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Abstract 

 
Investigating Responses of Bovine Gamma Delta T cell Subsets During 

Early MAP Infection 
 
 
 

Amanda Julia Mansz 
University of Guelph 2015 

Advisor: 
Dr. Brandon Plattner 

 
 

It has been suggested that gamma delta (γδ) T lymphocytes play a role in pathogenesis 

of mycobacterial infections. Unlike other species, ruminants, have many γδ T cells, making 

them an excellent model to study these cells.  Bovine γδ T cells are subdivided into two main 

subsets based on their expression of the surface molecule Workshop cluster 1 (WC1). WC1+ 

cells are located primarily in peripheral blood and because they are readily accessible, these are 

widely studied.  The WC1- subset is preferentially localized along mucosal surfaces, suggesting 

their involvement in innate immunity and surveillance. Data have recently shown differential 

recruitment of γδ T cell subsets to Mycobacterium avium subspecies paratuberculosis (MAP) 

infection sites of calves and differential responses of subsets to MAP antigens; however the 

mechanisms driving these phenomena remain unknown and unexplored. 

Our first objective was to compare responses of subsets of naïve γδ T cells to various 

mycobacterial antigens in vitro. We measured cell proliferation and interferon gamma (IFNγ) 

secretion to characterize responses of subsets. The second objective was to evaluate recruitment 

and activation of γδ T cell subsets into the ileal mucosa during early experimental enteric MAP 

infection in calves by fluorescence microscopy and quantitative reverse transcription 

polymerase chain reaction (RT-qPCR) for cytokine gene expression.  Our hypotheses were that 
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naïve WC1- γδ T cells have an enhanced response to stimulation compared to WC1+ γδ T cells 

in vitro, and that WC1- cells are recruited to intestinal MAP infection sites where they are 

activated for pro-inflammatory cytokine secretion.  

Our findings support the hypotheses with in vitro assays showing distinctly different 

proliferative and cytokine responses of WC1- γδ T cell and WC1+ γδ T cells in various culture 

conditions, and in vivo experiments demonstrating distinct patterns of γδ T cell recruitment and 

cytokine gene expression within the distal ileum of MAP-infected compared to uninfected 

calves. This research provides a platform for the beginnings of understanding the differences in 

the immunological roles of bovine γδ T cell subsets and their participation in host immunity 

during MAP infection.  
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Chapter 1: Literature Review 

1.1 Introduction 

Mycobacterium avium subspecies paratuberculosis (MAP) is the causative agent of 

Johne’s disease or paratuberculosis, a chronic and progressive fatal enteric disease of ruminants.  

Paratuberculosis affects cattle production worldwide and has also been reported in other 

domestic species including sheep, goats, deer, antelope and bison (Stabel, 2000a). Many 

challenges exist in the prevention and control of this infection, in part due to the lack of 

understanding of the host’s immune response during the multiple stages or phases of disease. 

Based on current understanding of the pathogenesis of MAP, there are three main phases of 

infection: early infection, subclinical infection and clinical disease. In early infection, 

mycobacteria gain access to host macrophages within the small intestinal lamina propria. 

During subclinical infection, MAP survives within proprial macrophages but the infection is 

largely undetectable. Though there may be elevated MAP-specific interferon gamma (IFNγ), 

there is lack of detectable MAP-specific antibodies (Schillinger et al., 2013), and low to 

undetectable numbers of bacteria shed in feces determined by PCR or culture. (Sohal et al., 

2008; Stabel & Whitlock, 2001). Since clinical signs are not observed until much later in the 

course of disease and because available diagnostic tools are largely incapable of detecting 

subclinical infections, the potential for perpetual herd transmission of MAP is significant during 

this phase (Sohal et al., 2008). Eventually, clinical disease ensues and the infection becomes 

apparent due to extreme wasting, rapid weight loss, chronic diarrhea, diffuse edema, decreased 

milk production, and infertility; there is no effective treatment and death or humane euthanasia 

is inevitable (Whitlock & Buergelt, 1996). The early and subclinical stages of MAP infection 

remain poorly understood and not well studied, and therefore further investigation of these 
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critical stages of this disease is warranted. Understanding the mechanisms by which some 

calves apparently are able to clear the bacteria, whereas others remain persistently infected will 

aid the development of strategies to control infection at an early stage. 

Johne’s disease was first described in 1895 by Johne and Frothingham, subsequent to 

their identification of acid-fast bacteria within the granulomatous lesions in the intestine of 

cows suffering from chronic diarrhea and wasting.  Fifteen years later, the organism was 

successfully cultured from the intestinal tissue of affected cattle and classified as a 

Mycobacterium (Stabel, 2000a; Wang et al., 2001). Now known as MAP, the bacterium is an 

obligate intracellular pathogen that resides almost exclusively within macrophages. Initial 

infection of calves can occur in utero, or more commonly occurs via the fecal-oral route as 

neonates ingest MAP-contaminated fecal matter, milk or colostrum (Sweeney, 2011). The 

bacilli most likely enter the intestine through M cells that overlay the Peyer’s patches of the 

ileum (Figure 1) (Momotani et al., 1988), where the bacteria are subsequently phagocytosed by 

macrophages or dendritic cells of the small intestinal lamina propria (Stabel, 2007).  

Customarily, macrophages are able to successfully kill engulfed bacteria and effectively clear 

infection through lysosomal fusion and subsequent digestion of the invading pathogen; however 

MAP prevents adequate macrophage activation and obstructs phagosome acidification and 

maturation, (Armstrong & Hart, 1971; Jordao et al., 2008). An initial Th1 host immune 

response has been observed, and is characterized by production of IFNγ by T cells (Stabel, 

2007). It is believed that this early cell-mediated immune response mediated by IFNγ-secreting 

cells is essential for the killing of the bacteria by macrophages enabling some calves to clear the 

infection (Coussens, 2001). The role of CD4+ T helper cells in modulation of macrophage 

killing is well described for many intracellular pathogens; however during early MAP infection 
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when CD4+T cells probably play a smaller role, there is likely a significant contribution of 

IFNγ production by other cell types including NK and γδ T cells (Vesosky et al., 2004); 

however this remains incompletely characterized. When initial clearance of the pathogen is 

unsuccessful, calves enter the subclinical infection phase, which may last several months to 

years. As previously mentioned, episodic fecal bacterial shedding may occur during this phase 

and perpetuates the continuous spread of MAP infection to susceptible cattle may occur.  

Though the mechanisms remain unknown, a shift of the dominant host immune profile from a 

Th1 cell-mediated response to a Th2 antibody-dominated response occurs (Stabel, 2000a). This 

shift has been demonstrated in experimentally MAP-infected sheep and cattle, but the timing of 

the shift is variable and unpredictable on an individual animal basis (Collins et al., 2005; Thorel 

et al., 1992). The Th1 response seems to be essential for limiting progression of MAP infection 

(likely via perpetual activation of infected macrophages); however the shift to a Th2 response is 

highly correlated with progression from subclinical to clinical disease, largely because the 

antibodies against MAP are un-protective. The classic granulomatous protein-losing and 

malabsorptive enteritis of clinical MAP infection inevitably leads to severe diarrhea, wasting 

and death (Stabel, 2000a).  

The current knowledge of the features of the host immunologic response during MAP 

infection will be further discussed throughout this literature review. Because it represents a 

significant remaining knowledge gap regarding the pathogenesis of early MAP infection, the 

focus of this work is in the role of γδ T cells. Specifically this work sets out with the goal of 

understanding which mycobacterial ligands may contribute to initiation of immune responses, 

and the contributions of γδ T cell subsets to initial host immunity against MAP at the mucosal 

surfaces within the gut. 
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1.2 Rationale and Objectives  

This research aims to examine the early immunological reactions of calves to infection 

with MAP with specific focus on the role of WC1+ and WC1- subsets of bovine γδ T cells.  

The first objective of this study was to identify and characterize differences in in vitro 

proliferative response and IFNγ production between γδ T cell subsets from naïve calves by 

exposing them to a variety of mycobacterial ligands. WC1+ and WC1- bovine γδ T cells were 

isolated, cultured, and then stimulated with various protein and non-protein mycobacterial 

antigens; proliferation and IFNγ cytokine production/secretion were measured.  Our hypothesis 

was that WC1- γδ T cells respond more robustly to MAP antigens compared to autologous 

WC1+ γδ T cells from naïve calves, which may support the hypothesis that γδ T cell subsets are 

differentially recruited and activated for pro-inflammatory cytokine secretion during early MAP 

infection in calves. 

The second objective of this research was to identify γδ T cell subset distribution and 

reaction during early intestinal infection with MAP in vivo.  Animals were infected with MAP 

using a direct surgical infection technique, and immunofluorescence microscopy was used to 

visualize subsets of γδ T cell for quantification and distribution within the infected intestinal 

tissues.  Further, RT-qPCR was employed to compare cytokine gene expression in the MAP 

infected and uninfected intestinal tissue. Our hypothesis was that γδ T cells are recruited into 

the intestine following experimental MAP infection; specifically we hypothesized that the WC1- 

γδ T cell subset is preferentially activated for pro-inflammatory immune profile during early 

MAP intestinal infection.  

A greater understanding of the host immune response to MAP infection is pivotal to 

identifying strategies for control of spread, developing improved diagnostic tests, therapeutic 
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agents, and more effective vaccines. Our aim is to contribute to this understanding by focused 

investigation of bovine γδ T cell subsets and their involvement in the development of Johne’s 

disease.  

1.3 Gamma Delta (γδ) T Cells 

There are four known receptor chains from which the T cell receptor (TCR) is formed; 

the alpha (α) chain, beta (β) chain, gamma (γ) chain and delta (δ) chain. In general, there is a 

much more thorough understanding of the structure and function of the classic alpha beta (αβ) T 

cell, making the γδ T cell the centre of a great deal of current research focused around the innate 

and adaptive immune systems in a variety of species.  The γδ T cell was discovered in 1984 as a 

receptor type unlike the recognizable αβ receptor (Saito et al., 1984). In 1986 the unique γδ T 

cell was described in humans (Bottino, 1988), and 3 years later in cattle (Mackay, 1988), 

(Mackay & Beya, 1989). Research has shown that there are significant differences in the 

phenotype, distribution, quantity and function of subsets of γδ T cells between and within 

species (Mackay & Hein, 1989); however many details remain unknown. 

1.31 Development and phenotype 

αβ and γδ T cells arise from a common progenitor cell. In contrast to the αβ T cell, 

phenotypic variation during maturation seems to be less complicated for the γδ T cell. In 

general, γδ T cells do not require the thymus for differentiation, and are able to bypass the 

positive and negative selection processes (Murphy, 2012). Using the mouse as a model, γδ T 

cells develop in waves in fetal tissues and each wave populates a specific anatomical site: the 

first wave populates the epidermis, the second wave the reproductive tract, and the 

gastrointestinal tract (Murphy, 2012). Curiously, even with the large number of theoretically 

possible rearrangements of receptor genes, the waves produce essentially invariant receptors 
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with each population having the same V gamma (γ) and V delta (δ) regions (Murphy, 2012). 

Each wave does however use different V, D, J gene segments (Murphy, 2012), yet the reason 

for selection of a specific gene segment remains unknown.  Following the initial production 

waves of γδ T cells, the recombination of αβ T cells predominates. γδ T cells produced after this 

point transition towards the formation of a much more diverse γδ receptor, using several 

different V segments.  In mice, these later developed T cells migrate towards peripheral 

lymphoid tissues rather than epithelial surfaces (Murphy, 2012). This variation in production of 

T cells suggests that while αβ T cells dispersed to various sites within the body generally have 

heterogeneous populations, whereas γδ T cells segregate by phenotype to more tissue specific 

sites.   

Most peripheral γδ T cells are categorized as DN (double negative) for CD4 and CD8 

receptors, however, small numbers of CD4+ γδ T cells are thought to be conserved across many 

species (Lefrancois, 1991). CD8+ γδ T cells also exist, and these cells express the CD8 αα 

homodimer receptor, in contrast to the conventional CD8 αβ heterodimer of conventional CD8 

αβ T cells (Lefrancois, 1991).  Since CD4 and CD8 receptors are a main component of MHC 

recognition for specific antigen identification, and the majority of γδ T cells do not express 

these receptors, it is not surprising that the majority of γδ T cells are not functionally limited by 

MHC restriction and in fact, most γδ T cells do not require antigen presentation for activation. 

The CD28 receptor is the ligand for B7 (CD80/86), and is the primary co-stimulatory 

signal necessary for activation of αβ T cells. The CD28 receptor is only occasionally expressed 

on γδ T cells. This receptor has been shown to act as a regulator for the response of mouse γδ T 

cells to TCR cross-linking, as well as with human γδ T cells to allogeneic dendritic cells 

(Sperling et al., 1993; Takamizawa et al., 1995). However, as previously mentioned, expression 
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of this receptor is not a characteristic shared by all γδ T cells, and so the reason for expression 

or its functional role for γδ T cells remains unclear.  

To further obscure the understanding of the γδ T cells across varying species, Vγ genes 

are commonly divergent. Both interspecies and intra-species divergence are markedly high 

(Hayday, 2000) making comparison of γδ T cells between, and even within the same species, 

very complex.  As well, there is no definite species-wide γδ T cell specific surface marker, other 

than the γδ TCR itself (Hayday, 2000), and wide variations in surface markers likely contribute 

to variations in function and distribution of a variety of γδ T cells between and within species.  

Due to the wide range of functions of γδ T cells, including the ability to produce a great variety 

of cytokines, powerful cytotoxic abilities, regulation of αβ T cell responses and even 

professional antigen presentation capabilities, it has been suggested that there is potentially a 

plasticity to the γδ T subsets (Kabelitz & He, 2012). This flexibility between subsets may 

enable variability of function within one cell, rather than specific subsets having specific 

immutable roles (Kabelitz & He, 2012). However, unequivocal evidence of this hypothesis 

remains to be proven. 

1.32 The human versus bovine γδ T cell 

As stated earlier, there is no current γδ T cell marker commonly detectable across 

species. Humans are known to have at least two γδ subsets; Vdelta 1+ (Vδ1+), which are 

primarily located in peripheral tissues and mucosal surfaces, and Vdelta 2 +  (Vδ2+), which are 

mainly found in blood circulation (Bottino, 1988; Brenner et al., 1986; Welsh et al., 2002).  The 

γδ TCR of cattle has also been cloned and characterized, but how gene segment rearrangement 

relates to tissue distribution or functionality in cattle remains unclear. In contrast to the Vδ 

human subsets, the surface receptor molecule workshop cluster 1 (WC1) is most commonly 
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used to distinguish γδ T cell subsets of cattle, and has only been identified in ruminants 

(Wijngaard et al., 1992) and pigs (Carr et al., 1994) .  Similar to the human Vδ1+, the WC1-

CD2+CD3+ (WC1-) subset is located primarily within splenic red pulp and mucosal epithelium, 

whereas the WC1+CD2−CD3+ (WC1+) subset is predominantly in peripheral blood (MacHugh 

et al., 1997), a distribution pattern similar to human Vδ2+ cells. Multiple differences between 

the two major bovine γδ T cell subsets will be discussed in the following review: differential 

recruitment during early infection, production of IFNγ, recognition of novel or previously 

encountered antigen, and distinct roles influencing inflammatory lesion phenotype (organized 

versus disorganized granulomas). 

1.33 Anatomic distribution and quantity 

Unlike αβ T cells, γδ T cells make up a minimal proportion of the T cell population 

within lymphoid tissues. However, depending on the species, γδ T cells can make up a 

significant fraction and often a majority of the T cells found at mucosal surfaces and within 

peripheral blood. The general distribution of γδ T cells at mucosal surfaces with only small 

numbers in primary lymphoid tissues, provides further evidence that these unique T cells are 

arranged in the ideal location to function as fast acting primary surveillance cells.  

In adult humans and mature mice, γδ T cells represent only approximately 1 – 10% of 

circulating T lymphocytes within blood (Kabelitz et al., 1990), whereas in adult ruminants the 

ratio is increased to 10 - 25%, and up to 70% in young calves (Hein, 1991; Wijngaard et al., 

1992). The human circulating Vδ2+ population has been shown to significantly expand with 

infectious challenges including mycobacterial infection (Kabelitz et al., 1990; Panchamoorthy 

et al., 1991; Pfeffer et al., 1990; Tanaka et al., 1995); however expansion of the Vδ1+ mucosal 

population in humans is yet to be fully explored.  
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In contrast to blood, high proportions of γδ T cells are distributed within various 

mucosal surfaces, an apparently ideal location for antigen sampling and immunological 

surveillance. In humans, the proportion of γδ T cells to αβ T cells functioning as intra-epithelial 

lymphocytes within the gastrointestinal tissue is 1:5, far greater than the conventional 1:50 

within lymph nodes (Goodman & Lefrançois, 1988). In ruminants, the intestinal epithelium and 

lamina propria are populated with large numbers of γδ T cells (Mackay & Beya, 1989), yet the 

changes in proliferation and distribution of the bovine WC1+ and WC1- subsets within bovine 

intestinal tract during mycobacterial infection have not been studied. Characterization of the 

reaction patterns of both subsets may help to further understand the differences in function 

between tissue based and circulating γδ T cell subsets.   

1.4 Antigen Recognition 

Research has repeatedly shown that there are vast differences in γδ T cell antigen 

recognition compared to classic αβ T cells. As previously mentioned, a large proportion of γδ T 

cells are not defined by CD4 or CD8 surface receptors, and this phenotypic structure supports 

the fact that most γδ T cells are not restricted to presentation of antigen by MHC class I or 

MHC class II receptors, and implies that γδ T cells may respond to a range of antigens. 

Furthermore, differences in the complementary determining region 3 (CDR3) length of the TCR 

will result in variations in antigen recognition and this region is quite different between αβ and 

γδ T cells. The distribution of the α and β TCR chains are highly constrained, the CDR3 region 

is relatively conserved, likely due to the need for allowing binding and recognition of antigen 

peptides presented by MHC (Chien & Bonneville, 2006).  In contrast, in mice and humans, it is 

know that the γ chain CDR3 region loops are short with a narrow length distribution and the δ 

chain CDR3 regions are long with a broad length distribution (Chien & Bonneville, 2006). It is 
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the δ chain of the γδ T cell that is greatly variable in length, and often thought of as more 

comparable to the heavy chain of an antibody than a conventional TCR (Rock et al., 1994).  The 

differences in the CDR3 region between the γδ TCR and αβ TCR suggest that TCR binding and 

antigen recognition is dissimilar between the two types of T cells. Additionally, without MHC 

restriction, γδ T cell receptors are able to bind intact proteins or even non-protein antigen more 

similarly to antibody binding than that of αβ T cell receptor binding.  

In fact, in humans antigen processing and presentation is not required for recognition by 

many γδ T cells (Sciammas et al., 1994), and there is evidence for recognition of non-protein 

antigen by γδ T cell receptors (Tanaka et al., 1995; 1994).  

1.41 Ligands 

The specific ligands recognized by γδ T cells in various species have yet to be 

discovered, however, broad categories of antigen phenotype have been extensively researched.  

The demonstration of the reactivity and proliferation of circulating human Vγ9/Vδ2 γδ T 

cells in response to encounters with various microbial and endogenous metabolites indicates 

that most of these γδ T cells react to common environmental antigens and show the same 

antigen specificity (Caccamo et al., 2005; Salerno & Dieli, 1998)).  Unlike αβ T cells that 

initially have very few specific responders during initial infection, it seems γδ T cells are 

abundant, and it is the Vγ9/Vδ2 γδ T cells which have a distinctive ability to acquire memory 

and differentiation following exposure to antigen (Salerno et al., 1998). The mechanisms by 

which γδ T cells recognize these general antigens is not known.  

Interestingly, the human Vδ1+ γδ T cell is primarily located in tissue, such as intestine 

and spleen, similar to bovine WC1- γδ T cells.  This Vδ1+ subclass of γδ T cell has been shown 

to elicit a response to professional antigen presenting cells (APCs) even without the presence of 
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antigen.  Spada et al., for example, were able to demonstrate the recognition of the CD1c 

molecule, which is expressed exclusively on APCs for the presentation of lipids and glycolipids, 

by the Vδ1+ γδ T cells leading to inflammatory cytokine production, cytotoxic killing of APCs 

and antimicrobial peptide production even without the presence of foreign antigen (Spada et al., 

2000).   This evidence supports the hypothesis that one of the roles of the γδ T cell is rapid 

action as a first line of defense mechanism.  Furthermore, Vδ1+ γδ T cells recognize MHC-

encoded proteins that are markers of stressed cells mainly located in the intestine once again 

supporting the idea of an innate role of the γδ T cell (Groh et al., 1998). 

1.42 Mycobacterial ligands 

γδ T cells have been shown to recognize protein (Born et al., 1990; Haregewoin et al., 

1989) and non-protein ligands, as demonstrated by recognition of mycobacterial non-peptidic 

phosphorylated molecules by human γδ T cells (Caccamo et al., 2005; Morita et al., 1995).  

