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Abstract
An essential function of the innate immune system is to directly trigger antimicrobial mechanisms
to defend against invading pathogens. In humans, one such pathway involves activation by TLR2/1L
leading to the vitamin D-dependent induction of antimicrobial peptides. In this study, we found that
TLR2/1-induced IL-15 was required for induction of CYP27b1, the VDR and the downstream
antimicrobial peptide cathelicidin. Although both IL-15 and IL-4 triggered macrophage
differentiation, only IL-15 was sufficient by itself to induce CYP27b1 and subsequent bioconversion
of 25-hydroxyvitamin D3 (25D3) into bioactive 1,25D3, leading to VDR activation and induction
of cathelicidin. Finally, IL-15-differentiated macrophages could be triggered by 25D3 to induce an
antimicrobial activity against intracellular Mycobacterium tuberculosis. Therefore, IL-15 links
TLR2/1-induced macrophage differentiation to the vitamin D-dependent antimicrobial pathway.

The ability of the innate immune system to recognize microbial pathogens is mediated by
highly conserved families of pattern recognition receptors that activate host defense pathways.
One such family, the TLRs, expressed by a variety of cells of the innate immune system, with
each family member germline encoded to recognize a distinct biochemical class of conserved
microbial molecules. Activation of TLRs triggers the release of immunomodulatory cytokines,
which contribute to inflammation and cell differentiation. In particular, the release of GM-CSF
and induction of the GM-CSF receptor triggers differentiation of monocytes into immature
dendritic cells (iDC),2 which instruct the adaptive T cell response (1,2). TLR2/1-mediated
induction of IL-15/IL-15Rα triggers differentiation of monocytes into macrophages (Mϕ)
expressing CD209, a C-type lectin that mediates phagocytosis of bacteria, viruses, and fungi
(1,3–6).

A key function of TLRs in innate immunity is the activation of direct antimicrobial pathways
(7), which in human monocytes and Mϕ is mediated by the vitamin D-dependent production
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of the antimicrobial peptide cathelicidin (8,9). Activation of this antimicrobial pathway has
been shown to require three events. First, TLR2/1 mediates induction of the 25D-1α-
hydroxylase CYP27b1, which converts 25D to bioactive 1,25D, which triggers antimicrobial
activity against Mycobacterium tuberculosis (10,11). Second, TLR2/1 activation up-regulates
expression of the vitamin D receptor (VDR), required for transcription of the cathelicidin gene,
which contains cis-acting vitamin D response elements (8). Third, the induction of cathelicidin,
an antimicrobial peptide with activity against intracellular M. tuberculosis, is required for the
vitamin D-dependent antimicrobial activity (12).

The aforementioned studies identify two key pathways of the human innate immune system:
the TLR2/1-induced differentiation of monocytes into distinct populations of iDC and Mϕ, and
a TLR2/1-induced vitamin D-dependent antimicrobial activity. We postulated that these two
pathways were not distinct, but unified by a common mediator. Therefore, the mechanism of
TLR2/1-induced vitamin D-dependent antimicrobial activity was investigated in the context
of TLR2/1-induced monocyte differentiation.

Materials and Methods
TLR2/1 ligand, Abs, and cytokines

The TLR2/1L, a triacylated lipopeptide of the M. tuberculosis 19 kDa Ag, was purchased (EMC
Microcollections). Abs for cell surface molecules: CD14 (Zymed), CD1b (OKT6, Bcd3.1,
ATCC), CD16, CD32, CD64, CD209 (DC-SIGN), CD206 (BD Pharmingen), TLR2 (gift from
Genentech), and IgG controls (Sigma-Aldrich). Recombinant cytokines used: rIL-4
(PeproTech), rIL-15 (R&D Systems), and rGM-CSF (Immunex). IL-15 blocking Ab was
obtained from R&D systems (clone 34559).

Mϕ and DC differentiation
We obtained whole blood from healthy donors (UCLA I.R.B. no. 92−10−591−31) with
informed consent. Peripheral monocytes were isolated via plastic adherence for 2 h in 1% FCS,
washed, and then cultured with either rIL-15 (IL15-Mϕ), rIL-4 (IL4-Mϕ), or rGM-CSF (iDC)
for 48 h in RPMI 1640 and 10% FCS (Omega Scientific). IL15-Mϕ and IL4-Mϕ were
CD209+ while iDC were CD1b+.

