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ABSTRACT 
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Mycobacterium avium subspecies paratuberculosis (Map) is an obligate 

intracellular bacterium and the causative agent of Johne’s disease, a chronic, slowly 

progressive, and fatal disease of ruminant species. Transmission occurs via the fecal-

oral route following ingestion of Map in feces or milk, and this occurs most frequently 

during the perinatal period. Persistent Map infection is characterized by a protracted 

subclinical phase with eventual progression to clinical disease typified by malabsorptive 

diarrhea and chronic wasting. Data suggest that only a small percentage of Map-

exposed calves become persistently infected and progress to clinical disease, and this 

may be due to differences in initial immune responses at the site of Map infection 

following initial exposure. Little is known about early cellular immune responses, host-

pathogen interactions and specific mechanisms of the anti-Map response in the ileum at 

the site of Map infection. Host responses at initial infection sites are hypothesized to 

play a significant role during Map infection, and possibly in resistance or resilience to 

infection and disease; therefore, the aim of this study was to characterize early cellular 

immune responses in the calf intestine following experimental intestinal Map infection. 

We used immunofluorescence microscopy to assess proportions of CD3+, γδ+, WC1+, 

and CD8α+ cells in the ileum after experimental Map inoculation, in addition to digital 



 

 

 

 

droplet PCR to measure IL-17, IFN-γ, and IL-10 mRNA gene expression in ileal tissue. 

We found that the proportion of CD3+ cells in the intestinal mucosa increased over time 

regardless of Map exposure. Further, WC1+ cells were significantly increased in the 

intestinal mucosa of Map-exposed calves, but not unexposed calves, suggesting these 

cells may be important during early host defense in the intestine. This study provides 

important insight into early local host immunity following enteric Map infection and 

contributes to understanding specific factors that contribute to immune defense in the 

intestine of calves.
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Chapter 1: Review of the Literature 

1.1 Introduction 

Mycobacterium avium subspecies paratuberculosis (Map) is an obligate 

intracellular bacterium and the causative agent of Johne’s disease, a chronic 

progressive and invariably fatal disease of ruminants. Transmission occurs primarily 

during the perinatal period via the fecal-oral route following ingestion of bacterial-

contaminated feces, colostrum or milk. Once the infection is established, there is a 

protracted subclinical phase lasting from months to years, with eventual progression to 

clinical disease characterized by malabsorptive diarrhea, chronic wasting and death. 

The disease occurs world-wide and is associated with significant economic losses in the 

dairy industry, in addition to having a negative effect on animal health and well-being 

(de Silvaa et al., 2018). Attempts to develop a vaccine that confers protective immunity 

against Map infection have been unsuccessful thus far and current efforts to reduce the 

impact of Johne’s disease remain centered on identification and removal of infected 

animals to minimize the environmental contamination that occurs as a result of fecal 

shedding. Current diagnostic tests are poorly sensitive during early infection and as a 

result, infected animals may shed large amounts of Map in feces before they are 

identified and removed.      

Much of the work characterizing the host immune response during enteric Map 

infection in ruminants has focused on systemic cell-mediated and humoral responses 

during clinical disease, when the disease is readily detected. Investigation of the early 

immune responses against Map infection is necessary to improve our understanding of 
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early host-pathogen interactions and has potential to contribute to development of 

improved diagnostic or preventive strategies against this disease.  

There is evidence to support early pathogen clearance following M tuberculosis 

infection in humans, and it is suggested that such clearance is dependent upon rapid 

containment and elimination of the pathogen by a strong cellular immune response, 

which is likely to involve both innate and adaptive mechanisms (Ewer et al., 2006; 

Verrall et al., 2013). Evidence suggests that only a small percentage of Map-exposed 

calves progress to clinical disease (Begg et al., 2018), and it is hypothesized that some 

animals are more resilient to infection than their conspecifics, perhaps due to 

differences in initial immune responses following exposure (Dennis et al, 2011; Stinson 

et al., 2018); however, additional studies of the early events at the site of Map infection 

are required to verify this hypothesis (Stabel, 2010a; Subharat et al., 2012; Koets et al., 

2015). The concept of Map resistance or resilience is the idea that some animals will be 

exposed to an infectious dose of Map, but this is not followed by establishment or 

progression of infection; in such cases, no evidence of active Map infection is identified 

later in life (Whittington et al. 2017). Recovery is a subclassification of Map resilience 

that requires definitive proof that an established Map infection is then later eliminated; 

such instances require assessment of tissues at a minimum of two separate time-points 

and reports of this are rare in the literature (Dennis et al. 2011).  

Little is known about early cellular immune responses, host-pathogen 

interactions and specific mechanisms of the anti-Map response in the ileum at the site 

of Map infection. Data have shown that T cell subsets, including γδ+ and CD8α+ cells, 
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are recruited during experimental and natural Map infection (Charavaryamath et al., 

2013; Albarrak et al., 2018). Initial host responses at infection sites are hypothesized to 

play a significant role in Map immunity, and possibly in resistance and resilience to Map. 

Studies aimed at understanding intestinal immune cell phenotype and function in calves 

during early enteric Map infection should thus be pursued. These data could provide 

valuable insight into Map infection, particularly if variations in T cell recruitment and 

cytokine expression correlate with either pathogen clearance or persistent infection.  

Following a brief outline of what is known about the development, distribution and 

function of T lymphocyte subsets, this review will primarily focus on the 

immunopathology of mycobacterial infection in cattle, with emphasis on experimental 

models developed for the study of systemic and local cellular immune response during 

early Map infection. 

1.2 T Cells 

The T cell receptor (TCR) is comprised of two protein receptor chains forming a 

heterodimer that, in complex with CD3 molecule, mediates recognition of specific 

antigens (Tizzard, 2009). In the adult, the vast majority of T cells express one α chain 

and one β chain, while a smaller proportion express a TCR composed of one γ and one 

δ chain (Ferreira, 2013). Much more is known about the development, antigen 

recognition and function of αβ T cells than γδ T cells, and key features of each of 

population are outlined in this section.  
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1.2.1 αβ T Cells 

Development and Distribution 

αβ T cell maturation occurs in the thymus. During this time, expression of CD4 

and CD8 co-stimulatory molecules is induced on each cell, followed by positive and 

negative selection. Upon exiting the thymus, each individual αβ T cell expresses a 

specific TCR; most also express either CD4 or CD8 molecules and are sub-classified as 

T-helper (Th) or T-cytotoxic (Tc) cells, respectively (Tizzard, 2009).  

Antigen Recognition 

αβ T cells exert adaptive immune functions when the TCR/CD4 or CD8 complex 

recognizes a specific antigen-derived peptide presented by an MHC molecule on an 

antigen presenting cell. A co-stimulatory signal provided by interaction between CD28 

molecule on the surface of an αβ T cell and B7 (CD80/86) ligand on the antigen 

presenting cell is also required for activation of a primed T cell (Sperling et al., 1993). 

Once activated, T cells perform vital effector functions, and thus contribute to host 

immunity.  

Function 

The primary role of CD4+ αβ Th cells during the adaptive immune response is 

cytokine production. Traditionally, most of these cells are sub-classified as either Th1 or 

Th2 type cells based on the type of cytokine produced; a Th1-type response is 

characterized by strong interleukin (IL)-2 and interferon (IFN)-γ production, and IL-4, IL-

5 and IL-13 dominate a Th2-type response (Peck & Mellins, 2010). Additional subsets of 

Th cells have been described more recently and include Th9, Th17, and Th22 cells, 
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which are named based on the dominant IL produced by the cell (Zambrano-Zaragoza 

et al., 2014). A third major category of CD4+ cells are Treg (regulatory) cells that secrete 

IL-10 and dampen Th1 and Th2 responses of conventional CD4+ and CD8+ T cells, thus 

playing an vital role in the resolution of inflammatory responses, among other functions 

(Thornton, 2005; Roncarolo et al., 2006). 

CD8+ αβ Tc cells also produce a variety of cytokines, but their most significant 

effector function is the direct killing of pathogen-infected or abnormal host cells. This is 

accomplished by the release of perforin and granzyme resulting in lysis of target cells, 

or alternatively by activation of the Fas ligand signaling pathways leading to apoptosis 

of the affected cell (Andersen et al., 2006). 

1.2.2 γδ T Cells 

Development and Distribution 

The γδ TCR was discovered in the 1980s (Saito et al., 1984; Brenner et al., 

1986) and variations in phenotype, anatomic distribution, quantity and function of γδ T 

cell subsets have since been identified in several species (Mackay & Hein, 1989). 

Unlike most αβ T cells, γδ T cells exit the thymus during the early stages of fetal 

development without undergoing positive and negative selection (Chien et al., 1996). As 

such, most γδ T cells lack expression of CD4 and CD8; however, a subset of γδ T cells 

are known to express a CD8αα homodimer, as opposed to the CD8αβ heterodimer 

typically expressed by αβ T cells. In mice, it has been demonstrated that CD8αα γδ T 

cells are almost exclusively found within the intestinal epithelium and liver (Haas et al., 

1993), and in calves CD8+ γδ T cells have been observed in tissues that express high 
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levels of the mucosal adhesion molecules (Wilson et al., 2002). Rare CD4+ expression 

on γδ T cells is also described in some species (Lefrancois, 1991).  

The development of γδ subsets occurs in waves that are defined by distinct Vγ 

and Vδ gene segment usage, resulting in the generation of an essentially invariant 

receptor within each population (Born, 1991; Xiong & Raulet, 2007). Waves of γδ T cells 

subsequently populate specific anatomic sites; this has been observed in mice, where 

the first and second waves of cells localize to skin and mucosa of the reproductive tract, 

lung and tongue (Born, 1991). Subsequently, a third wave emerges during the late fetal 

to neonatal stage and localizes to secondary lymphoid tissues including spleen and 

lymph nodes (Itohara et al., 1990; Allison & Havran, 1991), followed by a fourth wave 

that localizes to intestinal epithelium and secondary lymphoid organs (Pereira et al., 

2000). In addition, it is suspected that subpopulations of hepatic and small intestinal 

intraepithelial γδ T cells arise from uncommitted precursor cells outside of the thymus 

(Bandeira et al., 1991; Guygrand et al., 1991). Importantly, preferential localization to 

mucosal surfaces is a consistent feature of these cells across species (Born, 1991), and 

this supports the hypothesis that at least some subsets of γδ T cells play an important 

role in immunosurveillance and antigen recognition at the epithelial interface (Ferreira, 

2013). 

Antigen Recognition 

Mechanisms for antigen recognition by γδ T cells are not fully known; however,  

γδ T cells are not restricted by MHC class I or II and are thus capable of recognizing 

some antigens directly (Haas, 1993; Chien et al., 1996). Interestingly, the γδ TCR may 
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be able to bind intact protein and non-protein antigens in a manner similar to antibody 

binding (Rock et al., 1994; Chien, 2006); this further suggests that γδ T cells respond to 

a wide variety of antigens. Human and murine γδ T cells recognize lipid antigen via CD1 

complexes, which may be particularly relevant for recognition of mycobacteria 

(Wucherpfennig et al., 2010; Dar et al., 2014). 

Function 

Localization of γδ T cells to mucosal surfaces, and an ability to recognize 

antigens directly via the TCR and other activating receptors is evidence that these cells 

function in first line host defences (Allison & Havran, 1991; Hayday, 2000). Several 

studies in mice have shown that γδ T cells reduce growth of Listeria monocytogenes 

early after experimental infection, while αβ T cells contribute to bacterial clearance in 

later stages (Hiromatsu et al., 1992; Kaufmann & Kaplan, 1996.; Ohga et al., 1990). 

Like cytotoxic αβ T cells, γδ T cells also exert cytotoxicity through release of granzyme 

and perforin (Dieli et al., 2001; Qin et al., 2009) or by induction of cell death via Fas 

ligand (Oliaro et al., 2005). Human, murine and bovine γδ T cells have also been shown 

to function as antigen presenting cells through expression of MHC class II molecules 

(Bassey & Collins, 1997; Brandes et al., 2005; Cheng et al., 2008). 

Overall, γδ T cells carry out many diverse functions and produce a range of 

immunomodulatory cytokines, including tumor necrosis factor-alpha (TNF-α), IFN-γ, IL-

17, IL-4, IL-5 and IL-13 (Hayday, 2000; Bonneville et al, 2010); however, individual 

subsets may have restricted effector properties dependent on the TCR variant chains 

expressed. Human and murine γδ T cells are a significant source of IL‑17 during 
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bacterial infection and as part of autoimmune disease (Lockhart et al., 2006; Ito et al., 

2009), and IL-17A production by γδ T cells may be important during granuloma 

formation in mice infected with Mycobacterium tuberculosis (Yoshida et al., 2010).  

Regulatory functions of γδ T cells have also been recognized. Human, murine 

and bovine γδ T cells produce IL-10 (Li et al., 2011; Casetti et al. 2009; Hoek et al., 

2009), and γδ T cells from M. bovis-infected cattle have been shown to suppress 

antigen-specific proliferation and enhance TGF-B production by αβ T cells (Rhodes et 

al., 2001). In humans, γδ T cells enhance maturation and antigen presentation 

capabilities of dendritic cells (Leslie et al., 2002; Conti et al., 2004), and the presence of 

bovine γδ T cells in co-culture has been found to alter the differentiation, phenotype and 

function of mononuclear phagocytes, though the exact mechanism is unknown 

(Baquero & Plattner, 2016 & 2017).  

Whether this impressive range of γδ T cell function is attributed to cell plasticity 

or to distinct functional roles of certain γδ T cell subsets requires further investigation 

(Bonneville et al., 2010; Kabelitz & He, 2012). Nevertheless, it is the broader set of 

cellular functions, particularly in the recognition of and response to pathogens early in 

infection, and antigen processing and presentation to αβ T cells via MHC class II, that 

have driven the hypothesis that γδ T cells provide an important link between innate and 

adaptive immune responses (Mak & Ferrick, 1998; Brandes et al., 2005; Kabelitz et al., 

2013). 
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1.2.3 Bovine γδ T Cells 

In cattle, γδ T cells are often subdivided based on the presence or absence of 

the workshop cluster 1 (WC1) molecule, a surface co-receptor and member of the 

scavenger receptor cysteine-rich (SRCR) family (Herzig & Baldwin, 2009). This receptor 

has only been identified in ruminants and pigs (Wijngaard et al., 1992; Carr et al., 1994), 

and its function has not been fully elucidated. The WC1 molecule may act as a hybrid 

pattern recognition receptor and activating co-receptor for the TCR (Hsu et al., 2015), 

and there is evidence to suggest that sustained membrane co-ligation of CD3/TCR with 

WC1 increases T cell activation (Hsu et al., 2015). A role for the WC1 molecule in tissue 

homing has also been suggested (Brenner et al., 1986; Itohara et al., 1990; Blumerman 

et al., 2006; Chen et al., 2014). Further complicating the study of bovine γδ T cells, 

distinct WC1+ subsets WC1.1+, WC1.2+ and WC1.3+ have been identified in peripheral 

blood (Chen et al. 2009; Rogers et al., 2006). Evidence of differences in the 

intracytoplasmic tail sequences of the WC1.1 and WC1.2 proteins have been described, 

and it is suggested that these differences could result in varied intracellular signaling 

(Hsu et al., 2015).  

In cattle, the proportion of γδ T cells in peripheral blood is much higher in 

neonates compared to adults (Wilson et al.,1996), and it has been shown that while the 

WC1.1+ subset declines in peripheral circulation with age, the proportion of WC1.2+ 

cells are maintained (Roger et al. 2005). Overall, WC1+ γδ T cells are more frequent in 

the peripheral blood, while the WC1neg γδ T cells are the predominant subset at 

mucosal sites (Machugh et al., 1997); however, studies to determine the distribution and 
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function of each subset in the intestine and how that correlates with blood during both 

health and disease are limited.  

