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Abstract

Deficiency of serum levels of 25-hydroxyvitamin D3 has been correlated with increased risk of infectious diseases such as
tuberculosis and influenza. A plausible reason for this association is that expression of genes encoding important
antimicrobial proteins depends on concentrations of 1,25-dihydroxyvitamin D3 produced by activated immune cells at sites
of infection, and that synthesis of 1,25-dihydroxyvitamin D3 is dependent on the availability of 25-hydroxyvitamin D3. Thus,
increasing the availability of 25(OH)D3 for immune cell synthesis of 1,25-dihydroxyvitamin D3 at sites of infection has been
hypothesized to aid in clearance of the infection. This report details the treatment of an acute intramammary infection with
infusion of 25-hydroxyvitamin D3 to the site of infection. Ten lactating cows were infected with in one quarter of their
mammary glands. Half of the animals were treated intramammary with 25-hydroxyvitamin D3. The 25-hydroxyvitamin D3

treated animal showed significantly lower bacterial counts in milk and showed reduced symptomatic affects of the mastitis.
It is significant that treatment with 25-hydroxyvitamin D3 reduced the severity of an acute bacterial infection. This finding
suggested a significant non-antibiotic complimentary role for 25-hydroxyvitamin D3 in the treatment of infections in
compartments naturally low in 25-hydroxyvitamin D3 such as the mammary gland and by extension, possibly upper
respiratory tract infections.
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Introduction

The relationship between vitamin D status and the ability of that

animal’s immune system to effectively prevent disease is a topic of

much research in both human and veterinary medicine [1–5].

Vitamin D, following its conversion to its active form 1, 25-

dihydroxyvitamin D3 (1,25(OH)2D3), the active form of vitamin D,

is a primary regulator of calcium and skeletal homeostasis [1].

However, additional functions in the immune system became

evident in the early 1980s when it was found that 1,25(OH)2D3 was

produced by monocytes in diseased tissue, the vitamin D receptor

was identified in immune tissues and some immune functions were

shown to be influenced by 1,25(OH)2D3 [6–11]. More that 80 years

prior to the demonstration of the role of vitamin D in immune

function, cod liver oil or exposure to sun, both sources of vitamin D,

were used to treat tuberculosis (Reviewed in: [2,12]. Then in 1986,

Rook and co-workers showed that 1,25(OH)2D3 induced anti-

tuberculosis activity in cultured monocytes [13]. Additionally,

1,25(OH)2D3 has been found to affect monocyte chemotaxis [14]

and act as an adjuvant in the production of bacterial-specific

antibodies [15]. In 2006, a seminal paper was published by Liu et. al.

[16] in which they demonstrated that toll-like receptor (TLR)

activation of monocytes induced 25-hydroxyvitamin D-1a-hydrox-

ylase (1a -hydroxylase). 1-hydroxylase converts 25-hydroxyvitamin

D3 (25(OH)D3) to the active 1,25(OH)2D3. 1,25(OH)2D3 induced

the antimicrobial peptide cathelicidin and inhibited the growth of

Mycobacterium tuberculosis. Furthermore, they showed that cathelicidin

induction was compromised when using serum from donors with

low 25(OH)D3. This suggested that maintaining vitamin D status

above that needed for normal calcium homeostasis was required for

optimal immune responses via this newly highlighted intracrine

pathway.

Associations between serum 25(OH)D3 concentrations and

optimal immune function is now a subject of significant scrutiny.

