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A B S T R A C T

Experimental models of bacterial and viral infections in cattle have suggested vitamin D has a role in
innate immunity of cattle. The intracrine vitamin D pathway of bovine macrophages, however, has only
been shown to activate a nitric oxide-mediated defense mechanism, as opposed to cathelicidin and
b-defensin antimicrobial peptides in human macrophages. In this study we have investigated the actions
of 1,25-dihydroxyvitamin D3 (1,25D) on a cluster of eleven bovine b-defensin genes on the basis of
RNAseq data indicating they were targets of 1,25D in cattle. Treatment of bovine monocyte cultures with
1,25D (10 nM, 18 h) in the absence and presence of LPS stimulation increased the expression of bovine
b-defensin 3 (BNBD3), BNBD4, BNBD6, BNBD7, and BNBD10 genes 5 to 10-fold compared to control
(P < 0.05). Treatment of lipopolysaccharide (LPS)-stimulated monocytes with 0–100 ng/mL 25-
hydroxyvitamin D3 also increased BNBD3, BNBD4, BNBD7, and BNBD10 in a dose-dependent manner.
Treatment of monocytes with the protein translation inhibitor, cycloheximide, however, blocked
upregulation of the b-defensins in response to 1,25D suggesting the b-defensins in cattle are not direct
targets of the vitamin D receptor. Furthermore, preliminary investigation of vitamin D’s contribution to
b-defensin expression in vivo revealed that intramammary 1,25D treatment of lactating cows increased
BNBD7 expression in mammary macrophages. In conclusion, our data demonstrate that multiple
b-defensin genes are upregulated by 1,25D in cattle, providing further indication that vitamin D
contributes to bovine innate immunity.

ã 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Infectious diseases of cattle have a detrimental impact globally
for human and animal health and welfare as a threat to food safety
and security and source of zoonotic pathogens [1–5]. Compelling
evidence suggests that vitamin D is necessary for the innate
defenses of cattle against bacterial pathogens that are a major
cause of infectious diseases in cattle [6]. Mechanistic studies
demonstrating a vitamin D-dependent antimicrobial mechanism
in human monocytes and macrophages have provided a cellular
and genomic basis for vitamin D’s contribution to immunity [7,8],
and epidemiological studies have indicated vitamin D insufficiency
increases risk for infectious diseases [9–11]. The influence of
vitamin D in innate immunity, however, is not readily translatable
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to species other than humans. For example, vitamin D-induced
cathelicidin antimicrobial peptide (CAMP) gene expression is
known to be primate-specific [12], and vitamin D has not been
shown to have a significant role for activation of host-defenses of
rodents [13]. As a result of the lack of conservation in how vitamin
D influences immunity, investigation of vitamin D’s specific role in
bovine immunity is needed to support efforts to improve health
and welfare of cattle.

Studies in cattle have indicated that vitamin D contributes to
innate host defenses of cattle [6,14,15]. Toll-like receptor (TLR)
stimulation of bovine monocytes induces CYP27B1 expression and
conversion of 25-hydroxyvitamin D3 (25D) to the biologically
active 1,25-dihydroxyvtiamin D3 (1,25D) [16,17] and experimental
models of bacterial and viral infection in cattle have demonstrated
the vitamin D pathway is activated in infected tissues in vivo
[18,19]. Furthermore, reduction of bacterial infection in the
mammary glands of dairy cattle with intramammary 25D
treatment has provided in vivo evidence that vitamin D contributes

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsbmb.2015.08.002&domain=pdf
mailto:cdnelson@ufl.edu
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to activation of innate host-defenses of cattle [20]. The previously
reported actions of 1,25D in bovine innate immunity, though, differ
from what has been reported for humans. In human macrophages,
1,25D induces CAMP and b-defensin 4A (DEFB4A) genes that
contribute to vitamin D’s antimicrobial actions [13,21]. In contrast,
1,25D produced in monocytes in response to TLR stimulation
upregulates iNOS and RANTES/CCL5 genes in bovine monocytes but
it does not regulate any of the bovine cathelicidin genes [17].

The powerful effect of 1,25D on iNOS and RANTES responses in
cattle, and data demonstrating 25D treatment inhibits bacterial
infection, indicates that vitamin D is critical for the protection of
cattle from bacterial and viral pathogens; yet, inquiry of the host-
defense genes regulated by 1,25D in cattle has been limited to a few
selected genes. Here, we report the in vitro and in vivo actions of
1,25D on a cluster of b-defensin genes in cattle that were identified
as top targets of 1,25D in an RNAseq analysis. This cluster of bovine
b-defensin genes encode for the bovine neutrophil b-defensin
(BNBD), enteric b-defensin (EBD), lingual (LAP) and tracheal (TAP)
antimicrobial peptides that have potent bactericidal and immu-
nomodulatory activity [22–24] and are also part of the ancient
b-defensin gene family that includes the human DEFB4 that is
upregulated by 1,25D in TLR-stimulated human monocytes [25].