Human peripheral blood Vγ2/Vδ2 γδ T cell subsets have also been shown to recognize various 

non-peptide antigens such as isopentenyl pyrophosphate and associated prenyl pyrophosphate 

molecules (Tanaka et al., 1994; 1995) as well as alkylamine antigens (Bukowski et al., 1999). 

Various phosphate and alkylamine antigens are common metabolic byproducts of a range of 

microbes, and can also be considered self-antigens (ie. danger associated molecular patterns; 

DAMPs) as they are typically produced in response to tissue/cell stress. As previously 

mentioned, in contrast to circulating γδ T cell subsets, there is thought to be a relative 

invariability between γδ T cells located at different mucosal surfaces, and this lack of diversity 

of mucosal γδ T cells fits well with the suggestion that these γδ T cells function primarily as the 

primary responders to common danger signals released by the body in times of stress. Similar to 

DAMPs, direct response of γδ T cells to pathogen-associated molecular patterns (PAMPs), such 
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as lipopolysaccharide (LPS), has been repeatedly demonstrated (Reardon et al., 1995; Skeen & 

Ziegler, 1993; Tsuji et al., 1996). Hedges et al. showed a direct response of cultured human and 

bovine peripheral blood γδ T cells to PAMPs, specifically LPS, without the aid of antigen 

presenting cells, (Hedges, 2003).  These researchers utilized freshly purified bovine γδ T cells 

subsequently exposed to PAMPs to measure the expression of γδ T cell PAMP receptors 

through mRNA expression (Hedges, 2003). This study was able to successfully identify a 

variety of PAMP receptors that may function in innate immunity (Hedges, 2003).  

The evidence of the importance of γδ T cells contribution to the granulomatous reactions 

of various mycobacterial agents within various species is growing. Using a mouse model, 

Modlin et al. demonstrated a five to eight-fold increase of γδ T cells within the granulomatous 

lesions of leprosy, in comparison to the low numbers usually found in blood, lymphoid tissues 

and skin, and that the lymphocytes bearing a γδ receptor proliferate following stimulation with 

mycobacterial antigens in vitro (Modlin et al., 1989).  The role of bovine γδ T cells in 

mycobacterial infections is less well-studied and future explorations may help to understand the 

reasons for failure to clear infection or progression of mycobacterial infection.  Due to the ease 

of accessibility of the bovine WC1+ subset from peripheral blood, the vast majority of 

experiments have focused on WC1+ γδ T lymphocytes rather than mucosal WC1- γδ T cells. 

Proliferation of bovine γδ T cells isolated from blood of healthy cattle has been shown to 

increase with exposure to live mycobacteria (M. bovis and MAP), mycobacteria crude cell wall 

extract (M. tuberculosis) and culture filtrate proteins (M. bovis) (Vesosky et al., 2004). To 

classify antigenic specificity and demonstrate the differences in reactions of WC1+ γδ T cells 

and CD4+ αβ T cells to M. bovis-derived protein and non-protein antigens, Welsh et al. exposed 

the two sets of T cells from M. bovis infected calves to M. bovis sonic extract (MBSE) with the 
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addition of interleukin 2 (IL-2) in vitro before and after enzymatic digestion of the protein 

components of the MBSE. It was observed that both T lymphocyte subsets proliferated strongly 

after exposure to MBSE.  αβ T cells lost their proliferative capacity when protein was removed 

from the MBSE preparation while γδ T cells retained the capability to proliferate even when 

protein was removed from the MBSE preparation (Welsh et al., 2002).  To further classify the 

antigen specificity, purified recombinant mycobacterial proteins and two non-protein 

pyrophosphate antigens, isopentenyl pyrophosphate and monomethyl phosphate, were added to 

a purified WC1+ cell culture. The early secretory antigenic target protein (ESAT)-6 (a secretory 

protein and potent T cell antigen and secretory antigenic target of M. tuberculosis) was found to 

induce the most significant proliferation of WC1+ cells of all proteins tested (Welsh et al., 

2002). These authors suggested this may have beneficial implications for diagnostic and vaccine 

development against tuberculosis (Welsh et al., 2002). Recently, McGill et al. have 

demonstrated the proliferation and production of IFNγ by WC1+ γδ T cells from M. bovis 

infected cattle in response to non-protein mycobacterial antigens lipoarabinomannan (LAM) 

and mycolylarabinogalactan peptidoglycan (McGill et al., 2014). To our knowledge, exposure 

of naïve WC1+ or WC1- γδ T cells to LAM or mannosylated LAM as stimulatory antigens has 

not yet been reported. With the ability of γδ T cells to respond glycolipid antigen, and LAM/ 

mannosylated LAM as known major virulence factors of mycobacteria, further investigation of 

naïve γδ T cells subsets with exposed to LAM and mannosylated LAM is certainly warranted. 

1.5 Cytokines Involved with γδ T Cell Function 

The various outcomes of the body’s response to a pathogen are dependent on the 

quantity, type, combination, and timing of specific cytokine release from various inflammatory 

cells. γδ T cells can produce a variable array of cytokines and antimicrobial peptides to enhance 
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inflammation (Agerberth et al., 2000), which are helpful to the host for the creation of an initial 

barrier against pathogens.  Not only do γδ T cells aid in the generation of cytokines by 

generating a pro-inflammatory response profile with appropriate stimulation, they also have 

enhanced and variable responses to specific pro-inflammatory cytokine, such as IL-2 secreted 

by other inflammatory cells.   

1.51 Interleukin 2 (IL-2) 

An important contributor to the proliferation and activation of γδ T cells is IL-2.  IL-2 is 

a known T cell growth factor, which results in differentiation to effector T cells and 

proliferation of classic αβ T cells.  The differentiation occurs when αβ T cells encounter a 

specific antigen along with a secondary co-signal from an APC, which leads to the production 

and secretion of IL-2.  IL-2 binds to naïve T cells inducing differentiation, proliferation and an 

amplified immune response.  In contrast to αβ T cells, human γδ T cells produce minimal IL-2 

upon antigenic stimulation, and therefore depend on their αβ CD4+ T cell counterparts to 

provide adequate quantities of IL-2 for proliferation and activation (Elloso et al., 1996).  As 

with humans, bovine γδ T cells also require additional IL-2 for proliferation (Collins et al., 

1996).  Collins et al. demonstrated this by showing that purified WC1+ γδ T cells exposed to 

Theileria annulata infected monocytes require the addition of exogenous IL-2 to induce a 

proliferative response (Collins et al., 1996). Furthermore, the addition of IL-2 in the absence of 

antigen only resulted in minimal proliferation emphasizing the importance of antigenic 

stimulation in conjunction with the IL-2 binding (Collins et al., 1996). Interestingly, attempts to 

stimulate both αβ and WC1+ γδ T cells from M. bovis-infected cattle has shown relatively little 

proliferative response of αβ T cells in comparison to an enhanced γδ T cell proliferative 

response when exposed in vitro to M. bovis derived antigens (Smyth et al., 2001).  These data 
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suggest that one important role of αβ T cells during initial infection may be to provide the IL-2 

necessary for γδ T cell activation and proliferation.  

1.52 Interferon gamma (IFNγ) 

Interferon gamma (IFNγ) is a cytokine critical to the defense against intracellular 

pathogens, including mycobacterial infections. Due to the role of IFNγ in macrophage-mediated 

killing and control/elimination of intracellular pathogens, γδ T cell subsets ability to secrete this 

cytokine has been extensively researched in several species. Cultured human Vδ2+ γδ T cells 

exposed to the live bacterial product, iso-butylamine (IBA) produce IFNγ and TNFα in as little 

as two hours post exposure in a dose and time dependent manner; these data emphasize the 

rapid responsiveness of γδ T cells as a first line of defense (Wang et al., 2001). 

Human γδ T cells exposed to a non-protein isopentenyl pyrophosphate antigen also 

produce IFNγ and proliferate in vitro (García et al., 1997).  Compared to other γδ T cell subsets, 

human peripheral blood Vδ2 cells respond more robustly to inflammatory cytokines such as 

chemokine receptor ligands CCR1, CCR2, CCR3, CXCR6 and IL-12, with an increased 

capacity to generate inflammatory mediators including IFNγ, various tumour necrosis factors, 

colony stimulating factors (GM-CSF, M-CSF) and IL-3, IL-17, IL-21, and IL-24 (Kress et al., 

2006). However, studies examining secretion of cytokines by bovine γδ T cells is limited. 

Interestingly, Esin et al. showed that different forms of M. tuberculosis and M. avium antigens, 

including live bacilli, killed bacilli, and soluble mycobacterial antigens, resulted in variations in 

IFNγ production and proliferative responses by γδ T cells from M. tuberculosis-infected human 

patients (Esin et al., 1996). Smith et al. utilized a fetal bovine-severe combined 

immunodeficient (SCID-bo) xenochimeric mouse model to investigate the production of IFNγ 

by WC1+ cells when exposed to M. bovis, and concluded there was no significant IFNγ 



16	  
	  

production, yet WC1+ cells seemed to be involved in recruitment of cells to infection sites 

(Smith et al., 1999).  As previously mentioned, Smyth et al. showed that M. bovis antigen was 

found to induce strong cellular proliferation, and continued to show a relatively small IFNγ 

release by purified WC1+ T cells (Smyth et al., 2001). In contrast, Vesosky et al. have provided 

evidence that purified bovine WC1+ cells consistently produced significant quantities of IFNγ 

when exposed to antigen from mycobacterial cell wall and exogenous IL-2 (Vesosky et al., 

2004). However, with the Vesosky et al. study, the research was conducted with 6 month to 2 

year old cattle who were not necessarily naïve to mycobacteria, and based on the proposed role 

of WC1+ cells in immune system memory, this may be the primary reason for the differential 

responses observed in these apparently divergent studies.   

Not only is further research necessary to categorize specific cytokine production of 

human Vδ2+ and bovine WC1+ γδ subsets, there has been even less investigation into the tissue 

based Vδ1+ cells in humans and WC1- cells of cattle. Recently however, WC1- cells were 

shown to express the natural cytotoxicity receptor CD335 (Nkp46) while producing IFNγ in 

vitro (Johnson et al., 2008). The predominantly mucosal location of the WC1- γδ T cell is once 

again, apparently an ideal location for these primary defense mechanisms, and so continued 

studies focusing on initial infection and reactions of the WC1- γδ T cell at the mucosal level 

will benefit the understanding of important host immune mechanisms during MAP infections. 

1.53 Th1/Th2 and IL-10 

Various types and quantities of cytokines present at a site of inflammation are critical to 

the development of an appropriate immune response. In general, the Th1 response is mediated 

by Th1 lymphocytes, which are capable of driving a pro-inflammatory or cell-mediated immune 

reaction by inducing macrophage activation and killing of intracellular pathogens mediated by 
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IFNγ, IL-2 and IgG2 (Gor et al., 2003). Th2 lymphocytes stimulate secretion of IgG1 and IgE 

leading to a predominance of immediate hypersensitivity reaction, or a humoral-predominant 

immunity focused more on the attack of extracellular pathogens through the production of IL-4, 

IL-5 and IL-10 (Gor et al., 2003). Therefore, variation in production of specific cytokines leads 

to the categorization of αβ T cells to Th1 or Th2, and interestingly γδ T cells as well (Ferrick et 

al., 1995; Weintraub et al., 1994; Wen et al., 1998).  Despite the fact that the majority of γδ T 

cells are not MHC restricted due to the lack of expression of CD4 or CD8 receptors, Wen et al. 

have reported murine γδ T cell clones conforming to the Th1/Th2 classification by differential 

cytokine expression and functional activities of the clones in vitro and in vivo (Wen et al., 1998).  

Ferrick et al. also found that when classifying the intracellular expression of cytokines of 

activated murine γδ T cells, Th1 and Th2 cytokine patterns mimic the prevailing Th1 or Th2 αβ 

T cell response (Ferrick et al., 1995). Since γδ T cells are commonly thought of as first 

responders, the cytokines released by these cells may actually drive the inflammatory reaction 

to a predominant Th1 or Th2 immune response. Interestingly, it has been proposed that with 

MAP infection a transition from a cell-mediated Th1 immune response to the ineffective 

antibody predominant Th2 response is the reason for the development of the extensive and 

poorly organized progressive intestinal granulomatous inflammation and transition into the 

clinical stages and eventual death of the host during Johne’s disease (Stabel, 2000b). Therefore, 

the continued understanding of initial host immunity as well as potential triggers for the 

transition from Th1 to Th2 responses will shed some light onto the reasons for the eventual 

transition to clinical illness. 

1.54 Th17 and IL-17 

Th17 responses are proposed to play a critical role in inflammation primarily through 
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the recruitment of neutrophils. The Th17 response is defined by the production of IL-17, and 

has recently become the focus of many studies involving the γδ T cell response to inflammation. 

Upregulation of IL-6 and IL-8 by γδ T cells has been suggested as an initiation mechanism of 

the Th17 response and resultant rapid recruitment of neutrophils to sites of bacterial infection 

(Cua et al., 2010).   Lockhart et al. have demonstrated the production of IL-17 by naïve murine 

γδ T cells and those mice infected with M. tuberculosis by stimulation of γδ T cells with IL-23 

(Lockhart et al., 2006). Furthermore, mice infected with tuberculosis have increased IL-17 

production by γδ T cells rather than CD4+ T cells production (Lockhart et al., 2006; Umemura 

et al., 2007).  Sutton et al. continued to show that γδ T cells possess an IL-23 receptor, as well 

as transcription factors such as RAR-related orphan receptor gamma and the ability to produce 

cytokines IL-17, IL-21 and IL-22 (Sutton et al., 2009), which are all involved in the 

enhancement of a Th17 response and can even be activated independent of ligand recognition 

by T cell receptors. A recent study by Gopal et al. suggests early IL-23 receptor-dependent IL-

17 production is necessary for driving Th1 response and an enhanced IFNγ production 

following M. bovis BCG vaccination (Gopal et al., 2012). To further demonstrate the possibility 

of importance of γδ T cells participation in the Th17 response, Yoshida et al. showed that IL-

17A produced by γδ T cells plays a central role in the formation of mature granuloma formation 

and prevention of M. tuberculosis infection in mice (Okamoto Yoshida et al., 2010). The role of 

an enhanced Th17 response and γδ T cell production of IL-17 in bovine mycobacterial infection 

has yet to be studied and may prove important as a barrier to initial infection and appropriate 

granuloma formation. 

1.6 Granulomatous Inflammation 

The development of granulomatous inflammation in response to mycobacterial 
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pathogens is typically associated with a predominant cell-mediated Th1 immune response 

resulting in the eventual containment of the bacterium. γδ T cells are observed within 

mycobacterial granulomatous lesions of humans and cattle (Dieli et al., 2004; Modlin et al., 

1989; Wilson et al., 1996) and within draining lymph nodes associated with mycobacterial 

infections of cattle (Liebana et al., 2007; Palmer et al., 2007; Wen et al., 1994), yet the role 

these cells play and the contributions of specific subset is uncertain. Furthermore, γδ T cell 

receptor depleted mice show a decrease in granuloma formation during mycobacterial infection 

(Tsuji et al., 1996), which additionally emphasizes the likely important contribution of these 

cells in granuloma formation. Not only is the formation of granulomatous lesions an important 

host mechanism to attempt confinement of the pathogen, increased levels of organization within 

granulomas correlates with longer host survival (Emile et al., 1997; Lammas et al., 2002; 

Saunders & Britton, 2007). But the question remains as to what factors lead to successful or 

failed organization of granulomatous sites of infection. Using an in vivo bovine subcutaneous 

model, Plattner et al. demonstrated that highly organized granulomas contained significantly 

more WC1+ γδ T cells during early infection stages and greater numbers of WC1- γδ T cells in 

the later stages, and a reverse pattern of recruitment of subsets associated within granulomas 

which failed to progress to an organized state (Plattner et al., 2009).The experiment also 

demonstrated that WC1- γδ T cells were transitorily and preferentially recruited to early 

mycobacterial infection sites in naïve calves but not vaccinated calves (Plattner et al., 

2009).This finding suggested that WC1- γδ T cells seemed to have a superior capability to 

respond innately to live mycobacteria and WC1+ cells were better recruited after antigenic 

priming making WC1+ cells superior early effector or memory cells during the immune 

response (Plattner et al., 2009). IFNγ and IL-17 are thought to be prominent cytokines involved 
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in granuloma formation (Okamoto Yoshida et al., 2010), both of which are proposed to be 

secreted by γδ T cells in early infection during the active Th1 response. Further investigation 

into the in vivo responses of these bovine γδ T subsets within the intestinal tissue after infection 

may prove beneficial in the understanding of the specific roles of these poorly understood, yet 

seemingly important γδ T cell subsets. 

1.7 Summary 

A number of studies have examined phenotype, location, function and ligands of bovine, 

human and murine γδ T cells, however significant knowledge gaps remain; this is particularly 

relevant in ruminants, because the large numbers of these cells suggests their considerable 

importance. Furthermore, emerging evidence suggests a significant contribution by γδ T cells to 

the immunological response during mycobacterial infections. Identification of differences 

between γδ subset responses, specification of ligands involved in the γδ T cell responses, and 

insight into modifications in γδ subset distribution and reaction subsequent to infection with 

MAP is likely to elucidate the pathogenesis of this costly disease, but also may aid development 

of improved testing methods, but also possible novel therapeutic strategies against Johne’s 

disease.  
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Table 1. Comparison of αβ T cell versus γδ T cell characteristics 

Characteristic αβ T cell γδ T cell 

Antigen-receptor 
configuration 

CD3 complex αβ TCR CD3 complex γδ TCR 

Antigen recognition Peptide and MHC Protein and non-proteins 

MHC restriction Yes Rarely 

Phenotype CD4+ or CD8+ Most CD4-CD8- 

Distribution Mainly blood; lymphoid 
tissues 

Mainly epithelial/mucosal and 
lymphoid tissue (spleen); 
fewer in blood 

Effector ability CTLs (CD8+) 
Cytokine Release (Th1/Th2) 

CTLs 
Cytokine release (Th1>Th2) 

 
TCR = T cell receptor. CTL = cytotoxic T lymphocytes. Th = T helper. 
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Figure 1. Anatomy of the small intestine  

SED = subepithelial dome. TDA = thymus-dependent area. (Mowat, 2003) 
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Chapter 2: Distinct Responses of Naïve Bovine γδ T Cell Subsets to 

Antigen Stimulation  

2.1 Abstract 

The γδ T cells of many species including cattle are not MHC-restricted, and have been 

shown to respond to a wide range of protein and non-protein antigens. Although much research 

has focused on γδ T cell responses to mycobacterial and other antigens in a variety of disease 

contexts, a comparison of specific immunological responses by major γδ T cell subsets in naïve 

cattle has yet to be described. In cattle, γδ T cells are broadly categorized as workshop cluster 1 

(WC1)+ or WC1- and though 13 WC1 genes have been described in cattle, distinct functions 

for each of these genes remain uncharacterized. These cells have been long hypothesized to play 

a significant role during early mycobacterial infection.  In cattle these WC1+ and WC1- γδ T 

cells are preferentially located within distinct anatomical compartments (peripheral blood and 

mucosal surfaces, respectively) and in fact, the vast majority of work has examined the WC1+ 

subset due to ready access to WC1+ cells from peripheral blood. Therefore, the focus of this 

work was to compare the responses of WC1+ and WC1- γδ T cell subsets of naïve calves to 

stimulation by mycobacterial antigens in vitro.   

Our hypothesis was that WC1+ and WC1- γδ T cell subsets from naïve calves 

differentially respond to mycobacterial antigen stimulation in vitro. The objective of this study 

was to compare differences in proliferation and cytokine production using flow cytometry and 

ELISA, respectively between these two subsets of bovine γδ T cells following in vitro 

stimulation with various mycobacterial potential ligands. Our data demonstrate that WC1- γδ T 

cells proliferate significantly more than autologous WC1+ γδ T cells following stimulation by 
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all antigens and even in culture media lacking MAP-derived antigens. Compared to 

unstimulated (resting) cells, no specific MAP antigens induced significantly greater proliferation 

in either γδ T cell subset.  WC1- γδ T cells also produced more IFNγ than autologous WC1+ γδ 

T cells following stimulation by all antigens and in culture media lacking MAP-derived antigens. 

Significantly more IFNγ was produced by WC1- γδ T cells than by autologous WC1+ γδ T cells 

of naïve calves following stimulation with Concanavalin A (ConA) and Mycobacterium 

smegmatis (Ms) culture filtrate but not the other MAP antigens. Further, compared to 

unstimulated (resting) cells, significantly greater IFNγ was detected in the supernatant of WC1- 

γδ T cells stimulated by Ms culture filtrate but not the other MAP antigens. Collectively these 

data show clear differential responses between these two γδ T cell subsets of cattle, and these 

data may impact immune response development during initiation phases of host immunity in 

distinct body compartments.  

