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ABSTRACT 

Modulation of effector functions of bovine mononuclear phagocytes by γδ T 

lymphocytes during in vitro Mycobacterium avium subspecies paratuberculosis 

infection 

 

Monica M. Baquero      Advisor: Dr. Brandon L. Plattner 

The University of Guelph, 2017    Co-Advisor: John F. Prescott 

 

Cells from the mononuclear phagocytic system (MPS) and γδ T lymphocytes interact with 

Mycobacterium avium subspecies paratuberculosis (Map) and with each other to shape the 

ensuing immune response. The central hypothesis of this thesis was that bovine γδ T lymphocyte 

subsets (WC1
+
 and WC1

neg
) differentially regulate host immunity during early Map infection by 

interacting with cells of the MPS, the preferred host cells for Map.  The main purpose of this 

research was to understand how bovine γδ T lymphocyte subsets modulate effector function of 

cells from the MPS during Map infection in vitro.   

The first study investigated how WC1
+
 γδ T lymphocytes from heifers mediate 

autologous macrophage function during Map infection in vitro. We showed that the viability of 

Map recovered from monocyte-derived macrophages (MDMs) was significantly reduced when 

WC1
+
 γδ T lymphocytes were in direct contact with Map-infected MDMs. Both MDMs and 

WC1
+
 γδ T lymphocytes generated increased concentrations of IFN-γ and IL-4. Co-cultures of 

MDMs/WC1
+
 γδ T lymphocytes were associated with higher expression of MHC-I on MDMs 

and increased concentration of nitrites. 



 

 

In the second study we investigated how WC1
+
 or WC1

neg
 γδ T lymphocytes from young 

calves influence effector functions of autologous MDMs during Map infection in vitro. We again 

showed that viability of recovered Map was significantly reduced when γδ T lymphocytes were 

cultured in direct contact with Map-infected MDMs. Our main findings were: 1) increased IFN-γ 

in co-cultures of Map-infected MDMs with WC1
neg 

γδ T lymphocytes; 2) expression of CD1b on 

MDMs is significantly increased when co-cultured in direct contact with WC1
neg

 γδ T 

lymphocytes and 3) expression of CD25 is significantly higher on WC1
+ 

compared to WC1
neg 

γδ 

T lymphocytes.  

Finally, in the third study our aim was to understand how both WC1
+
 and WC1

neg
 γδ T 

cell subsets of calves influence autologous monocyte differentiation and DC maturation during 

Map infection in vitro.  In this study, significant findings included: 1) reduced viability of Map 

recovered from monocyte-derived cells differentiated in presence of WC1
neg 

γδ T lymphocytes 

compared to MDMs; and 2) reduced phagocytosis indicating functional DC maturation in the 

presence of γδ T lymphocytes.  
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CHAPTER 1 

 INTRODUCTION 

 

1.1. Literature review 

1.1.1.   Bovine paratuberculosis. Bovine paratuberculosis was first described as a “wasting” or 

“consumptive” disease in cattle characterized by a thickening of the membrane of the large and 

small intestine, and associated with chronic diarrhea [1].  In 1894, pathologists Drs. Heinrich 

Albert Johne and Langdon Frothingham described enlarged mesenteric lymph nodes, thickened 

intestinal mucosa, infiltration of leukocyte and epithelioid giant cells and abundant acid-fast 

bacteria in the tissues in the intestine of a cow that failed to produce milk or gain weight prior to 

death [2].  Because of the initial description by Dr. Heinrich Albert Johne, bovine 

paratuberculosis is still known as “Johne’s disease”. 

Paratuberculosis is a severe chronic inflammatory intestinal condition caused by the 

intracellular bacteria Mycobacterium avium subspecies paratuberculosis (Map), and is 

characterized by a long subclinical phase that can last two or more years [3], followed by 

progressive granulomatous enteritis, failure of adequate nutrient absorption and eventually 

diarrhea, weight loss and death [4].  The disease affects domestic and wild ruminants worldwide 

and has significant economic impacts [5].   Economic losses are due to culling [6], reduction in 

milk production [7], reduced slaughter value and weight [8], mortality [9], replacement costs 

[10] and increased calving intervals and infertility [6]. 

Paratuberculosis is present in every country that has ruminant populations [11], which 

means that bacteria are present worldwide. Several studies have been conducted to determine the 
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prevalence of bovine paratuberculosis; however it is challenging to identify the true prevalence 

because a significant limitation for diagnosing paratuberculosis is poorly specific and sensitive 

techniques to identify infected animals during early and subclinical infections, and because 

clinical disease represents only a small fraction of the burden of infection.  The sensitivity of the 

most commonly utilized diagnostic techniques improves only during the clinical phase of the 

disease [12], when animals shed bacteria in the feces and serum antibodies are detectable; 

however this is usually at least two years after initial infection [13]. 

Paratuberculosis has a zoonotic connotation related to a human inflammatory bowel 

disease known as “Crohn’s disease”. Paratuberculosis and Crohn’s disease share pathological 

and clinical features [14] and some studies demonstrated the presence of Map-specific DNA in 

tissues of Crohn’s disease patients [15].  Crohn’s disease and related inflammatory bowel disease 

of humans remains a poorly understood disease process in which disturbances in innate intestinal 

mucosal immunity initiated by one or more unknown factors (likely including Map), lead to a 

self-sustaining inflammatory disease process associated with changes in the local mucosal [16]. 

The importance of conducting research in paratuberculosis is related to the reduction of 

its economic impact, especially in dairy farming, and to fully understand its potential zoonotic 

connotation.  

1.1.1.1.   Mycobacterium avium subspecies paratuberculosis.  The species of the genus 

Mycobacterium are obligate aerobes, acid-fast bacilli, weakly Gram-positive, and are 0.6 – 1.0 x 

1.0 – 10 µm in size [17]. Map is part of the Mycobacterium avium complex (MAC), which 

includes slow-growing mycobacteria that are opportunistic pathogens of humans, professional 

pathogens of livestock and birds, and other species found in soil and water [11].  Other species 

that belong to the MAC are M. arosiense, M. avium subspecies avium, M. avium subspecies 
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hominissuis, M. avium subspecies paratuberculosis, M. avium subspecies silvaticum, M. 

chimaera, M. colombiense, M. intracellulare and M. vulneris [18]. 

Map is unable to synthesize mycobactin, an iron-binding compound produced by most 

Mycobacterium spp. and necessary for the growth of all mycobacteria [19]. Mycobactin is 

needed for iron acquisition in the environment but not inside the cell, which suggests that the 

inability of Map to produce it is an adaptation feature for intracellular survival [20].   

Importantly, Map has the ability to persist in the environment due to its tolerance to heat, 

dehydration and sunlight [11].  Infected cows shed Map in milk during subclinical and clinical 

phases of the disease.  Map has been detected in dairy products such as milk, cheese [21] and 

even in infant powder milk [22], suggesting that Map is able to survive to pasteurization 

protocols.  This supports the possible involvement of this bacterium in the pathogenesis of 

Crohn’s disease in humans. 

Recent genome analysis of Map has provided further insight into this organism as a 

pathogen.  The complete genome of Map strain K-10 described in 2005 showed that it has a 

single circular sequence of 4,829,781 base pairs [23].  Some important genes related to the 

pathogenesis of the disease include the genes that encode the PE/PPE protein family members 

that are expressed on the bacterial surface and are known to promote macrophage uptake, 

mediate apoptosis, induce cytokine secretion and subvert the innate and the adaptive immune 

systems [24].  The mammalian cell entry (mce) genes have been shown to be important for the 

entry and persistence of bacteria in the host [25].  Approximately 80 genes involved in lipid 

metabolism were found, which emphasizes the importance of lipid metabolism in mycobacterial  

pathogenesis and likely also nutrition through molecules such as surface mycolic acids and other 
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lipophilic molecules that allow bacteria to enter and suppress or evade host immune defense 

mechanisms [26]. 

1.1.1.2.   Pathogenesis.  The pathogenesis of paratuberculosis is typically subdivided into three 

main stages:  early infection, subclinical infection and clinical disease [27]. Early infection 

usually last several weeks, and is characterized by the entry, survival, replication and 

dissemination of Map within intestinal macrophages.  The main event that occurs during the 

subclinical phase is the persistence of Map in macrophages because of its resistance to cell-

mediated immunity during long periods of time; this phase can last from two to five years and 

Map is shed in different rates during this period.  Finally, the clinical phase is characterized by 

an evident loss of body condition with or without diarrhea; it is considered that the incubation 

period of Map in bovine is generally three to 10 years [28].  

Most Map infection occurs during the postnatal period, however it is estimated that 9% 

and 39% of fetuses of subclinically and clinically infected cows respectively, are infected in 

utero with Map [29].   Resistance to postnatal infection increases with age, and calves younger 

than six months of age are considered most susceptible to infection [30]. Fecal-oral transmission 

of Map is the predominant route of infection and the most important risk factor is oral contact 

with the feces of infected animals [31], or fecal-contaminated surfaces [13].  On the other hand, 

infected cows excrete Map in colostrum and milk during clinical and subclinical stages of the 

disease [32], making milk another source of bacteria for calves.  

Once Map has been ingested, it is transported from the gut lumen to immune cells 

beneath the epithelial barrier by microfold (M) cells located in the follicle associated epithelium 

in distal ileum [33], where they are phagocytosed by macrophages [34].  Map survives within 

macrophages and evades killing by interfering with the process of phagosome maturation into a 
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phagolysosome [35].  The host immune response during early infection is poorly understood, but 

is thought to be a T-helper type 1 (TH1) inflammatory and cytotoxic response characterized by 

the production of IFN-γ [36].  This TH1 response initially contains the infection by providing 

protective immunity but does not persist during progression of the disease. During early and 

subclinical phases most infections are undiagnosed because animals lack clinical signs and 

antibody responses; moreover the level of fecal shedding of bacteria is not detectable at the 

beginning, but during the subclinical phase it onsets and progresses slowly [13]. Several studies 

have been developed to establish diagnostic techniques for early and subclinical paratuberculosis 

based on the detection of IFN-γ; however identification of non-specific reactions and uncertain 

interpretation of results have been found [37,38], suggesting a lack of specificity and sensitivity 

of these tests.  

Because of the continuous presence of Map within infected macrophages in the intestinal 

submucosa, lamina propria and mesenteric lymph nodes, immune cells such as macrophages, 

CD8
+
 and CD4

+
 T lymphocytes are recruited to the site of infection [39]. A chronic 

inflammatory reaction persists locally, and it is thought that these early lesions eventually 

progress to the clinical stage of bovine paratuberculosis.  Damage to the intestinal epithelium and 

a progressive granulomatous inflammatory reaction causes thickening of the intestinal wall and 

prevents absorption of nutrients which leads to malabsorption, diarrhea and hypoproteinemia 

[13].  At this point animals show clinical signs, and diagnostic techniques have higher specificity 

and sensitivity because Map-specific serum antibodies are present and animals increase bacterial 

fecal shedding because of an increased bacterial replication [40].  These manifestations are 

associated with a shift to a T-helper type 2 (TH2) response, but antibody responses are generally 

considered to be unable to contain the infection.  They may exacerbate the situation by 
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promoting bacterial opsonization and further phagocytosis by macrophages, therefore facilitating 

the spread of the infection [41]. 

The transition from a TH1 to a TH2 immune response is considered to be a central event 

during progression from subclinical to clinical disease and a mechanism by which Map evades 

destruction by the immune system.  Such a shift to an ineffective TH2 immune response is also 

considered critically important in the pathogenesis of other mycobacterial diseases such as 

tuberculosis, and is the subject of intense research [42,43].  The cause of this shift in immunity is 

not completely understood, and further research is needed to elucidate the mechanisms by which 

Map is able to modulate the type of immune responses; however different hypotheses have been 

proposed.   Taking into account that TH1 effector cells are more susceptible to Fas/FasL-

mediated apoptosis than TH2 effector cells [44], the first hypothesis involves the spontaneous 

apoptosis of TH1 clones that explains the shift to a TH2 immune response [45].  The second 

proposed mechanism includes the activation of the hypothalamic-pituitary-adrenal axis that 

results in an increase of corticosteroids.  The immunosuppressive effect of corticosteroids is 

explained by their ability to induce T lymphocyte apoptosis, suppress cytokine production and 

shift cytokine profiles from a TH1 (IL-2 and IFN-γ)  to a TH2 (IL-4 and IL-10) immune response 

[46]. Finally, the third mechanism involves the production of the highly immunogenic, cell wall-

associated glycolipid, mannosylated lipoarabinomannan (ManLAM) that has different effects in 

the production of cytokines. ManLAM promotes the secretion of TH2 related cytokines by 

increasing their transcription and translation while decreasing mRNA levels and protein amounts 

of TH1 cytokines [47].  Additionally it inhibits normal TH1 cell migration patterns [48] and the 

expression of suppressive cytokines such as TGF-β [49] and IL-10 [50].  None of these possible 
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mechanisms have been proven specifically for Map infection in cattle, therefore the mechanisms 

and the cells involved in the cytokine profile shift remain unknown. 

To develop effective prevention and treatment strategies, it is important to understand the 

pathogenesis and immunological responses occurring during all stages of this disease.  Because 

clinical signs only become apparent during the clinical phase of paratuberculosis, most studies 

have been focused on this stage; however it is thought that initial interactions of Map with the 

host immune system is a significant and probably critical event that influences bacterial 

clearance, development of adaptive immunity and profoundly influences ultimate disease 

outcome.  This is the subject of the work described in this thesis. 

1.1.2.   Bovine immunology of Map infection.  The stages of bovine paratuberculosis are 

characterized by immunological events that involve the innate and the adaptive immune systems. 

The features of mononuclear phagocytes, T lymphocytes, and the expression of cytokines 

associated with Map infection, are described below. 

1.1.2.1.   Mononuclear phagocytic system (MPS). Intestinal mononuclear phagocytes consist of 

two main cell populations that include dendritic cells (DCs) and macrophages [51].  Both 

populations develop from myeloid lineage DC-macrophage progenitors located in the bone 

marrow [52].  These progenitors give rise to a pleiotropic and pleomorphic population of 

mononuclear cells known as monocytes [53].  Circulating monocytes differentiate into tissue 

macrophages or one of several DC subsets [54]  that play key roles in both the innate and 

adaptive immune systems [55].  The strategic location of intestinal macrophages and immature 

DCs, below the intestinal epithelium in lamina propria and Peyer’s patches, allow them to be in 

close contact with lumen-derived contents [51].   
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The stimulation and further activation of macrophages and immature DCs by 

mycobacteria is achieved when they bind to antigens present on bacteria using a variety of 

surface receptors [56].  Unlike some extracellular bacteria that have developed strategies to 

evade phagocytosis, such as enteropathogenic Escherichia coli that avoid engulfment by 

inhibiting PI 3-kinase pathway [57] and Yersinia spp. that inhibit actin polymerization [58], 

species of mycobacteria use different types of receptors that activate macrophages and immature 

DCs to stimulate cytokine production and enhance phagocytosis. These receptors include 

integrins [59], lectins [60], CD14 [61], complement receptors [62], scavenger receptors (63), Fcγ 

receptors [63], Toll-like receptors [64] and NOD2 [65]. 

After stimulation of these receptors by mycobacteria, macrophages and DCs secrete the 

pro-inflammatory cytokines IL-1β, TNF-α [66], IL-6 [67], IL-8 [68], IFN-γ [69] and IL-18 [70], 

and the anti-inflammatory cytokine IL-10 [69].  Additionally IL-12 is also secreted; this cytokine 

activates naïve T lymphocytes, NK cells and induces IFN-γ production by CD4
+
 T lymphocytes 

[71]. 

Macrophages. These cells are the preferred cellular host for Map, and they secrete 

proinflammatory cytokines to provide signals to alert the immune system the presence of Map 

and, if activated, can eliminate it directly [72].  

Activated macrophages are also considered the main effector cells for killing 

mycobacteria [27].  The main cytokines involved in the activation of macrophages’ anti-

mycobacterial effects include IFN-γ [73,74] and TNF-α [75].  Macrophages achieve bacterial 

killing by a variety of mechanisms including the induction of phagosome acidification [76], 

production of reactive oxygen species [77], production of reactive nitrogen intermediates 
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[78,79], induction of apoptosis [80], induction of autophagy that promotes phagosome-lysosome 

fusion [81] and expression of cathelicidins [82]. 

Mycobacteria are able to inhibit critical microbe killing functions of phagocytes such as 

phagosome maturation and antigen presentation, which enhances their ability to survive and 

replicate within macrophages.   The proposed mechanisms by which mycobacteria prevent 

phagosome maturation include: reduction of macrophage sphingosine kinase [83], secretion of an 

acid phosphatase (SapM) [84,85], secretion of a tyrosine phosphatase (PtpA) [86], regulation of 

phagosome biogenesis by ManLAM [87], and blockage of endosome fusion between stages 

regulated by the GTPases Rab5 and Rab7 (early and late endosome respectively) [88,89].  

Map prevents antigen presentation by downregulating the expression of the major 

histocompatibility complex (MHC) class I and class II molecules on the surface of infected 

macrophages after exposure to IFN-γ [90].   It has been shown that during Map infection MHC 

class II expression is downregulated by the early and persistent expression of the anti-

inflammatory cytokine IL-10 produced by infected macrophages [91].   

Formation of diffuse granulomas during subclinical and clinical paratuberculosis is also 

thought to play an important role during disease.  Granulomas are clusters of macrophages 

(infected and non-infected) enlarged by recruitment of lymphocytes and fibroblasts [92].  

Granulomas are characteristic lesions of mycobacterial infections and other chronic pathologies, 

and likely represent an attempt to prevent bacterial dissemination. TNF-α produced by CD4
+
 T 

lymphocytes, macrophages and γδ T lymphocytes is thought to be critical for granuloma 

formation [93], which may further contain Map and reduce tissue damage [41]. 

There is sufficient in vitro evidence that mycobacteria are able to successfully evade the 

host immune system; however one important question is, why do some calves develop the 
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disease and others do not?  The hypothesis that in some calves macrophages successfully 

eliminate Map bacteria has driven recent work to investigate potential mechanisms of bacterial 

clearance, which include interactions between innate lymphocytes and Map-infected 

macrophages.  This work has suggested that so-called minor immune cell subsets such as natural 

killer (NK) cells and γδ T lymphocytes are able to modulate macrophage activation and the 

subsequent effector mechanisms; however, this has not been shown conclusively to date in cattle. 

Dendritic cells. The mononuclear phagocytic system also includes a subset of monocyte-derived 

dendritic cells (DC). Immature DCs display high endocytic/phagocytic capacity while mature 

DCs are the most potent professional presenting cells that activate naïve T lymphocytes and 

initiate adaptive immune responses [94].  

Immature DCs are enriched in submucosal tissues of the body and are uniquely 

anatomically positioned to facilitate capture and processing of antigens present in the intestinal 

lumen or that cross the intestinal epithelial barrier.  In contrast, mature DCs present antigens and 

provide co-stimulatory signals to T lymphocytes [95].  Antigen uptake by DCs triggers their 

maturation and migration to secondary lymphoid organs where the maturation process is 

completed during DC – T lymphocyte interaction [96].   

The events associated with DC maturation include downregulation of expression of 

phagocytic receptors and CD68, and upregulation of co-stimulatory molecules and DC-

lysosome-associated membrane protein (DC-LAMP) in lysosomal compartments [97]. 

Additionally, the maturation process of DCs involves morphological changes based on actin 

rearrangements that lead to the formation of the characteristic dendrites and veils of mature DCs 

[98].  
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Because the functions of immature and mature DCs have different focuses, the 

expression of different surface molecules is regulated during their maturation process.  The 

different molecules expressed on immature and mature DCs are shown in Table 1. 

Bovine monocyte-derived DCs infected with Map in vitro initiate the maturation process 

after their encounter with the pathogen but fail to acquire the full maturation phenotype [95]. The 

response of bovine DCs to Map in the intestinal microenvironment, during early and subclinical 

infection is unknown.  Furthermore it has been suggested that there is “cross-talk” between DCs 

and other immune cells such as NK cells [99], NK T lymphocytes [100] and γδ T lymphocytes 

[101].  These interactions may contribute to a full DC maturation and subsequent initiation of 

robust adaptive immune responses. There is however no conclusive evidence of the role of 

bovine γδ T lymphocyte subsets in the modulation of DC maturation during bovine 

paratuberculosis.  To identify this function is fundamental to understanding the pathogenesis of 

bovine paratuberculosis and to determining if the result of the interaction of γδ T lymphocyte 

subsets with DCs should be considered a potential immunomodulation target to prevent bovine 

paratuberculosis. 

After antigen processing, mature DCs display antigen peptides on MHC molecules for 

antigen presentation. MHC class I and II molecules present endogenously derived peptides to 

CD8
+
 T lymphocytes (cytotoxic) and exogenously derived peptides to CD4

+
 T lymphocytes 

(helper).  In addition to the MHC antigen presenting molecules, human, murine and bovine DCs 

also express the MHC class I – like glycoprotein CD1 which present lipid and glycolipid 

antigens to T lymphocytes [102,103]. The CD1 family is composed of five proteins (CD1a, 

CD1b, CD1c, CD1d and CD1e); from these CD1a, CD1b and CD1c have been shown to present 



12 

 

unique lipids found in mycobacteria such as mycolic acid [104] and LAM, a glycolipid and 

virulence factor of mycobacteria [105]. 

Mycobacteria are able to modulate DCs maturation, phenotype and function by different 

mechanisms.  By targeting the DC-specific C-type lectin (DC-SIGN), mycobacteria prevent DC 

maturation and promote the production of IL-10 [106].  Additionally, mycobacteria-infected DCs 

decrease the production of IL-12 [95,107] and consequently DC’s ability to induce TH1 

responses, which are generally considered to be required for elimination of intracellular 

pathogens.  Moreover an increased cell surface expression of ICAM-I, CD40, CD86 and MHC 

class I has been shown in vitro in human DCs after M. tuberculosis infection [108]. Further 

research is required to determine the specific effect of Map on bovine DC maturation. 

1.1.2.2.   T lymphocytes. During infection, the participation of the innate immune system is 

required to initiate and activate the subsequent adaptive immune system. Mononuclear 

phagocytes are part of the myeloid effector cells of the innate immune system [109] and their 

functions are considered non-specific.  In order to have a highly specific immune response 

(adaptive) the participation of other cell types, such as lymphocytes, is required.  

Vertebrate T lymphocytes are classified according to the structure of the T cell receptor 

that they express, αβ or γδ [110].   Both T lymphocyte lineages are generated in the thymus and 

arise from a double negative (CD4
neg

CD8
neg

) common precursor cell [111].  It is well recognized 

that αβ T lymphocytes play a crucial effector function during the adaptive immune response 

against Map and other intracellular pathogens; however, γδ T lymphocytes have features of both 

the innate and adaptive immune systems, and may be critically important in influencing the 

outcome of intracellular infections. The characteristics and functions of αβ and γδ T lymphocytes 

during mycobacterial infections are discussed below. 
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αβ T lymphocytes. These cells are activated when antigen presenting cells display short peptides 

obtained after antigen processing, in association with MHC class I or class II molecules [112].  

Mature T lymphocytes are classified according to the surface expression a co-receptor (cluster of 

differentiation – CD) that assists the communication between the antigen presenting cell and the 

TCR [113].  MHC class I molecules present peptides derived from intracellular pathogens to 

CD8
+
 T lymphocytes to activate destruction signals; whereas MHC class II molecules present 

peptides derived from extracellular pathogens to CD4
+
 T lymphocytes to help other immune 

cells to perform their function [114]. 

Little is known about lymphocyte response during early and subclinical Map infection.  It 

is recognized that the initial response during early infection with Map includes the secretion of 

proinflammatory cytokines such as IFN-γ, TNF-α, IL-1, IL-6 and IL-2 [115,116], which 

promotes the recruitment of CD8
+
 T lymphocytes, macrophages and neutrophils to the site of 

infection [41].  Furthermore, during the subclinical stage the TH1 immune response is 

characterized by activation of memory CD4
+
 T lymphocytes and recruitment of more CD8

+
 T 

lymphocytes to the site of infection [41]. The immune system controls mycobacterial infections 

during this stage by maintaining a strong cytotoxic immune activity.  For this reason, animals do 

not manifest clinical signs. 

CD8
+
 T lymphocytes. Once Map has been ingested and processed by mononuclear phagocytes, it 

is presented in the context of MHC class I to CD8
+
 T lymphocytes, also known as cytotoxic T 

lymphocytes (CTLs).  This subset represents 7 – 9% of peripheral blood lymphocytes in calves, 

heifers and adults [117].  The main function of this subpopulation of αβ T lymphocytes is to 

recognize and kill Map-infected cells by utilizing cytoplasmic granule toxins known as perforin 

(a membrane-disrupting protein) [118] and granzyme (a serine protease) [119].  Direct contact 
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between CTLs and the target cell induces secretion of these molecules by exocytosis, activation 

of apoptotic cysteine proteases (caspases), induction of DNA fragmentation and apoptosis of the 

infected cell [120].  Granules of CTLs also contain granulysin [121], a protein that effectively 

attracts and kills mycobacterial infected macrophages when co-expressed with CCL5 and 

perforin [122]. Additionally, the expression of the transmembrane protein Fas ligand by CTLs 

induces apoptosis after interactions with infected cells [123].  However it has been shown that 

mycobacteria are able to induce increased expression of Fas ligand on infected macrophages and 

consequently induce apoptosis in Fas bearing T lymphocytes [124] and this is considered an 

important bacterial immune evasion mechanism. 

Other effector functions of activated CTLs include the regulation of γδ T lymphocytes 

[125] and the production of cytokines.  When CTLs are stimulated in the presence of IL-2 the 

cytokine production corresponds to a TH1 profile (IFN-γ, TNF-α and IL-2) [126]; and a TH2 

cytokine profile (IL-4, IL-5, IL-6 and IL-10) is observed when CTLs are activated in the 

presence of IL-4 [127]; these observations suggest that the pattern profile of cytokine secretion 

of CTLs depends on the microenvironment. At present little is known about the response of 

CTLs in the specific microenvironment related with Map infection. 

CD4
+
 T lymphocytes. Antigen peptides are displayed by antigen presenting cells in the context of 

MHC class II to CD4
+
 T lymphocytes.  CD4

+ 
T lymphocytes represent 17 – 21% of peripheral 

blood lymphocytes in calves, heifers and adults, however the percentage slightly vary with age 

[117]. Depending on their effector functions, CD4
+
 T lymphocytes are classified in three types of 

T helper lymphocytes: T-helper type 1 (TH1), T-helper type 2 (TH2) and T-helper type 17 (TH17).  

In general, the effector function of TH1 cells is to help to eliminate tumors, viruses and 

intracellular pathogens (classic cell mediated inflammatory reactions); TH2 cells induce 
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expulsion of intestinal parasites by encouraging antibody production and enhance proliferation 

and functions of eosinophils; and the more recently described TH17 cells promote resistance to 

pathogens, such as bacteria and fungi [128]. 

 Each subset function is achieved by secreting specific cytokines after antigen recognition.  

The TH1 response is characterized by the presence of IFN-γ, TNF-α and IL-2 [129].  It is 

recognized that this response activates macrophages and provides additional signals that 

stimulate the macrophage’s intracellular antimicrobial defenses [130].  IL-4, IL-5, IL-10 and IL-

13 characterize the TH2 [131].  These cytokines regulate B lymphocyte activation, proliferation 

and antibody production while and suppressing macrophage functions [132]. 

 Because of their functions and reciprocal functions, TH1 and TH2 responses are mutually 

inhibitory.  During Map infection, it is well recognized that there is a strong TH1 response during 

the early and subclinical infections that progresses into a TH2 response that is associated with the 

clinical phase of the disease.  

There is a lack of data that establish how αβ T lymphocytes develop their functions 

during Map infection. Most information available is related to other mycobacterial infections 

such as M. tuberculosis or other intracellular bacteria.  Additionally, research that has been done 

using bovine αβ T lymphocytes as targets is limited; for these reasons it is important to conduct 

research in the role of αβ T lymphocytes during bovine paratuberculosis. 

γδ T lymphocytes. γδ T lymphocytes have characteristics of both the innate and the adaptive 

immune systems (reviewed in [133]). Some features that allow γδ T lymphocytes to act like cells 

of the innate immune system is the presence of innate receptors, such as Toll-like receptors and 

NOD receptors that recognize pathogen associated molecular patterns (PAMPs) in the absence of 

antigen presenting cells [134].  Additionally they have the ability to become rapidly activated 
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and develop their effector functions without clonal expansion [135].  Moreover, γδ TCRs do not 

require peptides presented in the context of MHC molecules to become activated [136]. 

 The main characteristic that γδ T lymphocytes share with cells of the adaptive immune 

system is their ability to become clonally selected and expanded [137,138].  However in humans 

and mice the γδ TCR repertoire is small because the number of variable gene segments and the 

junctional diversity are limited [139].  Moreover γδ T lymphocytes are capable to differentiate 

into central memory and effector memory cells [140]. 

Non-ruminant γδ T lymphocytes.  γδ T lymphocytes have been described in different mammalian 

species including canine, porcine, equine, murine and human  [141–143].  Most research related 

to γδ T lymphocytes in the presence or absence of disease has been developed in murine and 

human species so far, consequently there is a lack of information on the functions and 

characterization of these cells in other animal species and in specific diseases. Most adult non-

ruminant species have less than 10% of γδ T lymphocytes in the peripheral blood compartment, 

with the exception of pigs that have 30% [144]. 

