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Summary 
Bovine mastitis is one of the most common and costly diseases in dairy industry. Despite the 

intensive research and the development of various control strategies over the decades, the reduction in 

the prevalence of mastitis is not satisfactory. The control of bovine mastitis relies on both antimicrobial 

and non-antimicrobial strategies. Nowadays, nutritional strategies are often used to reduce the disease 

susceptibility of dairy cows, and many nutrients are found to interact with immune system. Among 

those, vitamin D has been reported to have immunomodulatory effects in the presence or absence of 

infection, and thus is considered have the potential in reducing infectious disease as a non-

antimicrobial substance. Furthermore, there are 2 common forms of vitamin D, vitamin D2 and vitamin 

D3, and both of them were reported to have immunomodulatory effects. However, it is not known if D2 

and D3 compounds have equal potential to regulate host defence. On the other hand, although 

antimicrobials have several limitations such as low treatment efficacy and the problems associated with 

antimicrobial resistance, they are irreplaceable in mastitis treatment. Therefore, the search of new 

alternatives is urgent and necessary. Thus the aim of this PhD thesis was to investigate the potential 

biological effect of vitamin D (both D2 and D3 compounds) as a new prevention strategy, and the 

possibility of PMC-NM as a new therapy for bovine mastitis. 

First, in manuscript I, the effects of vitamin D on bovine mammary epithelial cell proliferation 

and Staphylococcus aureus (S. aureus) invasion were investigated in vitro, and the differences between 

D2 and D3 compounds were compared. The results showed that vitamin D inhibit MAC-T cell viability 

and S. aureus growth in vitro, and reduce S. aureus adhesion and invasion to MAC-T cells. Vitamin D 

only induced the expression of CYP24A1, a hydroxylase responsible for deactivate vitamin D 

compounds. S. aureus invasion reduced expression of all tested genes, but pre-treatment of vitamin D 

did not attenuate this S. aureus-induced reduction. D2 and D3 compounds differ in their ability of 

inhibiting MAC-T cell viability, and S. aureus adhesion and invasion. This experiment suggests that 

although vitamin D forms present differences, both D2 and D3 compounds may be potential in the 

defense against bacterial infection. In addition, in order to further study invasion of S. aureus, a 

measure of extracellular and intracellular S. aureus was performed simultaneously, and in this context, 

a preliminary flow cytometry method was developed. Multiple factors have been considered and the 

flow cytometry protocol was modified accordingly. Intracellular S. aureus was successfully labelled 

with single green fluorescence, while extracellular S. aureus was labelled with green and red 
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fluorescence. The comparison of the flow cytometry results with those obtained in a conventional 

antibiotic protection assay indicated that this flow cytometry approach can be used to study S. aureus 

adhesion and invasion. However, due to the difficulty in dealing with a large number of samples at the 

same time, this flow cytometry approach was not used in the final invasion analysis. Then in 

manuscript II, the possible beneficial effect of vitamin D repletion on certain immune parameters of 

healthy dairy cows was investigated. The results showed that dietary vitamin D2 or D3 supplementation 

and sunlight exposure can increase plasma 25(OH)D levels of vitamin D depleted dairy cows from 

deficient to normal range. However, the tested immune parameters did not change in response to 

vitamin D repletion or difference in vitamin D sources, and the variations of plasma 25(OH)D 

concentrations do not correlate with the levels of these immune parameters. In the end, in manuscript 

III, the antibacterial activity of a new antimicrobial, Pheromonicin-NM (PMC-NM) was tested, and its 

effect on immune responses of Escherichia coli (E. coli)-challenged bovine mammary epithelial cells 

was investigated. The results showed that PMC-NM had a rapid bactericidal activity against E. coli. 

This rapid bactericidal activity may contribute to the enhancement of pathogen elimination at early 

phase of infection, as well as the prevention of excessive inflammatory responses and cell damage at 

later phase. Thus PMC-NM may be valuable as a new treatment strategy for bovine mastitis.  

In conclusion, both D2 and D3 compounds exhibited an ability to reduce S. aureus invasion in 

vitro, and the results suggest their potentially effect in regulating host defence against infection. 

Although they did not influence the tested immune parameters in healthy dairy cows, it does not 

exclude the potential benefits of vitamin D supplementation, nor question the influence of vitamin D on 

the immune system during infection. Further studies are required to investigate the effects of vitamin D 

after challenge of the immune system in relation to bovine mastitis. Additionally, PMC-NM appears to 

be an ideal antimicrobial against mastitis pathogen, thus studies using a combination of vitamin D and 

PMC-NM may lead to a new mastitis control strategy. Lastly, although the developed flow cytometry 

approach was not used in the final analysis in this PhD project, it can provide an estimation of 

intracellular bacteria, and may be an applicable approach in other studies concerning bacterial 

invasions.  

 

  

http://www.cdc.gov/ecoli/
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Resumé (Danish summary) 
Mastitis hos kvæg er én af de hyppigst forekommende og omkostningstunge sygdomme i 

mælkeindustrien. På trods af årtiers intensiv forskning og udvikling af forskellige kontrolstrategier er 

begrænsning af udbredelsen af mastitis ikke tilfredsstillende. Kontrol af mastitis hos kvæg sker på 

baggrund af både antimikrobielle og ikke-antimikrobielle strategier. I dag bliver fodringsstrategier ofte 

brugt til at reducere malkekøers sygdomsmodtagelighed, og mange næringsstoffer kan påvirke 

immunsystemet. Heriblandt er D-vitamin, der angives at have en immunmodulerende effekt både med 

og uden infektion, og derfor menes at have potentiale til at kunne reducere smitsomme sygdomme som 

en ikke-antimikrobiel substans. Der er endvidere to almindelige typer af D-vitamin, vitamin D2 og 

vitamin D3, hvoraf begge angives at have immunmodulerende effekt. Det vides dog ikke, om D2- og 

D3-sammensætninger har samme potentiale forl at regulere værtens forsvar. Selvom antimikrobielle 

midler har flere begrænsninger så som lav behandlingseffekt og problemer ifm. antimikrobiel 

modstandsdygtighed, er det uerstatteligt i behandlingen af mastitis. Derfor haster det og er nødvendigt 

at finde nye alternativer. Målet for denne ph.d.-afhandling var derfor at undersøge den potentielle 

biologiske effekt af D-vitamin (både D2- og D3-sammensætninger) som en ny forebyggelsesstrategi 

samt muligheden for PMC-NM som en ny behandling af mastitis hos kvæg.  

I manuskript I blev effekten af D-vitamin på proliferering af yverepitel celler hos kvæg og 

Staphylococcus aureus (S. aureus) invasion undersøgt in vitro, og forskellene mellem D2- og D3-former  

blev sammenlignet. Resultatet viste, at D-vitamin hæmmer MAC-T-cellelevedygtighed og S. aureus-

vækst in vitro og reducerer S. aureus-sammenvoksning og -angreb på MAC-T celler. D-vitamin 

reducerede kun ekspressionen af CYP24A1, som er et hydroxylase enzym, der er ansvarligt for  

deaktiveringen af  D-vitamin S. aureus-angreb reducerede ekspression af alle testede gener, men præ-

behandling med D-vitamin svækkede ikke denne S. aureus-fremkaldte reduktion. D2- og D3-former  

varierer i deres evne til at hæmme MAC-T-cellelevedygtighed samt S. aureus-sammenvoksning og -

angreb. Dette forsøg tyder på, at selvom der er forskelle, kan både D2- og D3-former  have potentielt  

forsvar overfor bakterie infektion. For ydermere at undersøge  ekstracellulær og intracellulær S. aureus 

invasion blev der i en preliminær undersøgelse udviklet en flowcytometri-metode. Mange faktorer  blev 

undersøgt  i denne metode, og protokollen blev ændret  i overensstemmelse hermed. Intracellulær S. 

aureus blev succesfuldt mærket med enkelt  grøn fluorescens, mens ekstracellulær S. aureus blev 

mærket med grøn og rød fluorescens. Sammenligning af flowcytometi metoden med et almindeligt  

https://tw.answers.yahoo.com/question/index?qid=20101209000010KK02067
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antibiotisk beskyttelse assay viste, at at flowcytometri metoden kan anvendes til undersøge S. aureus 

binding og invasion  . Flowcytometri blev dog ikke anvendt i den endelige analyse af S. aureus 

invasion på grund af  vanskeligheder med at kunne håndtere det store  antal prøver på samme tid i det 

opstillede assay. Dernæst (i manuskript II) blev den mulige gavnlige effekt af D-vitaminoverflydelse på 

visse immunparametre på sunde malkekøer undersøgt. Resultatet viste, at supplement af D2- eller D3-

vitamin til  foderet samt udsættelse for sollys kan få plasma 25(OH)D-niveauet til at stige fra 

utilstrækkeligt niveau til normalt i køer, der er i D-vitaminunderskud. De undersøgte immumparametre 

ændrede sig dog ikke ift. genetablering af D-vitamin status  eller ift. de undersøgte D-vitaminkilder, og 

der var ingen sammenhæng mellem variationen af plasma 25(OH)D-koncentrationer og variationen i 

niveauerne af disse immunparametre. I manuskript III blev den antibakterielle aktivitet af et nyt 

antimikrobiel stof, Pheromonicin-NM (PMC-NM), testet, og dets effekt på immumresponset af 

Escherichia coli (E. coli)-belastede  yvervæv celler  hos kvæg  undersøgt. Resultatet viste, at PMC-NM 

havde en hurtig bakteriedræbende aktivitet mod E. coli. Denne hurtige bakteriedræbende aktivitet kan 

måske både bidrage til øget patogen eleminering under de  tidlige faser af infektionen, og til 

forebyggelse af alt for høje inflammations  reaktioner og celleskader i de senere faser af infektionen. 

PMC-NM kan derfor være en mulig ny behandlingsstrategi ifm. mastitis hos kvæg.  

Det kan konkluderes, at både D2- og D3-former  kunne  reducere S. aureus-infektion  in vitro og 

resultaterne tyder på, at disse vitaminer har  potentiale ift. regulering af værtens forsvar overfor  

infektion. Selvom D-vitamin formerne ikke havde indflydelse på de testede immumparametre hos 

sunde malkekøer, udelukker det ikke de potentielle gavnlige effekter af D-vitamin supplement eller 

stiller spørgsmålstegn ved effekten af D-vitamin på immumsystemet under en infektion. Yderligere 

undersøgelser er nødvendige for at undersøge effekten af D-vitamin efter belastning af immumsystemet. 

Derudover ser PMC-NM ud til at være et ideelt antimikrobielt stof mod mastitis-smitte, og 

undersøgelser, der bruger en kombination af D-vitamin og PMC-NM, kan måske føre til en ny strategi 

ifm. mastitiskontrol. Selvom den udviklede tilgang med flowcytometri ikke blev brugt i den endelige 

analyse i dette ph.d.-projekt, kan den bidrage med en vurdering af effekten af intracellulære bakterier, 

og metoden kan blive værdifuld i andre undersøgelser vedrørende bakterieangreb.  
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In this PhD thesis, the term “vitamin D” refers to the vitamin D family, the terms “25(OH)D” and “1,25(OH)2D” 
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1. Introduction 
Mastitis is one of the most common and costly diseases during lactation in dairy cows worldwide. 

It leads to huge economic losses in the dairy industry due to reduced milk production and quality, 

increased discarding of milk and culling rates, as well as treatment and extra labour costs [1]. A single 

quarter infected during lactation may reduce milk production of a cow by 10-12% [2], and the total cost 

of a bovine mastitis case in Denmark in 2009 was estimated to be 149-570€ [3]. Bacterial organisms 

are the predominant cause of infectious mastitis [4], among which Staphylococcus aureus (S. aureus) 

and Escherichia coli (E. coli) are the 2 most commonly isolated and studied mastitis pathogens [5]. 

Based on PCR analysis of bulk tank milk, the herd prevalences of S. aureus and E.coli in Denmark are 

91% and 61%, respectively [6]. By using the same technology, a survey from 3 top milk-producing 

provinces in China reported that S. aureus and E. coli were found in 50% and 29% of the herds, 

respectively [7].  

It is well known that nutrition plays a vital role in maintaining optimal immune function and 

individual health, and thus many nutritional strategies are used in disease prevention programs 

nowadays to reduce the susceptibility of dairy cows [8]. On the other hand, many nutrients especially 

vitamins and other micronutrients are found be able to influence immune responses, and lots of studies 

have been conducted to investigate their effect on immune functions [9, 10]. Among those, vitamin D 

has been reported to have various biological functions in addition to modulating calcium homeostasis, 

including maintaining barrier integrity, influencing cell proliferation and differentiation, regulating 

immune responses of both immune and non-immune cells and more [11]. More importantly, vitamin D 

status has been found to correlate with changes of several immune parameters in healthy individuals 

[12-14], implying its potential in preventing infectious disease. In addition, besides the commonly used 

vitamin D3, vitamin D2 may also contribute to the total vitamin D intake of dairy cows, and vitamin D2 

has been reported to modulate immunity [15, 16], thus vitamin D2 may also have the potential to 

regulate host defence. 

However, a nutritional strategy cannot completely protect dairy cows from infection, and thus an 

effective mastitis treatment is still necessary. Antimicrobial therapy is an important component of 

infectious mastitis treatment and control. Nevertheless, only a few antimicrobial classes have been 

approved for mastitis treatment, and their use is strictly limited because of the increasing public health 
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concerns over the drug residues in milk [4]. The extensive use of conventional antibiotics may not only 

contribute to the increased antimicrobial resistance in animal pathogens, but may also have an impact 

on the treatment of human disease through the transmission of the antimicrobial resistance [17]. 

Moreover, despite decades of study, antimicrobial therapy is not always successful, and the efficacy of 

commonly used antimicrobials in treating mastitis caused by Gram-negative bacteria still remains 

questionable [4]. Thus, the development of new antimicrobial agents is emphasized. Colicin Ia, a 

bacteriocin produced by E. coli, can kill target bacteria rapidly through a biophysical rather than 

biochemical process, and does consequently not follow the same resistance evolution route as 

conventional antimicrobials. This property makes it possible to use colicin Ia as an ideal prototype for 

developing new antimicrobials. 

In this PhD thesis, the potential benefits of vitamin D on healthy dairy cows was investigated in 

vivo, while the effects of vitamin D and a newly created antimicrobial on bacterial infection were tested 

in vitro in order to explore the possible new prevention and treatment strategy for bovine mastitis. 

 

 

2. Background 
2.1. Bovine mastitis 
2.1.1. Staphylococcus aureus mastitis 

S. aureus is a contagious pathogen that is capable of colonizing the mammary tissue of dairy cows 

[18]. Although most S. aureus infections occur in the first 3 months of lactation, approximately 80% of 

them persist to the end of lactation [19]. This persistence may partly be due to the invasion of S. aureus 

into host cells [19]. 

It is now well established that cellular invasiveness is a highly conserved property of S. aureus 

[20]. After crossing the teat canal and entering the lumen of the mammary gland, S. aureus can adhere 

to and invade into bovine mammary epithelial cells (BMEC), as demonstrated both in cell lines and in 

primary culture [18, 19, 21]. Additionally, the invasion and intracellular survival of S. aureus in bovine 

alveolar cells isolated from milk samples of natural mastitis have also been reported [22]. One of the 

postulated invasion mechanisms is that S. aureus can disrupt the epithelial barrier integrity [23, 24], 

thus exposing the extracellular matrix component fibronectin and the host cell α5β1 integrin which is 
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localized mainly at the basolateral cell membrane below tight junctions [25]. Then the staphylococcal 

fibronectin-binding proteins bind to the host cell α5β1 integrin, with fibronectin serving as a bridge [20] 

(Fig. 2.1). This binding then activates the host cell F-actin rearrangement thereby facilitating the S. 

aureus internalization in a time-, dose-, and temperature-dependent manner [25].  

 
Fig. 2.1. Model of the S. aureus invasion mechanism. A) Epithelial cell-cell junctions and cell-extracellular matrix 

(ECM) interactions [26]. Normally the cell-cell junctions prevent the passage of antigens and pathogens, but S. aureus 

α-toxin is able to disrupt the junctions, expose basolateral integrin and fibronectin, and translocate through the 

paracellular spaces. B) Mechanism of S. aureus invasion [20]. After exposure, the host extracellular component 

fibronectin (Fn) mediates the binding of staphylococcal fibronectin-binding proteins (FnBPs) and host interin α5β1. 

The binding subsequently leads to host F-actin re-arrangement thus facilitating the invasion process.  

 

The invasion into the host cell is a bacterial strategy of S. aureus to evade host defences or 

extracellular antibiotics [27]. Antibiotic treatment of mastitis caused by S. aureus is often 

recommended [4], but the results are unsatisfactory. It is reported that the cure rates are 20-70% during 

the dry period, and only10-30% during lactation [28]. In addition, non-antibiotic agents, such as 

cytokines, are also less encouraging and fail to prevent recurrence of the infection [29]. These poor 

responses are not linked to antibiotic resistance [19], but are considered to be partly due to the ability of 
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S. aureus to invade into BMEC [30]. Furthermore, after entering BMEC, S. aureus is able to escape 

from the endosome and induce host cell apoptosis [31]. The apoptosis of infected BMEC may 

contribute to the clearance of the pathogen, but it may also contribute to the spread of S. aureus within 

the mammary gland thereby resulting in the persistence and recurrence of mastitis [19, 27]. Thus 

preventing or reducing S. aureus adhesion and invasion may be a new mastitis control strategy in dairy 

cows.  

 

2.1.2. Escherichia coli mastitis  

E. coli is an opportunistic environmental pathogen that often causes acute and transient 

intramammary infection with severe clinical signs [32]. Although it accounts for a relatively small 

percentage, recurrent or persistent E. coli mastitis has already been reported [32-34].  

Clinical signs of E. coli mastitis may vary from mild local inflammation in the mammary gland 

and minor changes in the milk, to severe systemic signs with dramatically decreased milk production 

[35], or even death [36]. It has been reported that nearly 25% of cows with severe intramammary E. 

coli infections will either die or be culled [36], and only 30-50% of them can return to full lactation 

regardless of antibiotic treatments [35]. To date, no specific serotypes, genotypes, or virulence factors 

responsible for E. coli mastitis have been identified [37, 38]. Lipopolysaccharide (LPS), a cell wall 

component of Gram-negative bacteria, is responsible for the severe inflammation in E. coli mastitis 

[35]. It is released from E. coli during bacterial growth and death [35], and initiates the host immune 

defence in a dose-dependent manner [39]. Many inflammatory mediators produced in the defence 

process can also cause host tissue damage [40]. Rapid and unrestricted bacterial growth will result in 

increased LPS amounts, and will consequently induce severe inflammation and damage [35]. Thus the 

severity of E. coli mastitis is mainly determined by intramammary bacterial growth during the early 

stage of infection [41]. Therefore a bactericidal activity that can quickly reduce bacterial growth and 

LPS production in the early infection stages may contribute to the control of the inflammatory damage 

and the reduction of mortality associated with E. coli mastitis. 

Broad-spectrum antibiotics, including a third-generation cephalosporin ceftiofur, are used for 

systemic or intramammary treatment of E. coli mastitis, but the results from field studies are 

questionable [35]. Ceftiofur diffuses poorly from serum to milk [42], hence it is difficult to achieve and 
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maintain therapeutic concentrations in milk or udder tissue following systemic administration [43]. 

Intramammary ceftiofur infusion can maintain sufficient therapeutic concentrations in milk, but 

antibiotics are often unevenly distributed throughout the udder therefore the treatment benefits are not 

satisfactory [35]. Moreover, milk from treated mammary gland quarters is suggested to be discarded for 

at least 7 days due to antibiotic residues [44]. On the other hand, E. coli has developed resistance to 

several commonly used antibiotics such as ampicillin, streptomycin, sulphonamides, and 

oxytetracycline [45]. Thus new efficient antibacterial agents against E. coli mastitis are expected. 

 

2.2. Bovine mammary gland immunity  
The bovine mammary gland immune system consists of physical barriers of the teat end, various 

cells (i.e. epithelial cells, macrophages, neutrophils), and diverse molecules (i.e. cytokines, defensins, 

mucins, lactoferrin, immunoglobulins) [46]. It can be divided into the innate and adaptive immune 

systems. Innate immunity is a non-specific defence mechanism that is pre-existent within the mammary 

gland [46]. This mechanism can be activated within hours upon stimuli to eliminate pathogens [46] and 

thus constitutes the predominant defence during the initial stages of infection [47]. In contrast, the 

adaptive immunity recognizes specific antigens and produces antigen-specific lymphocytes and 

memory cells in the course of a few days [46].  

 

2.2.1. Immune cells in the mammary gland 

There is a resident population of cells, namely somatic cells, that exist in the milk from healthy 

dairy cows [48]. In healthy milk, somatic cells are composed of macrophages (35-79%), lymphocytes 

(16-28%), polymorphonuclear neutrophils (3-26%), and mammary epithelial cells (2-15%) [49]. The 

somatic cell count (SCC)  in milk increases during mastitis, thus it is used as an indicator of udder 

health [49]. SCC values in healthy mammary quarters normally range between 20,000 and 100,000 

cells/ml [48], whereas a SCC in milk higher than 200,000 cells/ml is generally defined as subclinical 

mastitis [5].  

The primary cellular defence of the bovine mammary gland against mastitis is the phagocytosis 

and intracellular killing of bacteria by neutrophils [46]. During acute mastitis, these non-specific 
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phagocytes are recruited actively from blood to the site of infection in response to inflammatory 

mediators, and constitute more than 90% of the total mammary leukocyte population [47].  

Similar to neutrophils, macrophages are able to phagocytize and ingest common mastitis 

pathogens, but are less active than neutrophils and their blood counterparts [50]. Yet, they are also 

capable of secreting cytokines and presenting antigens thereby to regulating the immune defence of the 

mammary gland [46, 47]. 

Lymphocytes are able to recognize specific bacterial antigens, and they can be divided into 2 main 

subsets: B and T lymphocytes. B lymphocytes mainly produce antibodies against pathogens, but they 

also function as antigen-presenting cells [47]. T lymphocytes can be further subdivided into various 

populations [51]. They can either produce cytokines to regulate immune responses [51], or directly kill 

the host cells that are infected with a pathogen [48]. 

 

2.2.2. Mammary epithelial barrier 

As the predominant cell type in the mammary gland, BMEC are joined at cell-cell interfaces by 

junctional complexes to form the epithelial barrier [52]. This selectively permeable barrier can prevent 

the interdiffusion of blood components and milk [53], as well as the passage of antigens and pathogens 

from lumen into blood and tissue during mastitis [24]. The junctional complexes include tight junctions, 

adherens junctions, desmosomes, and gap junctions (Fig. 2.1A) [54]. Among those, tight and adherence 

junctions are thought to be important for maintaining the epithelial structure and barrier function [55]. 

The tight junctions are comprised of 4 transmembrane protein families (occludin, claudins, junctional 

adhesion molecules, tricellulin) and cytosolic scaffolding proteins like zona occludens (ZO) proteins 

[54]. They tightly seal adjacent BMEC at the apical surface to restrict the paracellular diffusion of 

aqueous molecules, ions, water, and microbes [56]. The adherens junctions consist of cadherins and 

catenins that are located subjacent to tight junctions [52]. The primary roles of adherens junctions are 

to promote cell-cell adhesion, regulate actin cytoskeleton, and mediate intracellular signals [55].  

Although the epithelial barrier is supposed to be an impermeable barrier against pathogens, some 

pathogens or their toxins are able to disrupt barrier integrity to translocate through the paracellular 

spaces and infect the host [24, 54, 56]. It is reported that S. aureus α-toxin disrupts barrier integrity by 

reducing the levels of ZO-1, ZO-3, occludin, and E-cadherin [24]. In addition, S. aureus protein A can 

activate calpains to cleave occludin and E-cadherin thus facilitating the bacterial translocation through 
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the cell-cell junction [23]. Furthermore, the bacterial cell wall components LPS and lipoteichoic acid 

(LTA) from the mastitis pathogens E. coli and S. aureus, respectively, have also been found to reduce 

bovine mammary barrier integrity in vitro [57]. Some studies have worked on the protection of 

epithelial junctions [58, 59], in which vitamin D has also been found to contribute to the barrier 

function (see section 2.4.3) [60-62].  

 

2.2.3. Immune function of mammary epithelial cells 

Although BMEC are non-immune cells, they are capable of responding to pathogens and are 

necessary for initiating immune responses during an infection [63-65]. Upon direct contact with 

pathogens, BMEC can recognize unique and conserved pathogen associated molecular patterns 

(PAMPs) on bacterial surfaces, then produce a series of inflammatory mediators (such as cytokines, 

chemokines, antimicrobial peptides) to recruit neutrophils, macrophages and lymphocytes to the 

infection site [50]. 

The recognition of unique and conserved bacterial molecules is mediated by pattern recognition 

receptors (PRRs) [66]. The Toll-like receptors (TLRs) are the most well studied PRRs with 13 types 

identified, of which 10 (TLR1-10) are found in cattle [67]. Among them, TLR2 and TLR4 are two 

important cell surface receptors that respond to extracellular microorganisms and ligands [66]. TLR2 

usually forms heterodimers with other TLRs like TLR1 and TLR6 to recognize a wide range of ligands 

including lipopeptides, peptidoglycan (PGN), and LTA from Gram-positive bacteria [68]. TLR4, by 

contrast, mainly binds to LPS by forming a complex together with MD2 with the help of LPS-binding 

proteins and CD14 [68]. Following pathogen recognition, TLRs recruit a series of adaptors, which 

results in the translocation of nuclear factor-kappa B (NF-κB) into nucleus, thereby initiating the 

transcription of various immune defence genes [48]. In turn, the transcriptional expression of TLR2 and 

TLR4 can also be up-regulated by bacteria or their components in vitro and in vivo [69, 70]. 

In addition to TLR, there is another cytosolic PRR family of which the prototypical members are 

the nucleotide-binding oligomerization domain (NOD)-containing protein 1 (NOD1) and NOD2 [71]. 

NOD1 and NOD2 detect PGN-derived peptides D-glutamyl-meso-diaminopimelic acid (iE-DAP) and 

muramyl dipeptide (MDP), respectively [71]. MDP is generally found in PGNs, whereas iE-DAP is 

found in the PGN of Gram-negative bacteria and only some Gram-positive bacteria [72]. Upon ligand 

binding, NODs recruit and form a signalling complex with the kinase RIPK2, thus activating NF-κB 
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and mitogen-activated protein kinase (MAPK) pathways [71]. Similarly, the transcriptional up-

regulation of NOD1 and NOD2 can also be induced by LPS via NF-κB signalling [73, 74]. 

 

2.2.4. Some molecules involved in mammary immune responses 

A number of defence molecules, like cytokines, mucin, lactoferrin, β-defensins, immunoglobulins, 

and other factors, pre-exist in healthy bovine mammary glands. They have various antibacterial and 

immunoregulatory properties, and constitute an important line of defence to protect the mammary 

gland from infections (Table 2.1). 

2.2.4.1. Cytokines 

Almost every mammalian cell type has the capability to produce and respond to certain groups of 

cytokines [75]. Cytokines can be induced by pathogens or their components through diverse signalling 

pathways (e.g. NF-κB or MAPK pathways), and in turn regulate various immune responses during an 

infection [63]. In the mammary gland, the concentration and composition of cytokines differ during 

different physiological periods or health statuses, and depending on the pathogens that cause the 

infection as well [46]. Among numerous cytokines, interleukins (IL), interferons (IFN), and tumor 

necrosis factors (TNF) are the most studied and measured cytokine families [47]. 

2.2.4.2. Mucin 

Bovine mucin 1 (MUC1) is a transmembrane glycoprotein located on the apical membrane of 

mammary epithelial cells [76]. The extracellular domain of MUC1 not only excludes bacteria by 

forming a physical barrier, but also binds to those bacteria that reach the cell surface and subsequently 

shed to release the pathogen from the host cell [77-79]. The cytoplasmic tail of MUC1 can enter the 

nucleus and participate in signal transduction cascades [76]. In this way, it modulates inflammatory 

responses [80-82], regulates cell growth and facilitates wound healing [83].  

2.2.4.3. Lactoferrin 

Lactoferrin is a natural iron-binding glycoprotein that is synthesized by bovine mammary 

epithelial cells [84]. It not only displays an indirect antibacterial activity by sequestering iron (Fe3+) 

that is essential for bacterial growth [85], but also directly binds with LPS and causes destabilization of 
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the bacterial surface and eventually leads to bacterial death [85, 86], or neutralizes free LPS thus 

protecting cells from LPS-induced cytotoxic damage [85, 87]. Thus lactoferrin is used as a non-

antibiotic and anti-inflammatory agent in the treatment of coliform mastitis [35, 88].  

2.2.4.4. β-defensins 

Bovine β-defensins are traditionally considered as antimicrobial peptides [89]. They have multiple 

antimicrobial mechanisms against both Gram-positive and Gram-negative bacteria, such as aggregation, 

pore formation, and phospholipid membrane depolarization [89]. β-defensins also have significant 

immunomodulatory effects and function as a link between the innate and adaptive immune response 

[89]. The most studied bovine β-defensins include the lingual antimicrobial peptide (LAP), tracheal 

antimicrobial peptide (TAP), bovine neutrophil β-defensin (BNBD), and β-defensin 1 (DEFB1, also 

known as bovine enteric β-defensin EBD [90-92]). The induction of β-defensins is mostly in response 

to mastitis [90, 93, 94] or the component of mastitis causing pathogens [95, 96]. However, it has been 

reported recently that they can also be upregulated by vitamin D in BMEC [21, 97] (see section 2.4.4).  

2.2.4.5. Immunoglobulins 

Immunoglobulins (Igs) are important humoral components of the immune system in the mammary 

gland, and are produced by plasma cells that differentiate from antigen activated B lymphocytes [46]. 

Even in healthy dairy cows without known or deliberate antigenic stimulation, there are certain levels 

of immunoglobulins present in the blood and milk [98]. These immunoglobulins are either synthesized 

locally, or selectively transported from serum [99]. The concentrations of immunoglobulins in serum 

and mammary secretions vary according to the breed, age, health status, and stage of lactation of the 

animal [100]. In general, maximal concentrations are often found during colostrogenesis or 

intramammary infections [46], and decline afterwards [100]. 

IgG1, IgG2, IgA, and IgM are the major immunoglobulin isotypes in mammary secretions, of 

which IgG1 is the predominant isotype in serum and milk of healthy dairy cows [99]. These 

immunoglobulins function in the surveillance and clearance of mastitis-causing pathogens from the 

mammary gland, and high antibody responsiveness seems correlated with a lower incidence of mastitis 

[101].  

 

http://www.sciencedirect.com/science/article/pii/S0301622601002019
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Table 2.1. Summary of some molecules involved in mammary immune and inflammatory responses. 

Factor Source Biological function Induced by 

Mucin Epithelial cells [76] Forms a physical barrier to exclude bacteria [77] 
Directly binds to bacteria and shed into milk [77] 
Regulates cell growth and wound healing [83] 
Regulates inflammatory responses [82] 

Inflammatory cytokines [78] 

Lactoferrin Epithelial cells [84] Sequesters iron to prevent bacterial growth [85] 
Binds to LPS to disrupt the bacterial cell wall [85] 
Neutralizes free LPS to reduce LPS-induced cytotoxicity [85] 
Regulates cell growth and differentiation [102] 
Regulates immune and inflammatory responses [103] 

Pathogens or their 
components [103] 
Cell shape and density [104] 

Defensin Epithelial cells 
Leukocytes [89] 

Antimicrobial activity [89] 
Immunomodulatory effects [89] 

Pathogens or their 
components [89] 
Vitamin D [21, 97] 

Immunoglobulins IgG B lymphocytes [46] Opsonizes bacteria to enhance phagocytosis [46] Colostrogenesis or 
intramammary infections [46] 

 IgA B lymphocytes [46] Agglutinates pathogens to prevent colonization [46] 
Neutralizes toxin [46] 

Colostrogenesis or 
intramammary infections [46] 

 IgM B lymphocytes [46] Complements fixation [46] 
Opsonizes bacteria to enhance phagocytosis [46] 
Agglutinates pathogens [101] 
Neutralizes bacterial toxin [101] 

Colostrogenesis or 
intramammary infections [46] 

Cytokines IL-1 Most leukocytes 
Endothelial cells 
Epithelial cells 
Fibroblasts [75, 
105] 

Promotes T lymphocyte functions [105] 
Increases B lymphocyte proliferation [105] 
Enhances acute phase inflammatory response [75] 
Triggers neutrophil migration into the mammary gland [106] 
Increases cytokine production [105] 
Enhances macrophage phagocytosis [105] 

Infections [75] 
Cytokine IL-1, IL-12, TNF-α 
[75] 
Complement component 5a [75] 

http://www.sciencedirect.com/science/article/pii/S0301622601002019
http://www.sciencedirect.com/science/article/pii/S0301622601002019
http://www.sciencedirect.com/science/article/pii/S0301622601002019
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Enhances neutrophil bactericidal activity [105] 
Systemic induction of fever and shock [75] 

 IL-8 Monocytes/macrop
hages 
Neutrophils 
T lymphocytes 
Endothelial cells 
Epithelial cells 
Fibroblasts [75] 

Recruits neutrophils and T lymphocytes [75] 
Enhances neutrophil bactericidal activity [75] 

Pathogens or their 
components [75] 
Cytokine IL-1β, TNF-α [75] 

 IL-10 Most leukocytes 
[107] 

Inhibits pro-inflammatory cytokine production [108] 
Inhibits the function of IL-1, TNF-α [75] 
Inhibits antigen presenting in monocytes/macrophages [108] 
Limits T cell activation and differentiation [108]  

Pathogens or their 
components [108] 
Cytokine TNF-α [75] 

 TNF-α Monocytes/macrop
hages 
Lymphocytes 
Neutrophils 
Epithelial cells [75] 

Enhances endothelial adhesion molecule expression [75] 
Activates neutrophils [75] 
Enhances acute phase inflammatory response [75] 
Induces expression of inflammatory mediators [109] 
Induces apoptosis of inflammatory cells [109] 
Systemic induction of fever, tissue damage and shock [75] 
Promotes necroptosis and tissue destruction [109]  

Pathogens or their 
components [75] 
Cytokine IL-1, IFN-γ [75] 
Complement components [75] 

 IFN-γ Monocytes/macrop
hages 
Lymphocytes 
Natural killer cells  
Dendritic cells 
[110] 

Enhances functions of neutrophils and macrophages [111] 
Enhances production of pro-inflammatory cytokines [111] 
Enhances macrophage antigen presentation [111] 
Enhances lymphocyte recruitment and activation [111] 
Regulates T cell differentiation [111] 
Increases the lacteal and serum antibody titres [29] 

Pathogens or their 
components [29] 
Cytokine IL-2, IL-12, IL-15, 
IL-18, TNF-α, IFN-γ [111] 
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2.3. Vitamin D metabolism and requirements of the dairy cow 
2.3.1. Vitamin D metabolism 

Vitamin D refers to a group of fat-soluble secosteroids that are responsible for calcium 

homeostasis [11]. The most important compounds in this group are 2 different but closely related 

members, vitamin D2 (ergocalciferol, D2) and vitamin D3 (cholecalciferol, D3) [112] (Fig. 2.2A). In 

cattle, D2 is sourced from the UV irradiation of ergosterol, which is largely found in fungi growing on 

plant material used as forage [113, 114]. D3 can be either ingested from diet supplements or 

endogenously synthesized in the skin during exposure to sunlight [113]. Exposing skin directly to the 

ultraviolet B (UVB) radiation (290–315 nm) induces the photo conversion of 7-dehydrocholesterol to 

previtamin D3, followed by the thermal isomerization to vitamin D3 [115]. After ingestion, dietary D2 

and D3 enter the circulation on chylomicrons and are then slowly transferred to vitamin D binding 

protein (DBP), which binds to all forms of vitamin D and transports them to target tissues, whereas 

skin synthesis D3 mainly binds to DBP [116].  

The typical metabolisms of D2 and D3 are similar (Fig. 2.2B). First they are transported to the 

liver by binding to serum vitamin D binding protein (DBP), and are hydroxylated by 25-hydroxylase 

CYP2R1 to 25-hydroxyvitamin D2 (25(OH)D2) and 25-hydroxyvitamin D3 (25(OH)D3), respectively, 

[117]. 25(OH)D2 and 25(OH)D3 are the main circulating forms of vitamin D that are often measured as 

indicators of physiological vitamin D status in an animal [114]. Thereafter, they are hydroxylated in the 

kidney and other organ systems by 1α-hydroxylase CYP27B1 to become the biologically active 

metabolites 1,25-dihydroxyvitamin D2 (1,25(OH)2D2) and 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), 

respectively [117]. Finally, the 24-hydroxylase CYP24A1 contributes to the inactivation of 25(OH)D 

and 1,25(OH)2D, thus avoiding vitamin D intoxication [117].  

It has recently been reported that the hydroxylase CYP27B1 is generally expressed in various 

tissues. Besides the kidney, it is also expressed in the gastrointestinal tract, pancreas, epidermis, 

parathyroid, distinct sites of the brain, adipose tissue, smooth muscle, prostate, breast, and placenta 

[112, 118]. Moreover, CYP27B1 can be expressed by diverse cell types including dendritic cells, 

monocytes/macrophages, T cells, endothelial cells, and epithelial cells [112, 119]. These findings 

suggest that 1,25(OH)2D can be synthesized locally and contributes to local physiological and 

immunological processes (see section 2.4.4). As the sole hydroxylase responsible for 1,25(OH)2D, 

CYP27B1 expression is tightly regulated in the kidney by circulating calcium and phosphate 

https://en.wikipedia.org/wiki/Vitamin_D
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concentrations, as well as its product 1,25(OH)2D while the extrarenal expression is regulated by 

tissue-specific factors like cytokines [118]. Generally, the inducible factors include low Ca2+, low PO4
3-, 

PTH, calcitonin, TLR2, TLR4, IL-1β, IL-15, IFN-γ, IGF-1, EGF, and TGF-β while the inhibitory 

factors include NF-κB, FGF23, leptin and 1,25(OH)2D [118].  Furthermore, CYP27B1 expression can 

also be down-regulated by DNA methylation, and up-regulated by DNA demethylation [118]. 

 
Fig. 2.2. The metabolic pathway of vitamin D. A) The chemical structures of vitamin D2 and vitamin D3 [112]. D2 
has an additional double bond between carbons 22 and 23, and methyl group on carbon 24. B) The metabolic pathway 
of D2 and D3 (modified from [11]). D2 and D3 have similar metabolic pathways for the production of 1,25(OH)2D. 
After this, 1,25(OH)2D3 is hydroxylated to 1,24,25(OH)3D3, and undergo further reactions to become calcitroic acid; 
whereas the C24 oxidation pathway of 1,25(OH)2D2 ends at1,24,25(OH)3D2 due to the block of the C24 methyl group. 
Moreover, 1,25(OH)2D3 can undergo C23 lactone pathway, but 1,25(OH)2D2 cannot because of the C22-23 double 
bond.  

 

2.3.2. Vitamin D2 versus vitamin D3 

As the major forms of vitamin D, both D2 and D3 function as prohormones. Yet, it has been 

shown that animals, including cattle, are able to discriminate between D2 and D3 [113]. From aspects of 

the chemical structure, the only difference between the 2 forms is their side chains. D2 has an additional 
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double bond between C22 and C23, and an additional methyl group on C24 [112] (Fig. 2.2A). This 

structural difference is believed to lead to their differing affinities for the DBP, hydroxylase, and 

vitamin D receptor (VDR), which subsequently to influence their biologic activity [114]. Although 

some studies found that D2 is as effective as D3 in maintaining circulating 25(OH)D concentrations 

with daily supplementation [120], most studies concluded that D3 is more efficacious [114, 121, 122]. 

Experiments in dairy cows confirmed the latter [113, 123], and further demonstrated that D2 impairs 

the utilization of D3 when they are given simultaneously [113].  

It is now known that D2 and 25(OH)D2 have lower affinity for DBP than D3 and 25(OH)D3, which 

may lead to a shorter circulating half-life associated with an increased rate of clearance [124]. On the 

other hand, CYP2R1 also shows lower affinity for D2 compared with D3 [112], whereas CYP27B1 and 

VDR do not discriminate between D2 and D3 substrates [124, 125]. However, the key step that 

influences the effect of D2 and D3 is the 24-hydroxylation by CYP24A1. 