2.2 Introduction 

In recent years, human, mice and bovine studies have provided evidence that γδ T 

lymphocytes play an important role in pathogenesis of mycobacterial infections. Ruminants, in 

particular calves, have many γδ T cells making them an excellent model to study these 

lymphocytes. In contrast to mice and humans, bovine γδ T cells are subdivided into two main 

subsets based on their expression of the surface molecule WC1; however recent studies have 

identified 13 genes responsible for at least 3 distinct WC1+ subsets (Chen et al., 2012). WC1+ 

cells are located primarily in peripheral blood, and because they are readily accessible, this 

subset has been historically the most widely studied.  The WC1- γδ T cell subset is also present 

in circulation but at much lower numbers than WC1+ cells. WC1- cells are preferentially 

localized within the spleen and along mucosal or epithelial surfaces; this suggests their 
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involvement in innate immunity or immune surveillance at mucosal surfaces. Data have 

recently shown differential recruitment of γδ T cell subsets to MAP infection sites of calves and 

differential responses of subsets to crude MAP antigens (Plattner et al., 2009; Plattner et al., 

2013); however the significance and mechanism driving this remain unknown.  

The first objective of this research was to compare the responses of WC1+ γδ T cells to 

WC1- γδ T cells from naïve calves following stimulation by various mycobacterial ligands. We 

measured in vitro cell proliferation and cytokine production responses of bovine γδ T cell 

subsets in response to various mycobacterial antigens. Our hypothesis was that WC1- γδ T cells 

are more rapidly and robustly activated for proliferation and IFNγ secretion compared to WC1+ 

γδ T cells following in vitro stimulation with MAP antigens. Given the importance of IFNγ 

during intracellular infections (Doherty et al., 1996; Flynn et al., 1993), this may have a 

profound influence on the infection site; development of protective immunity and the eventual 

outcome of MAP infections.  Our data supports our hypothesis by demonstrating that WC1- γδ 

T cells proliferate and secrete IFNγ more robustly compared to WC1+ γδ T cells. 

 

2.3 Materials and Methods  

2.31 Animals and animal care 

All animal protocols were approved prior to the study by the Animal Care Committee at 

the University of Guelph.  Peripheral blood mononuclear cells (PBMCs) were attained by 

jugular venipuncture from eight randomly selected female Holstein calves between 2 and 4 

weeks of age from the University of Guelph Dairy teaching facility (Elora/Ponsonby Ontario), a 

herd considered free of MAP for several years (MAP ELISA negative and no clinical cases).  

Calves were housed in individual pens within the nursery.  
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2.32 γδ T cell collection for flow cytometry/cell culture 

Approximately 50 ml of ethylenediamine tetraacetic acid (EDTA) treated blood was 

obtained from each calf and the buffy coat was separated from the whole blood using 12.5 ml of 

Histopaque (Sigma Life Science, Saint Louis, MO) and centrifugation. Twenty-five ml of 

RPMI 1640 complete medium was added to the PBMCs and the cell suspension was placed in a 

flask overnight (37 °C) to the allow adhesion and elimination of unneeded cells (monocytes).  

The culture medium containing non-adherent cells was decanted and centrifuged, and WC1+ 

and WC1- γδ T cell subsets were separated from the PBMCs with the use of magnetic 

separation with MS columns (MiltenyiBiotec Inc., Auburn, CA). WC1+ and WC1- γδ T cells 

were sequentially sorted by positive selection into two tubes using the antibodies listed below. 

Preliminary experiments with several calves (>10) were performed to confirm the separation 

technique produced > 75% purity of cell populations based on analysis by flow cytometry 

(Appendix Figure A1). Sorting was based on the manufacturer’s instructions:  1. Cells were 

suspended in 500 µl of buffer, 2. Suspension was applied into MS column, 3. Unlabeled cells 

were passed by adding 3 x 500 µl buffer into column and collected, 4. 1 ml buffer was pipetted 

into MS column, plunger was applied and magnetically labeled cells were flushed into a new 

collection tube. The following adjustments were made to the protocol: No more than 5.0 x 107 

PBMCs were passed through an individual column, 1 ml of MACS buffer was used to wash 

columns, and the final flush of the column was repeated twice with 1 ml of MACS buffer to 

eject the magnetically labeled cells (WC1+ or γδ+), and WC1- cells attained following the first 

sort (WC1+ antibody) were sorted a second time with the use of an unused column to ensure 

any overflow of WC1+ cells through the columns was avoided.  
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2.33 Antibodies and antigens 

Mouse anti-bovine monoclonal primary antibodies and fluorochrome-conjugated 

secondary antibodies were used to label WC1 and γδ T cell surface markers to enable 

characterization of cell type by flow cytometry (Appendix Figure A1). Primary antibodies used 

are as follows: mouse IgG2b anti-bovine TCR δ chain clone GB21A at 1:2000 (Washington 

State University Monoclonal Antibody Center, Pullman, WA), mouse IgG1 anti-bovine WC1 

clone BAQ4A at 1:1000 (Washington State University Monoclonal Antibody Center) and 

secondary antibodies Alexa-fluor 555 goat anti-mouse IgG2b at 1:1000 and FITC goat anti-

mouse IgG1 at 1:1000 (Jackson Immunoresearch, West Grove, PA). 

2.34 Cell proliferation staining 

To assess cell proliferation after antigen stimulation in cell culture assay, the pkh67 

green fluorescent cell linker kit for general cell membrane labeling (Sigma Life Science, Saint 

Louis, MO) was used to label both cell populations prior to cell culture; this was performed 

following manufacturer’s instructions (Appendix Figure A2). Unlabeled cells and unstimulated 

cells were used as controls in all experiments. 

2.35 Flow cytometry 

Flow cytometry data were collected with a Becton Dickinson FACScan flow cytometer 

and analyzed with FlowJo analysis software (Tree Star Inc, San Carlos, CA). Live events were 

gated and mean fluorescence intensity (MFI) was calculated for each specific cell or event of 

interest (IFNγ, γδ receptor, WC1). For pkh67 staining (cellular proliferation), the frequency of 

pkh67-low events (daughter cells) and pkh67-high (parent cells) were gated, and the MFI for 

each population was calculated (Appendix Figure A2).  
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2.36 Cell culture proliferation assay 

A minimum of 3.8 x 105 cells were placed into 20 wells (10 wells for WC1+ and 10 

wells for WC1-) of 96 well round-bottom plates; cells were suspended in RPMI 1640 complete 

medium. The number of cells per well was based on the limiting factor (number of WC1- γδ T 

cells). The variation between calves was due to differences in the number of circulating WC1- 

γδ T cells, however for each calf the number of WC1+ cells and WC1- cells in each well were 

equal. Human recombinant IL-2 (Peprotech Inc, Rocky Hill, NJ) at a concentration of 1 ng/ml 

and an assigned antigen suspended in complete RPMI 1640 medium was added to each well 

prior to culture (Appendix Table A1) with cells kept at 37 °C for 60 hours (2.5 days). The 

addition of IL-2 was based on evidence that γδ T cells produce minimal IL-2, and IL-2 is 

considered an essential requirement for proliferation of the γδ T cells (Welsh et al., 2002; 

Smyth et al., 2001). In preliminary experiments, cell cultures were performed for 2, 5 and 7 

days and with antigen titration concentrations ranging from 5 µg/ml to 1.6 ng/ml.  The optimal 

culture time and antigen concentration were found to be 60 hours and 40 ng/ml respectively; 

these parameters were used in this study. Cells were exposed to concanavalin A (ConA) (Sigma 

Life Science, Saint Louis, MO), MAP strain K10 whole cellular sonicate, MAP stain gc86 

culture filtrate, MAP strain gc86 whole-cell lysate, MAP strain gc86 lysate digest (cell lysates 

treated with proteinase K to degrade proteins; lipids and polysaccharide components remain), 

M. avium subspecies hominissuis (MAH) culture filtrate, or M. smegmatis (Ms) culture filtrate. 

All antigen preparations were adjusted to a final diluted concentration of 40 ng/ml in complete 

RPMI with rhIL-2 (see previous). Cells with no added antigen were used as negative controls 

and cells stimulated by ConA were used as positive controls.  Appropriate colour compensation 

controls for flow cytometry were included with each experiment (Appendix Table A1). 
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2.37 MAP K10 and mycobacterial antigen preparations 

MAP K10 was cultured in Middlebrook’s 7H9 medium at 37°C to an optical density of 

540 nm (OD540) 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-minute bursts at 18W (amplitude 60%) on ice with 10 minute chilling periods 

between sonication steps.  Debris was removed by centrifugation and the supernatant was 

harvested and stored at -20°C. The final protein concentration was 244.5 µg/ml. 

MAP gc86 whole-cell lysates and all culture filtrates were attained using reverse-phase 

liquid chromatography (RPLC) following the procedure outlined by Facciuolo et al. (Facciuolo 

et al., 2013). To remove proteins, the MAP lysate digest was prepared using 2 mg/ml MAP 

whole-cell lysate, 1 mg/ml Proteinase K, 0.5% w/v SDS, 1 mM CaCl2, incubated overnight at 

50°C. 

2.38 IFNγ assay 

For intracellular IFNγ detection, golgi plug (Brefeldin A, BD biosciences, San Jose, 

California) solution in complete RPMI was added to each well 4 hours prior to staining. The 

cell culture supernatant was then collected and stored at -80 °C; the cells were fixed in 2% 

paraformaldehyde for 20 minutes, prior to permeabilization (permawash buffer, 0.1% saponin, 

0.1% sodium azide in 1X phosphate buffered saline) prior to staining.  Primary (mouse anti 

bovine IFNγ clone MCA1964, AbD Serotech, Raleigh, NC) and secondary antibodies (PE goat 

anti mouse IgG1, Jackson Immunoresearch, West Grove, PA) were added sequentially and then 

cells were stored in at 4°C in 2% paraformaldehyde until flow cytometry analysis. 

For extracellular IFNγ secretion detection, cell supernatants were thawed and analyzed 

by ELISA. IFNγ was measured by bovine ELISA kit (Mabtech, Cincinnati, OH) according to 
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the manufacturer’s instructions. Media (RPMI) with no added antigen was used as a negative 

control and the 2 standards provided by the manufacturer were used as positive controls.  

2.39 Statistical analysis 

Statistical analysis was performed using SAS University (SAS Institute, Cary, NC). A 2-

factor factorial completely randomized block design was used, with whole-plot factors infection 

and proliferation or IFNγ levels by cell type; the whole-plot error term is calf nested in the 

antigen stimulation interaction to address inter-calf variability for fixed/random factors. Data 

are presented as mean plus or minus upper and lower 95% confidence intervals or standard error 

of means. Group mean differences were considered significant if the P value was < 0.05. The 

assumptions of the ANOVA were examined via residual analysis. This included formally 

testing the residuals for normality using the 4 tests offered by SAS (Shapiro-Wilk, 

Kolmogorov-Smirnov, Cramer-von Mises, Anderson-Darling). The residuals were then plotted 

against predictive values and the explanatory values used in this model. Any omission of 

outliers is indicated in figures and text. 

2.4 Results 

2.41 Cell proliferation 

Cell proliferation of WC1+ γδ and WC1- γδ T cells was measured following stimulation 

by mycobacterial-derived antigens. WC1- γδ T cells proliferated significantly more robustly 

than autologous WC1+ γδ T cells following stimulation by all antigens used in this study, and 

when no MAP antigens were present in media (unstimulated) (0.0001< P <0.0004, Figure 2).  

Compared to unstimulated (resting) cells, no specific MAP antigen induced significantly greater 

proliferation in either cell subset. Furthermore, no specific MAP antigen induced significantly 

greater proliferation in either cell subset compared to any of the other MAP antigens used in this 
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study (P = 0.97, Figure 2). We observed distinct and marked variation between each individual 

calf; yet the general pattern of WC1- γδ T cells proliferating significantly more robustly than 

autologous WC1+ γδ T was consistent within each subject (Figure 2b). 

2.42 Secreted IFNγ 

Regardless of the antigens used for stimulation, WC1- γδ T cells consistently produced 

more IFNγ compared to autologous WC1+ γδ T cells; however, the difference was only 

statistically significant when the cells were stimulated with ConA  (P = 0.03) and M. smegmatis 

culture filtrate (Ms, P = 0.01, Figure 3). Furthermore, Ms culture filtrate-stimulated WC1- γδ T 

cells generated significantly more IFNγ compared to resting WC1- γδ T cells (P = 0.018); this 

difference was not observed for any other MAP antigen used in this study (Figure 3). We 

observed evident variation of IFNγ levels between each individual calf; yet the general pattern 

of WC1- γδ T cells producing greater amounts of  IFNγ than autologous WC1+ γδ T was 

consistent within each subject (Figure 3b). 

2.43 Intracellular IFNγ 

Intracellular IFNγ secretion was also evaluated using flow cytometry for both total 

WC1+ γδ T cells and WC1- γδ T cells and exclusively within the daughter cell populations after 

antigen stimulation. Significant differences in intracellular IFNγ detected by flow cytometry 

were not observed between γδ T cell subsets or between individual MAP antigen 

stimulated/unstimulated cells (Appendix Figure A3). 

 

2.5 Discussion:  

Various subsets of γδ T cells have been recognized in several species (Hayday, 2000); 

however the WC1 receptor has only been identified in ruminants, pigs and camelids (O'Keeffe 
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et al., 1999; Carr et al., 1994). As γδ T cells may constitute up to 70% of circulating 

lymphocytes in young ruminants, most of which are WC1+ γδ T cells circulating in blood, 

(Mackay & Hein, 1989), it is likely that γδ T cells play a significant role during infection and 

developing immunity, especially in young animals. As previously mentioned, γδ T cells have 

been considered non-conventional or transitional T cells based on their unique ability to link the 

innate and acquired immune responses. Few studies have directly compared specific subsets of 

γδ T cells with each other and the work thus far has largely focused on the WC1+ γδ T cells due 

to their high numbers and ease of accessibility in circulation; limited research has investigated 

the role of the less-numerous WC1- γδ T cell subsets in cattle. Recent data have shown that 

increased mRNA gene expression of various molecules (TGF-β binding protein, various pro-

apoptotic genes) in resting WC1- γδ T cells from clinically healthy animals suggest an 

immunosurveillance role for these cells, and fostering tissue quiescence (Hedges, 2003), while 

WC1+ γδ T cells have been shown to have increased expression of pro-inflammatory genes 

indicating a predominant role in active cytokine transcription and memory (Blumerman et al., 

2007b; Blumerman et al., 2007a; Graff, 2006; Hedges, 2003; Meissner et al., 2003).  Further 

evidence supporting a role for WC1+ γδ T cells during adaptive immunity, Buza et al. recently 

demonstrated that WC1+ γδ T cells increase in proportion within circulation soon after M. bovis 

Bacillus Calmette Guerin (BCG) vaccination (Buza et al., 2009). In light of these studies, our 

objective for the present study was to investigate and further clarify the differential roles of 

WC1- and WC1+ γδ T cells in naïve calves during initial immune responses against MAP. 

Given their preferential anatomic location along mucosal surfaces in calves, our hypothesis was 

that naïve bovine WC1- γδ T cells respond more robustly to MAP antigen stimulation in vitro 

compared to WC1+ γδ T cells.  



33	  
	  

Our data support our hypothesis that WC1- γδ T cells from MAP naïve calves proliferate 

more robustly in culture when exposed to mycobacterial antigens or mycobacterial antigen-free 

medium compared to autologous WC1+ γδ T cells. Because γδ T cells have been shown to 

respond to protein based (Born et al., 1990; Haregewoin et al., 1989) and non-protein based 

ligands (Caccamo et al., 2005; Morita et al., 1995) we chose to use culture filtrate proteins of 

various mycobacterial species as well as mycobacterial antigen pools containing solely 

polysaccharide and lipid ligands with proteins removed to test how these distinct components of 

MAP (protein, lipid, polysaccharide) affect γδ T cell subset responses in culture. In our system 

regardless of the antigens used for stimulation, the WC1- γδ T cell population proliferated 

significantly more than their autologous counterpart WC1+ γδ T cells; however we were unable 

to detect significant differences in proliferation of either subset between the various antigens 

tested.   

For a protective immune response to any mycobacterial agent or other intracellular 

organism, the pro-inflammatory cytokine IFNγ is considered to be fundamental (Doherty et al., 

1996; Flynn et al., 1993). Evaluation of the ability for production and secretion of IFNγ by the 

WC1+ γδ T cells of cattle has revealed contradictory results; however in 8-12 week old calves 

WC1- γδ T cells have been shown to produce IFNγ in vitro (Johnson et al., 2008). This supports 

the hypothesis that WC1- γδ T cells, which are preferentially located along the intestinal 

mucosal surface, are involved in early host responses against MAP infection. Therefore, we 

investigated if WC1- γδ T cells from MAP- naïve calves secrete more IFNγ compared to 

autologous WC1+ γδ T cells. In the cell culture supernatants and regardless of the MAP 

antigens used for stimulation in our study, we found greater amounts of secreted IFNγ from 

WC1- γδ T cells compared to WC1+ γδ T cells. Enhanced IFNγ generation by WC1- cells 
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compared to WC1+ was only statistically significant after stimulation with M. smegmatis 

culture filtrate. The reason for this remains uncertain; however it could represent a mechanism 

to enhance survival of the pathogen.  

Recent work by Rue-Albrecht et al. has demonstrated specific differences in pro-

inflammatory cytokine gene expression by macrophages following their infection with various 

species of mycobacteria (Rue-Albrecht et al., 2014). Their work shows that in comparison to M. 

bovis, MAP leads to significantly less gene expression of pro-inflammatory cytokines (including 

IFNγ) in bovine macrophages, which in turn enhances MAP survival in macrophages (Rue-

Albrecht et al., 2014).  From these data, it may be speculated that a pathogen destined for 

invasion into the gastrointestinal tract (such as MAP) has such a survival mechanism in which a 

decreased pro-inflammatory effect would favour establishment or success of the infection.  

Since our data show that IFNγ secretion by WC1- cells stimulated by M. smegmatis was 

significantly higher than most other antigens, we speculate that non-pathogenic mycobacteria 

(such as M. smegmatis) lack this survival mechanism compared to pathogenic mycobacteria 

(such as MAP); this may be one reason for an enhanced pro-inflammatory response.  

One further consideration for the lack of a dominant immune response by MAP specific 

antigens is the possibility that certain MAP antigens may be inhibitory, which could enhance 

survival of the pathogen. 19 kDa is a lipoprotein expressed by mycobacteria,  and in mice, the 

19 kDa lipoprotein of M. tuberculosis has been shown to inhibit antigen processing and 

presentation by MHC class II by blocking IFNγ-induced up regulation in macrophages (Noss et 

al., 2001). Furthermore, the expression of the 19 kDa lipoprotein by M. smegmatis has been 

shown to directly reduce the production of IL-12 and TNFα by human macrophages (Post et al., 

2001). Although mycobacterial antigen-induced inhibition of γδ T cells has not be reported, the 
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possibility of a specific ligand, such as 19 kDa lipoprotein , leading to a dampening of the 

immune response cannot be ruled out.  

Regardless of the IFNγ cytokine secretion differences found between culture 

environments, our research does show that WC1- γδ T cells do produce IFNγ with stimulation 

by whole MAP cell lysate, lysates lacking protein, antigens derived from non-MAP 

mycobacteria, and culture media alone. These findings complement our previous data 

suggesting that naïve bovine WC1- γδ T cells are rapid and robust early responders with 

enhanced capacity for proliferation and IFNγ generation, though the responses are apparently 

antigen-independent. Our data collectively suggest a distinction in the specific roles for γδ T 

cell subsets of cattle, and support the hypothesis that naïve WC1- γδ T cells function during 

primary immunosurveillance.  

An important observation in this work is the significant inter-animal variation observed 

both in proliferative and IFNγ responses in the γδ T cell subsets of this study. For example, 

secreted IFNγ in our in vitro study ranged between 0 pg/ml and 235 pg/ml for a single antigen 

(Figure 3b. It is likely that innate genetic variability in immune responses between calves is 

responsible for a proportion of the variation. Work by Hine et al. has outlined a method of 

assessing differences in phenotypic immune response of heifers as high or low cell-mediated 

immune responders and high or low antibody-mediated immune responders (Hine et al., 2012). 

Significant differences in the number of WC1+ γδ T cells in circulation were observed between 

various phenotypes before and after immunization (Hine et al., 2012). Their findings suggest 

that the proportion of various leukocyte populations might be associated with the heifer’s ability 

to mount a cell-mediated immune response or antibody-mediated immune response, and 

therefore links proliferative responses by specific immune cells subsets (observed in our study) 
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to genetic variation (Hine et al., 2012). More work is clearly needed to understand specifically 

how genetics and immune responses during early intracellular infection and eventual disease 

outcome are interlinked.  Even with variation between calves in our study, it is evident that 

significant differences between γδ T cell subsets of non MAP-infected calves exist and these 

differences likely play a role during early immunity.  

Overall, our work has led to some unexpected results. In particular, resting WC1- γδ T 

cells (not exposed to mycobacterial antigens) also proliferated in vitro, and this was not 

statistically less than WC1- γδ T cells stimulated with various mycobacterial antigens or ConA. 

The mechanism for proliferation in the absence of mycobacterial antigen is not known; however 

a possible explanation for these data is that the γδ T cell receptor itself plays an important role 

in activation of these cells; this receptor was ligated during the sorting process, which utilizes 

magnetic beads attached to the γδ T cell receptor. An additional control well of unsorted T cells 

would readily answer this question; this work is ongoing in the laboratory. 

