
Regulation of the human cathelicidin antimicrobial peptide gene
by 1α,25-dihydroxyvitamin D3 in primary immune cells

Malcolm B. Lowrya,b, Chunxiao Guoa,c, Niels Borregaardd, and Adrian F. Gombarta,c,*

aLinus Pauling Institute, Oregon State University, Corvallis, OR 97331, USA

bDepartment of Microbiology, Oregon State University, Corvallis, OR 97331, USA

cDepartment of Biochemistry and Biophysics, Oregon State University, Corvallis, OR 97331, USA

dDepartment of Hematology, Rigshospitalet-4042, University of Copenhagen, Copenhagen
DK-1200, Denmark

Abstract

Production of the human cathelicidin antimicrobial peptide gene (hCAP18/LL-37), is regulated by

1α,25-dihydroxyvitamin D3 (1,25D3) and is critical in the killing of pathogens by innate immune

cells. In addition, secreted LL-37 binds extracellular receptors and modulates the recruitment and

activity of both innate and adaptive immune cells. Evidence suggests that during infections

activated immune cells locally produce increased levels of 1,25D3 thus increasing production of

hCAP18/LL-37. The relative expression levels of hCAP18/LL-37 among different immune cell

types are not well characterized. The aim of this study was to determine the relative levels of

hCAP18/LL-37 in human peripheral blood immune cells and determine to what extent 1,25D3

increased its expression in peripheral blood-derived cells. We show for the first time, a hierarchy

of expression of hCAP18 in freshly isolated cells with low levels in lymphocytes, intermediate

levels in monocytes and the highest levels found in neutrophils. In peripheral blood-derived cells,

the highest levels of hCAP18 following treatment with 1,25D3 were in macrophages, while

comparatively lower levels were found in GM-CSF-derived dendritic cells and osteoclasts. We

also tested whether treatment with parathyroid hormone in combination with 1,25D3 would

enhance hCAP18 induction as has been reported in skin cells, but we did not find enhancement in

any immune cells tested. Our results indicate that hCAP18 is expressed at different levels

according to cell type and lineage. Furthermore, potent induction of hCAP18 by 1,25D3 in

macrophages and dendritic cells may modulate functions of both innate and adaptive immune cells

at sites of infection.
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1. Introduction

The cathelicidin antimicrobial peptide (CAMP) gene encodes an 18-kDa pro-protein

(hCAP18) that is processed to release a peptide, LL-37, that is essential for direct killing of

pathogens by professional phagocytes such as neutrophils and macrophages and in barrier

defense of epithelial cells that are exposed to the environment [1–3]. Expression of the

CAMP gene is strongly induced in macrophages and epithelia by the vitamin D receptor

(VDR) and its ligand 1α,25(OH)2D3 (1,25D3) in humans and primates, but not other

mammals [4–7]. Unlike other antimicrobial peptide genes that are induced directly during

infection and inflammation by NFκB, the CAMP gene is induced by the vitamin D receptor

and its ligand 1α,25-dihydroxyvitamin D3 (1,25D3) which are up-regulated via toll-like

receptor (TLR)-signaling [8]. Inadequate serum levels of 25-hydroxyvitamin D3 prevent

induction of CAMP gene expression by macrophages [8,9] and thus, vitamin D status in

humans has direct links to antimicrobial functions in innate immune cells.

The LL-37 peptide is a chemoattractant for T-cells, dendritic cells, neutrophils, and

monocytes [10–12], which allows LL-37 to influence cellular traffic at sites of infection or

inflammation. LL-37 affects dendritic cell activation and subsequent priming of T-cells

when added exogenously [13], demonstrating that LL-37 may also regulate adaptive

immune responses, however expression of hCAP18 by dendritic cells has not been well

characterized. The presence of hCAP18 has been confirmed in α T cells, B cells, monocytes

and NK cells of the peripheral blood by immunohistochemistry and fluorescent microscopy

[12], but this approach does not allow for relative quantitative comparisons of levels

between different cells types. Identifying which immune cells have high or low baseline

levels of hCAP18 and identifying those cells that express higher protein levels in response to

1,25D3 is essential to understanding the cellular sources of hCAP18 that may shape the

immune response. This information will provide a better understanding of local effects in

specific tissues where 1,25D3 may be produced and induce hCAP18 expression [14]. To

determine the relative levels of hCAP18 in different primary immune cell types, we

measured it by intracellular staining and flow cytometry in peripheral blood mononuclear

cells (PBMC) and neutrophils. Furthermore, we determined the level of induction of CAMP

mRNA and hCAP18 in peripheral blood-derived monocytes, macrophages, dendritic cells

and osteoclasts in response to treatment with 1,25D3. Parathyroid hormone (PTH) has

recently been demonstrated to increase CAMP mRNA expression in human skin cells [15],

but the effect of PTH on CAMP expression in immune cells is unknown. We tested whether