γδ T lymphocyte subsets are defined by their γ and δ gene segment usage function; and 

the number of V, D and J genes for production of γδ TCR vary with the species [145].   Different 

subsets of γδ T lymphocytes are classified according to the γδ TCR gene expression and 

function.  Depending on the subset, γδ T lymphocytes are distributed in different tissues or in 

peripheral blood, for example, Vδ1 and Vδ2 are the two main subpopulations of γδ T 

lymphocytes in humans, Vδ1 γδ T lymphocytes are present in the skin, epithelia, intestine and 

uterus, while Vδ2 γδ T lymphocytes represent majority of peripheral blood γδ Τ lymphocytes 

[146]. 
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Ruminant γδ T lymphocytes.  The number of ruminant γδ T lymphocytes decreases with age 

[147].  The percentage of γδ T lymphocytes in bovine PBMCs is approximately 40% in neonates 

and declines to 12% in adults [148].   

The classification of γδ T lymphocytes in ruminants depend on the expression of 

workshop cluster 1 (WC1), a transmembrane glycoprotein belonging to the scavenger receptor 

cysteine-rich family [149].  This protein has been described only in ruminants although a 

homologous protein has been detected in a subset of porcine γδ T lymphocytes [150]. Bovine 

WC1 protein is a member of the CD163 family whose functions remain unclear [151]. It has 

been suggested that this molecule functionally acts as a coreceptor for the γδ TCR and as a PRR 

[152–154]. 

Two subsets of γδ T lymphocytes have been described in cattle, WC1
+
 and WC1

neg
.  

These subsets have been defined by distinct immunophenotype, anatomic localization and 

functions.  The larger of these subsets has the phenotype WC1
neg

CD2
+
CD3

+
CD8

±
 and is 

localized mainly in the red pulp of the spleen, the intestinal epithelia and a few cells in the 

secondary lymphoid organs. The subset with WC1
+
CD2

neg
CD3

+
CD8

neg
 phenotype is present in 

peripheral blood, marginal zones of the spleen, skin and the lamina propria of the intestine [155].   

The recruitment pattern of bovine γδ T lymphocytes to tissues during active inflammation 

is different among subsets [156,157].  However the recruitment pattern have been described in 

terms of the presence or absence of CD8 or WC1 molecules on γδ T lymphocytes, consequently 

further research is required to confirm the specific migratory pattern of γδ T lymphocyte subsets. 

The mechanism of this selective tissue accumulation remains unclear and two mechanisms are 

suggested: selective recruitment or selective retention and proliferation.  Furthermore, in the 
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context of recruitment patterns in mycobacterial infections, it has been hypothesized that WC1
neg

 

γδ T lymphocytes respond innately and that WC1
+
 γδ T lymphocytes have effector functions.   

 Additionally γδ T lymphocyte subsets differentially express adhesion molecules and 

chemokine receptors.  The chemokine CCL21 mediates chemotaxis and increases MAdCAM-1 

binding of specifically CD8
+
 γδ T lymphocytes, suggesting that this is the mechanism by which 

this cell population tend to home to MAdCAM-1-expressing secondary lymphoid tissues [158]. 

Bovine WC1
+
 γδ T lymphocytes.  These cells orchestrate cell-mediated immunity and are able to 

establish the cytokine milieu required by TH1 or CD8
+
 T lymphocytes for their development 

[159].  It has been shown that activated bovine WC1
+
 γδ T lymphocytes have cytotoxic activities 

through Fas/FasL and perforin/granzyme pathways [160] and express IL-2, IL-4, IL-10 and 

TNF-α [161].  Indeed WC1
+
 γδ T lymphocytes are considered to be highly activated, 

proliferative and inflammatory. 

The WC1 multi-gene family comprises 13 functional genes (WC1-1 to WC1-13). It has 

been proposed that the array of these genes has been conserved for different functions [162]. 

There is a lack of information about specific functions of subsets of WC1
+
 γδ T lymphocytes, 

however WC1-1
+
 γδ T lymphocytes are considered to be the major IFN-γ producers.  It has been 

suggested that this subset coordinates inflammatory responses in calves, mediating cellular 

responses with a TH1 polarizing bias until immune effector responses from the adaptive 

immunity is developed [149].  

Bovine WC1
neg

 γδ T lymphocytes.   Little is known about the function of WC1
neg

 γδ T 

lymphocytes because of their relative infrequency in peripheral blood and the difficulty of 

collecting sufficient cells for study; however it has been proposed that they act like sentinel 

mucosal cells.  These cells have the ability to induce apoptosis in neighboring cells and are more 
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prone to apoptosis than WC1
+
 γδ T lymphocytes [163].  In addition WC1

neg
 γδ T lymphocytes 

have the ability to generate IFN-γ in response to mycobacterial infection [164].  This fact makes 

this cell subset an important target to investigate in early and subclinical Map infection, 

especially because of its anatomical distribution along the gastrointestinal epithelia which is the 

site of infection of bacteria. 

As has been noted there are remarkable distinctions between bovine WC1
+ 

and WC1
neg 

γδ 

T lymphocytes.  Because γδ T lymphocytes play crucial immunomodulatory roles in 

mycobacterial infections in different species, it is important to define the roles of these cells in 

Map infection to understand the paratuberculosis immunopathology, which is the basis of further 

preventive strategies to control the disease incidence and reduce the economic impact of the 

disease. 

Several functions have been attributed to γδ T lymphocyte subsets in different species 

and in distinct types of diseases including infectious diseases, autoimmune diseases and 

neoplastic diseases.  The general functions identified are antigen presentation, antigen 

recognition, tumor responses and regulation of immune responses [144].  Additionally their 

anatomic location suggests an important role of these cells in immunosurveillance.   

Ligands for the γδ T lymphocyte receptor. One of the main differences among αβ and γδ T 

lymphocytes is the type of ligands they recognize.  While αβ T lymphocytes recognize only 

peptides in the context of MHC molecules, human γδ T lymphocytes have the ability to 

recognize phosphoantigens produced by Gram-positive and Gram-negative bacteria [165].  

Recent research identified butyrophilin BTN3A1 as the molecule that presents phosphorylated 

antigens to human Vγ9Vδ2 T lymphocytes; however the exact mechanism remains unclear 

[166].  Four non-peptidic phosphorylated molecules produced by tuberculous mycobacteria have 
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been identified as ligands, TUBag1, TUBag2, TUBag3 and TUBag4 [167].  One study showed 

that whole cell preparations of human opportunistic mycobacteria, including M. avium and M. 

vaccae, stimulate the proliferation of αβ and γδ T lymphocytes as effectively as M. tuberculosis 

[168], suggesting the participation of non-peptidic antigens for these species.  However these 

types of antigens have not been described for Map. 

In addition to their capacity to identify non-protein epitopes, γδ T lymphocytes recognize 

antigens in the presence or absence of MHC molecules [169,170].  In fact, after infection with 

Map, MHC determinants are not involved in γδ T lymphocyte stimulation and further 

proliferation [171].  Additionally, it has been suggested that bovine γδ T lymphocytes have the 

ability to provide autologous growth and stimulatory factors in the absence of antigen 

presentation by MHC molecule because of their capacity to proliferate after stimulation with 

Map antigens [171]. 

Several human subsets of γδ T lymphocytes recognize cell surface ligands such as the 

MHC class I polypeptide-related sequence A, MIC-A [172] and the MHC  class I – like 

molecules CD1 [173].  Human γδ T lymphocytes express the activating immunoreceptor 

NKG2D which interact with stress-inducible molecules such as MHC class I polypeptide-related 

sequences A and B (MIC-A and MIC-B), ULBP, H60 and MULT [151,174].  The expression of 

MIC-A and MIC-B is restricted to gut epithelium and is stimulated by cellular stress [175]. 

BoLA-MIC4 is one of the four MIC genes expressed by cattle and it encodes a homologue 

protein to human MIC-A and MIC-B; however it has been suggested that the receptor to which 

this molecule binds is expressed on γδ T lymphocytes from mesenteric lymph nodes and from 

the intestinal epithelium but not on circulating γδ T lymphocytes[176]. Bovine WC1
+
 γδ T 

lymphocytes express NKG2D, and the interaction of this receptor with MIC-A and MIC-B is 
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capable of inducing their activation without other stimuli [176]. The role of γδ T lymphocytes in 

the context of MIC proteins has not been studied specifically for bovine paratuberculosis.   

The M. tuberculosis cell wall contains a phospholipid antigen that can be recognized by 

γδ T lymphocytes in the context of CD1c [177]; moreover CD1c can be recognized by  these 

cells in the absence of exogenous foreign antigens; this finding suggests that self-lipids loaded 

into the CD1c molecule are needed for their recognition [178].  Further work is required to 

elucidate the role of CD1 as an antigen presenting molecules for γδ T lymphocytes in the context 

of bovine paratuberculosis. 

Effector functions of γδ T lymphocytes. Effector functions of γδ T lymphocytes include 

cytotoxicity and cytokine production. Other important roles of γδ T lymphocytes include 

immunomodulation, regulation and granuloma formation. 

Cytotoxicity. As previously mentioned, WC1
+
 γδ T lymphocytes have cytotoxic activities 

through Fas/FasL and perforin/granzyme pathways.  During mycobacterial infections these cells 

have the ability to kill intracellular and extracellular M. tuberculosis by releasing granulysin 

[179]. However, perforin is required to perform the toxic effect to kill specifically intracellular 

bacteria because of its ability to target the phagosomal compartment within the infected cell 

[121]. 

Cytokine production.  As previously mentioned IFN-γ is a major cytokine promoting 

macrophage activation for intracellular killing.  γδ T lymphocytes play a key role in the 

generation of IFN-γ, by producing directly the cytokine and by stimulating its production by 

other cells.  

Direct production of IFN-γ by γδ T lymphocytes after mycobacterial infections has been 

proven in humans and cattle. Human Vδ1 T lymphocytes produce IFN-γ as a result of the 
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interaction with DCs that have been infected with M.bovis Bacillus Calmette-Guerin (BCG).  

Bovine γδ T lymphocytes proliferate and produce significant amounts of IFN-γ in response to 

stimulation with live mycobacteria and mycobacterial cell wall [180]. Furthermore using a 

subcutaneous infection model of Map in calves, it has been shown that γδ T lymphocytes were 

recruited earlier than CD4
+
 T lymphocytes and produce a significant amount of IFN-γ [164].   

The indirect effect of γδ T lymphocytes is achieved by inducing the production of IL-12 

by DCs [101].  IL-12 stimulates the differentiation of CD4
+
 T lymphocytes into TH1 cells that 

produce IFN-γ, which further enhances TH1 polarization and bacterial killing. 

γδ T lymphocytes play a crucial role in innate immunity by stimulating inflammation in 

response to bacterial infections.  IL-17 is a proinflammatory cytokine produced by different T 

lymphocytes such as CD4
+
 and TH17 cells [181].  This cytokine results in the recruitment of 

neutrophils to sites of infection and it is regulated mainly by IL-23 produced by DCs [182]. 

Several studies in mice have shown that γδ T lymphocytes are a significant source of IL-17 

during exposure to bacteria such as Escherichia coli [183] and Bacillus subtilis [184]. During 

early infection with M. tuberculosis, γδ T lymphocytes are the main producers of IL-17 when 

stimulated with infected DCs, supernatant of infected DCs or IL-23 [185].  It has been proposed 

that the increase of IL-17 during Map infection is associated with the presence of effector T 

lymphocytes with immunoprotective activity [186].  Little is known about the specific role of 

bovine γδ T lymphocytes in IL-17 production during Map infection and further investigation is 

needed to characterize γδ T lymphocyte subsets in terms of IL-17 production. 

Immunomodulation. Studies developed in different mammalian species have shown that γδ T 

lymphocytes play an important role in regulating and resolving inflammation associated with 

infectious diseases and autoimmunity. These cells tend to accumulate in inflammatory lesions 
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associated with infections with influenza virus [187] and Toxoplasma gondii [188]; the same 

effect has been shown in autoimmune diseases such as lupus [189] and rheumatoid arthritis 

[190].  Additionally, mice deficient in γδ T lymphocytes showed exaggerated tissue 

inflammation and necrosis after infection with the intracellular bacterium Listeria 

monocytogenes  [191] and M. tuberculosis [192].   

A significantly increased number of γδ T lymphocytes were found in the jejunal Peyer’s 

patches, ileal Peyer’s patches and mesenteric lymph nodes of young lambs infected with Map 

[193]. Furthermore, during Map infection in calves, γδ T lymphocytes contribute to an increase T 

lymphocyte number in the lamina propria [194]. As previously mentioned, there is a difference 

among the recruitment pattern of bovine γδ T lymphocyte subsets.  The identification and 

analysis of the role that both subsets play in the modulation of the immune system during early 

and subclinical Map infection may be crucial to understanding the differences found in the 

recruitment pattern. Based on the fact that WC1
neg

 γδ T lymphocytes have a sentinel function in 

mucosal surfaces it is important to provide evidence of the immunomodulatory functions that 

this specific subset might perform. 

During Map infection bovine WC1
+
 γδ T lymphocytes have an immunomodulatory 

function by preventing 3H-thymidine incorporation by antigen-primed CD4
+
 T lymphocytes and 

its further proliferation [171].  Additionally, γδ T lymphocytes have the ability to produce the 

anti-inflammatory cytokines IL-10 and TGF-β [195–197] and, as a result, during Map infection, 

γδ T lymphocytes induce a decrease in antigen reactive CD4
+
 T lymphocytes in mesenteric 

lymph nodes and lamina propria [198].  

Based on the fact that these cells have the ability to modulate the immune system by 

producing, or inducing the production of pro- and anti-inflammatory cytokines, it is important to 
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understand if subsets are pleiotropic or if each subset has an antagonist function during Map 

infection. 

Granuloma formation.  During chronic inflammation, when pathogens are difficult to eradicate, 

the immune system attracts leukocytes, mainly macrophages, and activated T lymphocytes in the 

site of infection.  Because of the continuous presence of the pathogen, a progressive 

accumulation of cells leads to the formation of a specific pattern of chronic inflammation known 

as granuloma. γδ T lymphocytes are hypothesized to play an important role during granuloma 

formation and maintenance during mycobacterial infections. During M.tuberculosis infection 

these cells are recruited to sites of infection in response to chemokines released by infected 

macrophages, contributing to the regulation of granuloma formation by secreting cytokines such 

as IL-8 and the IFN-γ-induced protein 10 (IP-10) [199]. The number of bovine γδ T lymphocytes 

increase with granuloma development and its highest number are found in advanced granulomas 

with a significant number of acid-fast bacilli, in M. bovis infection [200]. 

A study using mutant mice that lack γδ T lymphocytes infected with Map showed that 

these cells regulate granuloma formation because a reduction in the area and number of 

granulomatous lesions in the liver was identified in these mice compared with wild type mice 

[201].  Based on the fact that the main function of epithelioid macrophages present in a 

granuloma is to limit the expansion and to allow the eventual destruction of intracellular bacteria 

[202], it could be inferred that the role of γδ T lymphocytes in granuloma formation is to 

indirectly prevent major tissue damage. 

The role of WC1
+
 and WC1

neg
 γδ T lymphocytes was studied using a bovine 

subcutaneous model of Map infection and demonstrated that highly organized granulomas 

contained an increase in WC1
+
 and WC1

neg
 γδ T lymphocytes during the initial and later stages, 
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respectively [156].  This evidence support the hypothesis that different γδ T lymphocyte subsets 

may play distinct roles during early and subclinical Map infection. 

 

1.2. Background and rationale 

 

Mycobacterium avium subspecies paratuberculosis (Map) is an intracellular bacterium that 

causes a severe chronic inflammatory intestinal condition in known as paratuberculosis.  The 

disease affects domestic and wild ruminants worldwide and has significant economic impacts 

[5].  The pathogenesis of paratuberculosis is characteristically subdivided into three main stages: 

early infection, subclinical infection and clinical disease [27].  It is generally accepted that 

susceptible calves become infected mostly by the fecal-oral route early in life [31].  This disease 

is characterized by a long subclinical stage that can last up to 10 years [3].  During the clinical 

stage a progressive granulomatous enteritis is developed with failure of adequate nutrient 

absorption, diarrhea, weight loss and eventually death [4].  Economic losses are due to culling 

[6], reduction in milk production [7], reduced slaughter value and weight [8], increased mortality 

[9], increased replacement costs [10], and increased calving intervals and infertility [6].  Every 

year this disease costs an estimated CAD$15 and USD$200 million to the Canadian and US 

dairy industries, respectively [10,203]. 

Once Map has been ingested by susceptible calves, it is transported from the gut lumen to 

immune cells beneath the epithelial barrier by microfold (M) cells located in the follicle 

associated epithelium in distal ileum [33], where they are phagocytosed by macrophages [34].  

Map survives within macrophages and evades killing by interfering with the process of 

phagosome maturation into a phagolysosome [35].  
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Macrophages, monocytes, dendritic cells (DCs) and their precursors in the bone marrow 

comprise the mononuclear phagocytic system (MPS) [204].  The main function of cells from the 

MPS is regulation and initiation of immune responses by processing and presenting antigens to 

naïve T lymphocytes. They thus play a crucial role during inflammatory processes, and they also 

contribute to maintenance of homeostasis in peripheral tissues [205].  During early Map 

infection, cells from the MPS interact with other tissue immune cells, such as γδ T lymphocytes.  

γδ T lymphocytes are widely considered to be a bridge between innate and the adaptive 

immune systems.  Bovine γδ T lymphocytes are classified broadly according to their expression 

of the workshop cluster 1 (WC1) molecule, as WC1
+
 and WC1

neg
.   WC1

+
 γδ T lymphocytes are 

considered pro-inflammatory [149] but less is known about the function of WC1
neg

 γδ T 

lymphocytes; however, it is believed that they are mucosal sentinel cells.   

γδ T lymphocytes have been most widely studied in humans and mice.  In these species 

during innate immunity, γδ T lymphocytes recognize pathogen associated molecular patterns 

(PAMPs) through pattern recognition receptors (PRRs) [134], execute their effector functions 

without clonal expansion because they are not major histocompatibility complex (MHC)-

restricted [135,136], and present antigens to naïve αβ T lymphocytes [206]. During adaptive 

immune responses γδ T lymphocytes develop memory responses [207,208], induce DC 

maturation [101] and polarize into TH1-, TH2-, TH17-, TFH- or TREG- effector functions based on 

the cytokine milieu in which γδ T lymphocytes encounter the antigen [17–20].  During 

mycobacterial infections, γδ T lymphocytes proliferate [209], promote mycobacterial killing by 

releasing granulysin [179], produce IFN-γ, IL-17A, IL-10 and TGF-β [149,180,185,195], 

produce stimulatory and growth factors [171] and regulate granuloma development [201].   
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Both γδ T lymphocytes and the MPS play a critical role during the early pathogenesis of 

Map infection in cattle: 1) macrophages are the preferred cell host for Map and they are the main 

effector cell; 2) DCs also host Map; and 3) monocytes migrate to the intestinal tract during 

infection and differentiate into effector cells, presumably in the presence of both WC1
+
 and 

WC1
neg

 γδ T cell subsets [149,155].  Therefore we hypothesized that 1) γδ T lymphocytes 

influence the function of macrophages, which are the preferred host cell for Map, and thus play a 

crucial role in regulating host immunity during early Map infection; 2) WC1
+
 and WC1

neg
 γδ T 

lymphocytes of young calves differentially regulate host macrophage responses during Map 

infection, and thus potentially influence progression of the infection in calves and 3) WC1
+
 and 

WC1
neg

 γδ T lymphocytes of young calves influence monocyte differentiation and DC 

maturation during early Map infection. 

The objectives described in this thesis were to 1) to describe how bovine γδ T 

lymphocytes influence the function of macrophages and thus play a crucial role in regulating 

host immunity during in vitro Map infection; 2) to investigate how WC1
+
 or WC1

neg
 γδ T 

lymphocytes from young calves influence the cytokine milieu and effector functions of 

autologous monocyte derived macrophages during Map infection in vitro and 3) to understand 

how both WC1
+
 and WC1

neg
 γδ T lymphocyte subsets from young calves influence monocyte 

differentiation and DC maturation during in vitro Map infection. 
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Table 1  Surface molecules expressed on immature and mature DCs. 

Molecule expressed Immature DCs Mature DCs References 

Antigen presenting molecules 

MHC-II High High [210] 

MHC-I Low High [211] 

CD1 - + [212] 

Chemokine receptors 

CCR1 + - [96] 

CCR5 + - [96] 

CCR6 + - [213] 

CCR7 - + [214] 

Marker molecules 

CD68 + - [215] 

DC-LAMP - + [216] 

P55 - + [97] 

Adhesion molecules 

ICAM-1 - + [217] 

LFA-3 - + [218] 

Co-stimulatory molecules 

CD80 - + [219] 

CD86 - + [219] 

CD40 - + [220] 

Regulatory molecules    

CD83 - + [221] 
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2.1.   Abstract 

Following Mycobacterium avium subspecies paratuberculosis (Map) infection, some calves are 

apparently able to successfully clear the pathogen whereas others become persistently infected; 

however the reasons for this remain unknown.  The importance of innate immunity, and in 

particular the role of γδ T lymphocytes, during early anti-mycobacterial immune response is 

recognized but specific mechanisms remain incompletely characterized. The objective of this 

study was to investigate how bovine WC1
+
 γδ T lymphocytes mediate macrophage function 

during early Map infection.  To achieve this objective, Map-infected monocyte-derived 

macrophages (MDMs) were co-cultured either in direct contact with, or separated by a semi-

permeable membrane from, autologous WC1
+
 γδ T lymphocytes. Nitrites, IL-17A, IFN-γ, IL-4 

and IL-10 from cell culture supernatants were measured. Expression of CD25 on WC1
+
 γδ T 

lymphocytes, expression of MHC-I and MHC-II on MDMs and the viability of Map recovered 

from MDM cultures 72 hours after Map infection were also assessed. Map viability was 

significantly reduced when WC1
+
 γδ T lymphocytes were co-cultured in direct contact with 

Map-infected MDMs. Both MDMs and WC1
+
 γδ T lymphocytes generated increased 

concentrations of IFN-γ and IL-4 in our system, and MDM/WC1
+
 γδ T lymphocyte synergism 

was identified for IFN-γ production. MDMs but not WC1
+
 γδ T lymphocytes were a significant 

source of IL-17A. The presence of WC1
+
 γδ T lymphocytes was associated with higher 

expression of MHC-I on MDMs and increased concentration of nitrites in supernatants 72 hours 

after Map infection. In conclusion, this study showed that WC1
+
 γδ lymphocytes had differential 

effects on Map-infected macrophages in vitro.   

Keywords: Mycobacterium avium subspecies paratuberculosis, γδ T lymphocytes, WC1
+
, 

macrophages  
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2.2.   Introduction 

Bovine paratuberculosis is a severe chronic inflammatory intestinal condition caused by the 

intracellular bacillus Mycobacterium avium subspecies paratuberculosis (Map).  It is 

characterized by a long subclinical phase that can last two or more years [3], followed by 

development of progressive granulomatous enteritis, failure of adequate nutrient absorption, 

diarrhea, weight loss and eventually death [4].  The disease affects domestic and wild ruminants 

worldwide and has significant economic impacts [5].  Every year this disease costs an estimated 

CAD$15 and USD$200 million to the Canadian and US dairy industries, respectively [10,203] 

[10,203].  Economic losses are due to culling [6], reduction in milk production [7], reduced 

slaughter value and weight [8], increased mortality [9], increased replacement costs [10], and 

increased calving intervals and infertility [6].  The pathogenesis of paratuberculosis is typically 

subdivided into three main stages: early infection, subclinical infection and clinical disease [27].  

It is generally accepted that calves become infected mostly by the fecal-oral route early in life 

[31]; however the pathogenesis of early Map infection remains incompletely understood.   

 γδ T lymphocytes have characteristics of both the innate and the adaptive immune 

systems and are often considered to bridge them.  An important innate characteristics of γδ T 

lymphocytes is that they recognize pathogen associated molecular patterns (PAMPs) in the 

absence of antigen presenting cells [134].  Because γδ T cell receptors are not MHC-restricted 

[135], they become rapidly responsive and develop effector functions without clonal expansion 

[136], implying a function during early host defense.   

 Human and animal model data have shown that γδ T lymphocytes have diverse functions 

during mycobacterial infections: proliferation following stimulation with whole cell preparations 

of mycobacteria [209]; enhanced killing of intracellular and extracellular M. tuberculosis by 
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releasing granulysin [179]; production of IFN-γ in response to stimulation with live 

mycobacteria and mycobacterial cell wall components [180]; early homing to infection sites 

[164]; production of growth and stimulatory factors [171]; secretion of IL-17A in response to M. 

tuberculosis-infected dendritic cells [222]; limiting proliferation of Map-primed CD4
+
 T 

lymphocytes [171]; production of IL-10 and TGF-β [195]; and regulation of TH1 immune 

responses and development of granulomas to prevent further tissue damage [201].   

 In bovine peripheral blood mononuclear cells (PBMCs) the percentage of γδ T 

lymphocytes is approximately 40% in neonates and declines to 12% in adults [148].  Two major 

subsets of γδ T lymphocytes have been identified in ruminants based on the expression of the 

transmembrane glycoprotein Workshop Cluster 1 (WC1): WC1
+
 and WC1

neg
. The WC1

+
 γδ T 

lymphocytes are the largest population of γδ T lymphocytes in the blood of calves [223] and 

though γδ T lymphocyte trafficking is not well understood, these cells have been shown to be 

involved in early anti-mycobacterial immunity. They secrete IFN-γ [164,224–226], they are 

recruited to the site of Map infection [227] and may be an early systemic indicator for Map 

infection [228]. 

Our hypothesis is that WC1
+ 

γδ T lymphocytes influence the function of macrophages, 

which are the preferred host cell for Map, and thus play a crucial role in regulating host 

immunity during early Map infection.  It is important to define the basic effector mechanisms 

and interactions of these cells during early Map infection, since this may be the basis for 

development of preventive strategies for this disease.  
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2.3.   Materials and Methods 

2.3.1.   Animals and blood collection. All animal procedures in this study were approved by the 

Institutional Committee on Animal Care at the University of Guelph (AUP#3373). Nine healthy 

Holstein heifers (6 – 8 months old) from the Elora Dairy Research Centre were randomly 

selected for use in this study. There is no official Johne’s herd certification program; however the 

estimated prevalence is near zero in this herd, because the herd is under continual surveillance 

for Map infection by regular screening for Map-specific antibodies using ELISA. No clinical or 

suspect Johne’s disease cases have been diagnosed on this farm for several years. Approximately 

800 mL of blood per animal were collected via jugular venipuncture using two blood collection 

bags containing adenine-citrate-dextrose (Fenwal, Lake Zurich, IL, USA).  Blood samples were 

stored at 4°C and promptly transferred to the laboratory. 

 

2.3.2.   Peripheral blood mononuclear cells (PBMCs) and monocyte-derived macrophages 

(MDMs) isolation. Under sterile conditions, whole blood was diluted (1:1) with PBS containing 

0.5% BSA. PBMCs were isolated from whole blood using Histopaque 1077 (Sigma Aldrich, 

Oakville, ON, Canada) density gradient centrifugation, counted using a Moxi Z cell counter 

(Orflo, Hailey, ID, USA) and resuspended in complete medium RPMI 1640  (Thermo Scientific, 

Waltham, MA USA) supplemented with 10% FBS (Gibco, Carlsbad, CA, USA), 25.03 mM 

HEPES (Bioland Scientific, Paramount, CA, USA), 5 x 10
-5

 M 2-mercaptoethanol (Sigma 

Aldrich), with penicillin (100 U/ml) and streptomycin sulfate (100 mg/ml) (Sigma Aldrich). Cell 

suspensions were transferred to 75 cm
2
 flasks (Corning, Tewksbury, MA, USA) at a 

concentration of 6 x 10
6
/mL per flask. After 1 hour of incubation at 37°C in 5% CO2, non-

adherent cells were collected by washing each flask 3X with warm PBS, centrifuged at 400 x g 
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for 5 minutes, resuspended in supplemented RPMI and cultured in 75 cm
2
 flasks. Expression of 

CD14 (CAM36A, CD14, Monoclonal Antibody Center, Washington State University) on 

adherent cells was measured by flow cytometry to confirm these cells were monocytes. 15 mL of 

supplemented culture media was added to the flasks with adherent cells and incubated for 6 days, 

changing the culture media every 3 days. On day 6, MDMs were detached from the flasks using 

TrypLE Express (Gibco, Carlsbad, CA, USA), counted and 2 x 10
5
 MDMs/well were seeded in 

24-well plates. 

 

2.3.3.   γδ T lymphocyte sorting and co-cultures. Non-adherent cells were incubated for 6 days at 

37°C in 5% CO2, and the culture media was replaced every 3 days. On day 6, non-adherent cells 

were resuspended in PBS containing 0.5% BSA and 2 mM EDTA and incubated with WC1 γδ T 

lymphocyte monoclonal antibody (BAQ4A, N2 epitope, IgG1, Monoclonal Antibody Center, 

Washington State University) for 15 minutes on ice, washed twice and incubated in the same 

buffer with goat-anti mouse IgG1 magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, 

Germany) following the manufacturer's instructions. Cells were purified using MS-separation 

columns (Miltenyi Biotec).  After sorting, cells were counted using Moxi Z (Orflo) cell counter, 

and viability was assessed with a trypan blue exclusion assay as described previously [229] and 

viability was reduced in less than 5%. Purity was assessed by flow cytometry using a FACScan 

(BD Biosciences, Mississauga, ON, Canada) and 95 ± 5% of cells expressed WC1. On day 6, 

MDMs and γδ T lymphocytes were counted with the Moxi Z (Orflo) cell counter and MDMs 

were co-cultured with autologous WC1
+
 γδ T lymphocytes or without WC1

+
 γδ T lymphocytes 

in two types of culture systems: using either 0.4 μm pore Transwell (Corning) 24-well plates, 1 x 

10
6
 WC1

+
 γδ T lymphocytes were added to the insert on the top chamber while 2 x 10

5
 MDMs 
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were placed into the bottom chamber (referred as “no contact”); or the co-cultures were set up by 

mixing 1 x 10
6
 WC1

+
 γδ T lymphocytes and 2 x 10

5
 MDMs in conventional 24-well flat 

bottomed plates (referred as “in contact”). 