Another possibility is that IL-2, which we added to all cultured cells in our system, 

induced WC1- γδ T cell proliferation. IL-2 was added to all cells in this study based on 

published manuscripts from other laboratories (Collins et al., 1996; Jutila et al., 2008), and 

following pilot studies performed in our lab which demonstrated that we could not detect 

statistically-significant differences in proliferation or IFNγ generation of either γδ T cell subset 

with or without IL-2 (Appendix Figure A4). Based on our data obtained in the present study 

however showing proliferation of WC1- γδ T cells in media lacking MAP antigens, an 

additional well for each γδ subset in media (without IL-2 or MAP antigens) in these experiments 

would have allowed for more thorough assessment of the role of IL-2 in our in vitro system.  

Other explanations for the peculiar responses of non-stimulated γδ T cells in our study 
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may be that WC1- cells simply survive better in the culture environment of this study, or that 

other bovine antigenic components of the media (such as fetal bovine serum, FBS or bovine 

serum albumin, BSA) induced responses by WC1- cells.  Cell viability staining should be 

performed specifically to assess differences in survival between cell populations for in vitro 

studies. Viability of γδ T cells after 60 hours of culture in our study was assessed by analysis of 

forward (cell size) and side (internal cell complexity) scatter properties using the dot plots after 

flow cytometry. WC1+ and WC1- populations produced similar forward scatter and side scatter 

dot plot patterns suggesting no evidence for cellular death and breakdown in our system; 

however, we did not directly assess cellular viability, which may have hindered full analysis in 

this experiment. Further experiments with alternatives to FBS and BSA (including heat-

inactivated serum or BSA and FBS-replete complete medium) should be performed to 

investigate the potential role of these bovine antigens in stimulation of naïve WC1- γδ T cells. 

No significant differences in intracellular IFNγ were detected by flow cytometry 

between WC1+ γδ and WC1- γδ T cells in this study; this is likely related to timing of the assay. 

Our attempt to detect IFNγ by flow cytometry at 60 hours after antigen stimulation was likely 

too late as activated cells take only a few hours to produce the cytokine (Wang et al., 2001). 

We detected by ELISA IFNγ that had already been secreted into cell culture 

supernatants during antigen stimulation; however if the cells were not actively secreting IFNγ at 

60 hours, cytokine detection using flow cytometry is expected to be unrewarding.  

 We did not specifically investigate the role of WC1+ γδ T cells with respect to 

antigenic memory; however this has been suggested by numerous authors (Blumerman et al., 

2007b; Blumerman et al., 2007a; Graff, 2006; Hedges, 2003; Meissner et al., 2003), and further 

investigation of memory is a necessary next step following this work. Other possible future 
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directions to expand on the suggestion of WC1+ cells acting as primed memory T cells may be 

to repeat experiments similar to this with an added variable of vaccinated calves or investigate 

calves with previous exposure to mycobacterial antigens (or MAP-infected animals) in order to 

discover response differences in proliferation capacity or IFNγ secretion by γδ T cell subsets in 

these scenarios. Furthermore, since WC1- γδ T cells are primarily located within mucosal tissue 

as opposed to the circulation, in vivo investigations within the ileum, the initial site of MAP 

infection, may provide us with added insight into the role of WC1- cells as surveillance cells 

and during initial MAP infection. 

In conclusion, the presented data has shown that naïve bovine WC1- γδ T cells and 

autologous WC1+ γδ T cells differentially respond to antigen stimulation in cell culture; 

however this response appears to be in a non-antigen specific manner.  In addition to enhanced 

proliferation, we found that WC1- γδ T cells secrete more IFNγ than WC1+ γδ T cells; this also 

appears to be in a non-antigen specific manner. Stimulation with M. smegmatis produced 

significantly increased levels of IFNγ by WC1- γδ T cells compared to autologous WC1+ γδ T 

cells and significantly more IFNγ was detected in Ms-stimulated WC1- γδ T cells compared to 

unstimulated (resting) WC1- γδ T cells; however the mechanisms and implications for this 

remains uncertain. Overall, these findings demonstrate distinct differences in responses of these 

two bovine γδ T cell subsets and our data provide unique insight into the distinct roles played 

by these cell subsets during immune response development in cattle.  
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Figure 2a. Proliferation of γδ T subsets following mycobacterial antigen 
stimulation  

Each box represents the % of lymphocyte daughter cells (proliferation). The box indicates the 

median and the 25th to 75th percentile (n=8 animals) with whiskers extending from the 

minimum to the maximum data points. The mean is depicted for each group by a “+” sign. 

WC1- subsets proliferated significantly more than their WC1+ counterparts regardless of 

antigen stimulation or unstimulated culture (0.0001<P<0.0004). Asterisks indicate P<0.05 for 

differences in proliferation between WC1- and WC1+ subsets. Resting=unstimulated culture 

cells, ConA=concanavalin A, MAP K10=MAP strain K10 whole cellular sonicate, MAPcf=MAP 

culture filtrate, MAPl=MAP lysate, MAPld=MAP lysate digest (proteins removed), MAH=M. 

hominissuis culture filtrate, Ms=M. smegmatis culture filtrate.  
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Figure 2b. Proliferation of γδ T cell subsets, individual calf variability  

Individual calves are shown on the X axis; proliferation as a % daughter cells of WC1-γδ+ cells 

(upper panel) or WC1+γδ+ cells (lower panel) is shown on the Y axis. Colours represent the 

antigens used for stimulation. Ag=antigen, Resting=unstimulated culture cells, 

ConA=Concanavalin A, MAP K10=MAP strain K10 whole cellular sonicate, MAPcf=MAP 

culture filtrate, MAPl=MAP lysate, MAPld=MAP lysate digest (proteins removed), MAH=M. 

hominissuis culture filtrate, Ms=M. smegmatis culture filtrate. 
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Figure 3a. Extracellular IFNγ production by γδ T cell subsets   

Each bar represents mean secreted IFNγ (pg/ml) and individual data points for each calf are 

shown (n=8 per group). There was significantly more IFNγ detected in supernatants of WC1- 

compared to WC1+ cells following stimulation by two specific antigens: ConA (P=0.03) and 

Ms (P=0.01). There was a significant difference between resting unstimulated WC1- cells 

compared to WC1- cells stimulated by Ms (P=0.018). Error bars represent the standard error of 

means. Single asterisks indicate P<0.05 for differences in IFNγ secretion between WC1- and 

WC1+ subsets, double asterisks indicate P<0.05 for difference in IFNγ secretion between 

resting unstimulated and stimulated cells. Resting=unstimulated culture cells, 

ConA=Concanavalin A, MAP K10=MAP strain K10 whole cellular sonicate, MAPcf=MAP 

culture filtrate, MAPl=MAP lysate, MAPld=MAP lysate digest (proteins removed), MAH=M. 

hominissuis culture filtrate, Ms=M. smegmatis culture filtrate. 
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Figure 3b. IFNγ secretion of γδ T cell subsets, individual calf variability 

Individual calves are show on the X axis. IFNγ secretion (pg/ml) by WC1- cells (upper panel) 

WC1+ cells (lower panel) is shown on the Y axis. Colours represent the antigens used for 

stimulation. Ag=antigen, Resting=unstimulated culture cells, ConA=Concanavalin A, MAP 

K10=MAP strain K10 whole cellular sonicate, MAPcf=MAP culture filtrate, MAPl=MAP lysate, 

MAPld=MAP lysate digest (proteins removed), MAH=M. hominissuis culture filtrate, Ms=M. 

smegmatis culture filtrate.  
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CHAPTER 3: Intestinal T cell Responses During Early Enteric 

MAP Infection  

3.1 Abstract 

Few studies have investigated the role of intestinal bovine γδ T cells in response to 

enteric mycobacterial infection. It has been shown that bovine γδ T cells respond to 

mycobacterial antigens and are involved in granuloma formation, which is important for initial 

bacterial containment. Because γδ T cells are present in high numbers within the mucosal 

surfaces of the intestinal tract, it is thought that these cells play a significant role during early 

intestinal MAP infection; however, their contribution to early enteric MAP infection is unknown, 

and requires further research. In this study, we used immunofluorescence microscopy to 

visualize γδ T cells in the distal small intestine, and RT-qPCR to survey local intestinal cytokine 

gene expression patterns early after experimental intestinal MAP infection of calves. Our results 

show a significant increase in γδ T cells within the intestinal mucosa with MAP infection, 

primarily due to recruitment of WC1- cells into the epithelium. This correlates with a 

significantly higher level of IFNγ gene expression within ileal tissue (specifically lamina 

propria) of MAP-infected calves.  

3.2 Introduction 

Mycobacterium avium subspecies paratuberculosis (MAP) is the etiologic agent of 

Johne’s disease, a chronic intestinal infection affecting ruminants around the world.  MAP 

infection is primarily acquired by perinatal calves via the fecal-oral route, and the bacterium is 

hypothesized to gain entrance into the host intestine through the distal ileal mucosa.  Infection 

occurs early; however clinical disease is characterized by progressive wasting, diarrhea and 
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eventual death, and is preceded by the subclinical phase that may last from months to years.  

Early host immunity and the mechanisms contributing to pathogen clearance or persistent 

infection in calves remain poorly understood, but γδ T cells have been proposed to play a 

significant role in this process. Recent research has shown that γδ T cells respond to stimulation 

with mycobacterial antigens (McGill et al., 2014; Pfeffer et al., 1990), that γδ T cell subsets are 

initially recruited to subcutaneous MAP infection sites in calves (Plattner et al., 2009), and that 

γδ T cells are activated during early intestinal MAP infection (Plattner et al., 2013); yet their 

role within the intestine during MAP infection remain unclear.  

 Since γδ T cells are known to produce an array of cytokines and antimicrobial 

peptides (Agerberth et al., 2000), their participation in the course and outcome of infection is 

likely significant. In this study, we focus on the responses of γδ T cell subsets in the intestinal 

tract during experimental enteric MAP infection. Since MAP has the ability to attempt to evade 

host defenses by taking up residence within host cells, IFNγ and its role in the killing of MAP is 

likely of great importance in the initial stages of infection. The ability of γδ T cells to generate 

IFNγ remains variable between and within studies. Some subsets of human γδ T cells (Vδ2+) 

exposed to bacterial protein components and non-protein ligands have been shown to quickly 

produce IFNγ (García et al., 1997; Fournié & Bonneville, 1996).  However, in vivo studies of γδ 

T cell cytokine gene expression are rare, and the response of bovine γδ T cells to various 

inflammatory signals and antigen exposure is even less clear.  Different studies have reported 

contradictory data with respect to production/secretion of IFNγ by bovine WC1+ γδ T cells with 

results varying from no significant production to the production of significant quantities of 

IFNγ (Smith et al., 1999; Smyth et al., 2001; Vesosky et al., 2004). With the exception of 

research performed by Johnson et al., demonstrating that bovine WC1- γδ T cells incubated 
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with IL-15 expresses cytotoxicity receptors and produce IFNγ (Johnson et al., 2008), the role of 

WC1- γδ T cells in pro-inflammatory cytokine production is largely under explored and 

unknown. 

In this study, we used an experimental model of intestinal MAP infection (Plattner et al., 

2011)  to investigate the distribution and cytokine gene expression of intestinal bovine γδ T cell 

subsets during the early phase of infection.  

3.3 Materials and Methods  

3.31 Animals and animal care 

The Committee on Animal Care at the University of Guelph approved all animal 

protocols prior to the study. Twenty-nine colostrum-deprived four to six weeks old male intact 

calves and were acquired for this study.  Fourteen Holsteins from the University of Guelph 

Dairy teaching facility (Elora/Ponsonby Ontario), a herd considered free of MAP for several 

years (repeatedly test negative and no clinical cases in over 15 years) and fifteen Jerseys from 

local Ontario dairy farms that actively participated in Johne’s testing and repeatedly tested 

negative. All calves were separated from their dams immediately after birth and were not fed 

colostrum on the farm. All calves were immediately administered /artificial colostrum (Calf’s 

Choice TotalTM, the Saskatoon Colostrum Company Limited provided by Grober Inc.) as per 

manufacturer’s instructions and transported to the experimental housing facility on the 

University of Guelph Campus.  For the duration of the study, calves were housed as breed-

matched pairs in the central animal facility biosafety level II isolation unit. Uninfected (control) 

calves were housed separately from infected calves and had no contact with feces from infected 

calves. A subset of twenty calves (10 Holstein and 10 Jersey) was selected for this study, based 

on confirmation of their intestinal MAP infection status (MAP infected or uninfected). 
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Uninfected calves were defined as: not inoculated with MAP, lack of intestinal histologic 

lesions attributable to MAP infection, MAP-culture negative, and lack of acid-fast bacteria 

detected in the tissues. Infected calves were defined as: experimentally inoculated with live 

MAP (see below), MAP tissue culture positive (intestine and/or ileocecal lymph node), and the 

presence of histologic lesions attributable to MAP infection (granulomatous enteritis or 

lymphadenitis with acid-fast bacteria visible in histological sections (Ziehl-Neelsen stain) 

(Table 2).  

3.32 MAP inoculum preparation 

A MAP strain gc86 acquired from Drs. Lucy Mutharia and Niel Karrow was maintained 

in Middlebrook 7H9 broth supplemented with 10 % (v/v) OADC, 5g/L Glycerol, 1g/L casitone,  

0.025 % tyloxapol and mycobactin J (2mg/L). Cultures were incubated at 37°C for 4-6 weeks to 

log-growth phase (OD600 0.8-1.0). Bacterial culture was harvested, and 1mL  aliquots to be used 

as inoculum were prepared and were frozen until needed for inoculation. The live MAP was 

thawed at 37°C for 72 hours prior to inoculation. On the inoculation day, each aliquot was 

centrifuged. After discarding the supernatant the pellet was resuspended in 250 µL 0.9% normal 

saline and was used as challenge inoculum. The CFU’s in each inoculum was determined to be 

108 CFU after serial dilution and plating on 7H11 agar plates.  To verify MAP purity, LB and 

BHI agar plates were streaked with inoculum 24 hours prior to infection and IS900 positivity of 

MAP was confirmed by PCR.  

3.33a Experimental design and animal inoculation 

Animals were divided randomly into 2 groups by breed; control/uninfected calves (n = 

10) and MAP-infected (n = 10). The infected group calves were inoculated with 250 µl 

containing 108 cfu live MAP strain gc86 directly into the Peyer’s patches of the distal ileum via 
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right flank laparotomy as previously described (Plattner et al., 2011).  Sterile diluted India ink 

(250ul, 1:100 in normal saline) was concurrently injected subserosally 5 cm proximal to the site 

of MAP inoculation for ease of site identification at euthanasia and tissue collection. The same 

protocol was followed for control calves except for replacement of the inoculum with sterile 

saline. At 60 days post infection, calves were euthanized with intravascular pentobarbital 

overdose.  

3.33b Necropsy and sample collection  

Full necropsy examination was performed on all calves 60 days post inoculation. The 

inoculation site was identified visually by locating the India ink in the serosal surface of the 

distal ileum, and adjacent sections of tissue from the inoculation site and ileocecal lymph nodes 

were collected into 10% neutral-buffered formalin, snap frozen in liquid Tissue-Tek Cryo-OCT 

compound (Fisher Scientific, Pittsburgh, PA) and liquid nitrogen for immunofluorescence and 

fresh tissue in sterile bags for bacterial culture. Formalin-fixed tissues were then paraffin-

embedded and sectioned at 4mm and routinely stained with hematoxylin and eosin (H&E) and 

Ziehl-Neelsen acid-fast staining per standard protocols.  

3.34 Tissue evaluation, bacterial culture 

All H&E and Ziehl-Neelsen stain sections were examined histologically for lesions 

and/or acid-fast bacteria, respectively. Sections of fresh intestine were submitted to the Animal   

Health Lab, University of Guelph for mycobacterial culture. Samples were cultured using the 

BACTEC MGIT 960 system (BD Biosciences) by standard laboratory protocols. All samples 

positive by BACTEC culture system were subsequently subjected to PCR for confirmation by 

identification of the unique MAP insertion sequence IS900. 



48	  
	  

3.35 Sample selection 

For inclusion in this study, infection status was confirmed by identification of 

granulomatous lesions in the small intestine attributable to MAP infection and/or the 

identification of acid-fast bacilli within these lesions, and positive bacterial culture with 

confirmatory PCR testing. Uninfected calves lacked granulomatous lesions, acid-fast bacilli and 

were culture negative. For this study, we included 10 MAP-infected and 10 uninfected calves.  

3.36 Immunofluorescence staining for T cell subsets 

Frozen OCT samples of ileum for each calf were sectioned at 6 microns on a Leica 

Cryostat and adhered to Fisher positively-charged pre-cleaned glass slides. Slides were fixed in 

100% ethanol at -20°C for 8 minutes to fix membrane antigens and then air-dried. Slides were 

washed with PBS to remove residual ethanol, blocked for 30 minutes in 10% normal goat serum 

in BSA then washed prior to application of primary antibodies. Primary antibodies used for 

immunofluorescence detection of T cell markers were as follows: mouse IgG2b anti-bovine 

TCR δ chain clone GB21A at 1:2000 (Washington State University Monoclonal Antibody 

Center, Pullman, WA), mouse IgG1 anti-bovine WC1 clone BAQ4A at 1:1000 (Washington 

State University Monoclonal Antibody Center). Slides were incubated with primary antibody 

cocktail (all with TCR δ chain antibody, and one of either WC1 or CD3) for 4 hours at room 

temperature. Slides were washed twice in PBS and incubated sequentially for 1 hour in the dark 

at room temperature with secondary antibodies (Alexa-fluor 555 goat anti-mouse IgG2b at 

1:1000 for TCR δ chain, and FITC goat anti-mouse IgG1 at 1:1000 for WC1 or CD3 (all from 

Jackson Immunoresearch, West Grove, PA). Stained slides were then washed and incubated at 

room temperature for 2 minutes in DAPI nucleic acid stain at 1:3000 dilution working solution 

(Invitrogen Molecular Probes, Carlsbad CA). Slides were then washed, cover slipped with 
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Fisher pre-cleaned coverslips using CytoSeal anti-fade medium (Thermo Fisher Scientific Inc., 

Waltham, MA), and allowed to sit overnight (minimum 12 hours) in dark at 4 °C.   

3.37 Fluorescence microscopy 

All slides were randomly re-named prior to counting cells for the purposes of blinding 

the microscope operator/lesion scorer. A Leica fluorescence microscope was used for all 

imaging of all slides with the following microscope settings: exposure = 30 ms for DAPI, 200-

400 ms for AF555/FITC. Ten 40x objective fields (400x magnification) of ileal mucosa were 

selected from each calf, and an equal ratio of villus and crypt were included in each 10-field 

sample subset from each calf. Images were taken using DAPI, FITC, and Texas Red filters, and 

were then overlaid in ImageJ (U. S. National Institutes of Health, Bethesda, MD) prior to 

analysis. Cell counts were performed using CellC (Selinummi et al., 2005)  with manual 

thresholding. Data were collected for each individual slide image including total cell count 

(DAPI positive nuclei), total γδ TCR positive cells (AF555 expressing cells) and total WC1+ 

cells (FITC expressing cells) or total CD3 + cells (FITC expressing cells). The number of cells 

expressing each marker was expressed as a percent of total nucleated cells (DAPI-positive cells) 

within the same field of view.  

3.38a RNA collection by tissue scrapings and laser capture microdissection (LCM)  

From the same sections of ileum collected for immunofluorescence staining, ileal tissue 

scrapings were collected for RNA collection and RT-qPCR analysis for cytokine gene 

expression.  Targeted epithelial and/or lamina propria cell populations were collected using the 

Arcturus laser capture microdissection instrument (Arcturus PixCell IIe). Preliminary LCM 

trials were performed on both stained (WC1) and unstained intestinal sections. Because 
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improved RNA quality and yield was achieved with unstained sections and since we observed 

that γδ T cells within the epithelial layer universally lacked WC1 expression, only unstained 

sections were used for this study. For microdissection, frozen tissues were sectioned at 5 

microns and dehydrated. The LCM instrument was used to target and retrieve 1500 – 2000 laser 

spots from the ileal villous epithelial layer or from the villous lamina propria; targeted cells 

from the two different locations were collected onto separate caps.  RNA was extracted from 

the collected tissue on each cap using the suggested manufacturers protocol and purified using 

the PicoPure RNA isolation kit (Thermo Fisher Scientific Inc., Waltham, MA). After isolation 

RNA quality and quantity was assessed by nanodrop or bioanalyzer. If the RNA was 

determined to be of sufficient quality (RNA integrity number > 4), RNA was reverse 

transcribed into cDNA before RT-qPCR analysis.   