Levels of serum 25(OH)D3, sufficient for full functionality of the

immune system are thought to be higher than levels needed for

proper skeletal formation [17,18]. Using samples collected as part

of the National Health and Nutrition Examination Survey,

researcher determined the levels of 25(OH)D3 in various

populations [19]. Their data indicated that in humans only 20–

25% of the population has 25(OH)D3 levels considered immuno-

logically sufficient (.30 ng/ml) [17,19]. There is an inverse

correlation between serum 25(OH)D3 levels and the risk for upper

respiratory tract infections [20], tuberculosis [21], and multiple

sclerosis [22]. Dietary supplementation of vitamin D has been

shown to decrease the risk of relapse in multiple sclerosis patients

[23] and decreases the risk of influenza A infections [24]. Together

this information indicates an important role of vitamin D in the

clearance of infections and containment of inflammation by the

body’s immune cells.
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Mastitis in dairy cattle allows for unique studies of immune cells

and the role of vitamin D in modulating the immune system’s

response to pathogens. First, it is known that intramammary

infections activate bovine macrophages found in the milk through

the TLR pathways resulting in the upregulation of the expression

of the 1a-hydroxylase gene. The expression of 1a-hydroxylase is

responsible for the conversion of 25(OH)D3 to active hormone

1,25(OH)2D3 [4]. The production of 1,25(OH)2D3 leads to

changes in gene expression in macrophages isolated from milk of

an infected gland [3]. Therefore, the intracrine pathway described

in humans [16] is active in the bovine mammary gland

macrophages during a bacterial infection, but fails to induce the

induction of cathelicidin [4]. A second important aspect of

studying the role of vitamin D in mammary gland infections, is

that milk is deficient in 25(OH)D3. The levels of 25(OH)D3 in milk

are only 0.3–0.6 ng/ml [25], thus immune cells are devoid of a

source of 25(OH)D3 after they enter the infected mammary gland.

The hypothesis tested in these experiments was that infusion of

25(OH)D3 into the mammary gland of a dairy cow infected with

Streptococcus uberis would reduce the severity of the infection.

Materials and Methods

Animals
Ten mid-lactation primiparous Holstein cows at the USDA

National Animal Disease Center were used for this study. The

National Animal Disease Center animal care and use committee

approved all animal-related procedures used in this study (Protocol

ARS-4001). Prior to the study, all cows were healthy and bacteria

were not detected in their milk prior to the study. Cows were feed

a standard ration, which included between 30,000 and 40,000 IU

of vitamin D per day. Cows were milked two times a day.

Infection and Treatment
Mammary gland infection was induced by infusion of

approximately 500 cfu of Streptococcus uberis strain 0140 (S. uberis;

a gift from Dr. Max Paape, USDA, Beltsville, MD) suspended in

10 mL of FBS into one quarter of all ten cows. Infected animals

were randomly divided into two treatment groups: the first group

received 100 ug of 25(OH)D3 in 10 ml of FBS in the infected

quarter at the completion of each milking, starting at the time of

infection and continuing throughout the experiment. The second

group received 10 ml of FBS only in the infected quarter at the

completion of each milking. Antibiotics were not used during the

study.

Collection of milk, blood and temperature data
Milk samples were aseptically collected from infected quarters at

each milking (twice daily) throughout the study. Milk was used for

determination of bacterial counts, somatic cell counts, determina-

tion of bovine serum albumin (BSA) levels, and 25(OH)D3 levels.

Milk was serially diluted in sterile phosphate-buffered saline and

spread on blood agar plates, then incubated for 24 h at 37uC.

Following incubation, plates were examined for bacterial growth

and colonies enumerated.

Milk somatic cell counts were determined by sampling milk,

adding a preservative, and counting at a Dairy Herd Information

Association (DHIA) (Dubuque, IA) approved facility. Bovine

serum albumin levels in the milk were measured using a

commercial ELISA quantitation kit (Bethyl Laboratories, Mon-

tgomery, TX). The kit was used according to manufacturer’s

protocol and protein concentrations determined using the

included standards.

Blood samples (10 ml) were taken by venipuncture of the

jugular vein once a day. Serum was obtained by centrifugation.

The levels of 25(OH)D3 in the serum were determined by a

radioimmunoassay [26].

Rectal temperatures were obtained twice a day, at the time of

milking.