Cell surface labeling
Surface expression was determined using epitope-specific Abs. A PE-conjugated secondary
Ab (Caltag) was used for CD1b. Cells were acquired and analyzed as described (1). For
blocking, monocytes were stimulated with TLR ligands in the presence of media, a IL-15-
specific Ab (R&D Systems) or an isotype control.

Measurement of 25D3 to 1,25D3 bioconversion by Mϕ and iDC
IL15-Mϕ, IL4-Mϕ, and iDC were differentiated as above. 1α-hydroxylase (CYP27b1) activity
in these cells was then assessed by quantifying the conversion of radiolabeled 25D3 to 1,25D3
in serum-free cultures. For each assay 50 nM [3H]-25D (a 1 in 10 mixture of unlabelled 25OHD
and [3H]-25D, (180 Ci/mmol, Amersham Biosciences) was added to 106 cells in 200 μl of
serum-free medium and then incubated for 5 h at 37°C, with the reaction being terminated by
freezing at −20°C. Protein from these samples was initially precipitated with added acetonitrile
(1/1). Vitamin D metabolites were then extracted from the reaction mixtures by elution on C18-
OH columns according to manufacturer's instructions (Diasorin). The resulting eluent was
resuspended in 25 μl of elution solvent hexane:methanol:isopropanol (90:5:5), vortexed for 15
s, and individual metabolites separated by HPLC using a Beckman Gold system with an Agilent
Technologies Zobax Sil normal phase column (Agilent Technologies) eluted at a rate of 1.5
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ml/min for 20 min. Elution profiles for standard vitamin D metabolites (25D, 24,25D, 1,25D)
were determined by UV absorbance at 264 nm. Elution of metabolites of [3H]-25D was
assessed using a β-Ram Model 4 in-flow detector (IN/US) in conjunction with Ultima-Flo M
scintillation fluid (PerkinElmer) at a 2:1 ratio with a 5 s dwell time to designate the increments
for data collection. Lauralite 3 software (LabLogic) was used to quantitate peaks of
radioactivity corresponding to 25D or 1,25D. Data were reported as mean fmoles metabolite
synthesized/h/106 cells ± SD.

Real time qPCR
Monocytes were activated as above for 24 h. RNA was isolated using TRIzol (Invitrogen).
cDNA was synthesized using the SuperScript Choice System Kit (Invitrogen). h36B4,
CYP27b1, VDR, and cathelicidin primer sequences were used as described (8). Reactions use
Sybr Green PCR Master Mix (Bio-Rad). The relative quantities of GM-CSF and IL-15 per
sample were calculated as described (1). The data was normalized by fold change to media
control. For cytokine induction of cathelicidin, values were log10 transformed before Student's
t test.

Infection with M. tuberculosis and activation with vitamin D
IL15-Mϕ IL4-Mϕ and iDC were obtained as described above. On day 2, cells were washed
and replated with 10% FCS (Omega Scientific). Cells were then infected with M.
tuberculosis (H37Ra) at a multiplicity of infection of one for 16 h at 37°C. One set of cells was
harvested for the CFU assay to obtain day 0 counts and the remaining sets of cells were cultured
with 25D3 (10−7, 10−8; BIOMOL), 1,25D3 (10−8 M; BIOMOL), or left unstimulated. Infected
cells were harvested three days after infection and lysed for the CFU assay (8).

Results
TLR2/1-mediated induction of CYP27b1, VDR, and cathelicidin is dependent on IL-15

We hypothesized that the TLR2/1-induced Mϕ differentiation (1) and antimicrobial pathways
(8) intersect, and therefore investigated whether IL-15 was a common link. Human peripheral
monocytes were stimulated with a TLR2/1L, the triacylated lipopeptide of the M.
tuberculosis 19 kDa lipoprotein (7), which resulted in the cell surface expression of IL-15 (Fig.
1a). Addition of an IL-15-specific mAb significantly reduced the TLR2/1-mediated gene
induction of CYP27b1, the VDR and cathelicidin (Fig. 1, b–d; p < 0.01, p < 0.05, p < 0.005,
respectively), while the control Ab had no significant effect on gene induction. Although anti-
IL-15 blocked the TLR2/1-mediated induction of CYP27b1 and the VDR by ∼60−70%, the
inhibition of cathelicidin expression was approximately 80% (Fig. 1e). These data indicate that
the TLR2/1-mediated induction of the vitamin D-dependent antimicrobial pathway genes
requires IL-15 expression and activity.

