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Abstract
Human cathelicidin refers to the cationic antimicrobial peptide hCAP18/LL-37. LL-37 is formed by cleavage of the pro-
peptide hCAP18 coded by the CAMP gene. The active form of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH)D), has been 
shown to induce the CAMP gene expression through promoter activation. We previously failed to demonstrate in a clinical 
trial that supplementation of 25-hydroxyvitamin D (25(OH)D) improves LL-37 serum levels. The aim of this work was to 
evaluate the impact of 25(OH)D supplementation on intracellular expression of CAMP and secretion of LL-37 in an ex vivo 
model using the peripheral blood mononuclear cells (PBMC). PBMC collected from healthy donors and incubated with dif-
ferent concentrations of 25(OH)D (0 ng/ml: control (D0); 25 ng/ml: deficient (D25); 75 ng/ml: physiological (D75); 125 ng/
ml: supraphysiological (D125)) were stimulated or not with lipopolysaccharide (LPS, 100 ng/ml) or synthetic double-stranded 
RNA Poly (I: C) (PIC, 10 µg/ml). The intracellular expressions of the CAMP gene and the hCAP18 peptide were measured 
respectively after 24-h and 48-h incubation periods. The concentration of LL-37 was determined in the culture medium after 
48-h incubation. 25(OH)D significantly induced CAMP gene expression at 24 h with a maximum effect at a dose of D125 
in either unstimulated (tenfold expression) or stimulated (LPS: 100-fold expression; PIC: 15-fold expression) conditions. 
Intracellular hCAP18 peptide was overexpressed at 48 h under unstimulated (1.5-fold, D125) and stimulated conditions, LPS 
(twofold, D125) and PIC (2.5-fold, D125). The secretion of LL-37 in the culture medium was significantly induced by 25(OH)
D only in both stimulated (LPS and PIC) conditions in a dose-dependent manner. Our results demonstrate that 25(OH)D incu-
bation increases intracellular expression of CAMP and hCAP18, but extracellular secretion of LL-37 antimicrobial peptide 
is increased by 25(OH)D only when PBMC from healthy donors were stimulated with bacterial or viral immune mimetic.

Keyword Calcidiol supplementation; Calcitriol cellular production; Microbial defense enhancement; Infectious disease 
prevention

Introduction

Cathelicidin is a generic name that can refer not only to the 
CAMP gene (cationic antimicrobial peptide), hCAP18 pep-
tide (human cationic antimicrobial peptide 18 kDa), but also 
to LL-37 peptide (37 amino acid residues with diLeucine 
at the N-terminus, 4.5 kDa). hCAP18 peptide is coded by 
the CAMP gene whose expression is regulated by vitamin 
D. More precisely, the active form of vitamin D 1,25-dihy-
droxyvitamin D (1,25(OH)D) binds to the vitamin D nuclear 
receptor (VDR) [1], enabling dimerization with retinol X 
receptor (RXR). This complex enters the nucleus to bind 
to a consensus vitamin D response element (VDRE) in the 
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CAMP gene promoter, thus enhancing hCAP18 expression 
[2]. hCAP18 is widely expressed especially in the monocyte/
macrophage lineage in which it is stored in lysosomes or 
vacuoles [3]. Cleavage of the C-terminal end of hCAP18 by 
serine proteinase 3 in immune cells generates the active form 
of the cathelicidin, LL-37, and an inactive peptide, cathe-
lin [4]. The two peptides, active form LL-37 and hCAP18, 
could be released, but LL-37 is considered as the major form 
present in the bloodstream. LL-37 plays a prominent role 
in innate host defense against bacteria and certain viruses, 
fungi, and parasites. The LL-37 microbicidal effect is prin-
cipally due to its cationic properties allowing permeabiliza-
tion of microorganism’s membrane [2]. Toll-like receptors 
(TLRs) 1, 2, and 4, induced by pathogen immune stimula-
tors, were also reported to upregulate the expression of VDR 
and vitamin D hydroxylase genes, leading to the induction 
of cathelicidin production and eradication of intracellular 
Mycobacterium (M.) tuberculosis [1].