3.38b PCR gene expression 

cDNA acquired from tissue scrapings and LCM was submitted to the central genomic 

facility, University of Guelph for RT-qPCR analysis. cDNA was amplified using a StepOnePlus 

Real Time PCR System, SYBR green and ROX reference dye according to manufacturers 

instructions (Thermo Fisher Scientific Inc., Waltham, MA). All reactions were performed in 

duplicate in 96-well reaction plates. For duplicate samples on an assay plate (technical 

replicates), the quantification cycle (Cq) values were averaged for subsequent analysis.  Gene 

expression was quantified with RT-qPCR utilizing primers for interferon gamma (IFNγ), 

interleukin 17 (IL-17) and interleukin 10 (IL-10) (Table 3).  Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was chosen as the most appropriate reference gene following trials 

with GAPDH, β-actin and 18s. For ileal tissue scrapings RT-qPCR Cq values in relation to the 

reference gene (GAPDH) for individual cytokine gene expression by infection status (n = 10 
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control, n = 10 infected) were analyzed.  For LCM data, cytokine gene expression was 

compared between MAP-infected and uninfected calves, as well as within control (n = 5) and 

infected (n = 7) groups between the differing locations of epithelium and lamina propria. For 

comparisons between MAP-infected and uninfected groups REST (Relative Expression 

Software Tool) 2009 PCR gene expression software (Corbett Research Pty. Ltd. and Pfaffl) was 

used to calculate normalized gene expression ratios, confidence intervals, standard error of 

means and P values (Pfaffl, 2001). For comparisons by region of the mucosa within the MAP-

infected or uninfected groups ΔΔCq values were calculated for the determination of normalized 

relative quantities (NRQ) of gene expression. Targets and reference genes were amplified in 

separate wells, relative mRNA expression was defined as 2-ΔΔCq (NRQ is mean-fold change of 

gene expression), where ΔCq = Average Cq TARGET – Average Cq REFERENCE GENE and ΔΔCq = Δ 

Cq experiment/infected – ΔCq control/uninfected (Livak & Schmittgen, 2001). To provide 

validation, efficiencies of the target and endogenous control amplifications were provided by 

the genomics facility, University of Guelph, and were approximately equal. Primers used are 

presented in Table 3. Primers for IL-4 and mCherry were also included, but results were 

inconclusive and not pursued for this study. 

3.39a Statistical analysis for immunofluorescence  

Statistical analysis was performed using SAS University (SAS Institute, Cary, NC). A 

Proc MIXED 3-factor completely randomized block design was used, with whole-plot factors 

breed and infection, whole-plot error term was calf nested in the breed-infection 

interaction; there was sub-sampling (because 10 measures were taken for each calf in each 

region). Group mean differences were considered significant if the P values were < 0.05. Data 

are presented as mean plus or minus upper and lower 95% confidence intervals or SEM. Since 
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there were repeated measures on individual calves, various error structures were entertained and 

the error structures with the smallest AIC were chosen. The assumptions of the ANOVA were 

examined via residual analysis. This included formally testing the residuals for normality using 

the 4 tests offered by SAS (Shapiro-Wilk, Kolmogorov-Smirnov, Cramer-von Mises, 

Anderson-Darling). Then the residuals were also plotted against predictive values and the 

explanatory values used in this model (ie. against breed and infection). Any omission of outliers 

is indicated in figures and text. 

3.39b Statistical analysis for RT-qPCR 

For comparisons of gene expression between MAP-infected and uninfected groups 

REST 2009 PCR gene expression software was used to calculate normalized gene expression 

ratios, confidence intervals, standard error of means and P values (Pfaffl, 2001). This approach 

was selected because REST 2009 utilizes a mathematic model that accounts for different PCR 

efficiencies of the gene of interest and reference genes using integrated randomization methods 

to test for statistical significance of calculated expression ratios (Pfaffl, 2001).  For comparisons 

of mucosal region within a group statistical analysis was performed using GraphPad Prism 6 

software (GraphPad Software Inc, San Diego, California). Log transformation of the final gene 

expression results (the normalized relative gene quantities) was performed to normalize data 

allowing the use of parametric statistical tests and calculations that rely on a distribution that 

resembles a normal distribution; data points that resulted in undetermined Cq values by PCR 

were excluded. Specific error propagation rules were used to transform error values in linear 

scale to error on the log transformed data and standard error of means was calculated based on 

the error estimate. A 2-sided unpaired Student’s T- test was used to analyze RT-qPCR results. A 

P value of <0.05 was regarded as statistically significant. Data are presented as normal relative 
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quantities of gene expression in comparison the reference gene (GAPDH) with the standard 

error of means.  Any omission of outliers is indicated in figures and text. 

3.4 Results 

3.41 Intestinal lesions by histology with H&E and acid-fast staining 

The ileum (including Peyer’s patch) and ileocecal lymph node from uninfected and 

MAP-infected calves were examined microscopically to identify histologic lesions. No 

significant lesions attributable to MAP infection were observed within any tissue of the 

uninfected control calves (Figure 4). All MAP-infected calves had evidence of granulomatous 

enteritis (attributable to MAP infection) ranging from random multifocal macrophage 

aggregates to coalescing clusters of macrophages, epithelioid macrophages and multinucleated 

giant cells containing acid-fast organisms within and throughout the ileal mucosa (Figures 4, 5). 

Inflammatory lesions were frequently identified within villous tips and/or adjacent to lacteals. 

In addition, within the overlying epithelium of intestine from MAP-infected calves, there were 

increased numbers of intra-epithelial lymphocytes evident on H&E-stained sections. India ink 

from the site of injection (live MAP or saline) was observed grossly and histologically at the site 

of injection in the intestine and/or within lymph nodes of uninfected and MAP-infected calves. 

No animals showed any clinical signs during the study or at the time of euthanasia. 

3.42 Lymphocyte subsets in intestinal lesions by fluorescence microscopy 

Following staining, ten high power fields (40X) of a single OCT-embedded frozen 

intestinal section from each calf were analyzed by fluorescence microscopy. There were 

significantly greater numbers of CD3+ T cells within the mucosa  (including lamina propria and 

epithelium): a mean of 46% (95% confidence interval (CI) 39.9-51.6) of nucleated cells were 

CD3+ in MAP-infected calves, versus to 29% (CI 24.1-33.7) of nucleated cells in uninfected 
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calves (P = 0.0007) (Figure 8). Significantly more CD3+ cells were also observed within the 

epithelial layer, with a mean of 15% (CI 12.5-19.0) CD3+ cells of all nucleated epithelial cells 

in MAP-infected calves compared to a mean of 6.5% (CI 5.2-8.3) CD3+ cells within the 

epithelium of uninfected calves (P = 0.0001) (Figures 6 A, C, E, G, and 8; Appendix Table A5).  

There were significantly greater numbers of γδ T cells within the mucosa (including 

lamina propria and epithelium): a mean of 36% (CI 31.0-42.24) of nucleated mucosal cells were 

γδ+ in MAP-infected calves, versus only 22.3% (CI 18.5-26.8) of nucleated cells in uninfected 

calves (P = 0.0011) (Figure 9). Significantly more γδ T cells were also observed within the 

epithelial layer, with a mean of 17.2% (CI 13.5-21.7) γδ+ cells of all nucleated epithelial cells 

in MAP-infected calves compared to a mean of 6.6% (CI 5.0-8.5) γδ+ cells within the 

epithelium of uninfected calves (P = 0.0001) (Figures 6A, D, E, H and 9; Appendix Table A5).  

The γδ + cells within the epithelium uniformly lacked WC1 expression (Figures 7 and Figure 

10 ; Appendix Table A5).  Thus, WC1- γδ T cells were significantly increased by greater than 

2-fold within the mucosa of MAP-infected calves compared to uninfected calves (Figures 7 and 

10; Appendix Table A5, P < 0.0001) and this was primarily due to a significant 19% increase in 

intraepithelial WC1- γδ T cells (P < 0.0001) in MAP-infected calves compared to uninfected 

calves (Figures 7 and 10; Appendix Table A5).  

3.43a Cytokine gene expression in ileal mucosa of MAP-infected versus uninfected 
calves 

Initially, ileal tissue scrapings including both epithelium and lamina propria from 10 

uninfected calves and 10 MAP-infected calves were used to investigate relative cytokine gene 

expression for IFNγ, IL-17 and IL-10. Data points that resulted in undetermined Cq values by 

PCR  were removed leaving 10 control and 10 MAP-infected IFNγ data points, 8 control and 7 

MAP-infected IL-10 data points, and 8 control and 10 MAP-infected IL-17 data points 
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(Appendix Table A3). No significant changes in gene expression were detected for IFNγ, IL-10 

or IL-17 genes in ileal scrapings between MAP-infected and uninfected calves. Higher levels of 

IFNγ gene expression (1.4X, SEM 0.135-72.17, P = 0.77) were detected in ileal scrapings of 

MAP-infected calves compared to uninfected calves (Figure 11); however the data were not 

statistically significant. No change in gene expression was detected for IL-10 or IL-17.  

RNA collected by LCM from the lamina propria and epithelium were pooled by calf for 

PCR analysis of mucosal cytokines from 5 uninfected and 7 MAP-infected calves.  Data points 

that resulted in undetermined Cq values by PCR  were removed leaving 11 lamina propria and 

12 epithelium data points for IFNγ, 9 lamina propria and 11 epithelium data points for IL-10, 

and 12 lamina propria and 12 epithelium data points for IL-17 (Appendix Table A4). No 

significant changes in gene expression were detected for IFNγ, IL-10 or IL-17 genes in LCM 

mucosal samples between MAP-infected and uninfected calves, however the expression of IFNγ 

was higher in MAP-infected calves compared to uninfected calves (3.4X, SEM 0.6 – 24.64, P = 

0.11; Figure 11), IL-10 was lower in MAP-infected calves (2.3X, SEM 0.04-5.4, P = 0.4; Figure 

11) and IL-17 was higher in MAP-infected calves (1.3X, SEM 0.12-8.3, P = 0.4; Figure 11).  

3.43b Cytokine gene expression in specific mucosal regions (epithelium and lamina 
propria) of MAP-infected versus uninfected calves  

Because we previously observed a significant increase in the number of WC1- γδ T cells 

within the epithelial layer of MAP-infected calves using immunofluorescence microscopy, we 

then used LCM and RT-qPCR in the same small intestinal tissues to investigate cytokine gene 

RNA levels from the epithelial layer in both MAP-infected and uninfected calves. RNA 

preparations were collected by LCM from the epithelium from 5 uninfected and 7 MAP-infected 

calves. Data points that resulted in undetermined Cq values by PCR were removed leaving 11 

epithelial data points for IL-10 analysis. No data points were removed from the IFNγ or IL-17 
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samples. In the epithelial layer (lamina propria excluded), there were no statistically significant 

differences in gene expression between MAP-infected and uninfected calves; however the 

patterns in gene expression ratio are interesting.  Specifically, expression of IFNγ gene in 

epithelium of MAP-infected calves was higher than in uninfected calves (2X, SEM 0.1-25.0, P 

= 0.6; Figure 12). There was lower expression of the IL-10 gene in the epithelium layer of 

MAP-infected calves compared to uninfected calves (3X, SEM 0.05-5.1, P = 0.4; Figure 12), 

and a lower gene expression of IL-17 in the epithelium of  MAP-infected compared to 

uninfected calves (4.2X, SEM 0.01-2.5, P = 0.2; Figure 12).  

We also compared gene expression in the lamina propria only (epithelium excluded). 

Data points that resulted in undetermined Cq values by PCR were removed leaving 11 lamina 

proprial data points for IFNγ analysis and 9 lamina proprial data points for IL-10 analysis. No 

data points were removed from IL-17 samples. There was significantly greater expression of the 

IFNγ gene in the lamina propria of MAP-infected calves compared to uninfected calves (6.1-

fold difference, SEM 2.2-17.3, P < 0.01; Figure 12). Differences in expression of IL-10 and IL-

17 genes were not statistically significant, though increased expression of the IL-17 gene in the 

lamina propria of MAP-infected calves compared to uninfected caves (7X, SEM 0.7 – 14.8, P = 

0.2; Figure 12) and less gene expression of IL-10 (1.9X, SEM 0.16-2.1, P = 0.4; Figure 12).  

3.43c Cytokine gene expression by mucosal region (epithelium versus lamina 
propria) within MAP-infected or uninfected calves groups  

The ratio of cytokine gene expression was also compared between anatomic locations of 

the intestine (epithelium vs. lamina propria) either within the MAP-infected group or the 

uninfected group of calves in order to understand potential interplay between these two 

anatomical compartments during initial intestinal MAP infection in our model. 

In MAP-infected calves, data points that resulted in undetermined Cq values by PCR 
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were removed leaving 5 lamina proprial and 5 epithelial data points for IFNγ analysis, 3 lamina 

proprial and 5 epithelial data points for IL-10 analysis, and 5 lamina proprial and 5 epithelial 

data points for IL-17 analysis. There was significantly lower expression for the IL-10 gene 

within the epithelium compared to the lamina propria of MAP-infected calves (8.2X, CI 5.4 - 

12.6, P < 0.0001; Figure 13). No significant difference in gene expression between anatomic 

compartments of the intestine was detected for IFNγ (1.3X, P = 0.2) or IL-17 (1X, P = 0.98). 

In uninfected calves, data points that resulted in undetermined Cq values by PCR were 

removed leaving 6 lamina propria and 7 epithelium data points for IFNγ analysis, 6 lamina 

propria and 7 epithelium data points for IL-10 analysis, and 7 lamina propria and 7 epithelium 

data points for IL-17 analysis. There was significantly greater gene expression for IL-17 within 

the epithelium compared to the lamina propria in uninfected calves (2.9X, CI 1.8 - 4.7, P = 

0.05; Figure 13). Significantly less IL-10 gene expression was detected in the epithelium 

compared to the lamina propria of uninfected calves (4.9X, CI 4.5 - 5.4, P < 0.0001; Figure 13). 

No significant difference was detected for IFNγ gene expression between epithelium and lamina 

propria of uninfected calves (1.4X, P = 0.3).  

3.5 Discussion 

Despite considerable amount of research, the immunologic responses that occur in the 

intestinal tract early after MAP infection remain poorly understood and this is in part due to 

difficulty in modeling early phases of intestinal MAP infection in calves. However it is 

reasonable to hypothesize that the initial interactions at the site of mycobacterial infection play 

an important part in the progression or prevention of disease. The early cellular recruitment and 

interactions at the site of mycobacterial infection are known to be critical for developing 

protective immunity during infectious diseases (Dieli et al., 2004), and data from both humans 
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and cattle support the hypothesis that γδ T cells play a major role in the outcome of this initial 

response during mycobacterial infection (Born et al., 2006; Z. Chen, 2005; Rhodes et al. 2001).  

In vivo research using a subcutaneous infection model in young calves has shown that the γδ T 

cell subsets play distinct roles during this process, and that WC1- γδ T cells are preferentially 

recruited to early granulomatous lesions induced by experimental mycobacterial inoculation 

(Plattner et al., 2013). In the current, we study sought to further define the role of intestinal γδ T 

cells using a model of intestinal MAP infection in calves. Our in vivo study is unique in that we 

use the distal ileum, which is widely considered the naturally occurring site of initial MAP 

infection, to evaluate the T lymphocyte subsets during early enteric MAP infection in calves. 

Others have shown in cattle that WC1- γδ T cells are preferentially located along the 

gastrointestinal and other mucosal surfaces. Although recruitment or trafficking of these cells in 

health and disease remains poorly understood, this model of inoculation into ileal Peyer’s 

patches is uniquely suited to study these responses.  

 We used immunofluorescence microscopy to show that in a healthy calf ileum, 

approximately 25% of the nucleated cells in the mucosa are CD3+, while approximately 75% of 

these cells also express the γδ TCR. In these healthy calves, within the epithelium alone, 

approximately 30% of these cells are γδ T cells, the vast majority of which lack expression of 

the much-studied but still functionally uncharacterized WC1+ molecule. In comparing the 

uninfected calves to MAP-infected calves, we were able to demonstrate significantly greater 

numbers of CD3+ T cells and significantly greater numbers of γδ T cells within the ileal 

mucosa in MAP-infected calves. Within the epithelial layer of the intestine of MAP-infected 

calves, almost 50% of nucleated cells are γδ T cells that lack expression of the WC1 (WC1- γδ 

T cells).  These data demonstrate the significant increase of WC1- γδ T cells within the 
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epithelial layer of the intestine during early MAP infection, and suggest their potential role in 

immunosurveillance and during host defense in early intestinal MAP infection.  In light of data 

from the previous experiments in this thesis showing that naïve WC1- γδ T cells proliferate 

more robustly, and produce significantly more IFNγ than naïve WC1+ γδ T cells, the logical 

progression of this study was to investigate cytokine gene expression in these tissues in order to 

attempt to gain further understanding of how recruitment of WC1- γδ T cells may be involved 

in modulation of the host immune response.  

 Therefore, in the second part of this experiment, we collected RNA from 

intestinal tissue (either by tissue scrapes or by LCM) of both MAP-infected and uninfected 

calves to compare cytokine gene expression between these groups. When we compared gene 

expression profiles of these cytokines in MAP-infected calves to uninfected calves using RNA 

samples collected by tissue scraping, there was increased gene expression of IFNγ, though this 

was not statistically significant. No differences in IL-17 or IL-10 gene expression was detected 

in tissue scraping homogenate samples of MAP-infected calves compared to uninfected calves. 

We then used LCM to selectively target and collect RNA from cells either in the epithelium or 

the lamina propria for analysis of cytokine gene expression with the hypothesis that this would 

improve the sensitivity of the assay.  Using this technique and pooling LCM samples from 

epithelium and lamina propria, we detected higher gene expression of IFNγ, lower gene 

expression of IL-10 and higher gene expression of IL-17 in MAP-infected calves compared to 

uninfected calves; however these data were not statistically significant (Figure 11).  We 

anticipated increased expression of IFNγ gene based on the importance of IFNγ during the 

initial response necessary for containment of bacteria and granuloma formation during early 

MAP infection; however this was not confirmed in our study. We also expected to observe 
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significantly greater gene expression of IL-17 within the mucosa of MAP-infected calves 

compared to uninfected calves; however this was not confirmed by this method. It has been 

proposed that IL-17 is critical for granuloma formation (Okamoto Yoshida et al., 2010); 

however, it has also been suggested that a lack of IL-17 may have minor effects on 

antimicrobial immune response (Khader et al., 2005; Umemura et al., 2007) and that markedly 

increased IL-17 is associated with over-exuberant inflammation (Basile et al., 2011; Cooper, 

2009; Cruz et al., 2010).  

Based on the immunofluorescence data showing distinct compartmentalization of γδ T 

cell subsets in the intestine where WC1- γδ T cells were recruited exclusively into the 

epithelium, we then used LCM-collected RNA to compare cytokine gene expression within 

each specific region of the ileum (epithelium versus lamina propria) between MAP-infected and 

uninfected calves. Using the LCM technique, we found no statistically significant differences in 

cytokine gene expression within the epithelial layer of MAP-infected and uninfected calves; 

however expression of IFNγ gene in the epithelium were consistently greater (2X) in MAP-

infected calves compared to uninfected calves, expression of both IL-17 and IL-10 genes in the 

epithelium were consistently lower in MAP-infected calves compared to uninfected calves 

(4.2X and 2.9X, respectively, Figure 12). When using the LCM technique to examine the 

lamina propria, we observed significantly greater IFNγ gene expression (6.1X) in the lamina 

propria of MAP-infected compared to uninfected calves (Figure 12). Additionally, we observed 

lower IL-10 gene expression (2X) and higher IL17 gene expression (7X) in the lamina propria 

of MAP-infected calves compared to uninfected calves; however these were not statistically 

significant (Figure 12).  Again, we anticipated increased IFNγ and IL-17 gene expression within 

the lamina propria early after MAP infection, due to the fact that past studies that have 
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demonstrated the crucial soluble mediators against mycobacterial infections include IFNγ, 

tumor necrosis factor (Buddle et al., 2003; Pollock et al., 2005; Vordermeier et al., 2002; 

Waters et al., 2003), and IL-17 (Aranday-Cortes et al., 2013; Blanco et al., 2011). IL-17 

responses have been shown to increase significantly in M. tuberculosis-infected humans 

(Cowan et al., 2012; Jurado et al., 2012), mice infected with BCG (Lockhartet et al., 2006) and 

M. bovis-infected cattle (Aranday-Cortes et al., 2013; Vordermeier et al., 2002). Interestingly, in 

tuberculosis-infected mice it has been shown that γδ T cells produce more IL-17 than the CD4+ 

T cells (Lockhart et al., 2006; Umemura et al., 2007). Surprisingly the 7-fold increase in IL-17 

expression within the lamina propria in our study was not statistically significant; this may have 

been due to our limited sample number and should be further investigated.  The role of IL-10 

during early mycobacterial infection is relatively unknown, but this cytokine has been shown to 

negatively regulate expression of Th1 cytokines and co-stimulatory molecules by macrophages 

while enhancing B cell survival and helping in their proliferation and antibody production (a 

Th2 type response) and enhancing regulatory functions.  Altered IL-10 gene expression was not 

anticipated during early stages of intestinal MAP infection, and this cytokine is likely more 

important during later stages of this disease. We did observe reduced expression of IL-10 gene 

in both the epithelium (3X) and lamina propria (2X) of MAP-infected calves compared to 

uninfected calves in this study, and this was not statistically significant.  