PTH alone or in combination with 1,25D3 could enhance CAMP expression in

macrophages, dendritic cells and osteoclasts.
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2. Materials and methods

2.1. Isolation of peripheral blood mononuclear cells

All work with human participants was conducted in accordance with the Declaration of

Helsinki. The experiments were conducted with the informed consent of each volunteer

participant and approved by the Institutional Review Board of Oregon State University.

Human blood was collected into heparinized tubes and diluted with PBS and layered over a

density gradient (Lympho-prep, Mediatech Inc., Manassas, VA USA) to separate

mononuclear cells. PBMC were washed in PBS and used for either flow cytometry or cell

culture. To obtain neutrophils, the red blood cell and granulocyte rich pellet from the density

gradient was diluted and incubated with dextran sulfate for 1 h to sediment the red blood

cells. The neutrophil rich supernatant was washed with PBS and used for flow cytometry.

2.2. Cell culture

Human PBMC were maintained in RPMI 1640 (Mediatech Inc.) supplemented with 10%

(v/v) heat-inactivated FBS, 2 mM L-glutamine, and 1% Pen/Strep (Invitrogen Corporation,

Carlsbad, CA, USA). Cell cultures were incubated at 37 °C in a humidified 5% CO2

incubator. To derive macrophages from PBMC, cells were cultured in RPMI as above with

human M-CSF (25 ng/ml; Prospec Bio, Rehovet, Israel) for 8 to 9 days. To derive dendritic

cells, PBMC were cultured in RPMI containing human GM-CSF (25 ng/ml) and IL-4 (20

ng/ml; Prospec Bio) with 50 μm 2-mercaptoethanol for 8 to 9 days [16]. To derive

osteoclasts, we used a modified protocol based on expanding the monocyte/macrophage

population first and then inducing osteoclast differentiation. PBMC were cultured in MEMα

with human M-CSF (25 ng/ml) for 7 days followed with human RANKL (50 ng/ml) and M-

CSF for an additional 14 days [17]. The stock solution of 1,25D3 (1 mM) was diluted in

ethanol and subsequently diluted in culture media to a concentration of 10 nM. The human

parathyroid hormone 1-34 fragment (Genscript, Piscataway, NJ, USA) was diluted in culture

media to concentrations of 10−8 M and 10−11 M for use in cell stimulation experiments.

2.3. Flow cytometry

Cells were stained with conjugated antibodies to lineage markers in PBS with 2% FBS at 4

°C. Following staining, the cells were washed and then fixed, permeabilized and blocked

using the eBio-science Fixation and Permeabilization Kit as described by the manufacturer

(eBioscience, Inc., San Diego, CA, USA). Cells were incubated with an anti-hCAP18 rabbit

polyclonal antibody [18] or a rabbit IgG control. A secondary Dylight 649 Fab′2 donkey

anti-rabbit antibody (Jackson Immunoresearch, Pike West Grove, PA, USA) was used to

detect the rabbit polyclonal. Fluorescence activated cell sorting (FACS) was performed on a

BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) and the results

were analyzed by BD CellQuest™ Pro software (BD Biosciences). Antibody against CD14

was purchased from Genetex (Irvine, CA, USA) while all other lineage marker antibodies

were from eBioscience.
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2.4. Quantitative reverse transcriptase PCR (qRT-PCR)

PCR reactions were set up as described previously [19]. PCR was performed on a Bio-Rad

CFX-96 QPCR system (Bio-Rad Laboratories, Hercules, CA, USA). Target gene expression

was normalized to either 18S rRNA or β-actin. Primers for human CD14 were as follows:

forward 5′-agcctagacctcagccacaa-3′ and reverse 5′-cttggctggcagtcctttag-3′. Primers and

probe for the calcitonin receptor (CALCR) were obtained from Integrated DNA

Technologies (Coralville, Iowa, USA).

2.5. Measurement of serum 25-hydroxyvitamin D

Blood drawn from donors was collected and stored overnight at 4 °C. Serum was removed

and stored at −80 °C and was sent for clinical testing at ZRT Laboratories (Beaverton, OR,

USA) to determine total serum 25-hydroxyvitamin D levels.

