantly higher intracellular IFNγ 

was detected by flow cytometry in cells from Map-infected calves following 

stimulation by Map MVs compared to stimulation by Map CF proteins (Figure 6, 

p=0.05).  

 
Figure 6: Intracellular IFN γ, flow cytometry. 
Intracellular IFNγ in lymphocytes from Map-infected and uninfected calves, after 
24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages). No significant differences in 
intracellular IFNγ were observed between cells of Map-infected compared with 
uninfected calves. At three and seven months post-Map infection, significantly 
greater amount of intracellular IFNγ was detected in cells of Map-infected calves 
stimulated with Map MVs compared to cells stimulated with Map CF proteins 
(*p=0.05, **p=0.05). 
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3.3.1.  Intracellular IFN γ cell subtype responses  

Although we did not detect significant differences in intracellular IFNγ generation 

between cells of Map-infected and cells of uninfected calves, we did show that cells 

from both Map-infected and uninfected calves stimulated with Map MVs generated 

significantly more IFNγ compared with Map CF. Therefore, we sought to use 

multi-parameter flow cytometry to further identify specific cell subtypes 

responding to these Map antigens by evaluating intracellular  IFNγ detected in 

different T lymphocyte subsets of interest (CD4, WC1+ γδ and WC1- γδ  T cells). 

 

3.3.1.1 Intracellular IFNγ generation by CD4 T cells 

At five months after experimental intestinal Map inoculation, significantly higher 

levels of intracellular IFNγ was detected in Map MV-stimulated CD4 T cells from 

Map-infected calves compared to CD4 T cells from uninfected calves (Figure 7, 

p=0.04). In addition, a significantly higher amount of intracellular IFNγ was 

detected in CD4 T cells from Map-infected calves stimulated with Map MVs 

compared to the same cells stimulated with Map WCS  (Figure 7, p=0.03). 
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Figure 7: Intracellular IFN γ produced by CD4 T cells, flow cytometry.  
Intracellular IFNγ in CD4 T cells from Map-infected and uninfected calves, after 24 
hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages). At five months post-Map infection, 
significantly greater amounts of intracellular IFNγ was detected in Map MV-
stimulated CD4 T cells from Map-infected calves compared to the same cells from 
uninfected calves (*p=0.04). In Map-infected calves, Map MVs induced 
significantly higher intracellular IFNγ from CD4 T cells compared to Map WCS 
(**p=0.03). 
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3.3.1.2 Intracellular IFNγ generation by WC1+ γδ T cells 

No significant differences were detected in intracellular IFNγ produced by WC1+ γδ 

T cells from Map-infected calves compared to WC1+ γδ T cells from uninfected 

calves following stimulation with any of the Map antigens at any time point post-

Map inoculation (Figure 8). 

 

 
 

 
 
Figure 8: Intracellular IFN γ produced by WC1+ γδ T cells, flow cytometry.  
Intracellular IFNγ in WC1+ γδ T cells from Map-infected and uninfected calves, 
after 24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages). No significant differences in 
intracellular IFNγ were detected in cells from Map-infected or uninfected animals 
stimulated by any of the three Map antigens or over time. 
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3.3.1.3 Intracellular IFNγ generation by WC1- γδ T cells 

No significant differences were detected in intracellular IFNγ produced by WC1- γδ 

T cells from Map-infected calves compared to WC1- γδ T cells from uninfected 

calves following stimulation with any of the three Map antigens at any time point 

post-Map inoculation (Figure 9). 

 
 
Figure 9: Intracellular IFN γ produced by WC1- γδ T cells, flow cytometry.  
Intracellular IFNγ in WC1- γδ T cells from Map-infected and uninfected calves, 
after 24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages). No significant differences in 
intracellular IFNγ were detected in WC1- γδ T cells from Map-infected or 
uninfected animals stimulated by any Map antigen or over time. 
 

3.3.1.4 Intracellular IFNγ generation by CD4-γδγδγδγδ- (Double negative cells) (DN) 

We also evaluated intracellular IFNγ generation by CD4- γδ- (DN) cells in our 

system, with the hypothesis that these cells, which may include natural killer (NK), 

B cells, NK T cells or others, from Map-infected or uninfected calves generate 

significant IFNγ in response to Map antigen stimulation. At three, five and seven 
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months post-Map infection, we observed no significant difference in the generation 

of intracellular IFNγ from DN cells from either Map-infected or uninfected calves 

following stimulation with any of the three Map antigens (Figure 10). At 7 months 

post-Map infection, significantly more intracellular IFNγ was detected in DN cells 

from Map-infected following stimulation with Map MVs compared to the same 

cells stimulated with Map CF (Figure 10, p=0.006). We also detected significantly 

higher production of intracellular IFNγ in DN cells from Map-infected calves 

following stimulation with Map WCS compared to Map CF (Figure 10, p=0.049). 

 
 
Figure 10:  Intracellular IFN γ produced by DN, flow cytometry.  
Intracellular IFNγ in DN cells from Map-infected and uninfected calves, after 24 
hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages). At seven months post-Map infection, 
significantly higher intracellular IFNγ was detected in DN cells from Map-infected 
calves stimulated by Map MV compared to same cells stimulated by Map CF (*p= 
0.006). There was also significantly higher intracellular IFNγ detected in DN cells 
from Map-infected calves stimulated by Map WCS compared to same cells 
stimulated by Map CF (**p=0.049). 
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3.4.  Cellular proliferation 
 

Another method to detect individual cell responses to Map-derived antigen stimulation 

in our system was to measure cellular proliferation. Using the same cell culture assays 

previously described, we measured proliferative responses of individual T cell subsets 

(CD4, WC1+ γδ and WC1- γδ T cells) after stimulation with Map-derived antigens. 

Following the 24 hours culture period, the MFI was measured for each of two distinct 

peaks observed by histograms (Figure 11). The first peak included approximately 90% 

of all cultured cells, which after 24 hours of culture and incubation (lymphocytes 

stained with proliferation dye incubated with autologous macrophages) had 

approximately 50% of the MFI as compared to the MFI of these cells prior to culture, 

regardless of whether the cells were stimulated by Map-derived antigens or un-

stimulated. Based on the cell proliferation dye we used in this study, our interpretation 

of this shift is that most live cells after 24 hours had completed a single cell cycle. The 

second peak is variably observed to the left of the first peak (Figure 11), and based on 

the cell proliferation dye our interpretation is that these cells have proliferated more 

than a single cell cycle after 24 hours of culture. Again, significant inter-animal 

variation was evident, so these data were first normalized to the reference MFI for 

each sample (prior to culture), then normalized to the MFI of the un-stimulated 

autologous cells (un-stimulated cells). All data are thus presented as fold-change in the 

MFI of the proliferation dye in Map antigen stimulated / un-stimulated cells for each 

animal and each antigen through time.  
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Figure 11.  Cellular proliferation, flow cytometry. 
Histogram overlay showing the time zero pre-culture proliferation dye staining (red 
peak).  The two distinct peaks observed in our proliferation assay are shown in blue 
peaks and labelled as first peak and second peak respectively. First peak are cells 
which went through a single proliferation cycle. The second peak is for cells which 
went through six-seven proliferation cycles. 

 

3.4.1.  First peak analysis 

When MFI changes in the first proliferative peak were compared, no significant 

difference were detected in proliferation of cells from Map-infected calves compared 

with cells from uninfected calves, regardless of which Map antigen was used to 

stimulate the cells (data not shown). 

Given that we observed two distinct peaks in proliferation histograms in this study, we 

sought to determine if we were able to detect any significant differences in 

proliferation of specific cell types for each antigen within each of the first peak.  
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3.4.1.1 Proliferation of CD4 T cells (first peak) 

At five months post-Map infection, CD4 T cells from Map-infected calves 

stimulated with Map CF proliferated significantly more compared with CD4 T cells 

from uninfected calves (Figure 12, p=0.008). 

 

 

 
 
Figure 12.  Proliferation of CD4 T cells, first peak, flow cytometry.  

Cellular proliferation of CD4 T cells from Map-infected and uninfected calves, after 
24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages) forming first peak of proliferation. At 
five months post-Map infection, CD4 T cells from Map-infected calves stimulated 
with Map CF proliferated significantly more than CD4 T cells from uninfected 
calves (*p = 0.008). 
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3.4.1.2 Proliferation of WC1+ γδγδγδγδ    T cells (first peak) 

At seven months post-Map infection, WC1+ γδ T cells from Map-infected calves 

stimulated with Map MVs proliferated significantly more compared with WC1+ 

γδ T cells from uninfected calves (Figure 13, p=0.017).  

 

 

 

Figure 13. Proliferation of WC1+ γδγδγδγδ    T cells, first peak, flow cytometry.  

Cellular proliferation of WC1+ γδ T cells from Map-infected and uninfected calves, 
after 24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages) forming first peak of proliferation. At 
seven months post-Map infection, WC1+ γδ T cells from Map-infected calves 
stimulated with Map MVs proliferated significantly more than WC1+ γδ T cells 
from uninfected calves (*p=0.017).  
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3.4.1.3 Proliferation of WC1- γδγδγδγδ    T cells (first peak) 

At five months post-Map infection, WC1- γδ T cells from uninfected calves 

stimulated with Map WCS and Map  CF  proliferated significantly more compared 

with WC1- γδ T cells from Map-infected calves (Figure 14, p= 0.018 for WCS and 

p= 0.05 for CF).  

 

 

 
 
Figure 14.  Proliferation of WC1- γδγδγδγδ    T cells, first peak, flow cytometry.  

Cellular proliferation of WC1- γδ T cells from Map-infected and uninfected calves, 
after 24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages) forming first peak of proliferation. At 
five months post-Map infection, WC1- γδ T cells from uninfected calves stimulated 
with Map WCS and CF proliferated significantly more than WC1- γδ T cells from 
Map-infected calves (* p=0.018, **p= 0.05). 
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3.4.2.  Second peak proliferation 

Analysis of changes in MFI in the second peak of cell proliferation revealed six-seven 

cycles of cell proliferation for 10% of both Map antigen stimulated and un-stimulated 

non-adherent cells in cell culture assays (lymphocytes cultured with autologous 

macrophages) in our study. No significant differences were detected in proliferation of 

cells from Map-infected calves compared with cells from uninfected calves, regardless 

of which Map antigens were used to stimulate the cells (Figure 15).  

 

 

 
 
Figure 15.  Cellular proliferation, second peak, flow cytometry.  

Comparing MFI for cellular proliferation of lymphocytes from Map-infected and 
uninfected calves, after 24 hours of stimulation with Map-derived antigens in a co-
culture system (lymphocytes and autologous macrophages) forming second peak of 
proliferation. No significant differences were detected between proliferation of cells 
from Map-infected calves compared to uninfected calves, regardless of the Map 
antigens used to stimulate the cells over time.  
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3.4.2.1 Proliferation of CD4 T cells (second peak) 

 At seven months post-Map infection, CD4 T cells from Map-infected calves 

stimulated with Map CF proliferated significantly more compared with CD4 T cells 

from uninfected calves (Figure 16, p=0.05). 

 

 

 
 
Figure 16.  Proliferation of CD4 T cells, second peak, flow cytometry.  