Statistical analysis
Data were analyzed as a completely randomized design (JMP

version 7 SAS Institute Inc., Cary, NC). Cow served as the

experimental unit in the analysis of all data. Effects of treatments

on variables (i.e. bacterial counts, rectal temperatures, somatic cell

counts, serum albumin, feed intake, milk production) were

analyzed with repeated-measures ANOVA. Bacterial and somatic

cell counts were log10 transformed prior to analysis. The model

included the fixed effects of treatment, time, and treatment x time

interaction. Post hoc tests were applied when treatment, time, or

treatment x time effects were detected. The values presented for all

variables are the means and standard errors of the mean.

Results

All ten animals were successfully infected with S. uberis.

Establishment of infection was indicated by at least one time

point having a bacterial count of greater than 1000 cfu/ml (data

not shown). Figure 1 shows the mean bacterial counts of the

25(OH)D3 treated group and the control group. There was a

significant effect (P,0.05) of the 25(OH)D3 treatment (figure 1). In

addition, there were significant reductions (P,0.05) in milk

bacterial counts at the fourth, sixth, and ninth milkings in the

25(OH)D3 treatment group compared to the control group.

Additional indicators of a mammary gland infection were

monitored, including rectal temperatures, somatic cell counts, and

BSA in the milk. Rectal temperatures showed a 25(OH)D3

treatment effect with a P = 0.065 and are plotted in figure 2.

There was a continuation of the trend that the 25(OH)D3 treated

group had a better clinical outcome, in that somatic cell counts

were lower in the 25(OH)D3 treated group (figure 3). Acute

bacterial infections are known to increase mammary vascular

permeability, an indicator of this change is increased BSA levels in

milk [27]. Milk from the morning milking was tested by ELISA for

BSA (figure 4). Day 3 levels of BSA were higher in the control

animals compared to the 25(OH)D3 treated animals (P = 0.07).

Mastitis causes reduction of both feed intake and milk

productions, and the level of reduction correlates with the severity

of the infection. The pre-infected feed intake and milk production

was calculated as the average of the values from the four days prior

to the infection. There was a trend for the 25(OH)D3 treated

animals to have higher average feed intake (figure 5). There was a

significant (P ,0.05) time x treatment effect, as the 25(OH)D3

treated animals milk production decline due to the infection

occurred later in the infection compared to control cows (figure 6).

Table 1 shows the blood serum levels of 25(OH)D3 in the

control animals compared to the 25(OH)D3 treated animals. This

data demonstrates that the dose of 100 ug 25(OH)D3 twice daily

did not affect (P.0.10) blood serum 25(OH)D3 levels.

Discussion

In a recent review it was stated that ‘‘Data from several models

of infection have so far not supported a role of vitamin D in

affecting the course of disease’’ [28]. These authors’ conclusions

are based on 1) the lack of in vivo evidence for an effect of vitamin

D status on the course of disease and 2) the findings that 1,
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25(OH)2D3 inhibits T helper cell functions that are important in

many infections and which we have characterized in vitro using a

cow model [29]. The data presented in this study demonstrate that

in vivo administration of 25(OH)D3, used as a treatment, reduces

the severity of an intramammary infection. The effectiveness of

25(OH)D3 may be due to many factors, including a predominant

Figure 1. Bacterial Counts in Control and 25(OH)D3 Treated Animals. Ten dairy cattle were infused with approximately 500 cfu of S. uberis in
one quarter of their mammary gland. Five cows were immediately treated with 100 ug of 25(OH)D3 in FBS and the remain five cows were treated
with FBS alone. Cows were subsequently treated after each milking (twice daily) with 25(OH)D3 or FBS for 10 milkings (5 days). Milk sample were
isolated from each cow and serially diluted and plated on blood agar plates. Average bacterial counts were determined for 25(OH)D3 treated (u) and
control animals(n). Time points with statistically significant differences are indicated with (*).
doi:10.1371/journal.pone.0025479.g001