2.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5 software (GraphPad

Software, La Jolla, CA, USA). T-test and one-way ANOVA with Tukey’s multiple

comparison post-test were used for determination of significance.

3. Results

3.1. Order of hCAP18 expression in freshly isolated human PBMC

To measure the expression of hCAP18 in PBMC, we prepared cells from freshly drawn

blood using standard gradient centrifugation techniques. The PBMC were then stained with

primary antibodies to surface lineage markers to identify monocytes (CD14), B-cells

(CD19), T-cells (CD4 and CD8), and natural killer (NK) cells (CD56). Intracellular staining

for hCAP18 was performed using a polyclonal antibody that recognizes the precursor and

the mature LL-37 peptide and cells were analyzed by two-color flow cytometry to measure

expression. We refer to the expression of both the precursor and LL-37 peptide as hCAP18

expression in Section 3. Expression of hCAP18 was detected in all cell types examined (Fig.

1A). By comparing the average mean fluorescence intensity (MFI) of hCAP18 staining, a

general hierarchy in terms of levels of expression was observed. Within PBMC, monocytes

had the highest expression with an MFI of 98, followed by B and T lymphocytes and NK

cells with about 50% less expression (MFIs ranging from 49 to 43, Fig. 1A). The expression

levels of hCAP18 between the different lymphocyte types were very similar for CD4+ and

CD8+ T-cells and CD19+ B-cells and NK cells.

Neutrophils from the peripheral blood showed a slightly higher background staining with

rabbit IgG as compared to PBMC (Fig. 1B) which was observed before by others [20]. By

subtracting the background staining, we could compare the MFIs for hCAP18 in neutrophils

and PBMC. Expression of hCAP18 in neutrophils (average MFI of 300) was about three

times higher than in monocytes and six times higher than lymphocytes and NK cells (Fig.

1B). This level of expression is consistent with previous studies showing high-level

expression of hCAP18 in neutrophils [20,21].
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We tested a total of seven donors by flow cytometry for the expression of hCAP18 using

lineage markers in PBMC and in neutrophils. We also measured serum levels of 25-

hydroxyvitamin D in the donors to ensure that all donors were sufficient for vitamin D.

Serum levels of 25-hydroxyvitamin D ranged from 29 to 46 ng/ml, with an average of 33

ng/ml, confirming that all donors were sufficient for vitamin D (data not shown). We

observed the same hierarchy of hCAP18 expression in all of the individual donors with

neutrophils having the highest hCAP18 expression, monocytes having intermediate

expression, and lymphocytes having the lowest expression (Fig. 1C). There was some

variability between different donors as to the precise MFI for each of the three major groups

of cells; neutrophils, monoctyes, and lymphocytes, yet the groups were significantly

different when compared by ANOVA with Tukey’s Multiple comparison test (Fig. 1C).

Therefore, we conclude that in healthy adults with sufficient vitamin D, hCAP18 does

follow a hierarchy of expression based on cell type.

3.2. 1,25D3 induction of hCAP18 in PBMC

The CAMP gene is induced by 1,25D3 in a number of cell types including monocytes, but

has not yet been determined for primary lymphocytes [4–6]. We examined how PBMC in

culture responded to treatment with 1,25D3 by measuring hCAP18 induction and CD14

surface expression. PBMC were cultured for 24 h with and without 10 nM 1,25D3 and were

then stained for surface lineage markers and hCAP18. We chose 10 nM 1,25D3 as the dose

for treatment since this concentration is close to what human macrophages have been

reported to synthesize in culture (5 nM) and may reflect the range of concentrations that can

be generated endogenously or in localized tissue areas [22]. After 24 h of treatment with

1,25 D3, monocytes showed a clear increase in both CD14 surface expression and in

hCAP18 expression (Fig. 2A). Control monocytes had an MFI of 179 for hCAP18

expression and the MFI for monocytes treated with 1,25D3 was 265, a 1.5 fold increase over

the control. CD14 expression is also regulated by 1,25D3 [23], thus serving as a second

measure for 1,25D3 responsiveness in monocytes. CD14 surface expression for the control

had an MFI of 533, which increased 2.5 fold to an MFI of 1350 with 1,25D3 treatment. We

did not detect any significant changes in hCAP18 protein in CD3+ T-cells or CD19+ B-cells

under these conditions (data not shown).