While a positive correlation between 25(OH)D supple-
mentation and CAMP expression has been established [5], 
the link between circulating 25(OH)D and the hCAP18 and/
or LL-37 blood peptides remains unclear both in healthy 
and diseased subjects. In volunteers presenting health issues, 
Kanda et al. (2012) have reported a positive correlation in 
atopic dermatitis patients as well as Lungu et al. (2021) in 
tuberculosis patients [6, 7] contrary to Meca et al. (2021) [8]. 
In healthy volunteers, Bhan et al. (2011) [9] and Dixon et al. 
(2012) [10] also reported a significant positive correlation 
but only when serum concentration of 25(OH)D was under 
the threshold value of 32 ng/ml. In contrast, Stukes et al. 
(2016) and Lungu et al. (2021) were unable to confirm the 
correlation between 25(OH)D and LL-37 circulating levels 
in a cohort of healthy volunteers [7, 11]. The meta-analysis 
performed by Acen et al. (2021) does not have sufficient 
eligible studies to perform a correlation meta-analysis of 
vitamin D and LL-37 levels [12]. Recent studies in vitamin 
D–supplemented volunteers failed to enhance cathelicidin 
plasmatic level [13, 14]; our team observed the same absence 
of effect in a placebo-controlled clinical trial with vitamin D 
supplementation in elderly volunteers [15]. Despite a strong 
improvement in serum 25(OH)D concentrations, we found 
no variation in LL-37 serum concentrations.

In view of these conflicting results, our objective was to 
clarify the ex vivo conversion process of hCAP18 to LL-37 
in blood immune cells and to evaluate if 25(OH)D supple-
mentation could enhance the LL-37 release to the extracel-
lular compartment. Therefore, we established an ex vivo cul-
ture of freshly isolated peripheral blood mononuclear cells 
(PBMC) from healthy donors. The cells were incubated with 
several doses of 25(OH)D to assess intracellular CAMP gene 
expression, hCAP18 peptide expression, and LL-37-secreted 
concentrations in the culture medium. In addition to 25(OH)
D, certain PBMCs were stimulated with bacterial or viral 

mimetics, respectively. Lipopolysaccharide (LPS) is known 
to induce CAMP overexpression via Toll-like receptor 4 
(TLR4) induction [16], as well as polyinosinic cytidylic acid 
(PIC), a well-known activator of TLR3 [17]. Concomitantly, 
we explored the vitamin D’s metabolic actors: expression of 
CYP27B1 and CYP24A1 enzyme genes as well as VDR gene.

Materials and methods

Cell culture

The human blood samples were obtained from healthy vol-
unteers of the local French blood agency (Etablissement 
Français du Sang, EFS, Auvergne-Rhône-Alpes). After 
full pertinent information, written informed consent was 
obtained from all blood donors involved in the study as 
statutory required (article R.1221–5 of the Public Health 
Code, 12/01/2009 and 11/06/2006 decrees). Ethical review 
and approval were not required for this study in accordance 
with the local legislation and institutional requirements.

PBMC were isolated from the buffy-coats by Ficoll-
Histopaque (Sigma) density gradient centrifugation. After 
isolation, PBMC  (106 cells/ml) were cultured for 24 h or 
48 h in RPMI-1640 complete medium (37 °C, 5%  CO2) with 
several doses of 25(OH)D (Sigma Aldrich, ref 739,650) 
(0 ng/ml: control (D0); 25 ng/ml: deficient (D25); 75 ng/
ml: physiological (D75); 125 ng/ml: supraphysiological 
(D125)), stimulated or not by a bacterial agent (extract of 
Escherichia coli lipopolysaccharides 055B5 (LPS): 100 ng/
ml) ref. L6529 (Sigma-Aldrich), or a viral mimetic agent 
(synthetic double-stranded RNA Poly (I: C) (PIC): 10 µg/
ml) ref. P1038 (Sigma-Aldrich).