 

2.3.4.   Infection with Map. MDMs were infected on day 7 at a multiplicity of infection (MOI) of 

10:1 with an Ontario-derived clinical bovine Map strain (gc86). The strain was cultured in 

Middlebrook 7H9 broth supplemented with 10% OADC (oleic acid, albumin, dextrose, catalase) 

enrichment (BD Biosciences), 0.05% Tween 80 (Sigma Aldrich), and 2 mg/liter of mycobactin J 

(Allied Monitor, Inc., Fayette, MO, USA) referred to below as 7H9-OADC-MJ-T. Before 

infection, the bacterial suspension was briefly sonicated with a sonic dismembrator (Model 120, 

Fisher Scientific, Pittsburgh, PA, USA), 60% amplitude during 2 sec, to disperse bacterial 

clumps and viability was measured by fluorescein diacetate (FDA) (Sigma Aldrich) to ensure 

that it was over 85%.  Optical density (OD) was measured with a Genesys 10S VIS 

spectrophotometer (Thermo Scientific, Waltham, MA, USA) at 540 nm wavelength and 

quantification of bacteria was performed using a standard growth curve.  The bacterial 

suspension was centrifuged at 4200 x g for 10 minutes and pellets were resuspended in 10 μL of 

supplemented RPMI prior to infection of MDMs. The transwell insert was briefly partially 

removed from the well to infect MDMs in the “no contact” culture system while bacterial 

suspension was directly added into the cell culture media of the “in contact” culture system.  

After addition of Map suspension plates were carefully stirred.  Confirmation of Map infection 

of MDMs was performed using a reporter Map gc86 expressing mCherry (see supplementary 

materials and Figure S1). 
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2.3.5.   Cytokine secretion. After 72 h of infection, culture media was collected, centrifuged at 

400 x g for 2 minutes and supernatants were kept at -80°C until ELISA analysis.  Bovine ELISA 

commercial kits were used to quantify IFN-γ (detection range 5 – 500 pg/mL), IL-4 (detection 

range 15 – 1500 pg/mL) (Mabtech, Cincinnati, OH, USA), IL-10 (detection range 2-20000 

pg/mL) (Genorise, Paoli, PA, USA) and IL-17 (detection range  0.188-12 ng/mL) (Kingfisher 

Biotech, Saint Paul, MN, USA) according to each manufacturer’s instructions. Optical density 

was measured using a Synergy HT microplate reader (Biotek, Winooski, VT, USA). 

 

2.3.6.   Antibodies and flow cytometry. After 24, 48 and 72 hours of infection, WC1
+
 γδ T 

lymphocytes were collected and MDMs were detached using TrypLE Express (Gibco).  Both cell 

types were kept in serum-free medium before staining for flow cytometry. The following 

monoclonal antibodies from the Monoclonal Antibody Center of Washington State University 

and labels were used for MDMs: fluorescein isothiocyanate-conjugated anti-MHC-I (H58A) and 

phycoerythrin-conjugated anti-MHC-II (H34A); for WC1
+
 γδ T lymphocytes fluorescein 

isothiocyanate-conjugated anti-CD25 (CACT116A). Data acquisition was performed on a 

FACScan (BD Biosciences) using CELLQuest Pro software and analyzed using FlowJo software 

(Treestar, Inc., San Carlos, CA, USA) (Appendix A shows gating strategy). 

 

2.3.7.   Nitrite quantification. Cell culture supernatants were used to quantify nitrites using a 

high-sensitivity nitrite assay kit (Measure-iT ™ High-Sensitivity Nitrite Assay Kit-M36051, 

Molecular Probes, Eugene, OR, USA), according to the manufacturer’s instructions. 
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2.3.8.   Map viability. After 72 hours cell culture supernatants were collected and wells with 

infected MDMs were washed twice with PBS to remove any free Map before MDMs were 

detached using TrypLE Express (Gibco), centrifuged at 400 x g for 2 minutes and resuspended in 

sterile saline solution.  Cell suspensions were kept at -80°C for further analysis.  After thawing, 

cell suspensions were vortexed vigorously for 10 sec to lyse MDMs and centrifuged at 400 x g 

for 2 minutes.  Pellets were resuspended in 7H9-OADC-MJ-T and incubated in 24-well plates 

for 24 h at 37°C in 5% CO2. Contents of each well were centrifuged at 4200 x g for 10 minutes 

and pellets were resuspended in 50 µL of saline solution in 5 mL conical tubes.  1 µL of 

fluorescein diacetate at a concentration of 2 mg/mL (Sigma Aldrich) was added to each tube.  

After 30 min of incubation at 37°C, samples were analyzed by flow cytometry using a FACScan.  

Standardization of the procedure and determination of gates were performed using a standard 

curve generated from known proportions of live and heat-killed Map (see supplementary 

materials, Figure S2). 

 

2.3.9.   Statistical Analysis. Statistical comparisons were performed using analysis of variance 

(ANOVA) and Student’s T tests with SAS 9.4 software (SAS Institute, Cary, NC, USA) and 

GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). The mean and standard error of 

the mean were calculated in experiments containing multiple data points. A P value of ≤0.05 was 

considered statistically significant. 

 

2.4.   Results 

2.4.1.   Map viability is reduced when WC1+ γδ T lymphocytes are cultured in direct contact 

with Map-infected autologous MDMs. MDMs were infected with Map and after 72 hours, flow 
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cytometry was used to compare the viability of Map recovered from either: 1) Map-infected 

MDMs, 2) Map-infected MDMs cultured in direct contact with autologous WC1
+
 γδ T 

lymphocytes or 3) Map-infected MDMs separated by a permeable membrane from autologous 

WC1
+ 

γδ T lymphocytes.  Significant inter-animal variability was observed in the viability of 

Map recovered from MDMs in all culture systems (Figures 1A and 1B); however, a distinct 

pattern of altered Map viability was observed. In all animals, the viability of Map recovered 

when MDMs were cultured in direct contact with autologous WC1
+
γδ T lymphocytes was 

reduced compared to either MDMs separated from WC1
+
 γδ T lymphocytes by a membrane or 

MDMs alone (Figures 1A and 1B). Statistically significant reduction in Map viability was 

observed when WC1
+
 γδ T lymphocytes were cultured in direct contact with Map-infected 

MDMs (Figure 1C, **p=0.006).  

 

2.4.2.   Secretion of IFN-γ is enhanced by synergism of MDMs and autologous WC1
+
 γδ T 

lymphocytes. IFN-γ was measured from supernatants of cultures containing MDMs alone, γδ T 

lymphocytes alone and MDM/γδ T lymphocyte co-cultures 72 hours after Map-infection. The 

presence of Map was associated with significantly more IFN-γ in supernatants of both MDMs 

and WC1
+
 γδ T lymphocytes as compared to non-infected cultures (Figure 2, **0.001<P<0.01).  

These data demonstrate that both MDMs and WC1
+
 γδ T lymphocytes secrete IFN-γ in response 

to live Map, though MDMs generate more IFN-γ than WC1
+
 γδ T lymphocytes.  Furthermore, 

significantly higher concentrations of IFN-γ were detected in supernatants of MDM/γδ T 

lymphocyte co-cultures compared to cultures of either γδ T lymphocytes or MDMs alone (Figure 

2, ****p≤0.0001). The synergistic effect was observed independent of contact between γδ T 

lymphocytes and MDMs (Figure 2); thus, contact is not required for enhanced IFN-γ secretion.  
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In MDM/WC1
+ 

γδ T lymphocyte co-cultures, Map-infection of the MDMs did not significantly 

affect the IFN-γ generation. 

 

2.4.3.   WC1
+
 γδ T lymphocytes stimulate secretion of IL-17A by MDMs.  IL-17A was detected in 

culture supernatants of MDMs without γδ T lymphocytes (Figure 3), and Map-infection of the 

MDMs did not significantly enhance IL-17A production. IL-17A concentration was below 1 

ng/mL in culture supernatants from WC1
+
 γδ T lymphocytes cultured alone, regardless of 

whether or not the cells were stimulated with live Map (Figure 3). When γδ WC1
+
 T 

lymphocytes were co-cultured with autologous MDMs, significantly more IL-17A was detected 

in culture supernatants of both uninfected and Map-infected MDMs compared to γδ T 

lymphocytes alone (Figure 3, ***0.0001<P<0.001). Significant inter-animal variability in IL-

17A generation was observed in this study, and interestingly MDMs from a single calf produced 

the greatest IL-17A regardless of whether they were uninfected (11.2 ng/mL) or infected with 

Map (15.3 ng/mL). These results suggest that MDMs but not WC1
+ 

γδ T lymphocytes are a 

significant source of IL-17A generation. 

 

2.4.4.   Nitrite production is enhanced when autologous WC1
+
 γδ T lymphocytes are co-cultured 

with MDMs during Map infection. No significant differences in nitrite concentration in cell 

culture supernatants were found in our system at either 24 or 48 hours post Map-infection.  At 72 

hours post-infection however, significantly more nitrite was detected in the supernatants of Map-

infected MDM/WC1
+
 γδ T lymphocyte co-cultures compared with uninfected MDM/γδ T 

lymphocyte co-cultures (P=0.004, data not shown). Nitrite production was not dependent on 

direct contact of the γδ T lymphocytes with the Map-infected MDMs.  
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2.4.5.   MDMs and WC1
+
 γδ T lymphocytes independently secrete IL-4 in response to Map. The 

presence of live Map was associated with significantly greater concentrations of IL-4 in culture 

supernatants of both MDMs (Figure 4, **P=0.0098) and WC1
+
 γδ T lymphocytes (Figure 4, 

**P=0.0016).  In MDM/WC1
+
 γδ T lymphocyte co-cultures however, the generation of IL-4 was 

not dependent on Map infection.  Interestingly, significantly higher concentration of IL-4 was 

found in supernatants of uninfected MDM/WC1
+
 γδ T lymphocyte co-cultures compared to 

uninfected MDMs and unstimulated WC1
+
 γδ T lymphocytes (Figure 4, *0.01<P<0.05). These 

data suggest that IL-4 is generated independently by both MDMs and WC1
+
 γδ T lymphocytes in 

response to Map.  IL-10 was not detected in the supernatants from any of the cultures in this 

model (lower detection limit = 2 pg/mL, data not shown). 

 

2.4.6.   Expression of CD25 on WC1
+
 γδ T lymphocytes decreases over time in co-culture, and is 

not affected by the presence of Map-infected or uninfected autologous MDMs.  The median 

fluorescence intensity (MFI) of CD25 on WC1
+
 γδ T lymphocytes co-cultured with uninfected 

MDMs was 227.8 ± 23.7, 186.5 ± 21.5 and 169.7 ± 24.3 at 24, 48 and 72 hours respectively, 

whereas the MFI of CD25 on γδ T lymphocytes co-cultured with Map-infected MDMs was 

249.7 ± 26.5, 197.2 ± 20.2 and 159.6 ± 22.5 for the three time points.  These data show that 

expression of CD25 on WC1
+
 γδ T lymphocytes co-cultured with autologous MDMs decreases 

significantly over time (*P=0.0425, data not shown), regardless of whether MDMs are infected 

with Map. 

 

2.4.7.   Expression of MHC-II but not MHC-I on MDMs is downregulated following Map 

infection but is unaffected by the presence of WC1
+
 γδ T lymphocytes. Expression of MHC-I on 
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MDMs over time was not significantly altered by the presence of Map in this study regardless of 

whether the MDMs were cultured alone or in contact with autologous WC1
+
 γδ T lymphocytes. 

At 72 hours after Map infection, we observed significantly higher expression of MHC-I on 

MDMs co-cultured with autologous WC1
+
 γδ T lymphocytes compared to MDMs cultured alone 

(Figure 5A, **p=0.0055); these data suggest that the presence of WC1
+
 γδ T lymphocytes may 

rescue the down-regulation of MHC-I on MDMs over time.   

In contrast to MHC-1 expression, we observed that MHC-II is downregulated on MDMs 

when they are infected with Map; this effect is independent of the presence of WC1
+
 γδ T 

lymphocytes (Figure 5B, p≤0.0001). MHC-II expression was highest on uninfected MDMs in 

culture over time and this also was independent of the presence of WC1
+
 γδ T lymphocytes. In 

this study, no changes in MHC-I and MHC-II expression were dependent on direct contact of the 

MDMs with the lymphocytes (data shown only for direct contact cultured cells). 

Appendix B shows raw data of this Chapter. 

 

2.5.   Discussion 

The importance of γδ T lymphocytes during early anti-mycobacterial immunity has been 

recognized [156,177,179,180,200,209,222]; however during early Map  infection in cattle, the 

mechanisms by which γδ T lymphocytes are involved in this process remain unclear. Cattle have 

many WC1
+
 γδ T lymphocytes, and so to evaluate the interactions of these cells with 

macrophages, the primary host effector cell during Map infection, an ex-vivo co-culture system 

was developed.  Our system allows for evaluation of the importance of direct contact between 

effector cells during early Map infection with the use of, in some cultures, a semi-permeable 

membrane preventing direct contact between WC1
+
 γδ T lymphocytes and MDMs. 
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We show that contact of WC1
+
 γδ T lymphocytes with Map-infected MDMs is associated 

with a reduction in the viability of Map recovered from MDMs (Figure 1).  To understand the 

mechanisms by which WC1
+
 γδ T lymphocytes alter MDM function during Map infection, two 

pro-inflammatory cytokines (IFN-γ and IL-17A) and two anti-inflammatory cytokines (IL-4 and 

IL-10) were measured from cell co-culture supernatants.  We demonstrate that IFN-γ and IL-4 

are independently generated by both WC1
+
 γδ T lymphocytes and MDMs following stimulation 

or infection with live Map.  Further regarding IFN-γ, synergism between WC1
+
 γδ T 

lymphocytes and MDMs was evident in our study as significantly more IFN-γ was detected from 

culture supernatants when these cells were cultured together compared to either WC1
+
 γδ T 

lymphocytes or MDMs cultured alone (Figure 2). We also demonstrate that MDMs, but not 

WC1
+
 γδ T lymphocytes, are a source of significant amounts of IL-17A in our system (Figure 3). 

IL-10 was below the limits of detection in supernatants from any culture system and we thus 

conclude that MDMs or WC1
+
 γδ T lymphocytes are not significant sources for IL-10 during 

early Map infection.    

 Macrophages are typically not considered an important source of IFN-γ, however other 

researchers have shown that these cells generate IFN-γ in the context of non-infectious diseases 

including melanoma [230] systemic lupus erythematosus-nephritis [231], and infectious diseases 

including tuberculosis [232] and cryptosporidiosis [233].  In vivo studies with mice have shown 

that bone marrow cells produce IL-4 in response to M. tuberculosis and M. bovis BCG [234]; 

however, IL-4 generated by specifically bovine WC1
+
 γδ T lymphocytes or MDMs have not 

been previously assessed during early Map infection.   

This study demonstrates increased IL-17A generation in supernatants of bovine MDM 

cultures (Figure 3), a finding supported by human studies showing that alveolar macrophages are 
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a significant source of IL-17A [235]. Macrophages have also been shown to be a significant 

source of IL-17A in breast carcinomas [236], and are considered to be an innate source of IL-

17A (reviewed in [237,238]).  Bovine γδ T lymphocytes have been shown to produce IL-17A 

after stimulation with purified protein derivative from M. bovis and the mycobacterial protein 

complex ESAT6:CFP10 [239] and during early Map infection (Allen et al., 2011; Park et al., 

2011).  It has been hypothesized that a major source of IL-17A in cattle are CD4
+
 T lymphocytes 

[241]; however, Umemura and colleagues (2007b) showed that bovine γδ T lymphocytes should 

be considered a major source of IL-17A during early M. bovis infection. In our model, IL-17A 

was not detected in WC1
+
 γδ T lymphocyte cultures; however, only the WC1

+
 subset were 

evaluated and it may well be that other γδ T lymphocyte subsets are a significant source of IL-

17A. 

Regardless of Map infection or type of culture system, cell supernatants of co-cultures of 

MDMs and WC1
+
 γδ T lymphocytes showed more individual animals producing greater 

concentrations of IFN-γ and IL-17A compared to cultures of MDMs alone or WC1
+
 γδ T 

lymphocytes alone.  One possible mechanism for this finding in the absence of Map is the 

activation of WC1
+
 γδ T lymphocytes by Danger-Associated Molecular Patterns (DAMPs) 

expressed by MDMs; however, in our study the source of the cytokines in co-culture 

experiments could not be confirmed.  In the presence of Map in co-cultures in which MDMs and 

WC1
+
 γδ T lymphocytes were in direct contact, live mycobacteria could infect MDMs and 

stimulate WC1
+
 γδ T lymphocytes simultaneously. In contrast, in co-cultures in which MDMs 

were separated from WC1
+
 γδ T lymphocytes by the insert membrane, only Map-secreted 

antigens that crossed the insert membrane could stimulate WC1
+
 γδ T lymphocytes.   
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In our model IL-10 was not detectable in supernatants from any culture system. However, 

a recent study suggested that γδ T lymphocytes should be considered major regulatory and 

suppressive T lymphocyte population in cattle, by showing that 11.4% of all circulating γδ T 

lymphocytes spontaneously express IL-10 [197].  Another study found that IL-10 transcription 

was increased in some subsets (WC1.1
+
 and WC1.2

+
) of WC1

+
 bovine γδ T lymphocytes when 

stimulated with ConA and Brefeldin A [196]; however in that study no protein levels were 

measured.  Some of the reasons that might explain the apparently contradictory results include 

the nature of the stimuli used to activate γδ T lymphocyte subsets and the number of cells used.  

Studies showing production of IL-10 by macrophages [243] or γδ T lymphocytes during 

mycobacterial infection have used either a higher number of cells or molecular techniques such 

as qPCR to determine expression of IL-10 genes. Because our primary interest was to quantify 

cytokine proteins secreted by these specific cell types in order to define more specific regulator 

molecules within the local microenvironment during early Map infection, we measured protein 

production in lieu of gene expression for this study.   

We also examined how the presence of WC1
+
 γδ T lymphocytes affects expression of 

MHC-I and MHC-II, and secretion of nitrites by autologous MDMs early after Map infection.  

Our data indicate that expression of MHC-I by MDMs is unaffected by infection with Map; 

however, higher expression of MHC-I on MDMs co-cultured with WC1
+
 γδ T lymphocytes 

compared to MDMs cultured alone at 72 hours post Map infection suggests that WC1
+
 γδ T 

lymphocytes may rescue the loss of MHC-I expression by MDMs over time (Figure 5A). This 

may have implications for antigen presentation and downstream immune responses.  Signal 

transduction of MHC-I has also been linked with the synthesis of nitric oxide [244] which 

supports our data showing greater nitrite concentration in supernatants of Map-infected 
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MDMs/WC1
+
 γδ T lymphocyte co-cultures compared with uninfected MDMs/WC1

+
 γδ T 

lymphocyte co-cultures. One of the most well-studied bactericidal factors of macrophages known 

to contribute to pathogen killing are reactive nitrogen intermediates (RNI); however, 

mycobacteria may evade RNI toxicity to survive within macrophages, where they survive and 

proliferate in their replicative niche (reviewed in [245]).  Some authors have reported that RNI 

are anti-mycobacterial; however other studies have suggested that the concentration of RNI 

produced by macrophages is insufficient to kill mycobacteria [246,247]. Further research is 

required to determine whether RNI are involved in Map killing by MDMs in our model. 

Expression of MHC-II on MDMs was unaffected by the presence of WC1
+ 

γδ T 

lymphocytes, yet significant downregulation of MHC-II following Map infection was observed 

in our study (Figure 5B); this is consistent with previous work [90].  However downregulation of 

MHC-II in this study was observed between 48 and 72 hours post-infection while Weiss et al. 

reported downregulation between 24 and 48 hours post-infection [90].  One possible explanation 

for the difference in timing of MHC-II downregulation may be the strain of Map used in each 

study.  Both were isolated from feces of cows with naturally-acquired clinical paratuberculosis: 

strain 19698 was isolated and characterized in the 1970s [90], and has been widely used for in 

vitro studies and thus adapted to laboratory conditions for at least 40 years, while the gc86 strain 

used in the current study was isolated in 2001, and is a less widely used strain. 

In our model CD25 was not upregulated on γδ T lymphocytes between 24 and 72 hours 

post-infection and its expression was unaffected by co-culture with Map-infected or uninfected 

MDMs. These data support studies showing that CD25 is constitutively expressed on γδ T 

lymphocytes [248,249].  We found that the expression of CD25 on WC1
+
 γδ T lymphocytes co-
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cultured with autologous MDMs decreases significantly over time.  More research is required to 

understand the expression profile and function of CD25 on bovine WC1
+
 γδ T lymphocytes. 

In our model, we are seeking to understand basic cell interactions between macrophages 

and γδ T lymphocytes, both of which are present at many mucosal surfaces and are involved in 

early mycobacterial infections.  To best mimic this at mucosal surfaces, we co-cultured γδ T 

lymphocytes with MDMs prior to the addition of Map; however more research is required to 

understand γδ T lymphocyte subsets trafficking in cattle and thus the relevance of this 

experimental model for naturally occurring infection.   

Inter-animal variability is an important observation of this study; this variability is 

consistent with our previous observations and though the reasons remain unknown, these data 

may contribute to our understanding of individual animal variability observed in susceptibility to 

Map among calves.  Bovine individual variability in immune responses against infections has 

been well established [242], and we consider that the distinct pattern of high/low effector 

function in some animals is best explained by the individual’s unique ability to respond to 

infection. It has been shown that resistance of some individuals to Map infection has a significant 

genetic component. Genetic characterization of susceptibility to Map infection in cattle is 

ongoing, and some work has identified Quantitative Trait Loci (QTLs) or Single-Nucleotide 

Polymorphisms (SNPs) in specific genes and have been related with susceptibility or resistance 

to Map [250–252].   

In humans, γδ T lymphocytes have been used as target for immunotherapy for diverse 

disease processes including cancer, infectious diseases, autoimmune diseases, allergies, among 

others (reviewed in [253]). Though knowledge of immune roles for γδ T lymphocytes of cattle 

remains incompletely understood, our data support the hypothesis that WC1
+
 γδ T lymphocytes 
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may be considered potential targets to develop preventive strategies to control Johne’s disease.  

Only WC1
+
 γδ T lymphocytes from the peripheral blood of heifers were examined in this study 

because they represent the largest population of γδ T lymphocytes in cattle; however, 

characterization of bovine γδ T lymphocytes continues, and the trafficking of these cells in health 

and disease remains unknown, and so the significance of this work during natural intestinal Map 

infection is unclear.  Further research is required to characterize bovine γδ T lymphocytes in 

tissue locations such as the intestine to understand the role that distinct γδ T lymphocyte subsets 

play during early Map infection in cattle.  
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Figure 1.  Map viability is reduced when MDMs are co-cultured in contact with WC1
+
 γδ T 

lymphocytes.  After 72 hours of Map infection (MOI of 10:1) flow cytometry was used to 

compare the bacterial viability of recovered Map from either: MDMs cultured alone and co-

cultured with autologous WC1
+
 γδ T lymphocytes with no contact (A) and in contact (B). (C) 

Mean difference in viable Map recovered from MDMs co-cultured with WC1
+
 γδ T lymphocytes 

co-cultures compared to viable Map recovered from MDMs without WC1
+
 γδ T lymphocytes. 

Results of panels (A) and (B) are means + s.e.m of nine animals. (**0.001<P<0.01, paired 

Student’s t-test).  
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Figure 2. Secretion of IFN-γ is the result of a contact-independent synergism of MDMs and 

WC1
+ 

γδ T lymphocytes.  An ELISA commercial kit was used to measure IFN-γ from 

supernatants of MDMs, γδ T lymphocytes and MDM/γδ T lymphocyte co-cultures after 72 hours 

of addition of Map in the cell culture.  Results are individual animal data points and means ± 

s.e.m of nine animals (**** P≤0.0001; ** 0.001<P<0.01, ANOVA).   
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Figure 3. MDMs but not WC1
+
 γδ T lymphocytes are the main source of IL-17A. An ELISA 

commercial kit was used to measure IL-17A from supernatants of uninfected and Map-infected 

cultures of MDMs, WC1
+
 γδ T lymphocytes and co-cultures of MDMs in direct contact and 

without contact with WC1
+
 γδ T lymphocytes. Results are individual animal data points and 

means ± s.e.m of nine animals. (***0.0001<P<0.001, ANOVA). 
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Figure 4. MDMs and WC1
+
 γδ T lymphocytes secrete IL-4. IL-4 was quantified by ELISA in cell 

culture supernatants 72 hours after Map infection. Values of concentration of IL-4 (pg/mL) in 

uninfected and Map-infected cultures of MDMs, WC1
+
 γδ T lymphocytes and co-cultures of 

MDMs in contact or not with WC1
+
 γδ T lymphocytes. Dotted line indicates detection limit of 

the ELISA kit. Results are individual animal data points and means ± s.e.m of nine animals 

(**0.001<P<0.01;*0.01<P<0.05, ANOVA). 
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Figure 5. Expression of MHC-II but not MHC-I on MDMs is downregulated following Map 

infection.  Changes in MHC-I and MHC-II expression on MDMs co-cultured with autologous 

WC1
+
 γδ T lymphocytes were measured by flow cytometry at 24, 48 and 72 hours after Map-

infection of the MDMs. Median Fluorescence Intensity (MFI) of (A) MHC-I and (B) MHC-II 

expression on MDMs after being co-cultured in contact with autologous WC1
+
 γδ T lymphocytes 

24, 48 and 72 hours.  Results are means of samples of nine animals (**** P≤0.0001; 

***0.0001<P<0.001; **0.001<P<0.01). 
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2.8. Supplementary materials  

2.8.1. Confirmation of Map infection.  Preliminary studies to confirm MDM infection with Map 

were done using five animals.  MDMs were infected on day 7 at a multiplicity of infection 

(MOI) of 10:1 using a reporter Map gc86 expressing mCherry [223]. The strain was cultured in 

Middlebrook 7H9 broth supplemented with 10% OADC (oleic acid, albumin, dextrose, catalase) 

enrichment (BD Biosciences), 0.05% Tween 80 (Sigma Aldrich), and 2 mg/liter of mycobactin J 

(Allied Monitor, Inc., Fayette, MO, USA). Before infection, the bacterial suspension was briefly 

sonicated with a sonic dismembrator (Model 120, Fisher Scientific, Pittsburgh, PA, USA), 60% 

amplitude during 2 sec, to disperse bacterial clumps.  Optical density (OD) was measured with a 

Genesys 10S VIS spectrophotometer (Thermo Scientific, Waltham, MA, USA) at 540 nm 

wavelength and quantification of bacteria was performed using a standard growth curve.  The 

bacterial suspension was centrifuged at 4200 x g for 10 minutes and pellets were resuspended in 

10 μL of supplemented RPMI prior to infection of MDMs.  After 6 hours of adding bacterial 

suspension, images were acquired (40X) with an ORCA Flash 4 sCMOS camera (Homamatsu, 

Japan) on a DMI6000B Inverted Microscope (Leica Microsystems, Concord, ON, Canada) using 

Metamorph Software (Molecular Devices, Sunnyvale, CA, USA).  An overlay of brightfield and 

fluorescent filter (560/40 nm exciter and 630/75 nm emitter) images was done to count infected 

MDMs per high power field (40X).  Four high power fields were counted per animal and we 

found that after 6 hours post infection, 88 ± 7% of MDMs were infected with Map. 
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Figure S1.  Confirmation of MDM infection with a reporter Map gc86 expressing mCherry (6 

hours post-infection).  
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2.8.2. Map viability assessment. Optical density (OD) was measured with a Genesys 10S VIS 

spectrophotometer (Thermo Scientific, Waltham, MA USA) at 540 nm wavelength and 

quantification of bacteria was performed using a standard growth curve.  Map suspension with a 

concentration of 1.5 x 10
7
 bacteria/mL, was heat killed using a digital dry bath incubator 

(Benchmark Scientific, Sayreville, NJ, USA) at 80°C for 30 minutes.  Live and dead bacteria 

were centrifuged at 2000 rpm for 5 minutes at 22°C using an Accuspin Micro 17R Refrigerated 

Micro Centrifuge (Fisher Scientific, Pittsburgh, PA, USA). Supernatants were discarded and the 

pellet was resuspended in saline solution to get a concentration of 1 x 10
7
 bacteria/100 µL.  Five 

different proportions of Live:Dead bacteria (100:0, 75:25, 50:50, 25:75 and 0:100) were mixed to 

have a total of 1 x 10
7
 bacteria/tube in 100 µL.  1 µL of fluorescein diacetate at a concentration 

of 2 mg/mL (Sigma Aldrich) was added to each tube.  After 30 min of incubation at 37°C, 

samples were analyzed by flow cytometry using a FACS Accuri 6 (BD Biosciences, 

Mississauga, ON, Canada).  The gate was determined based on the known proportion of live, 

dead and unstained-live Map. 
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Figure S2. Map viability assessed with FDA using five different known proportions of Live:Dead bacteria. 
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3.1.   Abstract 

The importance of bovine γδ T lymphocytes during anti-mycobacterial immunity is recognized; 

however, the role of major subsets of γδ T lymphocytes (WC1
+
 and WC1

neg
) in this process 

remains unclear. We investigated how WC1
+
 and WC1

neg
 γδ T lymphocyte subsets of calves 

modulate monocyte-derived macrophage (MDM) functions during Map infection in vitro. To 

achieve this, Map-infected or uninfected MDMs from young calves were co-cultured with 

autologous WC1
+
 or WC1

neg
 γδ T lymphocytes. Our data indicate that WC1

+
 and WC1

neg
 γδ T 

lymphocytes of young calves modulate effector functions of MDMs with respect to Map killing, 

CD11b and MHC-II expression. We observed differences in IFN-γ production and CD25 

expression on γδ T lymphocyte subsets, as well as MDM expression of CD1b when in contact 

with WC1
neg

 γδ T lymphocytes. 

