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ABSTRACT ARTICLE HISTORY

The function of vitamin D in calcium homoeostasis in dairy cows, Received 17 September 2021
such as in other vertebrates, is known for many years. In recent ~ Accepted 30 November 2021
years, new and interesting, non-classical functions of vitamin
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D have been elucidated, including effects on the immune system. Dairy cow; immune function;
The major aim of this review is to provide an overview of effects of immune system;

vitamin D or its metabolites on the immune system in dairy cows. metabolism; infectious

The first part of the review provides an overview of vitamin diseases; status; vitamin D;
D metabolism, with particular reference to the role of various 25-hydroxyvitamin D
proteins (25- and 1-hydroxylases, vitamin D binding protein, vita-
min D receptor) in vitamin D signalling. The second part deals with
the role of the concentration of 25-hydroxyvitamin D [25(0OH)D] in
plasma as an indicator of the vitamin D status in dairy cows, and its
dependence on sunlight exposure and dietary vitamin
D supplementation. In this part also the “free hormone hypothesis”
is discussed, indicating that the concentration of free 25(0OH)D
might be a more valid indicator of the vitamin D status than the
concentration of total 25(0H)D. The third part deals with classical
and the non-classical functions of vitamin D. Among the non-
classical functions which are based on an autocrine vitamin
D signalling, particular reference is given to the effects of vitamin
D and vitamin D metabolites on the immune system in bovine
immune cells and in dairy cows. Recent findings provide some
indication that vitamin D or its metabolite 25(0OH)D could enhance
the immune function in dairy cows and be useful for the prevention
and therapy of mastitis. However, the number of studies reported
so far in this respect is very limited. Thus, much more research is
required to yield clear concepts for an optimised usage of vitamin
D to improve the immune system and prevent infectious diseases in
dairy cows.

1. Introduction

The essential role of vitamin D in the homoeostasis of calcium and phosphorus in the
body of animals has been well established for many years. For at least 25 years, it is known
that vitamin D besides its classical functions exerts other functions which are not related
to the calcium and phosphorus homoeostasis (Sassi et al. 2018). Among them, one very
prominent function is the involvement of vitamin D in the immune system (Peelen et al.
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2011; Ismailova and White 2021). In dairy cows, the immune system is suppressed during
the peripartum phase which favours the occurrence of infectious diseases such as mastitis
(Sordillo 2016). Several studies, mainly performed with human and murine immune
cells, have shown that vitamin D stimulates the capacity of the innate immune system in
the protection against pathogens (Martens et al. 2020; Ismailova and White 2021). These
studies indicate that vitamin D could also exert beneficial effects in the prevention against
infectious diseases in dairy cattle. For about 10 years, the role of vitamin D in the immune
system of cattle is investigated, with a focus of vitamin D or its metabolites on the
prevention or therapy of mastitis. The primary aim of this review is to provide an
overview of potential effects of vitamin D or its metabolites on the immune system in
dairy cows. The first section provides an insight into the complex metabolism of vitamin
D, including absorption from the diet, activation by hydroxylation steps, and exertion of
its function by binding to the vitamin D receptor (VDR). In the second section, the
influence of vitamin D supply and exposure to sunlight on plasma concentration of 25-
hydroxyvitamin D [25(OH)D], regarded as an indicator of vitamin D status, in dairy
cows is presented. In this section, also the relevance of free 25(OH)D (which is not bound
to proteins) in vitamin D signalling is discussed. In the third section, representing the
main part, a brief introduction into the classical and non-classical functions of vitamin
D is given, followed by a description of the actual knowledge of the effects of vitamin
D on the innate and the adaptive immune system, which is mainly based on studies with
human and murine immune cells. The final section deals with the studies performed with
cattle or bovine cells to investigate the effects of vitamin D or vitamin D metabolites on
the immune system and the pathogenesis of mastitis in cows.

2. Metabolism of vitamin D

Vitamin D exists in two different forms, vitamin D5 (cholecalciferol) which is of animal
origin and vitamin D, (ergocalciferol) which is formed in fungi and some plants (Jpelt
and Jakobsen 2013; Makris et al. 2020). Vitamins D, and Dj; share essentially the same
metabolism, with the exception that they have different affinities for some proteins
involved in vitamin D metabolism such as the vitamin D binding protein (DBP) and 25-
hydroxylases, as discussed subsequently.

Vitamin Dj3 can be synthesised in the skin of most mammals (but not in dogs and cats)
by a photochemical transformation of its precursor 7-dehydrocholesterol (7-DHC)
(Zafalon et al. 2020). Vitamin D; which is synthesised in the skin is released into the
blood and bound to DBP which represents the main transport form of vitamin D in the
blood (Duchow et al. 2019). Vitamin D as a part of the diet is taken up by active transport
in the small intestine, with various proteins involved in lipid and cholesterol absorption
[Scavenger receptor class B member 1, cluster of differentiation (CD) 36, Niemann-Pick
C1 like intracellular cholesterol transporter 1] as transporters (Reboul et al. 2011).
According to studies in mice, the rate of absorption might be similar for vitamins D, and
D; (Baur et al. 2020). Interestingly, recent studies have shown that vitamin D is not only
taken up into the intestinal epithelial cell but it is also excreted from the cell into the
lumen. The efflux of vitamin D from the cell into the lumen is catalysed by ATP binding
cassette subfamily B member 1 (ABCB1), a member of the ABC transporter family. It has
been shown that the efflux of vitamin D from the cell into the lumen is critical for plasma
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concentrations of vitamin D3 and 25(OH)D, a vitamin D metabolite regarded as an
indicator of the vitamin D status. ABCB1-knockout-mice showed plasma concentrations
which were clearly in excess of those observed in their wild-type counterparts. Moreover,
a single nucleotide polymorphism (SNP) in the ABCB1 gene observed in young men was
associated with a reduction of 25(OH)D plasma concentration by 36% (Margier et al.
2019). In cattle, a potential role of the ABCB1 gene on the absorption of vitamin D has
not been considered. However, it would be interesting to investigate the potential
presence of SNPs in the ABCBI1 gene of cattle which could be associated with changes
in the efflux of vitamin D from intestinal cells.

In cattle, vitamin D originating from the diet will be exposed to the microbial
community in the rumen before entering the site of absorption. Studies in the 70-ties
and 80-ties of the past century suggested that a large part of vitamin D is decomposed in
the rumen to at least four different biologically inactive compounds (Sommerfeldt et al.
1979, 1983). In vitro studies using rumen fluid revealed that around 80% of vitamin D is
decomposed by microorganisms during a 24-h incubation period (Sommerfeldt et al.
1979; Horst and Reinhardt 1983). It has been suggested that the degradation of vitamin
D in the rumen has the role to protect ruminants against toxic concentrations of vitamin
D (Littledike and Horst 1982). Opposite to these previous findings, Hymeller and Jensen
(2010a) did not observe a loss of vitamin D in the rumen of cows equipped with a rumen
fistula. Thus, the fate of vitamin D in the rumen is unclear. However, if a substantial loss
of vitamin D in the rumen by microbial decomposition occurs, it is expected that the
concentration of 25(OH)D in plasma resulting from a given vitamin D intake would be
lower in ruminants than in monogastric species. In dairy cows, dietary intake of 20,000
IU/d, equivalent to about 30 IU/kg body weight (BW), resulted in average 25(OH)D
plasma concentrations of 42 ng/ml (Nelson et al. 2016). In humans, an equivalent daily
supply with vitamin D (2000 IU/d, representing about 30 IU/kg BW), resulted in a very
similar 25(OH)D plasma concentration of 41 ng/ml (Ekwaru et al. 2014). Cows of 12
practical herds with an intake between 30,000 and 50,000 IU/d (38,000 IU on average,
equivalent to around 58 IU/kg BW) had an average 25(OH)D plasma concentration of
70 ng/ml, whereas humans with an equivalent supply (4000 IU/d, 61 IU/kg BW) had 25
(OH)D plasma concentrations of 50 ng/ml (Ekwaru et al. 2014). Although the metabo-
lism of vitamin D between different species cannot be directly compared (i.e. rate of
absorption, activity of 25-hydroxylases in the liver), the fact that cows responded similar
or even better in the formation of 25(OH)D to a given amount of dietary vitamin D than
humans, argues against a substantial decomposition of vitamin D by ruminal micro-
organisms in vivo.