Figure 2. Rectal Temperature in Control and 25(OH)D3 Treated Animals. Rectal temperature were taken twice daily, at each milking, and the
average was determined for 25(OH)D3 treated (u) and control animals(n).
doi:10.1371/journal.pone.0025479.g002
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role of the innate immune response in mastitis and that the milk

normally has low 25(OH)D3 levels. Monocytes/macrophages play

a critical role in the immune response to mastitis [30] and

intracrine produced 1,25(OH)2D3 effects many aspects of the

innate immune system [31] and specifically macrophages

antimicrobial mechanisms [2,5]. Our ability to demonstrate in

vivo efficacy of 25(OH)D3 on a bacterial infection (figure 1) may

be due to the fact that the milk compartment of the mammary

gland is relatively devoid of 25(OH)D3, even though systemic

vitamin D status is excellent (table 1). Concentrations of 25(OH)D3

in milk are only 0.3–0.6 ng/ml compared to 35 ng/ml in serum

considered necessary for full immune function [17,18,25]. It may

Figure 3. Somatic Cell Counts in Control and 25(OH)D3 Treated Animals. Milk samples for somatic cells counts (SCC) were taken at each
milking and sent to a DHIA facility for counting. The average SCC were determined for 25(OH)D3 treated (u) and control animals(n).
doi:10.1371/journal.pone.0025479.g003

Figure 4. Bovine Serum Albumin in Milk of Control and 25(OH)D3 Treated Animals. Milk samples were tested for BSA levels at each time
point and the average was determined for 25(OH)D3 treated (u) and control animals(n).
doi:10.1371/journal.pone.0025479.g004
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Figure 5. Feed Intake in Control and 25(OH)D3 Treated Animals. Daily feed intake was determined for each cow. Data are expressed as a
percentage of the pre-infections (the average of the 4 days feed intake prior to infection). Each the average was determined for 25(OH)D3 treated (u)
and control animals(n).
doi:10.1371/journal.pone.0025479.g005

Figure 6. Milk Production in Control and 25(OH)D3 Treated Animals. Daily milk production was determined for each cow. Data are
expressed as a percentage of the pre-infections (the average of the 4 days milk production prior to infection). Each the average was determined for
25(OH)D3 treated (u) and control animals(n). Repeated measures analysis showed a significant treatment x time effect.
doi:10.1371/journal.pone.0025479.g006
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be that treatment with 25(OH)D3 in individuals with sufficient

circulating 25(OH)D3, will only be effective for infections in

anatomical locations with low concentrations of 25(OH)D3, such

as the mammary gland, and possilby the lung, and upper

respiratory tract. It is thus important to note that the data

presented here did not directly address the broader issue of

‘‘systemic vitamin D status’’ on the course of disease. However,

these data clearly demonstrate that increasing 25(OH)D3 concen-

trations in a tissue with low 25(OH)D3 concentrations can

positively influence the early course of the disease.

In this study, the treatment of an intramammary infection with

25(OH)D3 reduced bacterial counts (figure 1), decreased the

severity of the disease (figures 2, 3, 4, 5), and delayed loss of milk

production (figure 6). Based on human studies [16] these results

would depend on the ability of activated monocytes/macrophages

to produce 1,25(OH)2D3 from 25(OH)D3 and to induce

antibacterial peptides such as cathelicidin. Bovine monocytes/

macrophages produces 1,25(OH)2D3 from 25(OH)D3 both in vitro

[4] and in vivo [3] following bacterial activation. Unlike human

monocytes, bovine moncytes stimulated with 1,25(OH)2D3 does

not lead to the induction of antibacterial cathelicidins in the cattle

[4]. To date, only a few genes in bovine have been identified as

responsive to 1,25(OH)2D3 , namely, nitric oxide synthetase , the

chemokine RANTES, vitamin D receptor, S100 calcium binding

protein A12 (S100A12), and 24-hydroxylase [3,4,29]. Presumably

other immune mediators are involved in the vitamin D immune

pathway and experiments to determine them are ongoing. We do

not know whether the lower bacterial counts in the 25(OH)D3

treated animal are the result of enhanced nitric oxide killing,

specific leukocyte recruitment, and/or production of a yet

unidentified antibacterial peptide.