After 1,25(OH)2D has been formed, it induces CYP24A1, which is the most responsive vitamin D 

target gene [112]. CYP24A1 then initiates a series of consecutive hydroxylation reactions at C24 and 

C23 of the side chain, eventually leading to the inactivation of vitamin D [126]. There are 2 major 

pathways, the C24 pathway which starts from the hydroxylation at C24, and the C23 pathway which starts 

with C23 hydroxylation [112] (Fig. 2.2B). The C24 pathway first converts 1,25(OH)2D3 to 

1,24,25(OH)3D3, and subsequently produces 24-oxo-1,25(OH)2D3, 24-oxo-1,23,25(OH)3D3, and finally 

the calcitroic acid, a biliary catabolite [112]. The C23 pathway consecutively produces 1,23,25(OH)3D3, 

1,23,25,26(OH)4D3, 1,25(OH)2D3-23,26-lactol, culminating in the 1,25(OH)2D3-23,26-lactone [112]. 

Most of the intermediates produced in the process still retain some biological activity (less than 

1,25(OH)2D3) to induce CYP24A1 [112]. In contrast, for D2 compounds, there is no lactone formation 

because of the C22-C23 double bond, and the C24 pathway ends at 1,24,25(OH)3D2 because it cannot 

undergo further oxidation due to the block of the C24 methyl group [127]. Thus the formation of 

1,24,25(OH)3D2 represents the final inactivation of D2 compounds [127]. 

 

2.3.3. Vitamin D requirements and physiological levels in dairy cows 

After ingestion, vitamin D2 and D3 are rapidly removed from circulation by hydroxylation. 

Although the plasma concentrations of D3 (cholecalciferol) can increase to a peak value of 163 ng/ml in 

24 h after 250 mg D3 oral administration [123], the normal range in plasma is only 1-2 ng/ml [128]. 
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Similarly, plasma D2 (ergocalciferol) can reach a peak value of 99 ng/ml in 24 h after 250 mg D2 oral 

administration [123], but may not be detected in the blood of dairy cows under normal conditions [128]. 

Plasma 25(OH)D concentrations are widely used to evaluate vitamin D status in dairy cows 

because it has a relatively longer half-life and much higher circulating concentrations [129]. 

Physiological plasma concentrations of 25(OH)D3 are typically defined as 20-50 ng/ml, concentrations 

below 5 ng/ml are indicative of vitamin D deficiency, while concentrations of 200 to 300 ng/ml 

indicate vitamin D intoxication [130]. The 25(OH)D2 circulates in plasma at lower concentrations than 

25(OH)D3, it usually ranges from 4 to 13 ng/ml [128], and can rise up to 50 ng/ml after 250 mg D2 oral 

administration [113, 123]. 

The renal production of 1,25-dihydroxyitamin D is tightly regulated, but a normal 1,25(OH)2D3 

concentration varies depending on the pregnancy and lactating status [130]. In adult non-pregnant, non-

lactating cows, 1,25(OH)2D3 ranges from 5 to 20 pg/ml, but it can increase to 20-50 pg/ml in late 

pregnancy [130]. Moreover, during parturition and initiation of lactation, circulating 1,25(OH)2D3 rises 

up to 200 pg/ml, and may exceed 300 pg/ml in the cases of severe hypocalcaemia [131]. There is as yet 

no valid data regarding normal 1,25(OH)2D2 concentrations in dairy cows. 

To maintain a proper vitamin D status, the National Research Council (NRC) recommended that 1) 

the vitamin D intake for lactating Holstein cows should be about 21,000 IU/ day depending on animal 

size and milk production and 2) animals exposed to sunlight at the lower latitudes may not require any 

dietary vitamin D [132]. However, high milk production and pregnancy deplete vitamin D in dairy 

cows and may cause vitamin D deficiency [133]. Vitamin D deficiency reduces the ability to maintain 

calcium and phosphorus homeostasis[132]. Animals that suffer from vitamin D deficiency may show 

signs of osteomalacia, stiffness in limbs and joints, lameness and pelvic fracture [132, 133]. On the 

other hand, excessive vitamin D intake may result in vitamin D intoxication, which is accompanied by 

hypercalcaemia [116]. Vitamin D intoxication often leads to reduced feed intake, polyuria initially 

followed by anuria, dry faeces, and reduced milk production in cattle [134].  

 

2.4. Non-classic actions of vitamin D 
The most widely recognized function of vitamin D is the physiological regulation of the calcium 

and phosphate metabolism and bone mineralization [11]. However, besides these classical effects, 
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vitamin D has also been found to have multiple nonclassic roles in cell growth and differentiation, as 

well as the regulation of both the innate and adaptive immunity [11]. 

2.4.1. Mechanism of vitamin D actions 

The biological response to 1,25(OH)2D starts with its direct binding to the VDR [135]. The VDR 

is a nuclear transcription factor that binds 1,25(OH)2D with high affinity and specificity [135]. It is 

widely expressed in most tissues and various cell types including epithelial cells and the majority of 

immune cells [136]. The activated VDR then interacts with the retinoic X receptor (RXR) to form a 

heterodimer, which further binds to the specific vitamin D responsive elements (VDRE) in the 

promoter of the vitamin D target gene [135]. Meanwhile, the VDR-RXR heterodimer recruits several 

co-activators or co-repressors that are capable of altering the level of chromatin packing, eventually 

leading to the modulation of target genes [135]. Various VDRE may have different affinities to the 

VDR-RXR heterodimer, and the heterodimer may be associated with distinct subsets of co-modulators, 

thereby inducing differential actions in diverse tissues [135]. 

The activated VDR can modulate the transcription of over 900 genes and downstream gene 

products in a cell-specific way [119]. These genes are involved in calcium and phosphate homeostasis, 

skeletal integrity, cell proliferation and differentiation, regulation of immune and inflammatory 

responses, production of antibiotic peptides, etc. [112].  

 

2.4.2. Vitamin D and cell proliferation 

Vitamin D is able to inhibit cell proliferation via multiple mechanisms. First, it can induce cell 

cycle arrest. The cell cycle consists of 5 phases: gap 0 (G0), gap 1 (G1), synthesis (S), gap2 (G2), and 

mitosis (M) [137]. In some cases, 1,25(OH)2D directly alters the expression of key genes in the cell 

cycle regulation thereby causing an arrest at G0/1 to S transition [137]. In other situations, 1,25(OH)2D 

indirectly influences cell growth by interfering with the growth factor signalling pathway [137]. Second, 

1,25(OH)2D is able to inhibit anti-apoptotic proteins, or induce the pro-apoptotic proteins, thereby 

promoting the cell apoptosis [11]. Third, 1,25(OH)2D  induces cell differentiation [137]. Although 

growth inhibition is often associated with cell differentiation or apoptosis in many cell systems, these 3 

events do not always occur together and are highly cell-specific [137, 138]. 

There is a great amount of literature that has studied the effects of vitamin D in breast cancer [139, 

140], but vitamin D also play an important role in the development and function of the normal 
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mammary gland [141]. Mice lacking the VDR show more extensive ductal elongation and branching, 

increased cell proliferation, as well as impaired cell apoptosis during the reproductive cycle compared 

with their normal counterparts [142, 143]. Similarly, both primary and non-tumorigenic human 

mammary epithelial cells are found to be growth- inhibited by vitamin D [144], but apoptosis has not 

been reported. To date, however, there is no information regarding the effects of vitamin D on BMEC 

growth. Given that vitamin D may be biologically relevant in bovine mammary gland immunity (see 

section 2.4.4 & 2.4.5), it should be investigated how they influence BMEC growth.  

 

2.4.3. Vitamin D and barrier function 

Besides the effects on cell proliferation, vitamin D also has a direct impact on epithelial barrier 

functions. It has been demonstrated that low circulating 25(OH)D concentrations are associated with 

decreased mucosal expression of VDR, E-cadherin, occludin, and ZO-1 in ulcerative colitis patients 

[145]. Several in vivo studies also showed that vitamin D plays an important role in acute colonic 

barrier injury [146-149]. These findings are further verified in VDR-knockout mice [60, 150, 151]. In 

vitro, the active hormone 1,25(OH)2D3 is reported to induce the expression of tight junction and 

adhesion junction proteins (e.g. occludin, E-cadherin, ZO-1), promote their translocation to the plasma 

membrane, and preserve barrier integrity from the injury induced by various stimuli in different cell 

types  (summarized in Table 2.2). Collectively, these data support a critical role of vitamin D in 

epithelial barrier homeostasis. 

On the other hand, the epithelial barrier is the first level of defence during an infection, and thus 

the protective effects of vitamin D on barrier integrity may contribute to the exclusion of pathogens. 

Indeed, it has recently been found that vitamin D is able to reduce bacterial invasion into bovine 

mammary epithelial cells [21], but it is not clear whether the reduction is partly due to or associated 

with a more secure epithelial barrier, or what level of vitamin D status is necessary to protect barrier 

functions. The answer to these questions may help us better understand the role of vitamin D in 

controlling bovine mastitis. 
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Table 2.2. Vitamin D influences the expression and function of cell junction proteins in vitro a 

Cells Vitamin D  Treatment 
time  

Proteins Results Ref. 

Human 
neonatal 
keratinocytes 

100 nM 
1,25(OH)2D3 

1-4 d E-cadherin,  
P-cadherin,  
α-catenin, vinculin 

1,25(OH)2D3 stimulated the assembly of adherens junctions by 
enhancing the translocation of junctional proteins to the cell 
membrane, and was required for the stability of the junction. 
1,25(OH)2D3 activated PKC-dependent signalling. 

[152] 

SW480-ADH 100 nM 
1,25(OH)2D3 

4 h - 7 d E-cadherin, occludin, 
ZO-1,  ZO-2, 
vinculin, β-catenin 

1,25(OH)2D3 induced the mRNA and protein expression of E-
cadherin; increased the protein levels of occludin, ZO-1, ZO-2, 
vinculin; promoted the translocation of β-catenin and ZO-1 to the 
plasma membrane. 

[153] 

Human cornea 
epithelium cell 
line 

10 nM 25(OH)D3, 
10 nM 
1,25(OH)2D3 

24 h Occludin Both 25(OH)D3 and 1,25(OH)2D3 increased TEER and occludin 
protein expression. 

[154] 

MDA-MB-
231, Hs578T,  
BT-549 

1-100 nM 
1,25(OH)2D3 

12-72 h E-cadherin 1,25(OH)2D3 induced E-cadherin protein expression in a time- and 
dose-dependent manner. 
1,25(OH)2D3 increased E-cadherin mRNA expression by inducing 
the promoter demethylation. 

[155] 

DU145, PC3 100 nM 
1,25(OH)2D 

24-72 h E-cadherin, β-catenin 1,25(OH)2D3 promoted cell aggregation by increasing E-cadherin 
expression at both mRNA and protein levels,  and therefore 
reduced cell rolling and adhesion to endothelium.  

[156] 

Caco-2 1-100 nM 
1,25(OH)2D3 

48 h ZO-1, occludin, 
claudin-1 

1,25(OH)2D3 did not change the protein level of ZO-1, occludin, 
claudin-1, but ameliorated TNF-α-induced abnormal distribution 
of ZO-1 and occludin. 

[157] 

Caco-2 1-100 nM 
1,25(OH)2D3 

48 h ZO-1, occludin, 
claudin-1 

DSS increased intestinal permeability, reduced expression of ZO-
1, occludin, claudin-1 at both mRNA and protein levels. 
1,25(OH)2D3 attenuated the DSS-induced alteration and preserved 
structural integrity of the tight junction. 

[148] 
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Caco-2 10 nM 
1,25(OH)2D3 

1-7 d ZO-1, occludin, 
claudin-1 

LPS increased intestinal permeability by reducing expression of 
ZO-1, occludin, claudin-1 at both mRNA and protein levels in a 
dose-dependent manner. 
1,25(OH)2D3 inhibited the LPS-induced downregulation of tight 
junction protein expression, as well as mRNA expression. 

[61] 

Caco-2 1-100 nM 
1,25(OH)2D3 

48 h ZO-1, occludin Ethanol increased intestinal permeability levels in a dose-
dependent manner, and altered the distribution of ZO-1, occludin 
proteins, increased ROS generation and MLC phosphorylation. 
Pre-treatment with 1,25(OH)2D3 attenuated ethanol-induced 
alteration. 

[149] 

SW480, Caco-
2 

0.1-10 nM 
1,25(OH)2D3 

24-48 h E-cadherin, ZO-1, 
claudin-1, claudin-2, 
claudin-5, occludin 

1,25(OH)2D3 increased TEER and junctional protein expression, 
and preserved the structural integrity of tight junctions in the 
presence of DSS. 
VDR knockdown with siRNA reduced the junction proteins and 
TEER. 
1,25(OH)2D3 also stimulated epithelial cell migration. 

[60] 

Caco-2-bbe 0.01-1000 nM 
1,25(OH)2D3 

12-16 h ZO-1, claudin-1 Neither 1,25(OH)2D3 nor E. coli challenge changed the mRNA 
expression of ZO-1 and claudin-1. 
1,25(OH)2D3 prevented E. coli-induced redistribution of ZO-1 and 
claudin-1 proteins. 

[147] 

Caco-2-bbe 0.01-1000 nM 
1,25(OH)2D3 

16 h ZO-1, claudin-1 Neither 1,25(OH)2D3 nor E. coli challenge changed the mRNA 
expression of ZO-1 and claudin-1. 
1,25(OH)2D3 attenuated E. coli-induced decrease of TEER in a 
time- and dose-dependent manner, and prevented E. coli-induced 
redistribution of ZO-1 and claudin-1 proteins. 

[146] 

a ZO-1, zonula occludens; TEER, transepithelial electrical resistance; PKC, protein kinase C; ROS, reactive oxygen species; MLC, myosin light chain; DSS, 
dextran sulfate sodium; siRNA, small interfering RNA. 
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2.4.4. Vitamin D and immunity 

Current observational evidence has associated vitamin D deficiency with a large number of 

medical conditions including cancer, bacterial infection, autoimmune diseases, etc. [158]. Numerous 

studies have demonstrated the mechanism and immunomodulatory effects of vitamin D during 

inflammation and infection (see review [11, 119, 159]). Briefly, activated TLRs and subsequently 

released cytokines like IL-1β and IFN-γ are able to induce the cellular expression of CYP27B1 and 

VDR [118, 160], thereby promoting the local synthesis of 1,25(OH)2D; then, in turn, 1,25(OH)2D binds 

to VDR and regulates various gene expressions to enhance the local defence [11]. The 

immunomodulatory effects include promoting microbial killing, inducing antimicrobial peptides, 

regulating inflammatory cytokine productions, altering TLRs expression, influencing cell 

differentiation and more [159].  

Although vitamin D is proposed to modulate immune responses after challenge of the immune 

system, several reports showed, even in healthy adults, that vitamin D also interacts with the host 

immune system. The alterations in leukocytes [161, 162], immunoglobulins [14, 163], cytokines [164, 

165], antimicrobial peptides [164, 166], and T cell subpopulations [12, 167] have been associated with 

vitamin D variations. Some literature is summarized in Table 2.3. 

In dairy cows, the immunological effects of vitamin D have been investigated as well (Table 2.4). 

Several studies have shown that vitamin D regulates immune cell proliferation and composition [168, 

169], TLR expression [65], and the expression of cytokine and antimicrobial peptides [65, 97]. These 

effects are similar to what has been described in human studies [170]. However, most studies are 

conducted in vitro or with experimental immune challenge rather than in healthy animals. Although 

vitamin D intramammary treatment reduced bacterial counts in milk during an experimental mastitis 

[171], it is hard to consider it as a substitute for antimicrobials, because vitamin D does not kill bacteria 

directly but promoting the bacterial killing functions of phagocytes. However, these above mentioned 

immunomodulatory effects of vitamin D make it valuable in preventing disease and enhancing animal 

robustness. As vitamin D is widely used in daily feed supplementation in dairy cows, it may be more 

appropriate to regard it as a prevention strategy for mastitis. Thus, how physiological vitamin D 

variations influence the immunity of healthy dairy cows, and what the optimal vitamin D status is to 

maintain an effective immune response should be investigated. 
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Table 2.3. Association between plasma 25(OH)D variation and immunity in healthy humans and animalsab. 

Species Treatment Tested parameters Stimuli Results Ref. 
Human None  WBC, serum hs-CRP, 

plasma fibrinogen 
None There was a U-shaped association between 25(OH)D and hs-CRP, 

and an inverse association between 25(OH)D and fibrinogen. 
There was an inverse association between 25(OH)D and WBC in 
smokers, but no association in non-smokers. 

[162] 

Pig 1500-3500 IU D3/kg 
feed, or 1500 IU D3 
+ 50 μg 25D3/kg 
feed, 14-21 days  

WBC, leukocyte 
viability, phagocytic 
capacity 

LPS 
(leukocyte 
viabilityc) 

Vitamin D3-enriched diets increased blood leukocyte numbers. 
The increase in leukocyte numbers paralleled the increases in serum 
25(OH)D3. 
25(OH)D3 promoted leukocyte survival and phagocytic capacity 
across blood and bronchoalveolar compartments.  

[161] 

Pig 50 μg D3/kg feed, or 
50-500 μg 25D3/kg 
feed, 42 days  

Characteristics of 
blood, bone, organ, 
urine 

None Neither gross pathology nor histology, nor blood and urine 
characteristics, nor bone parameters were affected by dietary 
treatments. 
No changes were observed for general indicators of health. 

[172] 

Human None Saliva sIgA, 
lactoferrin, lysozyme; 
WBC; plasma 
cathelicidin; plasma 
cytokine IL-1β, IL-2, 
IL-4, IL-6, IL-10, 
TNF-α, IFN-γ 

Commercial 
multi-antigen 
vaccine 
(cytokined) 

More vitamin D deficient subjects (25(OH)D < 30 nmol/L) 
presented symptoms of upper respiratory tract illness. 
Saliva sIgA secretion rate in optimal vitamin D group 
(25(OH)D >120 nmol/L) was higher. 
Plasma cathelicidin positively correlated with 25(OH)D levels. 
Production of IL-1β, IL-6, TNF-α, IFN-γ was lower in vitamin D 
deficient subjects. 

[14] 

Human 5000 IU vitamin 
D3/day, 
14 weeks 

Plasma cathelicidin; 
saliva sIgA, 
cathelicidin 

None  Vitamin D3 group had a higher percentage change of plasma 
cathelicidin, as well as increased saliva sIgA and cathelicidin 
secretion rates. 

[166] 

Human  None  PTH, IgA, IgE, IgM, 
IgG, IgG1, IgG2, 
IgG3, IgG4, C4, C3 

None  Low level of 25(OH)D was positively associated with IgG2 and C4, 
but inversely related to IgG1 and IgA. 
Serum total IgA, IgG, IgG2 and IgG4 peaked together with 

[163] 



22 
 

 
 

25(OH)D during late summer. 
Human None  Serum IL-1β, IL-2, 

TNF-α, IFN-γ, IL-10; 
skeletal muscle 
strength, peak power 
output 

None Vitamin D insufficient adults (25(OH)D ≤ 32 ng/ml) had higher IL-
1β, IL-2, TNF-α, IFN-γ levels compared with sufficient adults 
(25(OH)D > 32 ng/ml). 
IL-10, peak isometric forces and peak power outputs did not differ. 
Serum 25(OH)D levels inversely correlated with IFN-γ, tended to 
inversely correlate with IL-1β, but not correlated with IL-2, TNF-α, 
or IL-10. 

[13] 

Human 4000 IU or 8000 IU 
vitamin D3 daily,  
35 days 

Clinical chemistries; 
serum cytokines 

None  Vitamin D supplementation increased IFN-γ and IL-10 in subjects 
that were vitamin D insufficient (25(OH)D < 29 ng/ml) compared 
with sufficient (25(OH)D ≥ 30 ng/ml) at baseline. 

[173] 

Human 5-15 μg/d vitamin 
D3,  
22 weeks 

Serum hs-CRP, IL-6, 
IL-10, TNF-α, TGF-β, 
soluble CD40 ligand, 
fibrinogen 

None Vitamin D3 supplement had no significant effect on cytokine 
concentrations. 

[174] 

Human 50 μg/d vitamin D3,  
3 months 

Serum cytokines None Vitamin D3 supplementation did not change circulating cytokine 
levels among healthy adults.  

[175] 

Human In vitro, 100 nM 
1,25(OH)2D3;  
Ex vivo, none 

Antigen-stimulated 
cytokine production in 
isolated PBMC 

Pam3Cys 
and LPS  

In vitro, 1,25(OH)2D3 decreased IL-6 and TNF-α release by 
stimulated PBMC. 
Ex vivo, TLR-4 mediated IL-1β, IL-6, IL-10, TNF-α, IFN-γ 
production was lower in summer compared with winter, and the 
decrease was associated with elevated 25(OH)D3 and 1,25(OH)2D3. 

[165] 

Human None  Plasma IL-6, IL-17, 
IFN-γ 

None  Serum 25(OH)D level was positively related to IL-17 level. 
Serum 25(OH)D level was not associated with plasma IL-6 or  
IFN-γ. 

[176] 

Human Vitamin D3 alone or 
combine with 
calcium,  
6 monthsf 

mRNA expression of 
cathelicidin, cytokines 
and their transcription 
factors in PBMC 

None 6 months of vitamin D3/calcium supplementation in young females 
with vitamin D deficiency did not lead to any significant alteration 
in mRNA expression of cathelicidin, Th1/Th2 cytokines and their 
transcription factors. 

[177] 
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Human None  TLR expression on 
PBMC, TLR function, 
serum cathelicidin 

Specific 
agonist of 
TLR (TLR 
functione) 

Serum 25(OH)D levels inversely correlated with age and the 
expression of TLR2 (monocytes), TLR5 (T cells), TLR7 (B cells, T 
cells, monocytes). 
25(OH)D levels positively correlated with TLR7 function and 
circulating cathelicidin. 

[164] 

Human 200 or 4000 IU/day, 
28 days 

Muscular strength, 
clinical chemistries, 
serum IL-5, IL-10, 
IFN-γ 

None Serum IL-5 increased in the 200 IU group, but not in the 4000 IU 
group. 
Changes of serum IL-10 and IFN-γ were not significant. 
Serum 25(OH)D correlated with muscle strength, but muscle 
strength was not changed by vitamin D supplementation. 

[178] 

a hs-CRP, high-sensitivity C-reactive protein; WBC, white blood cell count; D3, vitamin D3; 25D3, 25-hydroxyvitamin D3; PTH, parathyroid hormone; PBMC, 
peripheral blood mononuclear cells; sIgA, secretory immunoglobulin A. 
b all studies tested circulating 25(OH)D or 25(OH)D3 levels unless specifically indicated. 
c blood leukocytes were isolated and stimulated with LPS for 24 h. 
d cytokine production was determined in antigen-stimulated whole blood culture. 
e TLR function was assessed by stimulating PBMC with specific ligands and measuring the production of intracellular pro-inflammatory cytokines IL-1β, IL-6, 
TNF-α by flow cytometry. 
f study conducted on healthy females with vitamin D deficiency. The experimental treatments were: 1) vitamin D3 60000 IU/week for 8 weeks, followed by 
60000 IU/fortnight for 4 months; 2) 500 mg calcium twice/day for 6 months; 3) both vitamin D3 and calcium in above-mentioned doses; 4) placebos. 
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Table 2.4. Vitamin D and bovine immunitya. 

A). In vitro studies 
Cells Vitamin D Time Tested parameters Results Ref. 
PBMC 1 nM 

1,25(OH)2D3 
2-14 d PBMC proliferation, 

composition 
Cell number and composition of resting PBMC was unaffected by 
1,25(OH)2D3. 
1,25(OH)2D3 inhibited PWM-induced cell number increase. 
1,25(OH)2D3 decreased total T cells and CD4+ T cells, as well as IL-2 
receptor+ cells and MHCII+ cells, but increased CD8+ T cells at the 
presence of PWM. 

[169] 

PBMC 0.0001-10 nM 
1,25(OH)2D3 

24-48 h IFN-γ production 1,25(OH)2D3 at 1 nM or more inhibited antigen-stimulated IFN-γ 
production, but 0.0001-0.01 nM had no effect. 

[179] 

PBMC 0.01-100 nM 
1,25(OH)2D3 

48 h IFN-γ secretion 1,25(OH)2D3 at 1, 10 and 100 nM inhibited PBMC IFN-γ secretion in the 
absence or presence of retinoic acid. 

[180] 

PBMCb VDR antibody 6 d Serum 1,25(OH)2D3; 
PBMC proliferation, 
composition, IFN-γ 
production 

In vivo, M. bovis infection transiently increased serum 1,25(OH)2D3 
within the first 2 weeks, and 1,25(OH)2D3 was produced by mononuclear 
cells in the granuloma. 
In vitro, VDR antibody inhibited the proliferative response of PBMC to 
antigens, and antigen-stimulated IFN-γ production. 

[181] 

PBMCb 1 or 10 nM 
1,25(OH)2D3 

1-6 d PBMC proliferation, 
composition, 
apoptosis, IFN-γ and 
nitrite production 

Addition of 1 or 10 nM 1,25(OH)2D3 inhibited antigen-stimulated PBMC 
proliferation by mainly influencing the CD4+ cells. 
1,25(OH)2D3 reduced PBMC apoptosis. 
1,25(OH)2D3 inhibited antigen-stimulated IFN-γ production, but enhanced 
nitrite production. 

[168] 

PBMCc 0.1-10 nM 
1,25(OH)2D3 

20-68 h TNF-α and IFN-γ 
secretion 

1,25(OH)2D3 reduced IFN-γ  but induced TNF-α responses in PWM-
stimulated PBMC in a dose-dependent manner.  

[182] 

PBMCc 25-125 ng/ml 
25(OH)D3,  
or 4 ng/ml 

24-72 h PBMC composition, 
IFN-γ and nitrite 
production, mRNA 

M. bovis PPD induced CYP27B1 expression in the monocytes and B 
cells, but not in the T cells. 
Physiological concentration of 25(OH)D3 down-regulated PPD-induced 

[183] 
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1,25(OH)2D3 expressions IFN-γ and IL-17F mRNA expression in T cells. 
PBMCc 10 nM 

1,25(OH)2D3 
2-8 d PBMC proliferation, 

viability; expression 
of CD25, CD44 and 
CD62L by CD4+ and 
γδ TCR+ cells 

1,25(OH)2D3 inhibited M. bovis PPD-induced PBMC proliferation, and 
the proliferation of both CD4+ and γδ TCR+ cells were inhibited. 
1,25(OH)2D3 reduced PBMC apoptosis. 
1,25(OH)2D3 reduced CD44 expression, but did not alter CD25 or CD62L 
expression on proliferating CD4+ and γδ TCR+ cells. 

[184] 

Monocytes 0.04-4 ng/ml 
1,25(OH)2D3; 
25-100 ng/ml 
25(OH)D3 

24 h Nitrite production; 
mRNA expressions 

1,25(OH)2D3 induced CYP24A1 mRNA expression, but the induction 
was blocked by LPS. 
1,25(OH)2D3 and 25(OH)D3 increased expression of iNOS and RANTES, 
as well as nitrite production in a dose-dependent manner in LPS-
stimulated cells. 
Antigen stimulation increased CYP27B1 expression. 

[185] 

BMEC 1-200 nM 
vitamin D3 

24 h Cell viability; 
bacterial invasion; 
mRNA expression of 
CYP2R1, CYP27B1, 
CYP24A1, 
antimicrobial peptide 

Vitamin D3 did not affect S. aureus growth and BMEC viability, but it 
reduced S. aureus invasion into BMEC. 
S. aureus induced expression of all tested antimicrobial peptide and VDR, 
but reduced expression of CYP2R1 and CYP27B1. 
Vitamin D3 alone induced the expression of LAP, DEFB1, S100A7, 
CYP2R1, CYP27B1, but reduced the expression of TAP, BNBD5, VDR. 
Vitamin D3 pre-treatment inhibited S. aureus-induced increase of 
antimicrobial peptide. 

[21] 

BMEC 1-200 nM 
vitamin D3 

24 h TLR2 mRNA 
expression and 
membrane abundance; 
mRNA expression of 
cytokines 

Vitamin D3 inhibited TLR2 mRNA expression, but increased its 
abundance at 200 nM. 
Vitamin D3 reduced the expression of TNF-α and IL-1β, induced the 
expression of RANTES and IL-10, but did not affect IL-6 and IL-8. 
S. aureus induced all tested gene expression but reduced IL-8. 
Vitamin D3 pre-treatment inhibited S. aureus-induced expression of TNF-
α, IL-1β, IL-10, and RANTES. 

[65] 

Monocytes, 
neutrophils, 

10 nM 
1,25(OH)2D3,  

6-24 h 
(in 

mRNA expression of 
bovine β-defensins, 

In vitro, 1,25(OH)2D3 induced mRNA expression of BNBD3, 4, 6, 7, 10 
in the absence and presence of LPS in monocytes, but not in neutrophils. 

[97] 
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BMEC, 
somatic cells 

or 62.5-250 nM 
25(OH)D3  
(in vitro);  
10 μg 
1,25(OH)2D3, 
intramammary 
infusion  
(in vivo) 

vitro); 
4-8 h 
(in 
vivo) 

iNOS, CYP24A1 1,25(OH)2D3 only induced BNBD4 expression, but reduced BNBD10 
expression in BMEC. 
1,25(OH)2D3 increased expression of iNOS and CYP24A1 in monocytes, 
neutrophils, and BMEC. 
25(OH)D3 increased LPS-stimulated expression of BNBD3, 4, 7, 10 in a 
dose-dependent manner in monocytes. 
Protein translation inhibitor blocked 1,25(OH)2D3-induced defensin 
expression. 
In vivo, intramammary infusion of 1,25(OH)2D3 increased BNBD7 
expression in milk macrophages. 

 
B). In vivo studies 
Vitamin D Challenge Tested parameters Results Ref. 
None None  serum 25(OH)D, MAP 

antibody; reproductive 
status 

MAP positive cows had lower serum 25(OH) levels than negative cows. 
The reproductive status was associated with 25(OH)D levels. 

[186] 

None LPS, infused 
intravenously 

Serum Ca, P, Mg, 
25(OH)D3, 1,25(OH)2D3 

Serum 25(OH)D3 and 1,25(OH)2D3 were not affected by LPS infusion. 
Serum Ca and P, but not Mg, decreased after LPS infusion. 

[187] 

None C. oncophara, 
orally 

Microarray analysis of 
jejunum tissues 

Reinfection strongly induced VDR activation and iNOS expression, and 
influenced several canonical pathways associated with iNOS. 

[188] 

None S. uberis, 
intramammary 
infusion 

mRNA expression of 
CYP27B1, CYP24A1, 
iNOS, RANTES, VDR 

The expression of CYP27B1 and iNOS was predominantly increased in CD14+ 
cells from the infected mammary gland. 
The expression of CYP24A1 and RANTES was mainly increased in CD14- cells 
from the infected mammary gland. 
VDR was increased in cells from the infected mammary gland, but there was no 
difference between CD14+ and CD14- cells. 

[189] 

100 μg 
25(OH)D3, 
intramammary 

S. uberis, 
intramammary 
infusion 

Serum 25(OH)D3, 
indicators of mastitis  

25(OH)D3 treated animals had lower bacterial count in milk, and showed a 
tendency to reduced symptomatic effects of mastitis. 

[171] 
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infusion 
1700 or 17900 
IU vitamin 
D3/kg diet,  
10 weeks 

RSV, aerosol 
challenge 

Serum 25(OH)D3; 
mRNA expressions in 
lung tissue 

RSV activated vitamin D intracrine pathway in the inflamed lung, but vitamin D 
had no impact on pathogenesis during the early phases of RSV infection. 
IL-12p40 was upregulated, but other cytokines were unaffected in the lungs of 
high 25(OH)D3 (177 ng/ml) calves compared with low 25(OH)D3 (32.5 ng/ml). 

[190] 

a PBMC, peripheral blood mononuclear cells; PWM, pokeweed mitogen; iNOS, inducible nitric oxide synthase; RANTES, regulated upon activation, normal T-
cell expressed and secreted; RSV, respiratory syncytial virus; MAP, Mycobacterium avium ssp. paratuberculosis; M. bovis, Mycobacterium bovis; M. bovis PPD, 
M. bovis purified protein derivative; C. oncophara, Cooperia oncophora; iNOS, inducible nitric oxide synthase; S. uberis, Streptococcus uberis; BSA, bovine 
serum albumin; S. aureus, Staphylococcus aureus. 
b PBMC isolated from M. bovi-infected cattle. 
c PBMC isolated from cattle vaccinated subcutaneously with M. bovis bacilli Calmette-Guerin. 
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2.4.5. Nonclassic actions of vitamin D2 

To date, most studies regarding D2 mainly focus on comparing its ability to elevate plasma 

25(OH)D with D3. Yet, some studies have revealed possible immunological effects of D2. D2 is found 

to inhibit leukemia cell growth by inducing apoptosis in a dose-dependent manner [191], and promote 

keratinocytes differentiation in the epidermis [192]. It is also able to increase the expression of 

antimicrobial peptide cathelicidin in activated monocytes [193], and inhibit excessive secretion of IL-6 

induced by UV irradiation in vitro [192]. In vivo, D2 fails to alter circulating cathelicidin levels [193] or 

influence the outcome of some human related diseases [194, 195], but it can suppress UV-induced skin 

damage in mice [192] and enhance immunity to mycobacteria in humans [15]. In addition, it is reported 

that D2 enriched mushroom modulates the immune response to LPS in rats, but the mushroom itself has 

been found to have immune stimulating effects [16], hence the conclusion remains questionable.  

As described above, the immunological effects of D2 are only investigated in humans, mice and 

rats. There are no data demonstrating the immunological effects of D2 on dairy cows or bovine cells so 

far. Taking into account the fact that D2 is one of the vitamin D sources for dairy cows, it is necessary 

to fill this gap. On the other hand, the structural and metabolic differences between D2 and D3 may lead 

to differences in immunomodulatory effects. In fact, an in vivo experiment on mice showed that D2 and 

D3 may affect immune cell development differently [196]. Furthermore, it has been reported in dairy 

cows that D2 impairs the utilization of D3 [113]. Thus, it is important to explore the role of D2 in dairy 

cow immunity and investigate if D2 and D3 interfere differently with the immunological effects. 

 

2.5. Antimicrobials 
Besides a preventing strategy, a rapid and effective therapy is also very important in mastitis 

control when the disease has already occurred. To date, antimicrobials are still an irreplaceable 

component of mastitis treatment. Although there are only few classes of antimicrobials have been 

approved for mastitis treatment, they are widely recommended and used [4]. However, the 

conventional antimicrobial therapy seems disappointed in treating mastitis induced by Gram-negative 

bacteria [4]. Furthermore, the extensive use of conventional antimicrobials in dairy cows is suggested 

to create a positive selective pressure in mastitis pathogens, and contributes to increased antimicrobial 

resistance [4]. On the other hand, some of the antimicrobials belong to the antimicrobial groups that are 
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used in the treatment for human disease, thus the potential development and transmission of 

antimicrobial resistance may influence the treatment of human population [17]. Hence new 

antimicrobials that can effectively eliminate Gram-negative bacteria without increase the risk of 

developing antimicrobial resistance are needed. Bacteriocins, specifically, the well-studied colicin Ia, is 

such a suitable candidate for creating new antimicrobials.  

 

2.5.1. Colicin Ia 

Colicins are 40~80 kDa bacteriocins that are produced by some E. coli strains, and are naturally 

lethal to closely related species [197]. All colicins can be organized into 3 domains, each corresponding 

to one step of colicin action. The central receptor binding domain (R-domain) consists of 30–50% of 

the polypeptide, and it is responsible for the first step, binding to a β-barrel protein in the outer 

membrane (OM) of target bacterial cells. The N-terminal translocation domain (T-domain) then 

interacts with a second OM protein (translocator) and a translocation system, actively translocating the 

colicin itself into host periplasm. According to the mechanism of translocation, colicins can be 

classified into 2 groups. Group A colicins are translocated by the Tol system, includes colicins A, E1-9, 

K, L, N, S4, U and Y; while group B colicins use the TonB system, and includes colicins B, D, H, Ia, 

Ib, M, 5 and 10. The final killing step is completed by a C-terminal domain (C-domain). It either 

degrades nucleic acids, or inhibits peptidoglycan and protein synthesis, or creates a voltage-activated 

channel in the cytoplasmic membrane. These 3 domains work collectively to kill target bacteria rapidly 

[197, 198].  

Colicin Ia (ColIa) is an elongated molecule of 626 amino acid residues [199] (Fig. 2.3A). The OM 

receptor of ColIa is Cir, a 22-strand β-barrel nutrient transporter [200]. The high-affinity binding of the 

ColIa R-domain to Cir (CirR) triggers the recruitment of a second Cir (CirT), which binds to the ColIa 

T-domain with lower affinity and serves as a translocator for the TonB system [200, 201]. The 

formation of ColIa-CirR-CirT-TonB translocon then initiates the translocation of the colicin C-domain 

across the target bacterial OM [198] (Fig. 2.3B). The C-domain of ColIa is a channel-forming domain. 

It inserts into the lipid bilayer and forms a voltage-activated channel that results in the depolarization of 

the cell membrane. The channel is opened by transmembrane potential, and will lead to the leak of 

intracellular ions and the subsequent loss of transmembrane potential. Without the potential, the 

channel closes. Consequently, the bacterial cell starts to expend energy to re-establish the 
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transmembrane potential. Once the potential is recovered, the channel opens again. With several such 

cycles, the target bacteria can be killed rapidly in a few minutes [202]. 

 
Fig. 2.3. Model of the colicin Ia translocation mechanism. A) The structure of colicin Ia [199]. Colicin Ia (ColIa) is 

an elongated molecule, its two long α-helices segregate the R-domain from the T- and C-domain. B) Colicin Ia 

translocation mechanism [198]. ColIa first binds to its primary receptor Cir on the OM of target bacteria through its 

R-domian. Bound Cir then recruits a second Cir to bind to the T-domain and to serve as the colicin translocator for the 

TonB system. The length of α-helices permits colicin Ia to span the periplasm while interacting with both the receptor 

and the inner membrane. The formation of ColIa-Cir(R-domain)-Cir(T-domain)-TonB translocon initiates the 

translocation of the colicin C-domain across the target bacterial OM. OM, outer membrane; IM, inner membrane; 

PMF, proton motive force. 

 

The bactericidal activity of ColIa is a biophysical process. In theory, as long as the hydrophobic 

hairpin of the C-domain can be positioned within the van der Waals zone of attraction at the cell 

membrane, ColIa could insert into the cell membrane and form a lethal channel under the action of 

biophysical forces [199]. Moreover, it has been shown that a deletion mutant of ColIa with no R-

domain still retained marginal bactericidal activity, which suggests that even in the absence of the R-

domain, the ColIa T-domain can bind to Cir and initiate cell killing [201]. These unique properties 

make it possible to use ColIa as a prototype to create new antimicrobials. 
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2.5.2. Pheromonicins 

The natural antibacterial spectrum of ColIa is quite narrow, it only against species that closely 

related to E. coli [198]. To extend the target range, ColIa is fused with target specific peptides 

(pheromone or antibody mimetic) to create a new family of antimicrobial agent, pheromonicin [199]. 

The fused specific peptide can locate pheromonicin on the surface of the targeted cells, thereby 

allowing ColIa to approach the van der Waals zone of the cells that are not its natural targets, and form 

a lethal channel that will eventually result in cell death [199]. 

The first engineered pheromonicin is pheromonicin-SA (PMC-SA), a fusion of ColIa and the 

Staphylococcus aureus pheromone AgrD1 [203]. PMC-SA shows strong bactericidal activity and high 

specificity against methicillin resistant S. aureus in vitro and in vivo, without any signs of toxicity, 

necrosis, or inflammation [203]. In addition, it has been reported that PMC-SA is able to regulate 

mRNA expression of TLR, cytokines and lactoferrin in S. aureus-infected BMEC [204]. After this, 

Enterococcus faecalis-specific pheromonicin PMC-EF [205] and candida albicans-specific 

pheromonicin PMC-CA [199] have also been successfully constructed.  