 

Keywords: Mycobacterium avium subspecies paratuberculosis, γδ T lymphocytes, WC1, 

macrophages, ages, cattle immunology 

 

3.2.      Introduction 

γδ T lymphocytes are a distinct subgroup of lymphocytes considered in many species to bridge 

the innate and the adaptive immune systems. Since the discovery and description of T 

lymphocyte γ genes [254], these cells have been extensively studied, especially in humans and 

mice. Studies in these two species have identified both innate and adaptive functions of γδ T 

lymphocytes. Innate immune features include recognition of pathogen associated molecular 

patterns (PAMPs) via pattern recognition receptors (PRRs) [134]; initiation of adaptive 

responses by presenting antigens and expressing co-stimulatory molecules to naïve αβ T 
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lymphocytes [206]; and rapid development of effector functions without clonal expansion 

[135,136] because the γδ T cell receptor (TCR) is not MHC-restricted. Adaptive immune 

features of γδ T lymphocytes include induction of dendritic cell (DC) maturation in a contact 

independent manner [101]; development of long-lived and efficient memory responses following 

secondary challenges [207,208]; and polarization into TH1-, TH2-, TH17-, TFH- or TREG- effector 

functions based on the cytokine milieu in which γδ T lymphocytes encounter antigen [255–258]. 

Bovine γδ T lymphocytes were first described in 1989 as CD2
neg

, CD4
neg

 and mostly 

CD8
neg

 T lymphocytes localized in peripheral blood and epithelial surfaces within the skin and 

intestine [259]. Bovine γδ T lymphocytes are broadly classified as WC1
+
 or WC1

neg
 according to 

their expression of the workshop cluster 1 (WC1) molecule, a transmembrane glycoprotein 

belonging to the scavenger receptor cysteine-rich family (CD163) [260] which acts as a co-

receptor for the γδ TCR [149,152]. In cattle, the WC1 co-receptor family is coded by 13 

functional genes classified into three types, based on unique exon-intron structure: Type I, II and 

III genes which contain 20, 21 and 15 exons, respectively. The extracellular regions of the three 

types of genes are similar, although differences are found in their intracytoplasmic tail regions 

since four, five and six exons encode the intracytoplasmic domains of Type I, II and III genes, 

respectively [261]. 

Bovine WC1
+
 and WC1

neg
 γδ T lymphocytes are defined by immunophenotype, anatomic 

localization and function. WC1
+
 lymphocytes are present in peripheral blood, marginal zones of 

the spleen, skin and lamina propria of the intestine [155]. WC1
+
 γδ T lymphocytes are 

considered to be pro-inflammatory and an important source of IFN-γ; it is suggested that they 

coordinate early cellular responses in calves with a TH1 polarizing bias until effector adaptive 

responses develop [149]. In contrast, WC1
neg

 γδ T lymphocytes are localized mainly in red pulp 
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of the spleen, intestinal epithelia and rarely in peripheral blood or secondary lymphoid organs. 

Because of their relative infrequency in peripheral blood and the difficulty of collecting 

sufficient cells for study, less is known about the function of WC1
neg

 γδ T lymphocytes; 

however, it is hypothesized that they function as mucosal sentinel cells. In culture, sorted WC1
neg

 

γδ T lymphocytes induce apoptosis in neighboring cells and are more prone to apoptosis than 

WC1
+
 γδ T lymphocytes [163]. WC1

neg  
γδ T lymphocytes generate IFN-γ during mycobacterial 

infection in vivo [164] and in response to exogenous IL-15 in vitro [262]. 

An interesting aspect of γδ T lymphocyte biology in cattle is that their percentage in 

peripheral blood is highest in young calves and decreases with age from approximately 40% of 

total lymphocytes in neonates to 12% in adults [223]; however, details of how γδ T lymphocyte 

subsets in blood change with age and the significance of this change is not known. Furthermore, 

age-related differences in bovine immune responses have been described. Specifically, six-

month-old calves are more resistant to experimental Babesia bigemina infections than one-year-

old calves [263] while resistance to Mycobacterium avium subspecies paratuberculosis (Map) 

increases with age [30,264]; however, the mechanisms explaining these differences are 

unknown.  

The diversity of γδ T lymphocyte functions has been studied specifically in the context of 

mycobacterial infections in several species. In humans they proliferate following stimulation 

with whole cell preparations of M. avium, M. vaccae and M. tuberculosis [209], and they 

enhance killing of intracellular and extracellular M. tuberculosis by releasing granulysin [179]. 

In mice they secrete IL-17A in response to M. tuberculosis-infected dendritic cells (DCs) [185] 

and they regulate development of granulomas-potentially as a host-protective mechanism [201]. 

In cattle they produce IFN-γ following stimulation with either live mycobacteria or 
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mycobacterial cell wall digests [180]; they produce growth and stimulatory factors [171]; they 

limit proliferation of Map-primed CD4
+
 T lymphocytes [171]; they home earlier than CD4

+
 T 

lymphocytes to mycobacterial infection sites [164] and they produce IL-10 and TGF-β [195]. 

Our laboratory is interested in understanding host-pathogen interactions during 

paratuberculosis, an important mycobacterial infection of ruminants. This disease caused by Map 

is characterized by severe chronic intestinal inflammation and results in significant economic 

losses worldwide [5]. Paratuberculosis has a long subclinical phase lasting two or more years [3], 

followed by development of progressive granulomatous enteritis, inadequate nutrient absorption, 

diarrhea, weight loss and eventually death [4].   

We showed previously that direct contact of peripheral blood WC1
+
 γδ T lymphocytes 

with autologous monocyte-derived macrophages from 6-8-month old bovine heifers is associated 

with reduced viability of Map harvested from the in vitro co-cultures [265]. Given 1) that γδ T 

lymphocytes play crucial immunomodulatory roles during mycobacterial infections in cattle, 2) 

that WC1
+ 

and WC1
neg

 γδ T lymphocytes have distinct anatomic localization and functionality, 

and 3) that calves have the highest percentage of γδ T lymphocytes while they are most 

susceptible to Map infection, defining roles of these cells during Map infection in younger calves 

is necessary. Therefore, the hypothesis for this study was that WC1
+
 and WC1

neg
 γδ T 

lymphocytes of young calves differentially regulate host macrophage responses during Map 

infection.  Our objective was to investigate how WC1
+
 or WC1

neg
 γδ T lymphocytes from young 

calves influence the cytokine milieu and effector functions of autologous monocyte derived 

macrophages during Map infection in vitro. . The data obtained from this study will improve our 

understanding of the biology of these cells and of the early immunopathology of 

paratuberculosis. 
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3.3.      Materials and Methods 

3.3.1. Animals and blood collection. All animal procedures in this study were approved by the 

Institutional Committee on Animal Care at the University of Guelph (Animal Utilization 

Protocol # 3373). All animals were randomly selected from the Elora Dairy Research Centre, 

where there is no official Johne’s herd certification program; however, the estimated prevalence 

is near zero in this herd, because it is under continual surveillance for Map infection by regular 

screening for Map-specific antibodies using ELISA. No positive antibody tests, clinical or 

suspect Johne’s disease cases have been diagnosed on this farm for several years. For evaluation 

of γδ T lymphocyte subsets abundance in peripheral blood of healthy female Holstein cattle by 

age, 10 calves (16 – 26 days of age), 10 heifers (379 – 406 days of age) and 10 cows (1169 – 

2714 days of age) were selected. For cell function experiments, 8 healthy Holstein calves (30 – 

40-days-old) were randomly selected. Blood was collected via jugular venipuncture via EDTA 

vacutainer tubes (BD Biosciences) to obtain cells. Blood samples were stored at 4°C and 

promptly transferred to the laboratory. 

 

3.3.2. Serum collection and cell culture media supplementation. Blood was collected via jugular 

venipuncture via gel serum separator vacutainer tubes (BD Biosciences, Mississauga, ON, 

Canada) to obtain autologous serum for supplementation of cell growth media. RPMI 1640 was 

supplemented with 2 mM of L-glutamine and 25 mM of HEPES (Gibco, Carlsbad, CA, USA), 5 

x 10
-5

 M 2-mercaptoethanol (Sigma Aldrich), with penicillin (1000 U/mL), streptomycin sulfate 

(10 mg/mL) and amphotericin B (0.25 µg/mL) (Sigma Aldrich). Autologous serum was used as 

the source of growth factors (10%) in culture media, following a pilot study comparing the 
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effects of autologous serum with commercial bovine serum in our cell culture system (Figure 

S1). 

 

3.3.3. Peripheral blood mononuclear cells (PBMCs) and monocyte-derived macrophages 

(MDMs) isolation. Under sterile conditions, whole blood was diluted (1:1) with PBS containing 

0.5% BSA. PBMCs were isolated from whole blood using Histopaque 1077 (Sigma Aldrich, 

Oakville, ON, Canada) density gradient centrifugation, counted using a Moxi Z cell counter 

(Orflo, Hailey, ID, USA) and resuspended in complete medium cell suspensions were transferred 

to 75 cm
2
 flasks (Corning, Tewksbury, MA, USA) at a concentration of 6 x 10

6
/mL per flask. 

After 1 hour of incubation at 37°C in 5% CO2, non-adherent cells were collected by washing 

each flask 3X with PBS, centrifuged, resuspended in supplemented RPMI and incubated in 75 

cm
2
 flasks overnight at 37°C in 5% CO2 prior to lymphocyte sorting. Expression of CD14 

(CAM36A, CD14, Monoclonal Antibody Center, Washington State University, USA) was 

measured on adherent cells by flow cytometry to confirm these cells were monocytes. 15 mL of 

supplemented RPMI was added to the flasks with adherent cells and incubated for six days; 

media was changed every three days. On day seven, MDMs were detached from the flasks using 

TrypLE Express (Gibco), counted and resuspended at a concentration of 1 x 10
7
 cells/mL in 

cryopreservation media containing 60% of supplemented complete RPMI with 30% autologous 

serum and 10% DMSO (Sigma Aldrich). MDMs were kept at -80°C for further analysis. 

 

3.3.4. γδ T lymphocyte sorting. Non-adherent cells were resuspended in PBS containing 0.5% 

BSA, incubated in the dark at 4°C for 15 min with WC1 γδ T lymphocyte monoclonal antibody 

(BAQ4A, N2 epitope, IgG1, Monoclonal Antibody Center, Washington State University) and γδ 

T lymphocyte receptor monoclonal antibody (GB21A, TCR1-N24 δ chain specific, 
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IgG2b,Washington State University), washed and incubated in the dark at 4°C for 15 min with 

the secondary antibody PE-Cy7 (IgG1, Biolegend, San Diego, CA, USA) and DyLight 405 

(IgG2b, Jackson ImmunoResearch, West Grove, PA, USA). After washing, stained cells were 

sorted by FACS (Aria IIu, BD Biosciences, Mississauga, ON, Canada). After sorting WC1
+
 and 

WC1
neg

 γδ T lymphocyte populations, the purity of each subset was verified by FACS to be 85 – 

95%. Cell viability was assessed using the trypan blue exclusion assay described previously 

[229]. Sorted γδ T lymphocyte subsets were then stored at -80°C in cryopreservation media until 

needed for further analysis. 

 

3.3.5. In vitro Map infection. MDMs were infected at a multiplicity of infection (MOI) of 10:1 

with an Ontario-derived clinical bovine Map strain (gc86). Prior to use, the Map strain was 

cultured in Middlebrook 7H9 broth supplemented with 10% OADC (oleic acid, albumin, 

dextrose, catalase) enrichment (BD Biosciences), 0.05% Tween 80 (Sigma Aldrich), and 2 

mg/liter of mycobactin J (Allied Monitor, Inc., Fayette, MO, USA) referred to below as 7H9-

OADC-MJ-T. Optical density (OD) was measured with a spectrophotometer (Genesys 10S VIS, 

Thermo Scientific, Waltham, MA, USA) at 540 nm wavelength and quantification of bacteria 

was performed using a standard growth curve generated for Map. The bacterial suspension was 

briefly sonicated with a sonic dismembrator (Model 120, Fisher Scientific) at 60% amplitude 

during 2 second pulses to disperse clumps. Map viability was determined to be 98.3% by 

fluorescein diacetate (Sigma Aldrich) staining, and aliquots were kept at -80°C in saline to 

ensure that the same Map passage was used throughout this study.   

 

3.3.6. Co-cultures. After the cells were thawed, the trypan blue exclusion assay was used to 

confirm cell viability (>90%). Immediately after Map-infection, infected or uninfected MDMs 
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were cultured either alone or with autologous WC1
+
 or WC1

neg
 γδ T lymphocytes in two types of 

co-culture systems. Either 24-well flat bottomed 0.4 μm pore transwell plates (Corning) were 

used, into which 2 x 10
5
 MDMs were placed into the bottom chamber while 1 x 10

6
 WC1

+
 or 

WC1
neg

 γδ T lymphocytes were added to the insert on the top chamber (no contact); or 

conventional 24-well flat bottomed (Corning) plates were used, into which 2 x 10
5
 MDMs were 

added to wells prior to the direct addition of 1 x 10
6
 WC1

+
 or WC1

neg
 γδ T lymphocyte subsets 

(in contact). 

 

3.3.7. Cytokine profile secretion. 48 h after Map infection, the culture media was collected, 

centrifuged and supernatants were stored at -80°C until ELISA analysis. Commercial ELISA kits 

were used to quantify bovine IFN-γ, (detection range 5 – 500 pg/mL) (Mabtech, Cincinnati, OH, 

USA), bovine IL-4 (detection range 15 – 1500 pg/mL) (Mabtech), and bovine IL-17A (detection 

range 0.15 – 10 ng/mL) (GenWay Biotech, San Diego, CA, USA) according to the 

manufacturer’s instructions. Optical density was measured using a microplate reader (Synergy 

HT, Biotek, Winooski, VT, USA), and compared with the kit-provided standard curve for each 

cytokine concentration. 

 

3.3.8. Nitrite quantification. Nitrites were quantified from cell culture supernatants using a high-

sensitivity nitrite assay kit (Measure-iT ™ High-Sensitivity Nitrite Assay Kit-M36051, 

Molecular Probes, Eugene, OR, USA), according to the manufacturer’s instructions and results 

were compared with a standard curve. 
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3.3.9. Antibodies and flow cytometry. Antibodies used in this study are shown in Table 1. For 

co-culture experiments, γδ T lymphocytes and MDMs were collected 48 hours after Map 

infection into serum-free media before staining and assessment (FACSCanto, BD Biosciences). 

For peripheral blood phenotype analysis, data were collected using the FACSAria IIu (BD 

Biosciences). Viability was assessed using Zombie NIR fixable viability kit (Biolegend, CA, 

USA). The acquisition software used for both cytometers was FACS Diva II, and data was 

analyzed using FlowJo software (Treestar, Inc., San Carlos, CA, USA). A reference control was 

used with each experimental unit to verify the validity and consistency of the technique through 

the work.  Data analysis controls consisted of unstained controls, positive controls 

(cryopreserved LPS-stimulated PBMCs), FMO controls and compensation controls. (Appendix 

A shows gating strategy). 

 

3.3.10. Map viability. 48 hours after Map infection, culture supernatants were collected and wells 

containing Map-infected MDMs were washed twice with warm PBS to remove free Map. MDMs 

were detached using TrypLE Express (Gibco), centrifuged at 400 x g for 2 minutes and 

resuspended in sterile saline solution. Cell suspensions were stored at -80°C until needed for 

further analysis. After thawing, cell suspensions were vortexed vigorously for 10 seconds to lyse 

MDMs, centrifuged at 400 x g for 2 minutes, resuspended in 7H9-OADC-MJ-T and incubated 

for 24 h in 24-well plates at 37°C in 5% CO2. Contents of each well were centrifuged at 4200 x g 

for 10 minutes and pellets were resuspended in 50 µL of saline solution in 5 mL conical tubes. 

0.5 µL of fluorescein diacetate at a concentration of 2 mg/mL (Sigma Aldrich) was added to each 

tube. After 30 min of incubation at 37°C, samples were analyzed by flow cytometry using the 

Accuri C6 (BD Biosciences). Standardization of the procedure and determination of gates were 
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performed using a standard curve generated from known proportions of live and heat-killed Map 

[265]. 

 

3.3.11. IFN-γ titration and Map viability. 2 x 10
5 

MDMs were infected with Map at a MOI of 

10:1 and cultured with serial dilutions of recombinant bovine IFN-γ (Mabtech), ranging from 

500 to 0 pg/mL based on our previous findings [265].  Map viability was assessed 48 hours post 

infection. 

 

3.3.12. Statistical Analysis. Statistical comparisons were performed using analysis of variance 

(ANOVA), student’s T tests and Kruskal-Wallis test with SAS 9.4 software (SAS Institute, Cary, 

NC, USA) and GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). The mean and 

standard error of the mean were calculated in experiments containing multiple data points. A p 

value of ≤0.05 was considered statistically significant. 

 

3.4. Results 

3.4.1. In cattle, the reduction in percentage of circulating γδ T lymphocytes with age is 

primarily due to reduced percentage of circulating WC1
+
 γδ T lymphocytes. It is well known that 

the percentage of circulating γδ T lymphocytes decreases with age in cattle [266,267]. However, 

less is known about how WC1
+ 

and WC1
neg

 γδ T subsets specifically account for this reduction. 

To address this, expression of WC1 and δ chain were analyzed by flow cytometry on PBMCs 

from 10 calves, 10 heifers and 10 adult cows. The percentage of γδ T lymphocytes in PBMCs 

was significantly higher in calves (45.3%) compared to both heifers (27.4%) and cows (8.7%); 

heifers had a significantly higher percentage of circulating γδ T lymphocytes compared to cows 
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(Figure 6A, 6B). This difference was largely due to significantly higher percentage of WC1
+ 

γδ T 

lymphocytes in calves compared to both heifers and cows; heifers had significantly higher 

percentage of WC1
+
 γδ T lymphocytes compared to cows (Figure 6C). The percentage of 

WC1
neg

 γδ T lymphocytes is significantly lower in cows compared to calves or heifers (Figure 

6C). The highest individual animal variability was in heifers (27.4 ± 10.5), followed by calves 

(45.3 ± 6) and cows (8.7 ± 2.3).   

 

3.4.2. Map viability is significantly reduced when Map-infected MDMs are co-cultured with 

autologous γδ T lymphocytes. Bovine WC1
+
 and WC1

neg
 γδ T lymphocytes are located in the 

intestinal lamina propria and epithelium, respectively [155]. It is therefore assumed that these 

cells interact during Map infection.  To understand the effect of γδ T lymphocytes on bacterial 

survival, Map were recovered from infected MDMs co-cultured with autologous WC1
+
 or 

WC1
neg

 γδ T lymphocytes, and their viability was measured by flow cytometry. Our data show 

that the viability of Map recovered from Map-infected MDMs was significantly reduced when 

either WC1
+ 

or WC1
neg

 γδ T lymphocytes were present (p<0.0001) compared to the viability of 

Map recovered from Map-infected MDMs cultured alone (Figure 7). Furthermore, the viability 

of Map recovered from co-cultures where γδ T lymphocytes were in direct contact with Map-

infected MDMs was significantly lower than the viability of Map recovered from co-cultures 

where γδ T lymphocytes were separated from Map-infected MDMs by a semi-permeable 

membrane (WC1
+
, p=0.0226 and WC1

neg
, p=0.0074) (Figure 7). No significant difference in the 

viability of Map recovered from MDMs was observed between MDM/WC1
+
 γδ T lymphocyte 

and MDM/WC1
neg

 γδ T lymphocyte co-cultures.  
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3.4.3. The presence of WC1
neg

 γδ T lymphocytes is associated with increased concentration of 

IFN-γ. Bovine γδ T lymphocytes generate IFN-γ in response to several stimuli, including Map 

antigens [164,262,265]. IFN-γ is known to play a significant role during the TH1 cell-mediated 

immunity of early bovine paratuberculosis [268,269] and is known to enhance production of 

reactive nitrogen intermediates (RNI) by mycobacteria-infected macrophages [74]. To determine 

if interaction of γδ T lymphocyte subsets with Map-infected MDMs affects generation of IFN-γ 

and RNI, sorted WC1
+
 and WC1

neg
 γδ T lymphocytes were co-cultured either in contact or not 

with Map-infected MDMs. After 48 hours, the concentration of IFN-γ and nitrites was measured 

in supernatants using ELISA and high-sensitivity nitrite quantification kit, respectively. Our data 

indicate that the presence of Map did not affect IFN-γ generation by γδ T lymphocytes or MDMs 

cultured alone (Figure 8). When cultured alone, significantly more IFN-γ was detected in 

supernatants of WC1
neg

 γδ T lymphocytes compared to supernatants of WC1
+ 

γδ T lymphocytes 

(Figure 8).  Supernatants from WC1
neg

 γδ T lymphocytes/Map-infected MDMs had significantly 

higher concentration of IFN-γ compared with supernatants from WC1
+
 γδ T lymphocytes/Map-

infected MDMs regardless contact. Nitrite concentration (range 15.71 – 16.06 µM) was 

unaffected by the presence of Map or γδ T lymphocytes; no correlation was evident between 

concentration of IFN- γ and nitrites (data not shown). 

 

3.4.4. Exogenous IFN-γ does not affect viability of Map recovered from infected MDMs. 

Macrophage activation and bacterial killing has been attributed to IFN-γ [270]; however, during 

Map infection the mycobactericidal activity of macrophages has not been definitively linked with 

IFN- γ [246].  To determine if reduced Map viability is IFN-γ dependent, cultured Map-infected 

MDMs (MOI 10:1) were treated with serial dilutions of recombinant bovine IFN-γ and Map 
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viability was assessed after 48 hours. Our data show that Map viability was unaffected by 

exogenous bovine recombinant IFN- γ, when present within the ranges of IFN- γ generated in 

vitro by cells in our co-culture system (Figure 9). 

 

3.4.5. MDMs and γδ T lymphocytes secrete IL-4 and IL-17A. The ability of bovine γδ T 

lymphocytes to produce IL-17A and IL-4 in response to mycobacterial antigens has been 

previously shown [185,239,265]. To investigate if interaction of γδ T lymphocytes and MDMs 

during Map infection affects secretion of IL-17A and IL-4, these cytokines was measured in 

supernatants of co-cultures of sorted WC1
+
 and WC1

neg
 γδ T lymphocytes in contact or not with 

Map-infected MDMs. The presence of Map was associated with a higher concentration of IL-4 

in culture supernatants of WC1
neg 

γδ T lymphocytes cultured alone.  When Map-infected MDM 

were co-cultured with WC1
neg 

γδ T lymphocytes
 
co-cultured without contact, the concentration 

of IL-4 was significantly higher compared with the same co-culture in the absence of Map 

(Figure 10A). We also detected increased IL-17A in culture supernatants of both WC1
+
 and 

WC1
neg

 γδ T lymphocytes cultured alone, and of MDM/WC1
neg 

γδ T lymphocytes co-cultured in 

contact, in response to Map (Figure 10B).  

 

3.4.6. Expression of CD11b was decreased on MDMs co-cultured with γδ T lymphocytes; CD1b 

expression was higher on MDMs co-cultured in contact with WC1
neg

 γδ T lymphocytes.  Some of 

the functions attributed to macrophages during bacterial infection include phagocytosis and 

antigen presentation [271]. To determine if γδ T lymphocyte subsets influence macrophage 

functions, phagocytosis (CD11b) and antigen presentation surface markers (CD1b and MHC-II) 

were measured on MDMs after being co-cultured for 48 hours in contact or not with autologous 
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WC1
+
 and WC1

neg
 γδ T lymphocytes (Figure 11). Expression of CD11b on uninfected and Map-

infected MDMs was significantly decreased when MDMs were co-cultured in direct contact with 

autologous WC1
+
 or WC1

neg
 γδ T lymphocytes (Figure 6A, B). Direct contact between MDMs 

and WC1
neg

 but not WC1
+
 γδ T lymphocytes significantly increased expression of CD1b on 

uninfected and Map-infected MDMs. Expression of CD1b on MDMs was unaffected by Map 

infection in our model (Figure 11A and 11C). Expression of MHC-II on MDMs was unaffected 

by Map infection or by the presence of either γδ T lymphocyte subset (Figure 11A).   

 

3.4.7. MHC-II and CD1b are not expressed on γδ T lymphocytes in our model; CD25 was not 

upregulated after stimulation of γδ T lymphocytes by Map. Studies in humans and mice have 

attributed antigen presentation to γδ T lymphocytes [206,272,273]; furthermore, CD25 is 

commonly used as a marker of lymphocyte activation in cattle and other species [274,275]. To 

determine if bovine γδ T lymphocytes express MHC-II and thus suggest ability to present 

antigens, and to investigate expression of CD25 on γδ T lymphocyte subsets in our model, sorted 

WC1
+
 or WC1

neg
 γδ T lymphocytes were co-cultured either in contact or not with Map-infected 

MDMs. After 48 hours, expression of antigen presentation-associated surface markers (CD1b, 

MHC-I and MHC-II) and the activation marker CD25 were assessed on γδ T lymphocytes using 

flow cytometry (Figure 12). Neither CD1b nor MHC-II expression were detected on bovine γδ T 

lymphocyte subsets in this study. MHC-I is expressed on γδ T lymphocytes, but was unaffected 

by Map or co-culture with autologous MDMs (Figure 7A). In our model expression of CD25 was 

significantly higher on WC1
+
 compared to WC1

neg
 γδ T lymphocytes regardless of whether the 

γδ T lymphocytes were stimulated with live Map, or if they were co-cultured with MDMs 

(Figure 12A and 12B).  
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Appendix C shows raw data of this Chapter. 

 

3.5. Discussion 

Cattle have two major subsets of γδ T lymphocytes: WC1
+
 and WC1

neg
. WC1

+
 γδ T lymphocytes 

are present mainly in peripheral blood, marginal zones of the spleen, skin and the lamina propria 

of the intestine and are considered to be proliferative and pro-inflammatory. WC1
neg

 γδ T 

lymphocytes are localized mainly to the splenic red pulp, intestinal epithelium and rarely in 

secondary lymphoid organs; thus, it has been proposed that they function primarily as immune 

sentinels [155]. The first aim of the present study was to investigate how WC1
+ 

and WC1
neg 

γδ T 

lymphocytes contribute to the well-established age-related decline of circulating γδ T 

lymphocytes in cattle. Then we set out to investigate how WC1
+
 or WC1

neg
 γδ T lymphocytes 

from young calves influence the cytokine milieu and effector functions of autologous MDMs 

during Map infection in vitro.  

Previous studies have shown that the percentage of γδ T lymphocytes can represent up to 

40% of circulating lymphocytes in young calves and that this population decreases with age such 

that γδ T lymphocytes may comprise only 5% to 15% of circulating lymphocytes in adult cattle 

[266,267]. In our study, the highest percentage was 45.3% for calves, followed by heifers 

(27.4%) and cows (8.7%). An earlier study of circulating lymphocyte subpopulations in calves 

during the first six months of life suggested that the decrease of γδ T lymphocytes in blood is 

predominantly explained by an absolute increase of CD4
+
 and CD21

+
 cells [276]. Our data 

indicate that a reduced percentage of circulating γδ T lymphocytes in cows compared to calves is 

at least in part due to significant reduction of WC1
+
 γδ T lymphocytes and to a lesser degree 

reduction of WC1
neg

 γδ T lymphocytes. Other studies have concluded that decreased percentage 
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of WC1
+ 

γδ T lymphocyte subsets (WC1.1, WC1.2 and WC1.3) with age is mainly the result of 

decreased WC1.1 cells [149]. These data should be considered when studying age-associated 

variations in susceptibility to Map or other infections, and how γδ T lymphocyte trafficking in 

cattle influences susceptibility to infectious diseases. Little is known about γδ T lymphocyte 

trafficking and it is possible that reductions in blood are due to γδ T lymphocyte homing to 

various mucosal surfaces. This could at least partially explain increased resistance against Map 

with age [30]; studies comparing the distribution of γδ T lymphocytes in mucosal surfaces in 

calves of different ages could give insight into this hypothesis. 

It is hypothesized that during Map infection, bovine tissue resident macrophages interact 

with other tissue immune cells including γδ T lymphocytes and that these interactions influence 

effector functions of macrophages and γδ T lymphocytes with significance for the pathogenesis 

of Map infection in cattle. We previously showed that the presence of WC1
+
 γδ T lymphocytes 

from heifers is associated with a significant reduction of Map viability in vitro. MDM/WC1
+
 γδ 

T lymphocyte synergism was important for IFN-γ production, and MHC-I expression on MDMs 

and nitrite concentration were higher when WC1
+
 γδ T lymphocytes were present [265]. 