Cellular proliferation of CD4 T cells from Map-infected and uninfected calves, after 
24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages) forming second peak of proliferation. 
At seven months post-Map infection, CD4 T cells from Map-infected calves 
stimulated with Map CF proliferated significantly more than CD4 T cells from 
uninfected calves (*p=0.05). 
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3.4.2.2  Proliferation of WC1+ γδγδγδγδ    T cells (second peak) 

At seven months post-Map infection, WC1+ γδ T cells from Map-infected calves 

stimulated with Map WCS proliferated significantly more compared with WC1+ 

γδ T cells from uninfected calves (Figure 17, p=0.02).  

 

 

 

Figure 17.  Proliferation of WC1+ γδγδγδγδ    T cells, second peak, flow cytometry. 

Cellular proliferation of WC1+ γδ T cells from Map-infected and uninfected calves, 
after 24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages) forming second peak of proliferation. 
At seven months post-Map infection, WC1+ γδ T cells from Map-infected calves 
stimulated with Map WCS proliferated significantly more than WC1+ γδ T cells 
from uninfected calves (*p=0.02).  
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3.4.2.3 Proliferation of WC1- γδγδγδγδ    T cells (second peak) 

At five months post-Map infection, WC1- γδ T cells from uninfected calves 

stimulated with Map MVs proliferated significantly more compared with WC1- γδ T 

cells from Map-infected calves (Figure 18, p=0.013). 

 

 

 
 
Figure 18. Proliferation of WC1- γδγδγδγδ    T cells, second peak, flow cytometry. 

Cellular proliferation of WC1- γδ T cells from Map-infected and uninfected calves, 
after 24 hours of stimulation with Map-derived antigens in a co-culture system 
(lymphocytes and autologous macrophages) forming second peak of proliferation. 
At five month post-Map infection, Map WC1- γδ T cells from uninfected calves 
stimulated with Map MVs proliferated significantly more than WC1- γδ T cells 
from Map-infected calves (*p = 0.013).  
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CHAPTER 4:  DISCUSSION 

JD contributes negatively on economic dairy industry and losses are amplified with 

absence of an effective treatment, limited efficacy of the available vaccine to induce full 

protection, and poorly reliable diagnostic tools during the lengthy subclinical phase 

where the disease is transmissible. Host‐pathogen interactions and the development of 

anti‐mycobacterial T cell responses during early intestinal Map infection remain poorly 

understood, and this hinders understanding the development of novel diagnostic testing 

strategies 46. Researchers have studied lymphocyte responses to Map crude antigen or cell 

wall components; however the role of Map early‐secreted antigens during initiation of 

host immunity remains underexplored. Our overall general research hypothesis was 

that purified Map culture filtrate and Map MVs would induce T cell responses during 

early intestinal Map infection in a calf model; these responses may be useful in 

understanding the early immune responses and developing improved diagnostic tests. 

To address this knowledge gap, we screened T cells harvested from experimentally Map-

infected calves against several potential immunogenic early-secreted antigens of Map, 

including the crude Map preparation WCS, Map CF and Map MVs obtained from Map 

cultures. Our objective for this project was to understand development of host T cell 

responses and to identify antigens with potential use in understanding early host-

pathogen interactions and ultimately discovery of antigens useful in development of 

improved diagnostic testing strategies.  

Facciuolo et al in 2013 identified 162 Map proteins, 66 of which were considered novel. 

Four of these proteins of molecular weights 27, 28, 36 and 46 kDa reacted to sera from 

naturally infected subclinical JD animals, which were also determined to be low fecal 
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shedders of Map (fecal culture) but negative for Map-specific serum antibodies 

(commercial ELISA). Map MVs have been recently identified and isolated from Map 

culture media (unpublished, W. Martin, MSc thesis, University of Guelph, 2016, 

Mutharia laboratory); these MVs have been preliminarily analysed for their content. No 

studies have been done to identify immune responses induced in host cells by Map MVs. 

A recent study has been conducted through inoculation of experimental animals with 

MVs derived from M. tuberculosis, and the data revealed that both humoral and cellular 

immune responses were induced by these MVs 38. 

 In this study, we set out to test the hypothesis that Map MVs and Map CF proteins are 

immunogenic in young calves with intestinal Map infection, and that these antigens 

induce Map-specific T cell responses (proliferation and cytokine production) during early 

intestinal Map infection of calves. We hypothesized that these cellular responses will be 

detectable in the blood-derived cells from calves with experimentally-induced intestinal 

Map infection. The objectives of our study were thus to identify cytokine responses 

(secreted and intracellular IFNγ) and proliferative responses in T lymphocytes subsets. 

 To accomplish our objectives, we designed the current study using bovine Map infection 

model previously described by our lab 43. Using this model, we are able to achieve 

consistent intestinal Map infection that shares several features with naturally occurring 

disease including granulomatous enteritis, intermittent fecal Map shedding and tissue 

PCR positivity early after experimental Map inoculation. Using this model, we first 

infected calves, then collected blood at three, five and seven months after experimental 

infection from all calves. Using the mononuclear cells isolated from calves, we modified 

a cell function assay to measure cell responses to specific Map antigens of interest. 
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In most published studies, antigen-specific cellular proliferative responses have been 

examined using PMBCs and mixed lymphocyte reactions.  Such assays were designed in 

cattle to detect primarily recall responses by stimulation of blood-derived leukocytes 

using known immunogenic antigens in six or seven day culture assays. Such assays 

require six-seven days of culture to allow development of mature APCs from blood-

derived monocytes 12. A longer-duration assay to allow APC differentiation is straight 

forward, and a valid approach if the objective is to measure only recall responses. Our 

laboratory also has an  interest in understanding innate lymphocyte responses during Map 

infection of cattle 25,46,47, which occur rapidly, and thus may not be detectable in longer 

duration assays.  

Therefore, we set out in the current study to develop a lymphocyte response assay that 

would detect not only the Map-specific recall responses generated following intestinal 

infection, but also the early innate lymphocyte responses which are less well studied. 

Understanding the early host immune responses taking place during intestinal Map 

infection is still incompletely understood and presents a challenge in this field with 

respect to advancing our knowledge of the early immune responses against this pathogen. 

Clarifying and explaining the early host-pathogen interactions is expected to have a 

significant impact on cattle health and the dairy industry 46.  

To accomplish our objectives, we designed a lymphocyte response assay by first allowing 

differentiation of monocytes into macrophages (APCs). Once the APCs were fully 

differentiated (six days in culture, verified by previous work in our lab and by visual 

inspection through morphological analysis by microscopy), autologous lymphocytes were 

then added to the APCs at a fixed effector: target ratio simultaneously with the Map 



74 
 

antigens. The mixed cells were then co-cultured for 24 hours prior to collection of 

supernatants for ELISA and cells for flow cytometry. Our hypothesis was that once we 

mix the lymphocytes with  the mature APCs and stimulate the co-cultured cells with Map 

antigens, we would be able to simultaneously measure Map-specific recall (CD4 T cells) 

as well as innate (γδ T cells) responses using proliferation and cytokine generation as our 

endpoints.  

Previous T cell studies had emphasized the apparently distinct roles of bovine CD4 T 

cells and γδ T cells. CD4 T cells have long been known as essential in the control of 

intracellular infections including Map infection through the release of IFNγ. CD4 T cells 

classically are known to have significant proliferative capacity 23 and are usually 

considered the cell subset with the greatest potential for production of the pro-

inflammatory cytokine IFNγ 12,37,38,48.. On the other hand, γδ T cells are thought to play 

an innate role and are hypothesized to represent a link or bridge between the innate and 

the adaptive immune responses 44. They are known to play an important role in 

controlling infection through secretion of IFNγ 22 and regulation of granuloma formation 

47. They are also recruited to the site of the lesion earlier than CD4 T cells, where they 

generate IFNγ and likely influence the early immune response 25. 

Reports had shown differential roles of γδ T cell subsets 47. Not only their location is 

different (WC1+ γδ and WC1- γδ T cells were mainly in blood and mucosal tissues, 

respectively), but their role in early mycobacterial infection control is also hypothesized 

to be distinct. WC1+ γδ T cells are known for their inflammatory role; and they respond 

mainly after previous antigenic priming. WC1- γδ T cells, on the other side, had been 

shown to have a regulatory role and they respond innately to antigenic stimulation. In 
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granulomas, the recruitment pattern of γδ T cell subsets correlates with the organization 

of the granuloma. In well-organized granulomas, WC1+ γδ T cells T cells are recruited 

more in the initial stage of infection while WC1- γδ T cells are recruited later in the 

disease. The opposite has been observed in unorganized granulomas. Well-organized 

granulomas correlate with a better prognosis and longer host survival in mycobacterial 

diseases 47. 

 Antigens are likely recognized by γδ T cells via either the non-classical MHC I (MHC 

Ib), CD1-like molecules, which recognize lipid based antigens or even by direct 

interaction with the pathogen through PAMPs. Some studies have shown that γδ T cells 

also function as APCs 23.  

Since γδ T cells are non-MHC restricted, they react quickly in response to various 

antigens, while CD4 T cells respond after antigen processing and presentation on APCs. 

According to previous studies, CD4 T cells produced IFNγ only in the presence of APC 

48. Therefore, our cell culture protocol was developed to simultaneously allow for 

detection of responses from T cells that require APC interaction and from T cells that do 

not require this interaction. 

Pilot studies were thus first undertaken to develop and optimize both the length of cell 

co-culture, number of cell, size of wells, and the concentration of Map antigens for use in 

this assay. First, we set out to determine the optimal experimental length of co-culture 

assay necessary in order to simultaneously detect proliferation and intracellular cytokine 

generation from both γδ T cells and CD4 T cells. To accomplish this, we measured 

proliferation and cytokine generation by lymphocytes by flow cytometry at 5, 24, 48 and 
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72 hours after addition of autologous blood lymphocytes and Map antigens to the 

macrophage cultures. At 5 hours no proliferative responses were detected.  

At 48 and 72 hours, we were able to detect proliferation but no IFNγ was detected 

intracellular, and our interpretation was that the IFNγ was missed given the longer 

duration until flow cytometry. The percentage of proliferating cells was the highest at 48 

and 72 hours after stimulation compared to the 24 hour experiment but the cell subtypes 

responsible for the proliferative response did not change with time. Based on these data, 

24 hours was the superior time point in which we were able to detect all desired 

parameters for this study, cellular proliferation and intracellular IFNγ.  

To determine an appropriate concentration of Map antigens for this study, pilot studies 

were performed using various antigen concentrations. This has rarely been done for Map 

CF and never for Map MVs, so to best estimate the responses in cells of calves in our 

study, we titrated Map antigens using cells from both Map-infected and uninfected 

calves. Our goal was to detect responses, maintain high cell viability and use the least 

amount of the antigens to provoke those responses. The final concentrations used for 

these studies were as follows: Map WCS= 1 µg /ml; Map CF proteins= 0.5 µg /ml and 

Map MVs= 5 µg /ml. 

A live/ dead stain was included to ensure all the analyzed data is from live cells and avoid 

false positive results induced by non-specific binding of dead cells to different 

fluorophores. Both frozen and fresh cells were used in this study; however the data, for 

both, consistently resulted in not less than 25% live cells. Different antibody iso-types 

were used to avoid any overlapping between the used antibodies. Duplicated cells were 

excluded from the analysis.  
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 IFNγ was chosen to analyze in this study because this cytokine is critical to defence 

against intracellular pathogens, including mycobacterial infections through macrophage-

mediated killing and control/elimination of intracellular pathogens.  It is relevant in both 

innate and adaptive immune responses 21. For the innate immune response, IFNγ is 

produced by NK cells 49, macrophages, and γδ T cells. For the adaptive immune 

response, it is relevant in the recall response during mycobacterial infections as in this 

phase the cytokine is likely primarily generated by CD4 T cells.  