IL-15 is sufficient to trigger the induction of CYP27b1, VDR, and cathelicidin
The TLR2/1-mediated induction of IL-15 has also been shown to drive the differentiation of
monocytes into CD209+ Mϕ (1). Similarly, rIL-4 has been shown to induce CD209 expression
on monocytes (13). To compare the effects of IL-15 and IL-4 on monocyte differentiation, we
treated monocytes with rIL-15 and rIL-4 and assessed their cell surface phenotype. Both rIL-15
and rIL-4 induced differentiation of monocytes into CD209+ CD14+CD16+Mϕ (1), yet with
distinct FcR expression patterns (Fig. 2). These Mϕ differentiation pathways are therefore
distinct from each other, and from the TLR2/1-induced and/or GM-CSF-dependent monocyte
differentiation into CD1b+ iDC (Fig. 2) (1,2).
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In this context, we asked whether the direct actions of these cytokines on monocyte
differentiation were sufficient for the induction of key vitamin D-dependent antimicrobial
pathway elements. Activation of monocytes with rIL-15 triggered gene induction of CYP27b1
and the VDR by 55- and 2.8-fold (p < 0.01, p < 0.05), respectively (Fig. 3, a and b). In contrast,
rIL-4 and rGM-CSF were comparatively less effective at induction of CYP27b1 (1.9- and 3.4-
fold; p > 0.05, p < 0.05) and VDR (1.6- and 1.1-fold; p > 0.05, p > 0.05). Importantly, activation
of monocytes with rIL-15 in 25D3-sufficient serum triggered cathelicidin gene expression
(11.2-fold; p < 0.05) while rIL-4 and rGM-CSF did not (p > 0.05) (Fig. 3c). These data indicate
that activation of peripheral monocytes with rIL-15 is sufficient to trigger Mϕ differentiation
and an antimicrobial gene program that includes the up-regulation of CYP27b1, VDR, and
cathelicidin.

IL15-Mϕ convert 25D3 to 1,25D3 leading to cathelicidin gene expression
A key feature of the vitamin D-dependent antimicrobial pathway is that it requires the
CYP27b1-dependent bioconversion of 25D3 to 1,25D3 as part of an intracrine loop permitting
the extra-renal conversion and utilization of serum 25D3. To determine whether the IL-15-
induced up-regulation of CYP27b1 gene expression leads to enhanced bioactivity, monocytes
were first differentiated into Mϕ using rIL-15 (IL15-Mϕ) or rIL-4 (IL4-Mϕ) and into iDC using
rGM-CSF (1,2). Followed by the addition of radio-labeled 25D3, bioactive conversion of 25D3
to 1,25D3 was measured by high pressure liquid chromatography. IL15-Mϕ converted 25D3
to 1,25D3 at a significantly higher rate than IL4-Mϕ and iDC (35 fmol/min/million cells
compared with 5.5 and 8.4 fmol/min/million cells, respectively, p < 0.05) (Fig. 4, a and b).
Therefore, the ability of rIL-15 to induce CYP27b1 gene expression as part of the Mϕ gene
program also results in bioconversion of 25D3 into bioactive 1,25D3.

To determine whether the ability of IL15-Mϕ to bioconvert 25D3 to 1,25D3 leads to
antimicrobial peptide gene expression, IL15-Mϕ, IL4-Mϕ, and iDC were cultured with 25D3
at a range of concentrations, and levels of cathelicidin mRNA were measured by qPCR. The
addition of 25D3 (10−9 M to 10−7 M) was sufficient to trigger cathelicidin gene expression in
IL15-Mϕ by 1.7-, 5.2-, and 7.5-fold (p < 0.05) compared with unstimulated controls,
respectively (Fig. 4c). In contrast, in IL4-Mϕ and iDC, 25D3 did not significantly induce
cathelicidin gene expression (Fig. 4c). However, the active 1,25D3 significantly induced
cathelicidin gene expression in all three cell types (Fig. 4d; p < 0.05), indicating that they all
have a functional VDR. Finally, activation of IL15-Mϕ with a TLR2/1 ligand in the presence
of vitamin D sufficient serum did not induce cathelicidin gene expression compared with media
control (1.2-fold, p = 0.67), whereas TLR2/1 activation of iDC induced cathelicidin by ∼16-
fold (p < 0.05) (Fig. 4e). These data suggest that IL15-Mϕ, because of their unique capacity to
bioconvert 25D3 to 1,25D3, utilize circulating 25D3 to trigger an antimicrobial gene program
that includes the antimicrobial peptide cathelicidin.