3.3. 1,25D3 induction of hCAP18 in monocyte derived macrophages and dendritic cells

1,25D3 induces CAMP gene expression in macrophages derived from primary monocytes in

culture using defined growth factors [5], but induction in dendritic cells has not been

determined. Monocytes from PBMC fractions were cultured with recombinant M-CSF for 8

to 9 days to allow differentiation to a macrophage phenotype, or GM-CSF + IL-4 for 10

days to allow differentiation to a myeloid dendritic cell phenotype. During the last 48 h of

culture, cells were treated with vehicle control or 10 nM 1,25D3 and then harvested for

analysis by flow cytometry and parallel isolation of RNA. For two-color flow cytometry, the

cells were surface stained for CD14, and then fixed, permeabilized and stained

intracellularly for hCAP18 or rabbit IgG control.

Macrophages differentiated for 9 days and treated for 48 h with 1,25D3 showed a 4-fold

increase in MFI (58 to 208) for hCAP18 (Fig. 2B). Analysis of the two-color density plots
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by quadrants showed that an increase in hCAP18 levels occurred in 30% of the cells (Fig.

2B). Macrophages showed two distinct populations of cells (Fig. 2B), one with low CD14

expression (MFI of 50) and the second with high expression (MFI of 423). Although

hCAP18 expression increased in both CD14 populations, the percentages of cells expressing

low CD14 and high CD14 did not change significantly with 1,25D3 treatment. The slight

change in CD14 expression in macrophages upon treatment with 1,25D3 differs from what

was observed in monocytes cultured for 24 h in which CD14 surface expression increased

2.5-fold.

In dendritic cells, CD14 staining identified a single population of cells with a MFI of 40 in

the control that increased almost 5-fold to an MFI of 192 in the 1,25D3 treated cells (Fig.

2B). Expression of hCAP18 increased 1.7-fold in 1,25D3 treated cells (MFI of 118) as

compared to the control (MFI of 69; Fig. 2B). Analysis of the two-color density plots by

quadrants revealed that 51% of cells increased expression of both CD14 and hCAP18 as

shown by the increased density of cells in the upper right quadrant of Fig. 2B. A comparison

of the different cell types showed that baseline expression levels of hCAP18 were relatively

similar between macrophages and dendritic cells (Fig. 2B and C). Nevertheless, the

induction of hCAP18 expression following treatment with 1,25D3 differed among the cell

types, with macrophages showing higher levels than the DCs. We confirmed this trend in

other replicate experiments using different donors. We compared the hCAP18 MFI from

five experiments with macrophages treated with 1,25D3 and three experiments with

dendritic cells treated with 1,25D3 (Fig. 2C). The fold change in expression of hCAP18 was

significantly higher in macrophages as compared to dendritic cells (Fig. 2C). CD14

expression also differed among the cell types, with macrophages having populations of low

and high expression, while dendritic cells had one low expressing population. Following

treatment with 1,25D3, dendritic cells showed a 5-fold increase in surface CD14 expression,

while macrophages had less than 1.6-fold increase in CD14 (Fig. 2B).

3.4. Induction of CAMP mRNA in macrophages and dendritic cells by 1,25D3

M-CSF-derived macrophages were treated with 1,25D3 for 24 h and compared to untreated

cells. We observed a 615-fold increase in CAMP mRNA expression (Fig. 3A) and a 5-fold

increase in CD14 mRNA expression. The well-characterized VDR target gene CYP24A1

increased 100,000-fold (Fig. 3A).

We next analyzed macrophages and dendritic cells stimulated for 48 h with 1,25D3 for

CAMP mRNA induction. In untreated cells, dendritic cells had lower CAMP transcript

levels, while macrophages had 16-fold more (Fig. 3B). When the two cell types were treated

with 1,25D3 for 48 h, macrophages had 7-fold higher transcript levels than the dendritic

cells which was significant by ANOVA. (Fig. 3B). These results are consistent with the

hCAP18 protein induction observed by flow cytometry following 1,25D3 treatment. The

relative order of the mRNA increase matches the rank of protein expression, with dendritic

cells showing lower levels and macrophages showing higher levels.

We further analyzed the mRNA expression of CD14 and CYP24A1 in macrophages and

dendritic cells. Macrophages treated with 1,25D3 for 48 h showed a modest increase in

CD14 mRNA with 2.6-fold change (Fig. 3C). This result was consistent with the slight
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induction of CD14 protein detected by flow cytometry in macrophages treated with 1,25D3.

Dendritic cells showed a stronger increase in CD14 mRNA with a 59-fold increase

following treatment with 1,25D3 for 48 h (Fig. 3C), again matching the protein induction

observed for CD14 which was 5-fold for the entire population of cells (Fig. 2B). A wide

dynamic range of CYP24A1 mRNA induction was observed in both cell types in response to

1,25D3 (data not shown).