Few studies have examined WC1neg cells of cattle, while studies looking 

specifically at WC1+ cells are far more abundant; however, data suggest that the 

functions of WC1+ and WC1neg cells are distinct (Hedges et al., 2003; Meissner et al., 

2003; Blumerman et al., 2006; Johnson et al. 2008).  WC1neg cells may contribute 

mostly to pro-inflammatory responses, based on work in our lab showing that antigen-

stimulated naïve peripheral blood WC1neg γδ T cells of healthy calves demonstrated 

greater in vitro proliferative responses and higher IFN-γ production compared to 

autologous WC1+ γδ T cells (Mansz, DVSc thesis, 2015). As for WC1+ cells, recent 

studies have shown varying response by peripheral blood WC1+ γδ cells based on the 

isoform of WC1 that is expressed (Damani-Yokata et al. 2018). Higher levels of IFN-γ 

production by WC1.1+ vs WC1.2+ cells (Rogers et al., 2005) and higher expression of 

regulatory cytokines IL1-0 and TGF-B by WC1.2+ cells (McGill et al., 2012) have been 

identified, which suggests that WC1.1+ cells do in fact contribute to pro-inflammatory 

responses, while WC1.2+ cell have more of an immunoregulatory role. In support of 

WC1.1+ γδ cells as a contributor to pro-inflammatory responses, another study found 

that following vaccination against leptospira in cattle, the WC1.1+ γδ T cell subset 

responded with proliferation and interferon-γ production preceding the response by CD4 

T cells, and the likely importance of this earlier γδ T cell response should not be 

overlooked (Blumerman et al., 2006; Herzig et al., 2015). 
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It is known that γδ T cells harvested from Mycobacterium tuberculosis-infected 

mice generate IL-17 (Lockhart et al., 2006); however, bovine CD4+ T cells, and not γδ T 

cells, have been found to be the predominant source of IL-17 in Mycobacterium bovis 

infection (McGill et al. 2014).  A recent in vitro study performing co-culture of WC1+ γδ T 

cells with macrophages found that macrophages, and not WC1+ γδ T cells, were a 

significant source of IL-17A during early Map infection (Baquero & Plattner, 2016). 

Another recent in vitro model of bovine respiratory syncytial virus (BRSV) and 

Mannheimia haemolytica co-infection demonstrated increased IL-17 production by γδ T 

cells (McGill et al., 2016).  These differences highlight the need for additional studies 

investigating IL-17 production by bovine γδ T cells to determine how this contributes to 

pro-inflammatory responses during infections with various pathogens. 

1.3 Mycobacterial Infection 

The host immune response to mycobacterial infection is widely studied in 

humans, ruminants and mice, focusing on early host-pathogen interactions, monocyte 

and lymphocyte activation and recruitment, and the evolution of the immune response 

over time. Initial host-pathogen interactions in bovine Map infection have been reviewed 

(Coussens 2010; Stabel 2010), and as with Mycobacterium tuberculosis (Russell, 

2007), initial pathogen recognition by innate mechanisms are important for induction of 

strong cellular immune response. Multiple components of mycobacteria are capable of 

stimulating TLRs and it is suspected that these innate receptors are crucial for the 

generation of an adaptive immune response (Krutzik & Modlin, 2004). In support of this, 

macrophages isolated from mice deficient in TLR 2 and 4 demonstrate reduced cytokine 
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secretion in response to Map (Ferwerda et al., 2007), while TLR 2 and 9 deficient mice 

fail to develop a proper CD4+ T cell response in the face of M. tuberculosis infection, 

resulting in markedly increased susceptibility to infection (Bafica et al., 2005)). 

Activation of bovine macrophages by TLRs prior to ingestion of mycobacterial 

organisms has also been found to be important for effective bactericidal activity (Weiss 

et al., 2008).  

Production of cytokines and chemokines, including TNF-α, IL-1 and IL-12, by 

infected macrophages at the local site of infection is essential for the recruitment of 

macrophages and T cells, and for the generation of a pro-inflammatory anti-bacterial 

host response (Wang et al., 1999). TNF-α is particularly important for T cell recruitment 

and proper granuloma formation (Algood et al., 2005). For humans and other species, 

the role of the granuloma during host defence against mycobacterial infection has been 

assumed; specifically, the formation of discrete organized granulomas requires a strong 

cell-mediated immune response and is thought to be important for localizing infection 

and limiting mycobacterial proliferation (Russell, 2007). Conversely, where disorganized 

granulomatous inflammation occurs instead of well-organized granulomas, bacterial 

proliferation and disease progression occur. Thus, early pro-inflammatory responses 

leading to bacterial containment and early elimination of Map in calves is likely 

dependent on rapid recruitment of effector cells for production of IFN-γ and activation of 

macrophages at the site of intestinal infection (Coussens, 2001).  

Impaired mycobacterial killing by macrophages and subsequent intracellular 

survival of organisms contributes to the establishment of persistent infections (Woo & 
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Czuprynski, 2008; Coussens 2010; Arsenault et al., 2014), thus a strong local cellular 

immune response at the site of infection is likely crucial in pathogen elimination 

(Russell, 2007). During bacterial infection, activated CD4+ and γδ T cells produce IFN-γ, 

which is critical for macrophage activation and bacterial killing (Saunders, 2007; 

Vesosky et al., 2004), and WC1+ γδ T cells have shown to proliferate and produce IFN-γ 

after stimulation with Mycobacterium bovis in vitro (Smyth et al 2001; Welsh et al., 

2002). Calves depleted of WC1+ γδ T cells followed by experimental infection with 

Mycobacterium bovis had significantly decreased IFN-γ production and reduced 

antigen-specific lymphocyte responses (Kennedy, 2002), which supports the notion that 

IFN-γ production by γδ T cells is vital to the host immune response against 

Mycobacterium bovis, and perhaps a variety of other bacterial infections. 

Work by Baquero et al. found that the presence of WC1neg γδ T cells was 

associated with reduced Map viability in vitro when co-cultured with autologous 

monocyte-derived macrophages, though the mechanism was not further elucidated 

(Baquero & Plattner, 2017). Furthermore, they observed increased levels of IFN-y 

production and reduced viability of Map when WC1neg γδ T cells were co-cultured in 

direct contact with Map-infected macrophages, suggesting that direct cell-to-cell contact 

results in synergistic activation of infected macrophages and Map killing. In a similar 

study, the authors found that both WC1+ and WC1neg γδ T cell subsets induced 

functional maturation of monocyte-derived dendritic cells, resulting in reduced 

phagocytic capacity (Baquero & Plattner, 2017). Additional studies are necessary to 

better understand functional differences between various WC1+ and WC1neg subsets, 
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and how each cell type contributes to the host immune responses systemically and at 

mucosal sites.   

Patterns of recruitment of bovine γδ T cell subsets in response to experimental 

subcutaneous Map infection have also been studied; well-organized granulomas at 

subcutaneous Map injection sites in previously Map-vaccinated (not naïve) calves 

contained higher numbers of WC1+ γδ T cells initially, while disorganized granulomas at 

subcutaneous Map injection sites in non-vaccinated (naïve) calves contained higher 

numbers of WC1neg γδ T cells initially and higher numbers of WC1+ γδ T cells during 

later stages (Plattner et al., 2009). In addition, early recruitment of γδ T cells and IFN-γ 

production at sites of Map infection in calves has been demonstrated (Plattner et al., 

2011). Together, these data suggest that WC1neg cells are the earliest responders at 

Map infection sites in naïve calves to enhance the pro-inflammatory response 

necessary for host defence during infection, while WC1+ cells are recruited after antigen 

exposure and may function more in immunologic memory, a hypothesis supported by 

recent study by Damani-Yokata et al. (2018).  Further exploration of the differential 

distribution and function of these subsets at bacterial infection sites is required. 

The role of B cells and the humoral immune response in early Map infection is 

beyond the scope of this review and has been outlined by others (Waters et al., 2003; 

Sohal et al., 2008; Bannantine et al., 2008; Stabel et al., 2011; Mortier et al., 2014). A 

predominance of non-protective Map-specific antibody coincides with diminished 

cellular immune response during late subclinical disease (Koets et al., 2002), and may 

be associated with increased fecal shedding, progression of Map-induced intestinal 
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lesions, and transition to clinical disease (Whitlock & Buergelt, 1996). Although an 

underlying cause has not been established, decreased Map-specific CD4+ T cell 

number and function observed during late subclinical disease could be a consequence 

of direct cytokine suppression, T cell exhaustion or the induction of immunotolerance 

(Bassey & Collins, 1997; Burrells et al., 1998; Burrells at al., 1999; Koets et al., 2002).  

1.4 Histopathologic Lesions of Map Infection in Ruminant Species 

The histologic lesions of enteric Map infection have been examined in a variety of 

ruminant species, including sheep (Carrigan & Seaman 1990; Delgado et al., 2013), 

goats (Paliwal et al., 1985; Krüger et al., 2015), cattle (Buergelt et al., 1978; Payne & 

Rankin 1961; Balseiro et al., 2003) and deer (Balseiro et al., 2003). Detailed 

classifications of histologic lesions were first described in sheep (Perez et al., 1996) and 

goats (Corpa et al., 2000), and categorized based on the location within the intestine 

and associated lymphoid tissues, intensity, predominate inflammatory cell type and 

number of mycobacterial organisms identified. In these studies, diffuse granulomatous 

enteritis was consistently documented in clinically affected animals, though divergent 

histologic lesions were recognized. The primary lesion subtypes were paucibacillary 

lesions comprised of many lymphocytes admixed with fewer macrophages containing 

low numbers of mycobacteria, and multibacillary lesions comprised of macrophages 

containing many organisms; however, a variety of other variations in lesions were also 

observed. A study of the histologic lesions of enteric Map infection in cattle was carried 

out by (Gonzalez et al., 2005) using criteria described previously in small ruminants, 

and the authors proposed five categories for the evaluation of lesions in cattle (Table 1). 
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In this study, the reported variation in histologic lesions observed between animals may 

reflect differences in the host immune response and variable rate of lesion progression 

over time. 

Similarities are evident among the histologic lesions of Mycobacterium leprae 

infection in humans and Map infection in ruminants. The tuberculoid form of leprosy is 

characterized by a strong cell-mediated host immune response, negligible production of 

specific antibodies and low bacterial load, while the lepromatous form is associated with 

a robust humoral response, a truncated antigen-specific cell-mediated immune 

response and an abundance of mycobacterial organisms (Ridley & Jopling, 1966; 

Young et al., 1990). Distinct histological parallels exist between focal/paucibacillary and 

tuberculoid lesions, as well as multibacillary and lepromatous lesions, and it is 

suspected that the spectrum of histologic lesions observed in ruminant enteric Map 

infection similarly reflects the type of immune response mounted (Clarke et al., 1996; 

Perez et al., 1996; Corpa et al., 2000).  

The development of diffuse multibacillary lesions and clinical disease coincides 

with a reduction in Map-specific Th1-type cell-mediated immune responses and 

increased humoral responses (Kreeger & den Snider, 1992; Stabel, 1996; Koets et al., 

1999). This hypothesis is supported by a study that assessed cytokine gene expression 

in the ileal lymph node of sub-clinically infected cows, where it was shown that 

multibacillary lesions were associated with increased levels IL-4 and IL-10 mRNA 

expression and lower levels of IL-18 (Tanaka et al., 2005). 
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In sheep and goats, the sequential development of histologic lesions in the intestine and 

local lymphoid tissue during the first year following enteric Map infection have been 

examined (Kruger et al., 2015; Delgado et al., 2013); such investigations are more 

challenging in cattle given the slower progression of disease compared to small 

ruminants. Three months after experimental infection of goats, granulomatous lesions in 

the small intestine contained low numbers of Map, but abundant γδ T cells and fewer 

CD4+ T cells. By 9- and 12-months post-infection, lesions in infected animals were 

characterized by either lymphocyte-rich inflammation without detectable Map, or 

extensive granulomatous inflammation with many intracellular Map organisms. This 

suggests that a strong local cell-mediated immune response is correlated with 

containment and possible elimination of Map infection. Characterization of the specific T 

cell subsets recruited to the intestine early after Map infection of cattle has not been 

investigated, and doing so could provide critical information regarding the local host 

immune response and how it relates to disease progression. 

1.5 The Progression and Classification of Map Infection 

There is evidence to suggest that only a small percentage of Map-exposed calves 

become persistently infected and it has been hypothesized that some animals are able 

to completely resist or eliminate Map infection through innate immune defenses and 

rapid cellular activation with pro-inflammatory cytokine secretion and pathogen 

clearance (Stabel, 2010; Subharat et al., 2012; Koets et al., 2015; Begg et al., 2018). 

This section outlines studies that investigate the progression of disease follow Map 
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exposure, and a dichotomous concept of potential outcomes: resilience and recovery 

from infection, or persistent infection eventually leading to clinical disease. 

In 2011, Dennis et al. described changes in infection status and enteric lesions 

over time in sheep naturally exposed to Map. Surgical biopsies of terminal ileum and 

mesenteric lymph node were collected at 12, 18, and 24 months of age, and 

mycobacterial colonization and severity of histologic lesions were found to progress at 

variable rates among infected animals. Culture of mesenteric lymph node identified 

nearly all infected sheep (44/46), with initial histologic lesions consistently identified in 

the mesenteric lymph node, and despite the variable progression of Map colonization 

and histologic lesions, the age at which infection was first detected was found not to be 

a predictor of clinical outcome. Necropsy was performed at 36 months of age, and 8.7% 

of sheep that were biopsy-culture–positive during the study had negative cultures at 

necropsy, which is suggestive of recovery from infection; however, the possibility that 

these animals continue to harbour persistently infected macrophages could not be ruled 

out.  

 The study by Begg et al. in 2018, describes three trials using an oral exposure 

model of Map infection in cattle. Repeated blood and fecal samples were collected to 

assess immunological and infection parameters, employing Map-specific antibody 

ELISA and IFN-γ assay to detect responses in peripheral blood, PCR to detect Map in 

feces, and intestinal biopsies for culture and histopathologic examination were collected 

at approximately 18- and 26-months post-exposure for culture and histologic 

examination. Two distinct phases of fecal shedding were observed, with an initial phase 
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intermittent shedding before 9 months post-exposure, followed by a second phase in a 

smaller cohort of animals, with more consistent shedding of increasing quantities of 

Map. Unlike the second phase, the first phase was not found to correlate with disease 

outcomes, which suggests that early fecal shedding occurs in sub-clinically infected 

animals, some of which may clear the infection. The findings of this study support the 

hypothesis that Map infection will be followed either by recovery or persistent infection 

with eventual progression to clinical disease. Interestingly, two animals with 

histopathological lesions of paratuberculosis at necropsy were the only ones that 

consistently shed viable Map beyond 4 months post-exposure, in addition to having low 

Map-specific IFN-γ responses at 4 months post-exposure. In contrast, apparent 

recovery was suggested for one animal that demonstrated high Map-specific IFN-γ 

responses with no culture positive tissues or evidence of Map in feces at necropsy, and 

a lack of histologic lesions in the ileum, despite detection of histologic lesions at a prior 

biopsy. 

 Stinson et al. reported similar findings in a 2018 study, where direct inoculation of 

Map into the distal small ileum was followed by measure of several infection 

parameters, including fecal shedding, serum antibody responses, and then detection of 

Map in ileal and ileocecal lymph nodes by PCR at necropsy of calves at various time 

points after experimental Map exposure. Distinct from the study reported by Begg et al., 

repeated intestinal and lymph node sampling was not performed, and instead post-

mortem examinations were performed on calves either at 4, 12, 20, or 28 weeks after 

experimental direct intestinal Map exposure. Given an apparent infection rate of 100% 
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of calves at 12 weeks post Map-exposure in a prior study using this experimental mode 

(Plattner et al. 2011), the authors hypothesized that this direct injection Map exposure 

would consistently result in intestinal Map infection with local persistence and 

progression towards clinical disease; however, this was not observed and instead, an 

overall decrease in fecal shedding and persistence of Map in the distal small intestine 

and draining lymph nodes was identified after 12 weeks post exposure. At post mortem 

examination of calves at 4- and 12-weeks post-exposure, Map was detected by PCR in 

the distal ileum and draining lymph node of all calves. For calves examined at the final 

time-points (20 and 28 weeks post-exposure), Map bacteria were not detected in the 

feces of any of animal beyond 14 weeks post-exposure, and 50% of animals had no 

Map detected by PCR or evidence of granulomatous histologic lesions in either intestine 

or the draining lymph node, suggestive of resilience or recovery from infection. Sera 

from all calves were consistently negative by commercial ELISA for Map-specific 

antibodies at all points in the study, with the exception of one calf at 28 weeks post-

exposure who had an increased serum antibody level consistent with suspect based on 

the commercial ELISA kit recommendations for test interpretation. Additionally, in this 

animal, multiple tissues were positive for Map by PCR, and histologic lesions consistent 

with subclinical paratuberculosis were identified; therefore, we wonder if this calf had 

persistent intestinal Map infection that would have eventually progressed to clinical 

disease. Our study was performed using calves from the study of Stinson (2018), with 

the objective to examine specific T cell subsets present within the ilea mucosa of these 

calves, and how this related to experimental exposure of Map, the absence or detection 
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of Map in intestinal tissue sections by PCR, as well as the levels intestinal cytokine 

gene expression. 