IL15-Mϕ utilize 25D3 to trigger an antimicrobial activity
To determine the contribution of IL-15-induced Mϕ differentiation to the vitamin D-dependent
antimicrobial pathway, the ability of IL15-Mϕ to utilize 25D3 to trigger antimicrobial activity
was investigated. IL15-Mϕ were first infected with attenuated M. tuberculosis (H37Ra) in
media containing FCS, which we previously reported was vitamin D insufficient, to minimize
activation of the VDR. After 18 h, the cells were washed to remove extracellular mycobacteria.
The infected cells were then cultured with media, media plus 25D3, or media plus 1,25D3 as
a positive control, and the number of viable intracellular bacteria was measured after 3 days
using the colony forming unit assay. The result of one representative experiment is shown in
Fig. 5a. In IL15-Mϕ, cultured in media alone, the number of viable M. tuberculosis increased
over the course of the 3-day incubation (Fig. 5a). We have reported similar growth of M.
tuberculosis in primary monocytes and Mϕ cultured in media alone (8,12,32). These data
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suggest that infection of monocytes, Mϕ, or IL15-Mϕ with M. tuberculosis does not directly
activate a mycobacterial growth inhibition pathway.

The addition of 1,25D3 to M. tuberculosis infected IL15-Mϕ resulted in a 70% reduction in
viable bacteria compared with cells cultured in media alone (p < 0.05) (Fig. 5a). The key finding
was that the addition of 25D3 (10−7 M to 10−8 M) resulted in a 55−60% reduction in the number
of viable bacteria in the IL15-Mϕ compared with cells cultured in media alone (p < 0.05) (Fig.
5a). In the three experiments performed, addition of 25D3 (10−8 M; 100 nM) to IL15-Mϕ
triggered an ∼50% reduction (58−63%) in viable M. tuberculosis compared with treatment for
3 days with media alone (Fig. 5b). Together, the data suggest that IL15-Mϕ have the functional
capacity to utilize 25D3 to trigger a direct antimicrobial activity against M. tuberculosis.

Discussion
As part of the innate immune response, cells of the monocyte/Mϕ lineage must recognize, then
rapidly respond to and destroy, invading pathogens. A key antimicrobial pathway in human
monocytes involves the TLR2/1-mediated activation of the vitamin D-dependent antimicrobial
pathway. In this study, we demonstrate that IL-15, which is produced after TLR2/1 activation
of human monocytes, up-regulates CYP27b1 and the VDR, allowing the bioconversion of
25D3 to 1,25D3, triggering expression of the antimicrobial peptide cathelicidin as well as
antimicrobial activity against intracellular M. tuberculosis. At the same time, IL-15 induces
differentiation of monocytes into CD209+ Mϕ with enhanced phagocytic activity for M.
tuberculosis (1). Therefore, IL-15 amplifies the innate immune response by triggering a Mϕ
differentiation program that includes the vitamin D-dependent antimicrobial pathway.

The classic function of IL-15 in host immune responses is defined by its ability to promote
differentiation and activation of lymphocytes, including NK, B, and T cells, with regulation of
CD8+ T cell homeostasis and the induction of T cell memory (14–20). IL-15 is less well known
to have functional activity in cells of the myeloid lineage, reported to activate monocytes/
Mϕ resulting in enhanced Ag presentation, cytokine/chemokine production and a superoxide-
mediated anti-candida activity (21–23). Previously, we found that IL-15 differentiated human
monocytes into Mϕ expressing the C-type lectin CD209, which mediates the phagocytosis of
a diverse array of microbial pathogens expressing cell-surface carbohydrate-rich ligands
including mycobacteria and HIV (3–6). In this study, we have linked the IL15-Mϕ
differentiation program to the induction of the vitamin D-dependent antimicrobial pathway,
by demonstrating that IL-15 induces CYP27b1 and VDR, bioconversion of 25D3 into 1,25D3,
up-regulation of cathelicidin and antimicrobial activity against attenuated M. tuberculosis.
Future studies will need to address the role of IL-15 in triggering the vitamin D-dependent
antimicrobial activity against virulent M. tuberculosis. Nevertheless, the ability of IL-15 to
trigger a Mϕ differentiation program linked to the phagocytosis and subsequent intracellular
destruction of a microbial pathogen represents a powerful innate immune pathway. Therefore,
IL-15 has a central functional role in host immunity, by programming both innate and adaptive
cell differentiation programs.