Later on, an antibody mimetic were developed to recognize specific surface antigens on cancer 

cells [206]. Normally, antibodies have 6 complementarity-determining regions (CDRs), 3 in the heavy 

chain (VH) and 3 in the light chain (VL). They are dispersed on 4 framework regions (FRs), and serve 

as the antigen-binding sites that determine the specificity of the antibody. The role of FR is to separate 

CDRs in VH and VL, thus maintaining their proper orientations [207]. However, this small antibody 

mimetic is whittled from the normal antibody, with a molecular weight of~3 kDa. It consists of only 2 

CDR— one from VH and one from VL—to retain the ability to bind specific antigens, and a FR from 

either the VH or VL to separate the 2 CDRs (Fig. 2.4). The structure of VHCDR1-VHFR2-VLCDR3 

allows the mimetic to resemble its parental antibody and retain the conformation and disposition in 

native molecules [206]. The targeting function of this small antibody mimetic has been demonstrated 

by fusion with ColIa [206].  
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Fig. 4. Structure of PMC-NM (modified from [198, 199]). The small antibody mimetic is whittled from the normal 
antibody, and consists of only 2 CDRs and 1 FR (upper left). Compared with other fragments such as the Fab domain 
and a single-chain Fv fragment, this mimetic is much smaller but still retain the antigen recognition ability of its 
parent antibody. The antibody mimetic is linked to the C-terminal of colicin Ia to create fusion protein PMC-NM 
(lower left). 

 

The success of small antibody mimetic raises the possibility that pheromonicins could be targeted 

to numerous bacterial species rather than a specific one. Therefore, a new broad spectrum 

pheromonicin, PMC-NM, was constructed by attaching an anti-porin A antibody mimetic to the C-

terminus of ColIa [199]. Porins are a class of transmembrane proteins present in the OM of Gram-

negative bacteria [208]. Porin A is one of the major porins expressed by Neisseria meningitidis and has 

a β-barrel structure that is shared by all porins [208, 209]. The small anti-porin A antibody mimetic can 
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recognize structurally related porin A homologues, thus providing PMC-NM with antibacterial activity 

against a wide range of pathogens [199]. However, there are few data demonstrating the influence of 

PMC-NM on mammal cells during infection. Improving the knowledge in this area will help us 

estimate the potential of PMC-NM as a future treatment for bovine mastitis. 

 

 

3. Hypotheses and objectives  
3.1. Project rationale 

Bovine mastitis is a severe problem worldwide. Many nutrients including vitamin D have been 

reported to have immunomodulatory effects and are related to mastitis resistance. On the other hand, 

antimicrobials are usually used in the treatment of bovine mastitis, but the conventional antimicrobials 

have some limitations and may increase the risk of antimicrobial resistance. Therefore, the overall aim 

of this PhD thesis was to investigate the potential of vitamin D forms and doses as a new prevention 

strategy, and the possibility of PMC-NM as a new therapy for bovine mastitis. 

3.1.1. Manuscript I 

Hypothesis: 1) Vitamin D inhibits cell proliferation and S. aureus invasion. 2) Vitamin D 

increases mRNA expression of cell junctional protein, and inhibits S. aureus-induced reduction. 3) S. 

aureus and vitamin D induce the mRNA expression of vitamin D hydroxylase. 4) The effects of 

vitamin D2 and D3 compounds are different. 

Objectives: To investigate the effects of vitamin D on bovine mammary epithelial cell 

proliferation and S. aureus invasion, to explore the influence of an S. aureus challenge and pre-

treatment with vitamin D on cell junctional protein mRNA expression, and compare the differences of 

these non-classic effects between D2 and D3 compounds. 
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3.1.2. Manuscript II 

Hypothesis: 1) Repletion of vitamin D2 or D3 in vitamin D-depleted healthy dairy cows would 

enhance their immunity as measured by several immune parameters, including leukocyte populations, 

immunoglobulin concentrations in blood and milk, antigen-stimulated cytokine productions in plasma. 

2) Vitamin D2 and D3 influence the immune parameters differently. 

Objectives: To investigate the potential benefits of vitamin D repletion on vitamin D-depleted 

healthy dairy cows, and the possible differences between D2 and D3 supplementation.  

3.1.3. Manuscript III 

Hypothesis: 1) PMC-NM kills E. coli rapidly. 2) E. coli-challenged BMEC treated with PMC-

NM had lower expressions of inflammatory cytokines than that treated with conventional antibiotic 

ceftiofur. 

Objectives: To investigate the immune responses of E. coli-challenged BMEC followed by PMC-

NM treatment. 
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4. Manuscripts 
4.1. Manuscript I 

 

 

 

Effects of vitamin D and its metabolites on cell viability and Staphylococcus aureus 

invasion in bovine mammary epithelial cells  
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Abstract 18 

Vitamin D has been found have various biological effects that may be potent in preventing bovine 19 

mastitis. Two forms of vitamin D, vitamin D2 (D2) and vitamin D3 (D3), can be hydroxylated to 20 

functional metabolites in cattle. The objectives of the present study were to investigate the effects of 21 

vitamin D on bovine mammary epithelial cell proliferation and Staphylococcus aureus (S. aureus) 22 

invasion, and compare the differences between D2 and D3 compounds. Results showed that 1,25-23 

dihydroxyvitamin D2 have an anti-proliferation activity comparable to 1,25-dihydroxyvitamin D3, 24 

while D2 and 25-hydroxyvitamin D2 (25(OH)D2) was slightly more potent than D3 and 25-25 

hydroxyvitamin D3 (25(OH)D3) in inhibiting MAC-T cell viability in vitro. S. aureus growth was 26 

inhibited by high concentrations of D2, D3, 25(OH)D2 and 25(OH)D3. 25(OH)D2 and 25(OH)D3 27 

induced CYP24A1 expression but reduced VDR mRNA expression, whereas the expression of 28 

CYP27B1, occludin, and E-cadherin did not change. Additionally, the induction of CYP24A1 29 

expression by 25(OH)D3 was higher than that of  25(OH)D2, which may contribute to the differences in 30 

anti-proliferation activity. S. aureus invaded into MAC-T cells and universally inhibited gene 31 

expressions. MAC-T cells pre-treated with 25(OH)D2 reduced S. aureus adhesion while pre-treatment 32 

with 25(OH)D3 inhibited S. aureus invasion, but neither of the compounds attenuated the S. aureus-33 

induced gene expression reduction. In conclusion, the present study showed that D2 compounds have 34 

comparable effects on cell proliferation and bacterial invasion to their D3 analogues in vitro, suggesting 35 

that D2 and its metabolites may also be effective in the defense against bacterial infection.  36 

 37 

Key words: ergocalciferol, cholecalciferol, MAC-T cells, cell viability, S. aureus invasion, epithelial 38 

barrier  39 
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1. Introduction 40 

Bovine mastitis is one of the most costly diseases in dairy industry worldwide, and many non-41 

antimicrobial strategies have been developed to reduce its prevalence and severity (Heinrichs et al., 42 

2009). Vitamin D has been found to have diverse nonclassic effects including inhibiting cell 43 

proliferation, regulating immune response, and improving epithelial barrier functions (Rosen et al., 44 

2012), and the immunomodulatory effect was also reported on bovine cells (Tellez-Perez et al., 2012), 45 

implying its potential in preventing bovine mastitis.  46 

On the other hand, as a major pathogen that causes mastitis in dairy cows, Staphylococcus aureus 47 

(S. aureus) is able to invade into bovine mammary epithelial cells and result in recurrent and persistent 48 

infections (Bouchard et al., 2013). It has recently been reported that pre-treatment with D3 or 49 

1,25(OH)2D3 reduces bacterial invasion into host cells (Liu et al., 2009; Tellez-Perez et al., 2012), and 50 

maintains epithelial barrier integrity by regulating several cell junction proteins (Chen et al., 2015a; 51 

Chen et al., 2015b). However, the mechanism of how vitamin D protects cells from S. aureus invasion 52 

has not been fully demonstrated yet. 53 

In cattle, “vitamin D” refers collectively to 2 different but closely related secosteroids, vitamin D2 54 

(ergocalciferol, D2) and vitamin D3 (cholecalciferol, D3). D2 can be obtained from fungi growing on 55 

plant material used as forage, whereas D3 can be either ingested from vitamin supplements or 56 

endogenously synthesized in the skin during exposure to sunlight (Hymøller and Jensen, 2011). In vivo, 57 

D2 and D3 are first hydroxylated in liver by 25-hydroxylase (CYP2R1) to become the circulating forms 58 

25-hydroxyvitamin D2 (25(OH)D2) and 25-hydroxyvitamin D3 (25(OH)D3), respectively. Then these 59 

metabolites are further hydroxylated in the kidneys and other organs by 1α-hydroxylase (CYP27B1) to 60 

produce the physiologically active metabolites 1,25-dihydroxyvitamin D2 (1,25(OH)2D2) and 1,25-61 
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dihydroxyvitamin D3 (1,25(OH)2D3), respectively (Hymøller and Jensen, 2011). These active 62 

metabolites are capable of binding to and activating the vitamin D receptor (VDR) in nucleus of the 63 

target cells thereby inducing the expression of numerous genes (Szymczak and Pawliczak, 2016). In the 64 

end, the 24-hydroxylase CYP24A1 further hydroxylates and inactivates the vitamin D metabolites thus 65 

avoid vitamin D intoxication (Schuster, 2011). Yet, in vitro, it has been reported that various cells 66 

including bovine mammary epithelial cells (BMEC) express the whole set of hydroxylases thus also 67 

can metabolize the parent vitamin D to its active form and then inactivate it (Tellez-Perez et al., 2012).  68 

Compared with D3 compounds (D3, 25(OH)D3, and 1,25(OH)2D3), the non-classic effects of D2 69 

compounds (D2, 25(OH)D2, and 1,25(OH)2D2) are not well studied, and to date, there are barely 70 

information regarding the possible differences of D2 and D3 compounds in non-classic actions. Taking 71 

into account the fact that D2 is one of the vitamin D sources in dairy cows, it is necessary to investigate 72 

the non-classic effects of D2 compounds. On the other hand, MAC-T is a well-established bovine 73 

mammary epithelial cell line (Huynh et al., 1991). Although there are some differences compared with 74 

primary cells, the MAC-T cells still retain typical biological and morphological characteristics of 75 

bovine mammary epithelial cells (Huynh et al., 1991). Thus, they are widely used as an in vitro model 76 

in various bovine studies (Jedrzejczak and Szatkowska, 2014). Therefore, the objectives of the present 77 

study were to investigate the effects of vitamin D on MAC-T cell proliferation and S. aureus invasion, 78 

explore the influence of an S. aureus challenge and pre-treatment with vitamin D on cell junctional 79 

protein mRNA expression, and compare the differences of these non-classic effects between D2 and D3 80 

compounds.  81 

 82 

 83 
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2. Materials and methods 84 

In the following, the terms vitamin D, 25(OH)D, and 1,25(OH)2D refer to both D2 and D3 forms 85 

unless specifically indicated otherwise.  86 

2.1. Chemicals  87 

D2, D3, 25(OH) D2, 25(OH) D3 and 1,25-(OH)2D3 were obtained from Sigma-Aldrich (St. Louis, 88 

MO, USA) and dissolved in 96% ethanol to made stock solutions. Concentration of each vitamin D 89 

compound in the stock solutions were determined by UV-1201 UV-VIS spectrophotometer (Shimadzu, 90 

Kyoto, Japan) and calculated according to Lambert-Beers law. 1,25-(OH)2D2 solution (5 μg/ml in 91 

ethanol) was obtained from Sigma-Aldrich (St. Louis, MO, USA).  92 

2.2. MAC-T cell viability assay 93 

SV40 T antigen transfected bovine mammary epithelial cell line MAC-T (Huynh et al., 1991) was 94 

used in the study. Cells were seeded in a 96-well plate at a density of 2,000 cells/well in Dulbecco’s 95 

Modified Eagle Medium (DMEM; Gibco, Thermo Fisher Scientific, MA, USA) supplemented with 10% 96 

fetal calf serum (Bio Whittaker, Lonza, Belgium), 1 × GlutaMax (Gibco, St. Louis, MO, USA), 100 97 

U/ml penicillin and 100 μg/ml streptomycin and 0.25 μg/ml amphotericin B (Sigma-Aldrich) for 24 h 98 

(pretreatment period). Then the culture medium was carefully aspirated and replaced by treatment 99 

medium containing 2% FCS and different concentrations of D2 or D3 (0-14,000 ng/ml), 25(OH)D2 or 100 

25(OH)D3 (0-5,500 ng/ml), 1,25(OH)2D2 or 1,25(OH)2D3 (0-20,000 pg/ml) for 0, 1, 2, 4, 6 d. The 101 

concentration of ethanol in the culture medium did not exceed 1%. Cell viability was determined by a 102 

resazurin metabolism assay (AlamarBlue; Invitrogen, Thermo Fisher Scientific, MA, USA). Cell 103 

culture medium was aspirated and AlamarBlue reagent was added to all wells and fluorescence was 104 
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measured after 2 h incubation as previously described (Hyldgaard et al., 2015). For D2, D3, 25(OH)D2 105 

and 25(OH)D3, the half maximal inhibitory concentration (IC50) values were calculated from 106 

concentration curves from each day.  107 

2.3. S. aureus growth rate determination  108 

To investigate whether vitamin D have inhibitory effect on S. aureus growth, an S. aureus strain A1 109 

isolated from cows with mastitis (Aarestrup et al., 1994) was inoculated in reinforced clostridial broth 110 

(RCM; Merck KGaA, Darmstadt, Germany). An overnight culture (~5 × 108 cfu/ml) was diluted 100 111 

times and incubated at 37 °C for 2 h to reach the exponential phase before the assay. Then the 112 

suspension was further diluted 10 times and 225 μl was dispensed into the wells of a 96-microwell 113 

plate, and 25 μl of vitamin D compounds diluted in RCM were added giving a final concentration of 114 

10-10,000 ng/ml. For positive controls, vitamin D compounds were replaced by RCM, and for negative 115 

controls the suspension was replaced by 250 μl RCM. The same concentrations of ethanol were used as 116 

vehicle control. All wells were overlaid with 50 μl of autoclaved liquid paraffin to avoid evaporation. 117 

Growth curves of S. aureus were obtained by reading absorbance at 620 nm (A620) every 15 min for 24 118 

h on an EL808 – Ultra Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA). The growth 119 

rates were calculated as the slope of the exponential growth phase (Matos et al., 2008).  120 

2.4. Adhesion and invasion analysis 121 

An antibiotic protection assay was used to detect bacterial adhesion and invasion as described by 122 

Bouchard et al. [13] with modifications. The S. aureus strain A1 was harvested from overnight culture 123 

in brain-heart broth (BHI; Merck KGaA, Darmstadt, Germany), and resuspended in PBS with a 124 

concentration of approximately 2 × 108 cfu/ml, determined by measurements of the optical density at 125 

600 nm (OD600) on a UV-3100 PC spectrophotometer (VWR, Herlev, Denmark). MAC-T cells were 126 
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cultured in 24-well plates at a density of 20,000 cells/well until 80% confluent, and subsequently 127 

incubated with different concentrations of 25(OH)D2 or 25(OH)D3 (5-100 ng/ml) for 24 h. Then 100 μl 128 

S. aureus suspension was added into each well to achieve a multiplicity of infection (MOI) of 100:1. 129 

After 2 h of incubation, cells were washed 4 times in PBS. For detecting bacterial adhesion, cells were 130 

lysed with 1 ml of 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in sterile water. Lysates 131 

were serially diluted and plated on Columbia blood agar with 5% sheep's blood (Oxoid, Thermo Fisher 132 

Scientific, MA, USA) in triplicates. The number of adhered S. aureus was determined using the 133 

standard colony counting technique. For detecting bacterial invasion, MAC-T cells were further 134 

incubated in medium containing 100 μg/ml gentamicin (Sigma-Aldrich, St. Louis, MO, USA) for 135 

another 2 h to kill extracellular bacteria. The number of invaded S. aureus in each well was determined 136 

as described above. Data are presented as the percentage of adhesion or invasion in relation to control 137 

(MAC-T cells without 25(OH)D2 or 25(OH)D3 treatment).  138 

2.5. Gene expression analysis 139 

MAC-T cells were cultured and challenged with S. aureus as described above. At 24 h (before S. 140 

aureus challenge) and 26 h (after 2 h of incubation), total RNA was extracted from MAC-T cells using 141 

TRI reagent (Sigma-Aldrich, St. Louis, MO, USA) according to manufacturer’s instructions. The 142 

quality and quantity of RNA were examined by agarose gel electrophoresis and spectrophotometry 143 

(NanoDrop ND-1000, Saveen Werner, Malmö, Sweden), respectively. cDNA was generated from ~500 144 

ng RNA using the High-Capacity cDNA Reverse Transcription Kit (Invitrogen). Real-time PCR was 145 

performed with TaqMan® Gene Expression Assay using ViiA 7 Real-time PCR system (Applied 146 

Biosystem, Thermo Fisher Scientific, MA, USA). Primers for bovine CYP27B1 (Cat. No. 147 

Bt04311113_g1), CYP24A1 (Cat. No. Bt04306542_g1), VDR (Cat. No. Bt04301665_m1), occludin 148 
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(Cat. No. Bt03255219_m1), E-cadherin (Cat. No. Bt03210093_g1)  were obtained from Thermo Fisher 149 

Scientific (MA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as 150 

housekeeping gene, and the samples collected at 24 h without vitamin D treatment (concentration = 0) 151 

were used as the reference samples. The relative mRNA expression of each target gene was calculated 152 

using the 2−∆∆Ct method. 153 

2.6. Statistical analysis 154 

All assays were performed at least in triplicates and repeated 3 times, and results are presented as 155 

mean ± SEM. IC50 values in cell viability assay was calculated by nonlinear regression and compared 156 

by F test using GraphPad Prism 6.01 (Graphpad Software Inc., CA, USA). Other statistical analyses 157 

were performed with R (R Development Core Team, 2015) using mixed linear model with a random 158 

effect of assay (n=3). For the analysis of cell viability, concentration, time, and their interaction were 159 

used as fixed effects, and the differences between indicated concentrations and control within the same 160 

day were analysed by Dunnett test. The IC50 values of 1,25(OH)2D2 and 1,25(OH)2D3 cannot be 161 

calculated because they did not achieve complete inhibition, thus the comparison between these two 162 

compounds within the same day were also performed with mixed liner model including concentration, 163 

vitamin D form (1,25(OH)2D2 or 1,25(OH)2D3), and their interaction as fixed effects. For the analysis 164 

of S. aureus growth rate, adhesion and invasion, fixed effects used in the model including concentration, 165 

vitamin D form, and their interaction; for the analysis of gene expression, bacterial treatment (with or 166 

without S. aureus) and its interaction with the other 2 factors were also added as fixed effects. Multiple 167 

comparisons were carried out using Tukey test, and P values < 0.05 were considered significant. 168 

 169 

 170 
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3. Results 171 

3.1. Effects of D2, D3 and their metabolites on MAC-T cell viability 172 

The addition of D2, D3, 25(OH)D2, 25(OH)D3 inhibited MAC-T cell viability in a dose and time 173 

dependent manner, whereas 1,25(OH)2D2 and 1,25(OH)2D3 reduced it to a less extent and was not dose 174 

or time dependent (Fig 1).  175 

After 1 d in culture, all concentrations of D2 inhibited cell viability (P < 0.005), while the minimum 176 

inhibitory concentration of D3 was 2000 ng/ml (P < 0.001). MAC-T cell viability decreased at 177 

concentrations of 25(OH)D2 or 25(OH)D3 above 10 ng/ml (P < 0.03). However, at a concentration of 178 

100 ng/ml, the effect of 25(OH)D2 and 25(OH)D3 did not differ (P = 0.814), and cell viability remained 179 

more than 90% compared with untreated cells. 1,25(OH)2D2 inhibited cell viability only at 180 

concentration of 100 pg/ml and 1000 pg/ml (P < 0.001), while 1,25(OH)2D3 did not reduce it. The 181 

effect of 1,25(OH)2D2 and 1,25(OH)2D3 did not differ at 1 d (P = 0.715). 182 

After 6 d in culture, all concentrations of D2 except 4000 ng/ml (P < 0.001) and concentrations of 183 

D3 above 10 ng/ml (P < 0.001) reduced cell viability. MAC-T cell viability decreased at all 184 

concentrations of 25(OH)D2 (P < 0.001), as well as 1000 ng/ml or more 25(OH)D3 (P < 0.016). All 185 

concentrations of 1,25(OH)2D2 and 1,25(OH)2D3 inhibited cell viability significantly (P < 0.027), but 186 

there was no significant difference between them (P = 0.817). 187 

In absolute values, IC50 of D2 was slightly higher at 1 d but was slightly lower from 2 d compared 188 

with D3 (Table 1), but the IC50 values of D2 were approximately 90% than that of D3 on average. 189 

25(OH)D2 had lower absolute IC50 values compared with 25(OH)D3 at all treatment periods, and IC50 190 

of 25(OH)D2 was 60% than that of 25(OH)D3. 191 

 192 
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3.2. Effects of D2, D3 and their metabolites on S. aureus growth  193 

S. aureus growth was inhibited dose dependently by concentrations of D3, 25(OH)D2, and 194 

25(OH)D3 above 1000 ng/ml (P < 0.001), but D2 only inhibited its growth at 10000 ng/ml (P < 0.001) 195 

(Fig 2). On the contrary, neither 1,25(OH)2D2 nor 1,25(OH)2D3 inhibited S. aureus growth at all tested 196 

concentrations. 197 

Compared with D2, D3 had stronger inhibitory effect on S. aureus growth (P < 0.001). The growth 198 

rate of 25(OH)D3 treated S. aureus was higher at 1000 ng/ml (P < 0.001) but lower at 5000 ng/ml and 199 

10000 ng/ml (P < 0.01) than that of 25(OH)D2. 200 

3.3. Effects of 25(OH)D2 and 25(OH)D3 on S. aureus adhesion and invasion 201 

All concentrations of 25(OH)D2 reduced the adhesion of S. aureus to MAC-T cells (P < 0.023), but 202 

not 25(OH)D3 (Fig 3). The reduction was between 20% - 30% compared with untreated cells and the 203 

average reduction was approximately 25%. The maximum reduction was 30% when MAC-T cells were 204 

treated with 75 ng/ml 25(OH)D2. 205 

On the contrary, although all concentrations of 25(OH)D2 reduced S. aureus invasion at some 206 

extent (9% - 17%), only concentration of 25 ng/ml was significantly different from untreated cells 207 

(reduction 17%, P = 0.007). All concentrations of 25(OH)D3 reduced invasion significantly (P < 0.05), 208 

and the maximum reduction was 43% when MAC-T cells were treated with 5 ng/ml 25(OH)D3. 209 

Moreover, the reduction of S. aureus invasion differed between 25(OH)D2 and 25(OH)D3 at 5 ng/ml (P 210 

= 0.001). 211 

3.4. Effects of 25(OH)D2 and 25(OH)D3 on MAC-T cell gene expression 212 

None of the concentrations of 25(OH)D2 and 25(OH)D3 changed the expression of CYP27B1, 213 

occludin, and E-cadherin at 26 h compared with untreated cells (Fig 4). Yet, cells treated with 50 ng/ml 214 
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25(OH)D3 had higher occludin expression than that of 25(OH)D2 (P < 0.001). VDR decreased (P < 215 

0.001) but CYP24A1 increased (P < 0.037) in a dose dependent manner when MAC-T cells were 216 

treated with 25(OH)D2 or 25(OH)D3. Especially, CYP24A1 expression was higher when cells were 217 

treated with 50 ng/ml 25(OH)D3 than when treated with 25(OH)D2 (P < 0.001). 218 

S. aureus challenge reduced the expression of all tested genes except E-cadherin (P < 0.015). 219 

Similar to those unchallenged cells, cells challenged with S. aureus in the presence of 25(OH)D2 or 220 

25(OH)D3 showed a decrease in VDR and an increase in CYP24A1 mRNA expression, whereas the 221 

expression of CYP27B1, occludin, and E-cadherin did not change. 222 

 223 

 224 

4. Discussion 225 

It has been well-known that 25(OH)D3 and 1,25(OH)2D3 are able to inhibit cell proliferation by 226 

inducing either cell cycle arrest or apoptosis (Samuel and Sitrin, 2008). Besides, D2 and 1,25(OH)2D2 227 

have also been reported to inhibit cell growth (Chen et al., 2008; Jones et al., 1996). In the present 228 

study, the inhibitory effects of 1,25(OH)2D2 and 1,25(OH)2D3 on MAC-T cell viability did not differ, 229 

which is in agreement with a previous study conducted on human epidermal cells (Jones et al., 1996). 230 

Their equal affinity for VDR could be the reason (Bikle, 2009), but it is also possible that the 231 

concentrations of 1,25(OH)2D used in the present study (maximum 20000 pg/ml, ≈ 50 nM) were not 232 

high enough to confer a difference.  233 

However, D2 and 25(OH)D2 seems to have slightly stronger cytotoxic effects than their D3 234 

analogues. This is probably because of the different induction of CYP24A1, the hydroxylase 235 

responsible for deactivating 25(OH)D and 1,25(OH)2D (Schuster, 2011). The results of gene 236 
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expression analysis showed that 25(OH)D3 induced more CYP24A1 expression than 25(OH)D2, which 237 

may lead to more deactivation of D3 compounds therefore attenuate their effects. Yet, the discrepancy 238 

of 25(OH)D2 and 25(OH)D3 in inducing CYP24A1 is not likely due to the different amounts of 239 

1,25(OH)D production, because 1α-hydroxylase appears not to discriminate between D2 and D3 240 

substrate (Swanson et al., 2014). It is now clear that D2 and D3 compounds follow different 24-241 

hydroxylation processes. 25(OH)D2 and 1,25(OH)2D2 cannot undergo further oxidation after 242 

hydroxylation to 1,24,25(OH)3D2, thus D2 compounds are quickly deactivated (Horst et al., 2005). In 243 

contrast, the deactivation of 25(OH)D3 and 1,25(OH)2D3 consecutively produces a series of 244 

intermediate metabolites in addition to 1,24,25(OH)3D3 (Schuster, 2011), and most of these metabolites 245 

retain some but lower biological activity compared with 1,25(OH)2D3 itself (Horst et al., 2005). On the 246 

other hand, CYP24A1 is the most responsive vitamin D target gene (Giangreco et al., 2015), hence the 247 

1,25(OH)2D3 metabolites may effectively induce CYP24A1 expression without eliciting a cell growth 248 

inhibition.  249 

Contrary to CYP24A1, 1,25(OH)2D suppresses CYP27B1 gene expression (Schuster, 2011). 250 

Inconsistent with a previous study on primary bovine mammary epithelial cells (Tellez-Perez et al., 251 

2012), CYP27B1 expression of MAC-T cells did not respond to 25(OH)D2 or 25(OH)D3 in the present 252 

study. One possible explanation is that CYP27B1 may be deregulated in MAC-T cells during the 253 

transfection with SV40 T antigens (Kemmis and Welsh, 2008). On the other hand, our results showed 254 

the expression of VDR was decreased by the addition of 25(OH)D, which is in line with some other 255 

studies (Beaudin et al., 2015; Giangreco et al., 2015; Tellez-Perez et al., 2012). It is suggested that 256 

VDR expression is restricted to actively cycling cells and decreases in quiescent cells (Segaert et al., 257 

2000), while 1,25(OH)2D3 has been found to inhibit cell proliferation by causing cell cycle arrest (Peng 258 
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et al., 2016; Samuel and Sitrin, 2008). Thus the reduction of VDR expression found in our results may 259 

be a consequence of cell cycle arrest. 260 

Besides the anti-proliferation effect, it has recently been found that vitamin D reduces S. aureus 261 

invasion into host cells (Tellez-Perez et al., 2012), but the mechanism has not been demonstrated yet. 262 

The invasion of S. aureus is mediated via binding of staphylococcal fibronectin-binding proteins and 263 

host α5β1 integrin, which is mainly localized at the basolateral cell membrane below cell junctions 264 

(Sinha and Herrmann, 2005). It has been found that S. aureus can disrupt the epithelial barrier integrity 265 

and thereby facilitate the bacterial translocation through the cell-cell junction (Kwak et al., 2012; 266 

Soong et al., 2011). On the other hand, vitamin D can protect epithelial barrier integrity by regulating 267 

several cell junction proteins (Chen et al., 2015b). Thus, we hypothesized that 1) pre-treatment of 268 

25(OH)D will increase the gene expression of occludin (a tight junction protein) and E-cadherin (a 269 

adherens junction protein) and 2) Pre-treatment of 25(OH)D will reduce S. aureus invasion into MAC-270 

T cells, and the reduction is partly due to the protective effects of 25(OH)D on cell junctions. Because 271 

25(OH)D is the main circulating form of vitamin D in vivo, physiological concentrations of 25(OH)D, 272 

range up to 100 ng/ml (Nelson and Merriman, 2014), were used in the invasion assay and analysis of 273 

gene expression to investigate the potential of vitamin D on preventing S. aureus invasion.  274 

Our results showed that physiological concentrations of 25(OH)D3 can reduce S. aureus invasion, 275 

whereas 25(OHD2 has the potential to inhibit S. aureus adhesion. The reason for this difference is 276 

unknown, but the adhesion reduced by 25(OH)D2 may contribute to the subsequent slightly reduction 277 

of invasion. Nevertheless, inconsistent with the studies of Hsu et al. (Hsu et al., 2011) and Lopes et al. 278 

(Lopes et al., 2012), we did not find any transcriptional increase of occludin or E-cadherin in the 279 

present study. The discrepancy may be partly attributed to different cell types used in the studies. Hsu 280 

et al. (Hsu et al., 2011) and Lopes et al. (Lopes et al., 2012) both used cancer cells that are known for a 281 
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reduced E-cadherin expression, whereas MAC-T cell used in our study is a nontumorigenic cell line 282 

(Huynh et al., 1991). In addition, Hsu et al. (Hsu et al., 2011) and Lopes et al. (Lopes et al., 2012) 283 

treated their cells with 100 nM 1,25(OH)2D (41.6 ng/ml), which is unlikely to achieve by hydroxylase 284 

100 ng/ml 25(OH)D in our study. Considering that there is no potential VDR-responsive element in the 285 

E-cadherin promoter (Hsu et al., 2011), it is not surprising that this indirect regulation does not work at 286 

a lower concentration. On the other hand, many studies use differentiated cells to study the effects of 287 

vitamin D on cell-cell junctions (Chen et al., 2015a; Chen et al., 2015b), whereas MAC-T cells used in 288 

this study were undifferentiated. Although undifferentiated cells also have basal gene expression of 289 

junctional proteins, they may insensitive to vitamin D variations compared with that of differentiated 290 

cells.  291 

In the present study, the minimum inhibitory concentration of 25(OH)D on S. aureus growth was 292 

1000 ng/ml, more than that used in the adhesion and invasion assays, hence the observed reduction of 293 

invasion cannot be caused by the inhibition of S. aureus. Although cell viability was inhibited by 294 

25(OH)D at 100 ng/ml after 1 d, all treated cells remained viability above 90%, while the reduction of 295 

adhesion or invasion was mostly above 20%. Therefore the inhibition of cell viability may partly 296 

contribute to the reduction of invasion but it does not seem to be the main reason. It should be noticed 297 

that the adhesion and invasion of S. aureus was detected by an antibiotic protection assay in this study. 298 

The antibiotic protection assay only measure viable bacteria and thus may be influenced by potential 299 

intracellular killing or antibiotic uptake of the host cells (Pils et al., 2006). Moreover, it is reported that 300 

vitamin D regulate mRNA expression of antimicrobial peptides on bovine mammary epithelial cells 301 

(Tellez-Perez et al., 2012), hence the reduced S. aureus invasion in our study may also attribute to the 302 

intracellular killing of antimicrobial peptides. 303 
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Tellez-Perez et al. (Tellez-Perez et al., 2012) reported that S. aureus downregulate CYP27B1 304 

expression but upregulating VDR expression on primary bovine mammary epithelial cells, while our 305 

data are consistent for CYP27B1 but not for VDR. The reduction of VDR and occludin mRNA 306 

expression induced by S. aureus in our study is similar to that induced by lipopolysaccharide (Chen et 307 

al., 2015b). However, pre-treatment with 1,25(OH)2D did not attenuate the S. aureus-induced mRNA 308 

reduction in our study, which is in agreement with the finding that 1,25(OH)2D3 attenuate the 309 

lipopolysaccharide-induced reduction in Caco-2 cells (Chen et al., 2015b). These discrepancies could 310 

attribute to the differences in experimental conditions such as cell type, bacterial strain, or treatment 311 

time. The universally transcriptional suppression may also due to the apoptosis induced by S. aureus 312 

after escape from the endosome (Bayles et al., 1998). 313 

In conclusion, the present study indicate that vitamin D2 compounds have comparable effects on 314 

cell proliferation and bacterial invasion to their D3 analogues in vitro, and suggests that vitamin D2 and 315 

its metabolites may also be potential in the defence against bacterial infection. However, neither of 316 

25(OH)D2 or 25(OH)D3 increased occludin or E-cadherin expression, or attenuated S. aureus-induced 317 

gene expression reduction. Further studies are needed to explore the mechanism of how vitamin D 318 

reduce bacterial invasion.  319 

  320 
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Tables 429 

Table 1. Half maximal inhibitory concentration (IC50) (ng/ml) of vitamin D2, D3 and their metabolites 430 

 D2  D3  25(OH)D2  25(OH)D3  

Days IC50 95% CI  IC50 95% CI P* IC50 95% CI  IC50 95% CI P* 

1 13979 
13629 - 

14339 

 
12393 

12209 - 

12579 
<0.001 4174 

4095 - 

4255 

 
7009 

6259 - 

7849 
<0.001 

2 7877 
7747 - 

8010 

 
8741 

8558 - 

8927 
<0.001 2842 

2730 - 

2958 

 
4169 

3983 - 

4365 
<0.001 

4 6336 
6192 - 

6483 

 
7277 

7126 - 

7431 
<0.001 2297 

2221 - 

2375 

 
3902 

3738 - 

4073 
<0.001 

6 6211 
5583 - 

6910 

 
7192 

7008 - 

7380 
<0.001 2033 

1962 - 

2108 

 
3821 

3668 - 

3980 
<0.001 

D2, vitamin D2; D3, vitamin D3; 25(OH)D2, 25-hydroxyvitamin D2; 25(OH)D3, 25-hydroxyvitamin D3; CI, confidence 431 

interval. 432 

* Comparisons between D2 and D3, or between 25(OH)D2 and 25(OH)D3 in the same day. 433 

 434 

  435 
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Figures 436 

 437 

Figure 1. Vitamin D2, D3 and their metabolites inhibited MAC-T cell viability. MAC-T cells were 438 

incubated with different concentrations of D2, D3, 25(OH)D2, 25(OH)D3, 1,25(OH)2D2, 1,25(OH)2D3 439 
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for indicated time. Cell viability was determined by resazurin metabolism assay and presented as a 440 

percentage of control. Values are means ± SEM of three independent assays (n = 3). 441 

 442 

 443 

Figure 2. Vitamin D2, D3, 25(OH)D2 and 25(OH)D3 inhibited S. aureus growth. S. aureus was 444 

incubated with indicated concentrations of D2, D3, 25(OH)D2, 25(OH)D3, 1,25(OH)2D2, 1,25(OH)2D3 445 

for 24 h. Growth curves were obtained by reading absorbance at 620 nm. Growth rates were calculated 446 

as the slope of exponential phase and presented as a percentage of control. Values are mean ± SEM (n 447 
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= 3). Letter ”a” indicates 25(OH)D2 different from the control, letter “A” indicates 25(OH)D3 different 448 

from the control (P < 0.05). The symbol “*” indicates difference between 25(OH)D2 and 25(OH)D3 449 

within the same concentration (P < 0.05). 450 

 451 

 452 

 453 

Figure 3. 25(OH)D2 and 25(OH)D3 inhibited S. aureus invasion into MAC-T cells. MAC-T cells 454 

were pretreated with different concentrations of 25(OH)D2 or 25(OH)D3 for 24 h, then challenged with  455 

S. aureus for 2 h. For adhesion assay, cells were washed and the number of adhered bacteria was 456 

determined by plating. For invasion assay, cells were further incubated with gentamicin for another 2 h 457 

to kill extracellular bacteria, and the number of invaded bacteria was determined by plating. Data are 458 

presented as a percentage of control. Values are mean ± SEM (n = 3). Letter ”a” indicates 25(OH)D2 459 

different from the control, letter “A” indicates 25(OH)D3 different from the control (P < 0.05). The 460 

symbol “*” indicates difference between 25(OH)D2 and 25(OH)D3 within the same concentration (P < 461 

0.05). 462 

 463 

 464 

 465 
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 466 

Figure 4. Effects of S. aureus challenge and pretreatment of 25(OH)D2 and 25(OH)D3 on gene 467 

expressions. MAC-T cells were pretreated with indicated concentrations (ng/ml) of 25(OH)D2 or 468 

25(OH)D3 for 24 h, then challenged with S. aureus for 2 h. mRNA expression of CYP27B1, VDR, 469 

CYP24A1, occludin, E-cadherin was determined by Real-time PCR. Values are means ± SEM (n = 3). 470 

Letter ”a” indicates 25(OH)D2 different from the control, letter “A” indicates 25(OH)D3 different from 471 

the control (P < 0.05). The symbol “*” indicates difference between 25(OH)D2 and 25(OH)D3 within 472 

the same concentration (P < 0.05). 473 

 474 

 475 

 476 

 477 
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Summary 19 

Dairy cows can obtain vitamin D from 3 sources: dietary vitamin D2 (D2) from forage, dietary vitamin 20 

D3 (D3) from synthetic supplements and endogenous D3 synthesis during sunlight exposure. The 21 

objective of this study was to investigate the possible beneficial effect of vitamin D repletion on certain 22 

immune parameters of healthy dairy cows. Twenty dairy cows in late lactation were supplemented 23 

daily with vitamin D in 5 different ways: sunlight exposure (SUN), D2 supplementation combined with 24 

sunlight exposure (D2SUN), D2 supplementation (D2), D3 supplementation (D3), and D2 and D3 25 

supplementation combined (D2D3). Cows were vitamin D deficient at d 0 because of the vitamin D 26 

deprivation before the study, but after 1 month of vitamin D repletion, all cows had plasma 25(OH)D 27 

levels within the normal range. Leukocyte populations, milk yield, milk protein and fat percentage, 28 

somatic cell count, immunoglobulin concentrations in plasma and milk, and antigen-stimulated 29 

cytokine productions did not change in response to vitamin D repletion or difference in vitamin D 30 

sources, and no relations to plasma 25(OH)D levels were identified. Despite that plasma 25(OH)D 31 

increased from deficient to normal range, the present study did not show any effect of vitamin D 32 

repletion on the tested immune parameters of healthy dairy cows.  33 

 34 

Introduction 35 

In dairy cows, there are 2 common vitamin D forms: vitamin D2 (ergocalciferol, D2) obtained from 36 

fungi growing on plant material used as forage (dietary D2), and vitamin D3 (cholecalciferol, D3) either 37 

ingested as synthetic supplements (dietary D3), or synthesised in the skin during exposure to sunlight 38 

(endogenous D3) (Hymøller and Jensen, 2011). Both D2 and D3 are transported to the liver and 39 

converted to 25-hydroxyvitamin D (25(OH)D), which includes 25-hydroxyvitamin D2 (25(OH)D2) and 40 
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25-hydroxyvitamin D3 (25(OH)D3), by 25-hydroxylase enzymes. These are the main circulating forms 41 

of vitamin D measured as indicators of physiological vitamin D status in the body. Thereafter, 42 

25(OH)D is further hydroxylated in the kidneys and other organ systems to become the biologically 43 

active metabolite 1,25-dihydroxyvitamin D (1,25-dihydroxyvitamin D2 and 1,25-dihydroxyvitamin D3) 44 

(Hymøller and Jensen, 2011). 45 

Although vitamin D is proposed to modulate immune response upon infection or challenge of the 46 

immune system (Szymczak and Pawliczak, 2016), it is reported even in healthy adults, that variation in 47 

25(OH)D levels is associated with alteration in innate and adaptive immunity (Alvarez-Rodriguez et al., 48 