 With numerous studies that vary widely in experimental design and models 

investigating paratuberculosis in ruminants, it is important to use consistent descriptive 

language regarding terms describing various aspects of Map infection, including 

‘exposed’, ‘infected’, ‘resistant’, ‘resilient’, ‘diseased’, ‘clinical’, and ‘subclinical’ (de Silva 

et al. 2018; Whittington et al., 2018). Therefore, Whittington et al. have proposed 

classification of an individual animal’s status using a systematic diagnostic approach 

that takes multiple factors into consideration, combining microbiologic, histologic and 

clinical data. In addition, it is important to rank the evidence used to define each case, 

and Whittington et al (2018) further suggested incorporation of the following terms: 

overwhelming evidence (clinical case with indisputable confirmatory testing), cumulative 

evidence (range of ante-mortem and post-mortem tests) and limited evidence (ante-

mortem tests with known limitations in sensitivity/specificity). Based on these features, 

secondary classification of resilient or susceptible is also outlined, with a subset of 

resilient animals being classified as recovered if they demonstrate evidence of transition 

from infected to uninfected via microbiologic or histologic evidence at more than one 

time-point. One limitation of this proposed classification for a recovered animal, 

however, is that this definition, while taking into consideration the current status of the 

animal, cannot completely excluded the presence Map in low numbers in persistently 

infected macrophages (i.e. subclinical infection). Despite unavoidable limitations in the 

classification of disease within a biological system with host, pathogen and 
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environmental factors at play, the authors have provided an excellent ground-work with 

specific instructions for use of terminology that should be employed by future studies. 

1.6 Systemic Cellular Immune Response During Map Infection 

The vast majority of research investigating the systemic immune response during 

Map infection has focused on late subclinical and clinical phases infection.  Peripheral 

blood lymphocytes from naturally infected animals in subclinical and clinical phases 

have higher expression of pro-inflammatory genes, including IFN-γ, IL-12, IL-6 and IL-8, 

and reduced expression of anti-inflammatory or immunomodulatory cytokine genes, 

including IL-4 and TGF-β, when compared to uninfected control animals (Coussens et 

al., 2004). Stimulation of peripheral blood lymphocytes with Map-derived antigens or live 

Map induces significantly more IFN-γ in animals with subclinical Map infection 

compared to animals with clinical disease (Stabel, 1996; Stabel, 2000; Koets et al., 

2002). These data suggest that the pro-inflammatory Th1-type response evident in 

Map-infected animals during subclinical disease wanes in later stages of the disease. 

Correlation of Map-induced histologic lesions with cytokine gene expression and 

secretion by blood cells exposed to crude Map antigens showed that significantly higher 

levels of IFN-γ were generated by cells from cows with severe histologic lesions (Shu et 

al., 2011). The clinical and bacterial culture status of these animals were not reported, 

though it seems likely that these animals were in mid to late sub-clinical infection, given 

that previous reports have demonstrated induction of greater amounts of IFN-γ in 

response to Map in this stage of infection compared to animals that are clinically 

diseased. 
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 A different study using experimentally-infected calves observed higher IL-10 

production in calves with fewer Map positive tissues (Subharat et al., 2012). This 

suggests that IL-10 may play a role in reducing the severity of lesions and limiting the 

spread of Map during the earlier stages of infection; however, we cannot infer that 

elevated IL-10 resulted in fewer Map positive tissues, as both of these findings may 

have been influenced by other factors. Further investigation is required to characterize 

the role of both systemic and localized IL-10 throughout infection, as multiple other 

studies suggest that concurrent loss of robust IFN-γ production as a result of decreased 

Map-specific CD4+ T cells also contributes to a shift in favor of IL-10 producing cells 

(Koets et al., 2002). 

Allen et al. (2012) used antibodies to deplete CD4+ T lymphocytes in calves to 

test the hypothesis that a lack of CD4+ T lymphocytes results in acceleration of 

progression of Map-associated disease; however, these researchers observed no 

significant differences in proliferative responses of lymphocytes, tissue culture positivity, 

fecal shedding or progression of disease between CD4-depleted and non-depleted 

animals. Thus, systemic depletion of CD4+ T cells 24 hours prior to Map inoculation 

does not seemingly alter development of Map-specific immune response; however, this 

short window of depletion may not have been sufficient to significantly influence the 

immune response, and these studies did not examine the local immune response in the 

intestine at site of Map infection.  

In another study, researchers set out to characterize differences in the peripheral 

immune response against Map in test positive and test negative animals by collecting 
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peripheral blood mononuclear cells and comparing cellular profiles following stimulation 

with Map in vitro (Frie et al., 2017). Animals were classified as Map positive if at least 

one of three tests (milk ELISA, serum ELISA, fecal PCR) was positive, and Map 

negative if all test results were negative. In cells from test positive cows, in vitro Map 

stimulation lead to an increased expression of CD25+ cells in effector/memory CD4+ T 

cells, MHCII+ and MHCII- γδ T cells, and SIgM+ B cells, but not CD8+ T cells. Like many 

of these studies, these results provide insight regarding the systemic Map-specific 

immune response, but the results may not be reflected of the concurrent local immune 

response in the intestine. Therefore, characterization of the cellular immune response in 

the intestine should be pursued, as it could reveal undiscovered and important 

differences in the local immune response mounted by resilient and susceptible animals. 

1.7 Experimental Models of Intestinal Map Infection 

Many studies explore cellular and/or humoral immune responses during naturally 

occurring Map infection in cattle during late subclinical and clinical phases. Models of 

early intestinal Map infection are less common, making study of the intestinal immune 

response during early infection and correlation with systemic immune responses 

difficult, in addition to limiting our understanding of the immunopathogenesis of Map 

infection.  

Following the recommendations by a consortium of Map researchers to reduce 

variability between research laboratories and to improve ability to compare model data 

(Hines et al., 2007; Begg et al., 2008), several models of experimental enteric Map 

infection were developed for ruminants.  Some models utilize an oral or intra-tonsillar 
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route of inoculation to establish infection (Waters et al., 2003; Sweeney et al., 2006; 

Subharat et al., 2012; Mortier et al., 2013 & 2014, Begg et al. 2018), and a significant 

advantage is similarity to the natural route of infection. Other models employ various 

methods of surgical inoculation, instilling Map directly into the lumen or Peyer’s patches 

of the distal small intestine (Khare et al., 2009; Allen et al., 2009; Wu et al., 2007; 

Plattner et al., 2011; Charavaryamath et al., 2013). Though these models bypass the 

natural route of infection by artificially crossing the intestinal epithelial barrier, direct 

inoculation of a known Map dose provides a more consistent tissue infection rate and 

permits study of the early post-infection period.  

The ligated loop model developed by Khare et al. in 2009 is useful for short-term 

(12-hour post Map infection) investigation of early host-pathogen interactions. 

Mechanisms of pathogen transfer from the lumen into the submucosa, early histologic 

and ultrastuctural changes at the infection site, and early alterations in gene expression 

can be studied. Most other models are aimed towards the longer-term study of local and 

systemic immune responses to Map infection. Allen et al. (2009) described an ileal 

cannulation model where repeated endoscopy is performed for tissue examination and 

sampling. The clear benefit of this is the examination of multiple samples from the same 

animals over time; however, histologic lesions were not identified in any animals up to 

10 months post-inoculation despite demonstration of Map DNA in biopsy tissues and 

feces of some individual animals. Wu et al. (2007) described intraluminal inoculation of 

temporary intestinal loops to induce Map infection; however, Map DNA was not 

demonstrated in tissue or feces, and Map was not confirmed within histologic lesions. 
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Charavaryamath et al. (2013) described a longer-term ileal loop model, where 

surgically isolated adjacent intestinal compartments were instilled with Map inoculum or 

phosphate-buffered saline and maintained in vivo for 9 to 11 months. This approach 

allowed for inclusion of an uninfected loop (internal negative control) adjacent to the 

Map infected loop, which is a strong advantage with respect to inter-animal variability. 

Subtle histologic lesions were described in Map-infected intestine, but acid-fast Map 

were rarely observed in the lamina propria and were not identified in the deeper tissues 

of the intestine. Tissue PCR confirmed the presence of Map DNA in infected intestinal 

compartments and was not found in lymph nodes and most uninfected intestinal 

segments. The authors concluded that the model is effective for study of the local 

mucosal immune response during early persistent Map infection. 

The model described by Plattner et al. (2011) induces Map infection via direct 

subserosal injection of Map in the Peyer’s patches region of the ileum. Though only 

studied up to 90 days post infection (until Stinson et al 2018), calves consistently 

developed intestinal and draining lymph node histologic lesions with intralesional acid-

fast bacteria, tissue colonization and intermittent fecal shedding confirmed by both 

culture and PCR. These features represent key histologic and bacteriologic features of 

early Map infection, demonstrating that this model is suitable for use in future studies 

investigating systemic and localized infection-site immune responses during enteric 

Map infection. Further work examining the immune responses and host–pathogen 

interactions associated with this infection model was carried out using this model 

(Stinson et al. 2018); the work described in this thesis was performed using the same 
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cohort of animals to investigate the localized cellular immune response in the ileum of 

experimentally Map-exposed calves with the goal of understanding mechanisms 

underlying initial host immune responses during early intestinal Map infection. 

1.8 Local Cellular Immune Response During Map infection 

Plattner et al. (2009) demonstrated early recruitment of γδ T cells to an artificial 

Map infection site (skin) in calves. The authors also showed that WC1+ γδ T cells were 

recruited to Map infection sites of previously vaccinated calves, while γδ T cells 

recruited to Map infection sites of naïve calves lacked WC1 expression. They later 

documented differential γδ T cell recruitment into subcutaneous Map infection sites in 

calves with enteric Map infection (Plattner et al., 2014). While these data confirm that γδ 

T cells are recruited to a Map infection site, their role during Map infection in the 

intestine remains unclear.  

Local T cell responses in the intestine of Map-infected cattle in health or during 

intestinal bacterial infection remain largely unexplored, particularly with respect to the 

distribution and recruitment of CD4+, CD8+ and γδ T cell subsets, and local cytokine 

gene expression in intestine and local lymphoid tissues throughout the early post-

infection period. Consistent with studies investigating the systemic immune response, 

higher levels of IFN-γ mRNA expression have been identified the ileum and lymph node 

of uninfected and sub-clinically Map-infected cattle compared to those with clinical 

disease. This also suggests that the anti-Map immune response specifically within the 

intestinal tract wanes as the disease advances (Sweeny et al., 1998; Coussens et al., 

2004). Increased TGF-β and IL-10 mRNA expression has been observed in intestine 



 

 

28 

 

and lymphoid tissues of cows with clinical disease (Khalifeh & Stabel, 2004). This anti-

inflammatory cytokine profile is consistent with regulatory T cell-mediated response, but 

further research is required to identify the cell types contributing to the infection 

site/intestinal cytokine milieu. 

Shu and colleagues examined peripheral blood mononuclear cells (PBMCs) and 

mesenteric lymph node cells (MLNCs) from naturally Map-infected cows to compare 

Map-specific cytokine protein and gene expression (Shu et al., 2011).  MLNCs from 

cows with severe Map-induced histologic lesions had significantly higher IFN-γ, IL-17A, 

TNF-α, IL-10 and IL-13 mRNA expression compared MLNCs from cows with moderate 

or no lesions. This study also showed significantly higher levels of IFN-γ generated by 

MLNCs and higher levels of IL-10 generated by PBMCs. Similar findings have been 

described in an oral Map infection model in calves (Subharat et al., 2012). The specific 

cell types generating these responses were not elucidated, thus the significance of 

‘mixed’ (Th1 and Th2-like) responses during later stages of disease, when several cell 

types including antigen presenting cells, effector T cells and regulatory T cells are 

present, is uncertain.  

Koets et al. (2002) used flow cytometry to compare PBMCs and intestinal 

lymphocytes from asymptomatic cows shedding Map in feces with clinically Map-

infected cows and demonstrated decreased CD4+ T cells and increased γδ T cells in the 

ileal lamina propria. Weiss et al. (2006) showed that late subclinical Map-infected cattle 

had more hyporesponsive memory (CD4+CD25+) or regulatory (CD2+CD62-) 

lymphocytes in their intestine compared to uninfected cows. These data mirror other 
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studies that utilize immunohistochemistry to show an absolute decrease in CD4+ T cells 

in the ileal lesions of clinical versus subclinical cows. Local reduction in the number of 

effector CD4+ T lymphocytes in clinical stages further supports a link between reduced 

Map-specific cellular immune response and disease progression. The mechanisms 

remain undetermined; however, CD4+ T anergy and/or increased intestinal regulatory γδ 

T cells could contribute to disease progression (Koets et al., 2002).  

A recent study investigated the expression of IFN-γ, IL-17, TNF-α, IL-10 and 

TGF-β in cells within the ileum of adult cattle naturally infected with Map (Albarrak et al., 

2018). The authors reported a significant increase in the numbers of WC1+ γδ T cells 

expressing IL-10 in clinical cattle compared to subclinical and non-infected cattle, as 

well as a significant increase in TGF-β expression by non-WC1+ cells in clinically 

infected cattle. In addition, no significant difference was identified in the expression 

proinflammatory cytokines IFN-γ, IL-17, and TNF-α between subclinically and clinically 

affected animals. Low numbers of WC1+ γδ T cells, were expressing IL-17 in the ileal 

mucosa of cattle regardless of infection status. In contrast, a prior study demonstrated 

increased levels of circulating IL-17, as well as IFN-y, in Map infected cattle identified by 

positive serum ELISA (Dudemaine et al., 2014). 

Using an ileal cannulation Map infection model, Allen et al. (2009) documented a 

Map-specific proliferative response of memory (CD4+CD45RO+) T lymphocytes in the 

intestine of Map infected calves, and a different study using the intestinal loop model 

reported increased Map-specific TNF-α and IFN-γ secretion in lymph node-derived 

CD4+ and γδ T cells from Map infected loops compared to non-infected loops 
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(Charavaryamath et al., 2013). Furthermore, the 2013 study reported that the frequency 

of CD8+ and γδ T cells isolated from the lamina propria of calves was significantly 

higher in Map-infected small intestinal loops compared to uninfected loops; while it is 

possible that these cells were the source of increased TNF-α and IFN-γ, further 

investigation is required to verify this hypothesis. Many γδ T cells co-express CD8α, 

thus specific characterization of T cell subsets contributing to the local immune 

response following enteric Map infection is imperative. 

The anatomic distribution of intestinal T cell subsets in naïve calves and during 

early intestinal Map infection has been studied (Mansz, DVSc thesis, 2015), who 

showed that γδ T cells preferentially localize to the epithelial layer of the intestine in 

naïve calves, inferring an important role in immunosurveillance.  γδ T cells were also 

recruited into the intestinal mucosa following experimental Map infection of calves, 

using the direct Peyer’s patch inoculation method. These recruited cells mostly were 

WC1neg, and their recruitment correlated with increased IFN-γ gene expression (Mansz, 

DVSc thesis, 2015), suggesting that WC1neg γδ T cells are uniquely positioned and 

recruited to influence immune development in the intestine after Map-infection. The 

contribution of IFN-γ production by γδ T cells in the intestine during early Map infection, 

with particular focus on differential secretion of this important cytokine by WC1+ and 

WC1neg γδ T cells, should be explored.  