The elements of the TLR2/1-induced vitamin D-dependent antimicrobial pathway define an
intracrine loop, by which TLR2/1-regulated extra-renal utilization of 25D in Mϕ is required
for antimicrobial activity (8). We found that IL-15 triggered induction of the 1α-hydroxylase
CYP27b1, and demonstrated enhanced bioconversion of 25D3 into 1,25D3. This is a key step
in the vitamin D antimicrobial pathway, given that specific pharmacologic inhibition of this
p450 enzyme blocked TLR2/1-mediated induction of cathelicidin, which in turn is required
for the antimicrobial response (8,12). In a clinical correlation, serum from human donors with
sufficient, but not insufficient levels of 25D3, was able to facilitate TLR2/1-induced
cathelicidin expression. Similarly, we found that sufficient levels of 25D3 were required for
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induction of cathelicidin in IL15-Mϕ. Given that people of African and Asian descent, who
are deficient in UV-dependent production of vitamin D, are known to have a high incidence
of tuberculosis, the potential for therapeutic intervention by vitamin D supplementation to
restore Mϕ function needs to be evaluated (8,24–26). There are likely other pathways by which
CYP27b1 can be induced; IFN-γ activation of human Mϕ also triggers conversion of 25D3 to
1,25D3 (27), although this may involve up-regulation of IL-15 and IL-15Rα (28,29).

IL-15 is utilized by both human and murine Mϕ to trigger host defense against mycobacteria.
In murine Mϕ, IL-15 activates iNOS/NO, a key mediator in this species for antimicrobial
activity against M. tuberculosis (30–35). In murine models of mycobacterial infection, IL-15
also mediates the induction and maintenance of mycobacteria-specific T cell responses (33,
34). We demonstrate in this study that IL-15 was required in human monocytes for TLR2/1-
mediated induction of cathelicidin gene expression, and sufficient by itself to trigger induction
of cathelicidin gene expression and antimicrobial activity. Interestingly, the human but not
mouse cathelicidin gene contains vitamin D response elements in its promoter region,
suggesting an evolutionary divergence in host defense mechanisms. Importantly, both IL-15
and CD209+ Mϕ, identical in phenotype to IL15-Mϕ, were detected in lesions of the resistant
tuberculoid form of leprosy as well as in lung biopsies of patients with tuberculosis (1,36).
Together these data suggest that the IL-15-triggered Mϕ differentiation program is relevant at
the site of infection in mycobacterial diseases.

In this context, the identification of IL-15 as a mediator of the TLR2/1-induced vitamin D-
dependent antimicrobial pathway provides a new paradigm for innate immune responses
against intracellular pathogens. Infection of monocytes and macrophages with M.
tuberculosis alone does not provide a sufficient endogenous signal to the innate immune
response to generate an antimicrobial activity, but requires addition of exogenous TLR2/1L
(8,12,32). These data suggest a model in which each infected cell requires activation by
exogenous TLR2/1L to inhibit the growth of the intracellular mycobacteria, thereby requiring
release of mycobacterial lipoproteins during the course of the infection. However, the present
data demonstrate that IL-15 was required for TLR2/1L induction of cathelicidin and that IL-15
was sufficient to trigger activation of a vitamin D-dependent antimicrobial pathway. These
data suggest an alternative model that does not require TLR activation of each infected cell,
but instead TLR2/1L-induced IL-15 expression in a small number of cells could lead to
activation of a vitamin D-dependent antimicrobial pathway in neighboring monocytes and
Mϕs (17). The transpresentation of IL-15 provides a mechanism for amplification of the innate
immune response, but does not preclude a direct role for TLR2/1 activation in infected cells.