2. Materials and methods

2.1. Animals

Lactating Holstein cows and 3–4 weeks old Holstein calves at
the University of Florida Dairy Unit (Gainesville, FL) and the USDA
National Animal Disease Center (Ames, IA) were used for this
study. The diets of these animals provided approximately 60 IU
vitamin D3/kg bodyweight for lactating cows and 100 IU vitamin
D3/kg bodyweight for calves. All care and use of animals in this
study were approved by the University of Florida Institute of Food
and Agricultural Sciences Animal Research Committee or USDA
National Animal Disease Center Institutional Animal Care and Use
Committee.

2.2. Cell Culture reagents

RPMI1640, fetal bovine serum (FBS, characterized) Pen-strep,
antibiotic-antimycotic, and trypsin were from HyClone Laborato-
ries (Logan, UT). Cycloheximide, lipopolysaccharide (LPS), 25-
hydroxyvitamin D3 (25D), and 1,25 dihydroxyvitamin D3 (1,25D)
were purchased from Sigma Aldrich (St. Louis, MO). All other
reagents were purchased from Fisher Scientific (Waltham, MA)
unless otherwise noted.

2.3. Monocyte and neutrophil cultures

Monocytes and neutrophils were isolated from peripheral
blood as previously reported [17,26]. Briefly, 50 mL blood was
collected from the jugular vein into 5 mL 2� acid citric dextrose
and centrifuged at 1500 � g for 20 min. For neutrophil isolation, the
mononuclear cell layer was removed and to remove erythrocytes
the neutrophil and erythrocyte layer was mixed with 20 mL cold
hypotonic buffer (10.6 mM Na2HPO4, 2.7 mM NaH2PO4, pH 7.2) for
1 min followed by 10 mL restore solution (10.6 mM Na2HPO4,
2.7 mM NaH2PO4, 462 mM NaCl, pH 7.2), centrifuged 10 min at
450 � g, and repeated until erythrocytes were removed.

For monocytes, the mononuclear fraction was layered over a
1.083 Percoll gradient (Sigma) and centrifuged 450 � g for 40 min.
The mononuclear cells were incubated for one 1 h in tissue culture
treated flasks, and after washing away non-adherent cells using
warm PBS, monocytes were removed from the tissue culture flasks
with cold PBS containing 2 mM EDTA. Monocytes and neutrophils
were cultured in 96-well or 24-well tissue culture plates at a
concentration of 5 �106 cells/mL in a 37 �C humidified 5% CO2

incubator under the treatment conditions and times indicated in
the.

2.4. Mammary epithelial cell cultures

Primary mammary epithelial cell (MEC) cultures were derived
from mammary tissue collected from three lactating Holstein cows
at the USDA National Animal Disease Center. Mammary tissue was
finely minced and digested in HBSS containing 400 U/mL collage-
nase III, 100 U/mL hyaluronidase and 2 U/mL DNase (Worthington
Biochemical; Lakewood, NJ) for 2 h at 37 �C with light mixing.
Undigested tissue was then removed and organoids were
transferred to collagen-coated flasks and cultured in RPMI1640
supplemented with 10% FBS and 1� mammary epithelial growth
supplement (Life Technologies, Grand Island, NY) and 1�
antibiotic-antimycotic solution. Contaminating fibroblasts were
removed by 3-5 min incubation with 0.5� trypsin at 37 �C.
Mammary epithelial cells were grown to confluence and cells
displayed the typical cuboidal morphology of cultured mammary
epithelial cells. At confluence, mammary epithelial cells were
removed from culture flasks by incubation with 1� trypsin for
10 min at 37 �C. Cells were then resuspended in media containing
10% DMSO (Sigma) and stored in liquid N2. For the 1,25D treatment
experiments, cells were thawed in a 37 �C water bath and grown to
confluence in a tissue culture flask, then removed with trypsin
digestion and transferred to 96-well tissue culture plates. Cells
were then grown to confluence before treating with 1 mg/mL LPS
and 10 nM 1,25D3 for 24 h as indicated in the figures.

2.5. Intramammary 1,25D treatment

The intramammary treatments were prepared from a stock
solution of 1,25D (Cayman Chemical; Ann Arbor, MI) dissolved in
ethanol to a concentration of 1 mg/mL. The stock 1,25D was diluted
in sterile PBS supplemented with 10% FBS (Hyclone, characterized)
to a concentration of 1 mg/mL, and 10 mL of the solution (10 mg
1,25D) was used as the treatment. That dose was calculated to
achieve an equivalent of 5–10 nM 1,25D in the mammary gland;
which, is approximately two orders of magnitude greater than
normal serum 1,25D concentrations (125 pM) and 3 orders of
magnitude greater than normal milk 1,25D concentrations (10 pM)
[27,28].