Taken together, there may be distinct differences between local and systemic 

immune responses to Map infection in cattle and highlight the need for further 

characterizations of T cell subsets and cytokine responses, both systemically and within 
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intestinal tissues. Further studies are required to fully understand the role of various T 

cell subsets in the early post-exposure period, as well as over time, in order to 

understand how their presence and function influences Map resistance, resilience, or 

establishment of persistent infection.  

1.9  Conclusion 

Study of systemic and local immune responses to enteric Map infection in cattle 

has been heavily biased towards infected animals in the later stages of disease, and a 

significant gap in our knowledge of the immunopathology of the disease stems from the 

limited investigation of the initial cellular responses at the site of infection and 

throughout the early post-infection period. Thus, characterization of intestinal T cell 

populations and concurrent cytokine milieu in Map-infected calves will contribute greatly 

to our current understanding of the complex host response. This type of investigation 

might also elucidate differences in the local immune response between calves that clear 

Map shortly after infection versus those that become persistently infected, and has the 

potential to enhance our understanding of the immune mechanisms involved in Map 

resistance or resilience. 
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Table 1. Histologic lesion classification in Map-infected cattle  

(Gonzales et al. 2005) 

 

Classification Histologic Appearance 

Focal Small granulomas in the ileal or jejunal lymph 

nodes OR ileocecal lymphoid tissue 

Multifocal Small granulomas or scattered giant cells within 

intestinal villi and local lymph nodes 

Diffuse lymphocytic Lymphocyte predominate, few macrophages/giant 

cells, low numbers of bacteria 

Diffuse intermediate Abundant lymphocytes and macrophages, varying 

presence of bacteria correlating with the number of 

macrophages present 

Diffuse multibacillary Severe granulomatous enteritis affecting different 

intestinal locations and lymph nodes, large numbers 

of bacteria 
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Chapter 2: Local Intestinal Immune Responses Following 
Experimental Enteric Map Inoculation 

2.1 Hypotheses and Objectives 

The aim of this study was to gain insight into the cellular immune responses in 

the ileum of calves exposed to Map. Data have shown that various T cell subsets are 

recruited to the intestine in response to Map infection; however, the proportions of each 

cell type and accompanying local cytokine milieu in the early (1-7 months) post-

exposure period have not been characterized. Whether differences in these immune 

responses contribute to Map resistance, resilience or establishment of persistent 

infection and progression towards clinical disease has not been elucidated, thus this 

area of study represents a significant knowledge gap in the local immunopathogenesis 

of intestinal paratuberculosis.  

The first objective of this study was to develop and validate an 

immunofluorescence microscopy assay to evaluate intestinal T cell subsets at the site of 

experimental intestinal Map infection. The second objective was to apply this 

immunofluorescence microscopy assay to investigate the following hypotheses: 

1) Proportions of T cell subsets (δTCR, WC1, CD8α, CD3) in the intestinal 

mucosa differ between Map-exposed and unexposed calves at 4, 12, 20, and 

28 weeks post-inoculation (WPI). 

2) Proportions of T cell subsets (δTCR, WC1, CD8α, CD3) in the intestinal 

mucosa differ between Map PCR+ and Map PCR- intestinal segments at 4, 12, 

20, and 28 WPI. 
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3) Proportions of T cell subsets (δTCR, WC1, CD8α, CD3) in the intestinal 

mucosa correlate with the severity of intestinal histologic lesions at 4, 12, 20, 

and 28 WPI. 

4) Proportions of T cell subsets (δTCR, WC1, CD8α, CD3) in the intestinal 

mucosa correlate with cytokine gene expression of IL-17, IL-10, IFN-γ in the 

intestine at 4, 12, 20, and 28 WPI. 

2.2 Materials and Methods 

2.2.1 Experimental model and sample procurement 

The calves used in this project were from a study reported by Stinson et al. 2018, 

who described the histologic lesions and Map tissue PCR results for these animals, and 

provided intestinal sections of calves for the current study for the investigation of 

immunofluorescence microscopy and cytokine PCR analysis to assess localized 

immune responses. This section (2.2.1) is a brief outline of the materials and methods 

of the calf model, published by Stinson et al. in 2018. 

2.2.1.1 Trial design 

For this experiment, a total of 24 three- to four-week old male calves were 

sourced from the University of Guelph Elora dairy research station, a farm considered 

Johne’s disease free based on voluntary participation in a disease surveillance 

program. As outlined in Table 2, calves were randomly assigned to one of four groups, 

each comprised of four calves to be surgically inoculated with Map, and two calves to 

undergo identical handling procedures with no surgical intervention (control calves). 

Calves were co-housed in groups of two or four animals, with Map-inoculated and 
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control animals housed in separate rooms. All live animal research protocols were 

approved by the University of Guelph Institutional Animal Care Committee. 

2.2.1.2 Inoculum preparation and surgical procedure 

The Map strain gc86, a field strain isolated from the feces of a cow with clinical 

Johne’s disease in Ontario, was used for this study. Briefly, Map for inoculation of 

calves was collected by centrifugation to a final concentration of 1 × 109 CFU per 250 

μL, which was then loaded into tuberculin syringes and stored at 4 °C until time of 

surgery (within 12 h of preparation). Prior to inoculation, the viability of the Map 

contained within inoculum was determined, and a minimum of 90% viability of Map was 

confirmed prior to animal inoculation.  

As per the method described by Plattner et al. in 2011, a skin incision was made 

in the right paralumbar fossa, the distal ileum and cecum were exteriorized, the Peyer’s 

patches of the distal ileum were identified visually, and 1 × 109 CFU live Map in PBS 

was injected sub-serosally on the anti-mesenteric surface of the ileum in the area of the 

Peyer’s patches. Following Map injection, 250 μL of sterile diluted India ink was injected 

sub-serosally into the distal ileum approximately 5 cm proximal to the site of Map 

injection to facilitate localization of the Map-inoculation site at necropsy. The viscera 

were then replaced into the abdominal cavity, and the incision was closed using 

standard surgical techniques. A single therapeutic dose (0.5 mg/kg body weight) of 

meloxicam was administered intramuscularly immediately after surgery and the incision 

site was treated with topical povidone-iodine to reduce the risk of secondary bacterial 

infection. Some animals developed mild localized inflammation at the incision site 
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during the early post-operative period, and this was treated topically using antiseptic 

solution until resolves. No antibiotic medications were administered at any point during 

the study. 

2.2.1.3 Post-mortem and sample collection 

Each group of 4 Map-exposed and 2 control calves were euthanized at the pre-

determined time points of 4, 12, 20, and 28 WPE. A thorough post-mortem examination 

was performed immediately following euthanasia, at which time four segments of the 

distal small intestine were collected, including ileocecal valve and three sections of 

ileum proximal to the ileocecal valve at 5 cm intervals (B–D), in addition to the ileocecal 

(draining) lymph node. Serial sections of each intestinal segment and lymph node were 

preserved by three different methods: 1) Immersed in 10% neutral buffered formalin for 

histologic assessment; 2) Embedded in OCT compound and snap frozen in liquid 

nitrogen for cryosectioning (stored at -80°C); 3) Snap frozen in liquid nitrogen and 

placed in cryovials for Map-PCR and cytokine gene expression PCR testing (stored at -

80°C).  

2.2.1.4 Light microscopic evaluation & lesion scoring 

 Formalin-fixed tissues from each collection site (intestine and lymph node) were 

trimmed into individual cassettes for routine paraffin-embedding, sectioning, and 

staining. Histologic sections were cut at 5 μm thick, and hematoxylin and eosin (H&E) 

and Ziehl–Neelsen (ZN) staining were performed. All tissue sections were visually 

scored for inflammation (as per the scoring system outlined below), and all ZN-stained 

sections were scored for the presence or absence of acid-fast bacilli (AFB). This work 
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was performed by one board-certified veterinary pathologist (BLP), who was blinded to 

calf ID, experimental Map inoculation status, and euthanasia time-point. 

The scoring system for intestinal and nodal inflammation outlined in Table 3 was 

modified from several previously published scoring systems in ruminant 

paratuberculosis studies (Begg et al., 2005; Fernandez et al., 2017; Subharat et al., 

2012, Gonzalez et al., 2005). Scores from 0 to 5 were assigned based on the severity 

and distribution of inflammation in each tissue section, with a score of 0 considered to 

be within normal limits, a score of 1 classified as mild, scores of 2 or 3 defined as 

moderate, and scores of 4–5 classified as severe. Histologic lesions demonstrating 

multifocal granulomatous inflammation in the intestinal mucosa and lymph node are 

presented in Figure 1. 

2.2.1.5 Tissue DNA extraction and Map PCR 

Tissue DNA was extracted using a DNEasy Blood and Tissue kit (Qiagen, 

Toronto, Ontario, Canada), with some modifications described by Stinson (2018). Next, 

a customized two-step heminested PCR reaction for the Map IS900 element was used 

to for the detection of Map in the extracted DNA. Tissue DNA extraction and PCR was 

repeated for any tissue that tested negative for the presence of Map. 

2.2.2 Immunofluorescence microscopy assay development 

This section outlines the methods used to accomplish the first objective of this 

study, which was to develop and validate a fluorescent microscopy assay to facilitate 

evaluation intestinal T cell subsets in tissue. 
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2.2.2.1 Fluorescent antibody protocol 

Blocks of OCT embedded frozen tissue of ileal segment D (~15 cm aboral to the 

ileocecal valve) from all animals were retrieved from storage at -80°C and placed into a 

Leica CM3050 S Cryostat at -20°C for 20 minutes prior to cryosectioning. Tissue 

sections were cut at 5 um thickness, applied to Fisherbrand™ Superfrost™ Plus 

charged slides, and labelled as per the frozen block. Cryosectioning was performed in 

random order and blinded to calf status (i.e. no knowledge of the Map-exposure status 

or group). Slides were stored within the cryostat for the entirety of the session, with 

temperature varying from -19°C to -22°C. 

Upon completion of cryosectioning, all slides were placed at room temperature 

for 10 minutes, followed by immersion in 100% ethanol for fixation for 5 minutes. Slides 

were then removed, hand-rinsed with phosphate buffered saline (PBS; 0.01 M PBS, pH 

7.3) for 2 seconds and air-dried at room temperature for 5 minutes. A hydrophobic pen 

was used to outline the tissue on the slide, and a 10% goat serum block was applied for 

30 minutes. The serum block was comprised of normal goat serum (Cedarlane Canada, 

Burlington Canada) diluted to 10% in diluting buffer (2% Bovine serum albumin diluted 

in PBS). The goat serum block was subsequently removed from the tissues via gentle 

tapping of the slide, and 150-250 uL of primary antibody cocktail was applied and 

incubated in the dark at 4 °C for 16 hours. Four primary antibodies were added to 

diluting buffer at the concentrations listed in Table 4 to produce one primary antibody 

cocktail: 1) monoclonal mouse anti-bovine δ T cell receptor antibody (GB21A, IgG2b, 

Monoclonal Antibody Center at Washington State University, Pullman WA, USA); 2) 
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monoclonal mouse anti-bovine WC1 antibody (ILA29, IgG1, WSU); 3) monoclonal 

mouse anti-bovine CD8α antibody (CACT130A, IgG3, WSU); 4) polyclonal rabbit anti-

human CD3 antibody (A05-452, IgG, Dako Canada, Mississauga Canada).  

 Following incubation, slides were immersed in PBS in a slide holder with a 

magnetic spinner beneath for 5 minutes at 400 rpm, and subsequently rinsed 

individually by hand for 30 seconds and air dried at room temperature for 5 minutes. 

Slides were intermingled throughout this process (i.e. not kept in any particular order). 

Next, approximately 150-250 uL of secondary cocktail was subsequently applied and 

incubated in the dark at room temperature for 45 minutes. As listed in Table 4, four 

isotype-specific secondary antibodies (conjugated Alexa Fluor® antibodies, Thermo 

Fisher Scientific Inc., Mississauga Canada) were added to diluting buffer at a 

concentration of 1:1000 to produce one secondary antibody cocktail. As with the 

primary antibody step, slides were immersed and washed in PBS with a magnetic 

spinner for 10 minutes at 400 rpm, followed by individual rinsing for 30 seconds. 

Subsequently, 4’,6’-diamidino-2-phenylindole (DAPI) nucleic acid counter stain 

(ThermoFisher Scientific, 1:30,000 in PBS) was applied for 1 minute at room 

temperature, and then gently rinsed with PBS for 5 seconds. A coverslip was applied 

with 1 to 2 drops of ProLong® Gold Antifade Mountant, and all edges were sealed with 

clear Insta-Dri nail polish (Sally Hansen®). Slides were stored in the dark at 4 °C until 

image acquisition (24-72 hours). 
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2.2.2.2 Image acquisition 

Image acquisition was performed using a multispectral imaging system (Quorum 

Technologies, Guelph, Ontario Canada), comprised of an inverted Leica DMI 6000 

brightfield microscope, mounted Nuance® CRi imaging module, and Nuance® version 

3.0.2 software. As with cryosectioning and antibody application, image acquisition was 

performed blinded and in no specific order (i.e. not by numerical sequence). First, using 

the for each filter settings outlined in Table 5 (each at 20 nm increments), 

immunoreactivity of antibodies for each cell marker were assessed individually with 

single primary and secondary antibody parings (i.e. δTCR IgG2b and Alex Fluor® 555) 

applied sections of intestine and lymph node, and various combinations of primary and 

secondary antibody concentrations were assessed to determine the optimized 

concentration listed in the protocol. Each was accompanied by two negative external 

control slides, one with no primary or secondary antibody applied, and one with only the 

secondary antibody applied (i.e. primary omitted).  

From this, a spectral library was compiled for the optimized antibody 

concentrations, including spectral signatures for autofluorescent signals, fluorophore 

signals, and DAPI counterstain signal, as per the Nuance® user guide. Fluorophore 

signal was identified by a sharp peak at the expected emission wavelength and 

observed as distinct membranous immunoreactivity of cells throughout the mucosa, 

Peyer’s patches, and lymph node. Primary omitted slides were also assessed for 

spurious immunoreactivity, which was only detected for CD3 (Alexa Fluor® 594); in this 

case, the intensity of the signal and pattern of immunoreactivity (cytoplasmic 
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immunoreactivity in cells within the lamina propria) was noted and taken into account 

when performing image analysis. Using the compiled spectral library for each cube/filter 

combination, microscopic images were individually spectrally unmixed to generate raw 

image for each signal in the library.  

Next, the multiplex portion of the assay was optimized. Multiplex of primary and 

secondary antibody cocktails (as listed in the above protocol) were performed on 

sections of small intestine and lymph node from a calf, as well as the same tissues from 

a cow with clinically confirmed Johne’s disease. In addition, the secondary multiplex 

comprised of all four secondary antibodies was applied to four slides, each with the 

primary multiplex cocktail with one of the primary antibodies, to assess for cross-

reactivity; for example, the secondary multiplex applied to a slide with the primary 

antibody multiplex with δTCR IgG2b omitted, to verify a lack of corresponding Alex 

Fluor® 555 signal. No cross-reactivity was detected. Individual and merged colour 

overlay images of Peyer’s patches and intestinal mucosa from a cow with clinical 

Johne’s disease are shown in Figures 2 and 3, respectively. 

The final step in optimizing this assay was to reduce the labour-intensive imaging 

process by reducing the number of images captured. This involved verifying the spectral 

signatures for δTCR (Alex Fluor® 555), CD3 (Alex Fluor® 594) and WC1 (Alex Fluor® 

647) under one longpass filter (Mcherry). In addition, the total scanning time required for 

imaging each region for CD8α signal was reduced by narrowing the emission spectra 

window captured to +/- 20 nm from the spectral signature peak.  
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Study slides were imaged over the course of four days, in random order with no 

knowledge of time-point or Map exposure status. Each slide was imaged systematically, 

with image capture of every other field (200x magnification) for a total of 5 fields per 

animal. In instances where the tissue quality was insufficient for imaging, the next 

imageable field was captured. For each field, images were captured using the optimized 

image acquisition settings (Table 6). After all image acquisition was completed, each 

image was unmixed using the compiled spectral library, providing a total of 5 spectrally 

unmixed raw images (one for each signal) for analysis in the form of TIFF files. An 

example of the spectral library and resultant unmixed greyscale images captured using 

the longpass MCherry filter are shown in Figure 4.  