Administration of 25(OH)D3 is known to affect the innate

immune system [2,17,31]. In the case of humans 1,25(OH)2D3

treatment can cause increased expression of cathelicidins or

defensins [32], and in the case of cattle 1,25(OH)2D3 treatment

can cause increased expression in nitric oxide and RANTES [4].

Since the first significant affect of 25(OH)D3 treatment was seen at

48 hours (fourth milking) of infection, it is likely that the affect of

1,25(OH)2D3 treatment is on the innate immune system.

However, we have recently shown that the bovine adaptive

immune system is also sensitive to 25(OH)D3 treatment [29]. In

those experiments, cattle were immunized with an antigen several

weeks prior to the experiment. We showed that antigen-stimulated

PBMC from those immunized cattle, when treated with antigen

and 25(OH)D3 suppressed IFN-c and IL-17F in T cells. The role

of T cells in bovine mastitis is not well defined, however,

reinfection of animals treated and not treated with 25(OH)D3

would begin to assess the role of the affect of vitamin D on the

adaptive immune system during an infection.

At the end of this experiment all animals were treated with

antibiotics to eliminate the S. uberis infections indicating that

25(OH)D3 treatment alone was not an effective in eliminating the

infection. However, the reduction in the number of bacteria and

severity of disease shown in this study suggests that 25(OH)D3 may be

effective in combination with antibiotics. This combined-treatment

approach may allow for reductions in antibiotic use and diminish

concerns about antibiotic residues in the dairy products and

development of antibiotic resistance in food animals. Although not

evaluated in the present study a combined antibiotic and vitamin D

therapy may provide an effective treatment strategy for chronic

infections that are not effectively treated by antibiotics alone.

In conclusion we demonstrated for the first time a positive in

vivo effect of intramammary administration of 25(OH)D3 on the

course of a bacterial infection in the mammary gland. This finding

suggested a significant non-antibiotic complimentary role for

25(OH)D3 in the treatment of infections in compartments

naturally low in 25(OH)D3 such as the mammary gland and by

extension, a potentially useful treatment of lung/respiratory tract

infections via aerosol administration. These experiments were

designed to focus on the early innate immune response to

experimental intramammary infection and do not address to affect

of 25(OH)D3 on adaptive immunity to bacterial infections. Further

studies will be needed to address these important questions.

Acknowledgments

We thank Duane Zimmerman, Randy Atchison, and Derrel Hoy (USDA

National Animal Disease Center, Ames, IA) for their technical assistance.

Author Contributions

Conceived and designed the experiments: JDL TAR. Performed the

experiments: JDL. Analyzed the data: JDL TAR RAS CDN. Contributed

reagents/materials/analysis tools: JDL TAR BJN. Wrote the paper: JDL

TAR RAS BJN CDN.

References

1. Adams JS, Hewison M (2008) Unexpected actions of vitamin D: new

perspectives on the regulation of innate and adaptive immunity. Nat Clin Pract

Endocrinol Metab 4: 80–90. doi:10.1038/ncpendmet0716.

2. Liu PT, Modlin RL (2008) Human macrophage host defense against

Mycobacterium tuberculosis. Current Opinion in Immunology 20: 371–376.

doi:10.1016/j.coi.2008.05.014.

3. Nelson CD, Reinhardt TA, Beitz DC, Lippolis JD (2010) In vivo activation of the

intracrine vitamin d pathway in innate immune cells and mammary tissue during a

bacterial infection. PLoS ONE 5: e15469. doi:10.1371/journal.pone.0015469.

4. Nelson CD, Reinhardt TA, Thacker TC, Beitz DC, Lippolis JD (2010)

Modulation of the bovine innate immune response by production of 1alpha,25-

dihydroxyvitamin D(3) in bovine monocytes. J Dairy Sci 93: 1041–1049.

doi:10.3168/jds.2009-2663.