The 10 mL calcitriol and placebo (PBS + 10% FBS) solutions were
infused via a sterile teat canula into contralateral mammary glands
of lactating, non-pregnant cow immediately after the normal
milking routine. In the first experiment, 50 mL of milk was
collected from the placebo and control quarters of three cows prior
to treatment and again 8 h post treatment. The milk was
centrifuged at 1500 � g for 20 min to pellet the somatic cells.
The cell pellet was then resuspended in 10 mL PBS, and centrifuged
again to wash the somatic cells. The cell pellet was then lysed in
RNA lysis buffer and stored at �80 �C for later RNA isolation. In the
second experiment, contralateral glands of four cows were
administered calcitriol and placebo treatments, and 50 mL milk
was collected from each gland 4 h after treatment. The somatic
cells were isolated as above. Cells were then incubated on ice with
FITC-conjugated anti-CD14 (Tük4 clone, Life Technologies) at a
1:200 dilution in 100 mL PBS containing 0.5% BSA and 2 mM EDTA.
Cells were then sorted on a BD FACSAria II cell sorter (BD
Biosciences; Franklin Lakes, NJ) on the basis of fluorescence
intensity. At least 10,000 CD14-positive cells and 50,000 CD14-
negative cells were collected with >95% purity. The sorted cells
were then pelleted and lysed with RNA lysis buffer for later RNA
isolation.
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2.6. qPCR

Ribonucleic acid was extracted from cell samples using Quick-
RNATM MiniPrep (ZYMO Research, Irvine, CA) according to
manufacturer’s instructions and eluted with 50 mL of RNase-free
water. RNA was reverse transcribed to cDNA using High Capacity
cDNA Reverse Transcription Kit (Life Technologies) in 20-uL
reactions that contained 10 mL of each RNA sample and 1 mL
RNAse inhibitor. Reactions were incubated at room temperature
for 10 min, followed by 2 h at 37 �C, and 5 min at 85 �C. The cDNA
samples were diluted 1:10 with DNase-free water and stored at
�20 �C. Quantitative PCR was performed using a 7300 Real-Time
PCR System (Applied Biosystems; Carlsbad, CA) with gene-specific
primers listed in Table 1. Amplifications were performed in a 20 mL
reaction that contained 10 mL SYBR Select qPCR master mix (Life
Technologies) 0.5 mL each of 10 mM forward and reverse primers
and 9 mL of the 1:10 diluted cDNA sample. Reactions were
incubated at 95 �C for 10 min followed by 40 cycles of 95 �C for 15 s
and 60 �C for 1 min. Specificities of primer sets were verified by
evaluation of the qPCR product melting curves. In addition, the
length and sequence of representative qPCR products were
determined with gel-electrophoresis (2% agarose, 120 V, 50 min)
and Sanger sequencing (performed by the University of Florida
Interdisciplinary Center for Biotechnology Research) to verify
specificity of each primer set.

For determination of relative transcript abundance, the
threshold cycle (Ct) for each gene in each cDNA sample was
normalized to the reference gene ribosomal protein S9 (RPS9)
using the formula [Ct(gene of interest)- Ct(RPS9) = DCt]. The DCt

vales for each gene were used for statistical analysis described
Table 1
Primer sequences used for qPCR analysis.

Genea Accesion no.b Strand 

BNBD1 XR_240321.2 Fwd 

Rev 

BNBD3 NM_001282581.1 Fwd 

Rev 

BNBD4 NM_174775.1 Fwd 

Rev 

BNBD5 NM_001130761.1 Fwd 

Rev 

BNBD6 XR_240313.1 Fwd 

Rev 

BNBD7 NM_001102362.2 Fwd 

Rev 

BNBD10 NM_001115084.1 Fwd 

Rev 

BNBD13 XR_240315.1 Fwd 

Rev 

EBD NM_175703.3 Fwd 

Rev 

LAP NM_203435.3 Fwd 

Rev 

TAPd NM_174776.1 Fwd 

Rev 

CYP27B1e NM_001192284.1 Fwd 

Rev 

CYP24A1e NM_001191417.1 Fwd 

Rev 

iNOSe NM_001076799.1 Fwd 

Rev 

RPS9e NM_001101152.2 Fwd 

Rev 

a Nomenclature for the b-defensins based on their original definitions [22–24]. Alter
DEFB10 and DEFB13.

b Accesion numbers from NCBI database http://www.ncbi.nlm.nih.gov.
c Primer efficiency determined from a standard curve of log 10 dilutions of cDNA.
d Primer sequences have been published previously [50].
e Primer sequences have been published previously [17].
below. The mean DCt (�SE) for each treatment was transformed
using the formula [1000 � 2�DCt] to report the relative number of
transcripts per 1000 RPS9 transcripts.