Vitamin D, which is absorbed in the small intestine, is incorporated into chylomicrons
in the epithelial cell. Chylomicrons are secreted from the epithelial cell into the lymph
and enter the venous blood. A part of the vitamin D is taken up from chylomicrons into
the liver while another part diffuses from chylomicrons to DBP (Dueland et al. 1983,
1985). Vitamin D is not biological active until it is hydroxylated two times at carbon-25
and carbon-1. The first hydroxylation step occurs in the liver and is catalysed by a group
of 25-hydroxylases (CYP2R1, CYP27A1, CYP3A4, CYP2]2), with the microsomal P450
fraction localised CYP2RI1 as the most important one (Jones et al. 2014a). CYP2R1
converts both, vitamins D3 and D, into their 25-hydroxy derivatives; CYP27A1 prefers
vitamin Dj as a substrate, while CYP3A4 and CYP2]2 prefer vitamin D, as a substrate for
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25-hydroxylation (Aiba et al. 2006; Baur et al. 2020). The efficiency of 25-hydroxylation
could be different for vitamins D, and Ds. In humans, supplementation of vitamin D;
yielded higher concentrations of total 25-hydroxylated derivatives than supplementation
of the identical amount vitamin D, (Heaney et al. 2011; Lehmann et al. 2013). One reason
for this might be that supplementation of vitamin D, leads to a substantial decrease of the
concentration of 25(OH)D; (Lehmann et al. 2013). Moreover, it has been suggested that
a lower concentration of total 25(OH)D in plasma after supplementation of vitamin D, in
comparison to vitamin Dj could be due to the shorter half-life of 25(OH)D, in contrast to
25(0OH)Dj; (Heaney et al. 2011). Opposite to humans, mice supplemented with vitamin
D, showed a higher plasma concentration of total 25(OH)D than mice supplemented
with vitamin Dj (Baur et al. 2020). It has been suggested that this observation in mice
could be due to differences of either formation or degradation of the two different forms
of 25(OH)D compared to humans (Baur et al. 2020). 25-hydroxylases are not regulated
by the concentration of the substrate. However, it has been shown that the activity of
CYP2R1 in mice is reduced in ageing and by obesity as well as by feeding a high fat diet
(Roizen et al. 2018a, 2019). In humans, the formation of 25(OH)D from vitamin D is also
reduced by obesity (Ekwaru et al. 2014; Carlsson et al. 2017). Moreover, in rat and mouse
models, fasting caused a strong reduction of the expression of CYP2R1 in the liver
(Aatsinki et al. 2019). In young goats, feeding a low protein diet increased the activity
of CYP2RI and plasma concentrations of 25(OH)D (Wilkens et al. 2019). In dairy cows,
a SNP in the CYP2RI gene, localised on chromosome 15, was associated with an
increased incidence of mastitis (Naderi et al. 2018). This finding suggests that formation
of 25(OH)D might be relevant with respect to development of mastitis. In cattle, there are
no studies dealing with the effects of age or nutrition on the activity of CYP2R1 so far, but
it would be interesting to investigate a possible effect of the body condition or the
negative energy balance during early lactation on the formation of 25(OH)D. A small
part of 25(OH)D formed in the liver (about 5%) is excreted via the bile while the large
part is released into the circulation and bound to DBP. The complex of DBP and 25(OH)
D is filtered by the glomerulus and reabsorbed by proximal tubule cells. The reabsorption
takes place by binding of the DBP-25(OH)D complex to the megalin/cubulin receptor at
the surface of tubule cells and subsequent endocytosis of the complex. Within the tubule
cell, 25(OH)D is released from the complex by lysosomal degradation and translocated to
mitochondria (Nykjaer et al. 2001; Saito et al. 2007). Within the mitochondrion, 25(OH)
D is hydroxylated to 1,25-dihydroxyvitamin D [1,25(OH),D] which represents the
biologically active metabolite of vitamin D responsible for most, if not all, of the biologic
actions of vitamin D (Makris et al. 2020). This hydroxylation step is catalysed by
CYP27B1, an enzyme of the CYP450 family. 1,25(OH),D (also called “calcitriol”) formed
by the action of CYP27BI is released into the blood, and bound, like other forms of
vitamin D, to DBP. However, the affinity of human DBP for binding of 1,25(OH),D is 10
to 100-fold lower than the affinity for binding of 25(OH)D (Verboven et al. 2002). The
hydroxylation of 25(OH)D by CYP27B1 in the kidney is tightly controlled.
Hydroxylation is mainly controlled by parathyroid hormone (PTH), fibroblast growth
factor (FGF) 23 and 1,25(0OH),D. PTH, whose plasma concentration is increased under
conditions of a low plasma calcium concentration stimulates the hydroxylation by an
activation of CYP27B1. In contrast, FGF23 whose concentration is increased by high
plasma concentrations of phosphate, inhibits hydroxylation. 1,25(0OH),D lowers
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hydroxylation by a negative feedback inhibition of CYP27B1 (Meyer and Pike 2020).
Recent studies suggest that CYP27B1 is also inhibited by leptin, probably by an increase
of the concentration of FGF23 (Reid et al. 2018). Both, 25(OH)D and 1,25(OH),D can be
metabolised by further enzymatic reactions. Among the catabolic enzymes, the mito-
chondrial 24-hydroxylase (CYP24A1) represents the most important one which catalyses
multiple hydroxylation reactions at carbons 24 and 23 of the side chain of both 25(OH)D
and 1,25(0OH),D. Hydroxylation of 1,25(OH),D at carbons 23 and 24 initiates pathways
to produce the biologically inactive calcitroic acid or 1,25(OH),D-26,23-lactone as end
products which are excreted via bile or urine (Makris et al. 2020). The major function of
CYP24A1 therefore is to protect the body against toxic concentrations of 1,25(0OH),
D. CYP24A1 which has been identified in many tissues expressing the VDR is recipro-
cally regulated to CYP27B1 (Meyer and Pike 2020). CYP24A1 is a direct target gene of
VDR, and therefore it is highly inducible by 1,25(OH),D. The activity of CYP24A1 is
moreover increased by FGF23, while it is lowered by PTH and hypocalcaemia (Jones et
al., 2014a). The reciprocal regulation of CYP27B1 and CYP24A1l helps the body to
regulate the concentration of 1,25(0OH),D at a physiological level (Meyer and Pike
2020). Recently, CYP3A4 has been identified as another microsomal enzyme which is
able to inactivate 1,25(OH),D by converting it into 1,23,25(OH);D. The role of this
enzyme in the inactivation of 1,25(OH),D has been proven by the finding that a mutation
of the gene, associated with an increased enzymatic activity, led even to the occurrence of
vitamin D-dependent rickets in two patients in their childhood (Roizen et al. 2018b). An
overview of the metabolism of vitamin D, including the hydroxylation steps, is shown in
Figure 1.

Recent studies have shown that skeletal muscle might play an important role in the
maintenance of the vitamin D status (Abboud et al. 2013, 2017). Skeletal muscle cells are
able to take up DBP from blood via the megalin-cubulin receptor and incorporate it into
the cell cytoplasm. DBP present in skeletal muscle cells is able to bind 25(OH)D which
diffuses from blood plasma into cells. When DBP in the muscle undergoes proteolytic
breakdown, 25(OH)D is released and diffuses into the blood where it is available for
binding to DBP (Rybchyn et al. 2020). Although the concentration of 25(OH)D in
skeletal muscle is low (1-3 pg/kg in sheep and cattle, Liu et al. 2013), the whole amount
of 25(0OH)D in muscle might be comparable to that in the circulation due to the great
amount of muscle mass. It has been suggested that the uptake of 25(OH)D into the
muscle and its release into the blood accounts for the very long half-life of this metabolite
in the circulation (Rybchyn et al. 2020). Studies in myotubes have shown that the uptake
and release of 25(OH)D is regulated by PTH (Abboud et al. 2017). In free living animals,
a release of 25(OH)D from muscle into the blood might be important for maintaining
a sufficient level of 25(OH)D in the blood during the winter season when vitamin
D synthesis in the skin is lacking.

The biological effects of 1,25(OH),D are mediated by the vitamin D receptor
(VDR). VDR, which is a member of the nuclear receptor superfamily of ligand-
activated transcription factors, is widely expressed in tissues of the body. Binding of
1,25(0H),D to VDR causes an activation of the receptor which in turn forms
a heterodimeric complex with the retinoid X receptor (RXR). The VDR-RXR com-
plex binds to the promotor regions of target genes, known as vitamin D response
elements, and in interaction with nuclear coactivators and transcription factors
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induces the transcription, and/or suppression of genes. Gene expression studies in
humans have shown that 1,25(OH),D directly or indirectly regulates more than
2000 genes involved in many pathways including pathways which are not involved
in calcium homoeostasis (Ramagopalan et al. 2010). One of the most prominent
among these pathways is the involvement of vitamin D signalling in the regulation
of both the innate and the adaptive immune system (Koivisto et al. 2020; Ismailova
and White 2021). Besides 1,25(OH),D which represents the physiological ligand of
VDR, 25(OH)D can bind to VDR with a much lower affinity (Marcinowska-
Suchowierska et al. 2018). While the concentration of 1,25(OH),D in plasma is
tightly controlled, formation of 25(OH)D is uncontrolled meaning that dietary
supplementation of excess doses of vitamin D results in very high plasma concen-
trations of 25(OH)D. Plasma concentrations of 25(OH)D which are in strong excess
of physiological concentrations can lead to an overstimulation of VDR, which as
a result of the induction of a too strong vitamin D response, in turn causes
symptoms of hypervitaminosis D which are induced by the development of hyper-
calcaemia and calcinosis. In cattle, the main symptoms of calcinosis are emaciation,
extended lying, locomotion disorders, raised pulse and respiratory rate, impaired
fertility as well as decreased vitality, altogether resulting in high economic losses
(Hodnik et al. 2020). In dairy cows, hypervitaminosis D can also be induced by
ingestion of calcinogenic plants, such as Solanum malacoxylon, Cestrum diurnum,
Trisetum flavescens and Nierembergia veitchii (Wasserman 1975; Mello 2003). These
plants contain 1,25(OH),Dj3 glycosides. In the rumen, 1,25(OH),D is released from
these glycosides by microbial cleavage of the sugar residue. A part of the released
1,25(0OH),D is absorbed, enters the blood stream and overcomes the physiological
regulation of the concentration of 1,25(OH),D. Unphysiological high concentrations
of 1,25(OH),D in plasma then lead to hypercalcaemia and calcinosis (Mello 2003).