5. Adams JS, Ren S, Liu PT, Chun RF, Lagishetty V, et al. (2009) Vitamin d-

directed rheostatic regulation of monocyte antibacterial responses. J Immunol

182: 4289–4295. doi:10.4049/jimmunol.0803736.

6. Barbour GL, Coburn JW, Slatopolsky E, Norman AW, Horst RL (1981)

Hypercalcemia in an anephric patient with sarcoidosis: evidence for extrarenal

generation of 1,25-dihydroxyvitamin D. N. Engl. J. Med. 305: 440–443.

doi:10.1056/NEJM198108203050807.

7. Adams JS, Sharma OP, Gacad MA, Singer FR (1983) Metabolism of 25-

hydroxyvitamin D3 by cultured pulmonary alveolar macrophages in sarcoidosis.

J Clin Invest 72: 1856–1860. doi:10.1172/JCI111147.

8. Reinhardt TA, Horst RL, Littledike ET, Beitz DC (1982) 1,25-Dihydroxyvita-

min D3 receptor in bovine thymus gland. Biochemical and Biophysical Research

Communications 106: 1012–1018.

9. Lemire JM, Adams JS, Sakai R, Jordan SC (1984) 1 alpha,25-dihydroxyvitamin

D3 suppresses proliferation and immunoglobulin production by normal human

peripheral blood mononuclear cells. J Clin Invest 74: 657–661. doi:10.1172/

JCI111465.

10. Provvedini DM, Tsoukas CD, Deftos LJ, Manolagas SC (1983) 1,25-

dihydroxyvitamin D3 receptors in human leukocytes. Science 221: 1181–1183.

Table 1. Serum levels of 25(OH)D3 in the cows treated with
100 ug 25(OH)D3 infused into the mammary gland and cows
untreated.

No treatment (ng/ml) 25(OH)D3 (ng/ml)

Day 0 50.963.0 47.764.8

Day 4 52.667.5 54.367.5

Day 10 60.068.3 59.769.8

Numbers represent the mean6standard error of the mean.
doi:10.1371/journal.pone.0025479.t001

Treatment of an Infection with 25-Hydroxyvitamin D3

PLoS ONE | www.plosone.org 6 October 2011 | Volume 6 | Issue 10 | e25479



11. Bhalla AK, Amento EP, Clemens TL, Holick MF, Krane SM (1983) Specific

high-affinity receptors for 1,25-dihydroxyvitamin D3 in human peripheral blood
mononuclear cells: presence in monocytes and induction in T lymphocytes

following activation. J Clin Endocrinol Metab 57: 1308–1310.

12. Chocano-Bedoya P, Ronnenberg AG (2009) Vitamin D and tuberculosis.
Nutrition Reviews 67: 289–293. doi:10.1111/j.1753-4887.2009.00195.x.

13. Rook GA, Steele J, Fraher L, Barker S, Karmali R, et al. (1986) Vitamin D3,
gamma interferon, and control of proliferation of Mycobacterium tuberculosis

by human monocytes. Immunology 57: 159–163.

14. Girasole G, Wang JM, Pedrazzoni M, Pioli G, Balotta C, et al. (1990)
Augmentation of monocyte chemotaxis by 1 alpha,25-dihydroxyvitamin D3.

Stimulation of defective migration of AIDS patients. J Immunol 145:
2459–2464.

15. Reinhardt TA, Stabel JR, Goff JP (1999) 1,25-dihydroxyvitamin D3 enhances
milk antibody titers to Escherichia coli J5 vaccine. J Dairy Sci 82: 1904–1909.

16. Liu PT, Stenger S, Li H, Wenzel L, Tan BH, et al. (2006) Toll-like receptor

triggering of a vitamin D-mediated human antimicrobial response. Science 311:
1770–1773. doi:10.1126/science.1123933.