2.7. Statistical Analysis

The DCt values for each gene from all cell culture experiments
and the second intramammary experiment (sorted cell gene
expression) were analyzed with SAS v9.3 (SAS Inc.; Cary, NC) as a
generalized linear model (Proc GLM) that accounted for effects of
cow and treatments. Multiple means comparisons were performed
with the Tukey adjustment. Orthogonal contrasts were performed
to analyze main effects and treatment interactions (i.e. main effects
of LPS and 1,25D, and LPS by 1,25D3 interactions). For the first
intramammary experiement, where somatic cells were collected
pre and post-treatment, a repeated measures analysis was
performed using the Proc Mixed procedure of SAS. Data was
analyzed for effects of treatment, time and treatment by time
interaction.

3. Results

3.1. 1,25D induces b-defensins in monocytes

RNAseq analysis of 1,25D-treated bovine monocytes (Unpub-
lished data, J.D. Lippolis and C.D. Nelson) identified bovine
neutrophil b-defensin 3 (BNBD3) and BNBD6 genes as two of
the most up-regulated genes in response to 1,25D treatment. The
BNBD3 and BNBD6 genes are part of a cluster related of b-defensin
genes located on bovine chromosome 27 (Bos taurus UMD 3.1,
Sequence (50–30) Efficiencyc

GTCAGGAATAAGTGATTTTGCAAGC 0.98
GCCGGAAACAGATGCCAATC
CTCCTCGCACTCCTCTTCCT 0.84
GCATCTTCGCCTTCTTCTACCACGA
TCCTCGCAGTCCTCTTCCT 0.87
GGCACAAGAACGGAATACAGA
CTCCTCGTGCTCCTCTTCC 0.88
ACGGCAGCTTTGAGGATTT
CTTCTCTAGCATCAGCCGCA 0.92
CGCATCTTCGCCTTCTTTTACCTCC
TCTTCCTGGTCCTGTCTGCT 0.90
GGTGCCAATCTGTCTCCTGT
CTCCTCCTGCTCCTCTTGGT 0.85
TGCCAATCTGTCTCATGCGT
GCCTCTTCTCCATTGTCAGCC 0.88
GACGCCTCCATTCCTACCA
TATAAAGCGGCAAGAGCAGCC 0.94
AGCATTTTACTGAGGGCGTGA
ACAGCATGAGGCTCCATCAC 0.88
ACCTGATCGGCACACAGATG
GCGCTCCTCTTCCTGGTCCTG 0.79
GCACGTTCTGACTGGGCATTGA
TGGGACCAGATGTTTGCATTCGC 0.84
TTCTCAGACTGGTTCCTCATGGCT
GAAGACTGGCAGAGGGTCAG 0.98
CAGCCAAGACCTCGTTGATT
GATCCAGTGGTCGAACCTGC 0.83
CAGTGATGGCCGACCTGATG
GTGAGGTCTGGAGGGTCAAA 0.82
GGGCATTACCTTCGAACAGA

native names of BNBD1-13 genes are DEFB1, DEFB3, DEFB4A, DEFB5, DEFB6, DEFB7,

http://www.ncbi.nlm.nih.gov
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AC000184.1; Fig. 1A) that includes EBD (enteric b-defensin), LAP
(lingual antimicrobial peptide), and TAP (tracheal antimicrobial
peptide). Because this cluster of genes seems to have arisen from
multiple gene duplication events [25,29], we investigated the
effects of 1,25D on each of the b-defensins in monocytes.

Freshly isolated peripheral blood monocytes were treated with
0 or 100 ng/mL LPS in combination with 0 or 10 nM 1,25D for 18 h
and expression of the b-defensin genes and positive control genes
CYP24A1 and iNOS were evaluated by qPCR (Fig. 1B). Confirming
our RNAseq data, BNBD3 and BNBD6 were upregulated with 1,25D
treatment (P < 0.001; Fig 1B). Treatment with 1,25D caused BNBD3
to be upregulated 10-fold in resting and LPS stimulated cells, and
BNBD6 to be upregulated 17-fold in resting cells and 50-fold in LPS-
stimulated cells. We also found that 1,25D treatment similarly
increased expression of BNBD7 and BNBD10 genes (P < 0.001).
Analysis of the main effect of 1,25D in the experiment (combined
effect of 1,25D in non-stimulated and LPS stimulated cultures)
indicated that 1,25D also increased BNBD4 expression (P < 0.03;
Fig. 1B). In contrast, BNBD5 was down-regulated by 1,25D and the
remaining defensins were not significantly affected by 1,25D.
Fig. 1. Effects of 1,25D on bovine b-defensin genes in monocytes. (A) Map of the b-defen
3.1. (B) Peripheral blood monocytes were isolated from eight lactating dairy cows, treate
supplemented with 10% FBS. Gene expression was measured by qPCR and normalized
*P < 0.05, **P < 0.01, ***P < 0.001. C) Relative expression of each b-defensin gene plotted o
LPS stimulation alone did not affect any of the defensins, but
analysis of main effects and treatment interactions indicated
BNBD3 and BNBD10 were upregulated by LPS (LPS main effect,
P < 0.05) and there was an LPS by 1,25D treatment interaction for
BNBD10 (P < 0.05). Altogether, the overall abundance of b-defensin
transcripts was greatest in monocytes treated with 1,25D (Fig. 1C),
indicating that 1,25D is a key activator of the bovine monocyte
b-defensin response.