3.5. Vitamin D induction of hCAP18 in monocyte derived osteoclasts and the effects of
PTH on hCAP18 induction

Osteoclasts are bone-remodeling cells of immune origin. Currently it is unknown whether

human osteoclasts express CAMP or if 1,25D3 treatment would induce expression of

CAMP. Osteoclasts are targets of vitamin D action in calcium metabolism, making these

cells a logical target to examine for CAMP expression. Osteoclasts were derived from

monocytes cultured with M-CSF and RANKL for 21 days. To test for induction, they were

treated with vehicle control or 10 nm 1,25D3 for 48 h. The majority of cells expressed high

levels of CD14 and both low and high CD14+ populations expressed hCAP18 (Fig. 4A).

Following 1,25D3 treatment, the low CD14+ population showed a 2.3-fold increase of

hCAP18, while the high CD14+ population showed a 1.4-fold increase in hCAP18 levels

(Fig. 4A). CD14 expression did not change significantly in either population, which was

similar to that seen in more mature macrophages (Fig. 2B). The amount of hCAP18 induced

in osteoclasts was similar in magnitude to that observed in GM-CSF-derived dendritic cells,

but lower than that observed in macrophages.

Parathyroid hormone (PTH) is involved in regulating calcium metabolism and influences

bone remodeling. It was recently reported that PTH in combination with 1,25D3 increased

CAMP gene transcription in human skin cells [15]. To determine if PTH and 1,25D3

increased hCAP18 expression in osteoclasts and macrophages, we treated monocyte-derived

osteoclasts with or without PTH in combination with 1,25D3 to test for cooperative

induction. Measuring protein levels by flow cytometry, we observed a 1.6-fold (MFI 48 to

77) increase in hCAP18 protein after 1,25D3 treatment. Treatment with 10 nM PTH alone

for 48 h had no effect on hCAP18 protein levels. When osteoclasts were treated with both

PTH and 1,25D3 for 48 h, the MFI increased from 48 to 67, less than the induction observed

for 1,25D3 alone (Fig. 4A). Treatment with 1,25D3 alone induced CAMP at the transcript

level, while treatment with only PTH had no effect on CAMP gene expression (Fig. 4B).

Combining PTH and 1,25D3 resulted in lower levels of transcript as compared with 1,25D3

alone (Fig. 4B). Taken together, we conclude that in osteoclasts the combination of PTH and

1,25D3 does not result in enhanced expression of CAMP.

As a positive control for PTH activity, we examined expression of a known PTH target gene

in osteoclasts, the calcitonin receptor (CALCR). CALCR is part of a feedback circuit

induced by PTH that limits the bone resorbing activity of activated osteoclasts once calcium

levels have increased [24]. We detected CALCR in resting osteoclasts, and treatment with

PTH alone led to a significant 2.2-fold increase in CALCR mRNA. Treatment with 1,25D3

led to a slight decrease in CALCR mRNA, while the combination of PTH with 1,25D3 was
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similar to the baseline mRNA level (Fig. 4C). Taken together, the data demonstrate that

osteoclasts responded to PTH at the dose used in these experiments.

In similar experiments with macrophages, we observed a 3.6-fold increase in hCAP18 levels

(MFI from 58 to 208) with 1,25D3 treatment. Treatment with PTH alone had no effect on

hCAP18 protein, while treatment with both PTH and 1,25D3 resulted in a 3.7-fold increase

in hCAP18 levels, comparable to that observed with 1,25D3 alone (Fig. 4D). At the

transcript level, PTH had no effect on CAMP mRNA expression with or without 1,25D3

(Fig. 4B). A lower dose of PTH, 10−11 M, in combination with 1,25D3 did not affect CAMP

induction in macrophages (Supplemental Fig. 1). We do not believe that 10 nM 1,25D3 was

masking the potential of PTH to increase hCAP18, since in skin cells synergy was observed

at 100 nM 1,25D3 in combination with 10−11 M PTH [15]. We have also tested 1,25D3 at

several concentrations for induction of hCAP18 in macrophages and have found that 10 nM

1,25D3 is not a maximal dose for these cells (data not shown). In addition, PTH had no

effect on hCAP18 expression in DCs when given alone or in combination with 1,25D3

(Supplemental Fig. 2). Taken together, these data indicate that PTH does not affect

expression of the CAMP gene in cells of myeloid origin as it does in skin cells.