Proliferation is another method to measure responses to antigens. Proliferation can be 

induced in individual lymphocytes through antigen-specific mechanisms or indirectly by 

cytokines (ex. IL-2) released by other antigen stimulated lymphocytes. It should be noted 

that in past studies, detection of multiple divisions (from six-nine generations) in 

lymphocytes is suggestive of an antigen-specific proliferation 50.  

Our first objective was to detect IFNγ secretion into cell culture supernatant following 

stimulation of cells with various Map antigens. Our data show that at three, five and 

seven months post-Map infection; Map MVs induced the secretion of significantly more 

IFNγ in supernatants of cells from Map-infected calves compared to uninfected calves. 

At five and seven months post-Map infection, Map WCS also induced the secretion of 

significantly more IFNγ in supernatants of cells from Map-infected calves compared to 

uninfected calves. Importantly, Map MVs induced the highest IFNγ production in the 

supernatants of cells from Map-infected calves when compared to Map WCS and Map 

CF at all the examined time points.   

When we compared the relative quantities of IFNγ secreted after stimulation of cells from 

Map-infected calves with Map antigens, we observed that IFNγ increased with time and 
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was at its maximum level at seven months post-Map infection (50-150 pg /ml) compared 

to the quantities at three and five months post-Map infection (1-1.5 pg /ml and 5-13 

pg/ml respectively). This is consistent with previous work showing IFNγ responses 

during early Map infection in a model measuring Map-specific IFNγ secreted in a 

matrigel inserted subcutaneously in Map-infected calves. In that study, the amount of 

IFNγ detected in the matrigel of Map-infected calves was significantly higher at 30 days 

post-infection compared to 7 and 15 days post-infection 25. In another study using Map-

antigen stimulated PBMCs harvested from calves infected by intra-tonsillar Map 

inoculation, increased secreted IFNγ was observed at later time points post-challenge 

compared to earlier times 12. In that study, the least amount of secreted IFNγ in the cell 

culture supernatant was detected at 70 days post-infection then increased at 175 days 

post-infection and was at the maximum value at 280 days post-infection 12. 

Our data suggests that Map MVs contribute significantly to stimulation of IFNγ secretion 

by cells from Map-infected calves. This fits our original hypothesis that Map MVs are 

immunogenic and suggests that the components within Map MVs may be involved in 

early immune recognition by the host. On the contrary, using our novel cell culture model 

and experimentally Map-infected calves, our data suggests that Map CF is not a 

significant inducer of secretion of IFNγ by cells from Map-infected calves at any of the 

time points. 

 The source of secreted IFNγ in our mixed leukocyte culture assay remains unknown, 

because multiple cell types may be producing cytokines in our system. Our hypothesis 

was that either CD4 T, and CD8 T cells may produce IFNγ as a recall response, and/or  

γδ T cells might produce IFNγ as an innate immune response 44. Other cells may have 
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also contributed in IFNγ production as macrophages, B cells or NK cells. Previous 

studies, using different species and different mycobacterial antigens have suggested that 

IFNγ is generated from both  macrophages 51, 52 and/ or NK cells 49. 

To address this, we designed a multi-color flow cytometry panel including surface 

marker staining (CD4, γδ TCR and WC1+ γδ T cells) as well as IFNγ for intracellular 

staining for non-adherent leukocytes harvested from the cell co-culture after 24 hours 

stimulation with Map antigens.  

We detected increased intracellular IFNγ generated by cells stimulated with Map antigens 

compared to the un-stimulated samples; however these data were similar in cells of both 

Map-infected and uninfected calves and with no statistically significant difference 

between them at the three time points (three, five and seven months post-Map infection), 

which did not correlate with secreted IFNγ detected by ELISA. Several hypotheses may 

explain why we could not correlate intracellular cytokine data with the ELISA data in our 

study and are discussed;  

First, it is possible that the primary cells responsible for IFNγ production were not the 

non-adherent cells tested in this study. For example, in previous studies using other 

species, macrophages have been shown to generate significant IFNγ 51, 52. Second, we 

may have inadvertently selected inappropriate times for cellular examination by flow 

cytometry and therefore missed the optimum time to detect intracellular IFNγ production. 

To address this point, a pilot study of 5 hours experiment was done to one group of calves 

(seven months post-Map infection group) and these data showed no differences in the 

level of intracellular IFNγ compared to the  24 hours experiment (results not shown).  
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Although no differences were detected in the level of intracellular IFNγ in Map antigen 

stimulated cells of Map-infected compared to uninfected calves, we were able to detect 

significant differences between the three Map antigens we tested. Map MVs induced the 

highest intracellular IFNγ followed by Map WCS then Map CF whether from Map-

infected or uninfected calves. These data loosely correlate with ELISA results because in 

both assays, we observed that Map MVs were inducing the highest secretion of IFNγ.  

Because we were also interested in identification of differences in IFNγ generation by 

specific cell subtypes after stimulation with Map antigens, we also attempted to correlate 

intracellular IFNγ in T cell subsets (CD4, WC1+ and WC1- γδ T cells) of interest. At five 

months post-Map infection, significantly higher intracellular IFNγ in CD4 T cells from 

Map-infected calves after stimulation with Map MVs compared to CD4 T cells from 

uninfected calves. CD4 T cell are likely the main contributor in the cell-mediated 

immune response and they have a significant role in controlling mycobacterial infection 

through generation of IFNγ during early infection and perhaps later during progression of 

disease as well 44. For example, in previous studies using a tonsillar Map infection model 

in calves, CD4 T cells had a dominant role in production of Map-specific IFNγ 12. 

Another study using M. bovis had also shown the role of CD4 T cells in the production of 

IFNγ after in vitro antigenic recall with crude M. bovis antigens 48. 

We detected no significant differences between intracellular IFNγ generation in either 

WC1+ or WC1- γδ T cells from Map-infected calves compared to uninfected calves 

regardless of which Map antigen was used for stimulation. Because γδ T cells may 

constitute up to 70% of circulating lymphocytes in young ruminants, most of which are 

WC1+ γδ T cells, it is likely that these γδ T cells play a significant role during infection 
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and developing immunity, especially in young animals. The role of γδ T cells is not 

completely understood; however studies have shown that γδ T cells are effectors and 

regulators of the immune system in cattle 14. According to a previous study 23, γδ T cells 

have an immune regulatory role through the production of IL10 which down-regulates 

TH1 and NK-based IFNγ production, thus controlling TH1 responses. On the other hand, 

these cells have been described to act as APCs in cattle 23.  

 A previous study of an infection site model using matrigel containing Map antigens 

showed that at seven days post-Map infection, WC1- γδ T cells recruited into the matrigel 

(infection site) generated significant amounts of IFNγ compared to 30 days post-Map 

infection 25. This may at least partially explain why at three months post-Map infection 

and later in our study, we detected no significant amounts of intracellular IFNγ in these 

cell subsets. This may also suggest that γδ T cells contribute during early phase post-

infection host defence more than during later infection in relation to the production of 

IFNγ.  In the same study, at 30 days post-infection, no differences were detected between 

WC1+ γδ T cell and WC1- γδ T cells production of IFNγ 25. A study in our laboratory also 

found no significant differences in intracellular IFNγ detected by flow cytometry between 

γδ T cell subsets stimulated with different antigens and un-stimulated cells (unpublished, 

A. Mansz, DVSc, 2015).   

In another study looking at only WC1+ γδ T, WC1+ γδ T cells from ten-month-old calves 

experimentally infected intratracheally with M. bovis did not produce IFNγ upon 

stimulation with different M. bovis  antigens after four weeks of experimental infection 

48. These authors concluded that WC1+ γδ T cells do not play a role in protection against 

M. bovis infection through production of IFNγ after four weeks of experimental infection 
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48. Our results match previous studies regarding the limited role of γδ T cells in the 

production of IFNγ during latter stages of Map infection. 

We also analyzed intracellular IFNγ produced by non-CD4 T and non-γδ (DN) cells by 

flow cytometry (negative exclusion gating of CD4 and γδ T cells) in our samples 

following these co-culture assays. In this particular population of cells (DN), we observed 

no significant differences in intracellular IFNγ from cells collected from either Map-

infected or uninfected calves regardless of the Map antigens at any of the time points. 

This supports our hypothesis that other cells; as macrophages; might have played a role in 

IFNγ production or the optimum time for detection of intracellular IFNγ may have been 

missed. 

Map CF proteins were not found to be a significant inducer of IFNγ secretion (in the cell 

co-culture supernatant) or intracellular cytokine production ( in the non-adherent cells) at 

any time point in our study. CF proteins are highly purified and have been shown to be 

important during subclinical JD in cattle 15. In our study, these proteins did not stimulate 

cellular responses; however they may remain important in other (humoral) responses 

during mycobacterial infection. These CF proteins had previously been investigated and 

data had shown them to be contributors to the induction of humoral immune responses. 

CF antibodies were detected in serum of cows which were low and medium fecal 

shedders and that same sera tested negative using the conventional ELISA kit for Map 15. 

Thus, our best explanation of this phenomenon is that these Map CF represent secreted 

proteins that are most probably important in induction of B cell responses at the Peyer's 

patches.  
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An additional method to detect/corroborate immune cellular responses in our model was 

to look for proliferative responses induced by the Map antigens on the cell subsets from 

both Map-infected and uninfected calves. To accomplish this, we used a proliferation dye 

(Cell Proliferation Dye eFluor® 450, eBiosciences). This is a violet fluorescent dye used 

to monitor cell divisions. This fluorescent dye binds to any cellular proteins containing 

primary amines. Each cell division cycle results in sequential halving of fluorescence as 

the dye is distributed equally between daughter cells. Cell proliferation can be monitored 

with flow cytometry for up to seven divisions, before the fluorescence decreases (fades) 

to the background fluorescence level of unlabelled cells. A time zero pre-culture samples 

were included with each animal to measure change in mean fluorescence intensity (MFI) 

of cells stained with the proliferation dye after 24 hours of culture and stimulation. 

Staining of 100% of the cells was confirmed pre-culture through having a narrow based 

sharp positive peak of 100% of live cells using flow cytometry.  

 Two distinct proliferation peaks were identified from the histograms of lymphocytes 

collected after 24 hours of antigen stimulation in the co-culture in our study. The first 

peak included 90% of all live cells collected after the cultured period; the MFI of this 

peak dropped by 50% compared to the MFI of the same cells prior culture, which 

indicates a single proliferation cycle. Our objective at this step was first to detect any 

differences between MFI of cells from Map-infected and uninfected calves upon 

stimulation with different Map antigens. The second objective was to identify any cell 

subtype differences in cells representing the first proliferative peak upon comparison 

between cells form Map-infected and uninfected calves upon stimulation with different 

Map antigens.    
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There were no significant differences in proliferation of cells from Map-infected calves 

compared with uninfected calves at any time points and after stimulation with any of the 

Map antigens used in this study. This suggests that approximately 90% of the cells within 

our cell co-culture assays undergo a single cell proliferative cycle with no significant 

differences between cells from Map-infected and cells from uninfected calves when they 

are stimulated with various Map antigens. These data are not entirely surprising because 

cells were only given 24 hours to proliferate in our co-cultures.  