2.2.2.3 Development of the image analysis protocol  

Metamorph® software was used for analysis of the spectrally unmixed raw 

images generated using the Nuance® software. Specifically, Metamorph® 

multiwavelength cell scoring application with a cell segmentation algorithm was utilized 

after optimization for analysis using control and multiplex spectrally unmixed images to 

manually determine optimal threshold settings for each fluorophore. Application of 

threshold settings facilitate uniform exclusion of signal below a certain intensity to 

eliminate local background, including low-level secondary antibody labelling. Based on 

minimum and maximum intensities observed for each spectral signal in Nuance®, along 

with visual assessment in MetaMorph®, the following cut-points above local background 

were used for this study: 250 (WC1), 800 (CD8α), 800 (δTCR), 700 (CD3). With three 

slides (1 from 3 different animals), capture of high intensity debris overpowered CD8α 
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signal in the images, and a lower cut-point of 600 was used (determined manually 

through side-by-side comparison with the original Nuance® image). Calibration for cell 

segmentation was performed as per manufacturers recommendation for an image 

captured using the 40x objective setting in Nuance®, and the optimal nuclear size of 12-

16 pixels (1 pixel= 0.25 um) and minimum stained area of 81 pixels for cell 

segmentation were determined manually by visual comparison of spectrally unmixed 

DAPI counterstain images and cell signal images, respectively. 

In the multiwavelength cell scoring application within Metamorph® software, all 5 

images acquired for each field (DAPI, WC1, CD8α, δTCR, and CD3) were opened and 

automated cell segmentation was performed (Figure 5). Calves were listed in numerical 

order and segmentation was performed non-sequentially (i.e. starting with an animal at 

the top of the list, then in the middle, and then at the bottom, and repeated until all 

calves were analyzed), and all five fields from each calf were segmented in sequence 

(i.e. fields 1 to 5). The data output was provided as the total number of cells determined 

to be positive for each separate cell marker of interest (WC1, CD8α, δTCR, and CD3) 

out of all nucleated cells (DAPI positive). To validate this method, a subset of images 

was used to compare this output with manual cell counts performed by one individual 

(RJE). Manual cell counts of WC1+, CD8α+, and δTCR+ cells were performed for four 

fields (each from a different animal at one of the four time-points), and a Pearson 

correlation was performed to assess correlation between the number of cells generated 

by manual cell count versus cell segmentation (r= 0.96, 95% CI 0.87 to 0.99, 

p=<0.0001). In addition, a Pearson correlation was performed to assess correlation 
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between the proportion of WC1+ and CD8α+ cells (using δTCR as the denominator) 

generated by manual cell count versus cell segmentation (r=0.94, 95% CI 0.80 to 0.98, 

p=<0.0001). Together, these data demonstrate significant strong correlation between 

manual cell counts and cell segmentation. In addition, a Bland-Altman agreement test 

was performed with these data sets and provided bias ratios of 0.545 (number of cells 

for manual vs. segmentation) and 0.954 (proportion of cells for manual vs. cell 

segmentation). The Bland-Altman ration of 0.545 indicated poor agreement between 

manual cell counts and cell segmentation; however, this was not surprising, as accurate 

cell segmentation proved difficult with these frozen sections. Overall, we determined 

that with cell segmentation applied uniformly to all images, strong overall correlation 

was sufficient to justify use of this method, which is also supported by the good 

agreement (ratio of 0.954) observed between manual cell count and cell segmentation 

when done as a proportion of WC1+ or CD8α+ cells using δTCR as the denominator. 

2.2.3 Cytokine gene expression 

2.2.3.1 RNA extraction and cDNA synthesis 

Cryovials containing frozen tissue samples of ileal (segment B) were retrieved 

from storage at -80°C, and tissue RNA extraction was performed using Noragen Animal 

Tissue RNA Purification Kit (Cat. 25700), as per manufacturer’s instructions. Briefly, the 

tissue lysate was prepared by placing approximately 30 g of homogenized intestinal 

tissue into a microcentrifuge tube with 600 uL of RNase-free water, which was then 

vortexed to thoroughly mix. Next, 20 uL of Proteinase K was added to lysate and 

incubated at 55°C for 20 minutes and vortexed for mixing. The samples were then 
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centrifuged for 1 minute to separate out cell debris, and the supernatant was transferred 

to a new microcentrifuge tube with 450 uL of 96% ethanol. The lysate was then added 

to an RNA column and centrifuged for 1 minute at 6000 RPM. On-column DNase 

treatment was performed, followed by a column wash, and then RNA elution using the 

elution tubes and solution provided. Protein concentration and purity of each purified 

RNA samples was then measured using a NanoDrop Spectrophotometer (Appendix A). 

The protein concentration of each purified RNA sample was used to calculate the 

volume required to provide 500 ng as the starting point for cDNA synthesis, which was 

performed using a Bioline SensiFAST cDNA synthesis kit (BIO-65053), as per the 

manufacturer’s instructions. Briefly, 5 ml of a solution comprised of 120 uL of 5x 

TransAmp buffer and 30 uL of reverse transcriptase was added to each RNA sample 

and placed in a thermocycler at 25 °C for 10 min (primer annealing), followed by 42 °C 

for 15 min (reverse transcription), and 85 °C for 5 min (inactivation). The samples were 

removed and stored at -20 °C.  

2.2.3.2 Digital droplet PCR 

cDNA samples were provided to a Genomics Facility (Molecular and Cellular 

Biology, University of Guelph) for digital droplet PCR (dd PCR). Cytokine gene 

expression for each target IL-10, IL-17 and IFN-γ, as well as GAPDH (reference gene), 

were provided as absolute copies per uL, as determined via Poisson regression (per 

BioRad Applications Guide). Normality was confirmed for the reference gene data 

(Kolmogorov-Smirnov and Anderson-Darling tests), there was no significant difference 

in GAPDH expression between Map-exposed and control calves (unpaired parametric t-
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test p=0.536). The data for each target gene is presented relative to the reference gene 

(GAPDH) in copies per uL. 

2.2.4 Statistical Analyses 

2.2.4.1 Intestinal T cell subsets  

 Raw data used for these analyses are presented in Appendix B. First a statistical 

model was used to determine whether the independent variables of time and Map 

exposure had a significant effect on T cell subsets, both individually and as a combined 

interaction. The four time-points evaluated in this study were 4, 12, 20 and 28 WPI with 

no repeated measures; Map exposure status was a dichotomous variable of either 

exposed or unexposed, and T cell data for each calf were the proportion of positive cells 

identified in each of the 5 fields examined. This statistical analysis was performed using 

SAS University (SAS Institute, Cary, NC) with a model-based fixed effects method. Logit 

transformation was used to normalize the data, and all assumptions of the ANOVA were 

met, including formally testing the residuals for normality (Shapiro-Wilk, Kolmogorov-

Smirnov, Cramer-von Mises, and Anderson-Darling tests). SAS generated data are 

presented as the group mean plus or minus upper and lower 95% confidence intervals, 

and group mean differences were considered significant if the p value was ≤ 0.05. 

Occasional outliers were identified, but none were removed in the statistical analysis. 

Subsequent post-tests (Fisher protected least significant difference/LSD) were 

performed by generating odds ratios to compare T cell proportions between each group 

of calves in light of time as a sole effect, and also based on the interaction of time and 

Map exposure status. Post-test results were considered significant if the initial time or 
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interaction parameter was found to be significant in the ANOVA (described above) and 

the p-value for the odds ratio was ≤ 0.05. 

Next, T cell proportions were compared based on Map tissue PCR positivity. This 

was done using Brown-Forsythe and Welch ANOVA tests with multiple comparisons in 

Prism v8.0 software (GraphPad), and the T cell data used for each calf were the mean 

of the 5 fields of view examined. Differences were considered significant if a p value of ≤ 

0.05 was obtained, and data are presented in figures and tables as the mean ± SEM. 

2.2.4.2 Cytokine gene expression: Intestinal IL-17, IFN-γ, IL-10 

Small sample size did not permit normality assessment for these data, so a one-

way ANOVA on ranks (non-parametric Kruskal-Wallis test) was used to compare 

differences in cytokine gene expression between calves based on Map-exposure and 

Map tissue PCR results. Differences were considered significant if a p value of ≤ 0.05 

was obtained, and data are presented in figures and tables as the mean ± SEM.  

Linear regression was used to assess for correlations between cytokine gene 

expression and T cell proportions within the intestine. A correlation (the slope of the line 

of best fit) was considered significantly different from zero if a p value of ≤ 0.05 was 

obtained. 
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2.3 Results 

2.3.1 Immunofluorescence microscopy: Intestinal mucosal T cells 

2.3.1.1 T cell subsets by time and Map-exposure 

The statistical model was used to investigate whether differences in T cell 

subsets in the intestinal mucosa (including epithelium and lamina propria) occur as an 

effect of time (weeks post-inoculation) or Map exposure (Map-exposed vs. unexposed 

control calves). These independent variables were considered separately, and given 

that both time (particularly calf age) and Map exposure could independently impact the 

recruitment of T cells into the intestinal mucosa, the interaction of these two 

independent variables was also considered. For the main effects based on the two-way 

ANOVA, time as an independent factor had a statistically significant positive effect on 

the number of CD3+ T cells (Figure 6 A, *p=0.03), but not δTCR+ (p=0.08), WC1+ 

(p=0.10), or CD8α+ (p=0.07) cells. Map exposure alone had no effect on the proportions 

of CD3+ (p=0.06), δTCR+ (p=0.76), WC1+ (p=0.63), or CD8α+ (p=0.81) cells in the 

intestine. Additionally, we observed significantly higher proportion of WC1+ cells over 

time in Map-exposed but not unexposed calves (Figure 6 D, **p=0.01), but not for 

δTCR+ (p=0.08), CD8α+ (p=0.11), or CD3+ (p=0.07) cells. Group means generated for 

each T cell subset at each study time-point as a function of time as an independent 

variable (i.e. Map exposure not considered) are shown with confidence intervals in 

Figure 6 A. Raw data output for each T cell subset is presented in Appendix C.  

Next, Fisher’s LSD post-hoc tests were used to calculate odds ratios to compare 

the simple effects of T cell proportions within the intestine at each time point in the study 
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(Figure 6, Appendix D). Specifically for CD3+ cells (Figure 6A), significantly greater 

proportions of CD3+ T cells were present in the intestine at 28 WPI compared with 4 

WPI (OR=0.736, CI 0.554-0.976, *p=0.035), 20 WPI compared with 4 WPI (OR=0.698, 

CI= 0.526-0.927, *p= 0.016), 28 WPI compared with 12 WPI (OR=0.744, CI= 0.560-

0.987, *p= 0.0416), and at 20 WPI compared with 12 WPI (OR=0.706, CI= 0.531-0.937, 

*p= 0.019). For WC1+ cells in Map-exposed calves (Figure 6D), significantly greater 

proportions of WC1+ cells were present in the intestine at 12 WPI compared with 4 WPI 

(OR=0.171, CI=0.076-0.387, **p=0.0003), 20 WPI compared with 4 WPI (OR=0.240, 

CI=0.106-0.542, **p=0.0019), and at 28 WPI compared with 4 WPI (OR=0.216, 

CI=0.095-0.488, **p=0.0011). No significant differences in T cell subsets were identified 

in unexposed calves at any of these time-points. When Map-exposed calves were 

compared directly to unexposed control calves, significant differences were evident at 4 

and 12 WPI, but not 20 or 28 WPI (Figure 6 D). Specifically, at 4 WPI significantly lower 

proportions of WC1+ cells were present in Map-exposed calves compared to unexposed 

control calves (OR=0.235, CI=0.086-0.634, ^p=0.0072), and at 12 WPI significantly 

greater proportions of WC1+ cells were identified in Map-exposed calves compared to 

control calves (OR=2.92, CI=1.08-7.95, ^^p=0.0366). 

Additionally, following the statistical analysis (ANOVA) described above, we 

observed and then investigated several interesting trends in the data that were not 

statistically significant despite low p-values using the Fisher’s LSD test, but are of 

potential biological relevance and importance, especially given the small sample size in 

this experiment. In addition to the graphs in Figure 6, which demonstrate the group 
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means generated by the statistical model, Figures 7 and 8 show the individual calf data 

(Appendix B) plotted by Map exposure. First, we found that several of the cell subsets 

examined in this study were present the intestine of Map-exposed calves in greater 

proportions at 28 WPI compared with 4 WPI (Figure 7). For example, we observed more 

CD3+ (OR=0.621, CI 0.448-0.861, p=0.007), δTCR+ (OR=0.623, CI=0.410-0.948, 

p=0.03) and WC1+ (OR=0.425, CI=0.210-0.861, p=0.02) cells in the intestine of Map-

exposed calves at 28 WPI compared to 4 WPI, and this trend was not observed in 

unexposed control calves. Similar trends were observed when 12 WPI were compared 

with 4 WPI (Figure 8). Specifically, we saw greater proportions of CD3+ (OR=0.674, CI= 

0.486-0.935, p=0.021) and δTCR+ (OR=0.548, CI= 0.338-0.889, p=0.0181) cells in the 

intestine of Map-exposed calves at 12 WPI compared to 4 WPI (coinciding with the 

significantly greater proportions observed in WC1+ cells described above); this was also 

not observed in unexposed control calves. Data for CD8α+ cells were distinct from the 

other T cell subsets, in that no differences were observed between 28 WPI compared 

with 4 WPI; however, we did observe greater proportions of CD8α+ cells in the intestine 

of unexposed control calves at 20 WPI compared with 12 WPI (Figure 6 E, OR=0.313, 

CI 0.147-0.665, p=0.005); this was not observed in Map-exposed calves.  

We also examined differences between Map-exposed calves and unexposed 

control calves at each time point in the study and observed additional trends. As before, 

because the F-statistic was not significant, the post-hoc Fisher’s LSD test cannot be 

considered statistically significant; however, these changes could represent biologically 

relevant data in a small cohort study and are certainly worthy of additional examination. 
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Specifically, we observed lower proportion of δTCR+ cells in the intestine of Map-

exposed calves compared to unexposed control calves at 4 WPI (Figure 6 C, 

OR=0.572, CI=0.316-1.03 p=0.06), in addition to greater proportion of CD3+ (Figure 6 B, 

OR=0.1.82, CI=1.22-2.72, p=0.006) and CD8α+ cells (Figure 6 E, OR=1.87, CI=0.972-

3.59, p=0.06) in the intestine of Map-exposed calves compared to unexposed control 

calves at 12 WPI (Figure 8). Representative individual and merged overlay images of T 

cell immunofluorescence microscopy from one Map-exposed calf at 4 WPI (animal ID 

1120) and one Map-exposed calf at 12 WPI (animal ID 1080) are shown in Figures 9 

and 10, respectively. 

 As another way to look at these data comparing differences in T cell subsets in 

Map-exposed and unexposed calves in this study, we calculated ratios of the group 

means of each cell type in the mucosa of Map-exposed and unexposed control calves 

at each time-point (Table 7, ratio = group mean cell proportion observed in Map-

exposed calves / group mean cell proportion observed in unexposed control animals). 

Assessing T cell proportions in this context, a ratio of 1:1 indicates the presence of 

equal proportions of a particular cell type within Map-exposed compared with age-

matched unexposed control calves, whereas a ratio of >1:1 indicates greater T cell 

proportions in Map-exposed calves, and a ratio of <1:1 indicates greater proportions in 

unexposed calves. The most striking difference was observed at 12 WPI, where all T 

cell subsets examined in this study had a ratio of >1.5, standing out from the other time-

points (Table 7 & Figure 11). This suggests that there are more T cells in Map-exposed 

versus unexposed control calves especially at 12 WPI, with ratios being notably higher 
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for CD3+ and WC1+ (2.9 and 2.8, respectively) and the most changed between 4 WPI 

and 12 WPI compared to δTCR+ and CD8α+ (1.53 and 1.64, respectively). At 4 WPI, all 

T cell subsets had a ratio of <1 (ranging from 0.339 to 0.79), which highlights the 

presence of greater proportions of T cells in unexposed control calves compared with 

Map-exposed calves at the 4 WPI time point. At 20 and 28 WPI, ratios for δTCR+, 

WC1+, and CD8α+ were clustered near 1 (ranging from 0.72-1.16), indicating minimal 

differences in T cell proportions between Map-exposed and unexposed control calves, 

whereas the ratio of CD3+ cells remained higher (2.16 and 2.22), indicating that greater 

proportions of T cells in Map-exposed calves, despite limited differences in δTCR+, 

WC1+, and CD8α+ expression. 