Because our in vitro data indicate that WC1- cells are capable of rapid responses and 

IFNγ generation following stimulation, and so we postulated that the WC1- cells play an 

important role during early bacterial infections of the intestinal tract as an important contributor 

of IFNγ. Furthermore, in light of our data showing that WC1- γδ T cells compose a large 

proportion of intra-epithelial T lymphocytes in MAP-infected calf intestine (Figure 7E,G, 
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Appendix Table A5), we expected significant upregulation of IFNγ gene expression within the 

epithelium itself. Although we observed a distinct trend toward increased expression of IFNγ 

gene within the epithelium (2X), the data were not statistically significant.  

Lastly, we compared cytokine gene expression profiles within specific anatomic regions 

(epithelium vs. lamina propria) of the small intestine within both MAP-infected and uninfected 

calves. Within uninfected calves, there was significantly higher expression (2.9X) of the IL-17 

gene within the epithelium compared to the lamina propria, significantly lower expression (5X) 

of the IL-10 gene within the epithelium compared to the lamina propria, and no significant 

differences in IFNγ gene expression in the epithelium compared to the lamina propria.  

Collectively, these data suggest a constitutive pattern of cytokine gene expression in the 

intestine of healthy calves where IL-17 gene expression is greater in the epithelial layer and IL-

10 gene expression is greater within the lamina propria.  Increased ratio of IL-10 gene 

expression in the lamina propria compared to epithelium in calves with or without MAP 

infection is consistent with the idea that the lamina propria is a primary site for 

immunoregulatory cells in the intestine of calves, while the epithelium is typically viewed as the 

first-line of defense against pathogenic organisms. Interestingly, Hoek et al found through in 

vitro studies that bovine WC1+ γδ T cells and CD14+ monocytes showing increased expression 

of the IL-10 gene act as the primary regulatory cells, rather than conventional 

CD4+CD25+Foxp3+ T regulatory cells known to perform regulatory functions in humans and 

mice (Hoek et al., 2008).  Following MAP infection, IL-10 gene expression was decreased in 

the epithelium and lamina propria, which is consistent with the literature in that we predict that 

this early time point of infection would have a predominantly Th1 pro-inflammatory response.  

Furthermore, it has been shown that mycobacteria induce enhanced IL-10 production in cattle 
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as a survival mechanism in the host; this response is thought to dampen the pro-inflammatory 

Th1 response and prevent microbial elimination by the host (Yamamura et al., 1991) by 

blockage of phagolysosomal fusion (O'Leary et al., 2011) and leading to the downregulation of 

MHC molecules for antigen presentation (Moore et al., 2001). Although this information seems 

conflicting to our findings of an overall decrease of IL-10 with infection, the timeline of MAP 

infection is again a possible explanation for this discrepancy. Our study examined only a single 

time point very early after MAP inoculation (60 days). Changes in IL-10 gene expression are 

more likely to be correlated with disease progression during the late subclinical and clinical 

stages of disease and the well-recognized immunologic shift from a pro-inflammatory Th1 

response to an immunoregulatory Th2 response, which was not examined in this study.  

The progression of MAP infection from initial infection towards subclinical or clinical 

disease varies significantly between individuals, and the participation of various cytokines and 

cell types during the phases of this disease remain largely unknown. With the use of a single 60-

day time point after MAP infection, we have limited our research time frame and thus we may 

have missed important changes in cytokine gene expression over different stages of disease 

progression. A second major limitation to this study might be the lack of high quality mRNA 

from our samples. The exclusion of samples due to data points that resulted in undetermined Cq 

values by PCR resulted in only 3 experimental replicates for some analyses in this study. 

Further research including greater numbers of calves with higher quality mRNA samples may 

help to strengthen P values and ultimately enhance statistical significance in the trends in 

cytokine gene expression observed in this study.  

As previously mentioned, the changes in cellular composition and contribution within 

the ileum early after MAP infection are at one single time point (60 days) in our study.  
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Regardless, we believe these findings contribute to understanding the early immune response in 

the intestine of calves early after MAP infection, and support the hypothesis that WC1- γδ T 

cells are important players in this response. For future research, the addition of various time 

points following MAP infection will be helpful to understanding the pathogenesis of early 

infection as well as progression of the disease, and potentially further elucidating the Th1/Th2 

shift hypothesis.  Furthermore, adding a group of MAP-vaccinated calves to investigate if 

WC1+ cells play a larger role in initial infection if individuals are previously primed for 

mycobacterial infection would be beneficial to understanding additional functional differences 

between bovine γδ T cell subsets.  

In summary, using a combination of histopathology, immunofluorescence microscopy 

and RT-qPCR analysis 60 days after direct ileal MAP in inoculation in calves, we were able to 

successfully demonstrate: histologic lesions consisting of granulomatous inflammation with the 

presence of mycobacterial bacilli in infected animals; increased γδ T cell populations within the 

intestinal mucosa primarily due to recruitment of WC1- γδ T cells into the epithelial layer, and 

significantly increased IFNγ gene expression within the lamina propria of MAP-infected calves. 

These data contribute to the understanding of early host responses to MAP within the bovine 

intestine, and provide the framework for future additional work in this area. 
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Table 2. Individual calf treatment, histopathologic lesions, acid-fast staining 
and MAP culture 

Subject Calf 
# 

Breed Treatment Histopathology Acid- 
Fast 

Culture 

1 3 Jers Uninfected None Neg Neg 
2 42 Jers Uninfected None Neg Neg 
3 24 Jers Uninfected None Neg Neg 
4 6 Jers Uninfected None Neg Neg 
5 7 Jers Uninfected None Neg Neg 
6 801 Hol Uninfected None Neg Neg 
7 835 Hol Uninfected None Neg Neg 
8 837 Hol Uninfected None Neg Neg 
9 842 Hol Uninfected None Neg Neg 
10 905 Hol Uninfected  None Neg Neg 
11 1 Jers MAP-

infected 
Few macrophages, 
MNGC 

Neg Pos 

12 2 Jers MAP-
infected 

Few macrophages Pos Pos 

13 5 Jers MAP-
infected 

Few macrophages Pos Pos 

14 8 Jers MAP-
infected 

LN aggregates of 
macrophages 

Neg Pos 

15 11 Jers MAP-
infected 

Multifocal granulomas Pos Pos 

16 834 Hol MAP-
infected 

Macrophages, 
neutrophils, crypt 
abscesses 

Neg Pos 

17 877 Hol MAP-
infected 

Abscess in lymphoid 
tissue 

Neg Pos 

18 909 Hol MAP-
infected 

Multifocal granulomas Neg Pos 

19 910 Hol MAP-
infected 

Multifocal granulomas, 
MNGCs 

Neg Pos 

20 912 Hol MAP-
infected 

Few macrophages Neg Pos 

MNGC = multinucleate giant cells, LN = lymph node, Hol = Holstein, Jers = Jersey. 
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Table 3. Primers used for RTq-PCR to measure gene expression  

Primer Forward (5’-3’) Reverse (5’-3’) 
 

IFNγ CAGAAAGCGGAAGAGAAGTCAGA 
 

AGGCAGGAGGACCATTACG 
 

IL-10 GTTGCCTGGTCTTCCTGGCTG 
 

TATGTAGTTGATGAAGATGTC 
 

IL-17 GCCCACCGATTATCACAAG 
 

TGGCCTCCCAGATCACAGA 
 

GAPDH CCCTCCACGATGCCAAAGT 
 

CCCTCCACGATGCCAAAGT 
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Figure 4. Histological lesions of uninfected and MAP-infected ileum   

In panel A, ileum from an uninfected calf show normal villi. H&E stain. 20x. In panels B, C, 

the ileum of MAP-infected calf shows increased intra-epithelial lymphocytes (arrowhead) and 

granulomas (arrow) within villi. H&E stain. 20X, 40X respectively. 

A B 

C 
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Figure 5. Acid-fast staining of bacteria within MAP-infected ileum   

In panels A and B, the ileum from a MAP-infected calf is shown. Acid-fast MAP bacteria are 

present within macrophages and multinucleated giant cells. Ziehl-Neelsen stain. 20X, 40X, 

respectively.  

A 

B 
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Uninfecte
d Calf 

Infected 
Calf 

Figure 6. CD3 and γδ TCR in ileum of uninfected and MAP-infected calves   

Panels A and E are overlays of 3 colour immunofluorescence staining of ileum. Panels B – D 

and F – H are single colour stains: cell nuclei (blue), CD3 (green), and γδ TCR (red).   
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Uninfecte
d Calf 
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ed Calf 

 

Figure 7. WC1 and γδ TCR in ileum of uninfected and MAP-infected calves  

Panels A and E are overlays of 3 colour immunofluorescence staining of ileum. Panels B – D 

and F – H are single color stains: cell nuclei (blue), WC1 (green), and γδ TCR (red).  
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Figure 8. CD3+ T cells in ileal mucosa of uninfected and MAP-infected calves  

Each data point represents the mean of the 10 cell counts for each calf, the mean of each group 

is shown. Panel A: There is significantly more CD3+ cells in the mucosa of MAP-infected 

compared to uninfected calves (uninfected mean = 28.7, CI 24.1-33.7, MAP-infected mean = 

45.4, CI 39.9-51.6; P=0.0007). Panel B: There is significantly more CD3+ cells in the 

epithelium of MAP-infected compared to uninfected calves (uninfected mean = 6.6, CI 5.2-8.3, 
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MAP-infected mean = 15.4, CI 12.5-19.0; P=0.0001). n=6 for each group, error bars show SEM. 

Asterisks indicate P<0.05 for cell numbers between uninfected and MAP-infected calves. 
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Figure 9. γδ T cells in ileal mucosa of uninfected and MAP-infected calves  

Each data point represents the mean of the 10 cell counts for each calf, the mean of each group 

is shown. Panel A: There is significantly more γδ+ cells in the mucosa of MAP-infected 

compared to uninfected calves (uninfected mean = 22.3, CI 18.5-26.8, MAP-infected mean = 

36.4, CI 31.0-42.2; P=0.0011). Panel B: There is significantly more γδ+ cells in the epithelium 

of MAP-infected compared to uninfected calves (uninfected mean=6.6, CI 5.0-8.5, MAP-
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infected mean = 17.2, CI 13.5-21.7; P=0.0001). n=6 for each group, error bars represent SEM. 

Asterisks indicate P<0.05 for cell numbers between uninfected and MAP-infected calves. 
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Figure 10. WC1- γδ TCR in ileal lymphocytes of uninfected and MAP-
infected calves  

Each data point represents the mean of the 10 cell counts for each calf, the mean of each group 

is shown. Panel A: There is significantly more WC1-γδ+ cells in the mucosa of MAP-infected 

compared to uninfected calves (uninfected mean = 8.2, CI 6.6-10.2, MAP-infected mean = 19.0, 
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CI 15.6-22.8; P=<0.0001). Panel B: There is significantly more WC1-γδ+ cells in the 

epithelium of MAP-infected compared to uninfected calves (uninfected mean = 6.6, CI 5.0-8.5, 

MAP-infected mean = 17.2, CI 13.5-21.7; P=0.0001). n=6 for each group, error bars represent 

SEM. Asterisks indicate P < 0.05 for cell numbers between uninfected and MAP-infected calves. 
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Figure 11. Cytokine gene expression in ileal mucosa of MAP-infected and 
uninfected calves  

Normalized relative gene quantity is shown as a ratio of gene expression in MAP-infected: gene 

expression in uninfected calves. Using ileal scrapings, there is greater expression of IFNγ (1.4X, 

SEM 0.14–72.17, P=0.765), and no difference in IL-10 or IL-17 expression in MAP-infected 

calves compared to uninfected calves (n=10 calves in each group; 11 data points excluded due 

to undetermined Cq values by PCR). For LCM samples, there is greater IFNγ gene expression 

(3.42X, SEM 0.65–24.64, P=0.11), less IL-10 gene expression (2.27X, SEM 0.035-5.4, 

P=0.44) and greater IL17 gene expression (1.2X, SEM 0.122–8.33, P=0.79) in MAP-infected 

compared to uninfected calves (n=5 uninfected calves, n = 7 MAP-infected calves; 8 data points 

excluded due to undetermined Cq values by PCR). Cq values are log transformed (log2).   
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Figure 12. Cytokine gene expression in ileum of MAP-infected and 
uninfected calves by anatomical region: epithelium or lamina propria  

Normalized relative gene quantity is shown as a ratio of gene expression in MAP-

infected:uninfected calves and by anatomical location (epithelium or lamina propria). There is 

greater expression of IFNγ gene (2.0X, SEM 0.1–24.96, P=0.62), less expression of IL-10 gene 

(2.9X, SEM 0.008–5.05, P = 0.35) and less expression of IL-17 gene (4.2X, SEM 0.005–2.53, 

P=0.22) in the epithelium of MAP-infected calves compared to uninfected calves.  There is 

significantly greater expression of IFNγ gene (6.2X, SEM 1.38–53.5, P=0.010), less expression 

of IL-10 gene (1.9X, SEM 0.16–2.1, P=0.39) and greater expression of IL-17 gene (7.0X, SEM 

0.67–14.78, P=0.27) in the lamina propria of MAP-infected calves compared to uninfected 

calves.  n=5 uninfected calves, n = 7 MAP-infected calves; 8 data points excluded due to 

undetermined Cq values by PCR. Cq values are log transformed (log2) to NRQ. Asterisks 

indicate P < 0.05 for gene expression between MAP-infected calves and uninfected calves for a 

specified cytokine.   
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Figure 13. Cytokine gene expression in intestinal epithelium and lamina 
propria of MAP-infected and uninfected calves 

Normalized relative gene quantity is shown as a ration of gene expression in the epithelial: gene 

expression in the lamina propria of each calf and grouped as MAP-infected or uninfected. In 

MAP-infected calves, there is a significantly increased expression of IL-10 gene (8X, CI 5.4–

12.6; P<0.0001), no significant difference in IFNγ or IL-17 gene expression within the 

epithelium compared to the lamina propria. In uninfected calves, there is significantly increased 

expression of IL-10 gene (5X, CI 4.5–5.4; P<0.0001), and decreased expression of IL-17 gene 

(2.9X, CI 1.8–4.7; P<0.0001), and no significant difference in expression of IFNγ gene within 

the epithelium compared to the lamina propria. n=5 uninfected calves, n=7 MAP-infected 

calves; 8 data points excluded due to undetermined Cq values by PCR. ΔΔ Cq values are log 

transformed (log2) to NRQ with 95% confidence intervals (error bars) for data presentation 

using standard error propagation. Asterisks indicate P<0.05 for gene expression between 

epithelium and lamina propria for a specified cytokine.   
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Chapter 4: General Discussion  

Our central hypothesis for this work was that WC1- γδ T cells, but not WC1+ γδ T cells 

of naïve calves are important responders during early MAP infection in calves. Specifically, we 

hypothesized that these cells respond initially to MAP antigen stimulation, are the primary 

lymphocyte subset recruited to initial MAP infection sites, are activated for pro-inflammatory 

cytokine secretion, and thus exert a profound influence on the eventual outcome of MAP 

infections. Our purpose for this specific area of focus is to gain a greater understanding of the 

variables between calves that may contribute to the early pathogen clearance of MAP or 

establishment of MAP infection. Currently, there are large knowledge gaps in the understanding 

of the immunological responses in the early stages of MAP infection within the intestinal tract 

that limit the capacity for early diagnosis and prevention of herd spread.   

We set out to demonstrate our hypotheses both in vitro and in vivo.  Our data supports 

our hypotheses by showing that a) in vitro WC1- γδ T cell and WC1+ γδ T cell subsets respond 

differently in culture with and without stimulation by MAP antigens with significant variability 

in proliferation and cytokine secretion and that b) in vivo there is significant γδ T cell subset 

recruitment to the site of ileal MAP infection where cytokine profiles differ between MAP-

infected and uninfected groups of calves. Ultimately, we are interested in assessing which T cell 

subsets are specifically responsible for influencing the local cytokine milieu, evaluating changes 

in the T cell distribution and cytokine secretion over the development of the disease.  

4.1 WC1- and WC1+ γδ+ cell subsets have distinct proliferative and cytokine 
secretion responses following stimulation by MAP antigen  

In chapter 2 of this thesis, our objective was to identify differences in responses of naïve 

WC1+ γδ and WC1- γδ T cell subsets immune responses to various potential MAP-derived 
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ligands by measuring cell proliferation and IFNγ production of each subset. Due to the relative 

inaccessibility of the WC1- γδ T cell subset, much research has focused on the WC1+ γδ T cell 

population or γδ T cells as a whole obtained from the peripheral blood compartment (most of 

which would be WC1+), leaving response of WC1- γδ T cells largely unexplored.  Some reports 

have suggested that WC1- cells play a greater part in immunosurveillance (Graff, 2006; Hedges, 

2003; Meissner et al., 2003) and WC1+ cells in humoral or memory immune responses 

(Blumerman et al., 2007b; Blumerman et al., 2007a; Graff, 2006; Hedges, 2003; Meissner et al., 

2003), and the differences between these subsets are under investigated. Our data from this 

study support the hypothesis that naïve WC1- γδ T cells proliferate and secrete IFNγ more 

robustly compared to WC1+ γδ T in culture, though the precise antigens or method of 

stimulation that these cells respond to remain unknown and this may in fact be an antigen-

independent phenomenon. 

These data represent an important contribution towards understanding the differing roles 

of these two bovine γδ T cell subsets during stimulation by mycobacterial antigens or other 

sources. 

4.2 Response of γδ T cells in the ileum after intestinal MAP infection 

In Chapter 3, our aim was to expand on the results of the previous study by investigating 

the function of intestinal γδ T cell subsets in the context of MAP infection within the ileum. 

Since WC1- γδ T cells are primarily intra-epithelial lymphocytes, our hypothesis was that the 

WC1- γδ T cell subset is specifically localized to the epithelium of the ileum in healthy and 

diseased bovine small intestine. Furthermore, alterations in the quantity and distribution γδ T 

cells in the mucosa would result in greater increased secretion of pro-inflammatory cytokines by 

WC1- cells during early MAP infection.  
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In chapter 2 of this thesis we showed WC1- γδ T cells to have increased proliferation 

and secretion of IFNγ compared to WC1+ γδ T cells in vitro. Therefore, our goal in chapter 3 

was to examine this phenomenon in the context of the intestine, which is long presumed to be 

the initial site of MAP infection. Very little in vivo research has investigated bovine γδ T cell 

roles within the context of intestinal mycobacterial infection. We previously showed differing 

functional roles for γδ T cell subsets by examining their recruitment into a subcutaneous 

mycobacterial infection site (Plattner et al., 2013), and so to expand on this research, we set out 

to compare recruitment of γδ T cell subsets in the intestine following experimental enteric MAP 

infection. 

We found significant increases in γδ T cells within the intestinal mucosa after MAP-

infection, primarily due to recruitment of WC1- γδ T cells specifically into the epithelial layer 

of the intestine. Results of cytokine gene expression within the mucosal were not found to be 

statistically significant, yet certain patterns emerged and increasing sample numbers may help 

to determine if there is significance to these tends. Since experimental MAP infection led to 

WC1- γδ T cells comprising the majority of T cells within the epithelium, we were expecting a 

concurrent increase in gene expression of IFNγ within the epithelium to correlate with the  

increased numbers of WC1- γδ T cells. As well, because our in vitro research showed that 

WC1- γδ T cells produce more IFNγ compared to WC1+ γδ T cells in culture, a significant 

increase in expression of IFNγ was predicted. Though we detected higher levels of IFNγ gene 

expression within ileal tissue scraping homogenates, pooled epithelial and lamina proprial LCM 

samples, and within the epithelial layer itself for MAP-infected calves compared to uninfected 

calves, these data remain statistically insignificant.   

To further investigate various cytokine responses after intestinal MAP-infection we 
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examined distinct regions of the ileal mucosa (epithelium versus lamina propria) and compared 

cytokine gene expression in each region of both MAP-infected and uninfected calves.  In MAP 

infected calves, we observed significantly increased IFNγ gene expression within the lamina 

propria but not in the epithelial compartment. Because we only examined a single time point of 

60 days after direct ileal MAP inoculation which bypassed the epithelial layer in this study, it is 

probably not surprising that the elevated IFNγ gene expression is detectable in lamina propria 

but not in the epithelial layer in this study. These data reflect the idea of a pro-inflammatory 

milieu in the lamina propria during the early stages following experimental intestinal MAP 

infection.  

Our expected findings for IFNγ gene expression in the epithelial layer were that 

following MAP infection there would be significantly greater expression of IFNγ and less 

expression of IL-10, and significant lamina proprial increases in IL-17 expression within MAP-

infected calves compared with uninfected calves. These expectations were based on the 

hypotheses that a WC1- γδ T cell rich epithelium is the first line of defense and thus has a 

distinct propensity toward a pro-inflammatory Th1-predominant response (increased IFNγ and 

decreased IL-10 expression) as well as a localized pro-inflammatory milieu in the lamina 

propria during early stages of intestinal MAP infection (increased IFNγ and IL-17 expression). 

Though all changes in gene expression within this study reflect the expected pattern related to 

cytokine gene expression, the data are not statistically insignificant.  