T cell subsets proliferative responses might have been masked by looking for overall 

lymphocyte proliferative responses, so our next objective was to identify if specific cell 

subsets within the first peak might have had distinct proliferative patterns when 

stimulated with Map antigens. At five months post-Map infection, Map CF induced 

significantly greater CD4 T cell proliferation in cells from Map-infected calves compared 

to cells from uninfected calves. In previous studies CD4 T cells from Map-infected calves 

were shown to be the lymphocyte subset with the greatest proliferative capacity when 

stimulated with either Map PPDj or Map WCS 12,41,42. In another study CD4 T cells 

proliferative responses were detected following in vitro stimulation with Map WCS after 

170 days post-tonsillar inoculation of Map 12. This supports the idea that CD4 T cells are 

important part of the adaptive immune response and they respond most robustly after 

they have been primed. This likely explains why we were unsuccessful at detecting CD4 

T cell proliferative responses prior to 150 days (five months) post-infection in our model. 

At seven months post-Map infection, Map MVs induced significantly greater 

proliferation of WC1+ γδ T cells from Map-infected calves compared to uninfected 

calves. At five months post-Map infection, our data showed that Map CF and Map WCS 
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stimulated WC1- γδ T cells from uninfected calves to proliferate at a significantly higher 

rate compared with WC1- γδ T cells from Map-infected calves. These data support 

previous work showing that WC1+ γδ T cells and WC1- γδ T cells differ in their 

responses to various antigens, including mycobacterial antigens. WC1+ γδ T cells but not 

WC1- γδ T cells respond by proliferation following previous antigenic priming (suggests 

memory), while WC1- γδ T cells participate prominently during innate immune responses 

46,53. 

Our results suggest that some cells were able to achieve up to six-seven proliferation 

cycles (second proliferation peak). However, there were no significant differences in  the 

proliferative capacity between cells from Map-infected and uninfected calves at any time 

points, nor  for  any of the Map –derived antigens screened as part of this study.  

One explanation for why were unable to detect differences in the proliferation of 

lymphocytes between Map-infected or uninfected calves at the different time points may 

be referred to the use of FBS. FBS in general, is an extremely complex mixture of a large 

number of bio-molecules with growth-promoting activities that could influence 

proliferation of cells 54. Another reason to explain a lack of differential proliferative 

responses might be explained by the potential for APCs in the culture media to present 

FBS-derived antigens, resulting in proliferative responses to non-Map-derived targets. 

Those factors may collectively induce proliferation in a cell culture media regardless the 

source of those cells (from Map-infected or uninfected calves).  

We then examined each subset of proliferating cells within the second peak in an attempt 

to identify distinct patterns of lymphocyte subset proliferation. At seven months post-
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Map infection, Map CF induced significantly greater proliferation in CD4 T cells from 

Map-infected calves compared to CD4 T cells from uninfected calves. Also at seven 

months post-Map infection, Map WCS induced significantly greater proliferation in 

WC1+ γδ T cells from Map-infected calves compared to cells from uninfected calves. At 

five months post-Map infection, Map MVs induced significantly higher proliferation by 

WC1- γδ T cells from uninfected calves compared to Map-infected calves.  

Previous work has confirmed that γδ T cells could proliferate in cultures even though 

they were not stimulated by antigens 50 and cells from both Map-infected and uninfected 

animals proliferated in response to crude mycobacterial antigens 48. In our laboratory, a 

recent study also suggested that WC1- γδ T cells from naïve calves proliferated more 

robustly in culture when exposed to either mycobacterial antigens or mycobacterial 

antigen-free medium compared to autologous WC1+ γδ T cells (A. Mansz, DVSc, 2015), 

suggesting that these cells (WC1- γδ T cells) are important in innate recognition of 

conserved PAMPs in a non-specific manner. 

Our data are consistent with our hypothesis and with previous studies  suggesting that 

WC1+ γδ T cells and CD4 T cells are important in responses following prior antigenic 

priming (memory) while WC1- γδ T cells respond innately to antigens 46.  

Proliferative responses induced in naïve calves upon stimulation with Map antigens were 

mediated mainly by WC1- γδ T cells which, by their location and distribution along 

mucosal tissues may explain their role as primary immune responders to Map infection. 
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CHAPTER 5:  CONCLUSIONS, RECOMMENDATIONS AND 

FUTURE DIRECTIONS 

General Conclusions 

Using the data obtained from this study while applying this novel co-culture system, cells 

harvested from experimentally Map-infected and uninfected calves responded uniquely to 

secreted Map antigens and several conclusions can be summarized as follows: 

Using our novel cell co-culture assay; where APCs (macrophages) and autologous T 

lymphocytes are co-cultured together during Map antigenic stimulation; it is useful in 

detection of both proliferative and cytokine responses induced in T cells exposed to 

different Map antigens. T cells harvested from the blood of calves with experimental 

enteric Map infection produced large amounts of IFNγ when they were subsequently 

stimulated with Map MVs as early as three months post-Map infection. This phenomenon 

continued through five and seven months. Blood derived-T cells from uninfected calves 

and calves with experimental enteric Map infection failed to produce significant amounts 

of IFNγ  in response to stimulation with Map CF. 

CD4 T cells but not γδ T cells from Map-infected calves contributed to IFNγ generation. 

All cells proliferated minimally in our co-culture assay; however CD4 T cells and WC1+ 

γδ T cells from Map-infected calves proliferated significantly greater than cells from 

uninfected calves when stimulated with various Map antigens at five and seven months 

post-infection. WC1- γδ T cells from uninfected calves proliferated significantly greater 

compared to cells from Map infected calves, when stimulated with various Map antigens. 
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Recommendations 

Multiple modifications and recommendations can be suggested for the next projects 

regarding identifying responses induced by different Map antigens during early intestinal 

Map inoculation. These recommendations include: 

Autologous serum is preferred in cell co-culture assays in place of FBS, which might 

induce some level of non-specific cellular proliferation in cells from both naïve and Map-

infected calves, thereby; complicating data analysis by increasing false positive 

proliferative responses. Intracellular IFNγ data should be directly compared with IFNγ 

ELISA data over a time course in order to ensure proper collection of intracellular 

cytokine secretion data. A non-Map-derived bacterial control antigen would specifically 

identify and clarify if the responses we observed are Map-specific or not.  

Future directions  

To further investigate the role of various Map antigens, several distinct future directions 

could be made. 

Because IFNγ responses were detected by ELISA in Map-infected calves during early 

intestinal Map infection, other projects could focus on comparing those responses with 

clinically Map-infected cattle, vaccinated calves, naturally infected calves and calves 

experimentally infected via different routes, including the oral model. Quantification of 

additional cytokines produced by lymphocytes or macrophages in response to Map-

derived antigens may be of interest; including IL-10, TNF and others.  
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Additional cell subsets including B cells, NK cells, DCs as well as macrophages should 

be further investigated to assess their role in the early immune responses and generation 

of cytokines. Since our hypothesis was that Map CF and Map MVs contain secreted 

antigens, studying tissue responses to those antigens may help us simulate their role in 

vivo and understand more mechanistic details of host-pathogen interactions during the 

early Map infection phase. Earlier time points (7, 15 and 30 days post-Map infection) 

could be very important for identification of early responses especially to study the role 

of γδ T cells during early infection. A more prolonged follow-up study (more than 7 

months post-Map infection) may provide a better explanation for immune cell responses 

important during the lengthy subclinical phase of JD and may shed light on the 

progression of the disease and potentially early clearance of the pathogen. 

Since Map CF did not induce significant IFNγ production, the role of Map CF proteins 

should be investigated for potential role in induction of humoral immune responses and it 

will be beneficial to identify sera and tissue antibodies for those CF proteins during early 

Map infection and correlate those responses with tissue PCR for Map, Map fecal 

shedding and histological lesions. In this way it will help to detect their potential use as 

diagnostic tools.  

Investigating for humoral responses induced by Map MVs can be an important up-

coming future directions. If Map MVs are able; through production of IFNγ in cell co-

culture supernatant ; to differentiate between Map experimentally infected calves and non 

infected calves as early as three months post-infection, identifying Map MVs antibodies 

in sera of calves will be a progressing step toward identifying Map antigens with dual 

role (cell-mediated and humoral immune response).  
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APPENDIX 

 

Appendix Table 1: PCR reaction components 
PCR Component PCR Round 1 PCR Round 2 

Mastermix 12.5 µl 12.5 µl 

Forward Primer (2 µM) 2.5 µl (IS900.F1) 2.5 µl (IS900.F2) 

Reverse Primer (2 µM) 2.5 µl (IS900.R) 2.5 µl (IS900.R) 

BSA (2µg/µL) 1.25 µl 1.25 µl 

Water 1.25 µl 5.25 µl 

Template 5 µl 1 µl 

Total 25 µl 25 L 

 
 

Appendix Table 2: PCR Primers 
Primer Sequence 

IS900.F1 5’-CTGGAGTTGATTGCGGCGG-3’ 

IS900.F2 5’-GATGCGCCACGACTTGCAG-3’ 

IS900.R 5’-TGGTTGCGGGGTGGTAGAC-3’ 

 
 
 
Appendix Table 3: Flow cytometry parameters 

 

 

 

Parameter Filter Voltage 

FSC  350 

SCC  456 

FITC  530 Blue 550 

PE  585 Blue 500 

APC  660 Red 550 

PerCp 670 Long pass Blue 660 

eFluor® 450 450 Violet 444 

Zombie NIR  780 Red 700 
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Appendix Figure  1: IS900 primer binding sites 



 

 

 

Appendix Figure  

 

 Appendix Figure  3: Fluorescence Spectra Analyzer, Biolegend
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Appendix Figure  2: ELISA standard dose response curve (logarithmic) 

: Fluorescence Spectra Analyzer, Biolegend

 

: ELISA standard dose response curve (logarithmic)  

: Fluorescence Spectra Analyzer, Biolegend 
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                                                 (e)                                                                                       (f) 

 

 

 

         (g) 

Appendix Figure  4: Example of the gating strategy, flow cytometry.  
Total acquired events with gating for region of interest (ROI) (a). Gating for single 
events (S) (b), Gating for live events (L) (c), Gating for total events having IFN γ 
intracellular (Q17) (d), CD4 T cells with intracellular IFNγ (e), WC1+ γδ T cells 
with intracellular IFNγ (f), WC1- γδ T cells with intracellular IFNγ (g). 
 