Besides its effect on the transcription of genes, VDR can also exert non-genomic
responses as a receptor located in sphingolipid and cholesterol-rich membranes
(Huhtakangas et al. 2004). Binding of 1,25(OH),D to this receptor leads to the
activation of various signalling pathways, including guanylate cyclase, phosphatidyli-
nositol-3-kinase (PIK3), cyclic adenosine monophosphate (cAMP), mitogen-activated
protein kinase (MAPK), protein kinase (PK) A, and phospholipase C (PLC) pathways,
the opening of voltage-dependent calcium and chloride channels and mobilisation of
calcium from the sarcoplasmic reticulum (Zafalon et al. 2020). Non-genomic
responses of 1,25(OH),D mediated by membrane localised VDR occur rapidly over
minutes or hours and include rapid intestinal absorption of calcium, secretion of
insulin by pancreatic cells or migration of endothelial cells (Saponaro et al. 2020). In
humans, various SNP of the VDR were identified which were associated with an
increased risk for various diseases including various types of cancer (Yu et al. 2018;
Gnagnarella et al. 2021), coronary artery disease (Tabaei et al. 2021), osteoarthritis (Li
et al. 2021), osteoporosis (Wu et al. 2016) and others. Based on these findings,
potential effects of polymorphisms in the VDR of cattle on vitamin D signalling
would be of interest. Deiner et al. (2012) aimed to investigate the relationship between
sequence alterations in the VDR with the incidence of periparturient hypocalcaemia in
26 dairy cows. The authors detected eight sequence alterations, with four of them
located on exons thereby potentially causing changes of the encoded amino acid of the
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VDR protein. There were no associations between sequence alterations and the
incidence of periparturient hypocalcaemia, which however could be due to the low
number of animals considered.

Recent studies suggested that, besides VDR, other membrane-associated vitamin
D-binding proteins are involved in the non-genomic rapid response to 1,25(0OH),
D (Zmijewski and Carlberg 2020). One of these candidates is PDIA3 (protein disulphide
isomerase family A member 3), also known as 1,25(OH),D-MARRS (membrane-
associated rapid response to steroid), which has been shown to be involved in calcium
uptake in intestinal cells (Nemere et al. 2012). A role of PDIA3 in calcium homoeostasis
has been supported by the finding that PDIA3 knockout in mice was associated with
abnormalities in skeletal tissue (Wang et al. 2010). In cattle, the role of PDIA3 has not yet
been investigated. However, it would be of interest to investigate the relevance of PDIA3
on calcium homoeostasis in dairy cows, particularly during the periparturient phase,
when cows are at the risk of hypocalcaemia.

3. Assessment of the vitamin D status of dairy cows
3.1. 25(0OH)D as an indicator of the vitamin D status

Although 1,25(0OH),D is the bioactive metabolite of vitamin D, its concentration is not
an appropriate indicator of the vitamin D status as its concentration in plasma is tightly
regulated. Moreover, 1,25(OH),D has a short half-life of about 15 h (Chun et al. 2019).
In contrast, the formation of 25(OH)D is not regulated, and its plasma concentration is
strongly responding to the vitamin D intake. Moreover, the half-life of 25(OH)D, being
in the range of 2-3 weeks, is much greater than that of 1,25(OH),D. As an additional
aspect, blood levels of 25(OH)D are much higher and easier to measure compared to
1,25(0OH),D. Therefore, plasma concentration of 25(OH)D is regarded as an appro-
priate indicator of vitamin D supply (Chun et al. 2019). 25(OH)D present in plasma is
almost completely bound to proteins, whereas only a very small part exists in free form.
In cattle, plasma concentrations of 25(OH)D below 5 ng/ml are regarded as an absolute
deficiency of vitamin D leading to specific vitamin D deficiency symptoms such as
rickets or osteomalacia (Horst et al. 1994). It has been suggested that plasma concen-
trations of 25(OH)D greater than 20 ng/ml in cattle are required for the maintenance of
a physiologic homoeostasis of calcium and phosphorus (NRC 2001). Plasma 25(OH)D
concentrations required for the enhancement of the immune system in dairy cows have
not yet been investigated. Studies in humans indicate that plasma 25(OH)D concentra-
tions >30 ng/ml are needed to support optimal immune function. Nelson et al. (2012)
suggested that, given the similarities between humans and cattle regarding vitamin
D physiology, a similar concentration of 25(OH)D might be required in cattle to
provide an optimum function of the immune system. However, recent findings suggest
that much higher, supraphysiological concentrations of 25(OH)D in plasma could be
required to enhance the immune function in dairy cows (see chapter 5.2). Prolonged
plasma concentrations of 25(OH)D greater than 200 ng/ml in cows are regarded as
critical with respect to the development of hypervitaminosis D (Littledike and Horst
1982).
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Vitamin D can be synthesised in the skin from 7-DHC as a precursor by exposure to
sunlight at a wavelength between 290 and 315 nm. 7-DHC, which occurs in deep layers of
the epidermis as a component of the membranes” phospholipid bilayer, represents an
intermediary product in the cholesterol synthesis pathway (Norman 2012). Therefore,
vitamin Dj synthesis in the skin not only depends on the light intensity and wavelength
but also on the concentration of 7-DHC in the skin which is converted by 7-DHC
reductase into cholesterol. An increased activity of this enzyme leads to a reduction of
the concentration of 7-DHC, and in turn to a reduced rate of vitamin D3 synthesis
(Prabhu et al. 2017). The relationship between the activity of 7-DHC reductase, the
concentration of 7-DHC in the skin and vitamin Dj synthesis could be also relevant in
cows, but has not been investigated so far. In cattle, vitamin D; synthesis takes place in all
areas of the skin and is not exclusively associated with skin areas where hair coverage is
scant or lacking such as in udder or muzzle (Hymeller and Jensen 2010b). Vitamin D;
synthesis in the skin depends on light intensity and the duration of exposition. With
increasing distance from the equator, the proportion of UV-B in the daylight spectrum
and the period with a sufficient UV-B proportion for vitamin D; synthesis decrease.
Without dietary vitamin D supply and lack of exposition to UV-B light, plasma con-
centrations of 25(OH)D in plasma are strongly decreasing. In the study of Hymeoller et al.
(2017), plasma concentrations of 25(OH)D after a 6-month period without vitamin
D-supplementation and daylight exposition fell to values below 5 ng/ml, representing
a deficiency of vitamin D. Exposition of the cows to UV-light from a UV lamp for 2 h
per day over a period of 28 d without additional dietary vitamin D supplementation led to
an increase of plasma 25(OH)D concentration from <5 to about 35 ng/ml (Hymeller
etal. 2017). This study indicated that vitamin Ds-deprived cattle are able to increase their
plasma 25(OH)D concentrations by a maximum of 1 ng/ml per day by UV-light
exposure. In the study of Hymeller and Jensen (2012), a daily pasture time of 5 h at
a latitude degree of 56°N (Denmark) raised 25(OH)D plasma concentration from 22 ng/
ml to 37 ng/ml during a period of 28 d without an additional supply of vitamin D. At
a daily pasture time of 2.5 h, plasma 25(OH)D concentration rose only slightly (from 20
to 23 ng/ml), at a daily pasture time of 1.25 h, plasma 25(OH)D concentration remained
at a constant level, and at a daily pasture time of only 0.5 h, plasma 25(OH)D concentra-
tion fall to a value of about 10 ng/ml. During the summer months, if there is sufficient
UV-B exposure, an additional oral supply of vitamin D causes no or at least a moderate
increase of plasma 25(OH)D concentrations (Hidiroglou et al. 1979; Hymoller et al.
2009). In the study of Hymaller et al. (2009), cows kept on pasture from May to October
had plasma 25(OH)D concentrations of about 40 ng/ml during July and August.
Additional daily supplementation of 20,000 IU vitamin Dj; increased plasma 25(OH)D
concentration by 5 ng/ml to about 45 ng/ml during these months.

If exposition to sunlight is lacking, plasma concentration of 25(OH)D is mainly depend-
ing on the dietary vitamin D supply. NRC (2001) recommends a dietary vitamin D intake of
30 IU/kg BW, according to a total vitamin D supply of 20,400 IU for a cow with a BW of
680 kg. In a practical cow herd supplemented with 20,000 IU per cow and day, average
plasma concentrations of 25(OH)D were about 42 ng/ml. However, 22% of the cows of this
herd had plasma 25(OH)D concentrations below 30 ng/ml. In the same study, cows from
11 other herds from various federal states of the USA were considered which received
vitamin D in daily amounts between 30,000 und 50,000 IU/d, representing the common