RT‑qPCR

RT-qPCR was performed as described in [18] after 24 h of 
cell incubation. Quality of the RNA has been checked by the 
ratio 260:280 nm (comprised between 1.8 and 2) obtained 
from Nanodrop assay, and by agarose gel electrophoresis 
of RNA.

The cycle threshold (Ct) values in qPCR gave an over-
view of the gene expression variation in the samples. 
According to the variations of Ct values, 18S showed the 
smallest gene expression variation in our samples. Using 
NormFinder, 18S was the most stable tested housekeeping 
gene. The expression of CAMP (F-GCT AAC CTC TAC CGC 
CTC CT, R-GGT CAC TGT CCC CAT ACA CC), CYP27B1 
(F-CGA GAA GGA CCT GGA GTC TG, R-TCT GGG ACA 
CGA GAA TTT CC), CYP24A1 (F-ATG AGC ACG TTT GGG 
AGG AT, R-TGC CAG ACC TTG GTG TTG AG), and VDR 
(F-CTG ACC CTG GAG ACT TTG A, R-TTC CTC TGC ACT 
TCC TCA TC) target genes was assessed using 18S mRNA 
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(F-AGC TTA TGA CCC GCA CTT AC, R-GTC TGT GAT GCC 
CTT AGA TG) as the housekeeping gene for normalization. 
The comparative Ct method  (2−ΔΔCT) was used to calculate 
the relative gene expression of a given sample, normalized 
within the sample to the housekeeping gene, and relative to 
the expression of the same gene in another sample:  2−ΔΔCT 
method with ΔΔCT = [ΔCT (sample1) − ΔCT (sample2)] 
and ΔCT = [CT(target gene) − geometric mean CT (house-
keeping gene)] as described in [19].

Western blotting

Western blots were performed as previously described 
[20] after 48 h of cell incubation. The membranes were 
exposed to primary antibodies (CAMP, Sigma Aldrich, ref. 
SAB5300171, dilution 1/1000; and GAPDH, Cell Signaling 
Technology #5174, dilution 1/2000). The relative expres-
sion was obtained by normalization with GAPDH expres-
sion levels.

ELISA

LL-37 was quantified in the PBMC culture media after 48 h 
of cell incubation using a double-sandwich ELISA, follow-
ing the manufacturer’s guidelines (Hycult Biotechnology, 
ref: HK321). The HK321 LL-37 ELISA does not discrimi-
nate between LL-37 peptide and the full-length precleaved 
hCAP18 protein. The concentrations of LL-37 were normal-
ized with protein content of culture media.

Statistical analysis

Data are presented as mean ± sem and were analyzed using 
GraphPad Prism5. Two-way ANOVA (dose: 25(OH)D and 
treatment: immune stimuli) with Bonferroni post hoc test 
was used to evaluate the 25(OH)D dose response in unstimu-
lated and LPS- and PIC-stimulated conditions. Test result 
was considered significant when p < 0.05.

When working with relative expression data, the value 
of control condition (i.e., unstimulated D0 condition) was 
set to “1,” and other values were normalized accordingly to 
facilitate interpretation.

Results

PBMC express CYP27B1, CYP24A1, and VDR.
To accomplish 25(OH)D metabolism in  situ, circu-

lating immune cells must express CYP27B1 (coding 
for 1α-hydroxylase) for activation of 1,25(OH)D and 
CYP24A1 (coding for 24 hydroxylase) which inactivate 
all forms of vitamin D by hydroxylation at carbon position 
24. Both enzymes are expressed constitutively in PBMC in 

unstimulated conditions (Fig. 1a, b, and c: “Unstimulated 
D0”).

Furthermore, we explored the effect of 25(OH)D with or 
without LPS or PIC stimuli on the enzyme gene expressions 
in PBMC. After 24 h, we observed no statistically significant 
dose effect on CYP24A1, CYP27B1, and VDR expression 
with 25(OH)D in unstimulated or LPS- or PIC-stimulated 
conditions (Fig. 1a, b, c).