 

(CD4) (WC1+) 

(WC1-γδ) 
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                                                                                   (a) 

 

 

                                                                                          (b) 

 
Appendix Figure  5: Intracellular IFN γ, flow cytometry. 
 Total IFNγ is shown in Q17. Lymphocytes from a uninfected calf, un-stimulated 
(left) and stimulated with Map MVs (right) at 3 months post-Map infection (a) 
Lymphocytes from an Map-infected calf, un-stimulated (left) and stimulated with 
Map MVs (right) at 3 months post-Map infection (b) 

 

 

 

(IFNγ) (IFNγ) 

(IFNγ) (IFNγ) 



102 
 

 

Appendix Table 4: Raw and normalized data, ELISA, intracellular IFN γ ( total and 
cell subtypes) 

animal# state treatment cell type IFNγ ELISA  IFNγ normalization 
ELISA  

normalization 
1215 infected un-stimulated total 3.45 43.034 

  
1215 infected un-stimulated CD4 0.078 

   
1215 infected un-stimulated WC1+ 0.24 

   
1215 infected un-stimulated DN 4.74 

   
1215 infected un-stimulated WC1- 0 

   
1215 infected WCS total 4.49 80.595 1.30 1.87 

1215 infected WCS CD4 0 
 

0.00 
 

1215 infected WCS WC1+ 0 
 

0.00 
 

1215 infected WCS WC1- 0 
 

1.00 
 

1215 infected WCS DN 6.49 
 

1.37 
 

1215 infected CF total 2.2 50.836 0.64 1.18 

1215 infected CF CD4 0.2 
 

2.56 
 

1215 infected CF WC1+ 0 
 

0.00 
 

1215 infected CF WC1- 0 
 

1.00 
 

1215 infected CF DN 4.56 
 

0.96 
 

1215 infected MVs total 5.86 62.348 1.70 1.45 

1215 infected MVs CD4 0.67 
 

8.59 
 

1215 infected MVs WC1+ 0.15 
 

0.63 
 

1215 infected MVs WC1- 0 
 

1.00 
 

1215 infected MVs DN 9.24 
 

1.95 
 

1217 infected un-stimulated total 1.76 42.439 
  

1217 infected un-stimulated CD4 0.037 
   

1217 infected un-stimulated WC1+ 0.075 
   

1217 infected un-stimulated WC1- 0 
   

1217 infected un-stimulated DN 6.21 
   

1217 infected WCS total 2.19 44.827 1.24 1.06 

1217 infected WCS CD4 0.12 
 

3.24 
 

1217 infected WCS WC1+ 0.062 
 

0.83 
 

1217 infected WCS WC1- 0 
 

1.00 
 

1217 infected WCS DN 7.26 
 

1.17 
 

1217 infected CF total 1.73 45.424 0.98 1.07 

1217 infected CF CD4 0.18 
 

4.86 
 

1217 infected CF WC1+ 0 
 

0.00 
 

1217 infected CF WC1- 0 
 

1.00 
 

1217 infected CF DN 5.26 
 

0.85 
 

1217 infected MVs total 2.07 58.118 1.18 1.37 
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1217 infected MVs CD4 0.073 
 

1.97 
 

1217 infected MVs WC1+ 0.15 
 

2.00 
 

1217 infected MVs WC1- 0 
 

1.00 
 

1217 infected MVs DN 7.56 
 

1.22 
 

1218 uninfected un-stimulated total 3.35 87.793 
  

1218 uninfected un-stimulated CD4 0.23 
   

1218 uninfected un-stimulated WC1+ 0.1 
   

1218 uninfected un-stimulated WC1- 0.4 
   

1218 uninfected un-stimulated DN 7.74 
   

1218 uninfected WCS total 2.96 68.337 0.88 0.78 

1218 uninfected WCS CD4 0.2 
 

0.87 
 

1218 uninfected WCS WC1+ 0.13 
 

1.30 
 

1218 uninfected WCS WC1- 0.45 
 

1.13 
 

1218 uninfected WCS DN 8.81 
 

1.14 
 

1218 uninfected CF total 2.7 61.162 0.81 0.70 

1218 uninfected CF CD4 0 
 

0.00 
 

1218 uninfected CF WC1+ 0.1 
 

1.00 
 

1218 uninfected CF WC1- 0.4 
 

1.00 
 

1218 uninfected CF DN 8.97 
 

1.16 
 

1218 uninfected MVs total 8.29 60.068 2.47 0.68 

1218 uninfected MVs CD4 0.13 
 

0.57 
 

1218 uninfected MVs WC1+ 0.76 
 

7.60 
 

1218 uninfected MVs WC1- 0.89 
 

2.23 
 

1218 uninfected MVs DN 25.1 
 

3.24 
 

1219 uninfected un-stimulated total 2.1 84.215 
  

1219 uninfected un-stimulated CD4 0.084 
   

1219 uninfected un-stimulated WC1+ 0.1 
   

1219 uninfected un-stimulated WC1- 0.46 
   

1219 uninfected un-stimulated DN 4.47 
   

1219 uninfected WCS total 4.88 75.063 2.32 0.89 

1219 uninfected WCS CD4 0.48 
 

5.71 
 

1219 uninfected WCS WC1+ 0.48 
 

4.80 
 

1219 uninfected WCS DN 9.92 
 

2.22 
 

1219 uninfected WCS WC1- 0  0.00  
1219 uninfected CF total 2.17 57.345 1.03 0.68 

1219 uninfected CF CD4 0.26 
 

3.10 
 

1219 uninfected CF WC1+ 0.1 
 

1.00 
 

1219 uninfected CF WC1- 0 
 

0.00 
 

1219 uninfected CF DN 3.78 
 

0.85 
 

1219 uninfected MVs total 6.86 63.358 3.27 0.75 

1219 uninfected MVs CD4 0.16 
 

1.90 
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1219 uninfected MVs WC1+ 0.48 
 

4.80 
 

1219 uninfected MVs WC1- 0 
 

0.00 
 

1219 uninfected MVs DN 13.1 
 

2.93 
 

1221 infected un-stimulated total 1.05 52.507 
  

1221 infected un-stimulated CD4 0.05 
   

1221 infected un-stimulated WC1+ 0.025 
   

1221 infected un-stimulated WC1- 0.14 
   

1221 infected un-stimulated DN 5.92 
   

1221 infected WCS total 2.45 60.61 2.33 1.15 

1221 infected WCS CD4 0.23 
 

4.60 
 

1221 infected WCS WC1+ 0.18 
 

7.20 
 

1221 infected WCS WC1- 0.44 
 

3.14 
 

1221 infected WCS DN 12.2 
 

2.06 
 

1221 infected CF total 1.02 45.605 0.97 0.87 

1221 infected CF CD4 0.066 
 

1.32 
 

1221 infected CF WC1+ 0.066 
 

2.64 
 

1221 infected CF WC1- 0.24 
 

1.71 
 

1221 infected CF DN 5.84 
 

0.99 
 

1221 infected MVs total 4.64 75.118 4.42 1.43 

1221 infected MVs CD4 0.094 
 

1.88 
 

1221 infected MVs WC1+ 0.14 
 

5.60 
 

1221 infected MVs WC1- 0 
 

0.00 
 

1221 infected MVs DN 22.7 
 

3.83 
 

1222 infected un-stimulated total 0.99 46.137 
  

1222 infected un-stimulated CD4 0.25 
   

1222 infected un-stimulated WC1+ 0.069 
   

1222 infected un-stimulated WC1- 0.13 
   

1222 infected un-stimulated DN 5.04 
   

1222 infected WCS total 2.47 38.873 2.49 0.84 

1222 infected WCS CD4 0.19 
 

0.76 
 

1222 infected WCS WC1+ 0.27 
 

3.91 
 

1222 infected WCS WC1- 0 
 

0.00 
 

1222 infected WCS DN 15.3 
 

3.04 
 

1222 infected CF total 0.68 40.446 0.69 0.88 

1222 infected CF CD4 0.094 
 

0.38 
 

1222 infected CF WC1+ 0.056 
 

0.81 
 

1222 infected CF WC1- 0 
 

0.00 
 

1222 infected CF DN 3.86 
 

0.77 
 

1222 infected MVs total 2.74 65.7 2.77 1.42 

1222 infected MVs CD4 0.079 
 

0.32 
 

1222 infected MVs WC1+ 0.28 
 

4.06 
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1222 infected MVs WC1- 0 
 

0.00 
 

1222 infected MVs DN 17.7 
 

3.51 
 

1223 uninfected un-stimulated total 0.36 43.537 
  

1223 uninfected un-stimulated CD4 0.021 
   

1223 uninfected un-stimulated WC1+ 0.05 
   

1223 uninfected un-stimulated WC1- 0 
   

1223 uninfected un-stimulated DN 1.47 
   

1223 uninfected WCS total 0.58 48.32 1.61 1.11 

1223 uninfected WCS CD4 0 
 

0.00 
 

1223 uninfected WCS WC1+ 0.089 
 

1.78 
 

1223 uninfected WCS WC1- 0 
 

1.00 
 

1223 uninfected WCS DN 2.4 
 

1.63 
 

1223 uninfected CF total 0.44 28.352 1.22 0.65 

1223 uninfected CF CD4 0.035 
 

1.67 
 

1223 uninfected CF WC1+ 0.052 
 

1.04 
 

1223 uninfected CF WC1- 0 
 

1.00 
 

1223 uninfected CF DN 1.6 
 

1.09 
 

1223 uninfected MVs total 0.62 92.491 1.72 2.12 

1223 uninfected MVs CD4 0.029 
 

1.38 
 

1223 uninfected MVs WC1+ 0.05 
 

1.00 
 

1223 uninfected MVs WC1- 0 
 

1.00 
 

1223 uninfected MVs DN 2.4 
 

1.63 
 

1225 infected un-stimulated total 0.54 46.145 
  

1225 infected un-stimulated CD4 0.073 
   

1225 infected un-stimulated WC1+ 0.12 
   

1225 infected un-stimulated WC1- 0.13 
   

1225 infected un-stimulated DN 1.72 
   

1225 infected WCS total 0.63 231.36 1.17 5.01 

1225 infected WCS CD4 0.026 
 

0.36 
 

1225 infected WCS WC1+ 0.038 
 

0.32 
 

1225 infected WCS WC1- 0 
 

0.00 
 

1225 infected WCS DN 3.76 
 

2.19 
 

1225 infected CF total 0.31 44.594 0.57 0.97 

1225 infected CF CD4 0.013 
 

0.18 
 

1225 infected CF WC1+ 0.026 
 

0.22 
 

1225 infected CF WC1- 0 
 

0.00 
 

1225 infected CF DN 1.35 
 

0.78 
 

1225 infected MVs total 0.54 363.96 1.00 7.89 

1225 infected MVs CD4 0.073 
 

1.00 
 

1225 infected MVs WC1+ 0.024 
 

0.20 
 

1225 infected MVs WC1- 0.11 
 

0.85 
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1225 infected MVs DN 2.33 
 

1.35 
 

1226 infected un-stimulated total 0.31 58.974 
  

1226 infected un-stimulated CD4 0.012 
   

1226 infected un-stimulated WC1+ 0.05 
   

1226 infected un-stimulated WC1- 0.1 
   

1226 infected un-stimulated DN 1.91 
   

1226 infected WCS total 0.49 731.25 1.58 12.40 

1226 infected WCS CD4 0.01 
 

0.83 
 

1226 infected WCS WC1+ 0.01 
 

0.20 
 

1226 infected WCS WC1- 0.1 
 

1.00 
 

1226 infected WCS DN 3.21 
 

1.68 
 

1226 infected CF total 0.53 91.141 1.71 1.55 

1226 infected CF CD4 0.051 
 

4.25 
 

1226 infected CF WC1+ 0.026 
 

0.52 
 

1226 infected CF WC1- 0.47 
 

4.70 
 

1226 infected CF DN 2.42 
 

1.27 
 

1226 infected MVs total 0.55 868.53 1.77 14.73 

1226 infected MVs CD4 0.023 
 

1.92 
 

1226 infected MVs WC1+ 0.045 
 

0.90 
 

1226 infected MVs WC1- 0.1 
 

1.00 
 

1226 infected MVs DN 4 
 

2.09 
 

1227 infected un-stimulated total 0.31 53.096 
  

1227 infected un-stimulated CD4 0.01 
   

1227 infected un-stimulated WC1+ 0.02 
   

1227 infected un-stimulated WC1- 0 
   

1227 infected un-stimulated DN 2.08 
   

1227 infected WCS total 0.45 140.68 1.45 2.65 

1227 infected WCS CD4 0.011 
 

1.10 
 

1227 infected WCS WC1+ 0.032 
 

1.60 
 

1227 infected WCS WC1- 0 
 

1.00 
 

1227 infected WCS DN 2.98 
 

1.43 
 

1227 infected CF total 0.34 63.106 1.10 1.19 

1227 infected CF CD4 0.013 
 

1.30 
 

1227 infected CF WC1+ 0.02 
 

1.00 
 

1227 infected CF WC1- 0 
 

1.00 
 

1227 infected CF DN 2.05 
 

0.99 
 

1227 infected MVs total 0.61 208.45 1.97 3.93 

1227 infected MVs CD4 0.042 
 

4.20 
 

1227 infected MVs WC1+ 0.073 
 

3.65 
 

1227 infected MVs WC1- 0 
 

1.00 
 

1227 infected MVs DN 3.37 
 

1.62 
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1229 uninfected un-stimulated total 0.5 106.54 
  