10 K. EDER AND S. M. GRUNDMANN

practical vitamin D supply of dairy cows in the USA. These cows showed an average 25
(OH)D plasma concentration of 70 ng/ml (Nelson et al. 2016). In some studies, the effect of
oral supplementation of 25-hydroxyvitamin D; [25(OH)D;] on vitamin D status was
investigated. These studies show that supplementation of 25(OH)Dj3 causes a much stron-
ger increase of 25(OH)D plasma concentration in cows than supplementation of the
equivalent amount of vitamin D;. In the study of Wilkens et al. (2013) daily supplementa-
tion of 3 mg 25(OH)Dj; caused an increase of the plasma concentration of 25(OH)D from
about 30 ng/ml to about 120 ng/ml in dairy cows within a short period of 6 d. Interestingly,
the incline of the 25(OH)D concentration in this study was greater in cows of the second
parity than in cows of the third parity, and the half-life after discontinuation of the supply
with 25(OH)D was greater in second parity cows than in third parity cows. This study
indicates that the age influences degradation of 25(OH)D in cows. In the study of
Poindexter et al. (2020), oral supplementation of 1 mg or 3 mg vitamin D5 (equivalent to
40,000 or 120,000 IU, respectively) per day resulted in 25(OH)D plasma concentrations of
57 or 77 ng/ml, resp., after an 8-week period. Oral supplementation of the same amounts (1
or 3 mg) of 25(OH)D; resulted in plasma concentrations of 180 or 278 ng/ml, resp., after
a 8-week period. In contrast, the resulting plasma concentration of 1,25(OH),D was similar
within the groups receiving either vitamin D3 or 25(OH)D3, which confirms the observa-
tion that the synthesis of 1,25(OH),D is tightly controlled. Concentrations of calcium and
phosphorus remained unchanged by supplementation of 25(OH)Dj, indicating that even
the high 25(OH)D concentrations observed in the group supplemented with 3 mg
25(OH)D3, which were clear in excess of 200 ng/ml, did not cause a hypervitaminosis, at
least during the 8-week period considered. Similar results were obtained in a study in which
cows received a daily oral dose of 2 mg 25(OH)D; from day 21 prepartum until the day of
partum, and/or a daily dose of 1 mg 25(OH)D; from the day of partum until day 21 in
lactation (Golder et al. 2021). In this study, plasma 25(OH)D concentrations in the group
supplemented during the prepartum and the postpartum period rose to a value of 239 ng/
ml, without significantly affecting plasma calcium concentration. In the study of Rodney
et al. (2018), cows received an oral dose of 3 mg 25(OH)Dj; from day 255 of gestation until
the day of partum as a part of a diet with either a positive or a negative dietary cation anion
difference (DCAD). This study showed that DCAD can influence vitamin D metabolism.
While the cows in the group fed the diet with a positive DCAD showed a 25(OH)D
concentration of about 234 ng/ml, the group fed the diet with a negative DCAD showed
a significantly lower 25(OH)D plasma concentration of about 203 ng/ml. In this study,
concentrations of free and total calcium were slightly increased by 25(OH)D; supplemen-
tation but remained within the physiological range. In this study, daily supplementation of
3 mg (120,000 IU) vitamin Dj resulted in plasma 25(OH)D concentrations of 60 ng/ml.
This finding confirms that plasma 25(OH)D concentrations reached by vitamin D5 sup-
plementation are much lower than those reached by supplementation of 25(OH)D;. The
reason for the effect of DCAB on 25(OH)D concentration has not been elucidated so far.
Plasma 25(OH)D concentrations are also influenced by the stage of lactation. It has
been shown that plasma 25(OH)D concentrations in cow herds are lower at early
lactation than at later lactation or during the dry period, even if the daily vitamin Dj
intake is similar during the different periods (Nelson et al. 2016; Holcombe et al. 2018). It
has been well established that cows are undergoing a systemic inflammation during early
lactation (Gessner et al. 2013; Bradford et al. 2015). Although there is no direct evidence
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in dairy cows, it is well known that inflammatory challenges (such as resulting from
surgeries) or chronic diseases associated with the occurrence of inflammation in humans
are associated with a decrease of plasma 25(OH)D concentration (Louw et al. 1992;
Guillot et al. 2010; Reid et al. 2011; Garbossa and Folli 2017), and plasma 25(OH)D
concentration has even been regarded as a negative acute-phase reactant (Waldron et al.
2013). It has been hypothesised that inflammation enhances the formation of 1,25(0OH),
D in extrarenal tissues by an activation of CYP27B1 which in turn inhibits the formation
of 25(OH)D from vitamin D in the liver (Mangin et al. 2014). Therefore, it is likely that
reduced plasma concentrations of 25(OH)D in cows during early lactation are due to
a reduced formation of 25(OH)D in the liver as a consequence of a dysregulation of the
vitamin D status due to various causes of inflammation such as metabolic stress or
infectious diseases.

3.2. Role of free 25(0OH)D in vitamin D signalling

As discussed in the previous chapter, plasma concentration of 25(OH)D is regarded as an
appropriate indicator of vitamin D status. In plasma, 25(OH)D formed in the liver by
hydroxylation of vitamin D is bound with high affinity to DBP and with low affinity to
albumin. In humans, 85-88% of 25(OH)D is bound to DBP and 12-15% is bound to albumin
(Safadi et al. 1999). The concentration of DBP is in large excess in relation to the concentration
of vitamin D metabolites. Therefore, only a small part of DBP (<2%) exists as holoprotein
(DBP plus vitamin D-metabolite) (Bouillon et al. 2020). 25(OH)D bound to DBP can be taken
up into the tubule cell in the kidney via the megalin/cubulin receptor. In the kidney, a small
part of 25(OH)D is then converted into 1,25(0OH),D and released into the blood. Plasma
concentrations of 25(OH)D and 1,25(OH),D in cattle are similar to those in humans. In both
species, the concentration of 25(OH)D in plasma is about 1000-fold higher than that of
1,25(0OH),D (Rodney et al. 2018; Chun et al. 2019; Bouillon et al. 2020; Poindexter et al. 2020).
1,25(0OH),D present in the circulation originates exclusively from the formation in the kidney.
Besides the kidney, many other cells in the body express both, CYP27B1 and VDR (see chapter
4.2). These cells are able to form 1,25(0OH),D from 25(OH)D, which enables them to an
autocrine/intracrine vitamin D-signalling. However, as most of these cells with the exception
of cells from parathyroid gland, placenta and skeletal muscle do not express the megalin/
cubulin receptor at their surface, these cells are not able to internalise the DBP-25(OH)D
complex by endocytosis (Bikle 2020). Therefore, 25(OH)D required for the production of
1,25(0OH),D is taken up into these cells in its free form by diffusion (Chun et al. 2019). Due to
its high binding affinity to DBP, the concentration of free 25(OH)D is very low (Bouillon et al.
2020). In humans, the concentration of free 25(OH)D lies in the range of 4-8 pg/ml,
representing less than 0.05% of the total 25(OH)D (Bikle et al. 1986; Chun et al. 2019). In
cattle, the concentration of free 25(OH)D has not been reported so far, probably as the analysis
of free 25(OH)D in plasma, due to its low concentrations, is challenging. However, binding
kinetic studies have shown that DBP of cattle has even a higher binding affinity to 25(OH)D
than human DBP (Kd, 1.96 vs. 7.54 nM), and the ratio between free and total 25(OH)D is
about 3-fold lower in cattle than in humans (0.55 vs. 1.50 pmol free 25(OH)D/nmol total 25
(OH)D) (Vieth et al. 1990). Although the concentration of free 25(OH)D in plasma is very
low, this fraction might be important as a substrate for the production of 1,25(0OH),D in cells
which are not able to internalise 25(OH)D bound to DBP. Experiments in animal models
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support the hypothesis that vitamin D metabolites in free form play an important role in
vitamin D signalling. Two studies with mice have shown that deletion of the DBP gene leads to
strongly reduced plasma concentrations of total 25(OH)D and 1,25(OH),D (Safadi et al. 1999;
Zella et al. 2008). However, calcium homoeostasis was not affected in these mice in compar-
ison to their wildtype counterparts. Moreover, in spite of the largely reduced concentrations of
total 25(OH)D in plasma, concentrations of vitamin D metabolites in tissues were not lowered
in mice with DBP deletion (Zella et al. 2008). Distribution, uptake, activation profile and
biologic potency of 1,25(0OH),D after injection of 1,25(0OH),D were also not different between
the DBP knockout genotype and the wildtype genotype (Zella et al. 2008). However, depletion
of vitamin D led to a faster disturbance of calcium homoeostasis (hyperparathyroidism, bone
mineralisation defects) in the DBP knockout genotype than in the wildtype genotype. On the
other hand, DBP knockout mice were more protected against vitamin D toxicity by exposure
to high doses of vitamin D, probably by a more rapid metabolism of vitamin D metabolites
than mice of the wildtype genotype (Safadi et al. 1999). These studies indicate that the major
role of DBP is to maintain a stable store of vitamin D metabolites and to regulate their free and
total levels in plasma (Bikle and Schwartz 2019). Recently, the case of a 58-year old woman
with a homozygous deletion of DBP has been reported. Although this woman had very low
concentrations of 25(OH)D and 1,25(OH),D in plasma, concentrations of calcium and PTH
were in the physiologic range, and there was no history of rickets or signs of osteomalacia
(Henderson et al. 2019). This case report supports the view that functions of vitamin
D metabolites are independent of their binding to DBP.

There are also some studies in humans which indicate that concentrations of
free 25(OH)D in plasma are more closely related to vitamin D associated para-
meters than total 25(OH)D. A study in healthy young adults found that concen-
trations of free and bioavailable (free + albumin-bound) 25(OH)D show a higher
correlation with bone mineral density than total 25(OH)D (Powe et al. 2011). In
several studies with human participants supplied with vitamin D, plasma concen-
tration of free 25(OH)D was inversely correlated with PTH concentrations, while
total 25(OH)D was not (Schwartz et al. 2016; Shieh et al. 2016, 2018; Wang et al.
2017). The relevance of free 25(OH)D for vitamin D signalling in cells expressing
CYP27BI is also supported by the fact that deficiency symptoms of vitamin D are
occurring solely under the condition of a low plasma 25(OH)D concentration
while plasma concentration of 1,25(0H),D is typically normal or even increased
under such conditions, as a result of an activation of CYP27B1 in the kidney
(Chun et al. 2019).