4. Discussion

4.1. Expression of hCAP18 in immune system cells

Expression of the CAMP gene is essential for innate immune defense against many

pathogens including bacteria, viruses, and fungi [1]. In humans, CAMP expression was

initially described in bone marrow and neutrophils where the protein is stored in specific

granules [25,26]. Neutrophils constitutively express high levels of hCAP18 (630 μg per 109

cells) [18]. CAMP also is expressed by other immune cells and by epithelial cells of the

skin, gut, urinary tract and mucous membranes where it helps provide a barrier to infection

at these sites [27–30]. Immunofluorescent microscopy showed that hCAP18 is present in

peripheral blood monocytes, B-lymphocytes, NK cells, tonsillar dendritic cells [12] and γδ

T-lymphocytes express hCAP18 as well as macrophages and lymphocytes from bronchiolar

lavage samples [12,31]. Nevertheless, studies quantitating hCAP18 levels are lacking and

knowledge of differences in hCAP18 expression levels between these cells types is still

unknown. This is the first study using intracellular staining and flow cytometry to more

quantitatively compare hCAP18 expression in freshly isolated PBMC and neutrophils. We

found a hierarchy of relative protein expression, with neutrophils showing the highest levels,

monocytes intermediate levels, and lymphocytes the lowest levels. In the lymphocyte

population, B-cells, NK cells, CD4+ T-cells and CD8+ T-cells had similar levels of hCAP18

expression.

Monocytes, macrophages, dendritic cells and osteoclasts all have roles in the innate immune

response, while dendritic cells also shape the adaptive immune response. In vivo, all of these

cell types locally produce 1,25D3 through the actions of the CYP27B1 enzyme expressed in

these cell types [32,33]. Toll-like receptor (TLR) signal pathways in immune cells are

activated when they encounter pathogens leading to an increase in CYP27B1 and 1,25D3

production when sufficient 25(OH)D3 levels are present [8]. Thus, the effect of 1,25D3 on

these cells may be due to systemic sources or locally from autocrine or paracrine sources,
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both of which may influence CAMP expression. Identifying which immune cells efficiently

induce CAMP in response to 1,25D3 is an important first step in understanding local tissue

responses influenced by vitamin D and hCAP18/LL37. 1,25D3 induction of CAMP gene

expression in dendritic cells and osteoclasts has not yet been studied. We compared

induction of hCAP18 in monocytes, macrophages, dendritic cells, and osteoclasts after

1,25D3 treatment. The highest levels of hCAP18 following treatment with 1,25D3 were seen

in macrophages and monocytes, while lower levels were observed in osteoclasts and

dendritic cells.

4.2. Potential roles for hCAP18 in dendritic cells

CAMP modulation of the immune response and its influence on the adaptive immune

response has been described for both human cells and in mouse models. LL-37 is a

chemotactic factor for T-cells, monocytes, dendritic cells, neutrophils, and mast cells

[11,12,34]. In vitro, dendritic cell development is altered with treatment of exogenous LL-37

resulting in increased T-cell co-stimulation and an enhanced Th-1 response [13]. The Th-1

promoting effect of LL-37 was confirmed in a knockout model for mouse cathelicidin

(CRAMP) as these mice displayed increased Th2 T-cell responses [35]. Upon maturation,

human dendritic cells increase expression of CYP27B1 and interaction of T-cells with

dendritic cells through CD40 and CD40L strongly induces CYP27B1 in dendritic cells [36].

Taken in context with our finding that GM-CSF-derived dendritic cells induce hCAP18

expression in response to 1,25D3, it is likely that endogenously produced LL-37 by dendritic

cells may also act on T-cells or other immune cells and modulate local immune responses.

Possible outcomes include increased chemotaxis of T-cells toward LL-37 producing

dendritic cells and influences on T-helper cell development toward a Th-1 profile. Several

studies have shown that 1,25D3 treatment of human dendritic cells generally leads to a more

anti-inflammatory tolerogenic condition in which co-stimulatory ligands for T-cell

activation and inflammatory cytokines such as IFN-γ, and IL-17 are reduced [36–38].

Dendritic cell maturation is a complex series of events with inflammatory cytokines, TLR

signals and vitamin D status all shaping the outcome. A study using global gene pro-filing in

human monocyte-derived dendritic cells suggests that, independently of the inflammatory

environment, 1,25D3 regulates approximately 200 genes, including CAMP [39]. Whether

CAMP acts as a pro-inflammatory factor or tolerogenic factor during adaptive immunity

may depend on the context of other immune signals.

The levels of CAMP expression in specific tissues may alter adaptive immune responses as

suggested by the observation that low levels of CAMP are seen in atopic dermatitis patients

[40], whereas CAMP is present at abnormally high levels in patients with psoriasis [27,41].