2012; Khoo et al., 2012). Circulating leukocyte numbers and immunoglobulin concentrations are 49 

reported to be associated with 25(OH)D levels (Mellenthin et al., 2014; Sakem et al., 2013), and 50 

cytokine concentrations are significantly different in healthy individuals with  high or low vitamin D 51 

status (Barker et al., 2013; He et al., 2014; He et al., 2013). Barker et al. (2015) showed that vitamin D 52 

supplementation increased cytokine levels in healthy adults with initially low 25D status, yet other 53 

researchers found no significant changes (Barnes et al., 2011; Das et al., 2014). These contradictory 54 

results leave the relation between vitamin D status and immune function in healthy individuals unclear. 55 

Efforts have also been made to explore the influence of vitamin D on the bovine immune response, 56 

but most of the studies were conducted in vitro or with experimental immune challenge rather than in 57 

healthy animals (Alva-Murillo et al., 2014; Sacco et al., 2012). There is barely discussion regarding the 58 

capacity of a healthy animal to elicit effective immune responses in response to physiological vitamin 59 

D variations in vivo. Moreover, dairy cows at high latitudes, especially organic dairy cows that do not 60 

receive synthetic D3 supplementation was found to have a very low D3 status during winter (Hymøller 61 

et al., 2009), which may be associated with a higher risk of infections (Sorge et al., 2013). Thus, it is 62 
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worth investigating the possible beneficial effect of vitamin D supplementation on the immune system 63 

of healthy dairy cows, as this may be of value in especially organic dairy farms. 64 

Vitamin D3 is the most standard form of vitamin D, however, D2 is also capable of modulating 65 

immunity (Babu et al., 2014; Martineau et al., 2007), and a difference between D2 and D3 on rat 66 

immune cells has been recently reported (Hernandez et al., 2015). Therefore, based on the 67 

aforementioned observations, we hypothesized that: (1) repletion of vitamin D2 or D3 in vitamin D 68 

depleted healthy dairy cows would enhance their immunity as measured by several immune parameters, 69 

including leukocyte populations, immunoglobulin concentrations in blood and milk, antigen-stimulated 70 

cytokine productions in plasma. (2) Vitamin D2 and D3 influence the immune parameters differently.  71 

 72 

Materials and methods 73 

The present experiment was originally designed for a nutritional study with the purpose of 74 

exploring the plasma transport mechanisms of dietary D2 and endogenous/dietary D3 in the vitamin D 75 

depleted and repleted cows. We took advantage of the original study design and measured several 76 

immune parameters. 77 

Animals and housing 78 

The study was carried out at Aarhus University, Department of Animal Science in Tjele, Denmark 79 

between June 12th and July 11th 2014 at 56o N. The presented study complied with the Danish Ministry 80 

of Justice Law No. 1306 (November 23rd 2007) concerning experiments with animals and care of 81 

animals used for experimental purposes. Twenty late lactation dairy cows of Danish Holstein breed 219 82 

± 28 (mean ± SD) days after their first or second parity at the beginning of the study were used. The 83 

cows weighed 621 ± 72 kg and the milk yield was 28.2 ± 3.4 kg energy corrected milk (ECM)/d at the 84 
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beginning of the study. At the end of the study the cows weighed 605 ± 41 kg and yielded 24.9 ± 4.7 kg 85 

ECM/d. The cows were deprived of D3 for 15 weeks prior to the study by omitting synthetic D3 86 

supplements from their feed and housing them without access to sunlight. Cows were fed ad libitum 87 

with maize- and grass clover silage based Total Mixed Ration (TMR) with rolled barley, rapeseed cake, 88 

soybean meal, and pelleted sugar beet pulp without added synthetic D3 (Table 1). The TMR was fed 89 

once a day at 08.00 h, and milking was carried out twice a day at 05.15 and 15.30 h. The initial plasma 90 

status of 25(OH)D3 was 8.7 ± 2.5 ng/ml and of 25(OH)D2 4.9 ± 1.0 ng/ml.  91 

Treatments 92 

The cows were divided into 5 treatment groups with 4 cows in each group: D2 - cows were housed 93 

indoor and fed a synthetic supplement of 625 µg D2 (25000 IU, Sigma Aldrich, St. Louis, MO, USA) 94 

daily; D3 - cows were housed indoor and fed a synthetic supplement of 625 µg D3 (25000 IU, Sigma 95 

Aldrich) daily; D2D3 - cows were housed indoor and fed a synthetic supplement of 625 µg D3 and 625 96 

µg D2 daily; SUN - cows were let out for pasture between 08.45 and 15.15 daily in order to facilitate 97 

endogenous D3 synthesis from sunlight; and D2SUN - cows were fed a synthetic supplement of 625 µg 98 

D2 daily in the barn and let out for pasture between 08.45 and 15.15 daily in order to facilitate 99 

endogenous D3 synthesis from sunlight. To avoid interference from remaining synthetic D3 the 8 cows 100 

with the lowest 25OHD3 status in plasma prior to the study were blocked according to parity and initial 101 

25(OH)D3 status and randomly assigned to the 2 SUN treatments. The remaining 12 cows were 102 

subsequently blocked according to parity and initial 25(OH)D3 status and randomly assigned to the 103 

remaining 3 treatment groups not involving sunlight. 104 

Samples 105 
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Whole blood was drawn from the tail vein of each cow between 08.00 and 09.30 h on d 0 and d 15, 106 

and from 14.30 to 16.00 h on d 29. The sampling site was sterilized with 70% ethanol before the blood 107 

was taken with sterile needles and syringes. A sample of 4 ml blood collected in K3-EDTA vacutainer 108 

tubes (Vacuette, Greiner Bio-One, Kremsmunster, Austria) was used for analysing leukocyte 109 

populations by a ProCyte Dx Hematology Analyzer (IDEXX Laboratories, Inc., Westbrook, ME, USA), 110 

and another 10 ml was centrifuged at 1500 g for 10 min to harvest the plasma for 25(OH)D2 and 111 

25(OH)D3 determination. Blood samples of 9 ml were collected into sodium heparin tubes 112 

(Vacuette, Greiner Bio-One) and centrifuged to collect plasma for immunoglobulin analysis. All blood 113 

samples were kept on ice for a maximum of 2 h and then processed aseptically, and collected plasma 114 

was stored at -20 °C until analysis.  115 

Milk from each cow were gently mixed after milking in the morning and a total 1 l was collected at 116 

d 0, 14, and 28 of the study. Yield of milk was also recorded at sample day. Afterwards, a sample of 25 117 

ml of milk was taken for analysis of somatic cell count (SCC), fat and protein percentage at 118 

Eurofins Laboratory (Vejen, Denmark), and another 10 ml was centrifuged at 1000 g for 20 min to 119 

remove the fat layer, and the skimmed milk was stored at -20 °C until the analysis of immunoglobulins. 120 

Laboratory analyses 121 

Plasma 25-hydroxyvitamin D 122 

The plasma samples were analysed for concentrations of 25(OH)D2 and 25(OH)D3 by the method 123 

described by Hymøller and Jensen (2010). In summary, after precipitation of proteins in ethanol and 124 

methanol, saponification of tri-glycerides in potassium hydroxide, and extraction of fat-soluble 125 

vitamins in heptane, samples were dried over N2 and re-dissolved in 85% methanol/water (MeOH85). 126 

Separation and quantification was carried out by reverse phase gradient High Pressure Liquid 127 
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Chromatography (HPLC) with a C30 column (YMC Europe GmbH, Dinslagen, Germany) and UV-128 

detection at 265 nm, using 1α-(OH)-vitamin D3 (Sigma Aldrich, Steinheim, Germany) as internal 129 

standard. 130 

Plasma and milk immunoglobulins  131 

Concentrations of IgA, IgG and IgM in plasma and skimmed milk were measured using Bovine 132 

IgA, IgG, IgM ELISA Quantitation Set (Bethyl Laboratories, Inc., TX, USA) according to the 133 

manufacturer’s instructions with modified dilutions of coating antibody and horseradish peroxidase 134 

(HRP)-conjugated detection antibody: coating antibody against IgA, IgG and IgM was diluted 1:200, 135 

1:200, 1:150, and the detection antibody was diluted 1:30000, 1:200000, 1:100000, respectively. 136 

Plasma samples were diluted 1:1000, 1:320000, 1:20000, and skim milk samples were diluted 1:800, 137 

1:10000 and 1:200 for IgA, IgG and IgM measurements. A control sample was added to each plate and 138 

was used for calculate coefficients of variations. In all analysis, the coefficients of variations within and 139 

between assays were less than 10%. 140 

Whole blood stimulation and cytokine productions 141 

A sample of 9 ml heparin anticoagulant blood from 8 cows (4 cows from D2 and 4 cows from SUN) 142 

was collected and used for whole blood stimulation. Briefly, 3 ml whole blood was mixed with 30 µl of 143 

E. coli lipopolysaccharide (LPS; Sigma-Aldrich) or S. aureus peptidoglycan (PGN; Sigma-Aldrich) at a 144 

final concentration of 10 µg/ml. The corresponding volume of PBS was used as a negative control. 145 

Then the stimulated whole blood was incubated in a shaking incubator at 38.4 °C for 4 h and inverted 146 

every hour. Stimulation was stopped by putting samples onto ice for 5 min and blood samples were 147 

centrifuged at 4°C and 2000 g for 10 min. After, plasma was collected on ice and stored at –80 °C until 148 

the analysis of cytokine production. 149 

https://www.bethyl.com/


 

67 
 

Concentrations of tumour necrosis factor-α (TNF-α), interleukin-1 (IL-1), interferon gamma (IFN-γ) 150 

in stimulated blood were determined using bovine TNF-α, IL-1, IFN-γ ELISA Kit (Cusabio, Wuhan, 151 

Hubei, China) according to the manufacturer’s instructions, respectively. Among them, analysis of 152 

TNF-α was only performed on LPS stimulated blood, measurement of IL-1 and IFN-γ were conducted 153 

on PGN stimulated blood. In all analysis, the coefficients of variations within and between assays were 154 

less than 12%. 155 

Statistical analysis 156 

Statistical analysis was performed in R (R Development Core Team, 2015). A mixed linear model 157 

was used for analysing the effects of treatment and time on different variables. Time, treatment, and the 158 

interaction between time and treatment were included as fixed effects and individual cow was included 159 

as a random effect. Log transformation was applied to SCC data before statistical analysis to obtain 160 

normal distribution, and milk yield of each cow was used as covariate in the analysis of milk fat, 161 

protein percentage, SCC and concentrations of milk immunoglobulins. Differences within the same day 162 

or within the same treatment were tested by student's t-test.  Correlations between immune parameters 163 

and plasma 25D levels were determined by partial correlation analysis (Pearson’s) controlled for 164 

environment (indoor/outdoor), diet, and time. For analysis of milk parameters, milk yield was also 165 

included as a controlled variable. P < 0.05 was considered statistically significant. 166 

 167 

Results 168 

Plasma 25-hydroxyvitamin D levels 169 

Average plasma 25(OH)D2 and 25(OH)D3 concentrations at the beginning of the study were 4.9 ± 170 

1.0 ng/ml and 8.7 ± 2.5 ng/ml, respectively. In D2, D2D3, and D2SUN, plasma 25(OH)D2 increased 171 
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with time (P < 0.001) and was higher than in D3 and SUN (P < 0.001) which showed no changes over 172 

time at d 29 (Fig. 1). Plasma 25(OH)D2 in D2 was also higher than in D2D3 (P = 0.025) and D2SUN 173 

(P = 0.005) at d 29 (Table 2). Plasma 25(OH)D3 increased in D3, D2D3, SUN, and D2SUN in a time-174 

dependent manner (P < 0.05). In D2 the plasma 25(OH)D3 concentration did not change over time, and 175 

was lower than in the other groups at d 29 (P < 0.001). Cows in SUN had a higher plasma 25(OH)D3 176 

concentration than D3 (P = 0.004), D2D3 (P = 0.003), and D2SUN (P = 0.017) at d 29.  177 

Blood leukocyte populations 178 

For cows in D3, neutrophils increased during the study period (P = 0.011), but the other groups did 179 

not change (Fig. 2). Numbers of total leukocytes, lymphocytes and monocytes within the same 180 

treatment did not differ over time. There was a tendency of increased leukocytes in D3 (P = 0.152) and 181 

decreased monocytes in D2 (P = 0.079) during the study period. There was no difference in any 182 

leukocyte populations among groups at d 29. In order to elucidate if changes were related to vitamin D 183 

status, correlations between plasma 25(OH)D concentrations and leukocyte populations were tested, 184 

but no significant relation was found as shown in Table 3. 185 

Plasma immunoglobulin concentrations  186 

Plasma concentrations of IgA, IgG, IgM did not change over time, and there was no differences 187 

among groups at the end of the study (Fig. 3). Plasma 25(OH)D concentrations did not correlate to 188 

circulating immunoglobulin levels (Table 3). 189 

Antigen-stimulated cytokine production 190 

To investigate the relation of bovine immune response to circulating 25(OH)D levels, the 4 cows 191 

that had the highest plasma 25(OH)D2 but the lowest 25(OH)D3 (D2), and the 4 cows that had the 192 

highest plasma 25(OH)D3 but the lowest 25(OH)D2 (SUN) were chosen for cytokine production 193 
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analysis. However, there were no differences or interaction between treatments and time in TNF-α 194 

production of LPS stimulated whole blood, or IL-1 and IFN-γ production of PGN stimulated whole 195 

blood (Fig. 4). None of the cytokines tested in the current study showed a significant relation to plasma 196 

25(OH)D2 or 25(OH)D3 concentrations. In addition, we also tested their correlation with plasma total 197 

25(OH)D, and the correlations in separate groups: D2 or SUN, vitamin D deficient (total 25(OH)D < 198 

20ng/ml) or vitamin D sufficient (total 25(OH)D > 20ng/ml), but no significant relation was found 199 

(data not shown). Hence, we were not able to find any correlation between cytokine production and 200 

plasma 25(OH)D levels. 201 

Milk yield, composition, and immunoglobulin production 202 

Milk yield in SUN decreased during the study period (P = 0.003) thereby was lower than D2D3 (P 203 

= 0.002) and D2SUN (P = 0.030) at d 28 (Fig. 5), but the fat percentage increased during the first 14 204 

days (P = 0.038). During the first 2 weeks milk yield in D2SUN tended to decrease (P = 0.068) and fat 205 

percentage tended to increase (P = 0.127), while milk yield in D3 tended to decrease during the last 14 206 

days (P = 0.052), but none of them were statistically significant. Milk protein and SCC remained 207 

unchanged between treatments or days. Concentrations of immunoglobulins in milk did not differ 208 

between treatments or days as well (Fig. 6). None of the milk parameters or milk immunoglobulins 209 

correlated to plasma 25(OH)D levels (Table 4).  210 

 211 

Discussion 212 

Circulating 25(OH)D concentration is widely used as an indicator of vitamin D status of animals, 213 

and normal status is typically defined as 20 to 50 ng/ml (Nelson and Merriman, 2014). Cows in our 214 

study were vitamin D deficient at d 0 because of the initial vitamin D deprivation, but after 1 month of 215 
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vitamin D repletion, all cows had plasma 25(OH)D levels within the normal range. There are some 216 

reports which showed higher 25(OH)D levels in dairy cows from 30 to 100 ng/ml, with an average of 217 

60-70 ng/ml under heavy supplementation of 1.5 to 2.5 times NRC recommendations (Nelson and 218 

Merriman, 2014; Sorge et al., 2013). However, in a previous study in Southern Sweden (59˚N), the 219 

plasma 25(OH)D3 levels were 20-25 ng/ml in summer, with standard vitamin D3 supplementation and 220 

pasture during daytime (Hymøller et al., 2009). Therefore, the plasma 25(OH)D concentrations found 221 

in the study present the normal range of 25(OH)D levels of cows in northern European countries. On 222 

the other hand, plasma 25(OH)D levels seems increased over time during 29 days supplemental period 223 

in this study, but they may reach steady states in a longer period (Holick et al., 2008). More frequent 224 

and longer sample time can help to define valid time curves in future. 225 

Based on numerous previous studies (He et al., 2013; Khoo et al., 2012; Sakem et al., 2013), a 226 

relation between plasma levels of 25(OH)D and immune parameters of dairy cows was expected. 227 

However, although plasma 25(OH)D concentrations increased, the present study could not show 228 

convincing evidence of any effect of vitamin D repletion on the levels of immune parameters in blood 229 

and milk of dairy cows. Moreover, although plasma concentrations of 25(OH)D2 and 25(OH)D3 230 

differed among groups at the end of the study, there was no immunological difference in response to 231 

diverse vitamin D sources, nor any significant associations between plasma 25(OH)D and the immune 232 

parameters. 233 

There are few studies which have examined the relation of vitamin D and leukocyte populations. 234 

Some studies showed that low 25(OH)D levels were associated with high neutrophil numbers in 235 

diseased animals (Gorman et al., 2013; Titmarsh et al., 2016; Titmarsh et al., 2015), but it cannot be 236 

excluded that the association may be a consequence of the disease process. Konowalchuk et al. (2013) 237 

found that relatively high 25(OH)D3 concentrations was associated with more of total leukocytes, 238 
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granulocytes and lymphocytes in healthy weanling pigs, but Rosenberg et al. (2016) did not find such 239 

difference in healthy growing pigs. In the present study, the correlation analysis did not obtain 240 

significance, this implies that the changes in neutrophils and the tendency in monocytes are mainly due 241 

to the variations at the starting point, and that plasma 25(OH)D levels do not influence leukocyte 242 

populations in healthy dairy cows. We speculate that the discrepancy of our results and the findings of 243 

Konowalchuk et al. (2013) was because the immune system of young and adult animals may react 244 

differently to the alteration of plasma 25(OH)D levels, but this needs to be further investigated. 245 

Moreover, it is reported recently that D2 supplemented rats have more CD45+ cells (leukocyte) in their 246 

spleens but fewer natural killer cells compared to D3 supplemented rats (Hernandez et al., 2015), but 247 

we did not take spleen samples or measured specific cell populations in the present study. Future 248 

studies with identification of leukocyte subset may reveal different effects between D2 and D3 on cell 249 

populations. 250 

The absence of significant effects of vitamin D on circulating immunoglobulin productions in the 251 

present study is different from in vitro observations that vitamin D inhibit the production of IgA, IgE, 252 

IgG and IgM (Rolf et al., 2014). In vivo 25(OH)D and human circulating immunoglobulin levels have 253 

been directly linked in some reports (Jones et al., 2016; Sakem et al., 2013), but the associations were 254 

not universally conformed in other studies (Holmoy et al., 2012; Peelen et al., 2012). An enhanced IgA 255 

response was found in pigs intramuscularly injected with 1,25(OH)2D3 (Stede et al., 2001; Stede et al., 256 

2004), however, this is a completely different method of administration compared to dietary 257 

supplementation with D2 or D3, and therefore conclusions cannot be extended to our study. No 258 

differences in plasma immunoglobulin concentrations (IgA, IgG, IgM) or the correlation with 25(OH)D 259 

levels were observed in the present study. This supports the in vitro findings that vitamin D may 260 
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directly interfere with plasma cell generation and thereby the immunoglobulin production by pre-261 

existing plasma cells is unaffected (Chen et al., 2007). 262 

In vivo data on vitamin D regulating cytokine productions after stimulation in healthy individuals is 263 

very limited and ambiguous. In 2 studies using isolated peripheral blood mononuclear cells (PBMC) 264 

from healthy people with different vitamin D levels, antigen-stimulated cytokine productions were 265 

determined but led to inconsistent results (Alvarez-Rodriguez et al., 2012; Khoo et al., 2011). This may 266 

be because of the interference from cell isolation and preparation. Whole blood stimulation, as used in 267 

our study, could avoid this interference. By using whole blood stimulation, He et al. (2013) concluded 268 

that pro-inflammatory cytokine production in response to antigen challenge was significantly lower in 269 

vitamin D deficient athletes, whereas our results did not show an effect of vitamin D repletion or any 270 

correlation between cytokine levels and plasma 25(OH)D concentrations. There could be a number of 271 

explanations for the discordance. Firstly, the sample size in the present study was fixed for the primary 272 

nutritional objective, and may be too small to detect differences in these immune parameters. Larger 273 

sample sizes in future studies could provide more statistical power and may find significant alterations. 274 

Secondly, the short duration or dose of supplementation in our study may not be enough to confer 275 

meaningful changes. Comparison between vitamin D deficiency and levels higher than that found in 276 

the present study may lead to different results. In addition, a control group without any vitamin D 277 

repletion throughout the study period would also help drawing a clearer conclusion. Nevertheless, a 278 

study reported that the differences between high (177.3 ng/ml) or low (32.5 ng/ml) circulating 279 

25(OH)D levels did not alter the gene expression of TNF-α, IL-1 and IFN-γ in lesioned lung tissue of 280 

calves following experimental respiratory syncytial virus infection (Sacco et al., 2012). We believe that 281 

the different immune performance of vitamin D between humans and cows may also be part of the 282 

reason (Nelson et al., 2012). On the other hand, a recent study found that D2 enriched mushroom 283 
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modulates the cytokine response to LPS in rats, but the mushroom itself was reported to regulate 284 

immune response (Babu et al., 2014), thus the immunomodulatory effects of D2 is still debatable. 285 

Although we were not able to find any effects of D2 or D3, or the difference between D2 and D3 on 286 

antigen-stimulated cytokine production, we do not deny the possibility that D2 and D3 are capable of 287 

regulating the immune response. 288 

Because the decrease of milk yield as well as the increase of fat percentage is naturally occurred 289 

during late lactation (Walker et al., 2004), to avoid interference, a partial correlation was used to 290 

analyse the relation between plasma 25(OH)D and milk parameters. After controlling for environment, 291 

diet, and time, none of the milk parameters related to plasma (OH)D levels, suggested the tendencies 292 

observed in the present study may be caused by grazing or natural alteration in late lactation (Walker et 293 

al., 2004). On the other hand, milk 25(OH)D3 levels seems to be correlated with fat content in 294 

commercial milk (Jakobsen and Saxholt, 2009), but not in raw cow milk (Jakobsen et al., 2015; 295 

Kurmann and Indyk, 1994). It would be interesting to investigate the association between plasma and 296 

milk 25(OH)D levels, as well as the association between milk 25(OH)D levels and milk parameters, 297 

but we could not distinguish 25(OH)D2 and 25(OH)D3 in cow milk by HPLC because of the high fat 298 

content. The development of the methods may address the questions in future. 299 

In conclusion, we were not able to demonstrate any significant differences in immune parameters in 300 

response to vitamin D supplementation with D2 or D3 or to the respective plasma 25(OH)D levels. This 301 

suggests that repletion to normal physiological vitamin D levels do not influence the examined immune 302 

parameters of healthy dairy cows, including leukocyte populations, immunoglobulin concentrations in 303 

blood and milk, antigen-stimulated cytokine productions in plasma. However, our results neither 304 

exclude potential benefits from vitamin D supplementation, nor question the effects of vitamin D on the 305 

immune system during infectious diseases. With regard to potential benefits of vitamin D in relation to 306 
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cow health, studies with longer durations and larger sample sizes are required to investigate the long-307 

term effects of vitamin D supplementation after challenge of the immune system. 308 

 309 
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Tables 446 

Table 1. Composition of TMR fed to cows. 447 

Composition Percent (%) 

Rolled barley 10.5 

Rapeseed cake, 12% fat 4.9 

Soybean meal, dehulled  2.0 

Beet pulp, dried 2.1 

Maize silage 38.4 

Grass-clover silage 32.7 

Calcium carbonate 0.2 

Sodium chloride 0.1 

Water 9.1 

 448 

Table 2. Plasma 25D concentrations (ng/ml) of cows at d 29 (mean ± SD). 449 

Group* 25-hydroxyvitamin D2 25- hydroxyvitamin D3 Total 25-hydroxyvitamin D 
D2 22.8 ± 2.9a 5.3 ± 0.9c 28.1 ± 2.6c 
D3 5.7 ± 1.0c 25.4 ± 2.2b 31.0 ± 1.5c 

D2D3 20.1 ± 0.9b 25.0 ± 2.6b 45.0 ± 3.4ab 
SUN 7.0 ± 1.3c 33.4 ± 9.0a 40.4 ± 8.4b 

D2SUN 19.3 ± 3.9b 26.8 ± 5.9b 46.1 ± 2.6a 
* D2 - cows were housed indoor and fed a synthetic supplement of 625 µg D2 daily; D3 - cows were 450 

housed indoor and fed a synthetic supplement of 625 µg D3 daily; D2D3 - cows were housed indoor 451 

and fed a synthetic supplement of 625 µg D3 and 625 µg D2 daily; SUN - cows were let out for pasture 452 

for 6.5 h daily in order to facilitate endogenous D3 synthesis from sunlight; D2SUN - cows were fed a 453 

synthetic supplement of 625 µg D2 daily in the barn and let out for pasture for 6.5 h daily. 454 

a-c Different superscripts indicate statistical differences within columns (P < 0.05). 455 
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Table 3. Correlations between plasma 25-hydroxyvitamin D levels and blood leukocyte populations, 456 

immunoglobulin concentrations, and antigen-stimulated cytokine productions. 457 

 25(OH)D2
*  25(OH)D3

* 

 r P  r P 

Total leukocytes 0.096  0.464   -0.047 0.719  

Lymphocytes 0.116  0.387   -0.220 0.097  

Neutrophils 0.126  0.349   -0.076 0.574  

Monocytes 0.251  0.056   0.026  0.847  

Plasma IgA 0.129  0.332   0.022  0.869  

Plasma IgG -0.148 0.258   0.073  0.581  

Plasma IgM 0.114  0.387   -0.232 0.075  

TNF-α a -0.135 0.529   0.155  0.469  

IL-1 b -0.001 0.995   0.151  0.482  

IFN-γ b -0.295 0.162   -0.203 0.343  
*  r, Pearson’s product moment correlation coefficient; P, significance level. 458 

a, TNF-α production was measured in LPS stimulated whole blood (n=8); b, IL-1 and IFN-γ production was 459 

measured in PGN stimulated whole blood (n=8). 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 
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Table 4. Correlations between plasma 25-hydroxyvitamin D concentrations and milk yield, 470 

composition, immunoglobulin productions. 471 

 25(OH)D2
*  25(OH)D3

* 

 r P  r P 

Milk yield 0.122  0.355   0.052  0.693  

Milk fat (%) 0.104  0.431   0.028  0.829  

Milk protein (%) -0.010 0.941   0.035  0.792  

SCC -0.172 0.217   -0.036 0.798  

Milk IgA -0.025 0.852   -0.153 0.242  

Milk IgG -0.077 0.570   -0.169 0.210  

Milk IgM -0.180 0.183   -0.157 0.249  
*  r, Pearson’s product moment correlation coefficient; P, significance level; SCC, somatic cell count. 472 

 473 

 474 

  475 
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Figures  476 

 477 

Figure 1. Plasma 25-hydroxyvitamin D concentrations of different vitamin D supplemented cows. 478 

Treatments on cows were: D2 - cows were housed indoor and fed a synthetic supplement of 625 µg D2 479 

daily; D3 - cows were housed indoor and fed a synthetic supplement of 625 µg D3 daily; D2D3 - cows 480 

were housed indoor and fed a synthetic supplement of 625 µg D3 and 625 µg D2 daily; SUN - cows 481 

were let out for pasture for 6.5 h daily in order to facilitate endogenous D3 synthesis from sunlight; 482 

D2SUN - cows were fed a synthetic supplement of 625 µg D2 daily in the barn and let out for pasture 483 

for 6.5 h daily. Plasma 25(OH)D2 and 25(OH)D3 were determined by HPLC. Data are presented as 484 

mean ± SEM. Within one sample date, means without common lowercase letters (a, b) differ 485 

significantly (P < 0.05). The symbol ”*” indicates significant changes (P < 0.05) compare to d 0. 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 
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 494 

Figure 2. Leukocyte populations of different vitamin D supplemented cows. The number of total 495 

leukocytes, lymphocytes, neutrophils, monocytes were counted at the beginning (d 0), middle (d 15) 496 

and the end (d 29) of the study. Data are presented as mean ± SEM. 497 

 498 

 499 

 500 

Figure 3. Plasma immunoglobulin concentrations of different vitamin D supplemented cows. 501 

Concentrations of IgA, IgG, IgM in plasma during study period were measured by ELISA. Data are 502 

presented as mean ± SEM. 503 

 504 

 505 
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 506 

Figure 4. Cytokine productions and their relations with plasma 25-hydroxyvitamin D levels in 507 

response to ex vivo stimulation. Blood from 4 cows in D2  and 4 cows in SUN was stimulated by 508 

lipopolysaccharide (LPS) or peptidoglycan (PGN) at a final concentration of 10 µg/ml for 4 h and 509 

plasma was collected. TNF-α concentration in LPS stimulated blood, and IL-1, IFN-γ concentrations in 510 

PGN stimulated blood were measured by ELISA. Data are presented as mean ± SEM.  511 

 512 

 513 

 514 

 515 

 516 

 517 
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 518 

Figure 5. Milk yield, fat and protein percentage, somatic cell count (SCC) of different vitamin D 519 

supplemented cows. Yield of morning milk was recorded at sample day. Morning milk from each cow 520 

was gently mixed before sampling and milk fat percentage, protein percentage, SCC were determined. 521 

Data are presented as mean ± SEM.  522 

 523 

 524 

 525 

Figure 6. Milk immunoglobulin concentrations of different vitamin D supplemented cows. 526 

Concentrations of IgA, IgG, IgM in milk during study period were measured by ELISA. Data are 527 

presented as mean ± SEM. 528 

 529 
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Abstract 17 

Pheromonicin-NM (PMC-NM) is a new engineered bactericidal peptide consists of colicin Ia and an 18 

anti-porin A antibody mimetic. It leads to the dissipation of cellular energy and can therefore kill the 19 

bacteria in a short time. The aim of this study was to investigate the effects of PMC-NM on 20 

antibacterial and innate immune responses of bovine mammary epithelial cells (BMEC) to Escherichia 21 

coli infections. Ceftiofur was used as a representative of conventional antibiotics. The antibacterial 22 

assay showed that PMC-NM significantly inhibited E. coli growth from 0.5 h and reached completely 23 

inhibition at 3 h, indicating that PMC-NM remained a rapid bactericidal activity which may be valuable 24 

in reducing the risk of persistent mastitis. Then BMEC were divided into 6 groups with different 25 

treatments: medium alone (MED), ceftiofur (CEF), PMC-NM (PMC), E. coli challenge alone (ECC), E. 26 

coli challenge followed by ceftiofur treatment (ECEF), E. coli challenge followed by PMC-NM 27 

treatment (EPMC). Relative mRNA expression and protein production of several immune molecules at 28 

2, 6, 12, 24 h was measured. Our results showed the expression of TLR2, 1L-1β, IL-8, lactoferrin, LAP, 29 

TAP, DEFB1 increased in EPMC at 2 h, suggested the rapid bactericidal property of PMC-NM may 30 

result in enhanced inflammatory responses at early phase thereby accelerate pathogen elimination. In 31 

contrast, ECEF had lower MUC1 protein level but higher TLR2 and NOD2 level at 12 h compare to 32 

EPMC, and also extremely high gene expression of TNF-α, 1L-1β, IL-8, lactoferrin, LAP, TAP, 33 

BNBD5, DEFB1 after 6 h. These excessive gene expressions at later phase are likely to induce 34 

uncontrolled inflammatory responses and finally cause damage. Thus compared to ceftiofur, PMC-NM 35 

may be used as an ideal antibacterial agent against E. coli mastitis. 36 

Key Words: bovine mammary epithelial cell, Pheromonicin, Escherichia coli, innate immune response 37 
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Introduction 38 

Escherichia coli is one of the most frequently diagnosed mastitis pathogens in well-managed dairy 39 

farms, and usually cause severe acute inflammation in mammary gland [1]. Yet few E.coli strains were 40 

found capable of invading into bovine mammary epithelial cells and survive intracellularly, leading to 41 

persistent mastitis [2, 3]. Broad-spectrum antibiotics, like ceftiofur, are commonly used as systemic or 42 

intramammary treatment of E. coli mastitis, but the efficacy is equivocal [4]. Moreover, E.coli isolates 43 

from bovine mastitis have developed resistance to many conventional antibiotics including ceftiofur [5], 44 

therefore efficacious alternative antimicrobials are expected.  45 

Colicin Ia (ColIa) is a bacteriocin produced by some E. coli strains, and has a narrow antibacterial 46 

spectrum only against closely related species [6]. This modular protein has 3 functional domains: a 47 

central receptor binding domain (R-domain) that binds to the outer membrane of target bacterial cells, a 48 

N-terminal translocation domain (T-domain) that provides actively translocation into the periplasm, 49 

and a C-terminal channel-forming domain (C-domain) that kills target bacteria through biophysical 50 

processes [6]. The unique biophysical properties make ColIa can be used to create a new antimicrobial 51 

family, the pheromonicins, by fusing with a target specific peptide [7]. This specific peptide can locate 52 

pheromonicin on the surface of the aimed bacteria, induce ColIa to approach the van der Waals zone of 53 

bacteria cells that are not its natural targets, thereby allow the C-domain of ColIa insert into the cell 54 

membrane and form a lethal channel that result in cell death [7].  55 

The first engineered pheromonicin was pheromonicin-SA. It was a fusion of ColIa and Staphylococcus 56 

aureus pheromone AgrD1, and showed strong bactericidal activity and high specificity against S. 57 

aureus [8]. Later, an antibody mimetic had been developed to recognize specific surface antigens on 58 
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cancer cells, enable targeted inhibition of tumor growth after fusion to ColIa [9]. These successes raise 59 

the possibility that pheromonicins could be targeted to numerous bacterial species rather than a specific 60 

one. Thus a new designed broad spectrum pheromonicin, PMC-NM, was constructed by attaching an 61 

anti-porin A antibody mimetic to the C-terminus of ColIa [7]. Although PMC-NM showed antibacterial 62 

activity against a wide range of pathogens [7], few data have demonstrated the effect of PMC-NM on E. 63 

coli-challenged BMEC compare to a conventional antibiotic. 64 

As the major functional cells in mammary gland, bovine mammary epithelial cells (BMEC) not only 65 

produce milk but also serve as the frontline against possible bacterial infections [10]. They are capable 66 

of responding to mastitis pathogens and initiating defensive process by recognizing pathogen-67 

associated molecular patterns via pathogen recognition receptors (PRRs) such as Toll-like receptors 68 

(TLRs) and NOD-like receptors (NLRs) [10]. Signaling via TLRs and NLRs leads to the activation of 69 

the transcription factors nuclear factor-κB, ultimately regulate the expression of various immune genes 70 

including inflammatory cytokines (i.e., TNF-α, IL-1β, IL-8) and anti-microbial substances (i.e., β-71 

defensins, mucins, lactoferrin) [10-12]. The aim of this study was therefore to investigate the immune 72 

responses of E. coli-challenged BMEC followed by PMC-NM treatment. 73 

 74 

Materials and methods 75 

Antibacterial assay 76 

The engineering peptide PMC-NM was designed and constructed following the procedures first 77 

described by Qiu et al. [9]. Ceftiofur was bought from the China Institute of Veterinary Drugs Control 78 

(Beijing, China). The E. coli strain CVCC1450 (O111:K58(B4):H−, China Veterinary Microorganism 79 
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Preservation Center, Beijing, China) was incubated overnight in Luria-Bertani (LB) broth at 37°C 80 

while shaking. Before the experiment, bacterial suspension was diluted 1:100 in fresh LB broth, and 81 

incubated for another 2 h to get exponential phase.  82 

For antibacterial assay, suspensions of E. coli containing approximately 1 × 107 cfu/ml were prepared 83 

in 1.5 ml tubes and treated with ceftiofur or PMC-NM at a final concentration of 32 µg/ml and 128 84 

µg/ml, respectively. The doses of PMC-NM and ceftiofur used in this study were based on the 85 

preliminary experiments. Control bacterial suspensions were treated with LB broth. All tubes were 86 

incubated at 37°C with shaking. Samples of each treatment were taken out at 0, 0.5, 3, 12 h and serial 87 

dilutions were plated on LB agar for plate counting. In withdrawal test, after incubated with ceftiofur or 88 

PMC-NM for 3 h, the E. coli suspensions were centrifuged and resuspended in fresh LB broth without 89 

antibacterial agents and further incubating until 12 h. Samples at 0, 0.5, 3 (before centrifugation), 90 

3’(after centrifugation), 12’ h were taken and serial dilutions were plate on LB agar. To investigate 91 

viability of treated bacteria in the first 2 h, E. coli suspensions of 0 h, 1 h, 2 h were stained with 1% 92 

propidium iodide and examined under a fluorescence microscope. 93 

Cell culture conditions and treatments 94 

Primary BMEC were isolated and cultured as previously described [10]. Cells were seeded into 6-well 95 

plates at a concentration of 5 × 105 cells/well and cultured in Dulbecco’s modified Eagle’s medium 96 

nutrient mixture F-12 Ham (DMEM/F12; GIBCO, Grand Island, NY) containing 10% FBS, 100 U/ml 97 

of penicillin and 100 μg/ml of streptomycin until 80% confluence. Following this, the medium was 98 

replaced by DMEM/F12 alone, and the BMEC were incubated over-night. 99 
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For bacterial treatment of BMEC, E. coli was washed in sterile PBS and resuspended in DMEM/F12 at 100 

approximately 1×107 cfu/ml. Concentration of E. coli-DMEM/F12 suspension was determined by 101 

densitometry and confirmed by plate counting on LB agar. BMEC were divided into 6 groups with 102 

different treatments: medium alone (MED), ceftiofur (CEF), PMC-NM (PMC), E. coli challenge alone 103 

(ECC), E. coli challenge followed by ceftiofur treatment (ECEF), E. coli challenge followed by PMC-104 

NM treatment (EPMC). Two hours before the experiment (−2 h), cells in ECC, ECEF and EPMC were 105 

challenged with E. coli at a multiplicity of infection (MOI) of 30 by replacing medium to 3 ml E. coli-106 

DMEM/F12 suspension; for the other 3 groups, MED, CEF and PMC, supernatant was replaced by 3 107 

ml fresh DMEM/F12. After 2 h co-culture (0 h), all 6 groups were washed 5 times with PBS to remove 108 

non-adherent bacteria, and further cultured to 24 h in fresh DMEM/F12, DMEM/F12 contained 32 109 

μg/ml ceftiofur or 128 μg/ml PMC-NM, respectively. At 6 h after removed of non-adherent bacteria, 110 

cells in ECC started dying because of bacterial multiplication, thus the group ECC was excluded from 111 

analysis after 2 h. 112 

Real-time PCR 113 

At 2, 6, 12 and 24 h, total RNA was extracted from BMEC using TRIzol reagent (Invitrogen, Carlsbad, 114 

CA), the amount and its purity was determined by NanoDrop® ND-2000C Spectrophotometer 115 

(NanoDrop Technologies Inc., Wilmington, DE).  The RNA was then converted into cDNA using 116 

ImProm-II™ Reverse Transcription Kit (Promega, Madison, WI). Real-time PCR was performed with 117 

SYBR® Premix DimerEraser™ (TaKaRa Biotechnology Inc., Shiga, Japan) using an ABI 7500 Real-118 

Time PCR System (Applied Biosystems, Foster City, CA). Synthesized primers (Invitrogen, Beijing, 119 

China) for specific bovine genes are listed in Table 1. The relative mRNA expressions of the target 120 

gene at each time point were presented as fold change using the 2−∆∆Ct method [10]. 121 
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Western blotting  122 

At 12 h, BMEC were lysed and the lysates were prepared as previously described [15]. The total 123 

protein concentration was determined by NanoDrop® ND-2000C Spectrophotometer (NanoDrop 124 

Technologies Inc., Wilmington, DE), and 100 μg of protein was loaded into each well of a 10% SDS-125 

PAGE gel. Resolved proteins were electrophoretically transferred to a PVDF membrane, and blocked 126 

with 5% non-fat milk overnight. The blots were incubated with the primary antibodies against mucin1 127 

(MUC1) (dilution 1:1,000, Abcam Inc, Cambridge, UK), nucleotide-binding oligomerization domain 2 128 

(NOD2) (dilution 1:2,000, IMGENEX, California, USA) at 37°C for 1 h, followed by 5 times wash, 129 

further incubated with secondary antibodies for 1 h at 37°C, and finally detected by enhanced 130 

chemiluminescence. The GAPDH (dilution 1:2,000, Abcam Inc, Cambridge, UK) in each sample was 131 

amplified as an internal control.  132 

Statistical analysis 133 

All statistical analyses were conducted by using SPSS statistical software, Version 19.0 (SPSS Inc., 134 