The free hormone hypothesis postulates that only the non-bound (free) fraction of
a hormone is able to enter the cell and exert its biological function. This hypothesis
applies, for example, to thyroid hormones, sex steroids and cortisol (Bikle 2020).
According to the findings mentioned above, there are several strong arguments which
indicate that the free hormone hypothesis applies also to vitamin D metabolites, at least
for the non-classical vitamin D functions. A more detailed discussion of the potential role
of free 25(OH)D for vitamin D signalling in cells not expressing the megalin/cubulin
transport system has been published recently in several reviews (Bikle et al. 2017a, 2017b;
Chun et al. 2019; Bikle 2020). In cattle, the potential role of free 25(OH)D in vitamin
D signalling has not yet been investigated. However, based on findings in humans and
mice, it is highly probable that the concentration of free 25(OH)D in plasma might also
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be important in cattle for vitamin D signalling in cells which do not express the megalin/
cubuline transport system such as cells of the immune system. With respect to plasma
concentration of free 25(OH)D, plasma concentration and protein structure of DBP
might be also of relevance which as a binding protein influences the concentration of free
25(OH)D. In humans, DBP is genetically very polymorphic with three frequent alleles,
and six major phenotypes (Bouillon et al. 2020). It has been shown that these phenotypes
differ in their affinity for vitamin D metabolites (Arnaud and Constans 1993) and that the
DBP haplotype has significant effects on total 25(OH)D, free 25(OH)D, and DBP
concentrations (Schwartz et al. 2018). In dairy cows, DBP has been identified as strong
candidate gene associated with incidence of clinical mastitis (Abdel-Shafy et al. 2018).
These findings clearly imply that DBP is a key component in vitamin D signalling by
influencing the concentrations of free vitamin D metabolites in plasma. Another point
relevant for dairy cows is the observation that DBP is able to bind fatty acids, particularly
unsaturated fatty acids (oleic acid, linoleic acid and arachidonic acid) (Williams et al.
1988). Mono- and polyunsaturated fatty acids impair the binding of 25(OH)D and
1,25(0OH),D to DBP. It has been shown that concentrations of 36 uM of linoleic acid
or arachidonic acid decrease the affinity of DBP to vitamin D metabolites to 22 to 42%
(Bouillon et al. 1992). In dairy cows, concentrations of non-esterified fatty acids (NEFA)
in plasma are several-fold higher than 36 uM, in particular during the first weeks of
lactation, at which NEFA typically reach levels of 0.5 to 1 mM (Schlegel et al. 2012;
Gessner et al. 2015). The plasma NEFA fraction consists largely of saturated fatty acids
(up to 90%), while the proportions of unsaturated fatty acid are relatively low (up to 10%,
with oleic acid as the main component) (Contreras et al. 2010; Liu et al. 2020). In spite of
the relatively low proportions of unsaturated fatty acids in the total plasma NEFA
fraction, their absolute concentrations in plasma could be sufficient to suppress the
binding of vitamin D metabolites to DBP, including 25(OH)D, and thus lead to increased
concentrations of vitamin D metabolites in their free form. An increased concentration
of free 25(OH)D then could stimulate vitamin D signalling in cells not expressing the
megalin/cubulin transporter. Although this matter is speculative, it would be worth of
being investigated in cattle.

Previous studies have shown that DBP has a lower binding affinity to 25(OH)D, than
to 25(OH)Dj; (Jones et al. 1980; Hollis 1984). This finding not only explains the fact that
25(OH)D, has a shorter half-life than 25(OH)D; (Jones et al. 2014b) but also indicates
that supplementation of vitamin D, might yield a higher concentration of its free 25-
hydroxy metabolite than supplementation of the same amount of vitamin Dj;. Indeed,
concentrations of free 25(OH)D, in plasma of mice supplemented with vitamin D, were
two- to three-fold higher than the concentrations of free 25(OH)D; in mice receiving the
identical amount of vitamin D5 (Chun et al. 2016; Baur et al. 2020). In contrast, plasma
concentrations of 1,25(OH),D, in these studies were lower in the mice supplemented
with vitamin D, than that of 1,25(OH),D; in mice supplemented with vitamin Dj.
A potential explanation for this finding is that the lower binding affinity of DBP for
25(0OH)D, relative to 25(OH)D3; may impair the availability of the 25(OH)D,-DBP
complex for megalin/cubulin-mediated glomerular reabsorption (Chun et al. 2016;
Baur et al. 2020). The observation that supplementation of vitamin D, yields a higher
concentration of the free 25-hydroxy-vitamin D, metabolite in comparison to supple-
mentation of vitamin D3 suggests that supplementation of vitamin D, could enhance the
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autocrine vitamin D signalling in cells which take up free 25(OH)D from plasma as
a substrate for formation of the 1,25(OH),D. Such an autocrine vitamin D signalling
occurs predominately in cells which are involved in the non-classical, extraskeletal
functions of vitamin D, including the immune system. On the other hand, reduction of
the concentration of the 1,25-dihydroxy metabolite in plasma by supplementation of
vitamin D, in comparison to vitamin D; suggests that the classical vitamin D functions
which are based on 1,25(OH),D released from the kidney are weakened by vitamin D, in
relation to vitamin Dj3. Thus, overall, it would be expected that vitamin D, shifts vitamin
D signalling from classical (i.e. skeletal) to non-classical (i.e. extraskeletal) functions of
vitamin D in comparison to vitamin Dj.

4. Functions of vitamin D
4.1. Classical functions of vitamin D

In all vertebrates, the classical function of vitamin D is to regulate calcium and phos-
phorus homoeostasis and bone metabolism. This function is well established for many
years, and therefore will be only briefly described in this review.

The classical target tissues of vitamin D involved in the regulation of calcium and
phosphorus homoeostasis are small intestine, kidneys, parathyroid gland and bone. In
the small intestine, 1,25(0OH),D stimulates the transcellular and the passive paracel-
lular calcium transport. The transcellular transport of calcium is stimulated by an
increased expression of transient receptor potential vanilloid type 6 (TRPV6), which -
located in the apical membrane - facilitates the entry of calcium in the cell, an
upregulation of calbindin-D9k which facilitates the transfer across the cell, and an
upregulation of Ca**-ATPase which extrudes calcium through the basolateral mem-
brane into the circulation (Christakos et al. 2011). 1,25(OH),D moreover stimulates
paracellular transport of calcium by increasing the permeability of tight junctions due
to a suppression of the expression of various tight junction proteins (Kutuzova and
Deluca 2004). 1,25(OH),D also enhances the absorption of phosphate by an upregu-
lation of the Na-P;-transporter (Kiela and Ghishan 2016). In ruminants, a part of the
calcium absorption takes places in the rumen. The pre-duodenal net absorption of
calcium in cattle depends on the calcium intake. At dietary intakes of calcium below
120 g/d in cattle, the pre-duodenal calcium net absorption rate is very low. If this
dietary calcium intake level is exceeded, the pre-duodenal calcium net absorption rate
is strongly increasing. At the same time, an increase of the pre-duodenal calcium
absorption is associated with a reduction of the intestinal calcium net absorption rate,
meaning that the pre-duodenal absorption of calcium becomes more important for
whole calcium absorption at high dietary calcium intake (Schroder and Breves 2006).
However, the pre-duodenal absorption of calcium is probably not mediated by
classical mechanisms as TRPV6 and calbindin-D9k are lacking in rumen epithelial
cells, and thus is not driven by vitamin D (Wilkens et al. 2009; Wilkens and Muscher-
Banse 2020).

In the kidney, 1,25(OH),D stimulates calcium reabsorption by enhancing the expres-
sion of TRPVS5, calbindin-D28K protein and the basolateral calcium transporters Ca**-
ATPase (PMCA1b) and Na*, Ca** exchanger (NCX) at distal and connecting tubules
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(Wilkens and Muscher-Banse 2020). TRPV5 which is located at the apical membrane
represents an epithelial calcium channel which enables the transport from primary urine
into the tubular cell. Calbindin-D28K facilitates the transport of calcium from the apical
to the basolateral side of the cell where calcium is released into the blood by the two
calcium transporters, PMCA1b and NCX (Boros et al. 2009). Renal tubular reabsorption
of phosphate is stimulated by 1,25(OH),D by decreasing the PTH level (Jacquillet and
Unwin 2019).

In the parathyroid gland, 1,25(OH),D decreases gene transcription of PTH (Silver
et al. 1985). The reduction of PTH synthesis is due to a suppression of the parathyroid
gland cell growth caused by a decreased production of growth factors (transforming
growth-factor-epidermal growth factor receptor growth loop), and by an increased
production of inhibitors of cell growth (cyclin-dependent kinase inhibitors p21 and
p27) (Dittmer and Thompson 2011). Moreover, 1,25(OH),D induces an upregulation
of the calcium-sensing receptor in the parathyroid gland, which makes the gland more
sensitive to plasma ionised calcium, which in turn leads to a decreased PTH secretion
(Zafalon et al. 2020).

The effect of 1,25(OH),D on bone tissue depends on plasma calcium concentration. In
a hypocalcemic condition, 1,25(OH),D in conjunction with PTH stimulates mobilisation
of calcium from bones following the aim to increase plasma concentration of ionised
calcium (Baldock et al. 2006). This effect of 1,25(OH),D is caused by a stimulation of the
activator receptor for nuclear factor-kappa B (NF-kB) ligand (RANKL) which increases
the formation and the activity of osteoclasts (Anderson and Atkins 2008). 1,25(OH),
D moreover lowers the production of osteoprotegerin, a protein which inhibits osteo-
clastogenesis, and in turn also stimulates bone resorption (Boyce and Xing 2008). Under
conditions of a positive calcium balance, 1,25(0OH),D stimulates bone growth and
mineralisation. This effect is caused indirectly, by increasing calcium and phosphate
concentrations in plasma, and by direct effects exerted in osteoblasts (Zafalon et al. 2020).
Osteoblasts express VDR, and 1,25(0OH),D directly affects their growth and differentia-
tion by regulating the expression of differentiation and mineralisation-related genes such
as alkaline phosphatase, osteocalcin and osteopontin (van de Peppel and van Leeuwen
2014).

4.2. Non-classical functions of vitamin D

For about 30 years, it is known that not only classical vitamin D target tissues, but also
most other tissues express a functional VDR. Moreover, many tissues also express
CYP27B1 meaning that they are able to produce 1,25(0OH),D (Bikle 2009; Bouillon and
Bikle 2019). Cells expressing both, VDR and CYP27B1 are able to perform an autocrine/
intracrine vitamin D signalling. An overview of cells enabled to co-express a functional
CYP27B1 and VDR, according to Chun et al. (2019), is shown in Table 1. 1,25(0OH),
D formed in these cells is not released into the circulation but is retained for local actions
(Meyer and Pike 2020). In most of these cells CYP27B1 is regulated differently from
CYP27B1 in the kidney. For instance, CYP27B1 in macrophages and monocytes is
activated by immune activators while it is not feedback inhibited by 1,25(OH),D. In
keratinocytes, CYP27B1 expression is also stimulated by immune activators including
tumour necrosis factor-a (TNFa) and interferon-y (IFN-y), while in bone cells it is
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Table 1. Cell types capable of autocrine vitamin
D signalling by co-expressing CYP27B1 and VDR
(Chun et al. 2019).