We also evaluated the expression of the 1,25D-regulated
defensins over a 24 hour treatment period and found that 1,25D
elevated BNBD3, BNBD6, BNBD7, and BNDB10 after 6 h of treatment,
whereas BNBD4 expression was not elevated until 12 h and was
greatest at 24 h (Fig. 2). In addition, since previous work
demonstrated that TLR-activation of bovine monocytes induces
CYP27B1 expression in bovine monocytes [17], we evaluated the
effects of 25D treatment on expression of the 1,25D-regulated
b-defensins in LPS-stimulated monocytes. Treatment of LPS-
stimulated monocytes with physiological concentrations of 25D
(25–100 ng/mL) increased BNBD3, BNBD4, BNBD7, and BNBD10
expression in a dose-dependent manner (Fig. 3), suggesting that
sin cluster located on bovine chromosome 27 according to Ensembl Bos taurus build
d with 100 ng/mL LPS and 10 nM 1,25D as indicated, and cultured 18 h in RPMI 1640

 to RPS9. Data represent the mean � SE expression of each gene relative to RPS9;
n the same scale, numbers above each bar indicate the respective b-defensin genes.
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Fig. 2. Time course of 1,25D-induced b-defensin expression. Monocytes from four 3–4 weeks old calves were treated with 100 ng/mL LPS alone (white bars) or in combination
with 10 nM 1,25D (black bars) for 6,12 and 24 h in RPMI 1640 supplemented with 10% FBS. Gene expression was measured by qPCR and normalized to RPS9. Data represent the
mean � SE expression of each gene relative to RPS9; *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. Defensins are not directly regulated by 1,25D. (A) Peripheral blood monocytes from 4 cows were cultured in the presence of 4 ng/mL 1,25D and 10 mg/mL
cycloheximide (CHX) as indicated for 12 h. (B) Monocytes from 5 cows were treated with CHX at the beginning of culture (0 h) or after 4 h in culture (4 h) as indicated. The
1,25D was added after 4 h in culture either in the abscence of CHX, after 4 h of CHX pretreatment, or simultaneously with CHX. Monocytes were then cultured for another 12 h
after addition of 1,25D. Gene expression was measured by qPCR and normalized to RPS9. Data represent the mean � SE expression of each gene relative to RPS9; *P < 0.05,
**P < 0.01, ***P < 0.001.
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intracrine vitamin D signaling induces the bovine monocyte
b-defensin response.

It was hypothesized that 1,25D upregulated the b-defensins
through binding of the vitamin D receptor (VDR) to vitamin D
response elements in promoter and enhancer regions of the 1,25D-
regulated b-defensin genes. In silico analysis of the entire bovine
chromosome 27 b-defensin gene region for vitamin D response
elements (VDREs) revealed several potential VDR binding sites in
the b-defensin cluster (Screened using Genomatix software, www.
genomatix.de); but since in silico approaches are not reliable
indicators of true VDR binding sites we also crudely investigated
whether the actions of 1,25D on the b-defensins were direct or
indirect through blocking protein translation with cylcloheximide.
Co-treatment of monocytes with 1,25D and cycloheximide
completely blocked induction of the b-defensin genes (P < 0.001;
Fig. 4A). CYP24A1, on the other hand, was not inhibited, and instead
increased with cycloheximide treatment. Treatment of monocytes
with cylcloheximide at the start of culture could have blocked
translation of a co-stimulatory protein needed for direct VDR
regulation of the b-defensins, so monocytes also were treated with
cycloheximide and 1,25D after 4 h in culture or pre-treated with
cycloheximide for 4 h followed by 1,25D treatment (Fig. 4B).
Treatment of monocytes with cylcoheximide either at the start of
culture or after 4 h in culture again completely blocked 1,25D
induction of the b-defensins (P < 0.001). In contrast, cyclohexi-
mide treatment after 4 h in culture did not inhibit 1,25D induction
of CYP24A1 (Fig. 4B) or iNOS (not shown). In summary, this data
suggests that 1,25D-induced b-defensin expression in bovine
monocytes is a secondary response to 1,25D.
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Fig. 5. Effects of 1,25D on neutrophil and mammary epithelial cell b-defensin response
from three lactating cows (B) were treated with 100 ng/mL LPS and 10 nM 1,25D as indic
mammary epithelial growth supplement (B). Gene expression was measured by qPCR and
to RPS9; *P < 0.05, **P < 0.01, ***P < 0.001.
3.2. Effects of 1,25D on Neutrophil and Mammary Epithelial Cell
b-Defensin Responses