Chicago, IL). To normalize the data before statistical evaluation, CFU counts were log-transformed as 135 

log10(x + 1), and PCR data that do not follow normal distribution was log-transformed as well. 136 

Homogeneity of variance was evaluated by levene’s test, and differences between groups were 137 

analyzed using one-way ANOVA followed by Dunnett’s T3 post-test. P-values < 0.05 were considered 138 

statistically significant. All experiments were performed 3 times and data were presented as means ± 139 

SEM. 140 

 141 

 142 
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Results  143 

PMC-NM had a rapid bactericidal activity  144 

Incubation of E. coli with PMC-NM or ceftiofur resulted in significant reduction of its growth from 0.5 145 

h (P < 0.008), and a completely inhibition at 3 h and 24 h, respectively (Fig 1A). Markedly, PMC-NM 146 

reduced the number of E. coli to a lower amount than ceftiofur at 0.5 h (P = 0.012) and 3 h (P = 0.017). 147 

The number of E. coli stained by propidium iodide, a vital dye, increased after exposure to PMC-NM 148 

and ceftiofur, and it was more in the presence of PMC-NM than that of ceftiofur at the same time point 149 

(Fig 1B).  150 

In the withdrawal test, after agent withdrawn at 3 h, ceftiofur treated E. coli resumed growing and CFU 151 

counts increased dramatically (P = 0.007) (Fig 1C), and it reached the same level as control at 12 h (P 152 

= 0.197). In contrast, although there was a small number of E. coli resumed at 12 h in PMC-NM group, 153 

it was significantly lower than control and ceftiofur treated one (P < 0.001).  154 

Expressions of TLR2, lactoferrin, cytokines and β-defensins increased in EPMC at 2 155 

h 156 

TLR2 expression was nearly 4 times greater in ECC (P < 0.001) and EPMC (P < 0.001) but not in 157 

ECEF at 2 h after removal of non-adherent bacteria (Fig 2A). The expression of IL-1β and IL-8 158 

increased in PMC and the 3 E.coli challenged groups (P < 0.004, Fig 2B), of which EPMC was 159 

approximately 100 times higher. Similarly, only EPMC had 2 ~ 3 times more expression of lactoferrin 160 

and β-defensins, including lingual antimicrobial peptide (LAP), tracheal antimicrobial peptide (TAP) 161 

and β defensin 1 (DEFB1) (P < 0.037, Fig. 2C). The expression of MUC1, tumor necrosis factor-α 162 



 

94 
 

(TNF-α) and another β-defensin gene bovine neutrophil β-defensin 5 (BNBD5) did not differ between 6 163 

groups. 164 

ECEF had lower MUC1 protein level at 12 h compare to EPMC 165 

MUC1 mRNA was expressed at highest levels in ECEF at 12 h (8 times, P = 0.003) and 24 h (14 times, 166 

P < 0.001) (Fig 3A). Inversely, MUC1 protein level tested by western blotting in our study was lower 167 

in ECEF than in EPMC at 12 h (Fig 3B). Moreover, MUC1 protein production was induced in CEF and 168 

PMC, and was higher than ECEF and EPMC. 169 

ECEF had higher TLR2 and NOD2 level at 12 h compare to EPMC 170 

TLR2 expression increased in ECEF (P = 0.001) and EPMC (P = 0.001) at 6 h, and in PMC (P = 0.030) 171 

and ECEF (P < 0.001) but not EPMC at 12 h (Fig 4A). NOD2 expression was enhanced in ECEF at 6, 172 

12 and 24 h (P < 0.040). Of note, the highest TLR2 expression (101 times) and NOD2 expression (42 173 

times) were observed in ECEF at 12 h, whereas both of the genes in EPMC remained the same level as 174 

MED. At protein level, very little NOD2 protein was found in MED at 12 h, but it was induced in CEF 175 

and PMC (Fig 4B). In line with mRNA expression, ECEF had higher NOD2 protein level than either 176 

MED or EPMC. 177 

ECEF had highest expressions of lactoferrin, cytokines and β-defensins after 6 h 178 

TNF-α expression increased in ECEF at 6 h and 12 h compare to MED (P < 0.025) (Fig 5). Similarly, 179 

1L-1β and IL-8 expression was induced in PMC, ECEF and EPMC at 6 h and 12 h (P < 0.039). Among 180 

them, ECEF had the maximal 1L-1β and IL-8 expression of 1440 times and 445 times at 12 h, 181 

respectively, greater than all the other groups including EPMC (P < 0.006). 182 
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Although lactoferrin and 4 β-defensin genes expressed following different time courses, they all 183 

significantly increased in ECEF at 12 h and 24 h (P < 0.010), with the maximal expression from 13 to 184 

1000 times. DEFB1 and TAP expression was up-regulated in ECEF and EPMC at 6 h (P < 0.005). 185 

There was also an ascent of both genes in EPMC at 12 h, but it was significantly lower than that in 186 

ECEF (4 times vs. 53 times, and 25 times vs. 298 times, P < 0.005). 187 

 188 

Discussion 189 

PMC-NM is a fusion of the ~70 kDa ColIa and a ~3 kDa anti-porin A antibody mimetic [7]. Porin A is 190 

one of the major porins expressed by Neisseria meningitidis, and it has a β-barrel structure that is 191 

shared by all porins [16]. The small antibody mimetic (VHCDR1-VHFR2-VLCDR3) is whittled from 192 

the normal antibody, and is comprised of only 2 complementarity-determining regions (CDRs) and a 193 

framework region (FR) [9]. The 2 CDRs - one from the heavy chain (VH) and one from the light chain 194 

(VL) - serve as antigen-binding sites, while the FR from either the VH or VL separates the 2 CDRs and 195 

allows them resembling their disposition in native molecules [9]. This small anti-porin A antibody 196 

mimetic can recognize structurally related porin A homologs, thus make PMC-NM a broad spectrum 197 

antibiotics [7].  198 

Our results suggest PMC-NM remained the rapid bactericidal activity of ColIa. It killed bacteria faster 199 

than ceftiofur, and bacteria resumed growth to a less amount after its withdrawal. The bactericidal 200 

activity of PMC-NM probably relies on the channel-forming property of ColIa C-domain. Once C-201 

domain is positioned within the van der Waals zone of bacterial cell membrane, it forms a voltage-202 

activated channel to depolarize the cell membrane, causes the dissipation of cellular energy. Such 203 
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process only takes several minutes to result in bacterial death [7]. Ceftiofur, by contrast, blocks the 204 

crosslinking of peptidoglycan and induces filamentation, then finally results in bacterial cell lysis [17, 205 

18].  Therefore, ceftiofur only kills growing bacteria but not stationary ones, and it takes some time 206 

before the bacteria are lysed. Hence, different killing mechanisms determine that PMC-NM has a more 207 

rapid bactericidal effect than ceftiofur. This can be very valuable in reducing persistent mastitis. 208 

Studies indicated that persistent E. coli mastitis was caused by the bacterial invasion into mammary 209 

epithelial cells, and it was dose- and time dependent [19, 20]. The rapid pathogen elimination during 210 

early infection may help reducing initial bacterial expansion and preventing further invasion, thereby 211 

minimize the risk of persistent mastitis. Although the concentration of PMC-NM used in our study was 212 

4 times higher than ceftiofur, considering the huge difference in molecular weight (75 kDa vs. 0.52 213 

kDa), the bactericidal activity of PMC-NM is comparable to ceftiofur. 214 

After bacterial lysis, Gram-negative bacteria including E. coli usually releases lipopolysaccharide (LPS) 215 

and outer membrane proteins (OMPs) such as porins and lipoproteins [21]. These bacterial components 216 

can activate host cell signaling pathways through PRRs. Among them, TLR2 is involved in the 217 

recognition of bacterial peptidoglycan, lipoproteins and porins, whereas TLR4 is activated by LPS [22]. 218 

NOD1 and NOD2 are two members of NLRs family and they are intracellular receptors that recognize 219 

bacterial peptidoglycan fragments [23]. Once signal transmission is initiated, numerous gene 220 

expressions will be promoted [23]. IL-1β and TNF-α can enhance inflammatory response, induce 221 

apoptosis and other cytokine production, while IL-8 recruits and enhances the functioning of 222 

neutrophils [24]. Lactoferrin and β-defensins are antimicrobial protein and peptides, but they also have 223 

immunomodulatory functions [25, 26]. 224 
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In our study, when added to E. coli challenged BMEC, PMC-NM caused bacterial lysis and 225 

components release in a short time by its rapid bactericidal activity, and subsequently induced the 226 

expression increase of PRRs and pro-inflammatory genes within 2 h (~ 100 times). This may promote 227 

the inflammatory response, enhance local antibacterial defense, improve the recruitment of immune 228 

cells into the mammary gland, thereby accelerate pathogen elimination at an early phase of infection 229 

[24]. On the other hand, increased MUC1 protein level is able to strengthen the physical barrier of 230 

unchallenged BMEC (CEF and PMC) [14], whereas the higher MUC1 protein production in EPMC is 231 

likely to help preventing excessive production of pro-inflammatory mediators, attenuating ongoing 232 

inflammation [27] and facilitating wound healing [28]. However, it shall be noted that the discrepancy 233 

between MUC1 mRNA expression and protein production at 12 h can be explained by the shedding of 234 

MUC1 extracellular branches after binding to bacteria [14]. The MUC1 antibody used in our study is 235 

corresponding to the extracellular domain thus the shed MUC1 cannot be detected.  236 

In contrast, ceftiofur did not kill E. coli as fast as PMC-NM, thus the expression increases in BMEC 237 

were mostly observed from 12 h. In addition, ceftiofur might induced E. coli filamentation, in which 238 

that bacterial cell division was blocked but growth continued [18]. In other words, E. coli continued 239 

synthesizing LPS and OMPs before its death. Consequently, the amount of LPS released from ceftiofur 240 

exposed E. coli was more than PMC-NM exposed one. The accumulated LPS and OMPs are very 241 

likely contributed to the increased NOD2 protein level and extremely high gene expressions in ECEF at 242 

later phase (~1440 times) in our results. Although these molecules play essential roles in the defense 243 

against infection, dysregulation of their expression can have deleterious consequences. Neutrophils that 244 

recruited and activated by IL-8 can be cytotoxic to BMEC, and are involved in mammary tissue 245 

damage [29]; TNF-α and 1L-1β have been reported to induce vascular leakage, tissue injury, shock, 246 
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even multiorgan failure of the host [24]. The overexpression of pro-inflammatory mediators may result 247 

in an overstimulation by the pathogens, lead to an uncontrolled inflammatory course, and finally cause 248 

tissue damage [29].  249 

In conclusion, the present study showed that PMC-NM remained a rapid bactericidal activity, which 250 

may be valuable in reducing the risk of persistent mastitis and enhancing early inflammatory response, 251 

whereas ceftiofur induced excessive gene expression that may cause cell damage. In addition, PMC-252 

NM has several desirable features as a member of pheromonicin family: the stability under various 253 

conditions, low toxicity either on cell lines or animals [8, 9] and no identified specific resistance 254 

mutation [7]. Thus compared to ceftiofur, PMC-NM may be used as an ideal antibacterial agent against 255 

E. coli mastitis, but further test on other bacterial species as well as in vivo studies are required. 256 

 257 

 258 
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Tables 347 

Table 1. Sequences of oligonucleotide primers used for real-time PCR. 348 

Gene 
producta 

Primer Reference Directionb Sequences (5' to 3') 
TLR2 F CATTCCCTGGCAAGTGGATTATC [10] 
 R GGAATGGCCTTCTTGTCAATGG  
TLR4 F TATGAACCACTCCACTCGCTC [10] 
 R CATCATTTGCTCAGCTCCCAC  
NOD1 F TGGTCACTCACATCCGAAAC [13] 
 R AGGCCTGAGATCCACATAAG  
NOD2 F CCCAGGGGCTCAGAACTAACA [13] 
 R CCTTCATCCTGGACGTGGTTC  
MUC1 F GAGTGGGTGAAGGCACAGTT [14] 
 R CAGAACACAGACCAGGAC  
TNF-α F CCACGTTGTAGCCGACATC [10] 
 R CCCTGAAGAGGACCTGTGAG  
1L-1β F AGTGCCTACGCACATGTCTTC [10] 
 R TGCGTCACACAGAAACTCGTC  
IL-8 F ACACATTCCACACCTTTCCAC [10] 
 R ACCTTCTGCACCCACTTTTC  
Lactoferrin F CGAAGTGTGGATGGCAAGGAA [10] 
 R TTCAAGGTGGTCAAGTAGCGG  
LAP F GCCAGCATGAGGCTCCATC [11] 
 R CTCCTGCAGCATTTTACTTGGGCT  
TAP F GCGCTCCTCTTCCTGGTCCTG [11] 
 R GCACGTTCTGACTGGGCATTGA  
DEFB1 F CCATCACCTGCTCCTCACA [11] 
 R ACCTCCACCTGCAGCATT  
BNBD5 F GCCAGCATGAGGCTCCATC [11] 
 R TTGCCAGGGCACGAGATCG  
GAPDH F GTCTTCACTACCATGGAGAAGG [10] 
 R TCATGGATGACCTTGGCCAG  

a TLR = toll-like receptor; NOD = nucleotide binding oligomerization domain; MUC = mucin; TNF-α 349 

= tumor necrosis factor-α; IL =  Interleukin; LAP = lingual antimicrobial peptide; TAP = tracheal 350 

antimicrobial peptide; DEFB1 = β defensin 1; BNBD5 = bovine neutrophil β-defensin 5; GADPH = 351 

glyceraldehyde-3-phosphate dehydrogenase. 352 

b F = forward; R = reverse. 353 

 354 
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Figures 355 

 356 

Fig. 1. In vitro antibacterial activity of ceftiofur and pheromonicin-NM (PMC-NM) against 357 

Escherichia coli. (A) E. coli was treated with 32 µg/ml of ceftiofur or 128 µg/ml of PMC-NM for 24 h. 358 

The number of bacteria at 0, 0.5, 3, 12 and 24 h was determined by plate counting. (B) E. coli was 359 

treated with indicated antibiotics and stained with 1% propidium iodide. The viability of the bacteria at 360 

0 h, 1 h, 2 h was examined under a fluorescence microscope. Scale bars, 50 μm. (C) E.coli was first 361 
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treated with indicated antibiotics for 3 hours, then the agents were withdrawn at 3’ h and the bacteria 362 

were further incubated until 12’ h. The number of bacteria at 0, 0.5, 3, 3’ and 12’ h was determined by 363 

plate counting. Within one measured time point, means without common lowercase letters (a, b) differ 364 

significantly (P < 0.05). The symbol “*” indicates significant changes (P < 0.05) compared to 0 h 365 

within the same treatment.  366 

 367 

 368 

 369 

Fig. 2. Expressions of PRRs, MUC1, lactoferrin, cytokines and β-defensins at 2 h. BMEC were 370 

divided into 6 groups, and 3 groups were challenged with Escherichia coli, the other 3 groups were 371 

treated with fresh DMEM/F12. After 2 h co-culture (0 h), non-adherent bacteria were removed, and 372 

BMEC were further cultured in fresh DMEM/F12, DMEM/F12 contained 32 μg/ml ceftiofur or 128 373 

μg/ml PMC-NM, respectively. Relative mRNA expression of (A) PRRs, (B) MUC1 and cytokines, (C) 374 

lactoferrin and β-defensins at 2 h was measured by real-time PCR, and data are presented as means ± 375 
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SEM of three independent experiments. Means without common lowercase letters (a, b) differ 376 

significantly (P < 0.05). 377 

 378 

 379 

 380 

Fig. 3. MUC1 mRNA expression and protein production. (A) Relative MUC1 mRNA expression of 381 

BMEC at 6, 12 and 24 h was measured by real-time PCR, and data are presented as means ± SEM of 382 

three independent experiments. Means without common lowercase letters (a, b) differ significantly (P < 383 

0.05). (B) The production of MUC1 protein at 12 h was analyzed by western blotting. Group ECC was 384 

excluded because of cell death and the remaining lanes were spliced together as showed by a black line. 385 

 386 

 387 

 388 

 389 
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 390 

Fig. 4. ECEF had higher TLR2 and NOD2 level at 12 h compare to EPMC. BMEC were collected 391 

from the indicated cell cultures at 6, 12 and 24 h. The relative mRNA expressions of (A) TLR2, TLR4, 392 

NOD1 and NOD2 were measured by real-time PCR. Data are presented as means ± SEM of three 393 

independent experiments. Means without common lowercase letters (a, b) differ significantly (P < 394 

0.05).  (B) The production of NOD2 protein at 12 h was analyzed by western blotting. Group ECC was 395 

excluded because of cell death and the remaining lanes were spliced together as showed by a black line. 396 

 397 

  398 
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 399 

Fig. 5. Expression of lactoferrin, cytokines and β-defensins from 6 h. BMEC were collected from 400 

the indicated cell cultures at 6, 12 and 24 h. Relative mRNA expressions of TNF-α, IL-1β, IL-8, bovine 401 

neutrophil β-defensin 5 (BNBD5), β-defensin 1 (DEFB1), tracheal antimicrobial peptide (TAP), lingual 402 

antimicrobial peptide (LAP) and lactoferrin were analyzed by real-time PCR. Data are presented as 403 

means ± SEM of three independent experiments. Means without common lowercase letters (a, b) differ 404 

significantly (P < 0.05). 405 

 406 
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5. Methodological considerations  
The study in Manuscript I was conducted in vitro using an immortalized BMEC cell line MAC-T. 

The study in Manuscript II was conducted in vivo in 20 healthy dairy cows. Manuscript III included a 

study conducted in vitro using primary BMEC. 

 

5.1. In vitro cell culture model 
5.1.1. Primary BMEC and cell lines 

Primary BMEC offer unique physiological and metabolic properties that relate most closely to 

that of the epithelial cells in vivo [210]. They have been successfully used for many short-term 

experiments [57, 65, 204], but the isolation of primary BMEC is time-consuming and expensive [211] 

because they are usually obtained by tissue culture from slaughtered animals [212]. Moreover, primary 

cells can only be cultured for a limited number of passages in vitro due to cell senescence and apoptosis 

[213], and it seems that they will undergo genetic drifts and loss of their original characteristics in the 

course of passages [210, 212]. These problems can be partly solved by multiple isolations or 

cryopreservation of freshly isolated cells. Yet, the multiple isolations will lead to variations [210], and 

cryopreservation may also result in changes of gene expression [212]. Thus, primary BMEC are good 

as a short-term model, but may not be appropriate for long-term studies or studies requiring a large 

number of cells.  

Besides primary cells, BMEC lines are often used in bovine studies as well. Compared with 

primary cells, immortalized cell lines are cost effective, readily available, easy to maintain, grow 

rapidly and relatively homogeneous—which means theoretically, that there is only one uniform cell 

population that is genetically well-characterized and cells in every passage are identical [52, 214]. 

Several immortal BMEC lines have been generated, such as BMGE+H [215], PS-BME [216], L-1 and 

H-7 [217], HH2A [218], but only two cell lines, which are obtained by transfection with the SV40 large 

T antigen, MAC-T [219] and BME-UV1 [220], remain established. Although there are some 

differences compared with primary BMEC [214], the MAC-T cells still retain typical biological and 

morphological characteristics of BMEC [211, 219]. In addition, MAC-T cells are stable, grow rapidly, 

and show no signs of senescence for over 350 passages [219], thus it is widely used in various bovine 

studies [221, 222].  
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Although we have both MAC-T and primary lactating BMEC in the lab in Denmark, considering 

the advantages and disadvantages of primary cells and cell lines, we chose to use MAC-T cells as the in 

vitro model in manuscript I because the experiment needs a large number of cells. Furthermore, since 

we do not clearly know how vitamin D will influence BMEC, a genetically stable cell population 

seems to be more appropriate. On the other hand, primary BMEC were used in manuscript III because 

this was a short-term experiment and mainly investigated the immune responses of BMEC to E. coli 

challenge which had been studied for years all over the world, thus a cell population that closely relates 

to in vivo cells would give more realistic and reliable results.  

 

5.1.2. Cell culture systems 

We are aware that our in vitro experiments were performed on relatively undifferentiated cells, 

which have a certain level of differences in morphology, growth rate and synthesis of milk protein with 

differentiated cells [210]. The undifferentiated cells can be stimulated to differentiate into secretory 

epithelial cells with appropriate hormonal milieu and extracellular matrix (ECM) [210, 223, 224]. The 

presence of ECM or use of a three-dimensional (3D) culture system can help promoting BMEC 

differentiation, but the increase of hormones and some growth factors are the predominant stimuli 

[224]. These hormones and factors include insulin, estrogen, progesterone, prolactin, growth hormone, 

corticosteroids, thyroid hormones, insulin-like growth factor 1, and epidermal growth factor [210, 224]. 

However, some of these hormones are involved in cell proliferation as well, and were thus excluded 

from manuscript I because we tried to minimize the possible interference in the cell viability test. 

In addition, the differentiation of BMEC requires a much longer culture period compared with 

normal culture, and differentiated cells often aggregate to form duct-like and alveoli-like structures 

rather than monolayers [223-225]. For the study of bacterial adherence and bacteria-induced cellular 

responses, aggregated cells may result in large variations, which is why monolayers are considered 

more suitable in these cases [210]. Therefore, cell monolayers were used for the bacteria-related tests in 

manuscripts I and III, as they were in many other studies [69, 226, 227]. Similarly, in manuscript I, the 

cell viability was determined by reading the fluorescence on a plate reader, and aggregated cells will 

lead to inaccurate results, thus monolayers are preferred. 

Yet, we do realize that some cell junctional proteins, like E-cadherin, ZO-1, and β-catenin, are 

closely related to cell differentiation and polarization [213] and may influence our investigation in 
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manuscript I. Nevertheless, it has been reported that the level of E-cadherin protein is comparable in 

undifferentiated BMEC that reached 90% confluence to that in the differentiated cells, indicating that 

undifferentiated cells are also capable of developing the adherens junctions to establish the necessary 

cell-cell contacts [224]. In manuscript I, however, although MAC-T cells exhibited a basal gene 

expression of E-cadherin, we were not able to identify any significant changes after 25(OH)D 

treatments, suggesting that vitamin D may mainly influence differentiated BMEC. On the other hand, 

tight junction directly contributes to the maintenance of cell polarity and seems expressed at a very low 

level in non-polarized (undifferentiated) BMEC monolayers [224], which may partly explain the 

unchanged expression of occludin found in manuscript I. Hence, the BMEC differentiation status may 

be important for studying the effects of vitamin D on BMEC barrier functions in the future. 

 

5.1.3. In vitro infection model 

To date, multiple BMEC infection models have been developed for studying bovine mastitis in 

vitro. The bacterial cell wall components such as LPS from E. coli [63], LTA and PGN from S. aureus 

[228] are often used to resemble the pathogenesis of mastitis induced by these two bacteria in vitro. 

There are also many studies using heat-inactivated bacteria [64, 229, 230], or live bacteria [18, 221, 

231]. Compared with cell wall components, the intact bacterial cells retain the maximal biological 

properties and can thus mimic the real infection best. Beside heat-inactivated bacteria, the viable 

bacteria are also used because live bacteria (e.g. S. aureus) are able to secrete various toxins that 

contribute to the pathogenesis [28]. However, in our studies, we used live S. aureus in manuscript I 

because the aim of the study was to investigate the effects of vitamin D on S. aureus invasion, while 

live E. coli were used in manuscript III because PMC-NM is an antimicrobial agent that kills a wide 

range of bacteria.  

The values of multiplicity of infection (MOI) used in previous studies vary largely. For an S. 

aureus in vitro infection, a MOI of 0.01-100 has been used for different study purposes [18, 226, 232], 

and we used a MOI of 100 in manuscript I based on a study that evaluated an S. aureus invasion into 

MAC-T cells [18]. For an E. coli in vitro infection, a MOI of 10-150 is generally used [233-235], and a 

MOI of 30 was used in manuscript III according to a study that investigated the immune response of 

primary BMEC to bacterial infection [235]. The incubation time for bacteria and BMEC co-culture is 2 

h in both manuscript I and III as in many other studies [18, 21, 233]. 
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5.2. In vivo model  
5.2.1. Vitamin D measurement  

The measurement of plasma 25(OH)D was developed based on 4 types of methods, competitive 

protein-binding assay, competitive immunoassay, high performance liquid chromatography (HPLC), 

and liquid chromatography-tandem mass spectrometry (LC-MS/MS), in which only HPLC and LC-

MS/MS can distinguish 25(OH)D2 and 25(OH)D3 [129]. HPLC was used to measure plasma 25(OH)D 

changes after vitamin D repletion in the in vivo experiment. Although in manuscript II, the 25(OH)D 

levels found in our study were lower than other reports from the USA, we believe that they present the 

normal 25(OH)D ranges of dairy cows in northern European countries as previously reported [236] 

(manuscript II). It would be very interesting to measure vitamin D levels in the milk, and investigate 

the association between plasma and milk 25(OH)D levels, as well as the association between milk 

25(OH)D levels and milk nutritional and immunological parameters. In fact, a study measured vitamin 

D3 content in fresh cow milk by LC-MS and LC-MS/MS and found that it was as low as 50 ng/100 ml 

[237], while the results from another study showed the milk vitamin D3 concentration was between 10-

20 ng/100g and the milk 25(OH)D3 was only approximately 5 ng/100g [238]. Moreover, it has been 

reported that milk vitamin D3 and 25(OH)D3 levels are correlated with the fat content in commercial 

milk [239, 240], but not in raw cow milk [238]. However, our attempt to analytically distinguish 

25(OH)D2 and 25(OH)D3 in cow milk by HPLC failed because of the high fat content in cows’ milk. 

The future development of the measuring methods may address the questions raised above. 

 

5.2.2. Whole blood stimulation 

Because the in vivo experiment was performed on healthy dairy cows (manuscript II) and we 

could not establish an in vivo intramammary infection model as discussed above, whole blood 

stimulation was used in the study to mimic the host immune response against bacterial infection ex vivo.  

Whole blood stimulation is a valid, low-cost and convenient system that is often used to measure 

the blood cytokine response against infection, when the experimental challenge (either pathogens or 

pathogen extracts) is not allowed [241, 242]. It stimulates the immune responses of blood cells by 

adding prepared stimuli into the freshly drained whole blood and culturing for a certain time, and 

usually measures the final cytokine production. Whole blood culture has many advantages compared to 

cell isolation. Firstly, it requires only few steps and materials, and can be performed immediately after 
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sampling with small amounts of blood [243]. Secondly, whole blood represents a physiologically much 

more relevant natural environment for the cells, thus avoiding the interference of many non-

physiological processes (e.g. isolation) [242] and the subsequent possible losses of certain cell 

populations [244]. Thirdly, there is no need to supplement the system with additional foreign serum, 

thereby avoiding the influence of potentially confounding exogenous proteins [243, 245]. However, the 

main disadvantage of this model is that the number of cells cultured is neither known nor controlled, 

thus the variations in cytokine production may come from either the quantity change of cytokine 

producing cells or the ability of those cells to produce cytokines, or both [246]. This problem can be 

partly solved by analysing the cell subpopulations in blood, but it should be noticed that in many cases 

the cytokines come from multiple sources. 

We used the whole blood stimulation to study the production of the 4 most tested cytokines, TNF-

α, IL-1, IL-10 and IFN-γ in manuscript II. Although these cytokines have not been tested in in vitro 

bovine cell cultures before, a number of in vivo studies suggest that their concentrations may change 

with different 25(OH)D levels in healthy subjects [13, 82, 165]. PGN from S. aureus and LPS from E. 

coli are used as stimuli to mimic the in vivo infection. The concentration of cytokines in the non-

stimulated samples was not measured, since in previous animal studies we have generally not been able 

to obtain detectable cytokine levels in non-stimulated samples [247]. Due to budget limitations in this 

experiment we therefore decided to prioritize analyses of the stimulated samples, and only LPS-

stimulated TNF-α production and PGN-stimulated IL-1, IL-10 and IFN-γ productions were analysed. 

The results of TNF-α, IL-1, and IFN-γ are presented in manuscript II. Although the IL-10 production 

had also been analysed by ELISA, the coefficients of variation (CV) between the technical replicates 

were too large to represent a valid result, and thus it was excluded from the final analysis in the 

manuscript II.  

 

5.3. Measurement of S. aureus adhesion and invasion  
5.3.1. Methods of quantifying bacterial adhesion and invasion 

To date, there are 3 methods which are used to detect bacterial adhesion and invasion: antibiotic 

protection assays, microscopic evaluation, and flow cytometry. In a conventional antibiotic protection 

assay, bacterial adhesion is simply measured by plating and colony counting of the lysate from infected 
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host cells, and thus the read-out (recovered viable bacteria) is actually the number of bacteria that 

infected the host cells including both extracellular and intracellular bacteria; the invasion number is 

also obtained by colony counting of the host cell lysate, but cell lysing is conducted after eliminating 

extracellular bacteria by adding antibiotics into the medium [248]. The antibiotic protection assay 

provides the direct enumeration of viable intracellular bacteria by plating and colony counting, but it 

may be influenced by potential intracellular killing or antibiotic uptake of the host cells [249]. 

The microscopic evaluation method discriminates between attached but extracellular bacteria and 

intracellular bacteria by double fluorescein labelling. The double labelling can be done with either 

conventional antibody-based double cycle labelling or the antibody-independent staining procedure. 

The former technique not only needs specific primary and secondary (fluorescein-conjugated) 

antibodies, but also requires cell membrane permeabilization and a total of 4 antibody incubations, 

whereas the latter directly labels the bacteria with fluorescein before and after infection without 

permeabilizing cell membranes and is consequently more convenient and fast [250]. However, no 

matter which labelling procedure is used, the microscopic evaluation requires labour-intensive visual 

quantifications, and may have large variations between experiments [249]. 

In contrast, flow cytometry can detect both dead and live intracellular bacteria, and the final 

evaluation is automatically done by the flow cytometer and consequently requires less manual work. 

Thus, it may be a valuable technique to study bacterial adhesion and invasion. In flow cytometric 

analysis, the bacteria are directly labelled with fluorescein prior to infection, and the adhesion can be 

obtained by detecting cell-associated fluorescence (includes the fluorescence from both extracellular 

and intracellular bacteria) [251]. To estimate the amount of intracellular bacteria, the fluorescence 

emitted by extracellular bacteria is usually quenched by trypan blue [249]. Although a flow cytometer 

does not provide an exact count of intracellular bacteria, the total amount can be estimated by 

calculating the uptake index—i.e. multiplying the percentage of fluorescent cells by the mean 

fluorescence intensity of these cells [249]. However, so far flow cytometry is used in the detection of 

either bacterial adhesion [251, 252] or invasion [248, 249, 253], but not both at the same time. 

Therefore, we tried to develop a method that can quantify bacterial adhesion and invasion by flow 

cytometry simultaneously. 
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5.3.2. Measuring S. aureus adhesion and invasion by flow cytometry – a preliminary study 

As described above, the detection of intracellular bacteria by flow cytometry can be achieved by 

quenching extracellular fluorescence with trypan blue. Thus, in theory, after infecting host cells with 

fluorescence-labelled bacteria, the bacterial adhesion can be obtained by directly quantifying cell-

associated fluorescence, whereas the invasion, namely the fluorescence emitted by intracellular bacteria, 

can be re-measured on the same sample following the addition of trypan blue. This method requires 

live cells because only live cells can exclude trypan blue outside their cell membranes, thus protecting 

the intracellular fluorescence from quenching. Hence, both the infected cells and the cell-bound 

bacteria cannot be killed or fixed before the final analysis. However, it is not allowed to apply live 

bacteria to the flow cytometer in our lab, and live bacteria were necessary in our study as BMEC are 

not phagocytes, which was why we tried to develop a double labelling method that can be used on 

fixed cells. 

This method is modified from an antibody-independent double labelling technique applied to 

fluorescence microscopy [250], and fluorescein isothiocyanate (FITC), sulfo-NHS-LC-Biotin, and 

allophycocyanin conjugated streptavidin (streptavidin-APC) were used for the double labelling. Briefly, 

the biotin- and FITC-labelled S. aureus were applied to MAC-T cell monolayers to establish an in vitro 

infection model. Then the infected cells were suspended by trypsin treatment, and further stained by 

streptavidin-APC which specifically binds to biotin resulting in the dual labelling of extracellular 

bacteria by FITC and APC, whereas intracellular bacteria are characterized by their FITC staining only 

(Fig. 5.1). The workflow of the method is described in Fig. 5.2.  
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Fig. 5.1 A) The principle of detecting bacterial adhesion and invasion by flow cytometry. B) Fluorescence microscopy 

of APC and FITC channel, and their overlay (400 x). S. aureus was labelled with FITC and biotin before the infection, 

and was then co-cultured with MAC-T cells at preferred MOI and time. After infection, MAC-T cells were washed 4 

times to remove the non-adherent S. aureus and stained with streptavidin-APC. This resulted in the dual labelling of 

extracellular bacteria by FITC and APC (yellow), whereas intracellular bacteria were only stained by FITC (green).  
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Fig. 5.2. Workflow of the flow cytometric method. The box shows an alternative procedure that was originally used 

in fluorescence microscopy by Agerer et al. [250]. 

 

To adjust the technique to flow cytometry and obtain an optimal outcome, the following was 

considered and tested in vitro:  

1) Different concentrations of FITC were tested. A total of 1 ×109 CFU S. aureus in the 

exponential phase was harvested and washed three times with 0.9% saline, suspended in 1, 2, 5, 10 

μg/ml FITC (Sigma, USA) and incubated in the dark at 37°C under constant shaking. Then S. aureus 

was washed three times and fixed with 1% paraformaldehyde overnight at 4°C in the dark. The 

fluorescence was measured by a BD FACSCanto flow cytometer (BD, San Jose, CA, USA), and 
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unlabelled S. aureus was used as control. Over 98% of the S. aureus was successfully labelled with 

FITC at the concentrations above 1 μg/ml, and 10 μg/ml FITC-labelled S. aureus had the highest 

fluorescence intensity.  

2) Different combinations of biotin and streptavidin-APC were tested. Sulfo-NHS-LC-Biotin 

(EZ-Link ®, Thermo Scientific, USA) was used at a final concentration of 100 or 300 μg/ml, and 

streptavidin-APC (BD Biosciences, San Jose, CA, USA) was used with dilutions of 1:100, 1:200, 1:400. 

The fluorescence intensity was highest with the combination of 300 μg/ml biotin and 1:100 diluted 

streptavidin-APC, and it mainly depended on the dilution of streptavidin-APC. 

3) MAC-T cells were not labelled by fluorochrome in this method, and thus distinct forward 

scatter (FSC) and side scatter (SSC) properties were used to define the gate and discriminate intact 

MAC-T cells from fragments and liberated bacteria. The influence of different cell fixation methods on 

FSC and SSC properties of MAC-T cells was tested. Fresh MAC-T cells were treated with a) 1% 

paraformaldehyde overnight; b) resuspended cells in PBS and then supplemented with 

paraformaldehyde at the final concentration of 1% and incubated overnight; c) 2% paraformaldehyde 

overnight; d) 4% paraformaldehyde for 30 min. Half of the cells were lost (broken into small fragments) 

in treatments a, c, and d, probably because of the harsh and rapidly changed environment, whereas cells 

in treatment b kept the FSC and SSC properties most closely to that of the fresh cells. 

4) Because the cellular autofluorescence may interfere with the final results, especially in the 

FITC channel, the influence of different blocking methods on MAC-T cell autofluorescence was tested. 

MAC-T cells were blocked by 0.1%, 0.5%, 1% bovine serum albumin (BSA), but the measured 

fluorescence did not change regardless of blocking. Then the influence of S. aureus adhesion and 

invasion was also tested by infecting MAC-T cells with unlabelled S. aureus, using cells alone as 

negative control and cells infected by FITC-labelled S. aureus as positive control. The result showed 

that cells infected by unlabelled S. aureus did not change the basal fluorescence intensity or the FSC 

and SSC characteristic of MAC-T cells compared with uninfected cells.  

5) As described in the introduction (section 2.2.2), an S. aureus infection may disrupt cell 

junctions, thus reducing the tolerance of the cells to trypsin, and therefore the viability of infected 

MAC-T cells after trypsinization was tested by trypan blue (Table 5.1). The viability of fresh MAC-T 
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cells was also detected by propidium iodide (PI) staining by flow cytometry, and approximately 97% of 

the cells are alive as also shown by the trypan blue test. Although an S. aureus infection reduced 

cellular tolerance to trypsin, there was no difference between different MOI and different incubation 

time. Thus we decided to use our preferred MOI (100) and incubation time (2 h) for the in vitro cell 

infection model. 

Table 5.1. Viability of MAC-T cells after infection and trypsinization (n=3) 

Incubation 
time 

No S. aureus 
MOI 

10 30 50 100 150 
1 h 97.18 ± 1.03 91.51 ± 2.31 92.86 ± 2.48 93.67 ± 2.63 90.51 ± 6.58 91.73 ± 4.23 
2 h 95.45 ± 3.57 89.70 ± 2.68 87.84 ± 5.85 87.90 ± 0.39 91.11 ± 3.14 87.62 ± 4.16 

6) Different streptavidin-APC staining procedures were tested (Fig. 4.1 box).  MAC-T cells were 

a) infected with unlabelled S. aureus, fixed before staining of streptavidin-APC; b) infected with biotin-

labelled S. aureus, fixed before staining of streptavidin-APC; c) infected with biotin-labelled S. aureus, 

fixed after staining of streptavidin-APC. Cells fixed before streptavidin-APC staining were 100% APC-

positive, whereas only 3.4% of those fixed after streptavidin-APC staining were positive. It seems that 

cell fixation before the final streptavidin-APC staining somehow resulted in high background noise in 

the flow cytometry analysis. Thus, we decided to fix the cells after the streptavidin-APC staining step. 

7) We then tested if streptavidin-APC itself could attach to MAC-T cells as well as the effects of 

blocking and dilution. MAC-T cells (without S. aureus or biotin labelling) were incubated with 

different dilutions (1:100, 1:200, 1:400) of streptavidin-APC with or without blocking (0.1%, 0.5%, 1% 

BSA) and the fluorescence in the APC channel was measured. A fraction of MAC-T cells showed 

higher fluorescence intensity (background noise) after incubation than others that were defined as 

APC-negative (Fig. 5.3). The noise can be reduced by blocking to some extent, but it is mainly 

influenced by the dilution of streptavidin-APC. We speculate that streptavidin-APC may be able to 

enter or attach to damaged cells, thus increasing the background noise. 

 

 

 



 

119 
 

 
Fig. 5.3. Background noise in streptavidin-APC staining. MAC-T cells alone showed low APC- and FITC-

fluorescence and were defined as negative control (left panel). A fraction of cells (light blue) without S. aureus 

infection or biotin labelling showed a higher APC-fluorescence than the negative control and was speculated to be the 

background noise (middle panel). When cells were infected with biotin-labelled S. aureus and stained with 

streptavidin-APC, a population (green) showed an even higher APC-fluorescence and was speculated to be the true S. 

aureus-infected cells (right panel). In order to clearly show the different populations, plots of 1:100 diluted 

streptavidin-APC which had the most background noise were presented. 

 

8) Next we tested if biotin-labelled S. aureus could emit stronger fluorescence than the 

background noise. MAC-T cells were infected with biotin labelled S. aureus and then staining with 

different dilutions of streptavidin-APC with or without blocking. Although all cells had a higher APC-

fluorescence after the final staining compared with the unstained cells, the results showed that there 

was a clear group of cells that had even more fluorescence than the others (Fig. 5.3), which was 

speculated to be the true S. aureus-infected cells. Thus, we may be able to discriminate between the 

true positive cells and cells with high background noise. Dilutions of streptavidin-APC influence the 

background noise, including 1:200, 1:400, 1:600, 1:800, 1:1000, 1:2000, and the optimal dilution was 

found to be 1:600. 