Macrophage Enterocyte

Dendritic cell Decidual stromal cell
Parathyroid cell Foetal trophoblast
Osteoblast Prostate epithelial cell
Osteoclast Vascular endothelial cell
Keratinocyte Pancreatic B-cell
Mammary epithelial cell Renal tubular cell

stimulated by PTH and 25(OH)D (Bouillon and Bikle 2019). As a result of autocrine/
intracrine vitamin D signalling, vitamin D exerts various effects which are not related to
calcium and phosphate homoeostasis. The actions of vitamin D include effects on the
immune system, effects on heart and cardiovascular system, effects on adipose tissue and
glucose/lipid metabolism, effects on muscle and effects related to the pathogenesis and
progression of cancer (Saponaro et al. 2020). As dairy cows are very prone to various
infection diseases such as mastitis during the periparturient period, the immune system is
of extraordinary relevance during this phase. Therefore, in the following sections, this
review will deal with the role of vitamin D in the immune system.

5. The role of vitamin D in the immune system

For at least two decades, it is known that vitamin D exerts important functions in both,
the innate and the adaptive immune system (Bikle 2008; Peelen et al. 2011; Martens et al.
2020; Ismailova and White 2021). Most of the knowledge in this respect has been gained
from in vitro studies with human or murine immune cells. In the present section, effects
of vitamin D on the immune system observed in these studies are briefly described.

5.1. Effects of vitamin D in the innate and the adaptive immune system

Monocytes und macrophages which are key players in the innate immune system express
CYP27B1 and thus are able to produce 1,25(OH),D from 25(OH)D which enters the cell
from the blood. As they express an active form of VDR, vitamin D signalling in an
autocrine manner is present in these cells. Like its counterpart in the kidney, CYP27B1
occurring in monocytes and macrophages functions as a mixed function oxidase, with
a similar affinity for 25(OH)D (Reichel et al. 1987). However, the regulation of CYP27B1
in these cells is completely different from that in the kidney. While the enzyme in the
kidney is regulated by PTH and product feedback inhibition, the enzyme occurring in
immune cells is not regulated by PTH or product inhibition but is strongly induced by an
activation of the immune system (Adams et al. 1985; Reichel et al. 1987). Cytokines
released by activation of the immune system such as TNF-a, IFN-y, interleukin (IL)-1,
IL-2 and IL-15 are strong enhancers of the activity of CYP27B1 in monocytes and
macrophages (Bouillon and Bikle 2019). 1,25(OH),D resulting from the activation of
CYP27B1 binds to VDR and stimulates the expression of genes involved in innate
immunity including toll-like receptors 2 (TLR2) and —4 (TLR4) and CD14, a co-
receptor of TLR4 (Oberg et al. 1993; Scherberich et al. 2005; Schauber et al. 2007). TLR
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recognise pathogen-associated molecular patterns associated with infectious agents such
as lipopolysaccharides (LPS) (Medzhitov 2007). TLR enhance vitamin D signalling by
increasing the expression of CYP27B1 and VDR, constituting a positive feedback loop
(Schauber et al. 2007). 1,25(OH),D induces the formation of antimicrobial peptides such
as the cathelicidin antimicrobial peptide (CAMP/LL37) and 83-defensin 2 (HBD2)
(Bacchetta et al. 2014; Dimitrov and White 2016; Heulens et al. 2016; Lowry et al.
2020). Antimicrobial peptides exert a protective effect against a broad range of pathogens
including fungi, bacteria, enveloped viruses and protozoa (Zasloff 2002). Besides their
direct antimicrobial effect, they have an important immune modulatory activity, with
either anti- or proinflammatory effects in different cells, depending on the inflammatory
environment. They stimulate the recruitment of immune cells to the site of infection by
interaction with specific receptors and are involved in tissue healing, revascularisation,
cell proliferation and differentiation (Al-Rayahi and Sanyi 2015; Cristelo et al. 2021).
Moreover, 1,25(OH),D enhances the process of autophagy which leads to degradation of
microbial proteins. Autophagy is induced by an inhibition of mTOR-pathway which
represents an inhibitor of autophagy (Dimitrov et al. 2021). 1,25(OH),D also stimulates
the formation of superoxide anions in macrophages by an activation of NADPH-
dependent phagocyte oxidase. The production of superoxide anions, leading to oxidative
burst, is an important component in the degradation of bacteria (Sly et al. 2001).
Recently, studies performed with macrophages have shown that 1,25(OH),D stimulates
the expression of the complement receptor immunoglobulin (CRI,), a unique comple-
ment receptor which plays a key role in the phagocytosis and clearance of bacteria (Small
et al. 2021). On the other hand, 1,25(OH),D acts in an anti-inflammatory manner as it
increases the production of the anti-inflammatory IL-10 and decreases the release of pro-
inflammatory mediators such as IL-18, IL-6, TNFa, receptor activator of nuclear factor
kappa-B ligand (RANKL), and cyclo-oxygenase (COX)-2 (Martens et al. 2020; Saponaro
et al. 2020). In mammary endothelial cells, it has been shown that 1,25(OH),D attenuates
stress of the endoplasmic reticulum (ER stress) and reduces the ER stress driven activa-
tion of NF-kB, supporting the view that vitamin D exerts anti-inflammatory effects (Wen
et al. 2020).

In contrast to the innate immune system which is potentiated, the adaptive immune
system is suppressed by 1,25(OH),D. The adaptive immune response is based on B and
T lymphocytes and their ability to produce cytokines and immunoglobulins in response
to antigens presented to them (Bikle 2008). Mature dendritic cells play a major role for
the presentation of antigens and the activation of T cell response. Mature dendritic cells
are originating from monocytes, with immature dendritic cells as an intermediate state.
Mature dendritic cells exert a high immune stimulating capacity. Their interaction with
T cells leads to a T cell response. Depending on the formation of co-stimulating factors
and the profile of interleukins released, a response of T helper cells (Th)1, Th2, Th17 or
Th9 is induced. Dendritic cells can differentiate into immunogenic or tolerogenic cells,
and hereby modulate T cell responses. Tolerogenic cells are characterised by a reduced
expression of co-stimulatory molecules and a cytokine production favouring the induc-
tion of Th2 cells and regulatory T cells (formerly known as T suppressor cells) (Peelen
et al. 2011; Martens et al. 2020). Regulatory T cells are immunosuppressive and generally
suppress or downregulate induction and proliferation of effector T cells. They are also
important in maintaining tolerance against self-antigens and prevent autoimmune
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diseases (Pulendran et al. 2010). Dendritic cells like Th and B lymphocytes express VDR,
meaning that they are targets of 1,25(OH),D. These cells also express CYP27B1, but only
when they are activated. CYP27B1 in these cells, in difference to CYP27B1 in monocytes
and macrophages, is inhibited by 1,25(OH),D (Saponaro et al. 2020). Treatment with
1,25(0OH),D inhibits the differentiation of monocytes into immature dendritic cells as
well as the maturation of immature dendritic cells into mature dendritic cells (Peelen
et al. 2011). 1,25(OH),D causes a decrease of the expression of the major histocompat-
ibility complex (MHC) II, of CD80 and CD86, representing co-stimulatory molecules, as
well as IL- 12 and IL-23. In contrast, inhibitory molecules such as immunoglobulin-like
transcript (ILT)-3 and programmed death-ligand 1 (PD-L1) are upregulated. These
changes enhance the induction of Th2 and regulatory T cells and suppress the activity
of Thl and Th17. 1,25(0OH),D therefore modulates dendritic cells towards a less mature
and more tolerogenic phenotype with changes in morphology, cytokine production and
surface markers (Martens et al. 2020; Saponaro et al. 2020). 1,25(OH),D moreover
decreases the production of the pro-inflammatory cytokines deriving from Thl (IFN-vy,
IL-2), Th17 (IL-17, IL-21) and Th9 (IL-9) (Martens et al. 2020). In contrast, concentra-
tions of IL-10 and the expression of forkhead box P3 (FoxP3), both of which are markers
of regulatory T cells, are increased by 1,25(0OH),D (Martens et al. 2020). Incubation of
B cells with 1,25(OH),D inhibits their proliferation and retards their differentiation into
plasma cells. In accordance with this, the release of immunoglobulins (Ig) M, G and A is
suppressed by 1,25(OH),D. Besides this direct effect, 1,25(OH),D reduces the activation
of T-lymphocytes by B-lymphocytes (Martens et al. 2020).

In sum, 1,25(0OH),D regulates both types of immune system. On the one hand,
1,25(0OH),D enhances the innate immunity and thus promotes the host’s innate
response to an invading pathogen. On the other hand, 1,25(OH),D suppresses the
adaptive immunity and thus prevents an overshooting response to the pathogen.

5.2. Findings of the effects of vitamin D and its metabolites on immune function in
dairy cows and bovine cells

The number of studies dealing with the effect of vitamin D on the immune system in
dairy cows is small in comparison to studies performed with human or murine immune
cells. Most of the studies in cows had their focus on the effects of vitamin D or vitamin
D metabolites [25(OH)D, 1,25(0OH),D] on the pathogenesis of mastitis. Investigation of
the effects of vitamin D or its metabolites was mainly performed with bovine mammary
epithelial cells (BMEC), immune cells isolated from blood of cows, or in mammary
glands infected with pathogenic bacteria. In vivo studies also used somatic cells or
immune cells from the mammary gland as samples for investigation of the effects of
vitamin D or its metabolites on immunologic parameters.

It has been shown that BMEC as well as macrophages and neutrophils of cattle express
both, CYP27B1 and VDR, and thus are enabled for an autocrine vitamin D signalling
(Nelson et al. 2010a; Merriman et al. 2017, 2018; Yue et al. 2017; Poindexter et al. 2020).
A study of Nelson et al. (2011) in which peripheral blood mononuclear cells (PBMC) of
Holstein calves were sorted by a cell sorting system, showed that T cells, in contrast to
B cells and macrophages have a negligible expression of CYP27B1; however, T cells had
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the highest expression of VDR among the three types of cells. The authors suggested that
vitamin D signalling in T cells is induced by 1,25(OH),D formed in monocytes or B cells
in a paracrine manner (Nelson et al. 2011).