When we focused on comparing anatomical regions of the intestine within MAP-

infected calves only, we found a significant difference in IL-10 expression between the 

epithelium and lamina propria.  Even though IL-10 gene expression was overall reduced in 

MAP-infected calves compare to uninfected calves, we observed increased IL-10 gene 



84	  
	  

expression within the lamina propria (8-fold higher) compared to the epithelial layer within 

MAP-infected calves. Since the cells influencing this response within the lamina propria are 

likely a varied mixture of T cell subsets and other cells capable of cytokine secretion, we are 

unable to make definitive conclusions on the specific cell types involved. In vitro studies in 

cattle have demonstrated that WC1+ γδ T cells and CD14+ monocytes are significantly 

involved in immunoregulatory functions in the intestine with increased gene expression of IL-

10 (Hoek et al., 2008). Furthermore, some mycobacterial species such as M. bovis, have been 

shown to be proficient at stimulating IL-10 production from macrophages resulting in the 

dampening of the inflammatory immune response and likely leading to the shift to a Th2 

predominant state (Yamamura et al., 1991). This information may prove very useful with 

further exploration into the possible presence/participation of WC1+ γδ T cells within the 

lamina propria during the progression of MAP infection and the transition from a Th1 pro-

inflammatory state to a Th2 state that is commonly observed in the late subclinical to clinical 

stages of the infection in cattle. 

Although the timeline of MAP infection progression from initial infection to subclinical 

and eventually clinical disease varies significantly between individuals, and is likely influenced 

by changing cellular composition and cytokines both locally and systemically, our findings 

contribute to understanding the early immune response after MAP infection locally within the 

intestine of naïve calves, and conform with our hypothesis that WC1- γδ T cells are 

significantly altered in this response.  

4.3 Pitfalls and Limitations 

In part 2 of our study, our data demonstrates that WC1- γδ T cells, and not WC1+ γδ T 

cells, respond by proliferation and cytokine generation following a wide range of MAP antigens 
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and non-MAP antigen stimulation and this response is observed in our system following culture 

with complete media alone; the mechanisms for this response remain unknown. As previously 

mentioned, cellular viability post culture between WC1+ and WC1- populations was assessed 

solely by analysis of flow cytometry dot plots to ensure there was no evidence of cellular death 

causing cellular destruction and debris. To more accurately detect differences in survival/cell 

death between populations cellular viability staining should be done for all future experiments 

to rule out this potential limitation. 

The most unexpected result in this work is the proliferation of WC1- γδ T cells without a 

requirement for specific antigenic stimulation in our system and the mechanism for this remains 

unclear. One explanation for this may be the exogenous recombinant IL-2 that was added to all 

culture wells in this study. In order to accommodate the low WC1- numbers attainable from the 

peripheral blood compartment of young calves, we included IL-2 in all cell cultures without a 

control well lacking IL-2 in each experiment based on the literature and our previous experience. 

We performed a preliminary pilot study with IL-2, and observed no differences in cellular 

proliferation in γδ T cells with or without IL-2 (Appendix Figure A4).  Research preformed in 

our lab through fluorescent receptor labeling and flow cytometry suggests WC1- γδ T cell have 

significantly less expression of the CD25 receptor compared to the autologous WC1+ γδ T cells 

(unpublished data).  Since proliferation via IL-2/CD25 ligation would be expected to be 

enhanced with more expression of CD25, the addition of IL-2 leading to the proliferation of 

WC1- cells is unlikely.  

An alternate potential explanation for this result is that the γδ T cells were initially 

activated during magnetic bead-based separation by specific ligation of the γδ T cell receptor 

(this receptor would not have been ligated during separation of the WC1+ γδ T cell subset), and 
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then these activated cells responded to bovine protein components (BSA or FBS, for example) 

found in the complete cell medium used in this study. In addition to the TCR ligation, there is a 

phenomenon known as “innate-like antigen-independent priming model of γδ T cell”. This 

phenomenon suggests that PAMP/PRR engagement (possibly DAMPs from dead cells in 

culture) produce a primary phase of priming for the γδ T cells which translates to an enhanced 

secondary phase during which bacterial antigens bind to and ligate the TCR with little 

specificity (Jutila et al., 2008).  This is an interesting hypothesis, as human γδ T cells have been 

shown to respond specifically to tissue damage such as DAMPS and have thus been implicated 

in would healing process (Havran, 2000). To our knowledge, the innate-like antigen-

independent priming of γδ T cells has not been compared between WC1+ and WC1- 

subpopulations, but could potentially be a significant factor for the differences we observed 

between subsets in this study. Both these phenomena may explain the seemingly innate 

proliferative reaction of the WC1- cells in the non-antigen stimulated culture conditions. In 

order to further investigate the mechanism why naïve WC1- γδ T cells exposed to non-

mycobacterial antigens respond similarly compared to cells stimulated with specific 

mycobacterial antigens, further experiments should be conducted: heat-inactivated serum, BSA 

and FBS-replete complete medium, substitution of these bovine-origin proteins with horse 

serum, or substitution of BSA/FBS with autologous calf serum in addition to a control well 

without IL-2 should be tested to ensure the IL-2 or RPMI is not the primary reason for enhanced 

proliferation of WC1- cells in culture. As well, an additional control well of unsorted T cells 

would also help to determine if it was ligation of the γδ TCR for the magnetic bead-based 

sorting procedure that was responsible for priming the WC1- for an enhanced response. 

In part 3, there was exclusion of 10 MAP inoculated calves based on a lack of lesions 



87	  
	  

and negative tissue MAP culture results.  It is unknown whether these particular calves without 

evidence of MAP infection at 60 days post experimental inoculation were a subgroup of calves 

in which an established MAP infection never occurred, were able to clear MAP infection prior 

to 60 days post inoculation, or where sampling was insufficient to detect infection due to MAP 

infection which is known to be multifocal in distribution during early infection. Based on the 

fact that Johne’s disease is a multifocal disease within the ileum, and within our study only one 

portion of ileum was sampled, it is possible we neglected to find evidence of infection in those 

10 subjects who were excluded. In retrospect for this study, sampling multiple sections of ileum 

from each calf would have been beneficial to increase the probability that lesions are not missed, 

though inoculation sites and tissue collection sites were consistent throughout all calves in this 

study.  Failing to find conclusive evidence of infection in the 10 calves excluded from the study, 

it may have been beneficial to construct a study with three groups including a control group, an 

MAP-infected group (with confirmatory evidence), and an inoculated group (lacking evidence 

of infection) with the assumption these calves may have been the individuals able to clear 

infection. Regardless, as a preliminary study, this research is informative as a first step to 

understanding the early stages of enteric MAP infection and the role of the γδ T cell subsets 

during the early phase of MAP infection. 

A major limitation to the assessment of cytokine gene expression is also the lack of high 

quality mRNA yielding samples. Due to the poor mRNA yield of several samples, these data 

points had to be omitted from analysis. The exclusion samples resulted in some groups having 

only 3 calves for comparison. Continuing research with the addition of greater numbers of 

calves with higher quality mRNA yielding samples would be beneficial to detect possible 

statistical significances in the up regulation or down regulation patterns we observed by 
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strengthening P values.  

Lastly the ability of the LCM to precisely capture a specific cellular phenotype is a 

limitation to this research.  Improvements to LCM precision would be beneficial to allow more 

definitive conclusions regarding cytokine expression of specific cells. On average, 

approximately 5 cells were captured in each laser spot, making targeting of any single cell type 

impossible. Therefore, despite the fact that WC1- γδ T cells make up a large proportion of the 

infected epithelial cell population, we could not exclude all cell types except WC1- γδ T cells as 

the source of cytokine genes within the epithelium.  Furthermore, when making comparisons 

between the epithelium and lamina propria regarding cytokine gene expression, it is accepted 

that cellular make-up of the epithelium and the lamina propria is different. With the presence of 

fibroblasts/vessels in the lamina propria, it is possible that there is simply a less dense 

population of T cells secreting cytokines for each region collected for LCM. The ability to 

select single cells for PCR analysis would remove this factor as a limitation.  

4.4 Summary 

Unfortunately, MAP infection continues to be a cause of major economic losses in the 

dairy industry around the world, and many challenges exist in the prevention and control of this 

disease. In particular a lack of understanding of the host’s response during the multiple stages or 

phases of disease has resulted in an inability to prevent, diagnose and possibly treat early 

infection. Greater knowledge regarding the mechanisms by which some calves apparently 

manage to clear the bacteria compared to those who remain persistently infected could lead to 

the advancement of strategies to control/clear infection at an early stage. Currently, early stages 

of MAP infection are poorly understood, not well studied, and nearly impossible to detect; 

therefore focusing on the role of the immune response at this critical stage of disease is 
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warranted. 

For future research, inclusion of a group previously exposed (vaccinated) calves with a 

primed immune response to Mycobacterium to evaluate the participation of WC1+ cells (which 

are thought to have a greater role in memory responses) would provide an even clearer picture 

of the roles of γδ T cells subsets during infections. Secondly, examination into the changing 

cellular distributions and cytokine expression within the gut over various time points would aid 

in the understanding of the progression of the disease and the triggers that lead to the transition 

to clinical disease from latent infection.  

In summary, both parts of our work in this thesis demonstrate distinct roles between 

WC1- and WC1+ γδ T cells, with a general pattern of WC1- γδ T cell involvement during 

surveillance and early pro-inflammatory responses. These findings provide a platform for 

continuing investigation into the role of γδ T cells alone, and in combination with other cells, to 

achieve an efficient strategy to prevent or clear infectious agents such as MAP.  
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Appendix	  

Appendix table 1. Plate layout for in vitro antigen stimulation assay  

 
 1 2 3 4 5 6 7 8 9 10 11 12 

A Rest 
(no 
Ag) 

 PE Only 
(control) 
K10 
(40ng/ml) 

         

B     ConA 
(40ng/ml) 

 K10 
(40ng/ml) 

 MAPcf 
(40ng/ml) 

 MAPl 
(40ng/ml) 

 

C     MAPld 
(40ng/ml) 

 MAH 
(40ng/ml) 

 Ms 
(40ng/ml) 

 PKH 
Only 
(control) 

 

D             

E Rest 
(no 
Ag) 

 PE Only 
(control) 
K10 
(40ng/ml)  

         

F     ConA 
(40ng/ml) 

 K10 
(40ng/ml) 

 MAPcf 
(40ng/ml) 

 MAPl 
(40ng/ml) 

 

G     MAPld 
(40ng/ml) 

 MAH 
(40ng/ml) 

 Ms 
(40ng/ml) 

 PKH 
Only 
(control) 

 

H             

Cells in wells rows A-C are WC1+γδ+; Cells in wells in rows E-G are WC1-γδ+. Ag=antigen, 

MAPcf = MAP culture filtrate, MAPl = MAP lysate, MAPld = MAP lysate digest (proteins 

digested and removed), MAH = Mycobacterium hominissuis culture filtrate, Ms = 

Mycobacterium smegmatis culture filtrate. 
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Appendix table 2. Raw cell count data, immunofluorescence microscopy 

 Ten fields of view are shown for each calf. 

 

calf infection 
status section mucosal 

dapi
mucosal cd3 

+
mucosal 

dapi on cd3+
mucosal γδ 

+ 
mucosal γδ 
+ on cd3+

mucosal 
WC1 -

epithelial 
cd3 +

epithelial γδ 
+ 

epithelial γδ 
+ on cd3 +

288 inf mucosa0 1,005 295 817 512 109 304 65 287 60
288 inf mucosa1 731 461 897 254 308 135 117 128 115
288 inf mucosa2 754 384 687 311 341 126 155 120 151
288 inf mucosa3 516 413 853 229 314 120 175 116 170
288 inf mucosa4 999 421 756 471 332 305 102 300 85
288 inf mucosa5 984 311 575 481 239 261 92 256 88
288 inf mucosa6 740 449 729 323 289 194 115 188 110
288 inf mucosa7 881 377 609 428 310 300 170 277 162
288 inf mucosa8 651 351 662 386 287 302 101 295 95
288 inf mucosa9 828 436 715 303 260 133 92 115 90
806 inf mucosa0 772 382 899 218 326 137 198 128 195
806 inf mucosa1 751 165 468 231 109 159 65 144 61
806 inf mucosa2 879 418 740 389 211 182 100 130 95
806 inf mucosa3 908 466 696 249 181 124 55 91 50
806 inf mucosa4 909 494 812 310 313 160 61 115 60
806 inf mucosa5 738 230 474 268 201 91 58 70 55
806 inf mucosa6 935 474 569 284 380 197 190 173 185
806 inf mucosa7 912 429 643 202 287 117 82 98 77
806 inf mucosa8 901 403 949 303 281 141 173 119 166
806 inf mucosa9 997 434 950 325 335 223 202 215 198
798 inf mucosa0 772 286 670 379 150 233 74 213 69
798 inf mucosa1 595 281 628 383 236 204 200 190 197
798 inf mucosa2 749 245 715 346 208 109 51 87 45
798 inf mucosa3 538 406 781 200 319 126 98 115 92
798 inf mucosa4 478 221 444 188 156 75 107 68 102
798 inf mucosa5 738 249 476 307 217 208 85 199 81
798 inf mucosa6 862 339 605 277 160 177 117 167 111
798 inf mucosa7 552 305 626 202 248 88 78 80 72
798 inf mucosa8 418 306 923 235 204 154 88 140 82
798 inf mucosa9 808 287 610 274 237 140 64 122 60
1 inf mucosa0 654 154 551 283 134 93 64 57 58
1 inf mucosa1 795 103 388 204 114 100 51 98 48
1 inf mucosa2 673 292 379 355 211 161 115 155 111
1 inf mucosa3 592 157 536 255 131 183 65 173 62
1 inf mucosa4 583 171 749 233 151 130 50 120 48
1 inf mucosa5 669 196 579 143 148 56 82 51 79
1 inf mucosa6 1,041 187 707 211 156 110 65 104 62
1 inf mucosa7 388 227 451 181 193 96 92 91 88
1 inf mucosa8 553 228 670 137 189 80 62 72 51
1 inf mucosa9 728 125 381 182 120 93 48 85 34
2 inf mucosa0 694 209 667 221 167 56 75 50 71
2 inf mucosa1 695 285 714 271 202 215 80 201 77
2 inf mucosa2 683 209 702 241 173 104 68 99 61
2 inf mucosa3 702 443 1,042 276 409 184 269 180 225
2 inf mucosa4 853 345 780 198 372 107 171 100 166
2 inf mucosa5 683 266 754 224 203 125 77 118 72
2 inf mucosa6 1,046 311 1,107 179 252 125 122 119 118
2 inf mucosa7 696 299 791 172 251 93 136 88 131
2 inf mucosa8 874 301 821 230 223 86 90 81 88
2 inf mucosa9 869 288 964 238 201 111 101 105 99
834 inf mucosa0 785 488 982 308 412 207 221 201 201
834 inf mucosa1 462 501 1,044 162 418 64 208 55 196
834 inf mucosa2 986 302 658 408 225 204 118 198 115
834 inf mucosa3 726 324 787 301 279 139 191 122 153
834 inf mucosa4 723 383 852 252 301 108 187 99 168
834 inf mucosa5 981 601 911 327 500 201 256 191 245
834 inf mucosa6 827 318 644 301 257 100 158 92 128
834 inf mucosa7 679 357 782 277 310 166 182 158 173
834 inf mucosa8 661 465 998 284 388 129 221 121 198
834 inf mucosa9 504 488 1,022 108 401 57 201 53 191
42 cont mucosa0 1,065 243 1,042 122 171 32 56 28 40
42 cont mucosa1 905 215 1,077 113 111 39 20 30 13
42 cont mucosa2 1,001 205 966 135 168 47 20 38 20
42 cont mucosa3 939 217 1,021 130 235 73 55 50 52
42 cont mucosa4 950 233 834 178 115 72 38 52 32
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Appendix table 2 (continued). Individual cell counts for each mucosal field of 
view for each calf 

Ten fields of view are shown for each calf. 

 

  

calf infection 
status section mucosal 

dapi
mucosal cd3 

+
mucosal 

dapi on cd3+
mucosal γδ 

+ 
mucosal γδ 
+ on cd3+

mucosal 
WC1 -

epithelial 
cd3 +

epithelial γδ 
+ 

epithelial γδ 
+ on cd3 +

288 inf mucosa0 1,005 295 817 512 109 304 65 287 60
288 inf mucosa1 731 461 897 254 308 135 117 128 115
288 inf mucosa2 754 384 687 311 341 126 155 120 151
288 inf mucosa3 516 413 853 229 314 120 175 116 170
288 inf mucosa4 999 421 756 471 332 305 102 300 85
288 inf mucosa5 984 311 575 481 239 261 92 256 88
288 inf mucosa6 740 449 729 323 289 194 115 188 110
288 inf mucosa7 881 377 609 428 310 300 170 277 162
288 inf mucosa8 651 351 662 386 287 302 101 295 95
288 inf mucosa9 828 436 715 303 260 133 92 115 90
806 inf mucosa0 772 382 899 218 326 137 198 128 195
806 inf mucosa1 751 165 468 231 109 159 65 144 61
806 inf mucosa2 879 418 740 389 211 182 100 130 95
806 inf mucosa3 908 466 696 249 181 124 55 91 50
806 inf mucosa4 909 494 812 310 313 160 61 115 60
806 inf mucosa5 738 230 474 268 201 91 58 70 55
806 inf mucosa6 935 474 569 284 380 197 190 173 185
806 inf mucosa7 912 429 643 202 287 117 82 98 77
806 inf mucosa8 901 403 949 303 281 141 173 119 166
806 inf mucosa9 997 434 950 325 335 223 202 215 198
798 inf mucosa0 772 286 670 379 150 233 74 213 69
798 inf mucosa1 595 281 628 383 236 204 200 190 197
798 inf mucosa2 749 245 715 346 208 109 51 87 45
798 inf mucosa3 538 406 781 200 319 126 98 115 92
798 inf mucosa4 478 221 444 188 156 75 107 68 102
798 inf mucosa5 738 249 476 307 217 208 85 199 81
798 inf mucosa6 862 339 605 277 160 177 117 167 111
798 inf mucosa7 552 305 626 202 248 88 78 80 72
798 inf mucosa8 418 306 923 235 204 154 88 140 82
798 inf mucosa9 808 287 610 274 237 140 64 122 60
1 inf mucosa0 654 154 551 283 134 93 64 57 58
1 inf mucosa1 795 103 388 204 114 100 51 98 48
1 inf mucosa2 673 292 379 355 211 161 115 155 111
1 inf mucosa3 592 157 536 255 131 183 65 173 62
1 inf mucosa4 583 171 749 233 151 130 50 120 48
1 inf mucosa5 669 196 579 143 148 56 82 51 79
1 inf mucosa6 1,041 187 707 211 156 110 65 104 62
1 inf mucosa7 388 227 451 181 193 96 92 91 88
1 inf mucosa8 553 228 670 137 189 80 62 72 51
1 inf mucosa9 728 125 381 182 120 93 48 85 34
2 inf mucosa0 694 209 667 221 167 56 75 50 71
2 inf mucosa1 695 285 714 271 202 215 80 201 77
2 inf mucosa2 683 209 702 241 173 104 68 99 61
2 inf mucosa3 702 443 1,042 276 409 184 269 180 225
2 inf mucosa4 853 345 780 198 372 107 171 100 166
2 inf mucosa5 683 266 754 224 203 125 77 118 72
2 inf mucosa6 1,046 311 1,107 179 252 125 122 119 118
2 inf mucosa7 696 299 791 172 251 93 136 88 131
2 inf mucosa8 874 301 821 230 223 86 90 81 88
2 inf mucosa9 869 288 964 238 201 111 101 105 99
834 inf mucosa0 785 488 982 308 412 207 221 201 201
834 inf mucosa1 462 501 1,044 162 418 64 208 55 196
834 inf mucosa2 986 302 658 408 225 204 118 198 115
834 inf mucosa3 726 324 787 301 279 139 191 122 153
834 inf mucosa4 723 383 852 252 301 108 187 99 168
834 inf mucosa5 981 601 911 327 500 201 256 191 245
834 inf mucosa6 827 318 644 301 257 100 158 92 128
834 inf mucosa7 679 357 782 277 310 166 182 158 173
834 inf mucosa8 661 465 998 284 388 129 221 121 198
834 inf mucosa9 504 488 1,022 108 401 57 201 53 191
42 cont mucosa0 1,065 243 1,042 122 171 32 56 28 40
42 cont mucosa1 905 215 1,077 113 111 39 20 30 13
42 cont mucosa2 1,001 205 966 135 168 47 20 38 20
42 cont mucosa3 939 217 1,021 130 235 73 55 50 52
42 cont mucosa4 950 233 834 178 115 72 38 52 32