9) At last, we tested if the optimized procedure can be used to detect extra- and intracellular 

bacteria. The final dilution of streptavidin-APC used in the method was 1:600, and a noise control (cell 

+ unlabelled S. aureus + streptavidin-APC) was added to control the background noise (Fig. 5.4). The 

method was used to investigate whether 1000 ng/ml 25(OH)D2/D3 could reduce bacteria invasion, and 

was compared with the conventional antibiotic protection assay (Fig. 5.4). The extra- and intracellular 
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bacteria could be distinguished by flow cytometry, but there was no difference between the control or 

the 25(OH)D2/D3-treated cells that could be detected by both method. However, it should be noted that 

this experiment was designed for testing our flow cytometry method for the preliminary study. It was 

conducted only once with 3 replicates for each treatment in each assay, and thus it may not reflect the 

true effect of vitamin D on bacterial invasion.  

We noticed that in the final test (test 9), the gentamicin protection assay showed 25(OH)D2/D3-

treated cells tended to have lower number of adhered S. aureus, whereas the result from flow cytometry 

did not have such tendency. This difference between the 2 methods is in agreement with the findings of 

Stefan et al. [249]. The difference could be due to the different detection principles of the 2 methods. 

As described above, the antibiotic protection assay relies on the recovery of viable intracellular bacteria 

and can thus be influenced by intercellular killing or the uptake of the antibiotic, whereas, theoretically, 

the flow cytometry should not be influenced. We are aware that compared with the antibiotic assay, the 

direct fluorescent labelling of the bacteria may interfere with their viability or invasiveness, but some 

researchers have reported that this direct labelling has no significant impact on bacteria [249, 253]. Yet, 

it should not be ignored that in our flow cytometry method, the fixation of the infected cells was 

performed after the staining of streptavidin-APC, which results in at least a 1-h time interval between 

the infection and fixation. Some cell-bound bacteria can further invade the cells in this period and 

influence the final results. This also happens during the antibiotic protection assay, because the 

bacterial invasion needs to be measured after killing of the extracellular bacteria by adding antibiotic 

for a certain time.  

However, in manuscript I, we would have liked to perform the invasion assay on lots of samples 

with multiple treatments (7 concentrations x 2 vitamin D forms x 3 replicates, 42 samples in total) 

simultaneously, but the flow cytometry method takes several steps before the final analysis and thus 

cannot be applied to too many samples. Furthermore, flow cytometry requires cell suspension, and thus 

the attached MAC-T cells need to be trypsinized, and practically it is difficult to control the 

trypsinization process with 42 samples at the same time. Hence, although we developed a flow 

cytometry method for detecting extra- and intracellular bacteria, ultimately the antibiotic protection 

assay was used to investigate the effects of vitamin D on the S. aureus invasion into BMEC in our 

manuscript I.  
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Fig 5.4 Detection of bacterial adhesion and invasion by flow cytometry and the comparison with antibiotic 

protection assay. MAC-T cells were treated with 1000 ng/ml 25(OH)D2 or 25(OH)D3 for 24 h before the infection. A) 

An FSC/SSC plot was used to discriminate MAC-T cells from fragments and bacteria. B) An SSC-A/H plot was used 

to exclude cell clumps, thus gating only on single cells. C)-G) show FITC/APC plots. C) Negative control without 

FITC and APC staining. D) Noise control was used to define background noise of APC staining. E) S. aureus was 

only labelled with FITC, and infected cells were represented by a blue colour. F) S. aureus was only labelled with 

biotin and then MAC-T cells were stained with streptavidin-APC. Cells with extracellular bacteria were represented 

by a black colour. G) S. aureus was labelled with FITC and biotin, and the infected cells were then stained with 

streptavidin-APC. Cells with extracellular bacteria were represented by a yellow colour, while cells with intracellular 

bacteria were represented by a blue colour. H) Bacterial adhesion and invasion measured by flow cytometry. The 

uptake index was calculated by multiplying the percentage of fluorescent cells by the mean fluorescence intensity of 

these cells. I) Bacterial adhesion and invasion measured by gentamicin protection assay. Adhesion was measured by 

plating and CFU counting of cellular lysate, and invasion was measured by the same technique after eliminating 

extracellular bacteria by gentamicin. 
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6. General discussion 
Despite intensive research and the implementation of various mastitis control strategies over the 

decades, the reduction in the prevalence of mastitis is not considered satisfactory [254]. The aims of 

bovine mastitis control are to reduce the incidence of new intramammary infections and eliminate the 

existing infections. To achieve this, many antimicrobial and non-antimicrobial strategies have been 

developed. Antimicrobial strategies usually refer to the use of antimicrobials during lactation or dry 

period, either for treating mastitis or for preventing development of mastitis [255]. Non-antimicrobial 

strategies include improvement of animal nutrition, management, and environment, application of 

vaccine and teat sealants, teat disinfection etc. [256, 257]. Because the efficacy of conventional 

antimicrobial therapy is extremely low for some mastitis cases especially chronic mastitis, a strategy 

that can prevent or reduce the infection ahead is required. Today, many nutritional strategies have been 

developed for the prevention of bovine mastitis [8]. It is recognized that nutrition plays a crucial role in 

regulating immune functions, and some nutrients, such as vitamins and trace elements are important in 

supporting a fully functional immune system and enhance mastitis resistance [9, 10, 258]. Thus in this 

PhD thesis, we first investigated the potential role of vitamin D in increasing the resistance to bovine 

mastitis. Furthermore, because vitamin D2 may also contribute to the total vitamin D intake of dairy 

cows in addition to vitamin D3, the differences between D2 and D3 compounds were also studied. On 

the other hand, despite of several limitations (manuscript III), antimicrobials are still an irreplaceable 

component in mastitis control. Again because of these limitations, the continuous search of new 

alternatives for control and treat mastitis is urgent. Therefore, in the last part of this PhD thesis, a 

bacteriocin-based antimicrobial was tested in vitro. The major findings of the PhD project are 

summarised in manuscripts I) Effects of vitamin D and its metabolites on cell viability and S. aureus 

invasion in bovine mammary epithelial cells, II) Repletion to physiologically normal plasma 25-

hydroxyvitamin D levels of vitamin D depleted healthy dairy cows had no influence on immune 

parameters, III) Antibacterial and immunomodulatory effects of Pheromonicin-NM on E. coli-

challenged bovine mammary epithelial cells, and are further discussed below. 
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6.1. Manuscript I 

Vitamin D has been reported to inhibit proliferation of various cancer cells and normal cells by 

inducing either cell cycle arrest or apoptosis [137], therefore the effects of different concentrations of 

vitamin D on BMEC viability were first tested to find out a relative innocuous concentration range 

(manuscript I, Fig. 1). Our results showed that vitamin D inhibit MAC-T cell viability, and extremely 

high concentrations of vitamin D (except 1,25(OH)2D) could even cause cell death. This may need to 

be taken into consideration when directly infusing vitamin D into the mammary gland like what has 

been done by Nelson et al. [97, 171]. Because in practice, the infused 25(OH)D3 solution is difficult to 

evenly distributed in the mammary gland, thus in some compartments, BMEC may encounter very high 

concentrations of 25(OH)D3. Based on our cell viability results, these BMEC are likely to undergo 

growth inhibition or apoptosis, which may further damage the cells and mammary tissue or adverse to 

the tissue repair at later phase of infection. 

On the other hand,  the cell death that observed in cell viability assay (manuscript I, Fig.1) is 

probably caused by vitamin D-induced apoptosis, through multiple mechanisms such as the regulation 

of apoptotic proteins, generation of reactive oxygen species, mitochondrial disruption etc. [259]. 

Moreover, during the cell viability assay, we found vitamin D also modify cell morphology (Fig 6.1). 

1,25(OH)2D3-induced cellular morphology change has been reported in some previous studies [138, 

260, 261], and it seems partially attribute to a reduced expression of Rho proteins [138]. Rho protein 

family plays a critical role in regulating cell morphology and attachment [138], and also have an impact 

on cell growth and apoptosis [262]. Hence take the cell morphological changes into consideration, Rho 

proteins may also play a role in the death of MAC-T cells. However, the primary goal of manuscript I 

was to investigate the effects of vitamin D on S. aureus invasion, thus we did not measure any 

apoptotic markers in this experiment. An analysis of cell apoptosis in future may give more evidence to 

support the speculation. Yet, our results showed that although 100 ng/ml 25(OH)D slightly inhibit cell 

growth, more than 90% cells are not affected, thus physiological concentrations of 25(OH)D (<100 

ng/ml) seems do not substantially reduce BMEC viability. 

 

 



 

124 
 

 

Fig. 6.1. Vitamin D-induced cell morphology change (x 320). MAC-T cells were cultured with or without vitamin 

D compounds for 2 days. A) Cells without vitamin D addition showed typical cuboidal-shaped “cobblestone” 

morphology. B) Cells treated with 4000 ng/ml showed elongated, polygonal morphology. 

 

We also noticed that within the same vitamin D concentration, the curves of cell viability 

fluctuated among days (manuscript I, Fig. 1). This could be because of the metabolism of vitamin D. 

During cell viability assay, cell culture medium was change every 2 days, that is at 0, 2, 4 d. At the first 

day after medium change, there is abundance of vitamin D molecules in the fresh medium to inhibit 

cell viability. Meanwhile, the addition of vitamin D induces the hydroxylase CYP24A1, which can 

continually metabolize vitamin D into its inactive form, thus the active vitamin D molecules are 

reduced, and their anti-proliferative effects are attenuated in the following day. It would be ideal to test 

this hypothesis by measuring the 24-hydroxylation product or the remaining vitamin D compounds in 

cell culture supernatant. On the other hand, it is recently reported that 25(OH)D3 itself can directly bind 

to VDR and exerts its biological functions [263], hence it would also be very interesting to detect the 

conversion of parent vitamin D2/D3 to 25(OH)D, as well as the conversion of 25(OH)D to 1,25(OH)2D. 

Nevertheless, we could not perform such an analysis because of technical problems. The development 

of the methods for analysing vitamin D metabolites may address these questions in the future. 

The invasion assay (manuscript I, Fig. 3) showed physiological levels of 25(OH)D are able to 

inhibit S. aureus invasion into BMEC, suggests that maintain a sufficient circulating 25(OH)D level 

may contribute to mastitis resistance and reduce the chronicity of S. aureus infection. Unexpectedly, 
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we did not find any vitamin D-induced changes on junctional protein expression (manuscript I, Fig. 4). 

This may be because the cells used in our study are undifferentiated, nontumorigenic cells thus the 

junctional protein are not sensitive to vitamin D treatment. Another possible reason is that vitamin D 

reduces the number of invaded S. aureus by promoting BMEC intracellular killing rather than 

enhancing cell-cell junctions. The antibiotic protection assay was used in this experiment to measure S. 

aureus invasion, yet this method only reflects the number of viable bacteria thus may underestimate the 

true number of intracellular bacteria (see section 5.3.1). Although the concentrations of 25(OH)D were 

different, our preliminary flow cytometry study implied that intracellular killing may exist and 

influence the results of antibiotic protection assay (section 5.3.2, Fig. 5.4). We did not measure the 

expression of antimicrobial peptides in this study, but some studies have demonstrated that vitamin D 

can regulate mRNA expression of antimicrobial peptides in BMEC [21, 97], thus we speculate that the 

vitamin D-induced reduction of S. aureus invasion is at least partially due to the induction of 

antimicrobial peptides. 

 

6.2. Manuscript II 

Given that the in vitro study in manuscript I implied that the physiological concentrations of 

vitamin D may be beneficial in prevention of mastitis, and that many studies revealed an influence of 

vitamin D on healthy individuals (section 2.4.4, Table 2.3), we took the advantage of a nutritional study 

and tested if repleted to normal vitamin D status could enhance the immunity of healthy dairy cows and 

therefore increase mastitis resistance in vivo.  

The experiment was financed by a grant obtained by Dr Lone Hymøller, and was originally set up 

for a nutritional purpose to study the plasma transport mechanisms of dietary D2 and 

endogenous/dietary D3 in the vitamin D-depleted and repleted cows. As 2 main types of vitamin D are 

D2 and D3, the effects of D2 compounds and D3 compounds were compared in various aspects in 

manuscript I and II. Vitamin D2 mainly comes from fungi growing on plant material used as roughages 

[113], but there is very limited information regarding the vitamin D2 content of different roughages. 

The early studies are based on biological rat assays thus may not be accurate [264]. Few recent reports 

that using chemical methods showed that the vitamin D2 content in roughages varies between 0.1-6.4 

µg/kg fresh weight, or 20-74 µg/kg dry matter, and it can be influenced by numerous factors such as 
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the season of harvest, curing method, and storage conditions [264]. It is calculated that a lactating cow 

eats dry matter equivalent to 3.2% of her body weight each day [265], and for a 700 kg cow, the 

vitamin D2 intake may be as  high as 8-747 µg per day [266]. Thus, it is possible that vitamin D2 in 

roughages also contribute to part of the daily vitamin D intake of dairy cows. In manuscript II, the 

vitamin D2 content of the forages used in the study was not determined, but the cows were fed with the 

same total mixed ration (TMR) during the 15 weeks depletion and 4 weeks study period, and initial 

plasma 25(OH)D2 concentration was as low as 4.9 ng/ml on average after 15 weeks TMR feeding. 

Hence we anticipate that compared with the significant 25(OH)D2 increase induced by dietary 

supplementation (maximum of 22.8 ng/ml on average), the vitamin D2 content in forage will not 

significantly influence our results.  

Notably, in manuscript II, at the end of the in vivo study, the increased plasma 25(OH)D3 in D2D3 

and D2SUN groups reduced the 25(OH)D2 concentration, this change was probably due to competition 

between D2 and D3 through lower intestinal uptake, lower affinity for vitamin D binding protein, and/or 

hepatic 25-hydroxylase of D2, or a more rapid clearance of 25(OH)D2 from the blood stream [123]. Yet, 

inconsistent with previous findings that D2 supplementation at pharmacological level (250 mg) 

impaired the utilisation of dietary D3 in dairy cows [113], the physiological dose of D2 supplementation 

(625 µg) in D2D3 group in this study did not show inhibitory effect on plasma 25(OH)D3 concentration, 

suggesting that physiological doses of dietary D2 does not impair the utilisation of dietary D3. 

Interestingly, on the contrary to dietary D3, physiological doses of dietary D2 impairs the utilization of 

endogenous D3, indicating that dietary D3 and endogenous D3 may follow different metabolic pathways 

in the body [267]. Such speculation needs more experimental evidence to support it, however, we tried 

to focus on the possible immunomodulatory effects of various vitamin D strategies in this manuscript, 

the nutritional analyses will be reported elsewhere (personal communication with Lone Hymøller). 

It should be noted that this experiment is not meant to be a critical study to explore mechanisms of 

how vitamin D influences the immune system, but we have tried to compare the possible effects of 

different vitamin D supplementation (vitamin D2 or D3) on various immune parameters of heathy dairy 

cows. Vitamin D is supposed to modulate immune responses after challenge which is why an in vivo 

bacterial infection model is the most ideal way to study the effects of vitamin D. In fact, by infusing 

bacterial suspension into the mammary gland of dairy cows, Nelson and his colleagues successfully 

established an intramammary infection in vivo and demonstrated that CYP27B1 expression is 
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upregulated in macrophages in response to bacterial infection [189], while 25(OH)D3 intramammary 

treatment can reduce the symptomatic effects of mastitis [171]. However, because of the ethical and 

animal welfare considerations, such an experiment would require an animal experiment license, but 

since we had no license we could not perform a bacterial infection in vivo in this study. Nevertheless, 

several recent reports have shown that it may also influence immunity in healthy subjects (see section 

2.4.4 and Table 2.3). So far, there are no data regarding the effects of vitamin D on healthy dairy cows, 

or the influence of vitamin D2 on dairy cow immunity. Thus, since we had the original nutrition 

experiment planned and funded, we decided to take the opportunity to further investigate the possible 

effects of vitamin D on the immunity of healthy dairy cows, as it may be of value especially on organic 

dairy farms.  

We realize that there are several limitations in this in vivo experiment. Firstly, the number of 

animals used in the study is relatively low. We used 20 cows in the experiment, and assigned them to 5 

groups with 4 cows in each group. The sample size was fixed for the primary nutritional objective, but 

it may have been too small to detect differences in immune parameters because of the large individual 

variations. A larger sample size can provide more statistical power and may therefore lead to 

significant findings. Similarly, only 4 cows in the D2 and 4 cows in the SUN groups are used to 

measure the cytokine concentrations in response to 25(OH)D2 or 25(OH)D3 concentrations. We tried to 

draw a possible correlation between cytokine responses and plasma 25(OH)D levels through this 

analysis, but due to budget limitations, we decided to prioritize the analyses of the samples with the 

highest 25(OH)D2 and the highest 25(OH)D3 concentrations. We are aware that the low 25(OH)D2 

cows are in a different environment than high 25(OH)D2 cows (outdoors vs. indoors) and vice versa, 

and thus the comparisons may not be quite appropriate because of the confounding variables. However, 

we analysed the data in many ways, but could still not find any correlations or any differences between 

groups or sample days. Thus, in our opinion the effect of indoor/outdoor may not be the most important 

concern here, but it would have been of importance if differences were obtained.  

Secondly, the experiment did not include a control group that remained vitamin D deficient. 

Because the environmental conditions of the herd and physiological status may affect immune status of 

lactating cows, a control group remaining vitamin D deficient throughout the whole study period could 

have helped to make the comparisons more valid. Nevertheless, the cows were deprived of vitamin D3 

for 15 weeks before the study and their plasma 25(OH)D levels were already below normal range at d 0, 
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and it is very difficult to keep these cows in a vitamin D deficient status for a longer time due to animal 

welfare considerations.  

Thirdly, the duration of the study may not have been long enough. Although the plasma 25(OH)D 

levels seem to have increased over time during the 29-days study period, they can be higher under 

heavy supplement [186, 268] or reach steady states for a longer period [269]. A more frequent and 

longer sampling time could have helped to make the comparison between vitamin D deficiency and 

steady-state possible and valid. On the other hand, it would have been interesting to take biopsies from 

the mammary gland to study gene expressions related to vitamin D metabolism and its 

immunomodulatory functions. An animal experiment license would be required to make this possible. 

In manuscript II, except the changes of plasma 25(OH)D, we generally did not find any alterations 

of tested immune parameters. The unchanged leukocyte profiles observed in our study (manuscript II, 

Fig. 2) seems to differ from the general understanding that vitamin D stimulates monocyte proliferation 

and inhibits lymphocytes growth [10]. Yet, vitamin D-induced changes of leukocyte proliferation is 

usually associated with cell differentiation [270], thus the monocytes in peripheral blood may be too 

immature to proliferate [271]. On the other hand, it is reported that VDR expression in lymphocytes 

was only immunologically functional in active, proliferating cells, hence the anti-proliferative effect of 

vitamin D was possibly limited to those activated lymphocytes [272, 273]. 

Seasonal variation of milk yield, composition, and SCC in dairy cows has been known for many 

years [274, 275]. Coincidentally, plasma 25(OH)D3 levels in dairy cows [236] and the vitamin D2 

concentration in plant material used as roughages also differs between seasons [266]. Hence in 

manuscript II we tested if those changes were related (manuscript II, Table 4). After adjusting for 

several confounding variables (diet, environment, time), we did not find any significant correlations 

between plasma 25(OH)D and milk parameters, and plasma 25(OH)D did not relate to milk 

immunoglobulins. Since we were not able to measure 25(OH)D content in cow milk in this study, the 

correlation between milk 25(OH)D and milk parameters cannot be calculated. To date, very little is 

known about the transport of 25(OH)D to BMEC, whether 25(OH)D dissociates from the complex with 

DBP and enter BMEC freely, or the 25(OH)D-DBP complex is taken up intact by BMEC is still 

unknown [259]. What we can be sure of is that BMEC take up vitamin D molecules from the blood 

stream and then secret those into milk, thus these cells can be influenced by vitamin D from both blood 

and milk. Nonetheless, it is reported that the 25(OH)D content in fresh cow milk is extremely low, only 
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approximately 5 ng/100g [238], thus blood vitamin D is usually the main vitamin D source to BMEC. 

Although exogenous vitamin D can be infused into the mammary gland, it cannot be a routine 

prevention strategy. Although we did not find any effect of vitamin D on immune parameters in healthy 

dairy cows, considering its possible prevention effects obtained in manuscript I, maintaining an 

adequate circulating vitamin D level is still a very important factor in controlling bovine mastitis.  

 

6.3. Manuscript III  

The control of bovine mastitis replies on both antimicrobial and non-antimicrobial strategies. 

Although vitamin D may enhance mastitis resistance, it cannot replace antimicrobials that are often 

used in dairy cows for the treatment of mastitis. On the other hand, conventional antimicrobials have 3 

significant limitations: 1) ineffectiveness or low cure rate against persistent S. aureus infection and 

coliform mastitis; 2) increasing occurrence of antimicrobial resistance; 3) the presence of antimicrobial 

residues in the milk [17, 276]. Although lengthening the duration of the antimicrobial therapy increases 

treatment efficacy, it also extends milk withdrawal time and increases the cost [17]. Therefore, it is 

urgent to search new antimicrobial therapies. In order to explore the possible new treatment strategy for 

bovine mastitis, we investigated the effect of a novel antimicrobial agent, PMC-NM, a member of 

pheromonicin family, on bacterial infection in vitro. 

The results showed that PMC-NM rapidly kills E. coli and thus inhibits the initial bacterial 

expansion. This is conducive to prevent further invasion of the bacteria as the invasion process is dose- 

and time-dependent [277], and also to reduce mastitis severity in vivo [41]. As showed in our study, the 

rapid bacterial elimination by PMC-NM enhances pathogen elimination at early phase of the infection, 

and avoids excessive inflammatory responses of BMEC at later phase, thus can minimize the possible 

cellular damage. It is E. coli used in this study, but this engineered peptide is demonstrated to be broad 

spectrum, hence can be used against many other bacteria including S. aureus [199].  

Several alternatives to conventional antimicrobials have been developed, including bacteriophages, 

cytokines, and natural compounds from plants, animals, and bacteria [276]. Bacteriophages are viruses 

able to infect and kill bacteria, but they often only target specific strains [278]. Additionally, the 

attachment and lytic activity of bacteriophages are suppressed in raw milk, which also limit their uses 

[278]. Cytokines can enhance immunity to some extent but it is not enough to prevent or treat bovine 



 

130 
 

mastitis [276], and it has the risk of inducing uncontrolled severe inflammatory responses and tissue 

damage [40]. Natural substances, namely antimicrobials derived from plants, animals, and bacteria 

appear to be sustainable alternatives [276]. PMC-NM is created based on one of the natural bacteria-

derived antimicrobial substances, bacteriocin superfamily member, colicin Ia [199]. Colicin Ia provides 

PMC-NM several desirable features to be an ideal antimicrobial: water soluble, low toxicity to normal 

mammalian cells and animals, low immunogenic, rapid and effective target killing, stable under a wide 

range of relevant conditions [199, 206]. Therefore, PMC-NM may be valuable as a new treatment 

strategy for bovine mastitis. 
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7. Conclusion and perspectives 
This PhD thesis presents new information on bovine mastitis control, from prevention to treatment. 

The potential of vitamin D on mastitis prevention was investigated in vitro and in vivo, and the effects 

of a new antimicrobial agent PMC-NM on mastitis treatment were studied in vitro. In addition, a flow 

cytometry method for simultaneously measuring extracellular and intracellular S. aureus was 

developed. The main findings from the present thesis are summarized below. 

The study of the effects of vitamin D and its metabolites on cell viability and S. aureus 

invasion in BMEC showed that: 

• 1,25(OH)2D2 had an in vitro anti-proliferative activity on MAC-T cells comparable to that of 

1,25(OH)2D3. 

• D2 and 25(OH)D2 were slightly more potent than D3 and 25(OH)D3 in inhibiting MAC-T cell 

growth in vitro. 

• S. aureus growth was suppressed by high concentrations of D2, D3, 25(OH)D2 and 25(OH)D3. 

• Both 25(OH)D2 and 25(OH)D3 induced CYP24A1 expression but reduced VDR mRNA 

expression, whereas the expression of CYP27B1, occludin, and E-cadherin did not change. 

• The induction of CYP24A1 expression by 25(OH)D3 was higher than that of  25(OH)D2. 

• MAC-T cells pretreated with 25(OH)D2 reduced S. aureus adhesion, while pretreatment with 

25(OH)D3 inhibited S. aureus invasion. 

• S. aureus invasion inhibited expression of all tested genes. 

• Neither 25(OH)D2 nor 25(OH)D3 attenuated the S. aureus-induced gene expression inhibition 

except in CYP24A1. 

The study of the influence of repletion to physiologically normal plasma 25-hydroxyvitamin 

D levels on immune parameters of vitamin D depleted healthy dairy cows showed that: 

• Dietary vitamin D2 or D3 supplementation and sunlight exposure increased plasma 25(OH)D 

levels of vitamin D depleted dairy cows from deficient to normal range. 

• Leukocyte populations, milk yield, milk protein and fat percentage, somatic cell count, 

immunoglobulin concentrations in plasma and milk, and antigen-stimulated cytokine 
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productions did not change in response to vitamin D repletion or difference in vitamin D 

sources, and no relations to plasma 25(OH)D levels were identified. 

The study of the antibacterial and immunomodulatory effects of Pheromonicin-NM on 

Escherichia coli-challenged bovine mammary epithelial cells showed that: 

• PMC-NM had a rapid bactericidal activity against E. coli. 

• E. coli-challenged cells had increased mRNA expression and protein production of several 

immune molecules at 2 h after PMC-NM treatment. 

• Compared with PMC-NM treatment, ceftiofur treatment induced excessive gene expressions 

of E. coli-challenged cells at later phase of infection. 

The preliminary study concerning establishment of a flow cytometry method for measuring 

bacterial adhesion and invasion showed that: 

• A protocol for measuring bacterial adhesion and invasion by flow cytometry was established. 

• The flow cytometry method may give higher amount of intracellular bacterial than the 

conventional antibiotic protection assay because it does not influenced by the possible 

existence of intracellular killing. 

 

Collectively, in this PhD thesis, the explorations of both antimicrobial and non-antimicrobial 

strategies provide interesting perspectives and possibilities on future mastitis control. The results which 

showed that vitamin D can reduce S. aureus invasion into BMEC in vitro, implied that vitamin D may 

be conductive to mastitis control. However, we did not find any changes on healthy dairy cows in in 

vivo study. Yet, the null results do not exclude the potential benefits of vitamin D supplementation, or 

question the effects of vitamin D on the immune systems during infection. Further studies are required 

to investigate the effects of vitamin D after challenge of the immune system. Although vitamin D is 

considered as a potential prevention strategy with regard to mastitis in this PhD thesis, it can also be 

used as an adjuvant treatment. In fact, several studies have demonstrated that vitamin D is able to 

enhance the functions of antigen-stimulated bovine immune cells (section 2.4.4, Table 2.4). Moreover, 

PMC-NM appears to be an ideal antimicrobial against mastitis pathogen, thus a combination of vitamin 
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D and PMC-NM may have an additive effect that further improves the efficiency of mastitis treatment 

and reduces the chronic infection, but this needs to be investigated in future work. 

Various effects of D2 and D3 compounds were compared in this thesis, however, generally, the 

differences between them seem to come from their different metabolism pathways. When given solely, 

it appears that D2 compounds could have similar effects to that of D3 compounds. Further mechanism 

studies are needed to evaluate if D2 compounds can be used in regulating host defence as D3 

compounds. 

Moreover, a flow cytometry method for measuring extracellular and intracellular bacteria 

simultaneously was developed. It would have been interesting to analyse the effect of the various 

vitamin D forms and doses on the intra- and extracellular bacteria, but this was not durable due to the 

large sample size. However, this method can provide an estimation of intracellular bacteria that is not 

influenced by intracellular killing, thus can be used in other studies that have fewer samples in future. 

In conclusion, all the experimental results given in the manuscripts, together with the overview in 

this PhD thesis will increase our understanding in the control of bovine mastitis, and contribute to the 

development of new control strategy.  

 

 

  



 

134 
 

8. References 
1. Heringstad B, Klemetsdal G, Ruane J. Selection for mastitis resistance in dairy cattle: a review with 
focus on the situation in the Nordic countries. Livestock Production Science. 2000;64(2–3):95-106. doi: 
http://dx.doi.org/10.1016/S0301-6226(99)00128-1. 
2. Akers RM, Nickerson SC. Mastitis and its impact on structure and function in the ruminant mammary 
gland. J Mammary Gland Biol Neoplasia. 2011;16(4):275-89. doi: 10.1007/s10911-011-9231-3. PubMed PMID: 
21968535. 
3. Karlsmose S, Kunstmann L, Rundsten CF, Krogh K, Larsen HK, Jensen AB, et al. External quality 
assurance system (EQAS) for identification of mastitis pathogens in Denmark from 2006 to 2011. Prev Vet Med. 
2013;109(3-4):271-7. doi: 10.1016/j.prevetmed.2012.11.011. PubMed PMID: 23199580. 
4. Barlow J. Mastitis therapy and antimicrobial susceptibility: a multispecies review with a focus on 
antibiotic treatment of mastitis in dairy cattle. J Mammary Gland Biol Neoplasia. 2011;16(4):383-407. doi: 
10.1007/s10911-011-9235-z. PubMed PMID: 21984469. 
5. Contreras GA, Rodriguez JM. Mastitis: comparative etiology and epidemiology. J Mammary Gland Biol 
Neoplasia. 2011;16(4):339-56. doi: 10.1007/s10911-011-9234-0. PubMed PMID: 21947764. 
6. Katholm J, Bennedsgaard TW, Koskinen MT, Rattenborg E. Quality of bulk tank milk samples from 
Danish dairy herds based on real-time polymerase chain reaction identification of mastitis pathogens. Journal 
of Dairy Science. 2012;95(10):5702-8. doi: http://dx.doi.org/10.3168/jds.2011-5307. 
7. Bi Y, Wang YJ, Qin Y, Guix Vallverdu R, Maldonado Garcia J, Sun W, et al. Prevalence of Bovine Mastitis 
Pathogens in Bulk Tank Milk in China. PLoS One. 2016;11(5):e0155621. doi: 10.1371/journal.pone.0155621. 
PubMed PMID: 27187065; PubMed Central PMCID: PMCPMC4871341. 
8. Sordillo LM. Nutritional strategies to optimize dairy cattle immunity. Journal of Dairy Science. 
2016;99(6):4967-82. doi: http://dx.doi.org/10.3168/jds.2015-10354. 
9. Wintergerst ES, Maggini S, Hornig DH. Contribution of Selected Vitamins and Trace Elements to 
Immune Function. Annals of Nutrition and Metabolism. 2007;51(4):301-23. 
10. Mora JR, Iwata M, von Andrian UH. Vitamin effects on the immune system: vitamins A and D take 
centre stage. Nat Rev Immunol. 2008;8(9):685-98. doi: 
http://www.nature.com/nri/journal/v8/n9/suppinfo/nri2378_S1.html. 
11. Christakos S, Dhawan P, Verstuyf A, Verlinden L, Carmeliet G. Vitamin D: Metabolism, Molecular 
Mechanism of Action, and Pleiotropic Effects. Physiol Rev. 2016;96(1):365-408. doi: 
10.1152/physrev.00014.2015. PubMed PMID: 26681795; PubMed Central PMCID: PMCPMC4839493. 
12. Khoo AL, Koenen HJPM, Chai LYA, Sweep FCGJ, Netea MG, van der Ven AJAM, et al. Seasonal Variation 
in Vitamin D3 Levels Is Paralleled by Changes in the Peripheral Blood Human T Cell Compartment. PLoS ONE. 
2012;7(1):e29250. doi: 10.1371/journal.pone.0029250. 
13. Barker T, Martins TB, Hill HR, Kjeldsberg CR, Dixon BM, Schneider ED, et al. Circulating pro-
inflammatory cytokines are elevated and peak power output correlates with 25-hydroxyvitamin D in vitamin D 
insufficient adults. Eur J Appl Physiol. 2013;113(6):1523-34. doi: 10.1007/s00421-012-2582-7. PubMed PMID: 
23292315. 
14. He CS, Handzlik M, Fraser WD, Muhamad A, Preston H, Richardson A, et al. Influence of vitamin D 
status on respiratory infection incidence and immune function during 4 months of winter training in endurance 
sport athletes. Exerc Immunol Rev. 2013;19:86-101. PubMed PMID: 23977722. 
15. Martineau AR, Wilkinson RJ, Wilkinson KA, Newton SM, Kampmann B, Hall BM, et al. A single dose of 
vitamin D enhances immunity to mycobacteria. Am J Respir Crit Care Med. 2007;176(2):208-13. doi: 
10.1164/rccm.200701-007OC. PubMed PMID: 17463418. 

http://dx.doi.org/10.1016/S0301-6226(99)00128-1
http://dx.doi.org/10.3168/jds.2011-5307
http://dx.doi.org/10.3168/jds.2015-10354
http://www.nature.com/nri/journal/v8/n9/suppinfo/nri2378_S1.html


 

135 
 

16. Babu US, Balan KV, Garthoff LH, Calvo MS. Vitamin D(2) from UVB light exposed mushrooms modulates 
immune response to LPS in rats. Mol Nutr Food Res. 2014;58(2):318-28. doi: 10.1002/mnfr.201300286. 
PubMed PMID: 24038984. 
17. Oliver SP, Murinda SE, Jayarao BM. Impact of Antibiotic Use in Adult Dairy Cows on Antimicrobial 
Resistance of Veterinary and Human Pathogens: A Comprehensive Review. Foodborne Pathogens and Disease. 
2010;8(3):337-55. doi: 10.1089/fpd.2010.0730. 
18. Bouchard DS, Rault L, Berkova N, Le Loir Y, Even S. Inhibition of Staphylococcus aureus invasion into 
bovine mammary epithelial cells by contact with live Lactobacillus casei. Appl Environ Microbiol. 
2013;79(3):877-85. doi: 10.1128/AEM.03323-12. PubMed PMID: 23183972; PubMed Central PMCID: 
PMCPMC3568545. 
19. Peton V, Le Loir Y. Staphylococcus aureus in veterinary medicine. Infection, Genetics and Evolution. 
2014;21:602-15. doi: http://dx.doi.org/10.1016/j.meegid.2013.08.011. 
20. Sinha B, Fraunholz M. Staphylococcus aureus host cell invasion and post-invasion events. Int J Med 
Microbiol. 2010;300(2-3):170-5. doi: 10.1016/j.ijmm.2009.08.019. PubMed PMID: 19781990. 
21. Tellez-Perez AD, Alva-Murillo N, Ochoa-Zarzosa A, Lopez-Meza JE. Cholecalciferol (vitamin D) 
differentially regulates antimicrobial peptide expression in bovine mammary epithelial cells: implications 
during Staphylococcus aureus internalization. Vet Microbiol. 2012;160(1-2):91-8. doi: 
10.1016/j.vetmic.2012.05.007. PubMed PMID: 22655972. 
22. Hebert A, Sayasith K, Senechal S, Dubreuil P, Lagace J. Demonstration of intracellular Staphylococcus 
aureus in bovine mastitis alveolar cells and macrophages isolated from naturally infected cow milk. FEMS 
Microbiol Lett. 2000;193(1):57-62. PubMed PMID: 11094279. 
23. Soong G, Martin FJ, Chun J, Cohen TS, Ahn DS, Prince A. Staphylococcus aureus protein A mediates 
invasion across airway epithelial cells through activation of RhoA GTPase signaling and proteolytic activity. 
Journal of Biological Chemistry. 2011;286(41):35891-8. doi: 10.1074/jbc.M111.295386. 
24. Kwak YK, Vikstrom E, Magnusson KE, Vecsey-Semjen B, Colque-Navarro P, Mollby R. The 
Staphylococcus aureus alpha-toxin perturbs the barrier function in Caco-2 epithelial cell monolayers by altering 
junctional integrity. Infect Immun. 2012;80(5):1670-80. doi: 10.1128/IAI.00001-12. PubMed PMID: 22354024; 
PubMed Central PMCID: PMCPMC3347457. 
25. Sinha B, Herrmann M. Mechanism and consequences of invasion of endothelial cells by Staphylococcus 
aureus. Thromb Haemost. 2005;94(2):266-77. doi: 10.1160/TH05-04-0235. PubMed PMID: 16113815. 
26. Bissell MJ, Radisky D. Putting tumours in context. Nat Rev Cancer. 2001;1(1):46-54. doi: 
10.1038/35094059. PubMed PMID: 11900251; PubMed Central PMCID: PMCPMC2975572. 
27. Garzoni C, Kelley WL. Staphylococcus aureus: new evidence for intracellular persistence. Trends in 
Microbiology. 2009;17(2):59-65. doi: http://dx.doi.org/10.1016/j.tim.2008.11.005. 
28. Kerro Dego O, van Dijk JE, Nederbragt H. Factors involved in the early pathogenesis of bovine 
Staphylococcus aureus mastitis with emphasis on bacterial adhesion and invasion. A review. The Veterinary 
quarterly. 2002;24(4):181-98. doi: 10.1080/01652176.2002.9695135. PubMed PMID: 12540135. 
29. Alluwaimi AM. The cytokines of bovine mammary gland: prospects for diagnosis and therapy. Res Vet 
Sci. 2004;77(3):211-22. doi: 10.1016/j.rvsc.2004.04.006. PubMed PMID: 15276772. 
30. Barkema HW, Schukken YH, Zadoks RN. Invited Review: The role of cow, pathogen, and treatment 
regimen in the therapeutic success of bovine Staphylococcus aureus mastitis. J Dairy Sci. 2006;89(6):1877-95. 
doi: 10.3168/jds.S0022-0302(06)72256-1. PubMed PMID: 16702252. 
31. Bayles KW, Wesson CA, Liou LE, Fox LK, Bohach GA, Trumble WR. Intracellular Staphylococcus aureus 
escapes the endosome and induces apoptosis in epithelial cells. Infection and Immunity. 1998;66(1):336-42. 

http://dx.doi.org/10.1016/j.meegid.2013.08.011
http://dx.doi.org/10.1016/j.tim.2008.11.005


 

136 
 

32. Fairbrother JH, Dufour S, Fairbrother JM, Francoz D, Nadeau E, Messier S. Characterization of persistent 
and transient Escherichia coli isolates recovered from clinical mastitis episodes in dairy cows. Vet Microbiol. 
2015;176(1-2):126-33. doi: 10.1016/j.vetmic.2014.12.025. PubMed PMID: 25631255. 
33. Dopfer D, Barkema HW, Lam TJ, Schukken YH, Gaastra W. Recurrent clinical mastitis caused by 
Escherichia coli in dairy cows. J Dairy Sci. 1999;82(1):80-5. doi: 10.3168/jds.S0022-0302(99)75211-2. PubMed 
PMID: 10022009. 
34. Lippolis JD, Brunelle BW, Reinhardt TA, Sacco RE, Nonnecke BJ, Dogan B, et al. Proteomic analysis 
reveals protein expression differences in Escherichia coli strains associated with persistent versus transient 
mastitis. J Proteomics. 2014;108:373-81. doi: 10.1016/j.jprot.2014.06.008. PubMed PMID: 24954099. 
35. Suojala L, Kaartinen L, Pyorala S. Treatment for bovine Escherichia coli mastitis - an evidence-based 
approach. J Vet Pharmacol Ther. 2013;36(6):521-31. doi: 10.1111/jvp.12057. PubMed PMID: 23679229. 
36. Burvenich C, Bannerman DD, Lippolis JD, Peelman L, Nonnecke BJ, Kehrli ME, Jr., et al. Cumulative 
physiological events influence the inflammatory response of the bovine udder to Escherichia coli infections 
during the transition period. J Dairy Sci. 2007;90 Suppl 1:E39-54. doi: 10.3168/jds.2006-696. PubMed PMID: 
17517751. 
37. Wenz JR, Barrington GM, Garry FB, Ellis RP, Magnuson RJ. Escherichia coli isolates' serotypes, 
genotypes, and virulence genes and clinical coliform mastitis severity. J Dairy Sci. 2006;89(9):3408-12. doi: 
10.3168/jds.S0022-0302(06)72377-3. PubMed PMID: 16899673. 
38. Kempf F, Slugocki C, Blum SE, Leitner G, Germon P. Genomic Comparative Study of Bovine Mastitis 
Escherichia coli. PLoS One. 2016;11(1):e0147954. doi: 10.1371/journal.pone.0147954. PubMed PMID: 
26809117; PubMed Central PMCID: PMCPMC4725725. 
39. Burvenich C, Merris VV, Mehrzad J, Diez-Fraile A, Duchateau L. Severity of E. coli mastitis is mainly 
determined by cow factors. Vet Res. 2003;34(5):521-64. 
40. Zhao X, Lacasse P. Mammary tissue damage during bovine mastitis: causes and control. Journal of 
animal science. 2008;86(13 Suppl):57-65. doi: 10.2527/jas.2007-0302. PubMed PMID: 17785603. 
41. Kornalijnslijper JE, Daemen AJ, van Werven T, Niewold TA, Rutten VP, Noordhuizen-Stassen EN. 
Bacterial growth during the early phase of infection determines the severity of experimental Escherichia coli 
mastitis in dairy cows. Vet Microbiol. 2004;101(3):177-86. doi: 10.1016/j.vetmic.2004.04.005. PubMed PMID: 
15223122. 
42. Owens WE, Xiang ZY, Ray CH, Nickerson SC. Determination of milk and mammary tissue concentrations 
of ceftiofur after intramammary and intramuscular therapy. J Dairy Sci. 1990;73(12):3449-56. doi: 
10.3168/jds.S0022-0302(90)79043-1. PubMed PMID: 2099366. 
43. Constable PD, Pyörälä S, Smith GW. Guidelines for Antimicrobial Use in Cattle.  Guide to Antimicrobial 
Use in Animals: Blackwell Publishing, Ltd; 2009. p. 143-60. 
44. Smith GW, Gehring R, Riviere JE, Yeatts JL, Baynes RE. Elimination kinetics of ceftiofur hydrochloride 
after intramammary administration in lactating dairy cows. J Am Vet Med Assoc. 2004;224(11):1827-30. 
PubMed PMID: 15198270. 
45. Suojala L, Pohjanvirta T, Simojoki H, Myllyniemi AL, Pitkala A, Pelkonen S, et al. Phylogeny, virulence 
factors and antimicrobial susceptibility of Escherichia coli isolated in clinical bovine mastitis. Vet Microbiol. 
2011;147(3-4):383-8. doi: 10.1016/j.vetmic.2010.07.011. PubMed PMID: 20729012. 
46. Aitken SL, Corl CM, Sordillo LM. Immunopathology of Mastitis: Insights into Disease Recognition and 
Resolution. Journal of Mammary Gland Biology and Neoplasia. 2011;16(4):291-304. doi: 10.1007/s10911-011-
9230-4. 
47. Sordillo LM. Factors affecting mammary gland immunity and mastitis susceptibility. Livestock 
Production Science. 2005;98(1–2):89-99. doi: http://dx.doi.org/10.1016/j.livprodsci.2005.10.017. 