Several studies have shown that the activation of bovine immune cells (macrophages,
neutrophils) by either infection with pathogenic bacteria (such as Streptococcus uberis) or
by treatment with LPS causes an upregulation of CYP27B1 and VDR in these cells (Nelson
etal. 2010a, 2010b, 2011; Merriman et al. 2018). These findings show that, like in human or
murine immune cells, activation of immune cells of cattle leads to a stimulation of vitamin
D signalling by an enhanced formation of 1,25(OH),D and an upregulation of VDR. Based
on this observation, several studies investigated the hypothesis that administration of
vitamin D or its hydroxylated metabolites is able to improve immune function in bovine
cells.

Lippolis et al. (2011) studied the effect of the injection of 100 pg 25(OH)D; into
a quarter of the mammary gland of dairy cows infected with Streptococcus uberis. In this
study, infection of the mammary gland with Streptococcus uberis led to increases in
bacteria count and number of somatic cells in the milk, body temperature and concen-
tration of bovine serum albumin in the milk, and to a reduction of feed intake.
Administration of 25(OH)D; into the mammary gland improved all these parameters
either in a significant manner, or there were at least tendencies towards an improvement.
Plasma concentration of 25(OH)D of the cows in this experiment was between 50 and
60 ng/ml, indicating that the cows had a sufficient vitamin D status. This indicates that
25(0OH)D3 injected exerted local effects in the mammary gland affected. This study was
the first one which indicated that vitamin D or its metabolites could exert beneficial
effects in the prevention or therapy of mastitis in dairy cows. In a similar experimental
design, Merriman et al. (2017) injected 10 ug 1,25(0OH),Dj; into the mammary gland of
cows free of mastitis or cows with subclinical mastitis. They determined expression of
several genes in milk somatic cells including defensins (DEFB3, DEFB4, DEFB5, DEFB?,
DEFBI10), cytokines [C-C motif chemokine ligand 5 (CCL5), IL-1B, IL-8) and inducible
nitric oxide synthase (iNOS). In healthy cows, the only change observed by 1,25(OH),D5-
injection was an upregulation of iNOS, an enzyme which produces nitric oxide. In cows
with subclinical mastitis, 1,25(OH),D5 injection caused an increase of the expression of
DEFB4, a member of the family of $3-defensins, and iNOS. Nitric oxide, which is
produced by iNOS, and 8-defensins are known to play an important role in the protec-
tion against bacterial pathogens (Bogdan 2001; Solanki et al. 2021). The authors of this
study concluded that vitamin D metabolites could be useful in mastitis treatment by
improving the antibacterial competence of mammary gland cells. In the study of
Merriman et al. (2018), mammary glands of cows with an adequate vitamin D status
[43 ng 25(OH)D/ml plasma] were injected with LPS and subsequently with 100 ug
25(0OH)Dj in order to investigate the hypothesis that 25(OH)D administration amelio-
rates the inflammation induced by LPS. As expected, injection of LPS caused a strong
immune response (increase of the expression of defensins, CCL5, iNOS, II-1B, IL-8) in
somatic cells, macrophages and neutrophils in the milk. However, treatment with
25(OH)D; had no effect on the inflammation process induced by LPS. The authors
suggested that the lack of effect of 25(OH)D; on immune response in the mammary
gland is due to the fact that the immune reaction induced by LPS occurs much faster than
an immune reaction induced by infection with bacteria.
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Besides the studies in which cows were treated with 25(OH)D; or 1,25(OH),D; by
administration into the mammary gland, there are very few studies available so far which
investigated the effect of oral supplementation of vitamin D or vitamin D metabolites on
the immune system of the mammary gland in dairy cows. Poindexter et al. (2020)
supplemented four groups of lactating dairy cows with either 1 or 3 mg of vitamin D3
or 1 or 3 mg 25(OH)D; per day for a period of 28 d. At day 21, cows supplemented with
1 mg vitamin D3 or 3 mg 25(OH)D; were additionally subjected to an intramammary
challenge with Streptococcus uberis. Cows supplemented with 1 or 3 mg of vitamin D;
had 25(OH)D-concentrations in plasma within a normal range, such as those observed in
practical dairy herds [63 and 68 ng 25(OH)D/ml plasma, resp.]. In contrast cows
supplemented with 1 or 3 mg of 25(OH)D; had extremely high concentrations of 25
(OH)D in plasma which are in clear excess of values observed in practical dairy herds
(140 and 230 ng/ml plasma, resp.). Milk yield and dry matter intake were not different
between the four groups of cows. In this study, the expression of several genes involved in
immune response in milk somatic cells before and after immunologic challenge was
determined. Before challenge, the only genes influenced by treatment were IL-1B and
iNOS; the expression levels of those genes were increased in the groups treated with
25(OH)Dj; in comparison to the groups treated with vitamin Dj. There were positive
correlations between the plasma concentration of 25(OH)D and of the expression of
some defensins (DEFB7, DEFBI10), IL-1B and iNOS. The expression of these genes was
moreover also positively correlated with the expression of CYP27BI and VDR, indicating
that the upregulation of these genes involved in immune response changes were induced
by 1,25(0OH),D mediated vitamin D signalling. After challenge, the group supplemented
with a daily dose of 3 mg 25(OH)D; showed less severe symptoms of mastitis whereas
milk yield, feed intake, rectal temperature, somatic cell count, bacterial count and
concentration of bovine serum albumin in the milk were not different from the group
treated with 1 mg vitamin D3. The expression levels of the adhesion protein CD11b on
milk neutrophils and the expression of iNOS in milk somatic cells were increased in the
group supplemented with 3 mg 25(OH)Dj; in comparison to the group supplemented
with 1 mg vitamin D;. The increased expression of CD11b in somatic cells is an
indication of an increased leucocyte recruitment to the mammary gland upon bacterial
challenge. Overall, the findings of this study support the hypothesis that vitamin
D signalling could play role in the prevention of mastitis of dairy cows. In a more recent
study of the same group (Vieira-Neto et al. 2021), cows were supplemented with either
vitamin D3 (1 or 3 mg/d) or 25(OH)Ds3 (1 or 3 mg/d) from day 250 of gestation until
calving. As expected supplementation with vitamin D; caused only a moderate increase
of plasma concentration of 25(OH)D (about 60-75 ng/ml) whereas treatment with
25(OH)D; yielded much higher of 25(OH)D concentrations in plasma during the
treatment period [85-100 ng/ml in the group treated with 1 mg 25(OH)D; per day,
150-210 ng/ml in the group treated with 3 mg 25(OH)D; per day]. Treatment with both
doses of 25(OH)D; increased mRNA concentrations of various genes in leucocytes which
are involved in the immune defence including several genes related to cell adhesion and
migration, pathogen recognition receptor, cell signalling, cytokine signalling and anti-
microbial mechanism in comparison to treatment with vitamin D3 prepartum and
postpartum. However, although there were significant effects on the expression of several
genes involved in the immune system, there were no differences in the incidence of
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diseases (retained placenta, metritis, mastitis) between the four groups during the first
60 d postpartum. This means that despite of the observed changes of the concentrations
of 25(OH)D in plasma and the changes of mRNA concentrations of genes involved in
immune function in leucocytes, the treatment with 25(OH)D; was unable to affect the
risk of clinical diseases in the early lactation period. Nevertheless, this study supports the
view that vitamin D is involved in immune function of dairy cows. Moreover, the study
confirms that effects on immune function are induced only by supraphysiological plasma
concentration of 25(OH)D which serves as a substrate for the local production of
1,25(0OH),D in leucocytes. It is likely that the upregulation of the expression of genes
involved in immune defence by treatment with 25(OH)D; observed in this study was
induced by an enhancement of vitamin D signalling in leucocytes. In the study of Yue
et al. (2018) healthy dairy cows were deprived of vitamin D for 15 weeks by omitting
vitamin D supplements from their feed and housing them without access to sunlight.
Deprivation of vitamin D yielded plasma 25(OH)D concentrations lower than 10 ng/ml.
Beginning at day 219 of lactation, the cows were then repleted with vitamin D by either
supplementation of vitamins D, or D3 or by exposition to sunlight for 29 d. The repletion
treatment led to 25(OH)D plasma concentrations of about 30 to 45 ng/ml. However,
none of the immune parameters determined in this study (leucocyte populations, somatic
cell count, immunoglobulin concentrations in plasma and milk, antigen-stimulated
cytokine productions) did change in response to vitamin D repletion or vitamin
D source. It is likely that the lack of effect of vitamin D repletion on the immune function
was mainly due to the fact that the cows in the late lactation were in a healthy condition
and were not subjected to inflammatory stress.

Besides the investigations performed in cows in vivo, there are some studies dealing
with the effects of vitamin D or its metabolites on the immune response in vitro in either
BMEC or various types of immune cells.