Considering that circulating γδ T lymphocytes and susceptibility to Map infection declines with 

age, we set out to examine more closely the interactions of γδ T lymphocytes from young calves 

with Map-infected MDMs. To accomplish this, an in vitro co-culture system using cells 

harvested from young calves was developed.  

In the current study, the presence of either WC1
+
 or WC1

neg
 γδ T lymphocytes of young 

calves co-cultured with autologous Map-infected MDMs was associated with reduced viability 

of Map recovered from the infected MDMs. Significantly reduced viability of Map was observed 

regardless of whether the γδ T lymphocytes had direct contact with the Map-infected MDMs or 
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not; however, the lowest viability of recovered Map was detected when the T lymphocytes were 

in direct contact with MDMs, suggesting at least some degree of contact dependence. This is 

consistent with our previous study showing that direct contact of WC1
+
 γδ T lymphocytes with 

Map-infected MDMs is linked with reduced viability of Map recovered from co-culture 

experiments in older animals [265]. Previous studies have shown that WC1
neg

 γδ T lymphocytes 

have the ability to induce apoptosis in neighboring cells and are more prone to apoptosis than 

WC1
+
 γδ T lymphocytes [163].  One possible mechanistic explanation for contact-dependence in 

any age of cattle is by cytotoxic activity of γδ T lymphocytes on Map-infected MDMs by 

Fas/FasL, which requires direct contact between cells [277,278].   

Though further research is required to demonstrate this mechanism, we hypothesized that 

γδ T lymphocytes involved in direct cytotoxicity of Map-infected MDMs in some calves may 

contribute to changes in susceptibility to Map infection and contribute to understanding early 

Map infection.  

To investigate mechanisms of γδ T lymphocyte-macrophage interactions leading to 

reduced bacterial viability during Map infection, we examined several relevant cytokines from 

the cell culture supernatants. Significantly increased IL-4 and IL-17A in cell culture supernatants 

were linked with the presence of Map in some of MDMs/
 
γδ T lymphocyte co-cultures; however, 

significant inter-animal variability was observed in these cytokine data in our model. Based on 

our data these cell types are not individual or synergistic producers of large amounts of these 

cytokines in young calves. We also found that IFN-γ concentrations were significantly higher in 

supernatants where WC1
neg

 but not WC1
+
 γδ T lymphocytes were co-cultured with Map-infected 

MDMs. This supports a previous study showing that WC1
neg

 γδ T lymphocytes from young 

calves generate significantly more IFN-γ compared with WC1
+
 γδ T lymphocytes during early 



75 

 

Map infection in vivo [164]. Map did not stimulate significant IFN-γ in cell culture supernatants 

of either WC1
+ 

or WC1
neg 

γδ T lymphocytes; this is consistent with prior data showing that 

WC1
+
 γδ T lymphocytes from naïve animals do not generate significant IFN-γ when stimulated 

with M. bovis antigens [279].  

We observed low IFN-γ concentrations compared with other in vitro models of Map 

infection [227,265,280]. In order to determine the biological significance of this in an in vitro 

system we performed an initial pilot experiment to determine how different sources of serum in 

cell culture medium affect IFN-γ secretion by WC1
+ 

γδ T lymphocytes. Use of either heat-

inactivated or non heat-inactivated commercial fetal bovine serum (FBS) resulted in increased 

IFN-γ generation by non-Map stimulated WC1
+ 

γδ T lymphocytes, (Figure S1). Because this was 

not observed when FBS was replaced by autologous serum, autologous serum was used in all 

cell culture experiments.  FBS has been routinely and historically used to supplement cell culture 

media to test bovine cellular immunity.  The replacement of FBS by other source of growth 

factors should be considered to obtain more reliable data. 

IFN-γ enhances production of reactive nitrogen intermediates (RNI) by macrophages 

infected with mycobacteria [74]; however their effect on Map killing is unclear. Some studies 

have reported anti-mycobacterial activities of RNI while others concluded that the concentration 

of RNI produced by macrophages during infection is insufficient to effectively kill mycobacteria 

[246,247]. In this study, reduced Map viability was not correlated with either IFN- γ or RNI 

(nitrite) production, suggesting that MDM activation and further RNI production is not the 

mechanism by which Map viability is reduced.  

Human and murine γδ T lymphocytes are capable of professional antigen presentation 

[206,272,273]. In light of this, we assessed several antigen-presentation associated surface 
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molecules on γδ T lymphocytes and MDMs. MHC-II was not detected on γδ T lymphocytes in 

this study (Figure 12A). Though MHC-I was detected on γδ T lymphocytes, significant changes 

in MHC-I expression were not observed on either WC1
+
 or WC1

neg
 γδ T lymphocytes (Figure 

12A). These data suggest that antigen presentation via MHC-II or MHC-I is not a primary 

function of γδ T lymphocytes in young calves.  

Antigen presentation by macrophages is important during intracellular infections [281] 

and it is directly  related to bacterial killing [271,282]. Expression of MHC-II on MDMs was 

unaffected by the presence of either γδ T lymphocytes or Map in culture (Figure 11A). These 

data support our previous findings in heifers, where expression of MHC-II on MDMs was not 

significantly affected by the presence of WC1
+
 γδ T lymphocytes in co-culture [265]. It is known 

that MHC-II expression on MDMs is downregulated between 24 and 48 hours post Map-

infection [90] and because culture supernatants in this study were analyzed at only a single time 

point (48 hours after Map-infection), we may have been unable to detect early differences in the 

expression of MHC-II due to timing. 

CD1b expression on γδ T lymphocytes was evaluated because of its role in mycobacterial 

lipid antigen presentation in vitro [283,284]. We did not detect CD1b expression on either WC1
+
 

or WC1
neg

 γδ T lymphocytes in this study (Figure 12A). CD1b was detected on MDMs at a 

significantly higher level when the MDMs were co-cultured in direct contact with WC1
neg

 γδ T 

lymphocytes compared with MDMs alone (Figure 11C). Our data suggests that WC1
neg 

γδ T 

lymphocytes promote lipid presentation by MDMs, which is particularly important during Map 

infection because of the high lipid content of the mycobacterial outer membrane [285]. 

 Studies in other species have used CD11b (integrin alpha) as a marker of macrophages 

[63,286,287]; however little is known about how expression of CD11b relates to phagocytosis. 
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We observed that expression of CD11b on MDMs was significantly reduced when MDMs were 

cultured in direct contact with either WC1
+
 or WC1

neg
 γδ T lymphocytes and regardless of 

whether the MDMs were infected with Map (Figure 11B). Decreased surface expression of 

CD11b and decreased phagocytosis on human macrophages has been shown after stimulation 

with LPS and pollution particles [288]. It is possible that one of the effects of γδ T lymphocytes 

on MDMs is to induce their activation which is reflected in decreased CD11b and decreased 

phagocytosis. Further research is required to evaluate the expression profile of CD11b over time 

on MDMs following infection with Map and to correlate CD11b expression specifically with 

Map-phagocytosis. 

Finally, changes in the expression of CD25 on γδ T lymphocytes after stimulation with 

live Map in our model were not detected. WC1
neg

 γδ T lymphocytes constitutively express 

significantly lower CD25 compared to WC1
+
 γδ T lymphocytes (Figure 12B), and though CD25 

is commonly used as a marker of lymphocyte activation in many species [274,275], CD25 does 

not appear to be a reliable marker of activation for bovine γδ T lymphocytes after Map 

stimulation. Our results are supported by studies in mice showing that activated γδ T 

lymphocytes in the peritoneal cavity express CD25 but do not secrete IFN-γ, suggesting that 

CD25 does not reflect γδ T lymphocyte activation state [289]. CD25 is also not upregulated on 

γδ T lymphocytes isolated from lymph nodes or spleen in response to direct stimulation with 

various TLR ligands [290]. In cattle, studies in 12-month old heifers identified three subgroups 

of WC1
+
 γδ T lymphocytes based on the expression of CD25; WC1

+
 γδ T lymphocytes that 

express CD25 constitutively produce IL-10 and TGF-β in response to concavalin A [249]. Also 

in Map-infected and uninfected calves, expression of CD25 on peripheral γδ T lymphocytes was 

significantly higher compared to other T lymphocytes; however, upregulation of CD25 was not 
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observed following stimulation with phytohemagglutinin  [291]. Lastly, expression of CD25 on 

resting bovine WC1
+
 γδ T lymphocytes was shown to be high on Mycobacterium bovis-infected 

calves [279].  In summary, there is no conclusive evidence that CD25 is an activation marker for 

γδ T lymphocytes in cattle.  Further research is required to determine its role in γδ T lymphocyte 

activation during infection. 

 One of the most challenging aspects of this work was the marked inter-animal variation 

observed in all surface markers and cytokines studied. Previous studies have documented 

significant individual animal variability in the immune responses of cattle against infectious 

agents of various types [242]. Using an in vitro model of Map infection with older cattle, we 

previously observed inter-animal variability as an important factor to consider [265], and the 

individual variability might explain why some calves are able to clear Map infection early, while 

others progress to subclinical and eventually clinical stages of the disease. The reasons for 

individual variability remain undetermined but genetics-based studies of Map-susceptibility in 

cattle have identified single-nucleotide polymorphisms (SNPs) and quantitative trait loci (QTLs) 

in several immune function-related genes that may be directly related to susceptibility or 

resistance to Map [250–252]. 

 The pathogenesis of bovine paratuberculosis and the functions of bovine γδ T 

lymphocytes during infection remain incompletely understood; however, our data collectively 

support the hypothesis that WC1
+
 and WC1

neg
 γδ T lymphocytes regulate MDM effector 

functions during Map infection. In this study, significant differences between WC1
+
 and WC1

neg 

γδ T lymphocytes included: 1) increased IFN-γ in co-cultures of Map-infected MDMs with 

WC1
neg 

but not WC1
+ 

γδ T lymphocytes; 2) expression of CD1b on MDMs is significantly 

increased when co-cultured in direct contact with WC1
neg

 but not WC1
+ 

γδ T lymphocytes and 3) 
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expression of CD25 is significantly higher on WC1
+ 

compared to WC1
neg 

γδ T lymphocytes. We 

also showed that viability of recovered Map is significantly reduced when γδ T lymphocytes are 

cultured in direct contact with Map-infected MDMs. Our data do not indicate that WC1
+
 and 

WC1
neg

 γδ T lymphocytes of young calves differentially modulate Map killing and antigen 

presentation via MHC-II by MDMs, but further work is required to understand the distinctions 

between WC1
neg 

and WC1
+ 

γδ T lymphocytes in cattle. Previous in vitro studies have shown that 

PMA-stimulated WC1
+ 

γδ T lymphocytes endocytose the WC1 molecule [292], which suggests 

that its expression varies at different ontogeny stages of γδ T lymphocytes. Additional studies to 

determine cell trafficking of these cells both in systemic circulation and into tissues during health 

and disease is required to evaluate γδ T lymphocyte functions in order to determine their role in 

immune responses during paratuberculosis of young calves. 
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Table 2 Monoclonal antibodies used for PBMC immunophenotyping and co-culture experiments. 

Primary mAb  Clone Isotype Source Secondary 

antibody 

Source 

TCR1-N24 δ 

chain specific  

 GB21A IgG2b WSU
a
 R-PE JIR

b
 

WC1 γδ T 

lymphocyte 

N2 epitope 

 BAQ4A IgG1 WSU
a
 FITC JIR

b
 

MHC-II  CAT82A IgG1 WSU
a
 Pacific Orange 

(Zenon kit) 

Thermo 

Scientific 

CD11b  MM12A IgG1 WSU
a
 FITC JIR

b
 

 

R-PE-

conjugated 

anti-CD1b 

  

CC20 

 

IgG2a 

 

AbD Serotec 

 

- 

 

- 

CD25  CACT116A IgG1 WSU
a
 FITC JIR

b
 

 

MHC-I 

  

H58A 

 

IgG2a 

 

WSU
a
 

 

AF680 

 

Thermo 

Scientific 

a
  Washington State University, Monoclonal Antibody Center 

b
  Jackson ImmunoResearch Laboratories Inc.  
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Figure 6.  The percentage of circulating γδ T lymphocytes in cattle is inversely proportional with 

age primarily due to changes in the percentage of WC1
+
 γδ T lymphocytes.  Representative flow 

plots from a heifer are shown in (A).  (B) Percentage of γδ T lymphocytes in PBMCs and (C) 

percentage of WC1
+
 and WC1

neg
 γδ T lymphocytes in circulating lymphocytes. Results are 

individual animal data points and means ± s.e.m of ten animals (P<0.05; ANOVA). 
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Figure 7. Map viability is significantly reduced when Map-infected MDMs are co-cultured with 

WC1
neg

 or WC1
+
 γδ T lymphocytes.  Map viability was also significantly reduced when WC1

neg 

or WC1
+ 

γδ T lymphocytes were co-cultured in direct contact with Map-infected MDMs 

compared to when the γδ T lymphocytes were co-cultured with but separated from Map-infected 

MDMs.  Results are individual animal data points and means ± s.e.m of eight animals (P<0.05; 

ANOVA). 
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Figure 8. Higher concentration of IFN-γ was found in supernatants of cultures of WC1
neg

 γδ T 

lymphocytes when co-cultured with Map-infected MDMs.  IFN-γ concentration is higher in cell 

culture supernatants in which MDMs are co-cultured with WC1
neg 

compared to
 
WC1

+ 
γδ T 

lymphocytes. Results are individual animal data points and means ± s.e.m of eight animals 

(*P<0.05; ANOVA). 
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Figure 9. In our in vitro model, the presence of IFN-γ does not affect Map viability after MDM 

infection.  MDMs were cultured with serial dilutions of recombinant bovine IFN-γ, infected with 

Map at a MOI of 10:1 and Map viability was assessed 48 hours post infection. Results are 

individual animal data points and means ± s.e.m of five animals. 
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Figure 10. MDMs and γδ T lymphocytes secrete IL-4 and IL-17A. (A) Significant changes in the 

concentration of IL-4 in cell culture supernatants was linked with the presence of either Map in 

cultures of WC1
neg 

alone and co-cultures of MDMs/ WC1
neg 

without contact. (B) The presence of 

Map was associated with an increase of IL-17A in cultures of WC1
+
 alone, WC1

neg
 alone and co-

cultures of MDMs/ WC1
neg 

in contact. Results are individual animal data points and means ± 

s.e.m of eight animals (*P<0.05; Kruskal-Wallis test). 
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Figure 11. Expression of CD11b was decreased on MDMs when co-cultured with γδ T 

lymphocytes; CD1b expression was higher on MDMs co-cultured in contact with WC1
neg 

γδ T 

lymphocytes.  (A) Expression of MHC-II, CD11b and CD1b on MDMs. (B) Expression of 

CD11b on MDMs was significantly decreased when co-cultured in direct contact with 

autologous WC1
+
 or WC1

neg
 γδ T lymphocytes. (C) Direct contact between MDMs and WC1

neg
 

γδ T lymphocytes increased significantly the expression of CD1b on uninfected and Map-

infected MDMs. Histograms of representative animal are shown. Results are individual animal 

data points and means ± s.e.m of eight animals (p<0.05; ANOVA). 

 

B C 

A 
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Figure 12. MHC-II and CD1b are not expressed on γδ T lymphocytes in our model; CD25 was 

not upregulated after stimulation of γδ T lymphocytes by Map. (A) Expression of MHC-I, MHC-

II, CD25 and CD1b on γδ T lymphocytes (B) CD25 is not an activation marker on bovine γδ T 

lymphocytes. Expression of CD25 is significantly higher on WC1
+
 γδ T lymphocytes compared 

to WC1
neg

 γδ T lymphocytes regardless of the presence of Map, the presence of uninfected or 

Map-infected MDMs and direct contact of γδ T lymphocytes with MDMs. Histograms of 

representative animal are shown. Results are individual animal data points and means ± s.e.m of 

eight animals (p<0.05; ANOVA). 

 

B 

B 

A 
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3.8. Supplementary materials 

3.8.1. Cell culture media serum determination.  After PBMC isolation non-adherent cells were 

resuspended in PBS containing 0.5% BSA and 2 mM EDTA and incubated with WC1 T 

lymphocyte monoclonal antibody (BAQ4A, N2 epitope, IgG1, Monoclonal Antibody Center, 

Washington State University) for 15 min on ice, washed twice and incubated in the same buffer 

with goat-anti mouse IgG1 magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, 

Germany) following the manufacturer’s instructions. Cells were purified using MS-separation 

columns (Miltenyi Biotec). After sorting, cells were counted using MoxiZ (Orflo) cell counter, 

and viability was assessed with a trypan blue exclusion assay as described previously (Strober, 

2001). Purity was assessed by flow cytometry using a FACScan (BD Biosciences, Mississauga, 

ON, Canada) and 95±5% of lymphocytes expressed WC1. IFN-γ enzyme-linked immunosorbent 

spot assay (ELISPOT) assay was performed using the ELISpot
PLUS

 for Bovine IFN-γ Kit 

(Mabtech, Hamburg, Germany) according to the manufacturer’s instructions. Briefly, 2 x 10
5 

sorted WC1
+
 γδ T lymphocytes were incubated for 24 hours in RPMI 1640 supplemented with 

either 10% autologous serum or FBS (Gibco).   
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Figure S3. Serum source in cell media affects IFN- γ production by cultured bovine WC1
+
 γδ T 

lymphocytes. 
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4.1. Abstract 

 

During early Mycobacterium avium subspecies paratuberculosis (Map) infection, complex 

interactions occur between the bacteria, cells from the mononuclear phagocytic system (MPS) 

including both resident (macrophages and dendritic cells) and recruited (monocytes) cells, and 

other mucosal sentinel cells such as γδ T lymphocytes. Though the details of early host-pathogen 

interactions in cattle remain largely underexplored, our hypothesis is that these significantly 

influence development of host immunity and ultimate success or failure of the host to respond to 

Map infection. The aims of the present study were to first characterize monocyte-derived MPS 

cells from young calves with respect to their immunophenotype and function. Then, we set out to 

investigate the effects of WC1
+
 and WC1

neg
 γδ T lymphocytes on 1) the differentiation of 

autologous monocytes and 2) the maturation of autologous monocyte-derived dendritic cells 

(MDDCs). To achieve this, peripheral blood WC1
+
 or WC1

neg
 γδ T lymphocytes were co-

cultured with either autologous freshly-isolated peripheral blood derived monocytes or 

autologous immature MDDCs (iMDDCs).  We began by measuring several markers of interest 

on MPS cells. Useful markers to distinguish monocyte-derived macrophages (MDMs) from 

MDDCs include CD11b, CD163 and CD172a which are expressed significantly higher on 

MDMs compared with MDDCs. Function, but not phenotype, was influenced by WC1
neg 

γδ T 

lymphocytes: viability of Map harvested from monocytes differentiated in the presence of 

WC1
neg

 γδ T lymphocytes (dMonWC1
neg

) was significantly lower compared to MDMs and 

MDDCs. With respect to DC maturation, we first showed that mature MDDCs (mMDDCs) have 

significantly higher expression of CD11c, CD80 and CD86 compared with iMDDCs and the 

phagocytic capacity of mMDDCs is significantly reduced compared to iMDDCs. We then 

showed that γδ T lymphocyte subsets induce functional (reduced phagocytosis) but not 
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phenotypic (surface marker expression) iMDDC maturation.  These data collectively show that 

γδ T lymphocytes influence differentiation, maturation and ultimately the function of monocytes 

during Map infection, which has significant implications on survival of Map and success of host 

defense during early Map infection.   

Keywords: Mycobacterium avium subspecies paratuberculosis, γδ T lymphocytes, WC1, 

macrophages, monocytes, dendritic cells, mononuclear phagocytic system. 

 

4.2. Introduction 

 

The mononuclear phagocyte system (MPS) is comprised of monocytes, macrophages, dendritic 

cells (DCs) and their precursors in the bone marrow [204]. Myeloid progenitor cells give rise to 

circulating monocytes which migrate into various tissues where they function as resident tissue 

macrophages or DCs [293–295]. A primary function of cells from the MPS under normal 

physiologic conditions is to maintain homeostasis in peripheral tissues [205]. During 

inflammatory processes, they play a crucial role initiating and regulating immune responses by 

processing and presenting antigens to naïve T lymphocytes [296]. Cells from the MPS share 

several surface markers and functions, making it difficult to clearly define the distinction 

between them [296]. The phenotype of monocytes, macrophages and DCs of humans and mice 

has been extensively studied and these cells have been classified according to the expression of 

specific markers (reviewed in [297]). Classification of bovine DCs, including monocyte-derived 

DCs (MDDCs) based on phenotype and function has been described (reviewed in [298]); 

however, little is known about the phenotype and function of bovine monocytes, macrophages 

and the expression of phenotypic surface markers after monocyte in vitro differentiation. 



94 

 

During initial exposure to pathogens at mucosal surfaces, cells from the MPS including 

tissue resident macrophages and DCs interact with other immune cells, such as γδ T lymphocytes 

at mucosal surfaces. γδ T lymphocytes are considered to be a bridge between innate and adaptive 

immune systems. In cattle, γδ T lymphocytes are classified broadly as WC1
+
 and WC1

neg
 

according to their expression of the workshop cluster 1 (WC1) molecule, which is a 

transmembrane glycoprotein belonging to the scavenger receptor cysteine-rich family (CD163) 

[149]. WC1
+
 γδ T lymphocytes are considered pro-inflammatory [149] and less is known about 

the function of WC1
neg

 γδ T lymphocytes; however, it is believed that they are mucosal sentinel 

cells, given their presence at mucosal surfaces [163]. Human and murine γδ T lymphocytes have 

been the most widely studied. In these species, γδ T lymphocytes recognize pathogen associated 

molecular patterns (PAMPs) through pattern recognition receptors (PRRs) [134], execute their 

effector functions without clonal expansion because they are not major histocompatibility 

complex (MHC)-restricted [135,136], and present antigens to naïve αβ T lymphocytes [206]. 

During adaptive immune responses γδ T lymphocytes develop memory responses [207,208], 

induce DC maturation [101] and polarize into TH1-, TH2-, TH17-, TFH- or TREG- effector 

functions based on the cytokine milieu in which γδ T lymphocytes encounter the antigen [17–

20]. In cattle, γδ T lymphocytes have shown to produce pro-inflammatory cytokines, such as 

IFN-γ and IL-17A [227,266,299,300], regulate granuloma development [156], have regulatory 

effects [196,197] and modulate macrophage effector functions [265,301]. 

 This work focuses on studying the specific interactions of bovine γδ T lymphocyte 

subsets with cells from the MPS in the context of Mycobacterium avium subspecies 

paratuberculosis (Map) infection in vitro. Macrophages and DCs are the primary host cells for 

Map [3,95], an intracellular bacterium causing paratuberculosis, which is an important 
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mycobacterial infection of ruminants. The disease is characterized by a long subclinical phase (> 

2 years) [3], followed by a clinical phase in which animals show diarrhea and weight loss caused 

by inadequate nutrient absorption as a result of progressive granulomatous enteritis [4].  

 Both γδ T lymphocytes and the MPS play critical roles during the early pathogenesis of 

Map infection in cattle: 1) macrophages are the preferred cell host and the main effector cell 

during Map infection [302]; 2) Map also infects DCs [95]; and 3) monocytes migrate into the 

intestinal tract during infection and differentiate into effector cells, presumably in the presence of 

both WC1
+
 and WC1

neg
 γδ T lymphocyte subsets [149,155]. Furthermore, we have previously 

shown that γδ T lymphocytes influence autologous MDM effector functions of young calves and 

heifers during Map infection in vitro [265,301]. Therefore, the hypothesis for this study was that 

WC1
+
 and WC1

neg
 γδ T lymphocytes of young calves influence 1) monocyte differentiation and 

2) DC maturation during Map infection in vitro. The specific aims of this study were to first 

characterize cells from MPS of young calves and then to understand how bovine WC1
+
 or 

WC1
neg

 γδ T lymphocytes influence autologous monocyte differentiation and DC maturation 

during in vitro Map infection. 

 

4.3. Materials and methods 

 

4.3.1. Animals and blood collection. All animal procedures in this study were approved by the 

Institutional Committee on Animal Care at the University of Guelph (Animal Utilization 

Protocol # 3373).  All animals were randomly selected from the Elora Dairy Research Centre, 

where there is no official paratuberculosis herd certification program; however, the estimated 

prevalence is near zero in this herd, because it is under continual surveillance for Map infection 

by regular screening for Map-specific antibodies using ELISA. No positive antibody tests, 
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clinical or suspect paratuberculosis cases have been diagnosed on this farm for several years. 

Approximately 120 mL of blood were collected via jugular venipuncture using EDTA vacutainer 

tubes (BD Biosciences, Mississauga, ON, Canada) from seven healthy Holstein calves between 

30 and 40 days of age. Additional 60 mL of blood from the same calves were collected in serum 

separator vacutainer tubes (BD Biosciences). Blood samples were stored at 4°C and promptly 

transferred to the laboratory. 

 

4.3.2. Peripheral blood mononuclear cells (PBMCs), monocyte-derived macrophages (MDMs) 

and monocyte-derived dendritic cells (MDDC).  Under sterile conditions, whole blood was 

diluted (1:1) with PBS containing 0.5% BSA. PBMCs were isolated from whole blood using 

Histopaque 1077 (Sigma Aldrich, Oakville, ON, Canada) density gradient centrifugation, 

counted using a Moxi Z cell counter (Orflo, Hailey, ID, USA) and resuspended in complete 

medium RPMI 1640 containing 2 mM of L-glutamine and 25 mM of HEPES (Gibco, Carlsbad, 

CA, USA) supplemented with 5 x 10
-5

 M 2-mercaptoethanol (Sigma Aldrich, Oakville, ON, 

Canada), with penicillin (1000 U/mL), streptomycin sulfate (10 mg/mL) and amphotericin B 

(0.25 µg/mL) (Sigma Aldrich).  Our source of serum was 10% autologous serum based on our 

previous findings that show that cells are not self-reactive to cytokines or other soluble mediators 

present in autologous serum [301]. Cell suspensions were transferred to 175 cm
2
 flasks (Corning, 

Tewksbury, MA, USA) at a concentration of 7.5 x 10
6
/mL per flask. After 1 hour of incubation 

at 37°C in 5% CO2, non-adherent cells were collected by washing each flask 3X with PBS prior 

to lymphocyte staining and sorting. Adherent cells (monocytes) were detached from the flasks 

using TrypLE Express (Gibco), washed, counted and resuspended in complete RPMI.  2 x 10
5 

monocytes/well were cultured in 24-well flat bottomed plates (Corning). To obtain MDMs, 
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monocytes were incubated for 6 days in complete RPMI. To obtain iMDDCs, complete RPMI 

was supplemented with 200 ng/mL of recombinant bovine interleukin-4 (Kingfisher Biotech, 

MN, USA) and 100 ng/mL of recombinant bovine GM-CSF (Kingfisher Biotech). After 6 days 

of differentiation, cells were used in co-culture assays as iMDDCs; some wells of iMDDCs were 

induced to maturity (mMDDCs) by adding 1 µL/mL of Escherichia coli LPS (Sigma Aldrich) to 

the cell culture for 48 hours prior to use in co-culture assays as previously described [303,304]. 

 

 

4.3.3. γδ T lymphocyte sorting. Non-adherent cells collected from the original flasks were 

resuspended in PBS containing 0.5% BSA, incubated in the dark at 4°C for 15 min with WC1 γδ 

T lymphocyte monoclonal antibody (BAQ4A, N2 epitope, IgG1, Monoclonal Antibody Center, 

Washington State University) and γδ T cell receptor monoclonal antibody (GB21A, TCR1-N24 δ 

chain specific, IgG2b,Washington State University), washed and incubated in the dark at 4°C for 

15 min with the secondary antibody PE-Cy7 (IgG1, Biolegend, San Diego, CA, USA) and 

DyLight 405 (IgG2b, Jackson ImmunoResearch, Suffolk, UK). After washing, stained cells were 

sorted by FACS (Aria IIu, BD Biosciences, Mississauga, ON, Canada). After sorting WC1
+
 and 

WC1
neg

 γδ T cell populations, cells were resuspended in complete RPMI. The purity of each 

subset was verified by FACS to be 85 – 95% and confirmation of a viability over 85% was 

assessed using the trypan blue exclusion assay described previously [229]. 

 

4.3.4. Co-cultures. For monocyte differentiation assays, 1 x 10
6
 sorted WC1

+
 or WC1

neg
 γδ T 

lymphocytes were added directly to wells containing 2 x 10
5
 monocytes the same day of PBMC 

isolation (day 0). After 6 days, cultures of MDMs, iMDDC, monocytes differentiated in presence 
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of WC1
+
 (dMonWC1

+
) or WC1

neg 
(dMonWC1

neg
) γδ T lymphocytes were obtained (Figure 13). 

For MDDC maturation assays, 1 x 10
6
 sorted WC1

+
 or WC1

neg
 γδ T lymphocytes were added to 

wells containing 2 x 10
5
 iMDDCs (day 6) for 48 hours (iMDDC+WC1

+
 and iMDDC+WC1

neg
) 

(Figure 16). 