http://dx.doi.org/10.1016/j.livprodsci.2005.10.017


 

137 
 

48. Schukken YH, Günther J, Fitzpatrick J, Fontaine MC, Goetze L, Holst O, et al. Host-response patterns of 
intramammary infections in dairy cows. Veterinary Immunology and Immunopathology. 2011;144(3–4):270-89. 
doi: http://dx.doi.org/10.1016/j.vetimm.2011.08.022. 
49. Lindmark-Månsson H, Bränning C, Aldén G, Paulsson M. Relationship between somatic cell count, 
individual leukocyte populations and milk components in bovine udder quarter milk. International Dairy Journal. 
2006;16(7):717-27. doi: http://dx.doi.org/10.1016/j.idairyj.2005.07.003. 
50. Rainard P, Riollet C. Innate immunity of the bovine mammary gland. Vet Res. 2006;37(3):369-400. doi: 
10.1051/vetres:2006007. PubMed PMID: 16611554. 
51. Liu M, Gao W, van Velkinburgh JC, Wu Y, Ni B, Tian Y. Role of Ets Proteins in Development, 
Differentiation, and Function of T-Cell Subsets. Med Res Rev. 2016;36(2):193-220. doi: 10.1002/med.21361. 
PubMed PMID: 26301869. 
52. Owens MB, Hill AD, Hopkins AM. Ductal barriers in mammary epithelium. Tissue Barriers. 
2013;1(4):e25933. doi: 10.4161/tisb.25933. PubMed PMID: 24665412; PubMed Central PMCID: 
PMCPMC3783220. 
53. Stelwagen K, Singh K. The role of tight junctions in mammary gland function. J Mammary Gland Biol 
Neoplasia. 2014;19(1):131-8. doi: 10.1007/s10911-013-9309-1. PubMed PMID: 24249583. 
54. Barreau F, Hugot JP. Intestinal barrier dysfunction triggered by invasive bacteria. Curr Opin Microbiol. 
2014;17:91-8. doi: 10.1016/j.mib.2013.12.003. PubMed PMID: 24440560. 
55. Hartsock A, Nelson WJ. Adherens and tight junctions: structure, function and connections to the actin 
cytoskeleton. Biochim Biophys Acta. 2008;1778(3):660-9. doi: 10.1016/j.bbamem.2007.07.012. PubMed PMID: 
17854762; PubMed Central PMCID: PMCPMC2682436. 
56. Kobayashi K, Oyama S, Numata A, Rahman MM, Kumura H. Lipopolysaccharide disrupts the milk-blood 
barrier by modulating claudins in mammary alveolar tight junctions. PLoS One. 2013;8(4):e62187. doi: 
10.1371/journal.pone.0062187. PubMed PMID: 23626786; PubMed Central PMCID: PMCPMC3633878. 
57. Wellnitz O, Zbinden C, Huang X, Bruckmaier RM. Short communication: Differential loss of bovine 
mammary epithelial barrier integrity in response to lipopolysaccharide and lipoteichoic acid. J Dairy Sci. 
2016;99(6):4851-6. doi: 10.3168/jds.2016-10927. PubMed PMID: 27060811. 
58. Guo S, Gillingham T, Guo Y, Meng D, Zhu W, Walker WA, et al. Secretions of Bifiodobacterium Infantis 
and Lactobacillus Acidophilus Protect Intestinal Epithelial Barrier Function. J Pediatr Gastroenterol Nutr. 2016. 
doi: 10.1097/MPG.0000000000001310. PubMed PMID: 27322557. 
59. Treps L, Le Guelte A, Gavard J. Emerging roles of Semaphorins in the regulation of epithelial and 
endothelial junctions. Tissue Barriers. 2013;1(1):e23272. doi: 10.4161/tisb.23272. PubMed PMID: 24665374; 
PubMed Central PMCID: PMCPMC3879177. 
60. Kong J, Zhang Z, Musch MW, Ning G, Sun J, Hart J, et al. Novel role of the vitamin D receptor in 
maintaining the integrity of the intestinal mucosal barrier. Am J Physiol Gastrointest Liver Physiol. 
2008;294(1):G208-16. doi: 10.1152/ajpgi.00398.2007. PubMed PMID: 17962355. 
61. Chen SW, Wang PY, Zhu J, Chen GW, Zhang JL, Chen ZY, et al. Protective effect of 1,25-
dihydroxyvitamin d3 on lipopolysaccharide-induced intestinal epithelial tight junction injury in caco-2 cell 
monolayers. Inflammation. 2015;38(1):375-83. doi: 10.1007/s10753-014-0041-9. PubMed PMID: 25344656. 
62. Zhang Y-g, Wu S, Sun J. Vitamin D, vitamin D receptor and tissue barriers. Tissue Barriers. 
2013;1(1):e23118. doi: 10.4161/tisb.23118. 
63. Gilbert FB, Cunha P, Jensen K, Glass EJ, Foucras G, Robert-Granie C, et al. Differential response of 
bovine mammary epithelial cells to Staphylococcus aureus or Escherichia coli agonists of the innate immune 
system. Vet Res. 2013;44:40. doi: 10.1186/1297-9716-44-40. PubMed PMID: 23758654; PubMed Central 
PMCID: PMCPMC3686618. 

http://dx.doi.org/10.1016/j.vetimm.2011.08.022
http://dx.doi.org/10.1016/j.idairyj.2005.07.003


 

138 
 

64. Fu Y, Zhou E, Liu Z, Li F, Liang D, Liu B, et al. Staphylococcus aureus and Escherichia coli elicit different 
innate immune responses from bovine mammary epithelial cells. Vet Immunol Immunopathol. 
2013;155(4):245-52. doi: 10.1016/j.vetimm.2013.08.003. PubMed PMID: 24018311. 
65. Alva-Murillo N, Tellez-Perez AD, Medina-Estrada I, Alvarez-Aguilar C, Ochoa-Zarzosa A, Lopez-Meza JE. 
Modulation of the inflammatory response of bovine mammary epithelial cells by cholecalciferol (vitamin D) 
during Staphylococcus aureus internalization. Microb Pathog. 2014;77:24-30. doi: 
10.1016/j.micpath.2014.10.006. PubMed PMID: 25457796. 
66. McClure R, Massari P. TLR-Dependent Human Mucosal Epithelial Cell Responses to Microbial 
Pathogens. Front Immunol. 2014;5:386. doi: 10.3389/fimmu.2014.00386. PubMed PMID: 25161655; PubMed 
Central PMCID: PMCPMC4129373. 
67. Novak K. Functional polymorphisms in Toll-like receptor genes for innate immunity in farm animals. Vet 
Immunol Immunopathol. 2014;157(1-2):1-11. doi: 10.1016/j.vetimm.2013.10.016. PubMed PMID: 24268689. 
68. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like 
receptors. Nat Immunol. 2010;11(5):373-84. doi: 10.1038/ni.1863. PubMed PMID: 20404851. 
69. Ibeagha-Awemu EM, Lee JW, Ibeagha AE, Bannerman DD, Paape MJ, Zhao X. Bacterial 
lipopolysaccharide induces increased expression of toll-like receptor (TLR) 4 and downstream TLR signaling 
molecules in bovine mammary epithelial cells. Vet Res. 2008;39(2):11. doi: 10.1051/vetres:2007047. PubMed 
PMID: 18096120. 
70. Goldammer T, Zerbe H, Molenaar A, Schuberth H-J, Brunner RM, Kata SR, et al. Mastitis Increases 
Mammary mRNA Abundance of β-Defensin 5, Toll-Like-Receptor 2 (TLR2), and TLR4 but Not TLR9 in Cattle. 
Clinical and Diagnostic Laboratory Immunology. 2004;11(1):174-85. doi: 10.1128/cdli.11.1.174-185.2004. 
71. Motta V, Soares F, Sun T, Philpott DJ. NOD-like receptors: versatile cytosolic sentinels. Physiol Rev. 
2015;95(1):149-78. doi: 10.1152/physrev.00009.2014. PubMed PMID: 25540141. 
72. Elinav E, Strowig T, Henao-Mejia J, Flavell RA. Regulation of the antimicrobial response by NLR proteins. 
Immunity. 2011;34(5):665-79. doi: 10.1016/j.immuni.2011.05.007. PubMed PMID: 21616436. 
73. Porcherie A, Cunha P, Trotereau A, Roussel P, Gilbert FB, Rainard P, et al. Repertoire of Escherichia coli 
agonists sensed by innate immunity receptors of the bovine udder and mammary epithelial cells. Vet Res. 
2012;43:14. doi: 10.1186/1297-9716-43-14. PubMed PMID: 22330199; PubMed Central PMCID: 
PMCPMC3305352. 
74. Takahashi Y, Isuzugawa K, Murase Y, Imai M, Yamamoto S, Iizuka M, et al. Up-Regulation of NOD1 and 
NOD2 through TLR4 and TNF-&alpha; in LPS-treated Murine Macrophages. Journal of Veterinary Medical 
Science. 2006;68(5):471-8. doi: 10.1292/jvms.68.471. 
75. Bannerman DD. Pathogen-dependent induction of cytokines and other soluble inflammatory mediators 
during intramammary infection of dairy cows. Journal of animal science. 2009;87(13 Suppl):10-25. doi: 
10.2527/jas.2008-1187. PubMed PMID: 18708595. 
76. Linden SK, Sutton P, Karlsson NG, Korolik V, McGuckin MA. Mucins in the mucosal barrier to infection. 
Mucosal Immunol. 2008;1(3):183-97. doi: 10.1038/mi.2008.5. PubMed PMID: 19079178. 
77. McGuckin MA, Linden SK, Sutton P, Florin TH. Mucin dynamics and enteric pathogens. Nat Rev 
Microbiol. 2011;9(4):265-78. doi: 10.1038/nrmicro2538. PubMed PMID: 21407243. 
78. Sando L, Pearson R, Gray C, Parker P, Hawken R, Thomson PC, et al. Bovine Muc1 is a highly 
polymorphic gene encoding an extensively glycosylated mucin that binds bacteria. Journal of Dairy Science. 
2009;92(10):5276-91. doi: http://dx.doi.org/10.3168/jds.2009-2216. 
79. Parker P, Sando L, Pearson R, Kongsuwan K, Tellam RL, Smith S. Bovine Muc1 inhibits binding of enteric 
bacteria to Caco-2 cells. Glycoconj J. 2010;27(1):89-97. doi: 10.1007/s10719-009-9269-2. PubMed PMID: 
19936918. 

http://dx.doi.org/10.3168/jds.2009-2216


 

139 
 

80. Menon BB, Kaiser-Marko C, Spurr-Michaud S, Tisdale AS, Gipson IK. Suppression of Toll-like receptor-
mediated innate immune responses at the ocular surface by the membrane-associated mucins MUC1 and 
MUC16. Mucosal Immunol. 2015;8(5):1000-8. doi: 10.1038/mi.2014.127. 
81. Ueno K, Koga T, Kato K, Golenbock DT, Gendler SJ, Kai H, et al. MUC1 Mucin Is a Negative Regulator of 
Toll-Like Receptor Signaling. American Journal of Respiratory Cell and Molecular Biology. 2008;38(3):263-8. doi: 
10.1165/rcmb.2007-0336RC. 
82. Sheng YH, Triyana S, Wang R, Das I, Gerloff K, Florin TH, et al. MUC1 and MUC13 differentially regulate 
epithelial inflammation in response to inflammatory and infectious stimuli. Mucosal Immunol. 2013;6(3):557-
68. doi: 10.1038/mi.2012.98. PubMed PMID: 23149663. 
83. Banerjee D, Fernandez HR, Patil PB, Premaratne P, Quiding-Jarbrink M, Linden SK. Epithelial MUC1 
promotes cell migration, reduces apoptosis and affects levels of mucosal modulators during acetylsalicylic acid 
(aspirin)-induced gastropathy. Biochem J. 2015;465(3):423-31. doi: 10.1042/BJ20140617. PubMed PMID: 
25387004. 
84. Yamauchi K, Wakabayashi H, Shin K, Takase M. Bovine lactoferrin: benefits and mechanism of action 
against infections. Biochem Cell Biol. 2006;84(3):291-6. doi: 10.1139/o06-054. PubMed PMID: 16936799. 
85. Drago-Serrano ME, de la Garza-Amaya M, Luna JS, Campos-Rodríguez R. Lactoferrin-lipopolysaccharide 
(LPS) binding as key to antibacterial and antiendotoxic effects. International Immunopharmacology. 
2012;12(1):1-9. doi: http://dx.doi.org/10.1016/j.intimp.2011.11.002. 
86. Kieckens E, Rybarczyk J, De Zutter L, Duchateau L, Vanrompay D, Cox E. Clearance of Escherichia coli 
O157:H7 infection in calves by rectal administration of bovine lactoferrin. Appl Environ Microbiol. 
2015;81(5):1644-51. doi: 10.1128/AEM.03724-14. PubMed PMID: 25527551; PubMed Central PMCID: 
PMCPMC4325167. 
87. Pecorini C, Sassera D, Rebucci R, Saccone F, Bandi C, Baldi A. Evaluation of the protective effect of 
bovine lactoferrin against lipopolysaccharides in a bovine mammary epithelial cell line. Vet Res Commun. 
2010;34(3):267-76. doi: 10.1007/s11259-010-9351-z. PubMed PMID: 20349360. 
88. Kutila T, Suojala L, Lehtolainen T, Saloniemi H, Kaartinen L, Tahti M, et al. The efficacy of bovine 
lactoferrin in the treatment of cows with experimentally induced Escherichia coli mastitis. J Vet Pharmacol Ther. 
2004;27(4):197-202. doi: 10.1111/j.1365-2885.2004.00581.x. PubMed PMID: 15305847. 
89. Meade KG, Cormican P, Narciandi F, Lloyd A, O'Farrelly C. Bovine beta-defensin gene family: 
opportunities to improve animal health? Physiol Genomics. 2014;46(1):17-28. doi: 
10.1152/physiolgenomics.00085.2013. PubMed PMID: 24220329. 
90. Kosciuczuk EM, Lisowski P, Jarczak J, Krzyzewski J, Zwierzchowski L, Bagnicka E. Expression patterns of 
beta-defensin and cathelicidin genes in parenchyma of bovine mammary gland infected with coagulase-
positive or coagulase-negative Staphylococci. BMC Vet Res. 2014;10:246. doi: 10.1186/s12917-014-0246-z. 
PubMed PMID: 25286984; PubMed Central PMCID: PMCPMC4194403. 
91. Roosen S, Exner K, Paul S, Schröder J-M, Kalm E, Looft C. Bovine β-defensins: Identification and 
characterization of novel bovine β-defensin genes and their expression in mammarygland tissue. Mammalian 
Genome. 2004;15(10):834-42. doi: 10.1007/s00335-004-2387-z. 
92. Tetens J, Friedrich JJ, Hartmann A, Schwerin M, Kalm E, Thaller G. The spatial expression pattern of 
antimicrobial peptides across the healthy bovine udder. J Dairy Sci. 2010;93(2):775-83. doi: 10.3168/jds.2009-
2729. PubMed PMID: 20105549. 
93. Swanson K, Gorodetsky S, Good L, Davis S, Musgrave D, Stelwagen K, et al. Expression of a β-Defensin 
mRNA, Lingual Antimicrobial Peptide, in Bovine Mammary Epithelial Tissue Is Induced by Mastitis. Infection and 
Immunity. 2004;72(12):7311-4. doi: 10.1128/iai.72.12.7311-7314.2004. 
94. Kawai K, Akamatsu H, Obayashi T, Nagahata H, Higuchi H, Iwano H, et al. Relationship between 
concentration of lingual antimicrobial peptide and somatic cell count in milk of dairy cows. Veterinary 

http://dx.doi.org/10.1016/j.intimp.2011.11.002


 

140 
 

Immunology and Immunopathology. 2013;153(3–4):298-301. doi: 
http://dx.doi.org/10.1016/j.vetimm.2013.03.002. 
95. Isobe N, Morimoto K, Nakamura J, Yamasaki A, Yoshimura Y. Intramammary challenge of 
lipopolysaccharide stimulates secretion of lingual antimicrobial peptide into milk of dairy cows. Journal of Dairy 
Science. 2009;92(12):6046-51. doi: http://dx.doi.org/10.3168/jds.2009-2594. 
96. Huang YQ, Morimoto K, Hosoda K, Yoshimura Y, Isobe N. Differential immunolocalization between 
lingual antimicrobial peptide and lactoferrin in mammary gland of dairy cows. Veterinary Immunology and 
Immunopathology. 2012;145(1–2):499-504. doi: http://dx.doi.org/10.1016/j.vetimm.2011.10.017. 
97. Merriman KE, Kweh MF, Powell JL, Lippolis JD, Nelson CD. Multiple beta-defensin genes are 
upregulated by the vitamin D pathway in cattle. J Steroid Biochem Mol Biol. 2015;154:120-9. doi: 
10.1016/j.jsbmb.2015.08.002. PubMed PMID: 26255277. 
98. Ploegaert TCW, Tijhaar E, Lam TJGM, Taverne-Thiele A, van der Poel JJ, van Arendonk JAM, et al. 
Natural antibodies in bovine milk and blood plasma: Variability among cows, repeatability within cows, and 
relation between milk and plasma titers. Veterinary Immunology and Immunopathology. 2011;144(1–2):88-94. 
doi: http://dx.doi.org/10.1016/j.vetimm.2011.07.008. 
99. Hurley WL, Theil PK. Perspectives on immunoglobulins in colostrum and milk. Nutrients. 2011;3(4):442-
74. 
100. Korhonen H, Marnila P, Gill HS. Milk immunoglobulins and complement factors. Br J Nutr. 2000;84 
Suppl 1:S75-80. PubMed PMID: 11242450. 
101. Sordillo LM, Streicher KL. Mammary gland immunity and mastitis susceptibility. J Mammary Gland Biol 
Neoplasia. 2002;7(2):135-46. PubMed PMID: 12463736. 
102. Nakajima K, Itoh F, Nakamura M, Kawamura A, Yamazaki T, Kozakai T, et al. Short communication: 
opposing effects of lactoferrin on the proliferation of fibroblasts and epithelial cells from bovine mammary 
gland. J Dairy Sci. 2015;98(2):1069-77. doi: 10.3168/jds.2014-8430. PubMed PMID: 25497822. 
103. Legrand D. Lactoferrin, a key molecule in immune and inflammatory processes. Biochem Cell Biol. 
2012;90(3):252-68. doi: 10.1139/o11-056. PubMed PMID: 22136726. 
104. Teng CT. Factors regulating lactoferrin gene expression. Biochem Cell Biol. 2006;84(3):263-7. doi: 
10.1139/o06-034. PubMed PMID: 16936795. 
105. Sims JE, Smith DE. The IL-1 family: regulators of immunity. Nat Rev Immunol. 2010;10(2):89-102. doi: 
10.1038/nri2691. PubMed PMID: 20081871. 
106. Oviedo-Boyso J, Valdez-Alarcon JJ, Cajero-Juarez M, Ochoa-Zarzosa A, Lopez-Meza JE, Bravo-Patino A, 
et al. Innate immune response of bovine mammary gland to pathogenic bacteria responsible for mastitis. J 
Infect. 2007;54(4):399-409. doi: 10.1016/j.jinf.2006.06.010. PubMed PMID: 16882453. 
107. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat Rev Immunol. 
2010;10(3):170-81. doi: 10.1038/nri2711. PubMed PMID: 20154735. 
108. Couper KN, Blount DG, Riley EM. IL-10: the master regulator of immunity to infection. J Immunol. 
2008;180(9):5771-7. PubMed PMID: 18424693. 
109. Kalliolias GD, Ivashkiv LB. TNF biology, pathogenic mechanisms and emerging therapeutic strategies. 
Nat Rev Rheumatol. 2016;12(1):49-62. doi: 10.1038/nrrheum.2015.169. PubMed PMID: 26656660; PubMed 
Central PMCID: PMCPMC4809675. 
110. Pollard KM, Cauvi DM, Toomey CB, Morris KV, Kono DH. Interferon-gamma and systemic autoimmunity. 
Discov Med. 2013;16(87):123-31. PubMed PMID: 23998448; PubMed Central PMCID: PMCPMC3934799. 
111. Schoenborn JR, Wilson CB. Regulation of interferon-gamma during innate and adaptive immune 
responses. Adv Immunol. 2007;96:41-101. doi: 10.1016/S0065-2776(07)96002-2. PubMed PMID: 17981204. 
112. Schuster I. Cytochromes P450 are essential players in the vitamin D signaling system. Biochim Biophys 
Acta. 2011;1814(1):186-99. doi: 10.1016/j.bbapap.2010.06.022. PubMed PMID: 20619365. 

http://dx.doi.org/10.1016/j.vetimm.2013.03.002
http://dx.doi.org/10.3168/jds.2009-2594
http://dx.doi.org/10.1016/j.vetimm.2011.10.017
http://dx.doi.org/10.1016/j.vetimm.2011.07.008


 

141 
 

113. Hymoller L, Jensen SK. Vitamin D(2) impairs utilization of vitamin D(3) in high-yielding dairy cows in a 
cross-over supplementation regimen. J Dairy Sci. 2011;94(7):3462-6. doi: 10.3168/jds.2010-4111. PubMed 
PMID: 21700032. 
114. Tripkovic L, Lambert H, Hart K, Smith CP, Bucca G, Penson S, et al. Comparison of vitamin D2 and 
vitamin D3 supplementation in raising serum 25-hydroxyvitamin D status: a systematic review and meta-
analysis. Am J Clin Nutr. 2012;95(6):1357-64. doi: 10.3945/ajcn.111.031070. PubMed PMID: 22552031; 
PubMed Central PMCID: PMCPMC3349454. 
115. Saraff V, Shaw N. Sunshine and vitamin D. Arch Dis Child. 2016;101(2):190-2. doi: 10.1136/archdischild-
2014-307214. PubMed PMID: 26323284. 
116. Jones G. Pharmacokinetics of vitamin D toxicity. Am J Clin Nutr. 2008;88(2):582S-6S. PubMed PMID: 
18689406. 
117. Horst RL, Reinhardt TA, Reddy GS. Vitamin D metabolism. In: Feldman D, Pike JW, Glorieux FH, editors. 
Vitamin D. 1. Second Edition ed. Burlington: Academic Press; 2005. p. 15-36. 
118. Jones G, Prosser DE. The Activating Enzymes of Vitamin D Metabolism (25- and 1α-Hydroxylases).  
Vitamin D. 1. Third Edition ed. San Diego: Academic Press; 2011. p. 23-42. 
119. Lang PO, Samaras N, Samaras D, Aspinall R. How important is vitamin D in preventing infections? 
Osteoporosis International. 2013;24(5):1537-53. doi: 10.1007/s00198-012-2204-6. 
120. Rapuri BP, Gallagher CJ, Haynatzki G. Effect of Vitamins D2 and D3 Supplement Use on Serum 25OHD 
Concentration in Elderly Women in Summer and Winter. Calcified Tissue International. 2004;74(2):150-6. doi: 
10.1007/s00223-003-0083-8. 
121. Oliveri B, Mastaglia SR, Brito GM, Seijo M, Keller GA, Somoza J, et al. Vitamin D3 seems more 
appropriate than D2 to sustain adequate levels of 25OHD: a pharmacokinetic approach. Eur J Clin Nutr. 
2015;69(6):697-702. doi: 10.1038/ejcn.2015.16. 
122. Heaney RP, Recker RR, Grote J, Horst RL, Armas LAG. Vitamin D3 Is More Potent Than Vitamin D2 in 
Humans. The Journal of Clinical Endocrinology & Metabolism. 2011;96(3):E447-E52. doi: doi:10.1210/jc.2010-
2230. PubMed PMID: 21177785. 
123. Hymøller L, Jensen SK. Stability in the rumen and effect on plasma status of single oral doses of vitamin 
D and vitamin E in high-yielding dairy cows. Journal of Dairy Science. 2010;93(12):5748-57. doi: 
http://dx.doi.org/10.3168/jds.2010-3338. 
124. Swanson CM, Nielson CM, Shrestha S, Lee CG, Barrett-Connor E, Jans I, et al. Higher 25(OH)D2 is 
associated with lower 25(OH)D3 and 1,25(OH)2D3. The Journal of Clinical Endocrinology & Metabolism. 
2014;99(8):2736-44. doi: doi:10.1210/jc.2014-1069. PubMed PMID: 24828488. 
125. Bikle D. Nonclassic actions of vitamin D. J Clin Endocrinol Metab. 2009;94(1):26-34. doi: 
10.1210/jc.2008-1454. PubMed PMID: 18854395; PubMed Central PMCID: PMCPMC2630868. 
126. Jones G, Prosser DE, Kaufmann M. 25-Hydroxyvitamin D-24-hydroxylase (CYP24A1): its important role 
in the degradation of vitamin D. Arch Biochem Biophys. 2012;523(1):9-18. doi: 10.1016/j.abb.2011.11.003. 
PubMed PMID: 22100522. 
127. Horst RL, Reinhardt TA, Ramberg CF, Koszewski NJ, Napoli JL. 24-Hydroxylation of 1,25-
dihydroxyergocalciferol. An unambiguous deactivation process. Journal of Biological Chemistry. 
1986;261(20):9250-6. 
128. Horst RL, Littledike ET. Comparison of plasma concentrations of vitamin D and its metabolites in young 
and aged domestic animals. Comparative Biochemistry and Physiology Part B: Comparative Biochemistry. 
1982;73(3):485-9. doi: http://dx.doi.org/10.1016/0305-0491(82)90064-5. 
129. Su Z, Narla SN, Zhu Y. 25-Hydroxyvitamin D: analysis and clinical application. Clinica chimica acta; 
international journal of clinical chemistry. 2014;433:200-5. doi: 10.1016/j.cca.2014.03.022. PubMed PMID: 
24680864. 

http://dx.doi.org/10.3168/jds.2010-3338
http://dx.doi.org/10.1016/0305-0491(82)90064-5


 

142 
 

130. Horst RL, Goff JP, Reinhardt TA. Calcium and vitamin D metabolism in the dairy cow. J Dairy Sci. 
1994;77(7):1936-51. doi: 10.3168/jds.S0022-0302(94)77140-X. PubMed PMID: 7929956. 
131. Horst RL, Jorgensen NA, DeLuca HF. Plasma 1,25-dihydroxyvitamin D and parathyroid hormone levels in 
paretic dairy cows. Am J Physiol. 1978;235(6):E634-7. PubMed PMID: 252889. 
132. NRC. Nutrient Requirements of Dairy Cattle. 7th Revised Edn ed. Washington, DC, USA: The National 
Academies Press; 2001. 408 p. 
133. Frye TM, Williams SN, Graham TW. Vitamin deficiencies in cattle. Vet Clin North Am Food Anim Pract. 
1991;7(1):217-75. PubMed PMID: 2049667. 
134. Littledike ET, Horst RL. Vitamin D3 toxicity in dairy cows. J Dairy Sci. 1982;65(5):749-59. doi: 
10.3168/jds.S0022-0302(82)82263-7. PubMed PMID: 6286738. 
135. Haussler MR, Whitfield GK, Kaneko I, Haussler CA, Hsieh D, Hsieh JC, et al. Molecular mechanisms of 
vitamin D action. Calcif Tissue Int. 2013;92(2):77-98. doi: 10.1007/s00223-012-9619-0. PubMed PMID: 
22782502. 
136. Wang Y, Zhu J, DeLuca HF. Where is the vitamin D receptor? Archives of Biochemistry and Biophysics. 
2012;523(1):123-33. doi: http://dx.doi.org/10.1016/j.abb.2012.04.001. 
137. Samuel S, Sitrin MD. Vitamin D's role in cell proliferation and differentiation. Nutr Rev. 2008;66(10 
Suppl 2):S116-24. doi: 10.1111/j.1753-4887.2008.00094.x. PubMed PMID: 18844838. 
138. Artaza JN, Sirad F, Ferrini MG, Norris KC. 1,25(OH)2vitamin D3 inhibits cell proliferation by promoting 
cell cycle arrest without inducing apoptosis and modifies cell morphology of mesenchymal multipotent cells. 
The Journal of Steroid Biochemistry and Molecular Biology. 2010;119(1–2):73-83. doi: 
http://dx.doi.org/10.1016/j.jsbmb.2010.01.001. 
139. Krishnan AV, Swami S, Feldman D. Equivalent anticancer activities of dietary vitamin D and calcitriol in 
an animal model of breast cancer: Importance of mammary CYP27B1 for treatment and prevention. The 
Journal of Steroid Biochemistry and Molecular Biology. 2013;136:289-95. doi: 
http://dx.doi.org/10.1016/j.jsbmb.2012.08.005. 
140. Narvaez CJ, Matthews D, LaPorta E, Simmons KM, Beaudin S, Welsh J. The impact of vitamin D in breast 
cancer: genomics, pathways, metabolism. Frontiers in Physiology. 2014;5:213. doi: 10.3389/fphys.2014.00213. 
PubMed PMID: PMC4055997. 
141. Lopes N, Paredes J, Costa JL, Ylstra B, Schmitt F. Vitamin D and the mammary gland: a review on its role 
in normal development and breast cancer. Breast Cancer Res. 2012;14(3):211. doi: 10.1186/bcr3178. PubMed 
PMID: 22676419; PubMed Central PMCID: PMCPMC3446331. 
142. Zinser G, Packman K, Welsh J. Vitamin D3 receptor ablation alters mammary gland morphogenesis. 
Development. 2002;129(13):3067-76. 
143. Zinser GM, Welsh J. Accelerated mammary gland development during pregnancy and delayed 
postlactational involution in vitamin D3 receptor null mice. Mol Endocrinol. 2004;18(9):2208-23. doi: 
10.1210/me.2003-0469. PubMed PMID: 15178742. 
144. Kemmis CM, Salvador SM, Smith KM, Welsh J. Human mammary epithelial cells express CYP27B1 and 
are growth inhibited by 25-hydroxyvitamin D-3, the major circulating form of vitamin D-3. J Nutr. 
2006;136(4):887-92. PubMed PMID: 16549446. 
145. Meckel K, Li YC, Lim J, Kocherginsky M, Weber C, Almoghrabi A, et al. Serum 25-hydroxyvitamin D 
concentration is inversely associated with mucosal inflammation in patients with ulcerative colitis. The 
American Journal of Clinical Nutrition. 2016. doi: 10.3945/ajcn.115.123786. 
146. Assa A, Vong L, Pinnell LJ, Avitzur N, Johnson-Henry KC, Sherman PM. Vitamin D deficiency promotes 
epithelial barrier dysfunction and intestinal inflammation. J Infect Dis. 2014;210(8):1296-305. doi: 
10.1093/infdis/jiu235. PubMed PMID: 24755435. 

http://dx.doi.org/10.1016/j.abb.2012.04.001
http://dx.doi.org/10.1016/j.jsbmb.2010.01.001
http://dx.doi.org/10.1016/j.jsbmb.2012.08.005


 

143 
 

147. Assa A, Vong L, Pinnell LJ, Rautava J, Avitzur N, Johnson-Henry KC, et al. Vitamin D deficiency 
predisposes to adherent-invasive Escherichia coli-induced barrier dysfunction and experimental colonic injury. 
Inflamm Bowel Dis. 2015;21(2):297-306. doi: 10.1097/MIB.0000000000000282. PubMed PMID: 25590952. 
148. Zhao H, Zhang H, Wu H, Li H, Liu L, Guo J, et al. Protective role of 1,25(OH)2vitamin D3 in the mucosal 
injury and epithelial barrier disruption in DSS-induced acute colitis in mice. BMC Gastroenterology. 
2012;12(1):1-14. doi: 10.1186/1471-230x-12-57. 
149. Chen S-w, Ma Y-y, Zhu J, Zuo S, Zhang J-l, Chen Z-y, et al. Protective effect of 1,25-dihydroxyvitamin D3 
on ethanol-induced intestinal barrier injury both in vitro and in vivo. Toxicology Letters. 2015;237(2):79-88. doi: 
http://dx.doi.org/10.1016/j.toxlet.2015.06.006. 
150. Shi Y-Y, Liu T-J, Fu J-H, Xu WEI, Wu L-L, Hou AN, et al. Vitamin D/VDR signaling attenuates 
lipopolysaccharide-induced acute lung injury by maintaining the integrity of the pulmonary epithelial barrier. 
Molecular Medicine Reports. 2016;13(2):1186-94. doi: 10.3892/mmr.2015.4685. PubMed PMID: PMC4732862. 
151. Kuhne H, Schutkowski A, Weinholz S, Cordes C, Schierhorn A, Schulz K, et al. Vitamin D receptor 
regulates intestinal proteins involved in cell proliferation, migration and stress response. Lipids Health Dis. 
2014;13:51. doi: 10.1186/1476-511X-13-51. PubMed PMID: 24641763; PubMed Central PMCID: 
PMCPMC3994967. 
152. Gniadecki R, Gajkowska B, Hansen M. 1,25-dihydroxyvitamin D3 stimulates the assembly of adherens 
junctions in keratinocytes: involvement of protein kinase C. Endocrinology. 1997;138(6):2241-8. doi: 
10.1210/endo.138.6.5156. PubMed PMID: 9165007. 
153. Pálmer HG, González-Sancho JM, Espada J, Berciano MT, Puig I, Baulida J, et al. Vitamin D3 promotes 
the differentiation of colon carcinoma cells by the induction of E-cadherin and the inhibition of β-catenin 
signaling. The Journal of Cell Biology. 2001;154(2):369-88. doi: 10.1083/jcb.200102028. 
154. Yin Z, Pintea V, Lin Y, Hammock BD, Watsky MA. Vitamin D enhances corneal epithelial barrier function. 
Invest Ophthalmol Vis Sci. 2011;52(10):7359-64. doi: 10.1167/iovs.11-7605. PubMed PMID: 21715350; PubMed 
Central PMCID: PMCPMC3183972. 
155. Lopes N, Carvalho J, Duraes C, Sousa B, Gomes M, Costa JL, et al. 1Alpha,25-dihydroxyvitamin D3 
induces de novo E-cadherin expression in triple-negative breast cancer cells by CDH1-promoter demethylation. 
Anticancer Res. 2012;32(1):249-57. PubMed PMID: 22213313. 
156. Hsu J-W, Yasmin-Karim S, King MR, Wojciechowski JC, Mickelsen D, Blair ML, et al. Suppression of 
prostate cancer cell rolling and adhesion to endothelium by 1α,25-dihydroxyvitamin D3. The American Journal 
of Pathology. 2011;178(2):872-80. doi: http://dx.doi.org/10.1016/j.ajpath.2010.10.036. 
157. Chen S, Zhu J, Chen G, Zuo S, Zhang J, Chen Z, et al. 1,25-Dihydroxyvitamin D3 preserves intestinal 
epithelial barrier function from TNF-alpha induced injury via suppression of NF-kB p65 mediated MLCK-P-MLC 
signaling pathway. Biochem Biophys Res Commun. 2015;460(3):873-8. doi: 10.1016/j.bbrc.2015.03.125. 
PubMed PMID: 25838204. 
158. Reid IR. What diseases are causally linked to vitamin D deficiency? Archives of Disease in Childhood. 
2015. doi: 10.1136/archdischild-2014-307961. 
159. Di Rosa M, Malaguarnera M, Nicoletti F, Malaguarnera L. Vitamin D3: a helpful immuno-modulator. 
Immunology. 2011;134(2):123-39. doi: 10.1111/j.1365-2567.2011.03482.x. PubMed PMID: 21896008; PubMed 
Central PMCID: PMCPMC3194221. 
160. Rosen CJ, Adams JS, Bikle DD, Black DM, Demay MB, Manson JE, et al. The nonskeletal effects of 
vitamin D: an Endocrine Society scientific statement. Endocr Rev. 2012;33(3):456-92. doi: 10.1210/er.2012-
1000. PubMed PMID: 22596255; PubMed Central PMCID: PMCPMC3365859. 
161. Konowalchuk JD, Rieger AM, Kiemele MD, Ayres DC, Barreda DR. Modulation of weanling pig cellular 
immunity in response to diet supplementation with 25-hydroxyvitamin D3. Veterinary Immunology and 
Immunopathology. 2013;155(1–2):57-66. doi: http://dx.doi.org/10.1016/j.vetimm.2013.06.002. 

http://dx.doi.org/10.1016/j.toxlet.2015.06.006
http://dx.doi.org/10.1016/j.ajpath.2010.10.036
http://dx.doi.org/10.1016/j.vetimm.2013.06.002


 