Nelson et al. (2010b) have shown that treatment of LPS stimulated bovine monocytes
with 1,25(OH),D causes a strong, dose-dependent, increase of the expression of iNOS
und RANTES (regulated upon activation, normal T cell expressed and secreted) and the
production of nitric oxide. Nitric oxide, as mentioned above, is an important component
of the antimicrobial response, while RANTES is a chemo-attractant for T-helper cells and
monocytes and thus is important for the recruitment of other immune cells to the site of
inflammation (Levy 2009). An upregulation of iNOS by 1,25(OH),D was also shown in
primary bovine dermal fibroblasts treated with LPS and in primary bovine salivary gland
fibroblasts treated with LPS (Boylan et al. 2020; O’Brien et al. 2021). Merriman et al.
(2015) observed that the incubation of bovine monocyte cultures with 1,25(OH),
D causes a strong (5-10-fold) upregulation of various members of the bovine 3-
defensin family and of iNOS, both in the absence or presence of LPS. The authors of
that study suggested that the upregulation of 8-defensins by 1,25(OH),D could be due to
potentiating of NF-kB-signalling. Nelson et al. (2011) investigated the effect of vitamin
D metabolites in PBMC of calves subjected to a purified protein derivative of
Mpycobacterium bovis. In this study, treatment with 25(OH)D or 1,25(0OH),D caused an
upregulation of iNOS and RANTES and a downregulation of IFN-y and IL-17. Sorting of
the PBMCs into monocytes, B cell and T cell fractions has shown that the upregulation of
iNOS and RANTES was mainly induced in monocytes, and to a less extent in B cells,
while the downregulation of IFN-y and IL-17 was mainly induced in T cells. A reduced
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production of IFN-y in bovine mononuclear leukocytes by treatment with 1,25(0OH),
D has also been reported in earlier studies (Ametaj et al. 1996; Waters et al. 2001;
Nonnecke et al. 2003).

Two studies investigated the effect of vitamin D on the internalisation of
Staphylococcus aureus into BMEC. In the study of Téllez-Pérez et al. (2012) incuba-
tion with vitamin D lowered the internalisation of Staphylococcus aureus into BMEC.
The authors of this study suggested that this effect was induced by an autocrine action
of 1,25(0OH),D, as BMEC express both a 25-hydroxylase (CYP2RI) and
a 1-hydroxylase (CYP27BI1) and thus are capable of producing 1,25(OH),D from
vitamin D. In agreement with that study, the study of Yue et al. (2017) observed
that treatment with either 25(OH)D, or 25(OH)D; reduces the invasion of
Staphylococcus aureus into BMEC. However, the inhibitory effect of 25(OH)D; on
invasion was greater than that of 25(OH)D,. Mechanisms by which vitamin D or
vitamin D metabolites inhibit the invasion of Staphylococcus aureus into BMEC were
not elucidated in these studies.

5.3. Effects of Vitamin D on the immune function of dairy cows: conclusion

The number of studies investigating the effects of vitamin D or vitamin D metabolites on
immune function in dairy cows and bovine cells is very limited. However, the studies
available so far give clear evidence that the expression of CYP27BI and VDR in bovine
immune cells is stimulated by immune activators such as LPS or bacterial products
(Nelson et al. 2010a, 2010b, 2011; Merriman et al. 2018). This finding, which agrees
with observations in human and murine immune cells, shows that an activation of bovine
immune cells leads to a stimulation of vitamin D signalling. Yet now, there are few
studies available dealing with effects of vitamin D or vitamin D metabolites on immune
function in dairy cows. There is one study showing that an administration of 25(OH)D;
into an infected mammary gland affects the pathogenesis of mastitis in a beneficial
manner (Lippolis et al. 2011). Several studies in cows and bovine cells consistently
show that treatment with 25(OH)D5 (in cows) or 1,25(OH),D; (in bovine cells) increases
the expression of iNOS and 3-defensins (Nelson et al. 2010b, 2011; Merriman et al. 2015,
2017; Boylan et al. 2020; Poindexter et al. 2020; O’Brien et al. 2021). In two studies,
treatment with 1,25(OH),D; additionally stimulated the expression of RANTES (Nelson
et al. 2010b, 2011). These findings agree with observations made in human or murine
immune cells, indicating that treatment with vitamin D metabolites enhances the innate
immune defence. Therefore, beneficial effects of 25(OH)D; on the pathogenesis of
mastitis might be due to an improvement of the defence against bacteria by the produc-
tion of antimicrobial peptides and nitric oxide. A model of the effects of vitamin D on
immune cells (macrophages, monocytes) of dairy cows, including recent findings, is
presented in Figure 2.

The finding of a correlation between plasma 25(OH)D concentration and the expres-
sion of defensins and iNOS strongly suggest that the upregulation of the genes is induced
by 25(OH)D taken up into immune cells or epithelial cells of the mammary gland
(Poindexter et al. 2020). Beneficial effects of 25(OH)D were observed in cows which -
according to their plasma 25(OH)D concentrations — had already a sufficient vitamin
D status prior to treatment. This finding indicates that beneficial effects of 25(OH)D
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Figure 2. Model of the effects of vitamin D on bovine immune cells (macrophages, monocytes) and
mammary epithelial cells. Pathogen-associated molecular patterns (PAMP) like lipopolysaccharides
(LPS) bind to their receptors like toll-like receptors (TLR), and thereby initiate an immune response in
the cell. The initiation of the immune response leads to an upregulation of CYP27B1 and vitamin
D receptor (VDR). Activation of CPY27B1 causes an increased production of 1,25-dihydroxyvitamin
D [1,25(0H),D] from its precursor 25-hydroxyvitamin D [25(0OH)D] which is taken up from the blood.
1,25(0H),D then binds to the VDR, which after complexing with retinoid X receptor (RXR) and other
cofactors, binds to vitamin D response element (VDRE) and induces the transcription of “regulated and
normal T cells expressed and secreted” (RANTES), “inducible nitric oxide synthase” (iNOS) and 8-
defensins, representing genes known to improve the innate immune response. For more details and
references, see text.

might be induced particularly at supraphysiological concentrations. Such high concen-
trations are not reached by oral supply of vitamin D, but only by supply of 25(OH)D. In
the study of Poindexter et al. (2020), cows supplemented daily with 3 mg 25(OH)D;
showed a more favourable pathogenesis of mastitis than cows supplemented daily with
1 mg vitamin Ds. Investigations in which cows were injected with 25(OH)D; into the
mammary gland suggest that high local concentrations of 25(OH)D in a tissue could
exert beneficial effects on the immune system of this tissue. It is likely that high local
concentrations of 25(OH)D mediate their effects on the immune function by an enhance-
ment of the local production of 1,25(OH),D which in turn activates the expression of
protective genes such as iNOS or {3-defensins. However, according to the study of Vieira-
Neto et al. (2021), an improvement of the immune defence induced by high levels of 25
(OH)D does not necessarily prevent against the development of infectious diseases
during early lactation. The concentration of 25(OH)D required for optimising the innate
immune defence remains unknown due to the lack of a sufficient number of studies,
including dose-response trials. Another finding in bovine mononuclear leucocytes was
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that treatment with 1,25(OH)D, causes a reduction of the production of IFN-y (Ametaj
et al. 1996; Waters et al. 2001; Nonnecke et al. 2003; Nelson et al. 2011). This finding
agrees with studies in human and murine lymphocytes showing that treatment with
1,25(0OH),Dj; leads to a suppression of the adaptive immune system (Peelen et al. 2011).
However, studies in dairy cows dealing with effects of vitamin D or its metabolites on the
adaptive immune system are lacking so far.

6. Conclusion and future directions

The function of vitamin D in calcium homoeostasis in dairy cows, such as in other
vertebrates, is known for many years. Studies in the last decade yielded some indication
that vitamin D is also important for the function of immune cells in dairy cows, and thus
could be useful in the prevention and therapy of infectious diseases such as mastitis.
However, data available in this respect are very limited due to the small number of trials
in dairy cows performed so far. Therefore, further investigations of the effects of vitamin
D or its metabolite 25(OH)D on the immune function in dairy cows are required. In
particular, there is a need for dose-response studies in order to determine the dose of
vitamin D or 25(OH)D which is required to support immune function. Plasma concen-
tration of 25(OH)D is regarded as an indicator of the vitamin D status in dairy cows as in
other species. 25(OH)D is formed from vitamin D by 25-hydroxylases in the liver. Studies
in humans and mice have shown that 25-hydroxylation of vitamin D and resulting
plasma concentrations of 25(OH)D are influenced by various factors including BW,
age or diet. In dairy cows, there are no studies so far dealing with the regulation of 25-
hydroxylation in the liver. However, the observation of a relationship between the
existence of SNP in CYP27R1, the enzyme which catalyses the formation of 25(OH)D
from vitamin D in the liver, and the incidence of clinical mastitis already indicates that
25-hydroxylation of vitamin D in the liver might be relevant for immune function.
Recent studies moreover strongly suggest that non-classical vitamin function which are
based on an autocrine vitamin D signalling are more depending on the concentration of
free 25(OH)D than on the concentration of total 25(OH)D in plasma, according to the
“free hormone hypothesis”. Concentrations of free 25(OH)D in the plasma of dairy cows
have not yet been determined. However, the concentration of free 25(OH)D depends on
the concentration and the binding affinity of DBP. The binding affinity to 25(OH)D
could be influenced by polymorphisms in the DBP gene. There is at least one study in
dairy cows which identified DBP as a strong candidate gene associated with incidence of
clinical mastitis, which indicated that SNP in DBP could have an impact on the immune
system via an influence on the concentration of free 25(OH)D. Therefore, DBP could be
an interesting target for further investigations in dairy cows. Recent studies have shown
that DBP has a lower binding affinity for 25(OH)D, than for 25(OH)D3, meaning that
supplementation of vitamin D, yields higher concentrations of free 25(OH)D than
supplementation of vitamin Dj;. Thus, vitamin D, could enhance vitamin D function in
cells with autocrine vitamin D signalling (such as immune cells), and thus could be an
interesting alternative to vitamin Dj for supplementation in dairy cows. The functions of
vitamin D are mediated by VDR which also could be an interesting target for further
investigation. In humans, it has been shown that vitamin D signalling is strongly
influenced by polymorphisms in the VDR gene, associated with an increased incidence
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of various diseases. Therefore, search for polymorphisms in the VDR gene with respect to
a possible relationship to functions of vitamin D would be of interest. Overall, it is clear
that vitamin D is highly relevant for the immune function in dairy cows. However, many
open questions need to be answered, in order to enable an optimised usage of vitamin
D in dairy cows for the improvement of the immune function.
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