2.3.1.2 T cell subsets by tissue Map PCR status 

 Over the course of this animal study we found that the frequency of Map PCR+ 

tissues unexpectedly decreased, so we wanted to assess whether a specific tissue 

being Map PCR+ or Map PCR- correlated with the proportions of T cell subsets in those 

particular sections of intestinal mucosa. Therefore, we compared T cell proportions in 

intestinal mucosa from unexposed control calves with Map-exposed calves that either 

tested positive or negative for Map by PCR. Comparisons were made at 4 WPI and 28 

WPI because these were the only time points for which some intestinal sections were 

Map PCR+ while others were Map PCR-.  

 For calves at 4 WPI, PCR+ was defined as detection of Map in intestinal segment 

D (the same tissue segment used for T cell immunofluorescence evaluation). No 

statistically significant differences were identified in any T cell subsets in the mucosa of 
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Map PCR+ intestine from Map-exposed calves compared to Map PCR- intestine from 

Map-exposed or unexposed control calves. Figure 12 shows individual calf data 

(Appendix B) plotted by Map exposure status and Map tissue PCR results at 4 WPI. 

Although not statistically significant, lower proportions of CD3+ cells were noted in Map 

PCR+ intestinal tissue from Map-exposed calves compared to PCR- intestinal tissue 

from both Map-exposed and unexposed control calves (Figure 12 A), and lower 

proportions of δTCR+ and WC1+ cells were evident in Map PCR+ intestinal tissue from 

Map-exposed calves compared to unexposed control calves (Figure 12 B and C, 

respectively). No changes were detected in CD8α+ cells (Figure 12 D). 

 For calves at 28 WPI, only one of the four exposed calves was confirmed PCR+ 

in segment D, therefore PCR+ was defined as detection of Map in any segment of 

intestine. No statistically significant differences were identified in any T cell subsets in 

the mucosa of Map PCR+ intestine from Map-exposed calves compared to Map PCR- 

intestine from Map-exposed and unexposed control calves. Figure 13 shows the 

individual calf data (Appendix B) plotted by Map exposure status and Map tissue PCR 

results at 28 WPI. Although not statistically significant, we observed greater proportions 

of CD3+ cells in Map PCR+ intestinal tissue from Map-exposed calves compared to 

PCR- intestinal tissue from both Map-exposed and unexposed control calves (Figure 13 

A), while no differences were observed in δTCR+, WC1+, or CD8α+ cells (Figure 13 B-

D). 
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2.3.1.3 T cell subsets by histologic intestinal lesion score 

One objective of this study was to correlate proportions of T cell subsets in the 

intestinal mucosa with the severity of histologic lesions; however, histologic lesions 

were much fewer and less severe in intestinal segment D across all time points than 

anticipated at the outset and design of the study, and no significant differences were 

identified. 

2.3.2 Cytokine gene expression: Intestinal IL-17, IFN-γ, IL-10 

2.3.2.1 Cytokine gene expression by Map exposure  

Expression of cytokine genes of interest were then compared between Map-

exposed and unexposed calves. For this analysis, cytokine gene expression was 

measured in intestinal segment B of all calves. No significant differences in IL-10, IL-

17 or IFN-γ gene expression were identified between Map-exposed and unexposed 

control calves at any time point of this study. Although not statistically significant, two 

differences were noted in IL-10 gene expression: IL-10 gene expression was lower in 

Map-exposed calves compared with unexposed control calves at 12 WPI (Figure 14 

A), whereas IL-10 gene expression was higher in Map-exposed calves compared with 

unexposed calves at 28 WPI (Figure 14 B).  

2.3.2.2 Cytokine gene expression vs Map PCR status 

Again, because we observed decreased frequency of Map PCR positivity in 

intestinal tissues of Map-exposed calves than originally hypothesized over the course of 

this study, we wanted to assess whether a tissue segment being Map PCR+ or PCR- 

correlated with cytokine gene expression in that intestinal segment. Therefore, we 
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compared cytokine gene expression in intestinal segments of Map-exposed calves that 

tested either positive or negative for Map by PCR directly with gene expression in 

intestine of unexposed control calves at each time point in this study. For this 

experiment, cytokine gene expression and Map PCR was measured in intestinal 

segment B of all calves.  

No significant differences in IL-10, IL-17 or IFN-γ expression were detected at 

any time point in this study. Although not statistically significant, two distinct findings at 

12 and 28 WPI were observed in IL-10 gene expression that we think could still be 

worth further investigation (Figure 14 A-B). Specifically, lower IL-10 expression was 

observed in Map PCR+ intestinal tissue from Map-exposed calves compared to Map 

PCR- intestinal tissue from both Map-exposed and control calves at 12 WPI (Figure 

14C). Furthermore, at 28 WPI we observed higher IL-10 expression in the single Map 

PCR+ intestinal tissue from a Map-exposed calf compared to Map PCR- intestinal tissue 

from both Map-exposed and control calves (Figure 14 D). 

Finally, we attempted to correlate expression of cytokine genes of interest within 

the intestine (segment B) with the proportions of specific T cell subsets also observed 

within the intestinal mucosa (segment D) within each group over time and by Map 

exposure group. This was accomplished using a linear regression with the various T cell 

subsets serving as the dependent variable. The only correlations observed involved 

WC1+, CD3+ cells and IFN-γ gene expression, but no correlation detected between T 

cell subsets and IL-10 or IL-17 at any time point. When Map-exposed and unexposed 

control calves from all time-points were grouped together, we observed a significant 
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positive linear relationship between WC1+ cells and IFN-γ gene expression (Figure 15 

A, Y=0.01000*X - 0.005705, slope=0.01, *p=0.04). When only Map-exposed calves 

were evaluated, the positive linear relationship was not statistically significant (Figure 15 

B, Y=0.009807*X - 0.002235, slope=0.01, p=0.09). 

When Map-exposed and unexposed control calves from all time-points were 

grouped together, we observed a positive but not significant linear relationship between 

CD3+ cells and IFN-γ gene expression (Figure 15 C, Y=0.002907*X - 0.07730, 

slope=0.002, p=0.08). When only Map-exposed calves were evaluated, the positive 

linear relationship was statistically significant (Figure 15 D, Y=0.004225*X - 0.1350 

slope= 0.002, *p=0.04). 

2.4 Discussion 

In the face of a high Map exposure in endemic herds, only a small proportion of 

cattle develop clinical Johne’s disease; however, factors that determine the outcome 

following exposure and infection are largely unknown. The long-held paradigm of 

Johne’s disease is that it exists within a herd as an “iceberg”, where for every animal 

exhibiting clinical disease, there are numerous subclinically infected animals that may 

shed Map and eventually progress to clinical disease. This has been largely based on 

what is known about Map infection and progression, most of which has been 

extrapolated from many in vitro and fewer in vivo studies. Furthermore, accurate and 

confident determination of the true prevalence of Map infection in herds is very 

challenging, particularly during the early and subclinical stages of the disease, simply 

because the current repertoire of diagnostic tests is insensitive during these stages of 
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infection. Recent studies have proposed a shift in thinking, specifically with regard to the 

concepts of Map resistance and resilience (Whittington et al. 2017; Begg et al. 2018; 

Stinson et al. 2018). Perhaps only a small proportion of exposed animals become 

persistently infected, and whether an animal resists Map infection, clears Map infection, 

or becomes persistently Map-infected may be ‘determined’ soon after exposure. This 

knowledge gap has prompted development of several in vivo calf models of intestinal 

Map infection for use in controlled experimental Map infection studies, with the goal of 

gaining a better understanding of the immunopathology of Map infection within the 

intestine at the initial infection site (Charavaryamath et al. 2013; Mortier et al. 2013 & 

2014). An additional advantage of infection models may also be the ability to investigate 

progression to clinical disease in Map-exposed animals over time period, as is observed 

in natural infection (Begg et al. 2018; Stinson et al. 2018).   

2.4.1 Immunofluorescence microscopy: Intestinal mucosal T cells 

 One objective of this study was to investigate the localized host immune 

responses in the intestinal mucosa following direct localized experimental Map 

inoculation, by characterizing and comparing T cell subsets within the intestinal mucosa 

of healthy unexposed control calves and experimentally Map-exposed calves. We then 

used a statistical model to assess whether time and Map exposure had independent 

and/or interactive effects on the proportion of selected mucosal T cell subsets (CD3+, 

δTCR+, WC1+, CD8α+) recruited into the localized intestinal infection region.  

Results of the ANOVA and post-hoc Fishers LSD test comparisons revealed two 

major findings: First, we observed significantly greater proportions of CD3+ T cells in the 
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intestinal mucosa over time, regardless of whether or not a calf was exposed to Map. 

Second, we observed significantly greater proportions of WC1+ cells present in the 

intestine of Map-exposed calves at later times (12, 20 and 28 WPI) compared with 4 

WPI and importantly, this effect was not observed in unexposed calves. Given that age, 

breed and source were uniform in calves of both groups at each time point, we suspect 

that recruitment of CD3+ cells over time in calves that have not been Map-exposed may 

reflect normal lymphocyte homing and/or increased recruitment of T cells following 

natural exposure to many various antigens normally encountered within the calf 

intestinal tract. Moreover, the data indicate that WC1+ cells, which would also be 

expected to be CD3+ and δTCR+, are indeed recruite to the intestinal mucosa of calves 

over time following Map exposure, with the largest increase observed between 4 and 12 

WPI. Although the numbers were not statistically significant, greater proportions of CD3+ 

and δTCR+ cells were also noted on an individual basis in Map-exposed calves at 12 

WPI compared to 4 WPI. This is interesting, because the concurrent increase in WC1+, 

CD3+ and δTCR+ T cell subsets in the intestine coincides with the highest frequency of 

histologic lesions and number of intestinal tissues positive for Map by PCR reported by 

Stinson et al. at 12 WPI and suggests that WC1+ γδ T cells may play an important role 

in the mucosa of calves during Map infection. This is also consistent with the literature, 

that in the face of Map exposure, increased αβ and γδ T cell subsets both play known 

roles in innate immune responses and are recruited into the intestinal mucosa. 

Additionally, we observed significantly fewer proportions of WC1+ cells in the 

intestine of Map-exposed calves compared to unexposed control calves at 4 WPI, but 
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significantly greater proportions of WC1+ cells in the intestine of Map-exposed calves 

compared to control calves at 12 WPI. Although not statistically significant, a lower 

proportion of δTCR+ cells were also evident in Map-exposed calves compared to 

unexposed control calves at 4 WPI, and a greater proportion of CD3+ and CD8α+ cells 

were seen in Map-exposed calves compared to unexposed control calves at 12 WPI. 

Together, these data show a transition from lower proportions of WC1+, δTCR+ and 

CD3+ cells in the intestine of Map-exposed calves compared to unexposed control 

calves at 4 WPI to higher proportions of these cell subsets in Map-exposed calves 

compared to unexposed control calves at 12 WPI. This shift is unexpected, and the 

reason is not clear, but it is possible that fewer T cells in the intestine of Map-exposed 

calves at 4 WPI are due to T cell recirculation out of the intestine into lymph and/or 

blood or increased T cell death during immune responses following initial pathogen 

encounter. In fact, very little is known about T cell trafficking into or out of the intestine in 

health or during Map infection. This may then be followed by peak T cell recruitment to 

sites of Map infection at 12 WPI, which would be consistent with the histologic and PCR 

findings reported by Stinson et al.  

In addition to the lack of significant differences in T cell proportions based solely 

on Map exposure, failure to detect statistically significant differences in each of the 

subsets including CD3+, δTCR+, and CD8α+ cells based on an interactive effect of time 

and Map exposure in this study is likely explained by low statistical power and high 

inter-animal variability, given the low number of animals (4 Map-exposed and 2 

unexposed control calves) in each group.  
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As an additional way to compare and visualize differences in T cell subsets in the 

intestine directly between Map-exposed and unexposed control calves, we calculated 

ratios of E / U (exposed / unexposed) using the group means of each T cell subset in 

the mucosa at each time point. The ratio of CD3+ cells was high (above 1) at all time 

points after 4 WPI, indicating the presence of a greater number of CD3+ cells in Map-

exposed calves compared with unexposed calves at all time-points. For δTCR+, WC1+, 

and CD8α+ cells, all ratios were highest at 12 WPI, demonstrating the largest 

differences in T cell proportions in Map-exposed calves compared to unexposed control 

occurred at this time-point; this is interesting because this time point is when the highest 

histologic lesion scores were identified in these calves, followed by markedly reduced 

frequency and scores of histologic lesions at later time points (Stinson 2018). That 

δTCR+ WC1+ cells are recruited into the intestinal mucosa after Map infection, suggests 

that they are involved with development of lesions at a local Map infection site. It is 

intriguing to consider that these cells may also be highly involved in the prevention of 

localized persistent intestinal Map infection; however, this hypothesis requires further 

investigation.  

In light of the work of Stinson (2018) showing that many Map-exposed calves 

(and sections of their intestine) lacked evidence of persistent Map infection at later 

timepoints, we wanted to determine if changes observed in the T cell populations could 

be explained by the presence or absence of Map in the tissue sections, which we 

confirmed by Map PCR. No significant differences were identified, but these analyses 

were limited by the small sample size and this overall lack of statistical power. 
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Nonetheless, lower proportions of CD3+, δTCR+ and WC1+ cells were noted in Map 

PCR+ intestinal tissue from Map-exposed calves compared to PCR- intestinal tissue 

from unexposed control calves at 4 WPI. Although the reason for this is unclear, and T 

cell death and/or lymphocyte recirculation following initial pathogen encounter in the 

intestine—as we previously discussed—is one possible explanation, this hypothesis 

requires further investigation. In addition, while not statistically significant, greater 

proportions of CD3+ cells were noted in Map PCR+ intestine from Map-exposed calves 

compared to both Map PCR- intestine from Map-exposed calves at 28 WPI and to 

intestine from unexposed control calves. Thus, we hypothesize that Map-exposed 

calves with no evidence of Map in intestinal tissues by PCR have achieved localized 

clearance of the bacteria, and possibly exhibiting resistance or resilience to Map 

infection. Conversely, as discussed by Stinson et al. in 2018, Map-exposed calves with 

evidence of persistent Map by PCR in intestine at 28 WPI are demonstrating failure to 

clear the localized Map infection. Interestingly, the calves that demonstrated persistence 

of Map in tissue by PCR also had Map-induced histologic lesions (Stinson et al. 2018) 

and elevated CD3+ cells within the intestine, which is reflective of an ongoing immune 

response. Therefore, we hypothesize that the combination of Map PCR+ intestinal tissue 

and Map-induced histologic lesions combined with a demonstrated elevation in CD3+ 

cells and IL-10 gene expression at 28 WPI is indicative of persistent infection.  

2.4.2 Cytokine gene expression: Intestinal IL-17, IFN-γ, IL-10 

We also looked key pro-inflammatory (IL-17 and IFN-γ) and immunoregulatory 

(IL-10) cytokine gene expression in intestinal tissue at all time-points of this study 
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hypothesizing that we might correlate this with Map exposure, detection of Map in tissue 

by PCR, and the presence of cells subsets to provide additional insight regarding the 

localized host immune response to Map infection. However, we observed no significant 

differences in IL-10, IL-17 or IFN-γ gene expression in the intestine of Map-exposed 

calves compared with unexposed control calves at any time point.  