 

4.3.5. Infection with Map. For monocyte differentiation assays on day six MDMs, iMDDC, 

dMonWC1
+ 

and dMonWC1
neg

 were infected.  For MDDC maturation assays γδ T lymphocyte 

subsets and bacterial suspensionsof Map were added on day 6 to iMDDCs. Cell cultures were 

infected at a multiplicity of infection (MOI) of 10:1 for 48 hours with an Ontario-derived clinical 

bovine Map strain (gc86). The Map strain was cultured in Middlebrook 7H9 broth supplemented 

with 10% OADC (oleic acid, albumin, dextrose, catalase) enrichment (BD Biosciences), 0.05% 

Tween 80 (Sigma Aldrich), and 2 mg/liter of mycobactin J (Allied Monitor, Inc., Fayette, MO, 

USA) referred to below as 7H9-OADC-MJ-T. Optical density (OD) was measured with a 

spectrophotometer (Genesys 10S VIS, ThermoFisher Scientific, Waltham, MA, USA) at 540 nm 

wavelength and quantification of bacteria was performed using a standard growth curve. The 

bacterial suspension was briefly sonicated with a sonic dismembrator (Model 120, Fisher 

Scientific) at 60% amplitude during 2 second pulses to disperse bacterial clumps. Aliquots of 

Map with viability of 97.4% measured by fluorescein diacetate (Sigma Aldrich) as described 

previously [265] were kept at -80°C in saline to ensure that the same Map passage was used 

throughout this study.   

 

4.3.6. Antibodies and flow cytometry. Antibodies used in this study are shown in Table 1. Cells 

were collected 48 hours after Map infection into serum-free media before staining and 

assessment (FACSAria IIu, BD Biosciences). Viability was assessed using Zombie NIR fixable 
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viability kit (Biolegend, CA, USA). The acquisition software used was FACS Diva II, and data 

was analyzed using FlowJo software (Treestar, Inc., San Carlos, CA, USA). (Appendix A shows 

gating strategy). 

 

4.3.7. DQ-ovalbumin (DQ-OVA) endocytosis assay. DQ-OVA was added at a concentration of 

10 µg/mL to 60 µL of cell suspension (2 x 10
5 

cells) of monocytes, MDMs, iMDDCs, 

mMDDCs, dMonWC1
+
, dMonWC1

neg
, iMDDC+WC1

+
 or iMDDC+WC1

neg
. Cells were 

incubated at 37°C for 45 minutes. After incubation, cells were washed with cold PBS and 

immediately analyzed by flow cytometry (FACSAria IIu, BD Biosciences) to measure the bright 

green fluorescence exhibited by the ovalbumin labeled with the pH insensitive fluorescent dye, 

boron-dipyrromethene, upon proteolytic degradation after phagocytosis. 

 

4.3.8. Map viability. 48 hours after Map infection of MDMs, iMDDCs, dMonWC1
+
 or 

dMonWC1
neg

, culture supernatants were collected and wells containing Map-infected cells were 

washed twice with warm PBS to remove free Map. Cells were then detached from the flasks 

using TrypLE Express (Gibco), centrifuged at 400 x g for two minutes and resuspended in sterile 

saline solution. Cell suspensions were stored at -80°C until further analysis. After thawing, cell 

suspensions were vortexed vigorously for 10 seconds to lyse cells, centrifuged at 400 x g for two 

minutes, resuspended in 7H9-OADC-MJ-T and incubated in 24-well plates for 24 h at 37°C in 

5% CO2. Contents of each well were centrifuged at 400 x g for 10 minutes and pellets were 

resuspended in 100 µL of saline solution in 5 mL conical tubes. 1 µL of fluorescein diacetate at a 

concentration of 2 mg/mL (Sigma Aldrich) was added to each tube. After 30 min of incubation at 

37°C, samples were analyzed by flow cytometry (Accuri C6, BD Biosciences). Standardization 
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of the procedure and determination of gates were performed using a standard curve generated 

from known proportions of live and heat-killed Map as described previously [265].  

 

4.3.9. Statistical Analysis. Statistical comparisons were performed using analysis of variance 

(ANOVA) with SAS 9.4 software (SAS Institute, Cary, NC, USA) and GraphPad Prism 6.0 

(GraphPad Software, La Jolla, CA, USA). The mean and standard error of the mean were 

calculated in experiments containing multiple data points. A P value of ≤0.05 was considered 

statistically significant. 

 

4.4. Results 

 

4.4.1.  Phenotypic and functional characterization of bovine cells from the MPS show clear 

distinctions between monocyte derived macrophages and dendritic cells. To determine the 

expression of MPS cell markers in this study, several cell types were defined: monocytes were 

freshly isolated by adherence; MDMs were collected from flasks after fresh adherent monocytes 

were cultured for 6 days; MDDCs were generated by adding IL-4 and GM-CSF to fresh adherent 

monocyte cultures (Figure 13). Monocytes display significantly lower expression (p<0.0001) of 

CD14, CD11b, CD11c and CD172a compared with MDMs or MDDCs (Figure 14). Fresh 

monocytes lack expression of CD163, CD1b and CD205. The markers that help to differentiate 

MDMs from MDDCs in our system are CD11b, CD163 and CD172a, which are each 

significantly higher on MDMs compared to MDDCs with p values of <0.0001, <0.0001 and 

0.0333, respectively (Figures 14B, 14C and 14D). To establish the phagocytic capacity of MPS 

cells in our study, monocytes, MDMs and MDDCs were assessed with the DQ-OVA endocytosis 

assay. As expected, our data show that MDMs had the highest phagocytic capacity followed by 
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MDDC (p=0.0418), while monocytes have minimal phagocytic activity compared with MDMs 

and MDDCs (p<0.0001 and 0.0028 respectively) (Figure 15A). To compare the ability of 

MDMs and MDDCs to
 
alter Map viability, the viability of Map recovered from MDMs and 

MDDCs 48 hours after in vitro infection with live Map was evaluated by flow cytometry. No 

significant differences were found between the viability of Map harvested from MDMs and 

MDDCs (p=0.2929) (Figure 15B). 

 

4.4.2. The presence of γδ T lymphocytes during monocyte differentiation does not affect 

phenotype or phagocytic capacity, however viability of Map recovered from dMonWC1
neg

 was 

significantly lower. To analyze the effect of WC1
+
 or WC1

neg
 γδ T lymphocyte subsets on 

monocytes during differentiation, sorted WC1
+
 or WC1

neg
 γδ T lymphocytes were added to 

freshly isolated autologous monocytes, and the cells were left in direct contact for six days prior 

to assessment of MPS surface marker expression (Figure 13). Our data show that the phenotype 

of monocytes differentiated after six days in presence of either WC1
+
 or WC1

neg
 γδ T 

lymphocytes (dMonWC1
+
 and dMonWC1

neg
) was not significantly different from the phenotype 

of monocytes differentiated without γδ T lymphocytes (MDMs) in our system. The mean and 

standard deviation median fluorescence intensity (MFI) of surface markers of MPS in this study 

are shown in Table S1. The phagocytic capacity of dMonWC1
+ 

and dMonWC1
neg

 was assessed 

with the DQ-OVA endocytosis assay. dMonWC1
+ 

and dMonWC1
neg

 showed an intermediate 

phagocytic activity between MDMs (p=0.5403 and 0.1582 respectively) and MDDC (p=0.3165 

and 0.8772 respectively) (Figure 15A). To determine the ability of dMonWC1
+ 

and 

dMonWC1
neg 

to
 
alter Map viability, the viability of Map recovered from these cells 48 hours 

after live Map infection was evaluated by flow cytometry. The viability of Map harvested from 
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dMonWC1
neg

 was significantly lower compared with the viability of Map harvested from either 

MDMs (p=0.0492), MDDC (p=0.0044) or dMonWC1
+ 

(p=0.0277) (Figure 15B). 

 

4.4.3. Presence of live Map does not alter phenotype or functions of cells from the MPS. To 

determine the effect of the presence of Map on the phenotype of MPS cells in this system, Map 

was added to cultures of MDMs, MDDC, dMonWC1
+
 and dMonWC1

neg
 for 48 hours (Figure 

13). The effect of the presence of Map was examined by comparing the same cell type (i.e. 

uninfected MDMs vs. Map-infected MDMs). Our data show that infection of MDMs, MDDCs, 

dMonWC1
+
 or dMonWC1

neg 
with Map did not significantly alter surface expression of CD163, 

CD1b, CD205, CD14, CD172a, CD11b or CD11c at 48 hours post infection (Table S1). 

 

 

4.4.4. MDDC maturation is characterized by upregulation of surface expression of MHC-I, 

CD80 and CD86, and significant reduction in phagocytic capacity. To examine the DC 

maturation process, iMDDCs were generated by adding IL-4 and GM-CSF to fresh peripheral 

blood derived adherent monocyte cultures and their maturation was then induced by adding LPS 

for 48 hours (Figure 16). As expected, our data showed that expression of MHC-I, CD80 and 

CD86 were significantly higher on mMDDCs compared with iMMDCs (Figure 5, p=0.0105, 

<0.0001 and 0.0002, respectively); however, expression of MHC-II on mMDDCs was not 

significantly different from iMDDCs (p=0.0640) (Figure 17). To study the effect of maturation 

of MDDCs on their phagocytic capacity, a DQ-OVA phagocytosis assay was performed on 

iMDDCs and mMDDCs using flow cytometry. Our data showed that the phagocytic capacity of 

mMDDCs was significantly reduced compared with iMDDCs (p≤0.0001, Figure 18). 
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4.4.5. WC1
neg

 γδ T lymphocytes increase MHC-II expression on iMDDCs and both γδ T 

lymphocyte subsets reduce phagocytic capacity of iMDDCs. To determine the effect of WC1
+
 

and WC1
neg

 γδ T lymphocytes on maturation of MDDCs, sorted γδ T lymphocyte subsets were 

added to iMDDCs for 48 hours (Figure 16). iMDDC+WC1
neg 

had significantly increased 

expression of MHC-II compared with both iMDDC (p=0.0013) and mMDDC (p=0.0046) 

(Figure 19). Presence of γδ T lymphocytes did not affect the expression of CD80, CD86 and 

MHC-I on mMDDCs at 48 hours post Map-infection (data not shown). An interesting finding 

was increased individual variation of expression of MHC-II on mMDDCs compared with all 

iMDDCs, iMDDC+WC1
+ 

and
 
iMDDC+WC1

neg
, which may suggest that the DC maturation 

process varies widely between animals. To study the effects of WC1
+ 

and WC1
neg

 γδ T 

lymphocytes on the maturation of MDDCs, γδ T lymphocytes were added to cultures of iMDDC 

for 48 hours and then the DQ-OVA phagocytosis assay was performed using flow cytometry to 

measure changes in phagocytic ability. iMDDCs cultured in the presence of either WC1
+ 

or 

WC1
neg

 γδ T lymphocytes had significantly reduced phagocytic ability compared to iMDDCs 

cultured without γδ T lymphocytes (p=0.0111 and 0.0174 respectively) (Figure 18). These 

findings indicate that both γδ T lymphocyte subsets reduce phagocytosis by iMDDCs in our 

model. 

 

4.4.6. Live Map was associated with significantly increased expression of MHC-I on 

iMDDC+WC1
neg

. To determine the effect of Map on maturation of MDDCs, live Map was added 

to cultures of iMDDC, iMDDC+WC1
+
 and iMDDC+WC1

neg
 for 48 hours (Figure 16). The 

presence of live Map was associated with significantly increased expression of MHC-I on 
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iMDDC+WC1
neg 

compared to iMDDC+WC1
neg 

unexposed to Map (p=0.0090) (Figure 20). The 

presence of live Map did not affect the expression of CD80, CD86 and MHC-II on MDDCs at 48 

hours post Map infection (data not shown).  

Appendix D shows raw data of this Chapter. 

 

4.5. Discussion 

 

During the development of host responses against pathogens, monocytes are recruited to the site 

of infection where they differentiate into effector cells amidst crosstalk with resident tissue 

immune cells [305,306]. After encountering an antigen, immature DCs begin their maturation 

process, migrate to local draining lymph nodes where they present antigen to naïve T 

lymphocytes to initiate or perpetuate antigen-specific immune responses [307,308]. γδ T 

lymphocytes are resident sentinel cells in a variety of mucosal surfaces but especially in the 

ileum, where infection with Map is generally assumed to initially occur [198]. In this study, we 

sought to first define and characterize MPS cells from young calves; using that information, we 

then set out to determine how WC1
+
 and WC1

neg
 γδ T lymphocytes affect 1) monocyte 

differentiation and 2) DC maturation, both processes important to initiation and propagation of 

effective immune responses during infection by Map and other pathogens. For monocyte 

differentiation experiments, sorted peripheral blood derived WC1
+
 or WC1

neg
 γδ T lymphocytes 

were co-cultured with freshly isolated autologous monocytes for 6 days so that their phenotype 

and function could be compared with the experimental controls previously defined: monocytes, 

MDMs and MDDCs. For DC maturation experiments, sorted peripheral blood WC1
+
 or WC1

neg
 

γδ T lymphocytes were co-cultured for 48 hours with iMDDCs and then compared with 
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iMDDCs (without γδ T lymphocytes) and mMDDCs (obtained after stimulation of iMDDCs 

with LPS for 48 hours). 

Cells from the MPS share precursors as well as several surface markers and functions 

which makes it difficult to clearly distinguish between them [296]. We show that freshly isolated 

peripheral blood monocytes express low levels of CD14, CD11b, CD11c and CD172a and lack 

expression of CD163, CD1b and CD205. These data are consistent with a recent review showing 

that bovine monocytes express CD172a but lack expression of CD1b and CD205 (reviewed in 

[298]). Other studies have defined three distinct phenotypic bovine monocyte subsets based on 

their variable surface expression of CD14 and CD16 among CD172a
+ 

cells [309]. Expression of 

CD11c and CD172a is considered constitutive in bovine monocyte subsets, while expression of 

CD11b is variable [310]. We did not find significant expression of CD163 on monocytes in our 

study; however expression of CD163 has been described by others in bovine monocytes [310].  

A possible explanation for these contradictory findings is the utilization of different clones of the 

CD163 monoclonal antibody. We used a murine anti-bovine clone (LND68A) while Corripio-

Miyar et al. (2015) used human clone (EDHu-1); potential concerns regarding interspecies cross-

reactivity of monoclonal antibodies have been published [311]. 

In our model CD1b, CD11c, CD14, and CD205 were all upregulated following in vitro 

differentiation of monocytes; however, these particular markers do not reliably distinguish 

MDMs from MDDCs. Our data do suggest that MDMs can be phenotypically distinguished from 

MDDCs because of significantly higher expression of CD11b, CD163 and CD172a on MDMs 

compared to MDDCs. Bovine MDDCs have been described as CD172a
+ 

while the expression of 

CD1b, CD11b, CD14 and CD205 vary depending on the subset of MDDC (reviewed in [298]). 

MDMs have historically been classified by phenotype and function using surface marker 
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expression and cytokine secretion profiles, respectively, but more recently classification of 

MDMs as either classically (M1) and alternatively activated (M2) macrophages using expression 

of CD163 has been described. M1 macrophages are CD163
neg

 and secrete pro-inflammatory 

cytokines while M2 macrophages are CD163
+ 

and secrete low levels of pro-inflammatory 

cytokines and high levels of IL-10 [53]. In our in vitro model, we neither identified CD163
neg 

populations of MDMs nor assessed cytokine concentration in supernatants. Thus, further 

research is required to characterize and classify cells of the bovine MPS under different isolation 

(a.k.a. magnetic beads, FACS, adherence), culture conditions in vitro and evaluating other 

relevant surface markers such as CD209 (DC-SIGN) [312], CD16 [310], CD68 [313] and CD11a 

[314]. Regardless, our data support the basic hypothesis that MPS cells comprise a complex 

network of distinct cell subsets that though they share some overlapping phenotypic and 

functional characteristics, they polarize depending on the local microenvironment for specific 

functions [315].  

 

After co-culturing freshly isolated blood monocytes with sorted WC1
+
 and WC1

neg
 γδ T 

lymphocytes (dMonWC1
+ 

and dMonWC1
neg

, respectively) during the differentiation process, our 

data indicate that the presence of γδ T lymphocytes has no phenotype-altering effect on 

monocyte differentiation. Viability of Map recovered from dMonWC1
neg

 however, was 

significantly reduced suggesting that the presence of WC1
neg

 γδ T lymphocytes improves the 

ability of differentiated monocytes (dMonWC1
neg

) to limit Map viability. In a previous study, we 

showed that the presence of either WC1
+
 or WC1

neg
 γδ T lymphocytes co-cultured with 

autologous Map-infected MDMs from 30 – 40 day old calves was associated with reduced 

viability of Map recovered from MDMs [301]. Taking into account that 1) in the previous study 
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MDMs were considered fully differentiated prior to the addition of γδ T lymphocytes into co-

cultures, 2) in the current study significant differences were observed between the viability of 

Map recovered from dMonWC1
+ 

and dMonWC1
neg

, and 3) when Map was introduced in the 

current study, WC1
+ 

and WC1
neg 

cells had been removed; we hypothesize that dMonWC1
neg 

are 

distinct from classical MDMs, and that WC1
neg

 γδ T lymphocytes alter the functional 

differentiation of peripheral blood monocytes. Based on these data, our hypothesis is that WC1
neg

 

γδ T lymphocytes have a direct effect on transcription factor expression during monocyte 

differentiation resulting in a monocyte derived cell with increased ability to limit Map viability.  

Because we have observed that the number of γδ T lymphocyte subsets within tissues of mucosal 

surfaces is variable between calves (unpublished data), we hypothesize that inter-animal 

variability also influences the different immune responses and disease outcomes that can be 

commonly observed within groups of calves (ie, a herd with endemic Map infection). This inter-

animal variability might explain why some animals (ie, those with more WC1
neg

 γδ T 

lymphocytes or those that have more cognate γδ T lymphocyte/MPS cell interactions in the 

ileum), clear Map infection and do not progress to later stages of bovine paratuberculosis. 

Further studies are required to characterize the distribution and function of bovine γδ T 

lymphocytes in different mucosal and non-mucosal tissues.   

To determine how γδ T lymphocyte subsets affect DC maturation, we first defined the 

characteristics of both iMDDC and mMDDC in our system by evaluating expression of specific 

maturation markers and co-stimulatory molecules. As expected and based on the current 

literature, our data confirms that MHC-I, CD80 and CD86 are useful markers to differentiate 

mMDDCs from iMDDCS because they are upregulated during the maturation process. Other 

bovine models have shown that Salmonella typhimurium-infected DCs had significantly 
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increased expression of MHC-I, MHC-II, CD40, CD80 and CD86 [316]. In our system MHC-II 

was not upregulated on mMDDCs at 48 hours post Map-infection; however the expression of 

MHC-II was highly variable between animals in our study. Inter-animal immune cell phenotypic 

variability has been well established in bovine studies of our lab and others [242,265,301], and 

the distinct pattern of high/low effector functions and specific phenotypes in cattle is complex 

but probably explains an individual's unique ability to respond (or not) to infection. Timing may 

also have influenced our ability to detect early and transient changes in MHCII expression. It is 

known that after stimulation of murine DC pathogen-associated molecular pattern receptors, 

MHC-II expression increases transiently but then decreases [317], though this phenomenon has 

not been shown in bovine DCs. Furthermore, it is known that MHC-II expression on bovine 

MDMs is downregulated between 24 and 48 hours post Map-infection [90] and because cells in 

this study were analyzed at only a single time point (48 hours after Map-infection), we may have 

thus been unable to detect early differences in the expression of MHC-II due to timing. 

The presence of WC1
neg 

γδ T lymphocytes in our co-culture experiment was associated 

with significantly increased expression of MHC-II on iMDDC+WC1
neg 

cells compared with 

iMDDCs and mMDDCs. Upregulation of MHC-II, along with CD86, CD83 has also been 

induced by human Vγ9Vδ2 T lymphocytes on DCs, suggesting the ability of γδ T lymphocytes 

to specifically promote DC maturation [101]. Furthermore, human iMDDCs induce Vγ9Vδ2 T 

lymphocytes to secrete pro-inflammatory cytokines required for their own maturation [318]. This 

reciprocal effect has not been definitively demonstrated in cattle, and further research is required 

to determine if bovine DCs could induce this effect on either WC1
+
 and/or WC1

neg
 γδ T 

lymphocytes.   



109 

 

A major functional change during MDDC maturation is reduced phagocytic capacity of 

MDDCs; this finding is supported by studies in adult cows [95]. In our study a reduced 

phagocytic capacity was observed in iMMDCs co-cultured with either WC1
+
 or WC1

neg
 γδ T 

lymphocyte subsets which suggests that WC1
+
 or WC1

neg
 γδ T lymphocytes induce ‘functional’ 

MDDC maturation with respect to phagocytic capacity. 

 

Our overall hypothesis was that early γδ T lymphocytes/MPS/Map interactions influence 

the initiation of early local host immunity and potentially the induction of adaptive immunity and 

progression or eventual outcome of Map infection. To test our hypothesis we first needed to 

define the phenotype and effector functions of MPS cells specifically under in vitro conditions in 

our laboratory. We have shown that cells from the MPS can be distinguished by collective 

examination of phenotype and function: 1) monocytes lack the expression of CD1b, CD205 and 

CD163; 2) MDMs express higher levels of CD11b, CD163, and CD172a compared to MDDCs; 

3) mMDDCs express higher levels of CD11c, CD80 and CD86 compared to iMDDC; mMDDCs 

have reduced phagocytic capacity compared to iMDDCs. In this study, the most significant 

findings related to the effect of γδ T lymphocytes include: 1) the presence of WC1
neg 

γδ T 

lymphocytes contributes to differentiation of monocytes into cells with increased ability to limit 

Map viability and 2) both γδ T lymphocyte subsets induce functional MDDC maturation 

(reduced phagocytosis).  
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Table 3.  Anti-bovine monoclonal antibodies used for PBMC immunophenotyping and co-

culture experiments. 

Primary mAb Clone Isotype Source 
Secondary 

antibody 
Source 

Monocyte differentiation 

CD11c BAQ153A IgM WSU
a
 PE/Cy7 Biolegend 

CD163 LND68A IgG1 WSU
a
 Pacific Orange TFS

b
 

CD11b MM10A IgG2b WSU
a
 DyLight405 JIR

c
 

CD14 CAM36A IgG1 WSU
a
 AF647* TFS

b
 

R-PE conjugated anti-

CD1b 

CC20 IgG2a BioRad - - 

R-PE/Cy5 conjugated 

anti-CD172a 

CC149 IgG2b BioRad - - 

FITC conjugated anti- 

CD205 

CC98 IgG2b BioRad - - 

MDDC maturation 

MHC-I B5C IgG2b WSU
a
 AF594  

MHC-II H42A IgG2a WSU
a
 AF647  

R-PE conjugated anti-

CD86 

ILA190 IgG1 LSBio - - 

FITC conjugated anti-

CD80 

ILA159 IgG1 BioRad - - 

a
  Washington State University, Monoclonal Antibody Center 

b
  ThermoFisher Scientific 

c
 Jackson ImmunoResearch 

*
 Zenon antibody labeling kit 
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Figure 13. Monocyte differentiation assays. 1 x 10
6
 WC1

+
 or WC1

neg
 γδ T lymphocytes were 

added directly to wells containing 2 x 10
5
 monocytes the same day of PBMC isolation (day 0).  

After 6 days of differentiation, cultures of MDMs, MDDCs, monocytes differentiated in 

presence of WC1
+
 (dMonWC1

+
) or WC1

neg
 (dMonWC1

neg
) γδ T lymphocytes were obtained. On 

day 6 live Map was added at a MOI of 10:1 to evaluate how it affected phenotype of MDMs, 

dMonWC1
+
 and dMonWC1

neg
; and MDDC after 48 hours. 
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Figure 14. Surface marker expression of cells from the MPS is heterogeneous.  Panel A. Contour 

plot of live cell population and flow cytometry analysis of surface expression of CD11b, CD163, 

CD205, CD1b, CD14, CD172a and CD11c on monocytes, MDMs and MDDCs.  CD11b, CD163 

and CD172a are useful surface markers to distinguish MDMs from MDDCs (Panels B, C and D). 

Useful markers that distinguish MDMs from MDDCs include CD11b, CD163 and CD172a.  

Histograms of a representative animal are shown (n=7) 
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Figure 15. Cells from the MPS have a heterogeneous phagocytic capacity and the presence of 

WC1
neg

 γδ T lymphocytes increase the ability of differentiated monocytes to alter Map viability. 

Panel A. MDMs had the highest phagocytic capacity, followed by MDDC.  dMonWC1
+ 

and 

dMonWC1
neg

 showed an intermediate phagocytic activity between MDMs and MDDC.  Panel B. 

Map viability measured by flow cytometry after 48 hours of infection of MDMs, MDDC, 

dMonWC1
+
 and dMonWC1

neg
.  The viability of Map harvested from dMonWC1

neg
 was 

significantly lower compared to MDMs, MDDC, and dMonWC1
+
.  Results are individual animal 

data points and means ± s.e.m of seven animals. Different letters indicate statistically significant 

difference (p<0.05). 
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Figure 16. Dendritic cell maturation assays. iMDDCs were generated by adding IL-4 and GM-

CSF to fresh monocyte cultures.  After 6 days of differentiation, 1 x 10
6
 sorted γδ T lymphocytes 

were added to wells containing 2 x 10
5
 iMDDCs for 48 hours (iMDDC+WC1

+
 and 

iMDDC+WC1
neg

). On day 6 live Map was added at a MOI of 10:1 to evaluate if it affected 

iMDDC maturation after 48 hours. 
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Figure 17. MDDCs upregulate surface expression of MHC-I, CD80 and CD86 during 

maturation.  Contour plot of live cell population and flow cytometry analysis of surface 

expressions of MHC-I, MHC-II, CD80 and CD86 on iMDDCs and mMDDCs.  Histograms of a 

representative animal are shown (n=7) 
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Figure 18. γδ T lymphocytes induce MDDC maturation. DQ-OVA endocytosis assay on iMDDC, 

mMDDC, iMDDC+WC1
+
 and iMDDC+WC1

neg
. iMDDC+WC1

+ 
and iMDDC+WC1

neg
 had a 

reduction in their phagocytic ability in the same proportion as mMDDC.  Results are individual 

animal data points and means ± s.e.m of seven animals. Different letters indicate statistically 

significant difference (p<0.05). 
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Figure 19. WC1
neg

 γδ T lymphocytes increase the antigen presenting ability of iMDDCs. Median 

fluorescence intensity (MFI) of MHC-II on iMDDCs, mMDDCs, iMDDCs+WC1
+
 and 

iMDDCs+WC1
neg

.  Results are individual animal data points and means ± s.e.m of seven 

animals. Different letters indicate statistically significant difference (p<0.05). 
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Figure 20. Live Map was associated with significantly increased expression of MHC-I on 

iMDDC+WC1
neg

.  Infection with live Map was associated with significantly increased 

expression of MHC-I on iMDDC+WC1
neg

.
 
Median fluorescence intensity (MFI) of MHC-I on 

iMDDCs, iMDDCs+WC1
+
 and iMDDCs+WC1

neg
. Results are individual animal data points and 

means ± s.e.m of seven animals. Different letters indicate statistically significant difference 

(p<0.05). 
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4.8. Supplementary materials 

 

4.8.1. Phenotypic characterization of cells from the MPS.  1 x 10
6
 sorted WC1

+
 or WC1

neg
 γδ T 

lymphocytes were added directly to wells containing 2 x 10
5
 monocytes the same day of PBMC 

isolation (day 0). After 6 days, cultures of MDMs, iMDDC, monocytes differentiated in presence 

of WC1
+
 (dMonWC1

+
) or WC1

neg 
(dMonWC1

neg
) γδ T lymphocytes were obtained.  On day 6, 

MDMs, iMDDC, dMonWC1
+
, dMonWC1

neg
 or iMDDCs were infected at a multiplicity of 

infection (MOI) of 10:1 for 48 hours with an Ontario-derived clinical bovine Map strain (gc86).  

Expression of CD1b, CD11c, CD14, CD205, CD11b, CD163 and CD172a on bovine uninfected 

monocytes, MDMs, iMDDCs, mMDDCs, dMonWC1
+ 

and
 
dMonWC1

neg
; and Map-infected 

uninfected MDMs, iMDDCs, dMonWC1
+ 

and
 
dMonWC1

neg
 was assessed using flow cytometry.



121 

 

Table S1.  Mean and standard deviation (SD) of CD1b, CD11c, CD14, CD205, CD11b, CD163 and CD172a on bovine uninfected 

monocytes, MDMs, iMDDCs, mMDDCs, dMonWC1+ and dMonWC1neg; and Map-infected uninfected MDMs, iMDDCs, 

dMonWC1+ and dMonWC1neg. 