1229 uninfected un-stimulated CD4 0.053 
   

1229 uninfected un-stimulated WC1+ 0.036 
   

1229 uninfected un-stimulated WC1- 0 
   

1229 uninfected un-stimulated DN 2.21 
   

1229 uninfected WCS total 0.63 135.32 1.26 1.27 

1229 uninfected WCS CD4 0.052 
 

0.98 
 

1229 uninfected WCS WC1+ 0.035 
 

0.97 
 

1229 uninfected WCS WC1- 0 
 

1.00 
 

1229 uninfected WCS DN 2.31 
 

1.05 
 

1229 uninfected CF total 0.44 188.43 0.88 1.77 

1229 uninfected CF CD4 0.018 
 

0.34 
 

1229 uninfected CF WC1+ 0.073 
 

2.03 
 

1229 uninfected CF WC1- 0 
 

1.00 
 

1229 uninfected CF DN 1.64 
 

0.74 
 

1229 uninfected MVs total 0.75 154.8 1.50 1.45 

1229 uninfected MVs CD4 0 
 

0.00 
 

1229 uninfected MVs WC1+ 0.021 
 

0.58 
 

1229 uninfected MVs WC1- 0 
 

1.00 
 

1229 uninfected MVs DN 2.76 
 

1.25 
 

1260 infected un-stimulated total 0.15 52.677 
  

1260 infected un-stimulated CD4 0.064 
   

1260 infected un-stimulated WC1+ 0.01 
   

1260 infected un-stimulated WC1- 0.1 
   

1260 infected un-stimulated DN 0.38 
   

1260 infected WCS total 0.16 3905.3 1.07 74.14 

1260 infected WCS CD4 0.043 
 

0.67 
 

1260 infected WCS WC1+ 0.021 
 

2.10 
 

1260 infected WCS WC1- 0.082 
 

0.82 
 

1260 infected WCS DN 0.59 
 

1.55 
 

1260 infected CF total 0.11 149.58 0.73 2.84 

1260 infected CF CD4 0.078 
 

1.22 
 

1260 infected CF WC1+ 0.011 
 

1.10 
 

1260 infected CF WC1- 0.09 
 

0.90 
 

1260 infected CF DN 0.15 
 

0.39 
 

1260 infected MVs total 0.19 11725 1.27 222.57 

1260 infected MVs CD4 0.08 
 

1.25 
 

1260 infected MVs WC1+ 0.011 
 

1.10 
 

1260 infected MVs WC1- 0.088 
 

0.88 
 

1260 infected MVs DN 0.62  1.63  
1261 infected un-stimulated total 0.62 52.967 
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1261 infected un-stimulated CD4 0.032 
   

1261 infected un-stimulated WC1+ 0.016 
   

1261 infected un-stimulated WC1- 0.087 
   

1261 infected un-stimulated DN 3.35 
   

1261 infected WCS total 0.52 5042.1 0.84 95.19 

1261 infected WCS CD4 0.012 
 

0.38 
 

1261 infected WCS WC1+ 0.036 
 

2.25 
 

1261 infected WCS WC1- 0 
 

0.00 
 

1261 infected WCS DN 3.25 
 

0.97 
 

1261 infected CF total 0.49 120.5 0.79 2.27 

1261 infected CF CD4 0.071 
 

2.22 
 

1261 infected CF WC1+ 0.086 
 

5.38 
 

1261 infected CF WC1- 0 
 

0.00 
 

1261 infected CF DN 2.33 
 

0.70 
 

1261 infected MVs total 0.86 1256.2 1.39 23.72 

1261 infected MVs CD4 0.042 
 

1.31 
 

1261 infected MVs WC1+ 0.056 
 

3.50 
 

1261 infected MVs WC1- 0 
 

0.00 
 

1261 infected MVs DN 4.67 
 

1.39 
 

1262 infected un-stimulated total 0.17 47.222 
  

1262 infected un-stimulated CD4 0.036 
   

1262 infected un-stimulated WC1+ 0.024 
   

1262 infected un-stimulated WC1- 0.086 
   

1262 infected un-stimulated DN 0.55 
   

1262 infected WCS total 0.2 470.76 1.18 9.97 

1262 infected WCS CD4 0.044 
 

1.22 
 

1262 infected WCS WC1+ 0 
 

0.00 
 

1262 infected WCS WC1- 0.078 
 

0.91 
 

1262 infected WCS DN 0.68 
 

1.24 
 

1262 infected CF total 0.052 60.518 0.31 1.28 

1262 infected CF CD4 0.026 
 

0.72 
 

1262 infected CF WC1+ 0.013 
 

0.54 
 

1262 infected CF WC1- 0 
 

0.00 
 

1262 infected CF DN 0.07 
 

0.13 
 

1262 infected MVs total 0.35 1617.5 2.06 34.25 

1262 infected MVs CD4 0.019 
 

0.53 
 

1262 infected MVs WC1+ 0.019 
 

0.79 
 

1262 infected MVs WC1- 0 
 

0.00 
 

1262 infected MVs DN 1.96 
 

3.56 
 

1264 infected un-stimulated total 0.042 57.476 
  

1264 infected un-stimulated CD4 0.0042 
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1264 infected un-stimulated WC1+ 0.0042 
   

1264 infected un-stimulated DN 0.2 
   

1264 infected un-stimulated WC1- 0 
   

1264 infected WCS total 0.099 2888.4 2.36 50.25 

1264 infected WCS CD4 0.021 
 

5.00 
 

1264 infected WCS WC1+ 0.01 
 

2.38 
 

1264 infected WCS WC1- 0 
 

1.00 
 

1264 infected WCS DN 0.57 
 

2.85 
 

1264 infected CF total 0.089 62.373 2.12 1.09 

1264 infected CF CD4 0.018 
 

4.29 
 

1264 infected CF WC1+ 0.012 
 

2.86 
 

1264 infected CF WC1- 0 
 

1.00 
 

1264 infected CF DN 0.46 
 

2.30 
 

1264 infected MVs total 0.13 6760.2 3.10 117.62 

1264 infected MVs CD4 0.031 
 

7.38 
 

1264 infected MVs WC1+ 0 
 

0.00 
 

1264 infected MVs WC1- 0 
 

1.00 
 

1264 infected MVs DN 0.74 
 

3.70 
 

1265 uninfected un-stimulated total 0.22 48.471 
  

1265 uninfected un-stimulated CD4 0.044 
   

1265 uninfected un-stimulated WC1+ 0.011 
   

1265 uninfected un-stimulated WC1- 0.16 
   

1265 uninfected un-stimulated DN 0.58 
   

1265 uninfected WCS total 0.29 57.476 1.32 1.19 

1265 uninfected WCS CD4 0.06 
 

1.36 
 

1265 uninfected WCS WC1+ 0.03 
 

2.73 
 

1265 uninfected WCS WC1- 0 
 

0.00 
 

1265 uninfected WCS DN 0.72 
 

1.24 
 

1265 uninfected CF total 0.19 55.658 0.86 1.15 

1265 uninfected CF CD4 0.077 
 

1.75 
 

1265 uninfected CF WC1+ 0 
 

0.00 
 

1265 uninfected CF WC1- 0 
 

0.00 
 

1265 uninfected CF DN 0.42 
 

0.72 
 

1265 uninfected MVs total 0.67 52.635 3.05 1.09 

1265 uninfected MVs CD4 0.15 
 

3.41 
 

1265 uninfected MVs WC1+ 0.023 
 

2.09 
 

1265 uninfected MVs WC1- 0.18 
 

1.13 
 

1265 uninfected MVs DN 1.95 
 

3.36 
 

1266 uninfected un-stimulated total 0.08 59.309 
  

1266 uninfected un-stimulated CD4 0.0073 
   

1266 uninfected un-stimulated WC1+ 0.015 
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1266 uninfected un-stimulated WC1- 0.041 
   

1266 uninfected un-stimulated DN 0.35 
   

1266 uninfected WCS total 0.1 45.424 1.25 0.77 

1266 uninfected WCS CD4 0 
 

0.00 
 

1266 uninfected WCS WC1+ 0.0074 
 

0.49 
 

1266 uninfected WCS WC1- 0.04 
 

0.98 
 

1266 uninfected WCS DN 0.81 
 

2.31 
 

1266 uninfected CF total 0.098 48.422 1.23 0.82 

1266 uninfected CF CD4 0.0076 
 

1.04 
 

1266 uninfected CF WC1+ 0.023 
 

1.53 
 

1266 uninfected CF WC1- 0.04 
 

0.98 
 

1266 uninfected CF DN 0.37 
 

1.06 
 

1266 uninfected MVs total 0.12 67.245 1.50 1.13 

1266 uninfected MVs CD4 0.016 
 

2.19 
 

1266 uninfected MVs WC1+ 0.0082 
 

0.55 
 

1266 uninfected MVs WC1- 0 
 

0.00 
 

1266 uninfected MVs DN 0.71 
 

2.03 
 

 
Appendix Table 5: Raw and normalized data, proliferation flow cytometry (total 
and cell subtypes) 

Month animal# state treatment 
cell 
type 

1st 
P.P 

2nd 
P.P 

Single 
violet 

Normal-
ization P1 

Normal-
ization P2 

3 1215 infected un-stimulated total 5247 665 8148 
  

3 1215 infected un-stimulated CD4 13 1.44 
   

3 1215 infected un-stimulated WC1+ 48.3 1.86 
   

3 1215 infected un-stimulated DN 
     

3 1215 infected un-stimulated WC1- 11.6 1.03 
   

3 1215 infected WCS total 5316 632 8148 1.01 0.95 

3 1215 infected WCS CD4 13.3 3.62 
 

1.02 2.51 

3 1215 infected WCS WC1+ 47 2.26 
 

0.97 1.22 

3 1215 infected WCS WC1- 10.9 1.36 
 

0.94 1.32 

3 1215 infected WCS DN 
     

3 1215 infected CF total 5240 794 8148 1.00 1.19 

3 1215 infected CF CD4 11.9 3.57 
 

0.92 2.48 

3 1215 infected CF WC1+ 54.8 12.5 
 

1.13 6.72 

3 1215 infected CF WC1- 16.9 1.79 
 

1.46 1.74 

3 1215 infected CF DN 
     

3 1215 infected MVs total 5341 718 8148 1.02 1.08 

3 1215 infected MVs CD4 15.1 3.57 
 

1.16 2.48 

3 1215 infected MVs WC1+ 52.2 6.75 
 

1.08 3.63 

3 1215 infected MVs WC1- 12.1 0.79 
 

1.04 0.77 

3 1215 infected MVs DN 
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3 1217 infected un-stimulated total 5257 1145 9026 
  