During wound healing in the skin plasmacytoid dendritic cells are recruited and produce

Type1 interferons that are needed for the initial inflammatory reaction and to promote

subsequent healing [42]. At this time the expression of CAMP increases locally, coinciding

with the recruitment of plasmacytoid dendritic cells to the wound site. In mouse models,

injection of CRAMP into skin causes increased expression of Type 1 interferons [42]. Thus

CAMP has a normal role in skin healing that may involve recruitment of plasmacytoid

dendritic cells and the subsequent activation of these cells responding to cellular damage

[43]. When CAMP expression is dysregulated, as in psoriasis, increased Type 1 interferon
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production appears to lead to the development of autoimmune T-cells [42]. Precisely how

hCAP18 or LL-37 influences T-cell activation and dendritic cell function is not well

understood, but it may alter cytokine profiles or the type of dendritic cells that are recruited

to the local tissue.

4.3. Lack of cooperative induction of CAMP by PTH and 1,25D3 in myeloid origin cells

Increased CAMP expression has been seen in human skin cells when both 1,25D3 and PTH,

a hormone involved in calcium metabolism, are combined in vitro [15]; therefore, we

determined if PTH could cooperatively induce CAMP expression with 1,25D3 in osteoclasts

and macrophages. This synergy is proposed to offer an alternative pathway for CAMP

expression in the skin during vitamin D deficiency, when PTH may be increased.

Osteoclasts are cells of myeloid origin and express PTH type 1 receptors [44], making them

a logical choice to test this synergy since osteoclasts are also responsive to 1,25D3.

Although osteoclasts do increase CAMP transcription and hCAP18 protein following

treatment with 1,25D3, they do not show enhanced expression when both PTH and 1,25D3

are present. We were able to show an increase in CALCR mRNA with PTH treatment,

confirming that the cells could indeed respond to PTH. We extended this observation further

by measuring CAMP expression at both transcript and protein level in macrophages and

DCs treated with PTH and again did not see any cooperative effects of PTH with 1,25D3.

Thus, it is likely that in cells of myeloid origin, PTH does not act in synergy with 1,25D3 as

it does in keratinocytes [15].

4.4. Potential roles of hCAP18 expression in osteoclasts

Increased expression of CAMP in response to 1,25D3 in osteoclasts is an intriguing finding

because bone is an important source of 1,25D3 production. Osteoclasts express CYP27B1

and thus are likely to regulate CAMP expression in both autocrine and paracrine manners

since other bone resident cells such as osteoblasts also produce 1,25D3 [45]. LL-37 has been

shown to increase the chemotactic response of hematopoietic stem cells to SDF-1 during

bone marrow transplantation [46]. The bone remodeling function of osteoclasts is necessary

to preserve and create available niches in the marrow compartment for hematopoietic stem

cells [47]. It is possible that cycles of osteoclast remodeling activity followed by 1,25D3

production may enable osteoclasts to couple the creation of new niches with chemotactic

signals mediated by LL-37 and other bone marrow derived factors. Other roles for LL-37 in

bone are not well defined in vivo, but in vitro differentiation of osteoclasts appears to be

reduced by the addition of exogenous LL-37, suggesting additional functions for CAMP

expression [48]. A recent study using an induced model of arthritis in rats found increased

expression of rCRAMP, the rat homolog to hCAP18, in macrophages and osteoclasts in

inflamed joints [49]. However, unlike the human gene, the rCRAMP gene is not directly

regulated by 1,25D3 [5,7] so the mechanism of increased expression likely differs.

In summary, our data comparing the baseline expression of CAMP and the induced response

to 1,25D3 provides a basis to understand the cell type specific role of CAMP expression in

local tissue sites. Quantitative data showing which cell types increase CAMP expression in

response to vitamin D improves our understanding of how CAMP shapes both the innate

and adaptive immune responses.
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Abbreviations