Cell Map Statistic CD1b CD11c CD14 CD205 CD11b CD163 CD172a 

Monocytes - 
Mean 69.28 4489.00 5735.14 663.00 15577.29 213.57 7260.71 

SEM 10.67 581.97 499.27 69.48 988.42 32.99 1213.25 

MDMs 

- 
Mean 1323.00 15416.14 37206.43 16503.14 110632.00 2627.57 40690.71 

SEM 106.99 3005.71 3664.81 7852.11 5921.22 572.11 5412.30 

+ 
Mean 1284.00 13863.29 42626.86 14324.29 115421.14 4188.57 40342.71 

SEM 95.92 1540.27 5215.46 6680.39 4814.98 1353.97 4564.69 

iMDDCs 

- 
Mean 1108.14 16485.14 45349.71 11145.29 68347.57 1439.71 28352.14 

SEM 198.19 3767.77 13571.81 5552.68 7789.49 343.98 3285.51 

+ 
Mean 1047.57 20245.57 38393.71 8325.14 63025.29 2000.71 25230.14 

SEM 164.71 5847.51 16046.15 3726.88 8062.27 555.87 2232.43 

mMDDCs - 
Mean 1151.00 24375.86 64507.00 9792.57 55578.43 2284.14 31451.57 

SEM 135.81 4739.74 28706.83 4028.30 2793.20 332.62 2056.55 

dMonWC1
+
 

- 
Mean 1628.43 20623.57 43184.86 14143.14 111670.14 2488.29 38105.72 

SEM 147.92 2381.99 4905.30 5602.74 6003.64 411.07 3853.64 

+ 
Mean 1619.14 21168.86 47092.43 16030.29 100165.29 2574.29 41115.43 

SEM 111.17 1640.02 4642.45 7697.03 6465.19 622.98 4964.18 

dMonWC1
neg

 

- 
Mean 1518.57 14133.86 44566.71 14721.00 105290.14 2521.29 38180.29 

SEM 131.10 1563.93 4802.69 6506.84 8628.55 463.43 4876.05 

+ Mean 1540.71 14732.29 41207.86 18052.57 96351.57 2812.00 41153.00 

SEM 96.51 1874.07 3359.93 7741.25 4892.48 584.61 5090.11 
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CHAPTER 5 

GENERAL DISCUSSION AND RECOMMENDATIONS FOR FUTURE RESEARCH 

 

After susceptible calves ingest Map, it is transported from the gut lumen to immune cells beneath 

the epithelial barrier in distal ileum [33], where cells from the MPS and other tissue immune 

cells such as γδ T lymphocytes are interacting constantly. We hypothesize that interactions 

between γδ T lymphocyte subsets and cells from the MPS is fundamental to the pathogenesis of 

Map infection and understanding these interactions is thus important to improving the knowledge 

of host-pathogen interactions and resistance to infection.  The central hypothesis of these studies 

was that bovine γδ T lymphocyte subsets differentially regulate host immunity during early Map 

infection and that this influences the outcome of the early infection. To investigate this 

hypothesis, the objective of this research was to understand specifically how bovine γδ T 

lymphocyte subsets modulate effector function of the cells of the mononuclear phagocytic 

system during Map infection in vitro. 

In Chapter two of this thesis, our objective was to investigate how WC1
+
 γδ T 

lymphocytes mediate macrophage function during early Map infection in heifers. In this study 

we showed that Map viability was significantly reduced when WC1
+
 γδ T lymphocytes were co-

cultured in direct contact with Map-infected MDMs. Both MDMs and WC1
+
 γδ T lymphocytes 

generated increased concentrations of IFN-γ and IL-4 in the system; furthermore, MDM/WC1
+
 

γδ T lymphocyte synergism was a significant factor with respect to IFN-γ production. MDMs but 

not WC1
+
 γδ T lymphocytes were a significant source of IL-17A. The presence of WC1

+
 γδ T 

lymphocytes was associated with higher expression of MHC-I on MDMs, compared to MDMs 
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without WC1
+
 γδ T lymphocytes, and increased concentration of nitrites in supernatants 72 hours 

after Map infection.  

In Chapter three, our objective was to study how both WC1
+
 or WC1

neg
 γδ T 

lymphocytes from young calves (as opposed to older heifers studied in Chapter two) influence 

the cytokine milieu and effector functions of autologous MDMs during Map infection in vitro. In 

this study, significant differences between WC1
+
 and WC1

neg 
γδ T lymphocytes included: 1) 

increased IFN-γ in co-cultures of Map-infected MDMs with WC1
neg 

but not WC1
+ 

γδ T 

lymphocytes; 2) expression of CD1b on MDMs was significantly increased when co-cultured in 

direct contact with WC1
neg

 but not WC1
+ 

γδ T lymphocytes and 3) expression of CD25 was 

significantly higher on WC1
+ 

compared to WC1
neg 

γδ T lymphocytes. We also showed that 

viability of Map recovered from these co-culture was significantly reduced when γδ T 

lymphocyte subsets were cultured in direct contact with Map-infected MDMs. This effect was 

observed with both subsets of γδ T lymphocytes, and thus the data do not indicate that WC1
+
 and 

WC1
neg

 γδ T lymphocytes of young calves are significantly different with respect to their 

influence on Map killing and potentially antigen presentation via MHC-II by MDMs, but further 

work is required to understand the distinctions between WC1
neg 

and WC1
+ 

γδ T lymphocytes in 

cattle.  

The aim of the experiments of Chapter four was to understand how both WC1
+
 and 

WC1
neg

 γδ T lymphocyte subsets influence monocyte differentiation and DC maturation in the 

context of Map infection in vitro in calves. We showed that cells from the MPS can be 

distinguished by collective examination of phenotype and function: 1) monocytes lack the 

expression of CD1b, CD205 and CD163; 2) MDMs and MDDCs can be distinguished by the 

expression of CD11b, CD163 and CD172a, which are expressed at higher levels on MDMs; 3) 
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iMDDCs and mMDDCs can be distinguished by the increased expression of CD11c, CD80 and 

CD86 on mMDDC; and by the reduced phagocytic capacity of mMDDCs compared to iMDDCs. 

In this study significant findings related to the effect of γδ T lymphocytes include: 1) the 

presence of WC1
neg 

γδ T lymphocytes contributed to differentiation of monocytes into cells with 

increased ability to limit Map viability and 2) both γδ T lymphocyte subsets induce functional 

MDDC maturation (reduced phagocytosis).  

This thesis contributes to the understanding of the role of γδ T lymphocyte subsets in the 

immunopathology of early Map infection by reporting the in vitro interplay between bovine γδ T 

lymphocyte subsets and various cell types from the MPS.  Data obtained during these studies 

supports the central hypothesis in three ways, namely that in vitro γδ T lymphocyte subsets: 1) 

differentially modulate monocyte-derived macrophage effector functions during Map infection; 

2) influence monocyte differentiation and 3) have an effect on monocyte-derived dendritic cell 

maturation. 

Some interesting questions related with the immunopathology of bovine paratuberculosis 

are: 1) Why are some calves apparently able to clear the infection while other individuals 

apparently progress into later stages? 2) Do γδ T lymphocytes, which are present at many 

mucosal surfaces and especially concentrated in the ileum, play an important role in the eventual 

outcome of the disease? and 3) Could strategies aimed specifically at γδ T lymphocyte activation 

or recruitment possibly lead to enhanced resistance to Map infection during the critical early 

phases? One of the main findings of this work that should be considered to answer these 

questions is the reduction of the percentage of viable Map recovered from MDMs when γδ T 

lymphocytes are in direct contact with Map-infected MDMs in heifers and calves. Furthermore, 

parallel studies from our lab using immunofluorescence showed that in cattle, relative and 
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absolute numbers of intestinal γδ T lymphocyte subsets vary significantly between individuals 

(data not presented). If some animals are genetically predisposed to home more γδ T 

lymphocytes to the intestine than others and these cells either improve MDM killing ability or 

induce apoptosis on infected MDMs (suggested mechanisms), then those animals may be more 

likely to clear Map infection early and thus not progress into the later stages of disease.  To 

further understand the implications and importance of this finding, it is important to determine 

the precise mechanism involved.  

IFN-γ was measured in culture supernatants of Chapters two and three of this thesis that 

focused on the specific interaction between γδ T lymphocytes and MDMs. The results of both 

studies were significantly variable, not only between animals, but also between samples. The 

range of concentration of IFN- γ in non Map-infected MDMs in the first study was 9.4 – 154.8 

pg/mL, while for the same cell culture in the second study was 0.2 – 4.9 pg/mL. This difference 

was observed in all types of co-cultures of both studies, regardless the types of cells present in 

each well. We hypothesize that only two main factors could adequately explain this significant 

variability: age of the animals (6 – 8-month-old heifers in the first study versus 30 – 40 day old 

calves in the second study), or the cell culture media serum supplementation. Fetal bovine serum 

(FBS) has been used historically routinely utilized as a source of growth factors to supplement 

cell culture media for in vitro cell culture in many species. After running a small pilot study it 

was determined that both FBS and heat inactivated FBS stimulated WC1
+ 

γδ T lymphocytes to 

produce IFN-γ (subsection 3.8). It is thus inferred that this same effect could occur in any other 

cell type, though all cell types were not explicitly tested. We also found that the best option to 

supplement cell culture media to obtain more reliable and consistent data across animals and 

studies in cattle was autologous bovine serum instead of FBS or heat inactivated FBS.   
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The development of a disease is the result of a complex interaction between host, 

pathogen and environment. Each one of these factors involves a number of important variables 

that can facilitate or prevent the development of disease. The immune response to infections 

comprises a dynamic interplay between different cell types and molecules such as cytokines and 

chemokines that act in order to clear the infection while repairing the tissue. However, each 

individual animal’s immune system seems to be genetically predisposed to be either resistant or 

susceptible to diseases.  Inter-animal variability was a common factor found in all studies 

reported in this thesis. There are several publications that show specific genetic links to 

predisposition for specific infectious diseases [250–252,319,320]. Most of these studies focus 

their attention in identifying single-nucleotide polymorphisms and/or quantitative trait loci in 

different genes associated with either resistance or susceptibility to disease. Based on the 

findings reported in this thesis, to better understand the function of bovine γδ T lymphocytes 

further research is required in order to look for genetic variation related with the distribution of 

γδ T lymphocyte subsets in different mucosal surfaces and their ability to modulate cells from 

the MPS.  

Other sources of variability should also be a topic for further research. Recent research in 

humans has focused its attention in the link between the immune system and the intestinal 

microbiome [321–323]. Livestock production systems (dairy, beef, milk-fed veal, grain-fed veal, 

etc.) include different types and sources of nutrition according to their requirements and to age-

related necessities of cattle.  It is believed that nutrition is the main reason why the microbiome 

is altered. It should be very interesting to investigate the effect of alterations in the microbiome 

on immune responses to infection and specifically on how it influences γδ T lymphocyte 

funtions.  Additionally, the development of an in vitro model that could potentially recreate 
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individual intestinal tissue would answer more questions regarding the interplay of more cell 

types normally present in the intestine including αβ T lymphocytes, B lymphocytes, NK cells, 

epithelial cells as well as individual variability of an animal’s immune responses during an 

infectious process. 

Our main interest was the role of bovine WC1
+
 and WC1

neg
 γδ T lymphocytes during 

Map infection. We focused on how γδ T lymphocytes influence MPS cells in the context of in 

vitro Map infection because MPS cells are well known to be the primary preferred hosts for this 

agent; however, little is known about bovine γδ T lymphocyte functions, ontogeny and 

distribution. From what has been attributed to these cells based on humans and murine models, 

we think that these cells could potentially be used as target for immunotherapy for diverse 

diseases or vaccine formulations could use adjuvants that stimulate these cells to induce 

improved disease preventative strategies. In order to start developing applied research on bovine 

γδ T lymphocytes, it is necessary to do further basic research to answer the following questions: 

1) How are these cells distributed in different tissues at different ages? 2) How are WC1 co-

receptor variations expressed in different tissues, and what are their specific functions? 3) Which 

antigens are identified by these cells and how is this accomplished? 4) In terms of function and 

immunophenotype, what are the differences between circulating and tissue resident γδ T 

lymphocytes? and 5) Which are their preferred activation markers? Further work to answer these 

questions should be by performed using different types of antigens as immune stimulants.  To 

have a wide range of antigens, we suggest using TLR ligands or a cocktail of whole cell sonicate 

of Gram-positive and Gram-negative bacteria. 

During this research we also standardized methods to isolate bovine lymphocytes from 

intestinal tissue (IEL and LP) (data not shown).  A short-term future objective is to replicate 
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experiments from Chapter four using sorted intestinal tissue-derived WC1
+
 and WC1

neg
 γδ T 

lymphocytes in order to establish how tissue γδ T lymphocyte subsets (as opposed to peripheral 

blood-derived lymphocytes) affect monocyte differentiation. This will be a robust in vitro model 

and the results from this research will provide an improved understanding about γδ T 

lymphocytes and their interaction with recruited monocytes specifically within infected tissues. 

In summary, the results of these studies represent a significant step forward for 

understanding the effect of γδ T lymphocyte subsets on MPS cells during Map infection in cattle 

but it is clear that the research raises more questions than answers. 
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APPENDIX A: FLOW CYTOMETRY GATING STRATEGY 

 

 
Flow cytometry gating strategy. During flow cytometric analysis, flow stability was assessed to 

ensure a good and even flow stream during the instrument’s run.  Then the region of interest was 

identified using a forward and side scatter (SSC-A Vs. FSC-A) gating to identify the cells of 

interest based on the relative size and complexity of the cells, while removing debris and other 

events that are not of interest. The pulse geometry gating was done to remove doublets from the 

dataset (FSC-A Vs. FSC-H).  A cell viability dye (Zombie NIR) was used to remove from the 

analysis dead cells which can non-specifically take up antibodies.  Finally, data analysis controls 

included gating controls (unstained cells, single stained fluorescent cells and fluorescent minus 

one (FMO) controls to strategically place gates to clearly discriminate positive from negative 

cells.
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APPENDIX B: RAW DATA CHAPTER 2 

 

 Expression of MHC-I and MHC-II on MDMs (24, 48 and 72 hpi). 

 Expression of CD25 on γδ T lymphocytes (24, 48 and 72 hpi). 

 Concentration of nitrites, IL-4, IL-10, IFN-γ and IL-17A in cell culture supernatants (72 hpi). 

 Map viability (72 hpi). 

 

id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4296 i 24 mix no 1286 2690 12.611 

      4297 i 24 mix no 965 2350 7.807 

      4304 i 24 mix no 1310 2247 19.257 

      4311 i 24 mix no 1472 533 5.188 

      4320 i 24 mix no 

  

10.263 

      4326 i 24 mix no 562 1928 

       4330 i 24 mix no 1358 828 5.188 

      4331 i 24 mix no 880 2192 5.188 

      4335 i 24 mix no 1246 1572 10.263 

      4296 ui 24 mix no 1252 1928 10.263 

      4297 ui 24 mix no 965 2110 2.248 

      4304 ui 24 mix no 1094 2035 5.188 

      4311 ui 24 mix no 1134 770 7.807 

      4320 ui 24 mix no 

  

7.807 

      4326 ui 24 mix no 573 2129 5.188 

      4330 ui 24 mix no 1611 890 23.473 

      4331 ui 24 mix no 630 482 7.807 

      4335 ui 24 mix no 1483 3022 10.263 
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id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4296 i 48 mix no 1486 3429 17.094 

      4297 i 48 mix no 1176 2525 

       4304 i 48 mix no 1554 2308 14.882 

      4311 i 48 mix no 1582 121 2.248 

      4320 i 48 mix no 1275 562 5.188 

      4326 i 48 mix no 710 2436 2.248 

      4330 i 48 mix no 1981 98.2 12.611 

      4331 i 48 mix no 1152 2958 7.807 

      4335 i 48 mix no 1524 1468 10.263 

      4296 ui 48 mix no 1459 3924 12.611 

      4297 ui 48 mix no 1230 3023 7.807 

      4304 ui 48 mix no 1540 4142 17.094 

      4311 ui 48 mix no 1526 1568 2.248 

      4320 ui 48 mix no 1197 2525 5.188 

      4326 ui 48 mix no 604 2618 2.248 

      4330 ui 48 mix no 1655 2618 10.263 

      4331 ui 48 mix no 1068 3924 7.807 

      4335 ui 48 mix no 1720 4528 10.263 

      4296 i 72 mix no 1827 3078 12.611 

 

99.746 0 142.888 10.4795 67.7 

4297 i 72 mix no 1263 2035 10.263 

 

0 0 31.0065 0.119 73.3 

4304 i 72 mix no 1928 717 21.382 

 

0 0 207.121 2.31615 41.2 

4311 i 72 mix no 1731 1.02 5.188 

 

0 0 198.959 1.346 37.8 

4320 i 72 mix no 931 119 7.807 

 

112.258 0 19.2525 0.4945 79.5 

4326 i 72 mix no 433 784 

  

94.137 0 142.888 15.3355 76.6 

4330 i 72 mix no 1946 38.9 5.188 

 

24.36 0 113.702 1.3235 21.3 

4331 i 72 mix no 1323 2695 10.263 

 

26.63 0 309.912 3.691 61.8 

4335 i 72 mix no 1686 1355 7.807 

 

115.427 0 120.269 3.85075 28.9 

4296 ui 72 mix no 1310 3078 10.263 

 

11.294 0 9.4595 0.2055 

 4297 ui 72 mix no 1263 2247 5.188 

 

0.2745 0 9.5745 11.294 

 4304 ui 72 mix no 1568 3162 10.263 

 

0.2055 0 50.0015 0.143 

 



187 

 

id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4311 ui 72 mix no 1568 1747 5.188 

 

3.967 0 157.955 1.29855 

 4320 ui 72 mix no 1526 3460 10.263 

 

0.7755 0 101.205 0.7755 

 4326 ui 72 mix no 621 2480 5.188 

 

0.143 0 73.135 0.21 

 4330 ui 72 mix no 1685 2890 7.682 

 

1.29855 0 154.826 0.2745 

 4331 ui 72 mix no 1207 3693 

  

1.119 0 49.654 3.967 

 4335 ui 72 mix no 1704 4206 12.611 

 

0.21 0 52.439 1.1119 

 4296 i 24 tw no 1358 2393 10.263 

      4297 i 24 tw no 931 2267 10.263 

      4304 i 24 tw no 1334 2525 10.263 

      4311 i 24 tw no 1459 528 7.807 

      4320 i 24 tw no 

  

5.188 

      4326 i 24 tw no 599 2167 10.263 

      4330 i 24 tw no 1582 939 23.473 

      4331 i 24 tw no 928 2242 14.882 

      4335 i 24 tw no 1451 2122 7.807 

      4296 ui 24 tw no 1230 2267 10.263 

      4297 ui 24 tw no 939 2072 5.188 

      4304 ui 24 tw no 1433 2503 7.807 

      4311 ui 24 tw no 1640 828 7.807 

      4320 ui 24 tw no 1255 

 

7.807 

      4326 ui 24 tw no 604 1928 14.882 

      4330 ui 24 tw no 1827 1499 39.454 

      4331 ui 24 tw no 843 2423 10.263 

      4335 ui 24 tw no 1527 3319 10.263 

      4296 i 48 tw no 1685 3460 5.188 

      4297 i 48 tw no 1176 2503 

       4304 i 48 tw no 1762 3786 12.611 

      4311 i 48 tw no 1568 253 10.263 

      4320 i 48 tw no 1472 1241 10.263 

      4326 i 48 tw no 743 2595 7.807 
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id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4330 i 48 tw no 2146 425 5.188 

      4331 i 48 tw no 1077 2306 10.263 

      4335 i 48 tw no 1609 1634 10.263 

      4296 ui 48 tw no 1472 2813 7.807 

      4297 ui 48 tw no 1176 2714 

       4304 ui 48 tw no 1731 3786 17.094 

      4311 ui 48 tw no 1928 2371 7.807 

      4320 ui 48 tw no 1370 2788 10.263 

      4326 ui 48 tw no 679 3106 5.188 

      4330 ui 48 tw no 2153 2225 7.807 

      4331 ui 48 tw no 1131 4074 12.611 

      4335 ui 48 tw no 1843 5438 7.807 

      4296 i 72 tw no 2110 2813 10.263 

      4297 i 72 tw no 1263 1877 7.807 

     

79.1 

4304 i 72 tw no 2110 1446 23.473 

      4311 i 72 tw no 667 1.01 7.807 

      4320 i 72 tw no 1446 155 17.094 

     

63.4 

4326 i 72 tw no 135 500 

      

83.2 

4330 i 72 tw no 2080 331 10.263 

     

28.7 

4331 i 72 tw no 1264 2390 12.611 

     

69.1 

4335 i 72 tw no 1583 1373 7.807 

     

32.3 

4296 ui 72 tw no 1486 2525 2.248 

      4297 ui 72 tw no 1286 2414 2.248 

      4304 ui 72 tw no 1596 2480 8.897 

      4311 ui 72 tw no 854 965 7.807 

      4320 ui 72 tw no 1322 3078 17.094 

      4326 ui 72 tw no 621 1999 10.263 

      4330 ui 72 tw no 1637 1686 8.897 

      4331 ui 72 tw no 1301 4140 12.611 

      4335 ui 72 tw no 1886 5139 5.188 
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id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4296 i 24 mix pos 1197 407 10.263 352 

     4297 i 24 mix pos 858 2267 14.882 284 

     4304 i 24 mix pos 1252 1124 12.611 204 

     4311 i 24 mix pos 1230 248 2.248 355 

     4320 i 24 mix pos 

  

7.807 

      4326 i 24 mix pos 528 667 

 

160 

     4330 i 24 mix pos 1911 2350 10.263 227 

     4331 i 24 mix pos 1222 3293 10.263 172 

     4335 i 24 mix pos 1375 2997 10.263 244 

     4296 ui 24 mix pos 1322 316 10.263 340 

     4297 ui 24 mix pos 609 1999 10.263 269 

     4304 ui 24 mix pos 1165 626 21.382 211 

     4311 ui 24 mix pos 1037 1.23 5.188 292 

     4320 ui 24 mix pos 

  

5.188 227 

     4326 ui 24 mix pos 599 461 5.188 143 

     4330 ui 24 mix pos 1715 95.6 10.263 196 

     4331 ui 24 mix pos 1197 2558 5.188 161 

     4335 ui 24 mix pos 1290 1649 2.248 211 

     4296 i 48 mix pos 1554 2187 14.882 300 

     4297 i 48 mix pos 784 1981 7.807 173 

     4304 i 48 mix pos 1625 2393 12.611 196 

     4311 i 48 mix pos 1252 184 2.248 239 

     4320 i 48 mix pos 1499 1144 10.263 188 

     4326 i 48 mix pos 791 1540 

 

101 

     4330 i 48 mix pos 2167 1911 10.263 241 

     4331 i 48 mix pos 1109 3160 14.882 126 

     4335 i 48 mix pos 1359 1966 10.263 211 

     4296 ui 48 mix pos 1625 2414 12.611 311 

     4297 ui 48 mix pos 874 2091 10.263 170 

     4304 ui 48 mix pos 1407 2618 12.611 204 
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id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4311 ui 48 mix pos 1084 311 2.248 241 

     4320 ui 48 mix pos 1582 1981 7.807 168 

     4326 ui 48 mix pos 777 1611 2.248 98 

     4330 ui 48 mix pos 2788 1334 10.263 198 

     4331 ui 48 mix pos 1111 2889 7.807 108 

     4335 ui 48 mix pos 1582 3166 10.263 181 

     4296 i 72 mix pos 1928 2595 14.882 313 0 0 37.0115 0.42 67.4 

4297 i 72 mix pos 890 1963 10.263 136 0 0 57.5671 2.976 92.6 

4304 i 72 mix pos 1762 1176 19.257 160 73.922 0 45.538 8.698 45.7 

4311 i 72 mix pos 1670 5.33 2.248 189 0 0 64.708 2.918 41.1 

4320 i 72 mix pos 1778 890 12.611 133 105.773 0 57.5671 1.334 90.1 

4326 i 72 mix pos 770 1165 2.248 85.1 92.094 0 62.156 10.647 92.2 

4330 i 72 mix pos 2308 523 10.263 163 0 0 62.8405 1.954 38.4 

4331 i 72 mix pos 1033 2267 10.263 87.4 173.908 0 64.2667 7.274 74.6 

4335 i 72 mix pos 1539 1257 12.611 170 65.97 0 66.449 4.472 43 

4296 ui 72 mix pos 1894 3924 5.188 328 0 0 43.7475 4.357 

 4297 ui 72 mix pos 931 1963 5.188 135 0 0 39.3093 1.372 

 4304 ui 72 mix pos 1596 2813 14.882 181 0 0 17.71 4.087 

 4311 ui 72 mix pos 1655 858 6.98 204 92.094 0 39.3093 7.892 

 4320 ui 72 mix pos 1999 3854 2.248 183 0 0 55.663 2.288 

 4326 ui 72 mix pos 866 3078 

 

85.8 122.228 0 52.8115 5.289 

 4330 ui 72 mix pos 2371 2308 7.807 146 70.068 0 50.0645 0.343 

 4331 ui 72 mix pos 955 2032 10.263 84.3 0 0 22.759 4.763 

 4335 ui 72 mix pos 1657 3577 10.263 181 139.483 0 32.4095 1.6 

 4296 i 24 tw pos 1310 437 10.263 352 

     4297 i 24 tw pos 667 2091 5.188 239 

     4304 i 24 tw pos 1382 1370 5.188 209 

     4311 i 24 tw pos 1526 284 7.807 331 

     4320 i 24 tw pos 

  

10.263 222 

     4326 i 24 tw pos 599 567 7.807 119 
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id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4330 i 24 tw pos 1963 1596 5.188 225 

     4331 i 24 tw pos 1204 2845 14.882 129 

     4335 i 24 tw pos 1158 1280 17.094 170 

     4296 ui 24 tw pos 1252 237 10.263 346 

     4297 ui 24 tw pos 813 2110 5.188 223 

     4304 ui 24 tw pos 1346 710 10.263 217 

     4311 ui 24 tw pos 1486 25.9 7.807 284 

     4320 ui 24 tw pos 

  

12.611 217 

     4326 ui 24 tw pos 523 322 12.611 135 

     4330 ui 24 tw pos 1981 193 7.807 215 

     4331 ui 24 tw pos 1061 1820 14.882 142 

     4335 ui 24 tw pos 1523 1991 29.595 172 

     4296 i 48 tw pos 1582 1611 7.807 305 

     4297 i 48 tw pos 858 2227 17.094 179 

     4304 i 48 tw pos 1655 2571 7.807 217 

     4311 i 48 tw pos 1860 4.87 

 

229 

     4320 i 48 tw pos 1794 1700 2.248 184 

     4326 i 48 tw pos 750 1334 10.263 114 

     4330 i 48 tw pos 2473 1509 7.807 205 

     4331 i 48 tw pos 1209 3004 10.263 101 

     4335 i 48 tw pos 1733 1803 5.188 213 

     4296 ui 48 tw pos 1670 2054 10.263 328 

     4297 ui 48 tw pos 898 2072 
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     4304 ui 48 tw pos 1596 2642 5.188 205 

     4311 ui 48 tw pos 1877 661 7.807 225 

     4320 ui 48 tw pos 1747 2288 5.188 198 

     4326 ui 48 tw pos 799 1762 12.611 118 

     4330 ui 48 tw pos 2659 1024 10.263 231 

     4331 ui 48 tw pos 1173 2358 12.611 92 

     4335 ui 48 tw pos 1828 3817 

 

217 
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id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4296 i 72 tw pos 2129 2350 12.611 385 0 0 150.23 4 

 4297 i 72 tw pos 874 2035 5.188 151 0 0 248.581 3.614 90.8 

4304 i 72 tw pos 1860 1655 7.807 178 97.813 0 64.532 4.901 

 4311 i 72 tw pos 1625 1.02 10.263 225 0 0 273.95 1.972 

 4320 i 72 tw pos 1811 1395 12.611 168 0 0 358.375 0.208 64.2 

4326 i 72 tw pos 737 890 17.094 89 141.368 0 288.691 10.379 80.3 

4330 i 72 tw pos 2308 520 10.263 154 0 0 273.95 3.189 28.3 

4331 i 72 tw pos 1055 1944 19.257 96 63.814 0 556.859 6.619 47 

4335 i 72 tw pos 1722 1711 12.611 191 73.922 0 250.382 1.167 25.9 

4296 ui 72 tw pos 2035 3398 7.2475 414 0 0 525.867 2.606 

 4297 ui 72 tw pos 939 2017 7.2475 147 48.719 0 82.52 2.374 

 4304 ui 72 tw pos 1762 2916 2.248 191 0 0 262.806 2.177 

 4311 ui 72 tw pos 1731 1027 5.188 215 0 0 29.129 0.121 

 4320 ui 72 tw pos 2035 2969 10.263 193 103.193 0 410.643 7.627 

 4326 ui 72 tw pos 843 2666 

 

106 101.879 0 159.529 0.624 

 4330 ui 72 tw pos 2546 1660 17.094 151 0 0 339.08 2.682 

 4331 ui 72 tw pos 1012 2025 7.2475 84 103.193 0 398.46 3.944 

 4335 ui 72 tw pos 1800 4136 10.263 205 120.024 0 157.217 2.7693 

 4296 i 72 mix posnomdm 

   

316 0 0 495.481 0.12275 

 4297 i 72 mix posnomdm 

   

229 74.765 0 265.119 0.491 

 4304 i 72 mix posnomdm 

   

322 75.721 0 293.094 0.158 

 4311 i 72 mix posnomdm 

   

284 52.34 0 410.22 0.036 

 4320 i 72 mix posnomdm 

   

248 52.34 0 293.094 0.697 

 4326 i 72 mix posnomdm 

   

146 75.555 0 372.493 0.2935 

 4330 i 72 mix posnomdm 

   

86.6 0 0 293.094 0 

 4331 i 72 mix posnomdm 

   

271 15.124 0 137.372 0.00535 

 4335 i 72 mix posnomdm 

   

191 125.229 0 77.877 0 

 4296 ui 72 mix posnomdm 

   

319 0 0 235.175 0.19305 

 4297 ui 72 mix posnomdm 

   

255 0.21 0 235.175 0 

 4304 ui 72 mix posnomdm 

   

343 0.33 0 329.953 0.21 
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id inf tpi cs gd mhc1 mhc2 nit cd25 il4 il10 ifn il17 deadperc 

4311 ui 72 mix posnomdm 

   

292 0.19305 0 380.577 0 

 4320 ui 72 mix posnomdm 

   

257 0 0 235.175 0 

 4326 ui 72 mix posnomdm 

   

175 0 0 37.893 0.33 

 4330 ui 72 mix posnomdm 

   

340 0 0 239.011 0 

 4331 ui 72 mix posnomdm 

   

213 0.3815 0 86.941 0.3815 

 4335 ui 72 mix posnomdm 

   

229 0.6235 0 336.676 0.6235 

 4296 i 72 tw posnomdm 

   

319 

     4297 i 72 tw posnomdm 

   

147 

     4304 i 72 tw posnomdm 

   

267 

     4311 i 72 tw posnomdm 

   

205 

     4320 i 72 tw posnomdm 

   

151 

     4326 i 72 tw posnomdm 

   

97.3 

     4330 i 72 tw posnomdm 

   

196 

     4331 i 72 tw posnomdm 

   

139 

     4335 i 72 tw posnomdm 

   

181 

     4296 ui 72 tw posnomdm 

   

300 

     4297 ui 72 tw posnomdm 

   

163 

     4304 ui 72 tw posnomdm 

   

205 

     4311 ui 72 tw posnomdm 

   

229 

     4320 ui 72 tw posnomdm 

   

178 

     4326 ui 72 tw posnomdm 

   

91.4 

     4330 ui 72 tw posnomdm 

   

219 

     4331 ui 72 tw posnomdm 

         4335 ui 72 tw posnomdm 

   

189 
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APPENDIX C: RAW DATA CHAPTER 3 

 Percentage of circulating γδ T lymphocytes in calves, heifers and cows. 