Beyond the innate immune system, it is known that activated T cells, by their expression of
CD40L, TRANCE, and IFN-γ trigger dendritic cells to release IL-15 and/or express IL-15 on
the cell surface (37,38). Therefore, it may be possible for the adaptive immune response to
trigger Mϕ antimicrobial activity against intracellular pathogens in the absence of pattern
recognition by the innate immune response. IL-15 then represents a possible common pathway,
by which the innate and adaptive immune responses can directly trigger a Mϕ differentiation
program linked to a vitamin D-dependent antimicrobial pathway, enhancing both phagocytosis
and antimicrobial activity against invading pathogens. But in addition to its ability to trigger
a Mϕ host defense mechanism, IL-15 is a lymphocyte differentiation factor, implicating IL-15
as potential therapeutic target for synergistically enhancing both innate and adaptive immune
responses in humans.
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FIGURE 1.
IL-15 mediates TLR2/1L-induced expression of CYP27b1, the VDR and cathelicidin. a, Cell
surface expression of IL-15 following activation of monocytes with a TLR2/1L. b and c,
Human peripheral monocytes were stimulated in 10% FCS with a TLR2/1L in the presence of
medium, an IL-15 blocking Ab, or an isotype control Ab. Levels of CYP27b1 (n = 10) and
VDR (n = 5) mRNA were measured after 24 h using qPCR. d, Monocytes were stimulated as
above in vitamin D-sufficient serum (100 nM). Levels of cathelicidin (n = 6) mRNA were
measured after 24 h using qPCR. Fold activation was calculated as ratio to media control cells
(−). Data (b–d) are shown as the average ± SEM. e, Percent inhibition of TLR2/1-induced
expression of CYP27b1, VDR, and cathelicidin by the IL-15 mAb. *, p < 0.05, **, p < 0.01.
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FIGURE 2.
Phenotype of rIL-15, rIL-4, and GM-CSF differentiated cells. Peripheral monocytes were
differentiated with either rIL-15, rIL-4, or rGM-CSF for 48 h. Cell surface markers were
measured using marker-specific Abs and analyzed by flow cytometry. Data represent the
change in mean fluorescence intensity (MFI) relative to the isotype control and are the average
± SEM of four experiments.
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FIGURE 3.
Induction of a vitamin D-dependent antimicrobial pathway by IL-15. Monocytes were
activated with either rIL-15, rIL-4, rGM-CSF, or cultured with media alone for 24 h. RNA was
isolated and levels of CYP27b1 (n = 10) (a), VDR (n = 10) (b) and cathelicidin (n = 4) (c) were
measured by qPCR. Fold activation was calculated as ratio to media control cells (−). Data are
shown as the average ± SEM. *, p < 0.05, **, p < 0.01.
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FIGURE 4.
CYP27b1 bioactivity in Mϕ subsets and iDC. IL15-Mϕ, IL4-Mϕ, and iDC were obtained as
described. Cells were then cultured with [3H]-25D3 and the amount of conversion to
[3H]-1,25D3 was measured by HPLC. a, The rate of [3H]-25D3 to [3H]-1,25D3 conversion
was calculated (n = 3). b, Representative HPLC plots demonstrating that only IL15-Mϕ convert
25D3 into 1,25D3. Arrow indicates the peak for 1,25D3. c and d, Mϕ and iDC were cultured
with 25D3 (10−7 to 10−9 M) or 1,25D3 (10−8 M) and cathelicidin mRNA levels were
determined by qPCR. Fold activation was calculated as ratio to media control cells (−). Data
represent average ± SEM from between four and eight independent experiments. *, p < 0.05.
e, IL15-Mϕ and iDC were activated with a TLR2/1L in the presence of vitamin D-sufficient
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serum and cathelicidin mRNA levels were determined by qPCR. Fold activation was calculated
as above (n = 4). *, p < 0.05.
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FIGURE 5.
IL15-Mϕ have a vitamin D-inducible antimicrobial activity against M. tuberculosis. IL15-
Mϕ were infected with M. tuberculosis H37Ra for 16 h and subsequently cultured with either
medium, 25D3 (10−8 M), or 1,25D3 (10−8 M). After 3 days, cells were lysed and colonies of
mycobacteria were enumerated using the CFU assay. Data are representative (a) and average
(b) of three experiments ± SEM. *, p < 0.05.
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