Interestingly, 25(OH)D seemed to induce an overex-
pression of CYP27B1 in the presence of LPS (Fig. 1b), but 
insignificant, probably due to the large variation in data. 
Moreover, the highest dose of 25(OH)D seemed to enhance 
the expression of CYP24A1 in both unstimulated and LPS- 
or PIC-stimulated conditions (Fig. 1c).

25(OH)D induces intracellular overexpression 
of CAMP mRNA and hCAP18 peptide

We evaluated the expression of the CAMP gene after 24-h 
incubation and its protein product, hCAP18 peptide, after 
48-h incubation with 25(OH)D. We observed a significant 
dose-dependent effect of 25(OH)D on the overexpression 
of the CAMP gene, with the highest effect for the dose of 
125 ng/ml, regardless of the presence of stimulants (Fig. 2a).

On the contrary, hCAP18 peptide expression was both 
significantly 25(OH)D dose-dependent (p < 0.001) and stim-
ulus-dependent (p = 0.0032), indicating the importance of 
the presence of microbial patterns (Fig. 2b).

25(OH)D induces LL‑37 secretion only in LPS‑ 
or PIC‑stimulated PBMC

The concentration of LL-37 in the culture medium of 
PBMC was quantified after 48-h incubation with 25(OH)
D. Two-way ANOVA returned significant interaction effect 
of 25(OH)D and different stimuli of p = 0.022. Presence 
of both PIC and LPS stimuli induced higher LL-37 secre-
tion in response to 25(OH)D presence, while no effect was 
observed on the unstimulated condition (Fig. 3). In LPS con-
dition, overproduction of LL-37 is observed with all doses of 
25(OH)D, while in PIC condition the stimulation of LL-37 
production is only obtained with 125 ng/ml of 25(OH)D.

Discussion

We have previously conducted a clinical trial where we 
failed to evidence the increase in circulating concentra-
tions of LL-37 following the vitamin D supplementation 
in healthy volunteers [15]. Following discrepancies on the 
efficiency of oral vitamin D supplementation as an inductor 
of LL-37 secretion, we decided to determine the ex vivo 
effect of vitamin D on LL-37 production from human 
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PBMC. Therefore, we exposed PBMC to four different 
doses of 25(OH)D to mimic depletion, deficiency, optimal, 
and supra-physiological blood concentrations. In addition, 
PBMC were incubated in unstimulated condition or with 
either bacterial LPS, known to stimulate CAMP expression 
via Toll-like receptor 4 (TLR4) induction [16], or PIC, a 
well-known activator of TLR3 simulating viral infection 
[17].

We confirm that PBMC express the VDR gene and that 
therefore they may be reactive to the genomic effects of 
vitamin D. Moreover, we confirm that PBMC can metab-
olize 25(OH)D since they express CYP27B1 (coding for 
1α-hydroxylase) which hydroxylates 25(OH)D at carbon 1α 
to form 1,25(OH)D, the active metabolite of vitamin D, and 
CYP24A1 (coding for 24-hydroxylase) which inactivates all 
forms of vitamin D by hydroxylation at carbon 24 position.

We do not report any significant variation of CYP24A1, 
CYP27B1, and VDR expression following 25(OH)D incu-
bation even if CYP24A1 seemed to be overexpressed in 
unstimulated and LPS-stimulated conditions and CYP27B1 
only in LPS-stimulated condition. In the kidneys, it has been 
shown that high levels of circulating 1,25(OH)D stimulate 
CYP24A1 activity and impair CYP27B1 activity as a nega-
tive feedback loop [21]. In macrophages, a slight CYP27B1 
inhibition was observed in the presence of 25(OH)D (but not 
with 1,25(OH)D) after 24 h of incubation [22]. In accord-
ance with our results, the ability of 1,25(OH)D to enhance 
CYP24A1 activity has been previously reported in mono-
cytes after 24-h incubation [23]. The same authors reported 
that 1,25(OH)D supplementation induced overexpression 
of VDR [23]. In contrast, Shirvani-Farsani et al. (2017) 
reported a VDR underexpression after vitamin D treatment 
in PBMC of multiple sclerosis patients suggesting that 
inflammatory state of cells is a key determinant for VDR 
expression [24]. Nevertheless, the lack of significance of our 
results could be due to variability in response and compo-
sition of PBMC (lymphocyte/monocyte distribution) from 
different volunteers.