 Percentage WC1
+
 and WC1

neg 
γδ T lymphocytes in calves, heifers and cows. 

 

age pbmc wc1pos wc1neg 

cal 47.2 38.3 8.9 

cal 48.3 39.6 8.7 

cal 45.3 36.8 8.6 

cal 56 47.6 8.4 

cal 38.3 28 10.3 

cal 44.2 37.3 6.9 

cal 42.9 31.6 11.3 

cal 39.4 30.2 9.2 

cal 38.5 31.7 6.8 

cal 52.7 45.8 6.9 

heif 20.55 11 9.55 

heif 36.59 26.9 9.69 

heif 45.91 41.47 4.44 

heif 19.4 12.4 7 

heif 12.48 8.64 3.84 

heif 31.44 24.5 6.94 

heif 38.43 30 8.43 

heif 20.26 12.9 7.36 

heif 21.23 14.1 7.13 

heif 27.64 18.3 9.34 

cow 10.34 4.63 5.71 

cow 6.03 3.3 2.73 

cow 12.19 5.37 6.82 

cow 10.68 5.93 4.75 

cow 10.47 5.75 4.72 

cow 5.41 3.55 1.86 

cow 6.53 4.43 2.1 

cow 9.58 4.86 4.72 

cow 8.83 6.22 2.61 

cow 6.93 4.2 2.73 
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 Expression of CD25, MHC-I, MHC-II and CD1b on WC1
+ 

and WC1
neg

 γδ T lymphocytes. 

 Expression of CD11c, CD11b, CD1b and MHC-II on MDMs. 

 Concentration of nitrites, IL-4, IFN-γ and IL-17A in cell culture supernatants. 

 Map viability. 

 

id cs inf gd 
gd 

cd25 

gd 

mhc1 

gd 

mhc2 

gd 

cd1b 

mdm 

mhc2 

mdm 

cd11c 

mdm 

cd11b 

mdm 

cd1b 
nit il4 ifng il17 viab 

4512 mix inf neg 

        

16.175 

 

46.205 0.015 

 4512 mix inf neg 

        

15.124 

 

25.894 0.044 

 4513 mix inf neg 687.5 13189.5 22.45 111.5 1104 261573 35507 9751 14.073 36.338 19.786 0.138 20.6 

4514 mix inf neg 

        

16.175 

 

61.04 

 

12.84 

4516 mix inf neg 221 8524 19.3 79.6 149 177977 5976 1552 16.701 0 4.49 0.073 18 

4517 mix inf neg 707 16576.5 18.65 56.5 540 261573 8973 3910 

    

11.3 

4518 mix inf neg 325 14449 25.7 104 552 63977 2911 8411 16.175 0 15.985 0.122 15.9 

4519 mix inf neg 624 14483 25.7 95.1 742 78540 3332 9322 16.701 10.056 19.689 0.019 1.03 

4520 mix inf neg 381 13941 23.75 88 831 95535 4893 8355 16.701 23.1848 21.273 0 10 

4521 mix inf neg 225 6240 41.1 182 

    

16.701 0 0 0.072 13.1 

4513 tw inf neg 398 14252.5 27.6 134 952 261573 26072 8318 15.912 111.838 19.785 0 29.3 

4514 tw inf neg 

        

16.963 

 

31.055 0.255 22.72 

4516 tw inf neg 228 8913 20.5 82.2 140 153516 6028 1547 16.438 2.37 6.34 0 10 

4517 tw inf neg 670.5 16928.5 18.65 57.15 444 261573 10179 2609 16.175 16.585 17.965 0.086 20.4 

4518 tw inf neg 312 13606 24.4 162 282 261573 17125 2373 16.438 40.447 9.254 0.039 35.7 

4519 tw inf neg 772 16458 29.5 86.1 156 261573 23706 2040 16.438 0 84.6 0.108 28.3 

4520 tw inf neg 392.5 14962.5 35.9 100.4 897 77396 2319 2888 14.599 25.427 20.75 0 2.81 

4521 tw inf neg 178 7714 33.4 138 

    

13.548 0 0 0.014 32.6 

4512 mix ui neg 

        

15.912 

 

1.321 0.162 

 4513 mix ui neg 653 12698 20.5 113 779 259641 8639 7529 14.599 

 

15.437 0.074 

 4514 mix ui neg 

        

15.912 

 

18.535 0 
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id cs inf gd 
gd 

cd25 

gd 

mhc1 

gd 

mhc2 

gd 

cd1b 

mdm 

mhc2 

mdm 

cd11c 

mdm 

cd11b 

mdm 

cd1b 
nit il4 ifng il17 viab 

4516 mix ui neg 259 10087 19.3 75.8 166 145780 3839 1699 16.175 0 4.39 0 

 4517 mix ui neg 617 15709 16.7 52.6 337 261573 14021 4150 14.336 23.991 21.798 0 

 4518 mix ui neg 287 14184 27 120 463 51024 1718 8600 16.175 3.656 10.188 0 

 4519 mix ui neg 676 16196 27 88.7 810 82075 3532 10364 16.438 11.171 21.274 0.012 

 4520 mix ui neg 

             4521 mix ui neg 344 13144 28.2 127 1183 259641 6363 7189 16.175 18.421 3.118 0 

 4513 tw ui neg 457 15527 25.7 103 695 261573 28207 7579 16.65 

 

17.918 0 

 4514 tw ui neg 

        

16.701 

 

23.115 0.04 

 4516 tw ui neg 211 9513 19.3 89.9 135 250195 8697 1544 16.175 0 4.291 0.001 

 4517 tw ui neg 642 15930 21.8 62.9 164 261573 12073 1448 16.438 18.727 19.628 0 

 4518 tw ui neg 329 13764 25.7 111 199 261573 22027 2006 16.175 0 9.559 0.018 

 4519 tw ui neg 

             4520 tw ui neg 

             4521 tw ui neg 448 13638 34.7 144 565 260283 10364 4682 13.022 0 0 0 

 4512 cul inf no 

        

16.5695 

 

0 0.011 

 4513 cul inf no 

    

971.3 261573 37256.67 8943 16.3065 

 

1.696 0 48.2 

4514 cul inf no 

        

14.5985 

 

0 0.0255 43.3 

4516 cul inf no 

    

146.33 201489 6586.3 1595 16.175 0 3.268 0 33.5 

4517 cul inf no 

    

465.33 261573 12810.67 2812 16.832 28.562 2.7425 0 31.8 

4518 cul inf no 

    

224 261573 17360.3 1958.3 16.438 0 0.4165 0.038 44.4 

4519 cul inf no 

    

157 261573 20300 1966.67 13.9415 11.6685 1.3335 0.035 29.5 

4520 cul inf no 

    

775 69284.67 1906.67 3333 16.175 16.9645 2.021 0 38.15 

4521 cul inf no 

    

1048.67 171047.7 3673.67 3412.67 16.175 0 0 0.0335 36.4 

4512 cul ui no 

        

14.5985 

 

0.329 0.062 

 4513 cul ui no 

    

538.67 179486 24373.67 6185.67 16.175 

 

2.283 0 

 4514 cul ui no 

        

14.2045 

 

0.265 0 

 4516 cul ui no 

    

144 221772 8394 1716 16.701 0 4.94 0.005 

 4517 cul ui no 

    

156 261573 11861.7 1547.3 16.701 40.386 3.442 0.123 

 4518 cul ui no 

    

208.33 261573 22133.67 1964.67 15.781 0 0.644 0 
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id cs inf gd 
gd 

cd25 

gd 

mhc1 

gd 

mhc2 

gd 

cd1b 

mdm 

mhc2 

mdm 

cd11c 

mdm 

cd11b 

mdm 

cd1b 
nit il4 ifng il17 viab 

4519 cul ui no 

    

154.33 261573 17168.33 1984.33 15.781 11.521 2.195 0.0795 

 4520 cul ui no 

    

726.67 88208.33 2240 3164.3 16.438 16.6 3.393 0 

 4521 cul ui no 

    

554.67 260499 11872 4307.33 16.175 17.329 2.246 0 

 4513 cul inf oneg 580 10602 27 108 

    

16.438 51.44 18.095 0.0045 

 4514 cul inf oneg 

        

16.438 

 

2.22 0 

 4516 cul inf oneg 208 9259 18 73.2 

    

15.65 0 1.121 0.028 

 4517 cul inf oneg 639 15312 21.8 65.5 

    

16.701 17.276 17.94 0.051 

 4518 cul inf oneg 324 14449 25.7 100 

    

14.559 26.583 44.48 0.177 

 4519 cul inf oneg 

             4520 cul inf oneg 359 14119 30.8 92.5 

    

16.175 29.416 28.273 0 

 4521 cul inf oneg 

             4513 cul ui oneg 562 11248 28.2 109 

    

16.438 

 

24.196 0 

 4514 cul ui oneg 

        

16.438 

 

3.468 0 

 4516 cul ui oneg 200 9664 20.5 86.1 

    

16.175 0 

 

0 

 4517 cul ui oneg 631 15491 20.5 70.6 

    

16.701 18.079 22.824 0 

 4518 cul ui oneg 465 12524 20.5 147 

    

14.861 15.562 12.802 0 

 4519 cul ui oneg 

             4520 cul ui oneg 

        

15.913 17.8 30.943 0 

 4521 cul ui oneg 261 11881 33.4 157 

    

15.65 0 0 0 

 4512 cul inf opos 

        

16.175 

 

0 0 

 4513 cul inf opos 755 9513 18 149 

    

16.438 32.022 10.264 0.004 

 4514 cul inf opos 

        

16.438 

 

1.096 0.033 

 4516 cul inf opos 354 8993 16.7 118 

    

15.387 6.945 6.089 0.001 

 4517 cul inf opos 743 14449 18 84.8 

    

16.438 17.763 21.614 0.078 

 4518 cul inf opos 464 12786 21.8 171 

    

14.559 25.445 5.039 0.1 

 4519 cul inf opos 980 13388 19.3 168 

    

16.175 10.08 7.342 0.014 

 4520 cul inf opos 644 12240 20.5 139 

    

15.124 30.393 8.046 0.008 

 4521 cul inf opos 580 11455 24.4 222 

    

15.65 0 0.086 0.038 

 4512 cul ui opos 

        

16.701 

 

0.008 0 
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id cs inf gd 
gd 

cd25 

gd 

mhc1 

gd 

mhc2 

gd 

cd1b 

mdm 

mhc2 

mdm 

cd11c 

mdm 

cd11b 

mdm 

cd1b 
nit il4 ifng il17 viab 

4513 cul ui opos 779 10248 19.3 157 

    

15.65 

 

11.1 0 

 4514 cul ui opos 

        

16.438 

 

0.82 0 

 4516 cul ui opos 341 9406 16.7 109 

    

15.387 0 5.589 0 

 4517 cul ui opos 732 14995 19.3 77.1 

    

16.701 22.29 23.535 0 

 4518 cul ui opos 308 13828 23.1 112 

    

14.336 53.303 3.717 0 

 4519 cul ui opos 906 13419 19.3 158 

    

16.701 14.539 5.214 

  4520 cul ui opos 676 12296 20.5 139 

    

15.387 20.848 7.82 0.036 

 4521 cul ui opos 614 11171 20.5 207 

    

16.701 0 0 0 

 4512 mix inf pos 

        

14.336 

 

10.037 0.139 

 4513 mix inf pos 780 11482 17.35 118.615 833 55958 1939 5404 16.438 

 

21.477 0.028 17.9 

4514 mix inf pos 

        

15.65 

 

6.565 0.018 14 

4516 mix inf pos 317 8262 16.7 97.7 127 104099 2644 1307 14.073 0 5.395 0 9.25 

4517 mix inf pos 877 17029 16.7 55.85 580 261573 12101 8794 16.963 19.64 39.332 0.063 12 

4518 mix inf pos 488 12268 23.1 191 221 212045 6067 1652 16.175 4.072 5.392 0.081 

 4519 mix inf pos 871 13114 19.3 173 502 37079 1693 2951 15.387 8.946 4.166 0.061 5.87 

4520 mix inf pos 538.5 12059.5 16.05 97.7 875 83086 3010 5291 16.438 114.687 6.415 0 9.47 

4521 mix inf pos 480.5 13952 19.9 141 1218 160476 3671 3259 16.438 0 0 0.016 17.3 

4512 tw inf pos 

        

16.175 

 

24.169 0 

 4513 tw inf pos 835 10700.5 18 145.5 972 261573 26573 8226 15.912 69.779 9.406 0.163 16.9 

4514 tw inf pos 

        

16.438 

 

0.795 0.2 23.3 

4516 tw inf pos 325 8854 16.7 99 143 228346 6446 1541 14.073 0 4.64 0 22.5 

4517 tw inf pos 743.5 16431 16.7 62.3 450 261573 10110 2604 15.65 15.877 23.693 0.06 19.7 

4518 tw inf pos 406 12156 21.8 146 293 245906 13419 2068 16.438 7.378 7.055 0.052 22.2 

4519 tw inf pos 835 12786 16.7 158 153 261573 22608 2029 15.912 8.575 5.692 0.175 34.5 

4520 tw inf pos 506 13388 17.35 104.5 37.4 87469 2849 3319 16.438 19.331 7.418 0 7.72 

4521 tw inf pos 399 12327 17.35 130.5 920 164074 3518 3120 16.701 0 0 0.127 31 

4512 mix ui pos 

        

15.65 

 

4.515 0 

 4513 mix ui pos 796 11171 16.7 121 600 43064 956 4509 16.175 

 

9.582 0 

 4514 mix ui pos 

        

15.65 

 

2.046 0 
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id cs inf gd 
gd 

cd25 

gd 

mhc1 

gd 

mhc2 

gd 

cd1b 

mdm 

mhc2 

mdm 

cd11c 

mdm 

cd11b 

mdm 

cd1b 
nit il4 ifng il17 viab 

4516 mix ui pos 948 9218 15.4 97.7 139 100091 3359 1407 16.438 0 6.756 0.003 

 4517 mix ui pos 730 15819 16.7 59.1 309 261573 15636 9449 16.701 22.004 34.378 0 

 4518 mix ui pos 507 13023 24.4 173 194 99358 2044 1636 16.438 0 4.465 0 

 4519 mix ui pos 970 14054 19.3 192 244 74065 3379 1699 16.438 13.874 5.539 0.027 

 4520 mix ui pos 559 12640 19.3 109 910 125156 3855 4662 16.438 16.845 7.945 0 

 4521 mix ui pos 555 13892 19.3 151 1016 253931 5640 8486 16.438 29.087 2.27 0 

 4512 tw ui pos 

        

16.438 

 

0 0.12 

 4513 tw ui pos 880 11403 18 143 695 261573 30088 7921 14.336 

 

8.272 0.009 

 4514 tw ui pos 

        

16.438 

 

0.669 0 

 4516 tw ui pos 329 9599 16.7 100 127 249578 8913 1473 16.701 0 4.515 0.166 

 4517 tw ui pos 767 16691 18 71.9 171 261573 12296 1481 16.175 19.591 24.513 0 

 4518 tw ui pos 407 11936 19.3 142 191 261573 15491 1781 16.438 

  

0.011 

 4519 tw ui pos 830 14416 18 165 156 261573 24104 2040 16.175 10.299 10.113 0 

 4520 tw ui pos 521 13357 18 103 606 73166 2099 3319 14.861 19.948 6.365 0 

 4521 tw ui pos 460 12438 18 130 500 259000 5837 4024 16.175 14.569 2.769 0 
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 Map viability of bacteria recovered from MDMs after adding known concentrations of 

IFN-γ. 

id ifng viab 

4681 500 0.393 

4681 250 0.352 

4681 125 0.235 

4681 62.5 0.289 

4681 31.25 0.317 

4681 15.625 0.226 

4681 7.8125 0.366 

4681 0 0.223 

4682 500 0.261 

4682 250 0.166 

4682 125 0.174 

4682 62.5 0.334 

4682 31.25 0.31 

4682 15.625 0.322 

4682 7.8125 0.169 

4682 0 0.315 

4683 500 0.357 

4683 250 0.251 

4683 125 0.418 

4683 62.5 0.369 

4683 31.25 0.356 

4683 15.625 0.347 

4683 7.8125 0.338 

4683 0 0.12 

4684 500 0.34 

4684 250 0.446 

4684 125 0.258 

4684 62.5 0.127 

4684 31.25 0.141 

4684 15.625 0.147 

4684 7.8125 0.684 

4684 0 0.135 

4685 500 0.406 

4685 250 0.26 

4685 125 0.353 

4685 62.5 0.346 

4685 31.25 0.339 

4685 15.625 0.286 



201 

 

4685 7.8125 0.288 

4685 0 0.274 
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APPENDIX D: RAW DATA CHAPTER 4 

 

 Expression of CD11b, CD205, CD163, CD1b, CD14, CD172a and CD11c; DQ-OVA assay on monocytes, MDMs, 

MDDCs, dMonWC
1+

 and dMonW1
neg

. 

 

id cell cs inf cd11b cd205 cd163 cd1b cd14 cd172a cd11c dqova 

4615 dc no lps 62284 5604 3214 939 3352 24218 20280 

 4616 dc no lps 54614 33759 3393 733 9156 36812 28683 

 4617 dc no lps 47099 6987 2052 1512 35167 26447 25641 

 4619 dc no lps 59035 7957 2629 1633 10064 27806 18030 

 4621 dc no lps 57336 3902 1297 753 200840 33276 13892 

 4629 dc no lps 44548 5849 2305 1335 55552 32879 49921 

 4637 dc no lps 64133 4490 1099 1152 137418 38723 14184 

 4616 monneg mix map 123324 62894 6186 1470 52405 67338 22027 

 4617 monneg mix map 94603 7765 2136 1658 30305 44333 12640 

 4619 monneg mix map 82478 7317 2076 1317 29730 27541 8639 

 4621 monneg mix map 93680 5393 2021 1209 51024 26828 10041 

 4629 monneg mix map 96357 17958 2796 1536 41186 41098 14798 

 4634 monneg mix map 96336 18157 2817 1597 41258 41168 14701 

 4637 monneg mix map 87683 6881 1652 1998 42547 39765 20280 

 4616 monpos mix map 129222 61530 6200 1467 52916 65556 26828 

 4617 monpos mix map 103082 8524 2210 1870 30670 44764 19301 

 4619 monpos mix map 71750 6926 1639 1099 39478 27806 14584 

 4621 monpos mix map 103335 5725 2244 1501 65078 25519 17367 

 4629 monpos mix map 102326 6851 1722 1860 36635 40150 23989 

 4634 monpos mix map 100254 16025 2576 1617 47254 41156 21547 

 4637 monpos mix map 91188 6631 1429 1920 57616 42857 24566 

 4615 dc no map 98871 5799 4924 753 12757 19075 15893 

 4616 dc no map 63977 30523 2865 636 5964 31716 22448 
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id cell cs inf cd11b cd205 cd163 cd1b cd14 cd172a cd11c dqova 

4617 dc no map 69678 4791 1101 1877 16769 27673 16691 

 4619 dc no map 31114 4425 1392 1138 6718 19854 11095 

 4621 dc no map 57336 3010 933 663 121817 20569 8318 

 4629 dc no map 72987 6335 1957 1244 40442 33678 53824 

 4637 dc no map 47214 3393 833 1022 64289 24046 13450 

 4615 mdm no map 110959 8355 11854 1489 40150 26828 19854 

 4616 mdm no map 128904 54350 4801 810 46084 60490 15491 

 4617 mdm no map 117409 8854 2419 1350 32486 45443 8226 

 4621 mdm no map 132765 6733 2750 1119 71401 25277 10675 

 4629 mdm no map 106947 6866 1877 1397 33356 38259 17654 

 4634 mdm no map 115429 8524 4135 1265 42658 40352 13424 

 4637 mdm no map 95535 6588 1484 1558 32253 45750 11719 

 4616 monneg mix ui 151637 53174 5213 882 55282 63356 11248 22705 

4616 monneg mix ui 57756 4955 7049 950 24566 24624 7463 

 4617 monneg mix ui 103335 8063 2128 1917 30891 45419 15819 10530 

4619 monneg mix ui 89418 7904 2033 1434 37438 29097 10723 19075 

4621 monneg mix ui 110959 6041 2297 1386 67174 25641 11070 29236 

4629 monneg mix ui 95535 6404 1839 1627 34663 35507 13419 32253 

4634 monneg mix ui 105268 14758 2548 1517 44585 38154 14156 22687 

4637 monneg mix ui 80879 6703 1591 1867 41934 30088 22502 22395 

4616 monpos mix ui 141189 47214 4852 1285 59758 51772 25337 28224 

4616 monpos mix ui 70019 5713 8135 912 26134 27021 14383 

 4617 monpos mix ui 121518 9156 2152 1798 31263 49439 19854 12553 

4619 monpos mix ui 98388 8244 2080 1350 34167 29236 9974 55687 

4621 monpos mix ui 110959 6377 2414 1379 62894 22987 17165 24334 

4629 monpos mix ui 103843 6432 1582 1541 34663 36990 21360 31489 

4634 monpos mix ui 111654 14165 2485 1627 43526 38241 20587 28254 

4637 monpos mix ui 94140 7414 1853 2419 36023 38075 30088 17045 

4616 dc no ui 99602 43906 3366 777 18589 43064 16808 4761 

4617 dc no ui 87041 5925 1125 2202 10602 35421 15312 14184 
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id cell cs inf cd11b cd205 cd163 cd1b cd14 cd172a cd11c dqova 

4619 dc no ui 40442 5268 1130 1136 4082 19584 8467 40150 

4621 dc no ui 58038 3010 722 564 99602 19854 6777 5799 

4629 dc no ui 74065 5393 1567 1049 71053 29659 37258 13388 

4634 dc no ui 68345 11156 1458 1128 45687 28541 16458 21587 

4637 dc no ui 50900 3359 710 901 67833 22342 14316 52024 

4615 idc no ui 67010 11827 3785 639 1832 32879 22932 5964 

4616 idc no ui 57476 5393 2877 779 6851 25641 11507 6824 

4617 idc no ui 62894 5180 1337 1097 6631 18158 6107 8318 

4619 idc no ui 52788 4986 1376 895 21110 24624 5812 8639 

4621 idc no ui 57187 4290 1161 755 44548 23763 4791 29027 

4615 mdm no ui 100337 17165 117773 745 30377 33116 19211 51647 

4616 mdm no ui 135072 62894 5874 1108 48489 66684 21923 

 4616 mdm no ui 80288 5976 7463 788 27085 24978 8171 

 4617 mdm no ui 116546 9034 2017 1312 31489 50777 11403 15135 

4619 mdm no ui 100091 8010 2509 1273 32721 31039 4721 53174 

4621 mdm no ui 123021 6689 2480 1067 53824 22716 8543 32486 

4621 mdm no ui 74793 4254 1588 760 43064 24046 2164 

 4629 mdm no ui 99846 5812 1415 1251 31414 35764 18158 35336 

4634 mdm no ui 110648 16524 2623 1326 32564 40686 15426 32367 

4637 mdm no ui 89200 6559 1475 1924 29944 37169 27739 25641 

4616 mon no ui 12553 529 391 64.2 4913 9839 2262 521 

4617 mon no ui 14754 984 171 30.8 5640 10459 4692 2099 

4619 mon no ui 18545 755 248 46.2 6588 3406 5824 308 

4621 mon no ui 18286 409 188 82.2 8208 3731 3132 487 

4629 mon no ui 15584 664 212 71 5736 7268 4492 724 

4634 mon no ui 17246 585 158 70.6 4389 5202 6836 402 

4637 mon no ui 12073 715 127 120 4672 10920 4185 521 

 

 



205 

 

 Map viability on MDMs, MDDCs, dMonWC
1+

 and dMonW1
neg

. 

id cell viab 

4616 dc 36.1 

4617 dc 43.1 

4619 dc 23.3 

4621 dc 15.8 

4629 dc 79.9 

4634 dc 51 

4637 dc 83.7 

4616 mdm 19.5 

4617 mdm 40.7 

4619 mdm 28.7 

4621 mdm 47.1 

4629 mdm 50.4 

4634 mdm 37.2 

4637 mdm 46.9 

4616 monneg 7.35 

4617 monneg 29.4 

4619 monneg 6.56 

4621 monneg 39.9 

4629 monneg 16.5 

4634 monneg 20.9 

4637 monneg 29.5 

4616 monpos 26.6 

4617 monpos 29 

4619 monpos 19.6 

4621 monpos 65.5 

4629 monpos 58 

4634 monpos 41.6 

4637 monpos 46.1 
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 Expression of CD80, CD86, MHC-I and MHC-II; and DQ-OVA on iMDDC, mMDDC, 

iMDDC+WC1
+
 and iMDDC+WC1

neg
 

id cell cs inf cd80 cd86 mhc1 mhc2 dqova 

4615 dc no lps 25519 1026 16926 64133 14283 

4616 dc no lps 76269 2021 43378 77776 4116 

4617 dc no lps 84729 2206 54881 127329 2391 

4619 dc no lps 26384 1327 10202 70362 9996 

4621 dc no lps 44333 1244 11908 43588 7205 

4629 dc no lps 49680 1655 24392 105384 6573 

4637 dc no lps 22237 1541 22608 19901 15491 

4616 dcneg mix map 21360 1462 36110 147949 3975 

4617 dcneg mix map 21260 1232 31189 161666 8973 

4621 dcneg mix map 19854 1195 10821 168583 11800 

4629 dcneg mix map 16587 1305 28147 11548 7851 

4634 dcneg mix map 18706 1298 24258 140895 9634 

4637 dcneg mix map 12353 1295 19031 86829 13732 

4616 dcpos mix map 18115 1358 18286 56505 4672 

4617 dcpos mix map 7904 1038 15206 78925 8318 

4619 dcpos mix map 22132 1218 7446 132765 14516 

4621 dcpos mix map 11963 908 7904 74976 12757 

4629 dcpos mix map 30232 1718 21512 79896 11746 

4634 dcpos mix map 16854 1258 14314 85065 10987 

4637 dcpos mix map 10650 1358 15135 87255 13606 

4615 dc no map 10064 875 11963 45972 10459 

4616 dc no map 15065 943 14550 42239 4398 

4617 dc no map 7579 1055 16382 66360 11800 

4619 dc no map 17820 1278 9115 80879 26573 

4621 dc no map 15563 964 8262 73524 11534 

4629 dc no map 24742 1292 15893 36990 14995 

4637 dc no map 12757 1332 14926 47558 20042 

4616 dcneg mix ui 18852 1298 15582 116024 11023 

4617 dcneg mix ui 10506 1159 20424 91188 3554 

4619 dcneg mix ui 30817 1143 8189 152386 9974 

4621 dcneg mix ui 14383 976 9364 114841 10459 

4629 dcneg mix ui 29236 1526 21512 101825 10530 

4634 dcneg mix ui 18697 1204 15001 114989 10985 

4637 dcneg mix ui 8736 1405 18372 119739 19120 

4616 dcpos mix ui 15920 1180 11679 92058 10025 

4617 dcpos mix ui 7939 998 12845 61982 4852 

4619 dcpos mix ui 24919 1355 6160 142235 8505 
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id cell cs inf cd80 cd86 mhc1 mhc2 dqova 

4621 dcpos mix ui 15171 952 7237 85144 7126 

4629 dcpos mix ui 24046 1386 18633 78348 10412 

4634 dcpos mix ui 16087 1098 11458 90845 10458 

4637 dcpos mix ui 7562 1254 13296 87898 20617 

4616 dc no ui 13517 1125 15661 59410 18085 

4617 dc no ui 8736 1168 15819 76831 4751 

4619 dc no ui 19392 1074 6432 67503 17531 

4621 dc no ui 11146 833 6377 71226 16808 

4629 dc no ui 21210 1263 41686 46195 10970 

4634 dc no ui 11258 986 6401 70998 16798 

4637 dc no ui 7095 1159 8010 35336 40442 

 

 

 

 