17. Adams JS, Hewison M (2010) Update in vitamin D. J Clin Endocrinol Metab
95: 471–478. doi:10.1210/jc.2009-1773.

18. Hollis BW (2005) Circulating 25-hydroxyvitamin D levels indicative of vitamin

D sufficiency: implications for establishing a new effective dietary intake
recommendation for vitamin D. J Nutr 135: 317–322.

19. Ginde AA, Liu MC, Camargo CA (2009) Demographic differences and trends of
vitamin D insufficiency in the US population, 1988-2004. Arch. Intern. Med.

169: 626–632. doi:10.1001/archinternmed.2008.604.
20. Ginde AA, Mansbach JM, Camargo CA (2009) Vitamin D, respiratory

infections, and asthma. Curr Allergy Asthma Rep 9: 81–87.

21. Nnoaham KE, Clarke A (2008) Low serum vitamin D levels and tuberculosis: a
systematic review and meta-analysis. Int J Epidemiol 37: 113–119. doi:10.1093/

ije/dym247.

22. Munger KL, Levin LI, Hollis BW, Howard NS, Ascherio A (2006) Serum 25-

hydroxyvitamin D levels and risk of multiple sclerosis. JAMA 296: 2832–2838.
doi:10.1001/jama.296.23.2832.

23. Burton JM, Kimball S, Vieth R, Bar-Or A, Dosch H-M, et al. (2010) A phase I/

II dose-escalation trial of vitamin D3 and calcium in multiple sclerosis.
Neurology 74: 1852–1859. doi:10.1212/WNL.0b013e3181e1cec2.

24. Urashima M, Segawa T, Okazaki M, Kurihara M, Wada Y, et al. (2010)
Randomized trial of vitamin D supplementation to prevent seasonal influenza A in

schoolchildren. Am J Clin Nutr 91: 1255–1260. doi:10.3945/ajcn.2009.29094.

25. Hollis BW, Roos BA, Draper HH, Lambert PW (1981) Vitamin D and its
metabolites in human and bovine milk. J Nutr 111: 1240–1248.

26. Hollis BW, Kamerud JQ, Selvaag SR, Lorenz JD, Napoli JL (1993)
Determination of vitamin D status by radioimmunoassay with an 125I-labeled

tracer. Clin Chem 39: 529–533.
27. Bannerman DD, Paape MJ, Goff JP, Kimura K, Lippolis JD, et al. (2004) Innate

immune response to intramammary infection with Serratia marcescens and

Streptococcus uberis. Vet. Res. 35: 681–700. doi:10.1051/vetres:2004040.
28. Bruce D, Ooi JH, Yu S, Cantorna MT (2010) Vitamin D and host resistance to

infection? Putting the cart in front of the horse. Exp Biol Med (Maywood) 235:
921–927. doi:10.1258/ebm.2010.010061.

29. Nelson CD, Nonnecke BJ, Reinhardt TA, Waters WR, Beitz DC, et al. (2011)

Regulation of mycobacterium-specific mononuclear cell responses by 25-
hydroxyvitamin d(3). PLoS ONE 6: e21674. doi:10.1371/journal.pone.0021674.

30. Sordillo LM, Shafer-Weaver K, DeRosa D (1997) Immunobiology of the
mammary gland. J Dairy Sci 80: 1851–1865. doi:10.3168/jds.S0022-

0302(97)76121-6.
31. Hewison M (2010) Vitamin D and the intracrinology of innate immunity. Molecular

and cellular endocrinology 321: 103–111. doi:10.1016/j.mce.2010.02.013.

32. Adams JS, Liu PT, Chun R, Modlin RL, Hewison M (2007) Vitamin D in
defense of the human immune response. Annals of the New York Academy of

Sciences 1117: 94–105. doi:10.1196/annals.1402.036.

Treatment of an Infection with 25-Hydroxyvitamin D3

PLoS ONE | www.plosone.org 7 October 2011 | Volume 6 | Issue 10 | e25479