Similar to previously described, 25(OH)D exposition 
results in an overexpression of the CAMP gene and the 
hCAP18 peptide in PBMC cultures under 24 h. This effect 
is stronger on gene expression than peptide expression 

suggesting a post-transcriptional regulation. This kind of 
regulation was previously described in mouse promyelo-
cytic cell line in which the overexpression of the miRNA 
“miR-130a” downregulated hCAP18 peptide expression 
[25].
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Fig. 1  Vitamin D enzyme machinery and VDR mRNA expressions 
are present in healthy donors’ PBMCs. Cells were incubated for 24 h 
with 25(OH)D (D0: 0 ng/ml, D25: 25 ng/ml, D75: 75 ng/ml, D125: 
125 ng/ml) in either unstimulated or stimulated (LPS lipopolysaccha-
ride, 100 ng/ml; PIC polyinosinic-polycytidylic acid, 10 µg/ml) con-
dition. Results are expressed as means ± sem of fold change relative 
to control, i.e., D0 unstimulated condition. Data were analyzed by 
two-way ANOVA followed by Bonferroni post-test. (a) VDR expres-
sion (n = 4). Two-way ANOVA: ns (not significant). (b) CYP27B1 
expression (n = 4). Two-way ANOVA: ns. (c) CYP24A1 expression 
(n = 5). Two-way ANOVA: ns

▸

338 S. Aldekwer et al.



1 3

Confirming our clinical trial results, PBMC incubated in 
unstimulated condition, i.e., without microbial mimetics, 
showed secreted LL-37 concentration unchanged regardless 
of the 25(OH)D dose. Interestingly, we found a significant 
increase of LL-37 production in the presence of 25(OH)D 
when PBMC were stimulated with bacterial mimetic LPS 
(TLR4 agonist) or viral mimetic PIC (TLR3 agonist). TLR 
activators are known to interfere with VDR signaling and 
to modulate the release of LL-37 [1, 26]. Liu et al. reported 

that the TLR (1–2-4) activation of monocytes/macrophages 
by pathogen stimulators upregulated the expression of VDR 
and vitamin D hydroxylase genes, leading to the induction 
of cathelicidin production and the killing of intracellular M. 
tuberculosis [1].

In the THP-1 human blood monocytic cell line, LPS and 
1,25(OH)D both increased VDR mRNA levels 20 h after 
treatment [27]. Others have shown that exposure of keratino-
cytes to PIC increased the rate of 1,25(OH)D production and 
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Fig. 2  25(OH)D induces dose-dependent intracellular CAMP gene 
and hCAP18 peptide expression. Cells were incubated with 25(OH)
D (D0: 0  ng/ml, D25: 25  ng/ml, D75: 75  ng/ml, D125: 125  ng/ml) 
in unstimulated and stimulated (LPS lipopolysaccharide, 100 ng/ml; 
PIC polyinosinic-polycytidylic acid, 10 µg/ml) conditions. Results are 
expressed as means ± sem of fold change relative to control, i.e., D0 
unstimulated condition. Data were analyzed by two-way ANOVA fol-
lowed by Bonferroni post-test. (a) CAMP mRNA expression by RT 

Q-PCR after 24-h incubation (n = 5). Two-way ANOVA 25(OH)D 
effect: p < 0.001. (b) hCAP18 expression by western blot after 48-h 
incubation (n = 4). Two-way ANOVA 25(OH)D effect: p < 0.001. 
Two-way ANOVA stimuli effect, p = 0.0032. Letters indicate signifi-
cant differences (p < 0.05) after two-way ANOVA Bonferroni post-
test of 25(OH)D effect. Asterisks (*) indicate p-value of one-way 
ANOVA
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the expression of CYP27B1 [28]. These results suggest that 
TLR agonists activate vitamin D metabolism and signaling 
in situ. In keratinocytes, the in situ production of vitamin 
D which is known to have anti-inflammatory properties 
would permit to control the inflammatory process due to 
TLR inducers such as PIC, TNF, or LPS and to stimulate 
cathelicidin production [29].