3 1217 infected un-stimulated CD4 6.12 3.96 
   

3 1217 infected un-stimulated WC1+ 63.7 19.5 
   

3 1217 infected un-stimulated WC1- 15.5 4.95 
   

3 1217 infected un-stimulated DN 
     

3 1217 infected WCS total 5201 924 9026 0.99 0.81 

3 1217 infected WCS CD4 6.88 5.07 
 

1.12 1.28 

3 1217 infected WCS WC1+ 62.5 10.4 
 

0.98 0.53 

3 1217 infected WCS WC1- 17.7 5.07 
 

1.14 1.02 

3 1217 infected WCS DN 
     

3 1217 infected CF total 5221 1064 9026 0.99 0.93 

3 1217 infected CF CD4 6.02 7.17 
 

0.98 1.81 

3 1217 infected CF WC1+ 64.3 20.1 
 

1.01 1.03 

3 1217 infected CF WC1- 15.4 6.81 
 

0.99 1.38 

3 1217 infected CF DN 
     

3 1217 infected MVs total 5210 902 9026 0.99 0.79 

3 1217 infected MVs CD4 5.94 2.29 
 

0.97 0.58 

3 1217 infected MVs WC1+ 63.7 11.4 
 

1.00 0.58 

3 1217 infected MVs WC1- 16.8 1.43 
 

1.08 0.29 

3 1217 infected MVs DN 
     

3 1218 uninfected un-stimulated total 5085 917 8231 
  

3 1218 uninfected un-stimulated CD4 20.2 2.55 
   

3 1218 uninfected un-stimulated WC1+ 45.5 6.38 
   

3 1218 uninfected un-stimulated WC1- 14.6 2.98 
   

3 1218 uninfected un-stimulated DN 
     

3 1218 uninfected WCS total 5010 814 8231 0.99 0.89 

3 1218 uninfected WCS CD4 16.8 4 
 

0.83 1.57 

3 1218 uninfected WCS WC1+ 53.6 5 
 

1.18 0.78 

3 1218 uninfected WCS WC1- 17.1 1.5 
 

1.17 0.50 

3 1218 uninfected WCS DN 
     

3 1218 uninfected CF total 4830 857 8231 0.95 0.93 

3 1218 uninfected CF CD4 21.3 2.61 
 

1.05 1.02 

3 1218 uninfected CF WC1+ 52.5 4.35 
 

1.15 0.68 

3 1218 uninfected CF WC1- 13.9 3.04  0.95 1.02 

3 1218 uninfected CF DN 
     

3 1218 uninfected MVs total 4686 742 8231 0.92 0.81 

3 1218 uninfected MVs CD4 15.6 1.94 
 

0.77 0.76 

3 1218 uninfected MVs WC1+ 57.6 2.58 
 

1.27 0.40 

3 1218 uninfected MVs WC1- 17.3 2.58 
 

1.18 0.87 

3 1218 uninfected MVs DN 
     

3 1219 uninfected un-stimulated total 4586 865 7634 
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3 1219 uninfected un-stimulated CD4 32.6 4.78 
   

3 1219 uninfected un-stimulated WC1+ 33.8 6.69 
   

3 1219 uninfected un-stimulated WC1- 9.75 3.5 
   

3 1219 uninfected un-stimulated DN 
     

3 1219 uninfected WCS total 4751 826 7634 1.04 0.95 

3 1219 uninfected WCS CD4 28.1 4.16 
 

0.86 0.87 

3 1219 uninfected WCS WC1+ 36.8 5.08 
 

1.09 0.76 

3 1219 uninfected WCS DN 
   

1.11 
 

3 1219 uninfected WCS WC1- 10.8 2.54 
  

0.73 

3 1219 uninfected CF total 4802 837 7634 1.05 0.97 

3 1219 uninfected CF CD4 30.7 4.06 
 

0.94 0.85 

3 1219 uninfected CF WC1+ 33.4 4.82 
 

0.99 0.72 

3 1219 uninfected CF WC1- 10 1.27 
 

1.03 0.36 

3 1219 uninfected CF DN 
     

3 1219 uninfected MVs total 4813 683 7634 1.05 0.79 

3 1219 uninfected MVs CD4 27.8 3.07 
 

0.85 0.64 

3 1219 uninfected MVs WC1+ 35.6 4.02 
 

1.05 0.60 

3 1219 uninfected MVs WC1- 9.11 1.53 
 

0.93 0.44 

3 1219 uninfected MVs DN 
     

3 1221 infected un-stimulated total 4922 1251 9536 
  

3 1221 infected un-stimulated CD4 5.99 6.18 
   

3 1221 infected un-stimulated WC1+ 68.2 26.5 
   

3 1221 infected un-stimulated WC1- 17.4 14.6 
   

3 1221 infected un-stimulated DN 
     

3 1221 infected WCS total 5020 979 9536 1.02 0.78 

3 1221 infected WCS CD4 5.22 4.92 
 

0.87 0.80 

3 1221 infected WCS WC1+ 69.5 15.9 
 

1.02 0.60 

3 1221 infected WCS WC1- 16.3 8.05 
 

0.94 0.55 

3 1221 infected WCS DN 
     

3 1221 infected CF total 4902 1069 9536 1.00 0.85 

3 1221 infected CF CD4 4.98 6.28 
 

0.83 1.02 

3 1221 infected CF WC1+ 67.7 19.4 
 

0.99 0.73 

3 1221 infected CF WC1- 19.1 10.7 
 

1.10 0.73 

3 1221 infected CF DN 
     

3 1221 infected MVs total 4917 898 9536 1.00 0.72 

3 1221 infected MVs CD4 5.08 5.22 
 

0.85 0.84 

3 1221 infected MVs WC1+ 69.7 16.7 
 

1.02 0.63 

3 1221 infected MVs WC1- 16.5 4.71 
 

0.95 0.32 

3 1221 infected MVs DN 
     

3 1222 infected un-stimulated total 4870 1234 9716 
  

3 1222 infected un-stimulated CD4 6.16 9.92 
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3 1222 infected un-stimulated WC1+ 72 33.4 
   

3 1222 infected un-stimulated WC1- 17.4 10.4 
   

3 1222 infected un-stimulated DN 
     

3 1222 infected WCS total 4977 1043 9716 1.02 0.85 

3 1222 infected WCS CD4 5.79 6.46 
 

0.94 0.65 

3 1222 infected WCS WC1+ 73 19.2 
 

1.01 0.57 

3 1222 infected WCS WC1- 17.6 9.51 
 

1.01 0.91 

3 1222 infected WCS DN 
     

3 1222 infected CF total 4883 1226 9716 1.00 0.99 

3 1222 infected CF CD4 5.33 9.07 
 

0.87 0.91 

3 1222 infected CF WC1+ 72.9 30 
 

1.01 0.90 

3 1222 infected CF WC1- 18 12.7 
 

1.03 1.22 

3 1222 infected CF DN 
     

3 1222 infected MVs total 4908 1020 9716 1.01 0.83 

3 1222 infected MVs CD4 4.61 7.34 
 

0.75 0.74 

3 1222 infected MVs WC1+ 75.8 20.3 
 

1.05 0.61 

3 1222 infected MVs WC1- 15.4 7.52 
 

0.89 0.72 

3 1222 infected MVs DN 
     

5 1223 uninfected un-stimulated total 8249 1007 15402 
  

5 1223 uninfected un-stimulated CD4 20.6 8.38 
   

5 1223 uninfected un-stimulated WC1+ 49.1 22.2 
   

5 1223 uninfected un-stimulated WC1- 8.81 4.19 
   

5 1223 uninfected un-stimulated DN 
     

5 1223 uninfected WCS total 8204 961 15402 0.99 0.95 

5 1223 uninfected WCS CD4 15.2 8 
 

0.74 0.95 

5 1223 uninfected WCS WC1+ 51.8 17.5 
 

1.05 0.79 

5 1223 uninfected WCS WC1- 9.89 6 
 

1.12 1.43 

5 1223 uninfected WCS DN 
     

5 1223 uninfected CF total 8123 1078 15402 0.98 1.07 

5 1223 uninfected CF CD4 17.1 8.72 
 

0.83 1.04 

5 1223 uninfected CF WC1+ 49.1 22.8 
 

1.00 1.03 

5 1223 uninfected CF WC1- 10.2 12.8 
 

1.16 3.05 

5 1223 uninfected CF DN 
     

5 1223 uninfected MVs total 8104 933 15402 0.98 0.93 

5 1223 uninfected MVs CD4 14.5 5.13 
 

0.70 0.61 

5 1223 uninfected MVs WC1+ 53.3 12.8 
 

1.09 0.58 

5 1223 uninfected MVs WC1- 9.09 6.67 
 

1.03 1.59 

5 1223 uninfected MVs DN 
     

5 1225 infected un-stimulated total 
1033

8 
910 17800 

  
5 1225 infected un-stimulated CD4 10.8 1.9 

   
5 1225 infected un-stimulated WC1+ 62 19 
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5 1225 infected un-stimulated WC1- 11.3 6.96 
   

5 1225 infected un-stimulated DN 
     

5 1225 infected WCS total 
1069

6 
820 17800 1.03 0.90 

5 1225 infected WCS CD4 8.35 3.4 
 

0.77 1.79 

5 1225 infected WCS WC1+ 67.1 8.09 
 

1.08 0.43 

5 1225 infected WCS WC1- 10.1 5.96 
 

0.89 0.86 

5 1225 infected WCS DN 
     

5 1225 infected CF total 
1056

3 
967 17800 1.02 1.06 

5 1225 infected CF CD4 10.8 3.87 
 

1.00 2.04 

5 1225 infected CF WC1+ 59.5 13.5 
 

0.96 0.71 

5 1225 infected CF WC1- 11.6 9.03 
 

1.03 1.30 

5 1225 infected CF DN 
     

5 1225 infected MVs total 
1060

8 
857 17800 1.03 0.94 

5 1225 infected MVs CD4 9.15 4.18 
 

0.85 2.20 

5 1225 infected MVs WC1+ 65 7.95 
 

1.05 0.42 

5 1225 infected MVs WC1- 10.2 4.6 
 

0.90 0.66 

5 1225 infected MVs DN 
     

5 1226 infected un-stimulated total 8222 1109 14734   
5 1226 infected un-stimulated CD4 5.69 7.25 

   
5 1226 infected un-stimulated WC1+ 74.1 25.6 

   
5 1226 infected un-stimulated WC1- 8.75 6.76 

   
5 1226 infected un-stimulated DN 

     
5 1226 infected WCS total 8312 970 14734 1.01 0.87 

5 1226 infected WCS CD4 4.99 4.42 
 

0.88 0.61 

5 1226 infected WCS WC1+ 76 14.4 
 

1.03 0.56 

5 1226 infected WCS WC1- 7.67 7.73 
 

0.88 1.14 

5 1226 infected WCS DN 
     

5 1226 infected CF total 8196 1059 14734 1.00 0.95 

5 1226 infected CF CD4 5.87 4.59 
 

1.03 0.63 

5 1226 infected CF WC1+ 73.2 17.9 
 

0.99 0.70 

5 1226 infected CF WC1- 7.88 6.63 
 

0.90 0.98 

5 1226 infected CF DN 
     

5 1226 infected MVs total 8257 963 14734 1.00 0.87 

5 1226 infected MVs CD4 5.41 1.47 
 

0.95 0.20 

5 1226 infected MVs WC1+ 75.5 13.2 
 

1.02 0.52 

5 1226 infected MVs WC1- 7.66 1.96  0.88 0.29 

5 1226 infected MVs DN 
     

5 1227 infected un-stimulated total 7480 1257 13393 
  

5 1227 infected un-stimulated CD4 9.79 8.15 
   

5 1227 infected un-stimulated WC1+ 65.7 23.6 
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5 1227 infected un-stimulated WC1- 11.2 14.2 
   