Bovine neutrophils are a major source of b-defensin peptides
[24,30], and expression of multiple b-defensins has been
previously reported in mammary tissue and milk [31–34].
Therefore, we hypothesized that 1,25D would also contribute to
the b-defensin response of bovine neutrophils and MEC. Neu-
trophils and primary MEC cultures derived from lactating cows
were treated with LPS and 1,25D in combination as above for the
monocytes. In contrast to the monocytes, 1,25D treatment did not
increase BNBD3, BNBD4, BNBD6, BNBD7 or BNBD10 expression in
neutrophils (P > 0.1; Fig. 5A), and only increased BNBD4 expression
in MEC (P < 0.05; Fig. 5B). The 1,25D3 treatment did, however,
increase CYP24A1 and iNOS expression in MEC and neutrophils
(Suppl. Fig. 1) indicating they were responsive to 1,25D. We also
evaluated the other defensin genes (BNBD1, BNBD5, BNBD13, EBD,
LAP, and TAP) in MEC and neutrophils and they also were not
increased by 1,25D (Suppl. Fig. 1). Instead, in neutrophils LPS
increased the b-defensins that were upregulated by 1,25D in
monocytes (BNBD3, BNBD4, BNBD7, and BNBD10; P < 0.05, Fig. 5)
along with BNDB5, LAP and TAP (Suppl. Fig. 1), and LPS increased all
of the defensins in MEC (P < 0.05; Fig. 5B & Suppl. Fig. 1).

3.3. Effects of 1,25D3 on b-defensin expression in vivo

A previous study demonstrated that intramammary 25D
treatment inhibited bacterial infection in dairy cattle [20]. We
hypothesized the improved resistance to infection resulted from
local CYP27B1 conversion of 25D to 1,25D and subsequent 1,25D-
mediated upregulation of b-defensin and iNOS expression of
macrophages in the 25D-treated mammary glands. To test the
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Fig. 6. In vivo upregulation of macrophage BNBD7 and iNOS expression. Contralateral mammary glands of lactating dairy were treated with intramammary infusions of 10 mg
1,25D (black bars) or placebo control (white bars). (A) Somatic cells were isolated from milk prior to treatment and 8 h after treatment from control and 1,25D-treated glands
of 3 cows and analyzed for gene expression. (B–D) Somatic cells were isolated from control and 1,25D-treated glands of 4 cows at 4 h after treatment. Cells were sorted by FACS
according to CD14 expression (B) and the sorted populations were analyzed for gene expression (C and D). Gene expression was measured by qPCR and normalized to RPS9.
Data represent the mean � SE expression of each gene relative to RPS9; *P < 0.05, **P < 0.01, ***P < 0.001.
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hypothesis that 1,25D upregulates b-defensin and iNOS gene
expression in mammary macrophages and to determine the in vivo
effects of 1,25D on b-defensin genes, we investigated the effects of
intramammary 1,25D treatment on immune cells in the mammary
gland (Fig. 6). In the first experiment, contralateral mammary
glands of three cows were treated with either 10 mg 1,25D or
placebo. CYP24A1 expression was highly up-regulated in the
somatic cells isolated from the 1,25D-treated glands compared to
cells from the control gland (Fig. 6A), indicating activation of VDR-
mediated transcription. Of the b-defensins, only BNBD7 was
increased by the 1,25D treatment (P < 0.05; Fig. 6A), whereas the
other b-defensins were not affected. In addition, iNOS expression
was 4-fold greater in cells from the 1,25D-treated glands at 8 h
post-treatment compared to cells from treatment and control
glands pre-treatment (P < 0.05; Fig. 6A) but there was no
significant treatment by time interaction for iNOS in the repeated
measures analysis. In a subsequent experiment, we sorted CD14+

cells from the milk 4 h after treatment and analyzed responses to
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1,25D in CD14+ (macrophage) and CD14� (neutrophil) populations
(Fig. 6B–D). CYP24A1 and iNOS were upregulated in both CD14+ and
CD14� cell populations from the 1,25D-treated glands compared to
the same populations in the control glands (Fig. 6C–D), similar to
what was observed for the total population of cells (Fig. 6A). The
1,25D treatment increased BNBD7 by 2-fold in the CD14+

population (P = 0.07; Fig. 6C), but it did not increase BNBD7 in
the CD14� population (Fig. 6D). Furthermore, BNBD5 was increased
by 1,25D in the CD14� population (P = 0.07), however, the other
b-defensins were not affected by the 1,25D treatment in either
population (Suppl. Fig. 2).