calf infection 
status section mucosal 

dapi
mucosal cd3 

+
mucosal 

dapi on cd3+
mucosal γδ 

+ 
mucosal γδ 
+ on cd3+

mucosal 
WC1 -

epithelial 
cd3 +

epithelial γδ 
+ 

epithelial γδ 
+ on cd3 +

288 inf mucosa0 1,005 295 817 512 109 304 65 287 60
288 inf mucosa1 731 461 897 254 308 135 117 128 115
288 inf mucosa2 754 384 687 311 341 126 155 120 151
288 inf mucosa3 516 413 853 229 314 120 175 116 170
288 inf mucosa4 999 421 756 471 332 305 102 300 85
288 inf mucosa5 984 311 575 481 239 261 92 256 88
288 inf mucosa6 740 449 729 323 289 194 115 188 110
288 inf mucosa7 881 377 609 428 310 300 170 277 162
288 inf mucosa8 651 351 662 386 287 302 101 295 95
288 inf mucosa9 828 436 715 303 260 133 92 115 90
806 inf mucosa0 772 382 899 218 326 137 198 128 195
806 inf mucosa1 751 165 468 231 109 159 65 144 61
806 inf mucosa2 879 418 740 389 211 182 100 130 95
806 inf mucosa3 908 466 696 249 181 124 55 91 50
806 inf mucosa4 909 494 812 310 313 160 61 115 60
806 inf mucosa5 738 230 474 268 201 91 58 70 55
806 inf mucosa6 935 474 569 284 380 197 190 173 185
806 inf mucosa7 912 429 643 202 287 117 82 98 77
806 inf mucosa8 901 403 949 303 281 141 173 119 166
806 inf mucosa9 997 434 950 325 335 223 202 215 198
798 inf mucosa0 772 286 670 379 150 233 74 213 69
798 inf mucosa1 595 281 628 383 236 204 200 190 197
798 inf mucosa2 749 245 715 346 208 109 51 87 45
798 inf mucosa3 538 406 781 200 319 126 98 115 92
798 inf mucosa4 478 221 444 188 156 75 107 68 102
798 inf mucosa5 738 249 476 307 217 208 85 199 81
798 inf mucosa6 862 339 605 277 160 177 117 167 111
798 inf mucosa7 552 305 626 202 248 88 78 80 72
798 inf mucosa8 418 306 923 235 204 154 88 140 82
798 inf mucosa9 808 287 610 274 237 140 64 122 60
1 inf mucosa0 654 154 551 283 134 93 64 57 58
1 inf mucosa1 795 103 388 204 114 100 51 98 48
1 inf mucosa2 673 292 379 355 211 161 115 155 111
1 inf mucosa3 592 157 536 255 131 183 65 173 62
1 inf mucosa4 583 171 749 233 151 130 50 120 48
1 inf mucosa5 669 196 579 143 148 56 82 51 79
1 inf mucosa6 1,041 187 707 211 156 110 65 104 62
1 inf mucosa7 388 227 451 181 193 96 92 91 88
1 inf mucosa8 553 228 670 137 189 80 62 72 51
1 inf mucosa9 728 125 381 182 120 93 48 85 34
2 inf mucosa0 694 209 667 221 167 56 75 50 71
2 inf mucosa1 695 285 714 271 202 215 80 201 77
2 inf mucosa2 683 209 702 241 173 104 68 99 61
2 inf mucosa3 702 443 1,042 276 409 184 269 180 225
2 inf mucosa4 853 345 780 198 372 107 171 100 166
2 inf mucosa5 683 266 754 224 203 125 77 118 72
2 inf mucosa6 1,046 311 1,107 179 252 125 122 119 118
2 inf mucosa7 696 299 791 172 251 93 136 88 131
2 inf mucosa8 874 301 821 230 223 86 90 81 88
2 inf mucosa9 869 288 964 238 201 111 101 105 99
834 inf mucosa0 785 488 982 308 412 207 221 201 201
834 inf mucosa1 462 501 1,044 162 418 64 208 55 196
834 inf mucosa2 986 302 658 408 225 204 118 198 115
834 inf mucosa3 726 324 787 301 279 139 191 122 153
834 inf mucosa4 723 383 852 252 301 108 187 99 168
834 inf mucosa5 981 601 911 327 500 201 256 191 245
834 inf mucosa6 827 318 644 301 257 100 158 92 128
834 inf mucosa7 679 357 782 277 310 166 182 158 173
834 inf mucosa8 661 465 998 284 388 129 221 121 198
834 inf mucosa9 504 488 1,022 108 401 57 201 53 191
42 cont mucosa0 1,065 243 1,042 122 171 32 56 28 40
42 cont mucosa1 905 215 1,077 113 111 39 20 30 13
42 cont mucosa2 1,001 205 966 135 168 47 20 38 20
42 cont mucosa3 939 217 1,021 130 235 73 55 50 52
42 cont mucosa4 950 233 834 178 115 72 38 52 32

42 cont mucosa5 825 228 1,116 74 123 25 44 16 40
42 cont mucosa6 851 281 955 180 186 76 71 52 61
42 cont mucosa7 920 364 693 174 111 60 62 32 60
42 cont mucosa8 890 129 733 176 161 49 51 37 44
42 cont mucosa9 957 256 1,034 133 214 63 51 39 40
24 cont mucosa0 582 184. 765. 120 146. 36 32. 32 25.
24 cont mucosa1 691 268. 753. 172 149. 40 73. 29 70.
24 cont mucosa2 787 215. 648. 178 196. 68 55. 54 50.
24 cont mucosa3 1,096 194. 1,033. 227 120. 86 51. 78 45.
24 cont mucosa4 801 289. 1,217. 209 219. 88 41. 85 35.
24 cont mucosa5 921 266. 916. 238 121. 112 35. 65 28.
24 cont mucosa6 984 267. 1,074. 211 238. 55 72. 48 55.
24 cont mucosa7 630 203. 788. 158 117. 86 27. 70 21.
24 cont mucosa8 721 245. 639. 143 192. 49 34. 34 22.
24 cont mucosa9 641 272. 603. 173 179. 68 48. 48 42.
801 cont mucosa0 783 229. 705. 193 159. 73 51. 72 44.
801 cont mucosa1 705 145. 583. 213 95. 108 41. 98 25.
801 cont mucosa2 901 201. 1,108. 123 132. 45 35. 44 34.
801 cont mucosa3 698 448. 781. 175 359. 91 66. 75 62.
801 cont mucosa4 799 309. 714. 168 269. 66 68. 60 61.
801 cont mucosa5 579 247. 1,127. 178 153. 86 28. 75 22.
801 cont mucosa6 543 136. 636. 136 119. 53 55. 40 51.
801 cont mucosa7 823 159. 839. 170 128. 85 48. 76 44.
801 cont mucosa8 619 370. 1,041. 149 131. 58 23. 50 20.
801 cont mucosa9 659 238. 1,139. 204 131. 89 70. 85 65.
802 cont mucosa0 624 256. 704. 147 216. 59 80. 45 60.
802 cont mucosa1 482 242. 856. 118 210. 45 54. 40 49.
802 cont mucosa2 695 299. 793. 141 176. 51 41. 39 33.
802 cont mucosa3 855 305. 896. 152 197. 45 60. 35 54.
802 cont mucosa4 573 167. 634. 161 126. 67 61. 54 57.
802 cont mucosa5 554 106. 593. 120 66. 25 40 18 34
802 cont mucosa6 683 199. 715. 118 133. 30 48. 24 41.
802 cont mucosa7 628 160. 632. 191 105. 36 41. 25 35.
802 cont mucosa8 658 241. 525. 188 169. 55 47. 48 40.
802 cont mucosa9 660 244. 717. 185 158. 80 55. 72 51.
3 cont mucosa0 620 184. 928. 191 142. 57 50. 56 45.
3 cont mucosa1 948 159. 878. 147 63. 47 33. 44 30.
3 cont mucosa2 885 126 794 259 111 115 65 100 61
3 cont mucosa3 797 361 735 117 277 15 161 20 155
3 cont mucosa4 820 289 1,227 269 247 151 109 125 104
3 cont mucosa5 1017 226 783 304 161 136 84 130 79
3 cont mucosa6 673 204 480 209 197 92 77 88 68
3 cont mucosa7 888 290 1,025 217 221 62 112 51 108
3 cont mucosa8 929 268 601 194 180 102 95 79 91
3 cont mucosa9 634 207 634 219 194 113 79 104 74
835 cont mucosa0 951. 251. 963. 288. 201. 118. 81. 90. 77.
835 cont mucosa1 685. 277. 951. 155. 225. 47. 95. 44. 91.
835 cont mucosa2 785. 301. 853. 201. 266. 99. 101. 75. 97.
835 cont mucosa3 688. 212. 798. 132. 288. 33. 29. 29. 24.
835 cont mucosa4 955. 255. 862. 204. 188. 42. 67. 32. 62.
835 cont mucosa5 1,021. 266. 942. 269. 202. 115. 98. 71. 96.
835 cont mucosa6 885. 288. 863. 235. 247. 95. 47. 64. 45.
835 cont mucosa7 794. 220. 774. 171. 164. 93. 79. 39. 76.
835 cont mucosa8 501. 344. 1,099. 88. 301. 59. 98. 31. 95.
835 cont mucosa9 920. 250. 972. 254. 150. 66. 32. 58. 29.
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Appendix table 3. Gene expression by RT-qPCR for individual calf ileum 
scrapings  

Calf # Control 
GAPDH 
Cq mean 

IFNg Cq 
mean IL-10 Cq mean IL-17 Cq mean 

3.00 18.19 32.73 30.26 28.54 
3.00 18.19 32.73 30.26 28.54 
6.00 18.00 29.87 30.88 30.79 
6.00 18.00 29.87 30.88 30.79 
7.00 17.56 31.18 29.78 28.70 
7.00 17.56 31.18 29.78 28.70 
801.00 28.93 33.85 Undetermined 39.47 
801.00 28.93 33.85 Undetermined 39.47 
835.00 20.26 32.58 38.69 31.28 
835.00 20.26 32.58 38.69 31.28 
837.00 18.80 32.31 31.92 31.10 
837.00 18.80 32.31 31.92 31.10 
842.00 17.20 31.52 30.66 27.40 
842.00 17.20 31.52 30.66 27.40 
905.00 18.60 31.25 33.33 28.30 
905.00 18.60 31.25 33.33 28.30 
42.00 18.21 31.47 33.18 30.97 
42.00 18.21 31.47 33.18 30.97 
24.00 32.05 35.01 Undetermined Undetermined 
24.00 32.05 35.01 Undetermined Undetermined 
 
Calf # Infected 

GAPDH 
Cq mean 

IFNg Cq 
mean IL-10 Cq mean IL-17 Cq mean 

1.00 19.30 30.46 33.80 32.20 
1.00 19.30 30.46 33.80 32.20 
2.00 17.98 31.71 30.22 28.03 
2.00 17.98 31.71 30.22 28.03 
5.00 19.48 31.51 33.25 29.02 
5.00 19.48 31.51 33.25 29.02 
8.00 24.12 28.43 Undetermined 32.25 
8.00 24.12 28.43 Undetermined 32.25 
11.00 17.91 31.08 29.54 30.71 
11.00 17.91 31.08 29.54 30.71 
834.00 21.11 34.81 Undetermined 32.24 
834.00 21.11 34.81 Undetermined 32.24 
877.00 18.38 32.90 31.02 30.24 
877.00 18.38 32.90 31.02 30.24 
909.00 26.50 31.36 Undetermined 37.52 
909.00 26.50 31.36 Undetermined 37.52 
910.00 18.49 31.35 33.83 33.06 
910.00 18.49 31.35 33.83 33.06 
912.00 19.92 28.75 34.75 30.71 
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912.00 19.92 28.75 34.75 30.71 

Table A4. Gene expression by RT-qPCR for individual calf ileum LCM 

Cont Calf 
#/region 

GAPDH 
Cq  

GAPDH Cq 
mean 

IFNg Cq  IFNg Cq  
mean 

IL-10 
Cq  

IL10 Cq  
mean 

IL-17 IL-17 Cq 
mean 

6 epi 16.93 16.91 30.41 30.4 27.28 27.31 29.01 28.94 
6 epi 16.89 16.91 30.39 30.4 27.35 27.31 28.86 28.94 
6 lp 18.17 18.15 32.39 32.69 27.61 27.62 31.36 31.54 
6lp 18.14 18.15 32.99 32.69 27.62 27.62 31.72 31.54 
8 epi 18.66 18.65 27.83 27.83 35.81 35.63 28.98 28.99 
8 epi 18.64 18.65 27.83 27.83 35.44 35.63 28.99 28.99 
8 lp 17.48 17.47 27.61 27.65 31.19 31.32 28.04 28 
8 lp 17.46 17.47 27.7 27.65 31.45 31.32 27.96 28 
801 epi 20.2 20.2 34.95 35.3 37.48 37.54 32.45 32.13 
801epi 20.2 20.2 35.65 35.3 37.61 37.54 31.8 32.13 
801 lp 20.6 20.58 34.57 34.64 UDTD  33.87 33.3 
801 lp 20.56 20.58 34.71 34.64 UDTD 32.73 33.3 
834 epi 17.83 17.82 30.21 30.3 36.13 35.84 28.65 28.61 
834 epi 17.8 17.82 30.39 30.3 35.55 35.84 28.58 28.61 
834 lp 34.38 34.69 UDTD UDTD 33.67 33.28 
834 lp 35.01 34.69 UDTD UDTD 32.9 33.28 
837 epi 21.28 21.37 34.8 34.98 35.1 35.16 28.84 28.65 
837 epi 21.46 21.37 35.15 34.98 35.22 35.16 28.46 28.65 
837 lp 24.38 24.42 38.01 37.67 UDTD 33.7 34.87 
837 lp 24.46 24.42 37.33 37.67 UDTD 36.04 34.87 
 
 
Inf Calf 
#/region 

 
 
GAPDH 
Cq  

 
 
GAPDH Cq 
mean 

 
 
IFNg Cq  

 
 
IFNg Cq  
mean 

 
 
IL-10 
Cq  

 
 
IL10 Cq  
mean 

 
 
IL-17 

 
 
IL-17 Cq 
mean 

5 epi 19.31 19.32 27.16 27.22 33.27 33.32 30.78 30.77 
5 epi 19.33 19.32 27.28 27.22 33.37 33.32 30.75 30.77 
5 lp 18.3 18.31 26.76 26.81 28.83 28.84 29.8 29.78 
5 lp 18.31 18.31 26.86 26.81 28.85 28.84 29.76 29.78 
909 epi 22.66 22.64 33.95 33.82 39.71 39.71 32.98 33.17 
909 epi 22.61 22.64 33.69 33.82 UDTD 39.71 33.36 33.17 
909 lp 21.06 21.1 31.9 31.92 33.98 34.12 31.9 31.87 
909 lp 21.13 21.1 31.94 31.92 34.27 34.12 31.84 31.87 
910 epi 21.65 21.68 33.6 33.38 36.18 36.31 32.08 32.2 
910 epi 21.71 21.68 33.17 33.38 36.44 36.31 32.32 32.2 
910 lp 20.13 20.15 33.25 32.95 31.42 31.47 34 34.15 
910 lp 20.16 20.15 32.64 32.95 31.52 31.47 34.3 34.15 
11 epi 20.83 20.87 32.07 31.95 32.38 32.11 32.31 32.04 
11 epi 20.91 20.87 31.84 31.95 31.84 32.11 31.78 32.04 
11 lp 20.97 21.06 31.98 32.07 32.99 34.09 31.63 31.48 
11 lp 21.16 21.06 32.16 32.07 35.2 34.09 31.32 31.48 
7 epi 21.17 21.15 35.08 35.1 34.07 34.03 32.2 32.34 
7 epi 21.14 21.15 35.13 35.1 34 34.03 32.47 32.34 
7 lp 22.37 22.3 35.48 35.7 35.31 35.29 33.18 32.95 
7 lp 22.23 22.3 35.91 35.7 35.27 35.29 32.72 32.95 
905 epi 33.44 33.22 38.39 38.39 UDTD 35.9 35.9 
905 epi 33 33.22 UDTD 38.39 UDTD UDTD 35.9 
905 lp 21.21 21.18 33.95 33.57 32.65 32.59 34.47 34.63 
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905 lp 21.16 21.18 33.2 33.57 32.53 32.59 34.79 34.63 
912 epi 21.74 21.77 36.6 37.21 35.76 35.77 32.98 34.71 
912 epi 21.8 21.77 37.82 37.21 35.78 35.77 36.43 34.71 
912 lp 22.39 22.37 34.33 34.56 34.21 34 31.82 31.91 
912 lp 22.34 22.37 34.78 34.56 33.8 34 32 31.91 
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Appendix table 5. CD3R, γδ TCR and WC1R in ileal lymphocytes of 
uninfected and MAP-infected calves 

 % 
CD3+ 
of total 
cells 

% epi 
CD3+ 
of 
total 
cells 

% 
γδ+ of 
total 
cells  

% epi 
γδ+ of 
total 
cells 

% 
WC1- 
of total 
cells 

% 
γδ+ of 
CD3+ 

% γδ + 
in epi 
(all 
WC1-)  

% 
γδ+ of 
epi 
CD3+ 

% 
WC1-
of epi 
γδ+ 

Infected 45.72 15.45 36.42 17.18 18.93 71.43 48.99 94.49 92.63 
LL 39.92 12.45 30.99 13.48 15.61 64.68 43.72 92.38 88.49 
UL 51.64 19.03 42.22 21.66 22.77 77.35 54.28 96.04 95.36 
Control 28.66 6.5 22.35 6.56 8.23 70.03 29.93 90.1 83.3 
LL 24.06 5.19 18.47 5.01 6.61 61.98 26.03 86.5 75.18 
UL 33.75 8.32 26.76 8.53 10.19 77 34.14 92.81 89.15 
P value 0.0007 0.0001 0.0011 0.0001 <0.0001 0.7744 <0.0001 0.0168 0.0148 

 
There are significantly more CD3+ cells within the mucosa (P=0.0007) and the epithelium 

(P=0.0001), significantly more γδ+ cells within the mucosa (P=0.0011) and the epithelium 

(P=0.0001) and increased number of γδ+WC1- cells in the epithelium (P<0.0001) of MAP-

infected calves compared to uninfected calves. During MAP infection, there is a significant 

increase in the percentage of WC1-γδ+ cells in the epithelium (P<0.0001; n=6 for each group). 

Total cells was defined as all nucleated cells within tissue section (DAPI stained); epi=epithelial 

cells of the mucosa. Bolded values represent significances between control and infected calves 

(P < 0.05).  
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Appendix figure 1: Verification of separation γδ T cell subsets  

Representative dot plots of post-separation from one animal. Cells were sorted into populations 

of WC1+ γδ+ and WC1- γδ+, then flow cytometry is used to  verify. The x-axis (FL1-H) shows  

FITC labeled  γδ T cell receptor; the y-axis (FL2-H) shows AF555 labeled WC1 surface marker. 

Panel A: quadrant 2 (Q2) confirms that the population of cells express both γδ TCR and WC1+ 

γδ+ cells (96.1%). Panel B: quadrant 1 (Q1) confirms that the population of cells express 

γδTCR but not WC1 surface marker (85.2%). 

 
 
 
 
 
 
 
 
 

A B 

WC1+ γδ + cells  WC1- γδ + cells  
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Appendix figure 2. Proliferation of γδ T subsets following mycobacterial 
antigen stimulation 

Histograms are shown of each cell population after PKH-67 staining and cell culture. More 

daughter cells are evident in the WC1- γδ+ cells (panel A: 42.5% are daughter cells; 57.5% are 

parent cells) compared to the WC1+ γδ+ cells (panel B: 23.1% are daughter cells; 76.9% are 

parent cells).  

 
 
 
 
 
 
 

WC1- γδ+ cells WC1+ γδ+ cells 

A 

Daughter 
cells 

 

 

Daughter cells Daughter cells 
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Appendix figure 3. IFNγ generation by γδ T cell subset, intracellular cytokine 
staining 

Intracellular cytokine (IFNγ) generation was measured by flow cytometry. Gating is shown in 

panels A (histogram of WC1-γδ+ cells) and B (WC1+γδ+). The upper panels in A and B show 

that no staining is evident in negative colour control wells; the lower panels in A and B show 

that both WC1-γδ+ and WC1+γδ+ cells produce detectable IFNγ by this method. In panel C, 

data is summarized for each cell subset (WC1- or WC1+), by antigen bars and for each calf 

(individual dots, n=8). No significant differences in intracellular IFNγ expression between 

groups were detected. Resting = unstimulated culture cells, ConA = Concanavalin A, MAP K10 

= MAP strain K10 whole cellular sonicate, MAPcf = MAP culture filtrate, MAPl = MAP lysate, 

MAPld = MAP lysate digest (proteins removed), MAH = M. hominissuis culture filtrate, Ms = M. 

smegmatis culture filtrate. 
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Appendix figure A4. Proliferation and IFNγ generation of resting or ConA-
stimulated γδ T cell subsets with and without addition of exogenous IL-2 
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The effect of addition of exogenous IL-2 (blue peaks) to cultured WC1-γδ+ (panel A) and 

WC1+γδ+ cells (panel B) was compared to autologous cells without IL-2 (red peaks). Both cell 

types proliferate similarly while resting (top row) or when stimulated with ConA (middle row), 

regardless of whether exogenous IL-2 is added to the culture wells. In addition, both cell types 

generate similar levels of IFNγ after stimulation by ConA (bottom row), regardless of whether 

exogenous IL-2 is added to culture wells.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