5 1227 infected un-stimulated DN 
     

5 1227 infected WCS total 7634 977 13393 1.02 0.78 

5 1227 infected WCS CD4 9.26 9.09 
 

0.95 1.12 

5 1227 infected WCS WC1+ 68 15.3 
 

1.04 0.65 

5 1227 infected WCS WC1- 10.6 4.55 
 

0.95 0.32 

5 1227 infected WCS DN 
     

5 1227 infected CF total 7510 1040 13393 1.00 0.83 

5 1227 infected CF CD4 9.95 8.77 
 

1.02 1.08 

5 1227 infected CF WC1+ 64.7 15.2 
 

0.98 0.64 

5 1227 infected CF WC1- 11.1 8.77 
 

0.99 0.62 

5 1227 infected CF DN 
     

5 1227 infected MVs total 7560 879 13393 1.01 0.70 

5 1227 infected MVs CD4 7.82 5.43 
 

0.80 0.67 

5 1227 infected MVs WC1+ 67.7 10.5 
 

1.03 0.44 

5 1227 infected MVs WC1- 11.7 5.04 
 

1.04 0.35 

5 1227 infected MVs DN 
     

5 1229 uninfected un-stimulated total 9401 1325 17938 
  

5 1229 uninfected un-stimulated CD4 7.08 1.79 
   

5 1229 uninfected un-stimulated WC1+ 68.5 28.6 
   

5 1229 uninfected un-stimulated WC1- 11.9 12.5 
   

5 1229 uninfected un-stimulated DN 
     

5 1229 uninfected WCS total 9518 1243 17938 1.01 0.94 

5 1229 uninfected WCS CD4 6.93 3.96 
 

0.98 2.21 

5 1229 uninfected WCS WC1+ 67.4 24.8 
 

0.98 0.87 

5 1229 uninfected WCS WC1- 12 14.9 
 

1.01 1.19 

5 1229 uninfected WCS DN 
     

5 1229 uninfected CF total 9490 1380 17938 1.01 1.04 

5 1229 uninfected CF CD4 6.09 2.96 
 

0.86 1.65 

5 1229 uninfected CF WC1+ 65.9 28.4 
 

0.96 0.99 

5 1229 uninfected CF WC1- 12.6 11.8 
 

1.06 0.94 

5 1229 uninfected CF DN 
     

5 1229 uninfected MVs total 9451 1253 17938 1.01 0.95 

5 1229 uninfected MVs CD4 6.94 1.79 
 

0.98 1.00 

5 1229 uninfected MVs WC1+ 66.8 22.6 
 

0.98 0.79 

5 1229 uninfected MVs WC1- 12.8 11.3 
 

1.08 0.90 

5 1229 uninfected MVs DN 
     

7 1260 infected un-stimulated total 7236 1465 11839 
  

7 1260 infected un-stimulated CD4 21.8 28.2 
   

7 1260 infected un-stimulated WC1+ 49.9 40.8 
   

7 1260 infected un-stimulated WC1- 12 17.2 
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7 1260 infected un-stimulated DN 
     

7 1260 infected WCS total 7071 1389 11839 0.98 0.95 

7 1260 infected WCS CD4 18.1 15.1 
 

0.83 0.54 

7 1260 infected WCS WC1+ 54.2 42.2 
 

1.09 1.03 

7 1260 infected WCS WC1- 12.6 16.8 
 

1.05 0.98 

7 1260 infected WCS DN 
     

7 1260 infected CF total 7322 1567 11839 1.01 1.07 

7 1260 infected CF CD4 19.1 21.6 
 

0.88 0.77 

7 1260 infected CF WC1+ 53.8 42.6 
 

1.08 1.04 

7 1260 infected CF WC1- 12.1 14.2 
 

1.01 0.83 

7 1260 infected CF DN 
     

7 1260 infected MVs total 7328 1294 11839 1.01 0.88 

7 1260 infected MVs CD4 17.9 10.9  0.82 0.39 

7 1260 infected MVs WC1+ 53.8 37 
 

1.08 0.91 

7 1260 infected MVs WC1- 12.7 14.5 
 

1.06 0.84 

7 1260 infected MVs DN 
     

7 1261 infected un-stimulated total 
1080

9 
917 20074 

  
7 1261 infected un-stimulated CD4 7.94 2.03 

   
7 1261 infected un-stimulated WC1+ 59.7 12.2 

   
7 1261 infected un-stimulated WC1- 18.2 5.41 

   
7 1261 infected un-stimulated DN 

     
7 1261 infected WCS total 

1121
4 

922 20074 1.04 1.01 

7 1261 infected WCS CD4 6.83 0.62 
 

0.86 0.31 

7 1261 infected WCS WC1+ 61.5 10.6 
 

1.03 0.87 

7 1261 infected WCS WC1- 18.6 3.73 
 

1.02 0.69 

7 1261 infected WCS DN 
     

7 1261 infected CF total 
1094

6 
1004 20074 1.01 1.09 

7 1261 infected CF CD4 7.21 4.29 
 

0.91 2.11 

7 1261 infected CF WC1+ 58.7 13.8 
 

0.98 1.13 

7 1261 infected CF WC1- 19.9 6.67 
 

1.09 1.23 

7 1261 infected CF DN 
     

7 1261 infected MVs total 
1122

0 
868 20074 1.04 0.95 

7 1261 infected MVs CD4 6.52 2.56 
 

0.82 1.26 

7 1261 infected MVs WC1+ 61.2 4.1 
 

1.03 0.34 

7 1261 infected MVs WC1- 18.9 3.08 
 

1.04 0.57 

7 1261 infected MVs DN 
     

7 1262 infected un-stimulated total 8670 929 12254 
  

7 1262 infected un-stimulated CD4 13.7 3.42 
   

7 1262 infected un-stimulated WC1+ 53.7 17.1 
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7 1262 infected un-stimulated WC1- 13.8 5.98 
   

7 1262 infected un-stimulated DN 
     

7 1262 infected WCS total 8786 910 12254 1.01 0.98 

7 1262 infected WCS CD4 14.5 3.81 
 

1.06 1.11 

7 1262 infected WCS WC1+ 51.1 16.2 
 

0.95 0.95 

7 1262 infected WCS WC1- 13.8 9.52 
 

1.00 1.59 

7 1262 infected WCS DN 
     

7 1262 infected CF total 8478 910 12254 0.98 0.98 

7 1262 infected CF CD4 13.5 11 
 

0.99 3.22 

7 1262 infected CF WC1+ 52.5 23.1 
 

0.98 1.35 

7 1262 infected CF WC1- 14 6.59 
 

1.01 1.10 

7 1262 infected CF DN 
     

7 1262 infected MVs total 8718 911 12254 1.01 0.98 

7 1262 infected MVs CD4 11.1 2.63 
 

0.81 0.77 

7 1262 infected MVs WC1+ 58.5 15.8 
 

1.09 0.92 

7 1262 infected MVs WC1- 15.5 8.55 
 

1.12 1.43 

7 1262 infected MVs DN 
     

7 1264 infected un-stimulated total 9349 881 15133 
  

7 1264 infected un-stimulated CD4 15.1 4.91 
   

7 1264 infected un-stimulated WC1+ 54.5 22.3 
   

7 1264 infected un-stimulated DN 
     

7 1264 infected un-stimulated WC1- 16.8 8.48 
   

7 1264 infected WCS total 9539 978 15133 1.02 1.11 

7 1264 infected WCS CD4 13.6 5.15 
 

0.90 1.05 

7 1264 infected WCS WC1+ 58 16.9 
 

1.06 0.76 

7 1264 infected WCS WC1- 15.9 12.5 
 

0.95 1.47 

7 1264 infected WCS DN 
     

7 1264 infected CF total 9541 990 15133 1.02 1.12 

7 1264 infected CF CD4 12.9 9.91 
 

0.85 2.02 

7 1264 infected CF WC1+ 57.8 20.7 
 

1.06 0.93 

7 1264 infected CF WC1- 17.5 12.6 
 

1.04 1.49 

7 1264 infected CF DN 
     

7 1264 infected MVs total 9439 888 15133 1.01 1.01 

7 1264 infected MVs CD4 13.9 10.8 
 

0.92 2.20 

7 1264 infected MVs WC1+ 57.6 16.9 
 

1.06 0.76 

7 1264 infected MVs WC1- 16.5 5.38 
 

0.98 0.63 

7 1264 infected MVs DN 
     

7 1265 uninfected un-stimulated total 8074 868 12697 
  

7 1265 uninfected un-stimulated CD4 44.8 11 
   

7 1265 uninfected un-stimulated WC1+ 29.4 8.59 
   

7 1265 uninfected un-stimulated WC1- 6.88 3.44 
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7 1265 uninfected un-stimulated DN 
     

7 1265 uninfected WCS total 7887 270 12697 0.98 0.31 

7 1265 uninfected WCS CD4 45 2.16 
 

1.00 0.20 

7 1265 uninfected WCS WC1+ 29.2 1.31 
 

0.99 0.15 

7 1265 uninfected WCS WC1- 7.28 0.54 
 

1.06 0.16 

7 1265 uninfected WCS DN 
     

7 1265 uninfected CF total 7854 620 12697 0.97 0.71 

7 1265 uninfected CF CD4 44.4 7.98 
 

0.99 0.73 

7 1265 uninfected CF WC1+ 28.3 7.04 
 

0.96 0.82 

7 1265 uninfected CF WC1- 7.15 5.63 
 

1.04 1.64 

7 1265 uninfected CF DN 
     

7 1265 uninfected MVs total 7835 802 12697 0.97 0.92 

7 1265 uninfected MVs CD4 48 5.46 
 

1.07 0.50 

7 1265 uninfected MVs WC1+ 25.7 4.22 
 

0.87 0.49 

7 1265 uninfected MVs WC1- 6.56 1.49 
 

0.95 0.43 

7 1265 uninfected MVs DN 
     

7 1266 uninfected un-stimulated total 6928 1246 11441 
  

7 1266 uninfected un-stimulated CD4 11 22 
   

7 1266 uninfected un-stimulated WC1+ 57.7 30.1 
   

7 1266 uninfected un-stimulated WC1- 17.7 9.68 
   

7 1266 uninfected un-stimulated DN 
     

7 1266 uninfected WCS total 6923 1031 11441 1.00 0.83 

7 1266 uninfected WCS CD4 9.15 15.1 
 

0.83 0.69 

7 1266 uninfected WCS WC1+ 59.7 22.6 
 

1.03 0.75 

7 1266 uninfected WCS WC1- 18.1 16.4 
 

1.02 1.69 

7 1266 uninfected WCS DN 
     

7 1266 uninfected CF total 7089 1202 11441 1.02 0.96 

7 1266 uninfected CF CD4 9.38 17.6 
 

0.85 0.80 

7 1266 uninfected CF WC1+ 58.2 33.6 
 

1.01 1.12 

7 1266 uninfected CF WC1- 18.5 15.3 
 

1.05 1.58 

7 1266 uninfected CF DN 
     

7 1266 uninfected MVs total 7022 1127 11441 1.01 0.90 

7 1266 uninfected MVs CD4 9 12.4 
 

0.82 0.56 

7 1266 uninfected MVs WC1+ 57.3 18.8 
 

0.99 0.62 

7 1266 uninfected MVs WC1- 18.3 10.4 
 

1.03 1.07 

7 1266 uninfected MVs DN 
     

 