1,25D3 1α,25-dihydroxyvitamin D3

hCAP18 human 18-kDa cationic antimicrobial protein

LL-37 37 amino acid cathelicidin antimicrobial peptide

GM-CSF granulocyte macrophage colony stimulating factor

CAMP cathelicidin antimicrobial peptide

VDR vitamin D receptor

NFκB nuclear factor kappa-B

TLR toll-like receptor

PBMC peripheral blood mononuclear cell

PTH parathyroid hormone

PBS phosphate buffered saline

M-CSF macrophage CSF

RANKL receptor activator of NFκB ligand

qRT-PCR quantitative reverse transcriptase polymerase chain reaction

CALCR calcitonin receptor

NK natural killer

MFI mean fluorescence intensity
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Fig. 1. Expression of hCAP18 in freshly isolated human PBMC and neutrophils
(A) Freshly isolated human PBMCs were stained for lineage markers and hCAP18 and

analyzed by two-color flow cytometry. The left column of the FACS density plots shows

staining with a control rabbit IgG and lineage markers, while the right column shows the

corresponding hCAP18 expression with the same lineage marker. (B) Human neutrophils

stained for hCAP18 compared to a control rabbit IgG and unstained cells in a FACS

histogram. In both A and B, the mean fluorescence intensity (MFI) for hCAP18 is noted in

the upper right of the FACS plots. The plots are from one donor, representative of seven

donors tested. (C) Scatter plot of hCAP18 log MFI for seven donors grouped by cell lineage.

In each cell group, the central line represents the mean MFI, while the error bars represent

the 95% confidence interval as determined by ANOVA. Asterisks denote that all cell lineage

groups were statistically different from one another by ANOVA with Tukey’s Multiple

comparison test (p < .05).
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Fig. 2. Induction of hCAP18 expression by 1,25D3 treatment in monocytes, macrophages and
dendritic cells
(A) Monocytes were cultured for 24 h in control media or media with 10 nM 1,25D3 and

then stained for both CD14and hCAP18 or control rabbit IgG. The MFI for hCAP18 is noted

in the upper right corner of the FACS density plots. (B) Macrophages and dendritic cells

were treated with vehicle or with 10 nM 1,25D3 for 48 h and then stained for both CD14

and hCAP18 expression and shown as density plots. The total MFI for hCAP18 is noted in

the upper right corner of the density plots. The plots are representative of 3 donors tested.

(C) Comparison of hCAP18 MFI between macrophages and dendritic cells by scatter plot

from 5 experiments with macrophages and 3 with dendritic cells treated as in part B. In each

group, the central line represents the mean, while the error bars depict the standard error,

and the asterisk denotes that induction was statistically significant in macrophages as

compared to control and to the dendritic cell 1,25D3 treatment group (p < .05).
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Fig. 3. Expression of CAMP, CD14 and CYP24A1 mRNA in response to treatment with 1,25D3
(A) Macrophages were treated with vehicle (ethanol) or 1,25D3 for 24 h. Total RNA was

harvested and cDNAs generated for use in qRT-PCR. The data were normalized to β-actin

and expressed as fold change versus the control treatment. (B) Dendritic cells and

macrophages were treated with vehicle or 10 nM 1,25D3 for 48 h. CAMP mRNA levels for

different cell types were determined by qRT-PCR and normalized to ribosomal 18S RNA

using copy number standards. Data shown are from a single experiment and representative

of four experimental replicates. (C) CD14 mRNA expression for samples described in panel

B. CD14 levels were normalized to β-actin and are expressed as fold-change versus the

vehicle control. Asterisks denote significance between 1,25D3 and controls, while two

asterisks denote significant difference between the 1,25D3 treatment groups (p < .05).
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Fig. 4. Lack of cooperative induction of CAMP gene expression by 1,25D3 and PTH in
osteoclasts and macrophages
(A) Osteoclasts were treated 48 h with combinations of 10 nM 1,25D3 and 10 nM

parathyroid hormone (PTH) and then stained for hCAP18 and CD14. FACS density plots

show hCAP18 expression on the y-axis and CD14 expression on the x-axis, with the MFI for

hCAP18 noted in the upper right hand corner. (B) qRT-PCR of CAMP mRNA expression

from osteoclasts and macrophages treated with 1,25D3 and PTH normalized to ribosomal

18S RNA using copy number standards, with the asterisks denoting significance from

controls by ANOVA (p < .05). (C) Quantitative PCR measuring CALCR mRNA expression

in osteoclasts treated as in panel A. The data are expressed as fold-change normalized to

ribosomal 18S RNA relative to the control vehicle treatment, and the asterisk denotes

significance by ANOVA versus other treatments (p < .05). (D) Macrophages were treated

with combinations of 1,25D3 and PTH for 48 h and then stained for CD14 and hCAP18

expression. FACS density plots for each treatment have the MFI for hCAP18 noted in the

upper right corner. Macrophages were also treated with a lower dose of 10−11 M PTH in

combination with 1,25D3 as in part D (Supplemental Fig. 1). GM-CSF derived dendritic

cells were also tested for responses to PTH and 1,25D3 (Supplemental Fig. 2).
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