Although not statistically significant, we believe that some differences observed 

in this study may allow formation or modification of hypotheses for future work related to 

understanding the responses to early intestinal Map infection.  We observed that gene 

expression of IL-10 was lower in intestine of Map-exposed calves compared to 

unexposed control calves at 12 WPI, and higher in the intestine of Map-exposed calves 

compared to unexposed control calves at 28 WPI.  Given that low proportions of all T 

cell subsets were observed in Map-exposed calves at 4 WPI, we hypothesize that key 

host-pathogen interactions ‘determining’ resistance, resilience or persistence of Map 

infection may occur prior to 4WPI and shortly after initial Map exposure in this model, 

which would be more consistent with the initial cellular responses to Map reported within 

hours of infection by in vitro studies (Baquero & Plattner 2016 & 2017; Charavaryamath 

et al. 2013).  

When we looked at cytokine gene expression based on Map detection in 

intestine by PCR, no significant differences in IL-10, IL-17 or IFN-γ gene expression 

were identified. Although not statistically significant, lower IL-10 gene expression was 

observed in Map PCR+ tissue compared with Map PCR- tissues at 12 WPI, while higher 

IL-10 gene expression was noted in the one Map-exposed animal with Map detected in 
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intestinal segment D by PCR compared to all Map PCR- intestinal segment D tissues at 

28 WPI. Considered together and with trends observed in cell subsets (previously 

discussed and Figure 12, 13), low IL-10 gene expression in Map-exposed calves at 12 

WPI, and particularly in Map PCR+ calves corresponds with Map-induced histologic 

lesions in the intestine at times when limited IL-10 expression would be beneficial for 

ongoing macrophage activation and lysosome-mediated bacterial killing. On the other 

hand, high IL-10 gene expression in the Map-exposed calves that are also Map PCR+ in 

intestine at 28 WPI (calves 1073 and 1075) may be the related to increased IL-10 

production by T cells (Albarrak et al. 2018) and/or Map-infected macrophages within a 

localized context of ongoing or persistent Map infection (Janagama et al. 2006; Weiss et 

al. 2002). 

Finally, correlation between differences in cytokine gene expression and 

proportions of cells subsets in the mucosa was investigated, and correlation was 

observed with IFN-γ gene, but not with IL-17 or IL-10 genes. In Map-exposed calves, a 

positive but not statistically significant correlation between WC1+ cells and IFN-γ gene 

expression was observed, but when Map-exposed and unexposed control calves were 

grouped together, this positive correlation gained sufficient power to become statistically 

significant. We observed a significant positive correlation between CD3+ cells and IFN-γ 

gene expression in Map-exposed calves, but this correlation was positive and non-

significant when Map-exposed and unexposed control calves were grouped together. 

Overall, a positive correlation between CD3+ cells and IFN-γ is consistent with previous 

data, given that T cells of various subsets have been shown to be significant sources of 
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IFN-γ during bacterial infections. We hypothesize that differences in the statistical 

significance of the positive correlations observed when considering Map-exposed and 

unexposed controls grouped together compared to Map-exposed animals alone may be 

a consequence of variability among animals (i.e. outliers) and the low number of 

animals in the control groups—a major limitation and discussed later—in this study. 

Overall, the specific contribution of the WC1+γδ T cell subset to this IFN-γ gene 

expression is uncertain based on these data, and given that high proportions of CD3+ 

cells and not WC1+ were maintained at 20 and 28 WPI in this study, we hypothesize that 

other T cell subsets also generate IFN-γ in the context of the immune response in the 

intestine. 

2.4.3 General Discussion 

Addressing our first hypothesis, it became clear throughout the course of our 

investigation that both time and Map exposure influence T cell recruitment into the 

intestine. First, CD3+ T cell proportions were found to increase in both Map-exposed 

and unexposed calves over time, with higher proportions of cells at 28 WPI compared to 

4 WPI, indicating that T cell recruitment into the intestinal mucosa occurs over time 

regardless of Map exposure. A higher proportion of CD3+ cells in Map-exposed calves 

compared to unexposed calves at both 20 and 28 WPI, despite minimal differences in 

δTCR+, WC1+, and CD8α+ cells, as demonstrated by cell ratios in Table 7, suggests that 

other T cell subsets such as CD4+ and/or NK cells may also be increased in the 

intestine of Map-exposed calves at the later time-points. Ongoing recruitment of CD4+ T 

cells to the mucosa would be likely following initial Map exposure, antigen priming, and 
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generation of antigen-specific memory T cells as part of the adaptive cell-mediated 

immune response. 

We observed significantly greater proportions of WC1+ cells in the intestinal 

mucosa of Map-exposed but not unexposed calves in the course of this study, which is 

consistent with the data also showing recruitment of WC1+ cells to infection sites as 

previously reported by Plattner et al. (2009 & 2014). In this study, we also observed 

lower proportions of WC1+ and δTCR+ T cells in Map-exposed calves compared to 

unexposed control calves at 4WPI. The mechanism or significance of this is not clear, 

but either increased immune cell death or recirculation of immune cells into lymphatics 

or blood following initial pathogen encounter, or increased proportion of other immune 

cell types (B cells, macrophages) resulting in a relative decrease in WC1+ and δTCR+ 

cells are both potential explanations. At 12 WPI, greater proportions of CD8α+, CD3+, 

δTCR+ and WC1+ cells were observed in Map-exposed calves compared to unexposed 

control calves, and this is consistent with a cell mediated anti-Map immune response, 

and coincides with the highest frequency of histologic lesions in the intestine of these 

calves described by Stinson et al. 2018. 

We did not detect statistically significant differences to support of our second 

hypothesis, that T cell proportions in the intestinal mucosa would differ between Map 

PCR+ and Map PCR- tissues. A trend towards fewer CD3+, δTCR+ and WC1+ T cells in 

Map PCR+ segments compared to Map PCR- segments from both Map-exposed and 

unexposed calves at 4 WPI is interesting though, and it is possible that presence of Map 

in intestinal tissue is directly related to the lower proportion of these mucosal T cell 
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subsets. As previously discussed, the reason or mechanism for this is not clear because 

lower numbers of immune cells coinciding with the presence of a bacterial pathogen is 

counterintuitive. Alternatively, it is possible that the lower proportions of these T cell 

subsets is a relative change in the face of an overall influx of inflammatory cells due to 

Map infection; however, it is worth noting that an influx of immune cells would have 

likely been minor at this stage, because all calves had a histologic lesion score of 0 

(within normal limits) in intestinal segment D at 4 WPI.  

At 28 WPI, a direct comparison between cell subsets and Map PCR+ intestine 

could not be done due to unexpectedly low frequency of Map PCR+ tissues at 28 WPI. 

Instead, we examined changes in T cell proportions in intestine from calves who were 

completely intestinal Map PCR-. Although not statistically significant, a trend towards 

higher proportion of CD3+ T cells was observed in Map PCR+ intestine from Map-

exposed calves compared to both Map PCR- intestine from Map-exposed calves and to 

unexposed control calves. We hypothesize that these Map-exposed calves with no 

detectable evidence of Map infection by PCR have achieved localized intestinal 

clearance of the pathogen, thus exhibiting resilience or recovery, the latter of which 

cannot be determined in the absence of repeated measures (not done in this study). In 

contrast, the two calves with Map PCR+ intestine at 28 weeks demonstrate failure to 

clear the localized bacterial infection, and is likely reflective of persistent Map infection.  

We were unable to investigate our third hypothesis to correlate the proportion of 

T cell subsets with histologic lesion severity because histologic lesions were fewer and 

less severe than anticipated, with only 3 of the 16 Map-exposed calves having lesions 
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identified in the same segment of intestine in which T cell evaluation was performed 

(segment D).  

Our fourth hypothesis was that proportions of T cell subsets in the mucosa would 

correlate with intestinal cytokine gene expression, and this was supported by several 

specific findings. First, we observed positive correlations between CD3+ and WC1+ cells 

with IFN-γ gene expression. The host-immune response to bacterial infection involves 

redundancy characterized by production of the same cytokine by several different cell 

types, thus the direct contribution of the WC1+ γδ T cell subset to IFN-γ gene expression 

cannot be definitively determined in this study (i.e. IFN-γ is produced by other cells, 

such as CD4+ T helper or CD8+ cytotoxic T cells). Moreover, examination of localized 

cytokine production in the intestine following direct Map-exposure revealed a few 

intriguing differences in IL-10 gene expression at 12 and 28 WPI, despite lacking 

statistical significance. We saw low IL-10 gene expression in Map-exposed calves at 12 

WPI but high IL-10 gene expression in Map-exposed calves at 28 WPI. Low IL-10 gene 

expression in Map-exposed calves at 12 WPI suggests that Map-infected macrophages 

are not producing substantial amounts of IL-10 (Janagama et al. 2006; Weiss et al. 

2002), and that the peak histologic lesion scores at 12 WPI could represent residual 

lesions with limited active inflammation. Detection of higher IL-10 gene expression in 

the context of Map-induced histologic lesions, Map PCR+ intestine and increased CD3+ 

cells (Appendix B) in Map-exposed animals at 28 WPI is also worth further investigation, 

particularly given that this was distinct from the other calves in this group, which 

demonstrated no other evidence of Map infection (i.e. no Map-induced histologic lesions 
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or Map detection by PCR). Thus, we propose that this constellation of immunologic 

findings is highly suggestive for persistent intestinal Map infection, where IL-10 

secretion is from CD3+, δTCR-, and CD8- cells (perhaps CD4+ T regulatory cells) and 

Map-infected macrophages. 

2.4.4 Limitations and pitfalls 

As expected in experimental research studies, our study has several limitations 

stemming from experimental design, methodologies, unexpected variance in data, as 

well as how well the experimental Map inoculation adequately recapitulates natural 

disease. One of the biggest limitations of our study, is the lack of repeated measures 

from individual animals over the course of this study. This precluded assessment of the 

course of infection within one animal over time, which would be the most informative 

with respect to how the model relates to naturally occurring disease. As outlined in the 

recently proposed Map disease classification, repeated measures (microbiologic or 

histologic data) are paramount to defining an animal as recovered (Whittington et al. 

2017). Moreover, relying solely on the detection of Map in tissue by PCR, and not tissue 

culture, complicates the interpretation/implication of detecting Map in tissue in the 

context of the proposed classification scheme, as PCR testing will detect DNA from both 

live (potentially viable) and dead bacteria. 

Another potential limitation of experimental design is the direct surgical 

inoculation of Map into the intestine, which differs from the natural infection process by 

directly bypassing the apparently robust normal epithelial barrier. While experimental 

methods could in theory result in a host immune response different from that of natural 
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exposure, the histologic lesions identified in this model by Plattner (2011) and Stinson 

(2018) had a primarily mucosal distribution identical to that of natural Map infection. So, 

while the infection process itself is indeed distinct from natural Map infection, the ability 

to study the host-pathogen interactions within the mucosal tissues certainly provides a 

unique model in which to study this disease process. Moreover, there is merit in 

studying experimental infection over natural infections because if provides an 

opportunity to investigate and compare the host immune response across several 

animals, not just those that have develop clinically detectable signs of infection following 

natural infection. Another limitation of our study design is the small sample size (calf 

number), and in the face of higher than anticipated inter-animal variability and lower 

than anticipated evidence of persistent intestinal Map infection at 20 and 28 WPI, this 

limitation severely hindered our ability to detect statistical significance between groups. 

Another limitation stems from the immunofluorescence microscopy portion of this 

study, where assessment of only 1 out of a total of 4 segments of intestine was 

performed, with no assessment of the local lymph node. Ideally, assessment of every 

segment would have been performed, allowing full evaluation of what the multifocal or 

patchy distribution of Map-induced histologic lesions and tissue PCR positivity (Stinson 

et al. 2018); however, the quality of frozen tissue sections was variable, in part due to 

the way in which tissues were preserved at the time of tissue collection. We originally 

intended to assess T cell subsets in intestinal segment B because this was consistently 

the closest section collected to the initial Map injection site, marked in each calf by India 

ink; however, assessment was precluded by poor tissue morphology in these sections.  
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The immunofluorescence microscopy portion of our study would also have been 

strengthened by inclusion of CD4 and individual WC1 subset (WC1.1, WC1.2 and 

WC1.3) T cell markers; however, we were unable to optimize these antibodies in our 

assay. In addition, optimization of a bovine monoclonal primary CD3 antibody with a 

goat anti-mouse secondary antibody would be ideal for future work, as it would 

eliminate the need to address spurious immunoreactivity of the CD3 secondary antibody 

in the image analysis. In this study, the intensity level threshold applied for cell 

segmentation limited inclusion of spurious CD3 secondary antibody labelling of cells 

(suspected plasma cells or macrophages) in the lamina propria, and given that most 

cells observed in the spectrally unmixed images displayed distinct membranous 

immunoreactivity (T cells), as opposed to homogeneous cytoplasmic immunoreactivity 

(spurious staining observed in primary omitted control), we expect that the impact on 

results was negligible. 

Comparing T cell proportions based on Map tissue PCR data in a separate 

section of intestine also presents a limitation; even though both tissue samples were 

obtained from the same region of the intestine (both segment D) just a few millimeters 

apart, it is quite possible that even at this distance the two sections had different cellular 

composition due to patchy or multifocal lesions commonly observed during early Map 

infection. Similarly, correlation of T cell numbers with cytokine gene expression in two 

separate pieces of tissue is a significant limitation. This is due primarily to the fact that T 

cell subsets were assessed specifically within the mucosa while Map DNA was 
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extracted from the entire intestinal segment which included the entire intestinal wall; this 

may have altered or limited the relevance of the comparison. 

The standardized automated approach of cell segmentation was used for the 

quantification of T cell subsets in the mucosa for this study. Our primary goal was to 

ensure uniform assessment of all tissues and reduce potential bias and human error 

which would have been increased by manual quantification. Cell segmentation was 

performed based on a software algorithm and provides an absolute count of cells 

positive for the marker of interest, and determining whether to look at this as an 

absolute number of cells on a per field basis (not taking into consideration the area of 

mucosa present) or as a proportion of all nuclei in the field (including all epithelial cells 

and inflammatory cells) was challenging. To select our method (i.e. absolute cell counts 

vs. proportion of nucleated cells), we performed a Pearson correlation between the 

average of the absolute number of positive cells and the average proportion of positive 

cells for each animal (mean of 5 fields), which provided the following data: dTCR r= 

0.935 (95% CI 0.85-0.97, p<0.0001); WC1 r= 0.932 (95% CI 0.84-0.97, p<0.0001); CD8 

r= 0.91 (95% CI 0.79-0.96, p<0.0001); CD3 r= 0.826 (95% CI 0.63-0.92, p<0.0001). 

Based on these data, and a Bland-Altman ratio of approximately 0.08 in comparing 

agreement between the results of cell segmentation by absolute T cell number versus T 

cell proportions, we decided to proceed with using T cell proportions in our analyses, as 

it accounts for the variation in the total area examined between fields. As considered 

throughout this process, a limitation of this method is that we cannot rule out the 
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possibility that our T cell proportion data was influenced by an increase in nucleated 

cells (i.e. influx of inflammatory cells).  

Lastly, the cytokine gene expression portion of our study could have been 

strengthened in several ways. Direct measurement of RNA quality beyond nanodrop 

assessment and running conventional qPCR alongside our ddPCR for comparison 

would have fostered additional confidence in ddPCR results, especially given that we 

unexpectedly observed small and minor expression of target cytokines. In addition, 

cytokine gene expression was measured in homogenized intestinal tissue, which 

includes many cell types and lymphoid tissue (Peyer’s patches), and cytokine gene 

expression is influenced by more than just mucosal T cells populations. Moreover, 

understanding and interpreting the biologic relevance of the differences in the proportion 

of T cell subsets in the mucosa or levels cytokine gene expression in the intestine is 

another limitation, given that biological of these differences is uncertain. 