4. Discussion

TLR activation of antimicrobial peptide responses in human
macrophages has been shown to occur through activation of an
intracrine vitamin D pathway, yet evidence that vitamin D
promotes innate host-defenses of commonly used rodent models
has not been demonstrated [12,13,35,36]. The dissimilarity
between humans and common rodent models in vitamin D’s
contribution to activation of host-defense has impeded investiga-
tion of vitamin D-mediated innate immune mechanisms in vivo.
That dissimilarity also has prevented translation of vitamin D’s
actions in human immunity to agriculturally relevant animals, as it
is apparent that vitamin D’s role in innate immunity is not broadly
conserved.

In this study we have identified five b-defensin genes that are
induced by the vitamin D pathway in bovine monocytes. This
discovery adds a new dimension to the knowledge of vitamin D’s
possible contribution to innate immunity of cattle. Prior research
in cattle using bacterial and viral infection models have
demonstrated that intracrine and paracrine vitamin D signaling
pathways are activated in infected tissues [18,19]. Also, intra-
mammary 25D treatment was found to slow the onset of
experimental mastitis in dairy cattle [20]. The data in this study
hint that b-defensin production may be a potential antimicrobial
response that is activated by the vitamin D pathway in infected
tissues. Although an affirmative role of vitamin D-mediated
b-defensin expression in host defense of cattle is far from certain
on the basis of the gene expression data presented in this study, our
discovery opens the way for further investigation into the potential
contribution and mechanism of vitamin D-mediated b-defensin
production in disease resistance of cattle.

Prior to this study, there was limited knowledge of the factors
regulating b-defensin expression in cattle. Macrophages, in
particular, were reported to not upregulate b-defensin expression
in response to LPS and were thought to only constitutively express
BNBD4 [25,37]. Similarly, our results here show that LPS stimula-
tion alone is not sufficient to induce b-defensin expression in
monocytes. Instead, we found that vitamin D signaling is a major
driver of the b-defensin response of bovine monocytes. Our data
also suggest, however, that LPS via the vitamin D pathway
increases b-defensin expression in bovine monocytes. Previously
it was shown that LPS upregulates CYP27B1 and down-regulates
CYP24A1 expression in bovine monocytes [17]. Addition of
physiological 25D concentrations (serum 25D of cattle is normally
100–200 nM) to LPS-stimulated monocytes in the present study
increased b-defensin expression. In agreement with earlier studies
[16–18], we propose that TLR stimulation of the vitamin D pathway
in bovine monocytes activates a host-defense response that
includes b-defensin, nitric oxide, and RANTES production.

We had hypothesized that 1,25D directly stimulated the
b-defensins through binding of the VDR to putative VDREs in
the b-defensin gene domains. Cycloheximide treatment complete-
ly blocked 1,25D-induced b-defensin expression in monocytes,
however, suggesting there is an intermediate factor involved.
Examination of our data here along with what is known about
vitamin D-mediated regulation of human DEFB4A provides some
insight on potential mechanisms. Our first experiment showed that
1,25D in combination with LPS had an additive effect on BNBD3,
BNBD6, BNBD7, and BNBD10 expression in monocytes, indicating
that interaction between TLR and vitamin D signaling pathways
contributes to b-defensin expression in bovine monocytes.
Similarly, induction of the DEFB4A gene by 1,25D in human
monocytes requires TLR2/1 or NOD2 activation of NF-kB signaling
[21,38]. NF-kB also is involved in regulation of the bovine
b-defensins [39,40]. Thus, one possible mechanism for vitamin
D-mediated upregulation of b-defensin expression in bovine
monocytes is through potentiation of NF-kB signaling. Other
transcription factors also may be involved in mediating 1,25D-
induced b-defensin expression in cattle. Nurminen et al. [41]
recently identified multiple transcriptional regulators (BCL6, NFE2,
POU4F2, and ELF4) that are direct targets of the VDR in the human
THP-1 monocyte cell line. They further demonstrated that BCL6
mediated the induction of several of the secondary response genes
and concluded that the majority of the physiological response of
human monocytes to 1,25D was a secondary response [41]. There is
no evidence indicating the transcription factors listed above are
targets of 1,25D in cattle, yet they provide examples to guide
investigation of the factors mediating 1,25D-induced b-defensin
expression in bovine monocytes.

In contrast to monocytes, vitamin D signaling seems to have
little influence on b-defensin expression in mammary epithelial
cells and neutrophils. Except for BNBD4 in mammary epithelial
cells, 1,25D did not upregulate any of the bovine b-defensins in
neutrophils or mammary epithelial cells. Instead, LPS stimulated a
b-defensin response in neutrophils and mammary epithelial cells.
A somewhat similar manner of regulation has been shown for the
human DEFB4A gene, where 1,25D either alone or in combination
with co-stimuli does not regulate DEFB4A in human airway
epithelial cells or keratinocytes [42,43]. Interestingly, 1,25D
treatment had a tendency to suppress the response of several
b-defensins (i.e. BNBD5, BNBD7, BNBD10, LAP) in mammary
epithelial cells to LPS stimulation. A similar result was previously
shown for mammary epithelial cells treated with cholecalciferol
[44]. We also have observed a similar effect on LPS stimulation of
RANTES in mammary epithelial cells (data not shown). RANTES,
like the b-defensins, is upregulated by 1,25D in bovine monocytes
[17]; so, it seems 1,25D has opposing actions towards certain host-
defense responses in mammary epithelial cells and monocytes.