144 
 

162. Mellenthin L, Wallaschofski H, Grotevendt A, Völzke H, Nauck M, Hannemann A. Association between 
serum vitamin D concentrations and inflammatory markers in the general adult population. Metabolism. 
2014;63(8):1056-62. doi: http://dx.doi.org/10.1016/j.metabol.2014.05.002. 
163. Sakem B, Nock C, Stanga Z, Medina P, Nydegger UE, Risch M, et al. Serum concentrations of 25-
hydroxyvitamin D and immunoglobulins in an older Swiss cohort: results of the Senior Labor Study. BMC Med. 
2013;11:176. doi: 10.1186/1741-7015-11-176. PubMed PMID: 23902738; PubMed Central PMCID: 
PMCPMC3751655. 
164. Alvarez-Rodriguez L, Lopez-Hoyos M, Garcia-Unzueta M, Amado JA, Cacho PM, Martinez-Taboada VM. 
Age and low levels of circulating vitamin D are associated with impaired innate immune function. J Leukoc Biol. 
2012;91(5):829-38. doi: 10.1189/jlb.1011523. PubMed PMID: 22345707. 
165. Khoo AL, Chai LY, Koenen HJ, Sweep FC, Joosten I, Netea MG, et al. Regulation of cytokine responses by 
seasonality of vitamin D status in healthy individuals. Clin Exp Immunol. 2011;164(1):72-9. doi: 10.1111/j.1365-
2249.2010.04315.x. PubMed PMID: 21323660; PubMed Central PMCID: PMCPMC3074219. 
166. He CS, Fraser WD, Tang J, Brown K, Renwick S, Rudland-Thomas J, et al. The effect of 14 weeks of 
vitamin D3 supplementation on antimicrobial peptides and proteins in athletes. J Sports Sci. 2016;34(1):67-74. 
doi: 10.1080/02640414.2015.1033642. PubMed PMID: 25861808. 
167. Ritterhouse LL, Lu R, Shah HB, Robertson JM, Fife DA, Maecker HT, et al. Vitamin d deficiency in a 
multiethnic healthy control cohort and altered immune response in vitamin D deficient European-American 
healthy controls. PLoS One. 2014;9(4):e94500. doi: 10.1371/journal.pone.0094500. PubMed PMID: 24727903; 
PubMed Central PMCID: PMCPMC3984168. 
168. Waters WR, Nonnecke BJ, Rahner TE, Palmer MV, Whipple DL, Horst RL. Modulation of Mycobacterium 
bovis-Specific Responses of Bovine Peripheral Blood Mononuclear Cells by 1,25-Dihydroxyvitamin D3. Clinical 
and Diagnostic Laboratory Immunology. 2001;8(6):1204-12. doi: 10.1128/cdli.8.6.1204-1212.2001. 
169. Nonnecke BJ, Franklin ST, Reinhardt TA, Horst RL. In vitro modulation of proliferation and phenotype of 
resting and mitogen-stimulated bovine mononuclear leukocytes by 1,25-dihydroxyvitamin D3. Vet Immunol 
Immunopathol. 1993;38(1-2):75-89. PubMed PMID: 7903011. 
170. Nelson CD, Reinhardt TA, Lippolis JD, Sacco RE, Nonnecke BJ. Vitamin D signaling in the bovine immune 
system: a model for understanding human vitamin D requirements. Nutrients. 2012;4(3):181-96. doi: 
10.3390/nu4030181. PubMed PMID: 22666545; PubMed Central PMCID: PMCPMC3347026. 
171. Lippolis JD, Reinhardt TA, Sacco RA, Nonnecke BJ, Nelson CD. Treatment of an intramammary bacterial 
infection with 25-hydroxyvitamin D(3). PLoS One. 2011;6(10):e25479. doi: 10.1371/journal.pone.0025479. 
PubMed PMID: 21991312; PubMed Central PMCID: PMCPMC3184989. 
172. Rosenberg SJ, Weber GM, Erhardt A, Höller U, Wehr UA, Rambeck WA. Tolerance evaluation of 
overdosed dietary levels of 25-hydroxyvitamin D3 in growing piglets. Journal of Animal Physiology and Animal 
Nutrition. 2016;100(2):371-80. doi: 10.1111/jpn.12355. 
173. Barker T, Rogers VE, Levy M, Templeton J, Goldfine H, Schneider ED, et al. Supplemental vitamin D 
increases serum cytokines in those with initially low 25-hydroxyvitamin D: A randomized, double blind, 
placebo-controlled study. Cytokine. 2015;71(2):132-8. doi: http://dx.doi.org/10.1016/j.cyto.2014.09.012. 
174. Barnes MS, Horigan G, Cashman KD, Hill TR, Forsythe LK, Lucey AJ, et al. Maintenance of wintertime 
vitamin D status with cholecalciferol supplementation is not associated with alterations in serum cytokine 
concentrations among apparently healthy younger or older adults. The Journal of nutrition. 2011;141(3):476-81. 
175. Yusupov E, Li-Ng M, Pollack S, Yeh JK, Mikhail M, Aloia JF. Vitamin d and serum cytokines in a 
randomized clinical trial. Int J Endocrinol. 2010;2010. doi: 10.1155/2010/305054. PubMed PMID: 20871847; 
PubMed Central PMCID: PMCPMC2943086. 

http://dx.doi.org/10.1016/j.metabol.2014.05.002
http://dx.doi.org/10.1016/j.cyto.2014.09.012


 

145 
 

176. Sun X, Cao Z-B, Zhang Y, Ishimi Y, Tabata I, Higuchi M. Association between Serum 25-Hydroxyvitamin D 
and Inflammatory Cytokines in Healthy Adults. Nutrients. 2014;6(1):221-30. doi: 10.3390/nu6010221. PubMed 
PMID: PMC3916857. 
177. Das M, Tomar N, Sreenivas V, Gupta N, Goswami R. Effect of vitamin D supplementation on cathelicidin, 
IFN-gamma, IL-4 and Th1/Th2 transcription factors in young healthy females. Eur J Clin Nutr. 2014;68(3):338-43. 
178. Barker T, Martins TB, Hill HR, Kjeldsberg CR, Henriksen VT, Dixon BM, et al. Different doses of 
supplemental vitamin D maintain interleukin-5 without altering skeletal muscle strength: a randomized, 
double-blind, placebo-controlled study in vitamin D sufficient adults. Nutrition & Metabolism. 2012;9(1):1-12. 
doi: 10.1186/1743-7075-9-16. 
179. Ametaj BN, Beitz DC, Reinhardt TA, Nonnecke BJ. 1,25-Dihydroxyvitamin D3 inhibits secretion of 
interferon-gamma by mitogen- and antigen-stimulated bovine mononuclear leukocytes. Vet Immunol 
Immunopathol. 1996;52(1-2):77-90. PubMed PMID: 8807778. 
180. Ametaj BN, Nonnecke BJ, Horst RL, Beitz DC. Effects of retinoic acid and 1,25-dihydroxyvitamin D3 on 
IFN-gamma secretion by mononuclear leukocytes from nulliparous and postparturient dairy cattle. Int J Vitam 
Nutr Res. 2000;70(3):92-101. doi: 10.1024/0300-9831.70.3.92. PubMed PMID: 10883402. 
181. Rhodes SG, Terry LA, Hope J, Hewinson RG, Vordermeier HM. 1,25-dihydroxyvitamin D3 and 
development of tuberculosis in cattle. Clin Diagn Lab Immunol. 2003;10(6):1129-35. PubMed PMID: 14607878; 
PubMed Central PMCID: PMCPMC262436. 
182. Nonnecke, Waters, Foote, Horst, Fowler, Miller. In Vitro Effects of 1,25-Dihydroxyvitamin D3 on 
Interferon-gamma and Tumor Necrosis Factor-alpha Secretion by Blood Leukocytes from Young and Adult 
Cattle Vaccinated with Mycobacterium bovis BCG. International Journal for Vitamin and Nutrition Research. 
2003;73(4):235-44. doi: doi:10.1024/0300-9831.73.4.235. PubMed PMID: 12951895. 
183. Nelson CD, Nonnecke BJ, Reinhardt TA, Waters WR, Beitz DC, Lippolis JD. Regulation of 
Mycobacterium-specific mononuclear cell responses by 25-hydroxyvitamin D3. PLoS One. 2011;6(6):e21674. 
doi: 10.1371/journal.pone.0021674. PubMed PMID: 21738762; PubMed Central PMCID: PMCPMC3125300. 
184. Waters WR, Nonnecke BJ, Foote MR, Maue AC, Rahner TE, Palmer MV, et al. Mycobacterium bovis 
bacille Calmette–Guerin vaccination of cattle: activation of bovine CD4+ and γδ TCR+ cells and modulation by 
1,25-dihydroxyvitamin D3. Tuberculosis. 2003;83(5):287-97. doi: http://dx.doi.org/10.1016/S1472-
9792(03)00002-7. 
185. Nelson CD, Reinhardt TA, Thacker TC, Beitz DC, Lippolis JD. Modulation of the bovine innate immune 
response by production of 1alpha,25-dihydroxyvitamin D(3) in bovine monocytes. J Dairy Sci. 2010;93(3):1041-
9. doi: 10.3168/jds.2009-2663. PubMed PMID: 20172224. 
186. Sorge US, Molitor T, Linn J, Gallaher D, Wells SW. Cow-level association between serum 25-
hydroxyvitamin D concentration and Mycobacterium avium subspecies paratuberculosis antibody seropositivity: 
A pilot study. Journal of Dairy Science. 2013;96(2):1030-7. doi: http://dx.doi.org/10.3168/jds.2012-5929. 
187. Waldron MR, Nonnecke BJ, Nishida T, Horst RL, Overton TR. Effect of Lipopolysaccharide Infusion on 
Serum Macromineral and Vitamin D Concentrations in Dairy Cows1. Journal of Dairy Science. 
2003;86(11):3440-6. doi: http://dx.doi.org/10.3168/jds.S0022-0302(03)73948-4. 
188. Li RW, Li C, Gasbarre LC. The vitamin D receptor and inducible nitric oxide synthase associated 
pathways in acquired resistance to Cooperia oncophora infection in cattle. Vet Res. 2011;42:48. doi: 
10.1186/1297-9716-42-48. PubMed PMID: 21414188; PubMed Central PMCID: PMCPMC3066125. 
189. Nelson CD, Reinhardt TA, Beitz DC, Lippolis JD. In vivo activation of the intracrine vitamin D pathway in 
innate immune cells and mammary tissue during a bacterial infection. PLoS One. 2010;5(11):e15469. doi: 
10.1371/journal.pone.0015469. PubMed PMID: 21124742; PubMed Central PMCID: PMCPMC2993969. 
190. Sacco RE, Nonnecke BJ, Palmer MV, Waters WR, Lippolis JD, Reinhardt TA. Differential expression of 
cytokines in response to respiratory syncytial virus infection of calves with high or low circulating 25-

http://dx.doi.org/10.1016/S1472-9792(03)00002-7
http://dx.doi.org/10.1016/S1472-9792(03)00002-7
http://dx.doi.org/10.3168/jds.2012-5929
http://dx.doi.org/10.3168/jds.S0022-0302(03)73948-4


 

146 
 

hydroxyvitamin D3. PLoS One. 2012;7(3):e33074. doi: 10.1371/journal.pone.0033074. PubMed PMID: 
22412984; PubMed Central PMCID: PMCPMC3297628. 
191. Chen WJ, Huang YT, Wu ML, Huang TC, Ho CT, Pan MH. Induction of apoptosis by vitamin D2, 
ergocalciferol, via reactive oxygen species generation, glutathione depletion, and caspase activation in human 
leukemia Cells. J Agric Food Chem. 2008;56(9):2996-3005. doi: 10.1021/jf0730744. PubMed PMID: 18386902. 
192. Mitani H, Naru E, Yamashita M, Arakane K, Suzuki T, Imanari T. Ergocalciferol promotes in vivo 
differentiation of keratinocytes and reduces photodamage caused by ultraviolet irradiation in hairless mice. 
Photodermatology, Photoimmunology & Photomedicine. 2004;20(5):215-23. doi: 10.1111/j.1600-
0781.2004.00116.x. 
193. Adams JS, Ren S, Liu PT, Chun RF, Lagishetty V, Gombart AF, et al. Vitamin d-directed rheostatic 
regulation of monocyte antibacterial responses. J Immunol. 2009;182(7):4289-95. doi: 
10.4049/jimmunol.0803736. PubMed PMID: 19299728; PubMed Central PMCID: PMCPMC2683618. 
194. Shirazian S, Schanler M, Shastry S, Dwivedi S, Kumar M, Rice K, et al. The Effect of Ergocalciferol on 
Uremic Pruritus Severity: A Randomized Controlled Trial. Journal of Renal Nutrition. 2013;23(4):308-14. doi: 
http://dx.doi.org/10.1053/j.jrn.2012.12.007. 
195. Stein MS, Liu Y, Gray OM, Baker JE, Kolbe SC, Ditchfield MR, et al. A randomized trial of high-dose 
vitamin D2 in relapsing-remitting multiple sclerosis. Neurology. 2011;77(17):1611-8. doi: 
10.1212/WNL.0b013e3182343274. PubMed PMID: 22025459. 
196. Hernandez I, Chun R, Larner D, Jemkinson C, Jeffery L, Adams JS, et al., editors. Vitamin D2 vs vitamin 
D3: effects of total and free 25-hydroxyvitamin D on immune cells in vivo. Society for Endocrinology BES 2015; 
2015; Edinburgh, UK: Endocrine Abstracts. 
197. Cascales E, Buchanan SK, Duche D, Kleanthous C, Lloubes R, Postle K, et al. Colicin biology. Microbiology 
and molecular biology reviews : MMBR. 2007;71(1):158-229. doi: 10.1128/MMBR.00036-06. PubMed PMID: 
17347522; PubMed Central PMCID: PMC1847374. 
198. Kim YC, Tarr AW, Penfold CN. Colicin import into E. coli cells: a model system for insights into the 
import mechanisms of bacteriocins. Biochim Biophys Acta. 2014;1843(8):1717-31. doi: 
10.1016/j.bbamcr.2014.04.010. PubMed PMID: 24746518. 
199. Qiu XQ, Roy SM, Riley MA. Pheromonicins: an ecologically sound family of bacteriocin-based antibiotics 
for use in the age of the microbiome. Future Microbiol. 2015;10(12):1969-79. doi: 10.2217/fmb.15.104. 
PubMed PMID: 26610020. 
200. Kleanthous C. Translocator hunt comes full Cir-Col. Mol Microbiol. 2010;75(3):529-33. doi: 
10.1111/j.1365-2958.2009.06967.x. PubMed PMID: 20041993. 
201. Jakes KS, Finkelstein A. The colicin Ia receptor, Cir, is also the translocator for colicin Ia. Molecular 
Microbiology. 2010;75(3):567-78. doi: 10.1111/j.1365-2958.2009.06966.x. 
202. Qiu XQ, Jakes KS, Kienker PK, Finkelstein A, Slatin SL. Major transmembrane movement associated with 
colicin Ia channel gating. The Journal of general physiology. 1996;107(3):313-28. PubMed PMID: 8868045; 
PubMed Central PMCID: PMC2216999. 
203. Qiu XQ, Wang H, Lu XF, Zhang J, Li SF, Cheng G, et al. An engineered multidomain bactericidal peptide 
as a model for targeted antibiotics against specific bacteria. Nature biotechnology. 2003;21(12):1480-5. doi: 
10.1038/nbt913. PubMed PMID: 14625561. 
204. Zhu YH, Liu PQ, Weng XG, Zhuge ZY, Zhang R, Ma JL, et al. Short communication: Pheromonicin-SA 
affects mRNA expression of toll-like receptors, cytokines, and lactoferrin by Staphylococcus aureus-infected 
bovine mammary epithelial cells. J Dairy Sci. 2012;95(2):759-64. doi: 10.3168/jds.2011-4703. PubMed PMID: 
22281341. 
205. Qiu XQ, Zhang J, Wang H, Wu GY. A novel engineered peptide, a narrow-spectrum antibiotic, is 
effective against vancomycin-resistant Enterococcus faecalis. Antimicrobial agents and chemotherapy. 

http://dx.doi.org/10.1053/j.jrn.2012.12.007


 

147 
 

2005;49(3):1184-9. doi: 10.1128/AAC.49.3.1184-1189.2005. PubMed PMID: 15728923; PubMed Central PMCID: 
PMC549282. 
206. Qiu XQ, Wang H, Cai B, Wang LL, Yue ST. Small antibody mimetics comprising two complementarity-
determining regions and a framework region for tumor targeting. Nature biotechnology. 2007;25(8):921-9. doi: 
10.1038/nbt1320. PubMed PMID: 17676038. 
207. Ladner RC. Antibodies cut down to size. Nat Biotech. 2007;25(8):875-7. 
208. Galdiero S, Falanga A, Cantisani M, Tarallo R, Della Pepa ME, D'Oriano V, et al. Microbe-host 
interactions: structure and role of Gram-negative bacterial porins. Curr Protein Pept Sci. 2012;13(8):843-54. 
PubMed PMID: 23305369; PubMed Central PMCID: PMCPMC3706956. 
209. Arigita C, Kersten GFA, Hazendonk T, Hennink WE, Crommelin DJA, Jiskoot W. Restored functional 
immunogenicity of purified meningococcal PorA by incorporation into liposomes. Vaccine. 2003;21(9–10):950-
60. doi: http://dx.doi.org/10.1016/S0264-410X(02)00546-7. 
210. Matitashvili E, Bramley AJ, Zavizion B. An in vitro approach to ruminant mammary gland biology. 
Biotechnol Adv. 1997;15(1):17-41. PubMed PMID: 14539377. 
211. Berry SDK, Nielsen MSW, Sejrsen K, Pearson RE, Boyle PL, Akers RM. Use of an immortalized bovine 
mammary epithelial cell line (MAC-T) to measure the mitogenic activity of extracts from heifer mammary tissue: 
effects of nutrition and ovariectomy. Domestic Animal Endocrinology. 2003;25(3):245-53. doi: 
http://dx.doi.org/10.1016/S0739-7240(03)00062-6. 
212. Sorg D, Potzel A, Beck M, Meyer HH, Viturro E, Kliem H. Effects of cell culture techniques on gene 
expression and cholesterol efflux in primary bovine mammary epithelial cells derived from milk and tissue. In 
vitro cellular & developmental biology Animal. 2012;48(9):550-3. doi: 10.1007/s11626-012-9544-6. PubMed 
PMID: 22956078. 
213. Zhan K, Lin M, Zhao Q-M, Zhan J-S, Zhao G-Q. Biological characterization of bovine mammary epithelial 
cell lines immortalized by HPV16 E6/E7 and SV40T. In Vitro Cellular & Developmental Biology - Animal. 2016:1-
5. doi: 10.1007/s11626-016-0063-8. 
214. Jedrzejczak M, Szatkowska I. Bovine mammary epithelial cell cultures for the study of mammary gland 
functions. In vitro cellular & developmental biology Animal. 2014;50(5):389-98. doi: 10.1007/s11626-013-9711-
4. PubMed PMID: 24234512; PubMed Central PMCID: PMC4047483. 
215. Schmid E, Schiller D, Grund C, Stadler J, Franke W. Tissue type-specific expression of intermediate 
filament proteins in a cultured epithelial cell line from bovine mammary gland. The Journal of Cell Biology. 
1983;96(1):37-50. doi: 10.1083/jcb.96.1.37. 
216. Gibson CA, Vega JR, Baumrucker CR, Oakley CS, Welsch CW. Establishment and characterization of 
bovine mammary epithelial cell lines. In Vitro Cellular & Developmental Biology - Animal. 1991;27(7):585-94. 
doi: 10.1007/bf02631290. 
217. German T, Barash I. Characterization of an epithelial cell line from bovine mammary gland. In vitro 
cellular & developmental biology Animal. 2002;38(5):282-92. doi: 10.1290/1071-
2690(2002)038<0282:COAECL>2.0.CO;2. PubMed PMID: 12418925. 
218. Huynh H, Pollak M. HH2A, an immortalized bovine mammary epithelial cell line, expresses the gene 
encoding mammary derived growth inhibitor (MDGI). In Vitro Cellular & Developmental Biology - Animal. 
1995;31(1):25-9. doi: 10.1007/bf02631334. 
219. Huynh HT, Robitaille G, Turner JD. Establishment of bovine mammary epithelial cells (MAC-T): an in 
vitro model for bovine lactation. Experimental cell research. 1991;197(2):191-9. PubMed PMID: 1659986. 
220. Zavizion B, van Duffelen M, Schaeffer W, Politis I. Establishment and characterization of a bovine 
mammary epithelial cell line with unique properties. In vitro cellular & developmental biology Animal. 
1996;32(3):138-48. PubMed PMID: 8925136. 

http://dx.doi.org/10.1016/S0264-410X(02)00546-7
http://dx.doi.org/10.1016/S0739-7240(03)00062-6


 

148 
 

221. Pereyra EAL, Picech F, Renna MS, Baravalle C, Andreotti CS, Russi R, et al. Detection of Staphylococcus 
aureus adhesion and biofilm-producing genes and their expression during internalization in bovine mammary 
epithelial cells. Veterinary Microbiology. 2016;183:69-77. doi: http://dx.doi.org/10.1016/j.vetmic.2015.12.002. 
222. Jin W, Ibeagha-Awemu EM, Liang G, Beaudoin F, Zhao X, Guan LL. Transcriptome microRNA profiling of 
bovine mammary epithelial cells challenged with Escherichia coli or Staphylococcus aureusbacteria reveals 
pathogen directed microRNA expression profiles. BMC Genomics. 2014;15(1):1-16. doi: 10.1186/1471-2164-15-
181. 
223. Rose MT, Aso H, Yonekura S, Komatsu T, Hagino A, Ozutsumi K, et al. In vitro differentiation of a cloned 
bovine mammary epithelial cell. J Dairy Res. 2002;69(3):345-55. PubMed PMID: 12369405. 
224. Kozlowski M, Wilczak J, Motyl T, Gajewska M. Role of extracellular matrix and prolactin in functional 
differentiation of bovine BME-UV1 mammary epithelial cells. Pol J Vet Sci. 2011;14(3):433-42. PubMed PMID: 
21957738. 
225. Kozlowski M, Gajewska M, Majewska A, Jank M, Motyl T. Differences in growth and transcriptomic 
profile of bovine mammary epithelial monolayer and three-dimensional cell cultures. J Physiol Pharmacol. 
2009;60 Suppl 1:5-14. PubMed PMID: 19609009. 
226. Atalla H, Gyles C, Mallard B. Persistence of a Staphylococcus aureus small colony variants (S. aureus SCV) 
within bovine mammary epithelial cells. Veterinary Microbiology. 2010;143(2–4):319-28. doi: 
http://dx.doi.org/10.1016/j.vetmic.2009.11.030. 
227. Dogan B, Klaessig S, Rishniw M, Almeida RA, Oliver SP, Simpson K, et al. Adherent and invasive 
Escherichia coli are associated with persistent bovine mastitis. Veterinary Microbiology. 2006;116(4):270-82. 
doi: http://dx.doi.org/10.1016/j.vetmic.2006.04.023. 
228. Im J, Lee T, Jeon JH, Baik JE, Kim KW, Kang S-S, et al. Gene expression profiling of bovine mammary 
gland epithelial cells stimulated with lipoteichoic acid plus peptidoglycan from Staphylococcus aureus. 
International Immunopharmacology. 2014;21(1):231-40. doi: http://dx.doi.org/10.1016/j.intimp.2014.05.002. 
229. Günther J, Esch K, Poschadel N, Petzl W, Zerbe H, Mitterhuemer S, et al. Comparative Kinetics of 
Escherichia coli- and Staphylococcus aureus-Specific Activation of Key Immune Pathways in Mammary Epithelial 
Cells Demonstrates That S. aureus Elicits a Delayed Response Dominated by Interleukin-6 (IL-6) but Not by IL-1A 
or Tumor Necrosis Factor Alpha. Infection and Immunity. 2011;79(2):695-707. doi: 10.1128/iai.01071-10. 
230. Zbinden C, Stephan R, Johler S, Borel N, Bünter J, Bruckmaier RM, et al. The Inflammatory Response of 
Primary Bovine Mammary Epithelial Cells to Staphylococcus aureus Strains Is Linked to the Bacterial Phenotype. 
PLoS ONE. 2014;9(1):e87374. doi: 10.1371/journal.pone.0087374. 
231. Zheng L, Xu Y, Lu J, Liu M, Bin D, Miao J, et al. Variant innate immune responses of mammary epithelial 
cells to challenge by Staphylococcus aureus, Escherichia coli and the regulating effect of taurine on these 
bioprocesses. Free Radical Biology and Medicine. 2016;96:166-80. doi: 
http://dx.doi.org/10.1016/j.freeradbiomed.2016.04.022. 
232. Wellnitz O, Kerr DE. Cryopreserved bovine mammary cells to model epithelial response to infection. 
Veterinary Immunology and Immunopathology. 2004;101(3–4):191-202. doi: 
http://dx.doi.org/10.1016/j.vetimm.2004.04.019. 
233. Almeida RA, Dogan B, Klaessing S, Schukken YH, Oliver SP. Intracellular fate of strains of Escherichia coli 
isolated from dairy cows with acute or chronic mastitis. Vet Res Commun. 2011;35(2):89-101. doi: 
10.1007/s11259-010-9455-5. PubMed PMID: 21207146. 
234. Passey S, Bradley A, Mellor H. Escherichia coli isolated from bovine mastitis invade mammary cells by a 
modified endocytic pathway. Vet Microbiol. 2008;130(1-2):151-64. doi: 10.1016/j.vetmic.2008.01.003. PubMed 
PMID: 18299177. 

http://dx.doi.org/10.1016/j.vetmic.2015.12.002
http://dx.doi.org/10.1016/j.vetmic.2009.11.030
http://dx.doi.org/10.1016/j.vetmic.2006.04.023
http://dx.doi.org/10.1016/j.intimp.2014.05.002
http://dx.doi.org/10.1016/j.freeradbiomed.2016.04.022
http://dx.doi.org/10.1016/j.vetimm.2004.04.019


 

149 
 

235. Lahouassa H, Moussay E, Rainard P, Riollet C. Differential cytokine and chemokine responses of bovine 
mammary epithelial cells to Staphylococcus aureus and Escherichia coli. Cytokine. 2007;38(1):12-21. doi: 
http://dx.doi.org/10.1016/j.cyto.2007.04.006. 
236. Hymøller L, Jensen SK, Lindqvist H, Johansson B, Nielsen MO, Nadeau E. Supplementing dairy steers 
and organically managed dairy cows with synthetic vitamin D3 is unnecessary at pasture during exposure to 
summer sunlight. Journal of Dairy Research. 2009;76(03):372-8. doi: doi:10.1017/S0022029909004130. 
237. Trenerry VC, Plozza T, Caridi D, Murphy S. The determination of vitamin D3 in bovine milk by liquid 
chromatography mass spectrometry. Food Chemistry. 2011;125(4):1314-9. doi: 
http://dx.doi.org/10.1016/j.foodchem.2010.09.097. 
238. Jakobsen J, Jensen SK, Hymøller L, Andersen EW, Kaas P, Burild A, et al. Short communication: Artificial 
ultraviolet B light exposure increases vitamin D levels in cow plasma and milk. Journal of Dairy Science. 
2015;98(9):6492-8. doi: http://dx.doi.org/10.3168/jds.2014-9277. 
239. Jakobsen J, Saxholt E. Vitamin D metabolites in bovine milk and butter. Journal of Food Composition 
and Analysis. 2009;22(5):472-8. doi: http://dx.doi.org/10.1016/j.jfca.2009.01.010. 
240. Kurmann A, Indyk H. The endogenous vitamin D content of bovine milk: influence of season. Food 
Chemistry. 1994;50(1):75-81. doi: http://dx.doi.org/10.1016/0308-8146(94)90096-5. 
241. Imamura S, Nakamizo M, Kawanishi M, Nakajima N, Yamamoto K, Uchiyama M, et al. Bovine whole-
blood culture as a tool for the measurement of endotoxin activities in Gram-negative bacterial vaccines. Vet 
Immunol Immunopathol. 2013;153(1-2):153-8. doi: 10.1016/j.vetimm.2013.02.002. PubMed PMID: 23465356. 
242. Damsgaard CT, Lauritzen L, Calder PC, Kjaer TM, Frokiaer H. Whole-blood culture is a valid low-cost 
method to measure monocytic cytokines - a comparison of cytokine production in cultures of human whole-
blood, mononuclear cells and monocytes. Journal of immunological methods. 2009;340(2):95-101. doi: 
10.1016/j.jim.2008.10.005. PubMed PMID: 19000693. 
243. Kirchner H, Kleinicke C, Digel W. A whole-blood technique for testing production of human interferon 
by leukocytes. Journal of immunological methods. 1982;48(2):213-9. PubMed PMID: 6173444. 
244. Chen J, Bruns AH, Donnelly HK, Wunderink RG. Comparative in vitro stimulation with 
lipopolysaccharide to study TNFalpha gene expression in fresh whole blood, fresh and frozen peripheral blood 
mononuclear cells. Journal of immunological methods. 2010;357(1-2):33-7. doi: 10.1016/j.jim.2010.03.006. 
PubMed PMID: 20307542. 
245. Desch CE, Kovach NL, Present W, Broyles C, Harlan JM. Production of human tumor necrosis factor 
from whole blood ex vivo. Lymphokine research. 1989;8(2):141-6. PubMed PMID: 2659900. 
246. Yaqoob P, Newsholme EA, Calder PC. Comparison of cytokine production in cultures of whole human 
blood and purified mononuclear cells. Cytokine. 1999;11(8):600-5. doi: 10.1006/cyto.1998.0471. PubMed PMID: 
10433807. 
247. Langerhuus SN, Jensen KH, Tonnesen EK, Theil PK, Halekoh U, Lauridsen C. The effect of dietary fatty 
acids on post-operative inflammatory response in a porcine model. APMIS. 2012;120(3):236-48. doi: 
10.1111/j.1600-0463.2011.02834.x. PubMed PMID: 22339682. 
248. Rocha-de-Souza CM, Berent-Maoz B, Mankuta D, Moses AE, Levi-Schaffer F. Human Mast Cell 
Activation by Staphylococcus aureus: Interleukin-8 and Tumor Necrosis Factor Alpha Release and the Role of 
Toll-Like Receptor 2 and CD48 Molecules. Infection and Immunity. 2008;76(10):4489-97. doi: 
10.1128/iai.00270-08. 
249. Pils S, Schmitter T, Neske F, Hauck CR. Quantification of bacterial invasion into adherent cells by flow 
cytometry. Journal of microbiological methods. 2006;65(2):301-10. doi: 10.1016/j.mimet.2005.08.013. PubMed 
PMID: 16185780. 

http://dx.doi.org/10.1016/j.cyto.2007.04.006
http://dx.doi.org/10.1016/j.foodchem.2010.09.097
http://dx.doi.org/10.3168/jds.2014-9277
http://dx.doi.org/10.1016/j.jfca.2009.01.010
http://dx.doi.org/10.1016/0308-8146(94)90096-5


 

150 
 

250. Agerer F, Waeckerle S, Hauck CR. Microscopic quantification of bacterial invasion by a novel antibody-
independent staining method. Journal of microbiological methods. 2004;59(1):23-32. doi: 
http://dx.doi.org/10.1016/j.mimet.2004.05.008. 
251. Hara-Kaonga B, Pistole TG. A dual fluorescence flow cytometric analysis of bacterial adherence to 
mammalian host cells. Journal of microbiological methods. 2007;69(1):37-43. doi: 
http://dx.doi.org/10.1016/j.mimet.2006.11.017. 
252. Hara-Kaonga B, Pistole TG. OmpD but not OmpC is involved in adherence of Salmonella enterica 
serovar Typhimurium to human cells. Canadian Journal of Microbiology. 2004;50(9):719-27. doi: 10.1139/w04-
056. 
253. Szabados F, Kleine B, Anders A, Kaase M, Sakınç T, Schmitz I, et al. Staphylococcus saprophyticus ATCC 
15305 is internalized into human urinary bladder carcinoma cell line 5637. FEMS Microbiology Letters. 
2008;285(2):163-9. doi: 10.1111/j.1574-6968.2008.01218.x. 
254. Petrovski KR, Trajcev M, Buneski G. A review of the factors affecting the costs of bovine mastitis. 
Journal of the South African Veterinary Association. 2006;77(2):52-60. PubMed PMID: 17120619. 
255. Barlow JW, Zadoks RN, Schukken YH. Effect of lactation therapy on Staphylococcus aureus transmission 
dynamics in two commercial dairy herds. BMC Veterinary Research. 2013;9(1):1-12. doi: 10.1186/1746-6148-9-
28. 
256. McDougall S, Parker KI, Heuer C, Compton CW. A review of prevention and control of heifer mastitis via 
non-antibiotic strategies. Vet Microbiol. 2009;134(1-2):177-85. doi: 10.1016/j.vetmic.2008.09.026. PubMed 
PMID: 18986782. 
257. De Vliegher S, Fox LK, Piepers S, McDougall S, Barkema HW. Invited review: Mastitis in dairy heifers: 
Nature of the disease, potential impact, prevention, and control. Journal of Dairy Science. 2012;95(3):1025-40. 
doi: http://dx.doi.org/10.3168/jds.2010-4074. 
258. Heinrichs AJ, Costello SS, Jones CM. Control of heifer mastitis by nutrition. Vet Microbiol. 2009;134(1-
2):172-6. doi: 10.1016/j.vetmic.2008.09.025. PubMed PMID: 18947943. 
259. Welsh J. Targets of Vitamin D Receptor Signaling in the Mammary Gland. Journal of Bone and Mineral 
Research. 2007;22(S2):V86-V90. doi: 10.1359/jbmr.07s204. 
260. Frappart L, Falette N, Lefebvre MF, Bremond A, Vauzelle JL, Saez S. In vitro study of effects of 1,25 
dihydroxyvitamin D3 on the morphology of human breast cancer cell line BT.20. Differentiation. 1989;40(1):63-
9. doi: 10.1111/j.1432-0436.1989.tb00814.x. 
261. Peng W, Wang K, Zheng R, Derwahl M. 1,25 dihydroxyvitamin D3 inhibits the proliferation of thyroid 
cancer stem-like cells via cell cycle arrest. Endocr Res. 2016;41(2):71-80. doi: 10.3109/07435800.2015.1037048. 
PubMed PMID: 27030645. 
262. Aznar S, Lacal JC. Rho signals to cell growth and apoptosis. Cancer Letters. 2001;165(1):1-10. doi: 
http://dx.doi.org/10.1016/S0304-3835(01)00412-8. 
263. Munetsuna E, Kawanami R, Nishikawa M, Ikeda S, Nakabayashi S, Yasuda K, et al. Anti-proliferative 
activity of 25-hydroxyvitamin D3 in human prostate cells. Molecular and Cellular Endocrinology. 
2014;382(2):960-70. doi: http://dx.doi.org/10.1016/j.mce.2013.11.014. 
264. Hymøller L, Jensen SK. We Know Next to Nothing About Vitamin D in Horses! Journal of Equine 
Veterinary Science. 2015;35(10):785-92. doi: http://dx.doi.org/10.1016/j.jevs.2015.06.010. 
265. NRC. Predicting Feed Intake of Food-Producing Animals. Washington, DC, USA: The National Academies 
Press; 1987. 96 p. 
266. Japelt RB, Didion T, Smedsgaard J, Jakobsen J. Seasonal variation of provitamin D2 and vitamin D2 in 
perennial ryegrass (Lolium perenne L.). J Agric Food Chem. 2011;59(20):10907-12. doi: 10.1021/jf202503c. 
PubMed PMID: 21919518. 

http://dx.doi.org/10.1016/j.mimet.2004.05.008
http://dx.doi.org/10.1016/j.mimet.2006.11.017
http://dx.doi.org/10.3168/jds.2010-4074
http://dx.doi.org/10.1016/S0304-3835(01)00412-8
http://dx.doi.org/10.1016/j.mce.2013.11.014
http://dx.doi.org/10.1016/j.jevs.2015.06.010


 

151 
 

267. Dueland S, Pedersen JI, Helgerud P, Drevon CA. Absorption, distribution, and transport of vitamin D3 
and 25-hydroxyvitamin D3 in the rat. Am J Physiol. 1983;245(5 Pt 1):E463-7. PubMed PMID: 6314821. 
268. Nelson CD, Merriman KE, editors. Vitamin D Metabolism in Dairy Cattle and Implications for Dietary 
Requirements. 25th Annual Florida Ruminant Nutrition Symposium; 2014; Gainesville, Florida: University of 
Florida IFAS Extension. 
269. Holick MF, Biancuzzo RM, Chen TC, Klein EK, Young A, Bibuld D, et al. Vitamin D2 Is as Effective as 
Vitamin D3 in Maintaining Circulating Concentrations of 25-Hydroxyvitamin D. The Journal of Clinical 
Endocrinology & Metabolism. 2008;93(3):677-81. doi: doi:10.1210/jc.2007-2308. PubMed PMID: 18089691. 
270. Huber R, Pietsch D, Gunther J, Welz B, Vogt N, Brand K. Regulation of monocyte differentiation by 
specific signaling modules and associated transcription factor networks. Cell Mol Life Sci. 2014;71(1):63-92. doi: 
10.1007/s00018-013-1322-4. PubMed PMID: 23525665. 
271. Ohta M, Okabe T, Ozawa K, Urabe A, Takaku F. 1 alpha,25-Dihydroxyvitamin D3 (calcitriol) stimulates 
proliferation of human circulating monocytes in vitro. FEBS Lett. 1985;185(1):9-13. PubMed PMID: 3838944. 
272. Hewison M. An update on vitamin D and human immunity. Clin Endocrinol (Oxf). 2012;76(3):315-25. 
doi: 10.1111/j.1365-2265.2011.04261.x. PubMed PMID: 21995874. 
273. Chen S, Sims GP, Chen XX, Gu YY, Chen S, Lipsky PE. Modulatory effects of 1,25-dihydroxyvitamin D3 on 
human B cell differentiation. J Immunol. 2007;179(3):1634-47. PubMed PMID: 17641030. 
274. Chen B, Lewis MJ, Grandison AS. Effect of seasonal variation on the composition and properties of raw 
milk destined for processing in the UK. Food Chem. 2014;158:216-23. doi: 10.1016/j.foodchem.2014.02.118. 
PubMed PMID: 24731334. 
275. Allore HG, Oltenacu PA, Erb HN. Effects of season, herd size, and geographic region on the composition 
and quality of milk in the northeast. J Dairy Sci. 1997;80(11):3040-9. doi: 10.3168/jds.S0022-0302(97)76271-4. 
PubMed PMID: 9406097. 
276. Gomes F, Henriques M. Control of Bovine Mastitis: Old and Recent Therapeutic Approaches. Current 
Microbiology. 2016;72(4):377-82. doi: 10.1007/s00284-015-0958-8. 
277. Dopfer D, Almeida RA, Lam TJ, Nederbragt H, Oliver SP, Gaastra W. Adhesion and invasion of 
Escherichia coli from single and recurrent clinical cases of bovine mastitis in vitro. Vet Microbiol. 
2000;74(4):331-43. PubMed PMID: 10831855. 
278. Porter J, Anderson J, Carter L, Donjacour E, Paros M. In vitro evaluation of a novel bacteriophage 
cocktail as a preventative for bovine coliform mastitis. J Dairy Sci. 2016;99(3):2053-62. doi: 10.3168/jds.2015-
9748. PubMed PMID: 26774718. 

 

 


	Preface
	Acknowledgments
	Summary
	Resumé (Danish summary)
	List of original manuscripts
	Other scientific presentations
	Abbreviations
	1. Introduction
	2. Background
	2.1. Bovine mastitis
	2.1.1. Staphylococcus aureus mastitis
	2.1.2. Escherichia coli mastitis

	2.2. Bovine mammary gland immunity
	2.2.1. Immune cells in the mammary gland
	2.2.2. Mammary epithelial barrier
	2.2.3. Immune function of mammary epithelial cells
	2.2.4. Some molecules involved in mammary immune responses
	2.2.4.1. Cytokines
	2.2.4.2. Mucin
	2.2.4.3. Lactoferrin
	2.2.4.4. β-defensins
	2.2.4.5. Immunoglobulins


	2.3. Vitamin D metabolism and requirements of the dairy cow
	2.3.1. Vitamin D metabolism
	2.3.2. Vitamin D2 versus vitamin D3
	2.3.3. Vitamin D requirements and physiological levels in dairy cows

	2.4. Non-classic actions of vitamin D
	2.4.1. Mechanism of vitamin D actions
	2.4.2. Vitamin D and cell proliferation
	2.4.3. Vitamin D and barrier function
	2.4.4. Vitamin D and immunity
	2.4.5. Nonclassic actions of vitamin D2

	2.5. Antimicrobials
	2.5.1. Colicin Ia
	2.5.2. Pheromonicins


	3. Hypotheses and objectives
	3.1. Project rationale
	3.1.1. Manuscript I
	3.1.2. Manuscript II
	3.1.3. Manuscript III

	4. Manuscripts
	4.1. Manuscript I
	4.2. Manuscript II
	4.3. Manuscript III

	5. Methodological considerations
	5.1. In vitro cell culture model
	5.1.1. Primary BMEC and cell lines
	5.1.2. Cell culture systems
	5.1.3. In vitro infection model

	5.2. In vivo model
	5.2.1. Vitamin D measurement
	5.2.2. Whole blood stimulation

	5.3. Measurement of S. aureus adhesion and invasion
	5.3.1. Methods of quantifying bacterial adhesion and invasion
	5.3.2. Measuring S. aureus adhesion and invasion by flow cytometry – a preliminary study


	6. General discussion
	6.1. Manuscript I
	6.2. Manuscript II
	6.3. Manuscript III

	7. Conclusion and perspectives
	8. References