Although experimental large animal models using outbred calves come inherent 

with many challenges and limitations, the study of a disease in its natural host provides 

valuable insights that models in other species (i.e. mouse/rodent) cannot allow due 

known and unknown differences in many aspects, especially the host immune 

response. Overall, we believe that through examining our results in light of the 

limitations outlined here, our data represent a significant contribution to the field and 

provide insights regarding additional avenues for future investigation.  
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Table 2. Experimental intestinal Map infection in calves: trial design  

(Stinson et al. 2018) 

 

Euthanasia time-point: 

Weeks post-inoculation 

(WPI) 

# of calves 

inoculated 

# of control  
calves 

4 4 2 

12 4 2 

20 4 2 

28 4 2 

  16 8 
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Table 3. Classification of Map-induced histologic lesions in calves  

(Stinson et al. 2018) 

 

Lesion 
Score 

Definition Classification 

0 No lesions observed Within Normal 

1 Focal granulomatous inflammation 
(lamina propria or subcortical sinus, 

cortex only) 

Mild 

2 Multifocal to coalescing granulomatous 
inflammation (lamina propria or 
subcortical sinus or cortex only) 

Moderate 

3 Coalescing to diffuse granulomatous 
inflammation (lamina propria, 

subcortical sinus, cortex) 

4 Coalescing/diffuse granulomatous 
inflammation extending into submucosa 

or medulla 

Severe 

5 Coalescing/diffuse lesions extending 
deeply into submucosa ± lymphangitis 
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Table 4. Antibodies used for immunofluorescence microscopy 

 

1° Antibody with 

Concentration 

Isotype 2° Antibody 

Mouse anti-bovine δTCR 

1:10 000 

IgG2b 

(GB21A)* 

Goat anti-mouse 

Alexa Fluor® 555 

Mouse anti-bovine WC1 

1:500 

IgG1 

(ILA29)* 

Goat anti-mouse 

Alexa Fluor® 647 

Mouse anti-bovine CD8α 

1:1000 

IgG3  

(CACT130A)* 

Goat anti-mouse 

Alexa Fluor® 488 

Rabbit anti-human CD3 

1:1000 

IgG H+L Chain^ Goat anti-rabbit 

Alexa Fluor® 594 

         *WSU Monoclonal Antibody Center; ^ Dako (Polyclonal) 
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Table 5. Longpass filters and emission wavelengths for assay development 

 

1° Antibody Target & 

2° Antibody with 

Peak Emission Wavelength 

Microscope 

Longpass 

Filter 

Emission Wavelength 

Captured in Nuance® 

CD8α  

Alexa Fluor® 488 (519 nm) 

GFP 500-720 nm 

δTCR 

Alex Fluor® 555 (565 nm) 

CY3 560-600 nm 

CD3 

Alexa Fluor® 594 (617 nm) 

MCherry 598-638 nm 

WC1 

Alexa Fluor® 647 (665 nm) 

CY5 665-685 nm 
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Table 6. Longpass filters and emission wavelengths for image acquisition 

 

1° Antibody Target & 

2° Antibody 

Microscope 

Longpass 

Filter 

Emission Wavelength 

Captured in Nuance® 

CD8α 

Alexa Fluor® 488 

GFP 500-540 nm 

δTCR, CD3, WC1 

Alexa Fluor® 555, 594, 647 

MCherry 580-720 nm 
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Table 7. T cell subset ratios in Map-exposed/unexposed calf intestinal mucosa 

 

 

Ratio of group mean for 

Map-exposed vs unexposed control calves 

WPI CD3+ δTCR+ WC1+ CD8α+ 

4 0.449 0.664 0.339 0.794 

12 2.90 1.53 2.78 1.64 

20 2.16 0.818 0.94 0.724 

28 2.22 1.16 0.96 1.14 

The ratio is calculated as the group mean cell proportion of exposed calves 

divided by the group mean cell proportion in age-matched control calves. A ratio 

of 1:1 indicates the presence of equal proportions of a T cell subset within Map-

exposed compared with unexposed control calves. A ratio of >1:1 indicates 

greater T cell proportions in Map-exposed calves, and a ratio of <1:1 indicates 

lower proportions in exposed calves. 
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Figure 1. Histologic lesions of Map infection in calves 
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Figure 2. T cell subsets in adult bovine Peyer’s patches  

 

High power view, Peyer’s patches from a cow with clinical Johne’s disease, 

frozen section (200x): Immunofluorescence microscopy. One merged image of 

all four T cell subsets (top), comprised of each individual overlay image 

demonstrating DAPI nuclear stain (blue) and immunoreactivity for CD3 (green), 

δTCR (red), WC1 (yellow) or CD8α (cyan).   
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Figure 3. T cell subsets in adult bovine intestinal mucosa   

 

High power view, intestinal mucosa from a cow with clinical Johne’s 

disease, frozen section (200x): Immunofluorescence microscopy. One merged 

image of all four T cell subsets (top), comprised of each individual overlay image 

demonstrating DAPI nuclear stain (blue) and immunoreactivity for CD3 (green), 

δTCR (red), WC1 (yellow) or CD8α (cyan).   



 

 

82 

 

Figure 4. Nuance® spectral library and unmixed greyscale images 

 

 

Top left: Individually determined spectral signatures of 3 fluorophores and cell 

autofluorescence. Top right, intestinal villus from a calf 28 WPI with Map: Microscopic 

image captured with MCherry Longpass filter and 580-720 nm Nuance® filter. Bottom 

(left to right): Greyscale images of the above intestinal villus that are the product of 

spectrally unmixing for δTCR, WC1, CD3 and cell autofluorescence. 
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Figure 5. Metamorph® cell segmentation  

 

This schematic outlines the three-step process performed to facilitate the analysis of one microscopic field. 

The first step involves capturing an image under pre-determined Nuance® filter settings. In order to permit 

visualization of each subset in this example, microscopic images generated with the Longpass filter settings 

(used for assay development) are shown here. The Longpass MCherry filter captures CD3+, δTCR+ and 

WC1+ cells simultaneously and signals that cannot be distinguished from one another by the human eye, 

whereas and both CD8α+ (green) and δTCR+ (orange) cells can be visualized with the Longpass GFP filter 

settings. Next, each image is spectrally unmixed using a pre-determined spectral library, resulting in the 

generation of a greyscale image for each signal of interest (as outlined in Figure 4). Last, each greyscale 

image is opened in Metamorph® software using the multiwavelength cell scoring application, where all 5 

images acquired for each field are analyzed using a cell segmentation algorithm to generate automated cell 

counts. Note that signal that is not overlying a nucleus is not incorporated into the final cell count (see 

CY5/WC1 images). 
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Figure 6. T cell subsets in calf intestinal mucosa 

   

Figure 6 A-E. Mean T cell proportions (95% confidence intervals, SAS statistical model) 

plotted by time (4, 12, 20, and 28 WPI) and Map exposure status. Panel A. Significantly 

greater proportions of CD3+ T cells were identified at 28 vs 4 WPI (OR=0.736, CI 0.554-0.976, 

*p=0.035), 20 vs 4 WPI (OR=0.698, CI= 0.526-0.927, *p= 0.016), 28 vs 12 WPI (OR=0.744, 

CI= 0.560-0.987, *p= 0.0416), and 20 vs 12 WPI (OR=0.706, CI= 0.531-0.937, *p= 0.019). 

Panel D. In Map-exposed calves, significantly greater proportions of WC1+ T cells were 

identified at 28 vs 4 WPI (OR=0.216, CI=0.095-0.488, **p=0.0011), 20 vs 4 WPI (OR=0.240, 

CI=0.106-0.542, **p=0.0019), and 12 vs 4 WPI (OR=0.171, CI=0.076-0.387, **p=0.0003). 

Significantly lower proportions of WC1+ cells were present in Map-exposed calves compared 

to unexposed control calves at 4 WPI (OR=0.235, CI=0.086-0.634, ^p=0.0072), and 

significantly greater proportions of WC1+ cells were identified in Map-exposed calves 

compared to control calves at 12 WPI (OR=2.92, CI=1.08-7.95, ^^p=0.0366).  
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Figure 7. T cell subsets in calf intestinal mucosa at 4 and 28 WPI 

 

    

T cell proportions for individual calves (mean of 5 high power fields) plotted by time 

(4 WPI vs. 28 WPI) and exposure (E= Map-exposed, C= unexposed control). Group 

means (horizontal line) are demonstrated with error bars denoting the standard error 

of the mean (SEM).  
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Figure 8. T cell subsets in calf intestinal mucosa at 4 and12 WPI  

 

    
 

T cell proportions for individual calves (mean of 5 high power fields) plotted by time 
(4 WPI vs. 12 WPI) and exposure (E= Map-exposed, C= unexposed control). Group 
means (horizontal line) are demonstrated with error bars denoting the standard error 
of the mean (SEM).  
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Figure 9. T cell subsets in calf intestinal mucosa at 4 WPI 

  

High power view, intestinal mucosa from a calf 4 WPI with Map, frozen 
section (200x): Immunofluorescence microscopy. One merged image of all four 
T cell subsets (top), comprised of each individual overlay image demonstrating 
DAPI nuclear stain (blue) and immunoreactivity for CD3 (green), δTCR (red), 
WC1 (yellow) or CD8α (cyan). Note the sparsity of δTCR+ T cells in the lamina 
propria, as well as the single WC1+δTCR+ T cell located at the epithelial junction. 
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Figure 10. T cell subsets in calf intestinal mucosa at 12 WPI  

   

High power view, intestinal mucosa from a calf 12 WPI with Map, frozen 

section (200x): Immunofluorescence microscopy. One merged image of all four 

T cell subsets (top), comprised of each individual overlay image demonstrating 

DAPI nuclear stain (blue) and immunoreactivity for CD3 (green), δTCR (red), 

WC1 (yellow) or CD8α (cyan). Note presence of several WC1+δTCR+ T cells in 

the epithelium and lamina propria.  
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Figure 11. T cell subset ratios in Map-exposed/unexposed calf intestinal mucosa 

 

   

The ratio is calculated as the group mean cell proportion 
of each T cell subset in exposed calves (E) divided by the 
group mean cell proportion in age-matched control calves 
(C). The ratio for each T cell subset is plotted by time-point 
(WPI).   
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Figure 12. T cell subsets in calf intestinal mucosa by Map tissue PCR at 4 WPI 

 

   

T cell proportions for each calf (mean of 5 high power 

fields) plotted by Map tissue PCR results at 4 WPI (E= 

Map-exposed, C= unexposed control). Group means 

(horizontal line) are demonstrated with error bars 

denoting the standard error of the mean (SEM).  
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Figure 13. T cell subsets in calf intestinal mucosa by Map tissue PCR at 28 WPI  

 

 

T cell proportions for each calf (mean of 5 high 
power fields) plotted by Map tissue PCR results at 
28 WPI (E= Map-exposed, C= unexposed control). 
Group means (horizontal line) are demonstrated 
with error bars denoting the standard error of the 
mean (SEM).  
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Figure 14. Intestinal IL-10 gene expression by Map exposure and tissue PCR 

 

      

IL-10 gene expression plotted by Map exposure (E= Map-
exposed, C= unexposed control) at 12 WPI (A) and 28 WPI (B), 
as well as by Map tissue PCR results at 12 WPI (C) and 28 WPI 
(D). Group means (horizontal line) are demonstrated with error 
bars denoting the standard error of the mean (SEM).  
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Figure 15. Intestinal IFN-γ gene expression correlates with WC1+ and CD3+ 

 

Panel A. Significant positive correlation between IFN-γ gene expression and WC1+ cell 

proportion (Y = 0.01000*X - 0.005705, slope= 0.01, p=0.04) in all Map-exposed and 

unexposed control calves considered together. 

Panel B. Positive correlation between IFN-γ gene expression and WC1+ cell proportion 

(Y = 0.009807*X - 0.002235, slope=0.01, p=0.09, not statistically significant) in all Map-

exposed calves alone. 

Panel C. Positive correlation between IFN-γ gene expression and CD3+ cell proportion 

(Y = 0.002907*X - 0.07730, slope=0.002, p=0.08, not statistically significant) in all Map-

exposed and unexposed control calves considered together. 

Panel D. Significant positive correlation between IFN-γ gene expression and CD3+ cell 

proportion (Y = 0.004225*X - 0.1350, slope= 0.002, p=0.04) in all Map-exposed calves 

considered alone. 
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Chapter 3: Conclusion & Future Directions 

3.1 Local intestinal immune response to enteric Map inoculation 

To our knowledge, this is the first study to directly visualize CD3, γδ, WC1, and 

CD8α expressing T cells within the ileum at various time points following experimental 

Map exposure in calves, and development and validation of the immunofluorescence 

microscopy assay facilitating this study will contribute to ongoing work in this field. Prior 

to this study, little was known about T cell immune responses in the ileum at the site of 

Map infection, with limited data showing that T cell subsets, including γδ+ and CD8α+ 

cells, are recruited to the intestine during Map infection in calves or adult cows 

(Charavaryamath et al., 2013; Mansz, DVSc thesis 2015; Albarrak et al., 2018). Our 

results provide a first in situ look at T cell populations that are within and recruited to the 

intestinal mucosa of calves at multiple time-points following intestinal Map exposure, 

and we report to significant findings: 1) CD3+ T cells are recruited to calf intestinal 

mucosa over time, regardless of whether or not they are exposed to Map, and 2) WC1+ 

cells are recruited to the site of intestinal Map infection over time. This work provides 

significant data in an area that remains poorly characterized, specifically that WC1+ γδ T 

cells are recruited to the intestinal mucosa following intestinal Map infection, and that 

the number of T cells in the intestinal mucosa fluctuates with age and in the presence of 

absence of Map in the tissue. 

Initially, we were disappointed to see few and low intensity changes in several key 

immune cytokine genes (IFN-γ, IL10, IL-17) that are thought to regulate early mucosal 

immunity in Map-exposed and unexposed calf intestine, and were unable to clearly link 
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cytokine gene expression to specific T cell types in the mucosa in the context of the 

anti-Map response; however, cytokine gene expression is influenced by more than just 

T cells populations in the mucosa. It is also possible that the histologic lesions and 

differences in T cell proportions that we are seeing at 12 WPI are merely residual, as 

residual histopathological lesions from which Map cannot be successfully cultured 

(sterile granuloma) might be a feature of recovered animals (Whittington et al. 2017), 

and evaluation of the local host immune response within the first days to weeks 

following Map exposure could provide further insight. Divergent findings in Map-

exposed calves at 28 WPI (two calves with no evidence of persistent Map infection 

compared with two other calves with evidence of persistent Map infection) is also 

intriguing. We hypothesize that these calves demonstrate Map resilience and persistent 

intestinal infection, respectively. In light of these observed differences, we have shown 

that this experimental model of Map infection may provide a valuable way to investigate 

host immune response and infection outcomes (resilience or persistent infection) over 

time. 

In 2018, Begg et al. and Stinson et al. published separate studies supporting the 

hypothesis that initial Map exposure is followed by resistance, resilience or recovery in a 

large number of Map-exposed calves, which is likely similar to what happens during 

natural Map exposure or infection. Regardless, the initial cell-mediated host immune 

responses at the site of infection in the distal small intestine are broadly thought to have 

a vital role in defining Map resistance or resilience in calves and other species. Our 

study identified interesting differences in T cell subsets in the intestinal mucosa at 
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several time points between 4 and 28 WPI (all considered early with respect to the 

pathogenesis of Map), but we were unable to ultimately link these changes specifically 

to resilience or establishment of persistent localized intestinal infection because we 

cannot surmise the biological relevance of these differences and how they might 

influence the host-pathogen interaction. In light of our findings, future studies looking at 

repeated measures of intestinal mucosal cells over time following Map infection with 

concurrent investigation of γδ T cell proliferation and trafficking (of which current 

knowledge is limited) are likely to provide valuable insights regarding the host cell-

mediated immune response. 

This work has paved the way for future studies involving multi-parameter 

immunofluorescence microscopy and in situ cytokine analysis (i.e. RNAScope®), which 

could be useful for investigating the distribution and function of various T cell subsets 

(i.e. potentially including WC1.1+, WC1.2+, and WC1.3+ and WC1neg γδ T cells) within 

the intestine of calves, as well as within lymphatics and blood compartments during the 

hours to weeks to months following Map exposure. This approach would be greatly 

strengthened by increased sample size and the addition of repeated sampling from 

each animal through repeated fecal collection, blood collection, and intestinal biopsies 

throughout the early post-exposure period in order to identify features or changes that 

correlate with Map resistance, resilience or persistent infection.  
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Appendix B. Calf T cell, Map tissue PCR*, H&E lesions*, and cytokine data 
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Appendix C. Statistical model ANOVA data 
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Appendix D. Statistical model post-hoc test data 

 

 

 

 