Although 1,25D did not affect b-defensin expression in
neutrophils, the design of the neutrophil experiment compared
to the monocyte experiments should be considered in the
interpretation of the results. The neutrophils were treated with
1,25D for only 6 h. Even though 1,25D induced b-defensin
expression within 6 h, peak expression was observed after 12–
24 h of 1,25D treatment. Consequently, effects of 1,25D on
neutrophil b-defensin expression may not have been apparent
at the 6 h time point. Whether longer 1,25D treatment would have
an effect, or if exposure of neutrophils to 1,25D under physiological
circumstances in vivo has an effect on neutrophil b-defensin
expression remains to be determined. Our results, nevertheless,
indicate that compared to vitamin D-mediated b-defensin
expression in monocytes, TLR signaling primarily induces
b-defensin expression in mammary epithelial cells and neutro-
phils irrespective of the vitamin D pathway. That comparison is
informative for understanding the factors shape the host-defense
response during bacterial infections such as mastitis in dairy cattle.

Our intramammary 1,25D experiment provided some confir-
mation of our in vitro data in monocytes in that 1,25D treatment
increased BNBD7 expression preferentially in macrophages. On the
other hand, BNBD3, BNBD4, BNBD7, and BNBD10 were not affected
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by the intramammary 1,25D treatment either in the total cell
population or macrophage subset. Several aspects of the model
should be accounted for in interpreting that data. First, the cows
used in the experiment were not vitamin D deficient. Their diets
provided �60 IU vitamin D3/kg bodyweight which achieves serum
25D concentrations from 150 to 200 nM. Normal serum 1,25D
concentrations of lactating cows are 125–250 pM, and milk
concentrations of 25D and 1,25D are �5–10% of serum concen-
trations [27,28]. Physiologically there presumably was adequate
25D available for macrophages within the mammary tissue; so, the
experiment merely measured the response to supraphysiological
1,25D treatment.

Milk somatic cells also were collected 8 h after treatment in the
intramammary experiment. That should have been enough time to
induce the b-defensins but during that time there is continual
arrival of new cells into the gland and diffusion of 1,25D into the
tissue. Furthermore, the state of the milk macrophage is quite
different from the circulating monocytes we used in our in vitro
experiments [45]. It could be that 1,25D triggers b-defensin
expression in monocytes just as they arrive into the mammary
tissue, and the subset of macrophages we collected were not a good
representative population. Altogether, the intramammary experi-
ment was valuable in providing a glimpse of vitamin D’s role in
b-defensin expression in vivo and highlights some aspects to
consider for further in vivo investigations of vitamin D’s actions in
host-defense of cattle.

Although cattle still differ from humans in control of CAMP, the
upregulation of the bovine b-defensins by 1,25D in bovine
macrophages shows some similarity exists between human and
cattle for the role of vitamin D in innate immunity. The bovine
b-defensin genes evaluated in this study are located in a conserved
genomic region of bovine chromosome 27 that aligns with the
human chromosomal 8p23.1 region containing the vitamin D-
regulated human DEFB4A gene [25,46]. Cattle also have been
shown to be a suitable model for certain human infectious diseases
and allow for experimental manipulation of vitamin D status that
is relevant to human health [19,47,48]. As shown with upregulation
of BNBD7 by intramammary 1,25D treatment, investigation of
vitamin D’s actions in vivo are possible in cattle. Therefore, cattle
provide a promising animal model to gain insight on vitamin D
requirements and mechanisms for human immunity.

In conclusion, we have discovered that 1,25D initiates a host-
defense response in cattle that includes multiple b-defensin genes.
Our findings here, along with previous reports showing that an
intracrine vitamin D pathway is activated in infected tissues and
that 25D slowed bacterial infection in the mammary gland [18–20],
support a hypothesis that local 1,25D synthesis promotes
activation of host-defense mechanisms of cattle. If that hypothesis
is true it has significant implications for disease prevention in
cattle as vitamin D insufficiency is common in young cattle [49].
Our findings highlight the need for further investigations into the
effects of vitamin D status on disease resistance of cattle and the
mechanisms contributing to the actions of vitamin D in bovine
immunity. The knowledge gained from further studies in cattle
should also lead to a better understanding of the vitamin D
mechanisms and requirements in human health.
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