How LPS and PIC trigger VDR signaling is still a mat-
ter of debate. Zhao et al. (2018) reported evidence that 
LPS downregulates VDR expression in oral mucosal epi-
thelia dependent on TNFα-miR346 signaling, and further 
suggested that vitamin D/VDR can suppress LPS-induced 
keratinocyte apoptosis by regulating NF-κB pathway [30]. 
Conversely, 1,25(OH)D is known to upregulate TLR10 
and to downregulate TLR 2, 4, and 5 in human monocyte 
THP-1 suggesting possible crosstalk between VDR and 
TLR signaling [31]. This crosstalk between VDR and TLR 
signaling pathways could explain why release of LL-37 is 
dependent on vitamin D concentration only when PBMC 
are stimulated by LPS or PIC. Actually, the TLR4-inducer 
LPS is known to be a key regulator of the expression and 
the activity of serine proteinase 3 that cleaves hCAP18 into 
LL-37 and cathelin [32]. Induction of TLR pathways would 
potentialize VDR signaling so that we observed a higher 
concentration of LL-37 with high doses of 25(OH)D only 
in stimulated conditions which allowed to strongly activate 
serine proteinase 3.

Whether the processing of LL-37 occurs inside the cell 
granules or it involves extracellular compartment is still 
debated. Pioneer studies reported that hCAP18 is excreted 
and then processed to LL-37 extracellularly in a reaction 
catalyzed by serine proteinase 3 [4]. More recent works 
advanced that neutrophils and monocytes express serine 
proteinase 3 so that the processing could occur in vacuoles 
before exocytosis [33]. Nevertheless, this control of process-
ing and externalization could occur in vivo both inside the 
cells (to release adequate amounts of the antimicrobial pep-
tide in case of infection by bacteria, virus, and fungi) and/or 
outside the cells (if LL-37 concentration is too high in the 
bloodstream). This regulation is crucial because the LL-37 
killing mechanisms are not specific so that in excess it can 
become a cytotoxic agent towards commensal bacteria and/
or host cells [34].

To consolidate our data, it could be necessary to increase 
the number of donors’ PBMC samples and to determine the 
cathelicidin expression after longer incubation time in order 
to distinguish between genomic and non-genomic regulation 
process. Moreover, we cannot affirm undoubtedly that LL-37 
is the only peptide present in the culture media since the 
LL-37 ELISA kit used does not discriminate between the 
LL-37 and hCAP18 forms. It would be of great interest to 
develop a well-calibrated reference method to discriminate 
LL-37 and hCAP18 quantification in biological samples. For 
the moment, this is only possible by using SELDI-TOF mass 
spectrometry, as previously used to detect LL-37 in pellets 
of 1,25(OH)D-stimulated primary human monocytes [1].

Conclusion

In circulating PBMC, intracellular expression of human 
cathelicidin is induced by 25(OH)D in both unstimulated 
and stimulated cells. However, extracellular production of 
LL-37 appears dependent on 25(OH)D only when PBMC 
are stimulated by bacterial or viral pathogen mimetics which 
is the major finding of our work. These data suggest that 
release of LL-37 in extracellular compartment is finely regu-
lated to avoid non-specific killing of host microbiota since 
bactericidal properties of this cationic peptide are not strictly 
specific. Further studies should be encouraged to clarify 
the process of cleavage and externalization/degranulation 
of LL-37 given that this antibacterial and antiviral peptide 
could be a key factor in the reduced risk of influenza and 
COVID-19 infections associated to vitamin D supplementa-
tion as recently suggested [35, 36].
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Fig. 3  Extracellular LL-37 peptide concentration conditioned by 
25(OH)D only when combined with microbial mimetics. Cells were 
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