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Summary

In human monocytes, Toll-like receptor (TLR) 2/1 activation leads to vitamin D3-dependent

antimycobacterial activities, but the molecular mechanisms by which TLR2/1 stimulation induces

antimicrobial activities against mycobacteria remain unclear. Here we show that TLR2/1/CD14

stimulation by mycobacterial lipoprotein LpqH can robustly activate antibacterial autophagy through

vitamin D receptor signalling activation and cathelicidin induction. We found that CCAAT/enhancer-

binding protein (C/EBP)-β-dependent induction of 25-hydroxycholecalciferol-1α-hydroxylase

(Cyp27b1) hydroxylase was critical for LpqH-induced cathelicidin expression and autophagy. In

addition, increases in intracellular calcium following AMP-activated protein kinase (AMPK)

activation played a crucial role in LpqH-induced autophagy. Moreover, AMPK-dependent p38

mitogen-activated protein kinase (MAPK) activation was required for LpqH-induced Cyp27b1

expression and autophagy activation. Collectively, these data suggest that TLR2/1/CD14-Ca2+-

AMPK-p38 MAPK pathways contribute to C/EBP-β-dependent expression of Cyp27b1 and

cathelicidin, which played an essential role in LpqH-induced autophagy. Furthermore, these results

establish a previously uncharacterized signalling pathway of antimycobacterial host defence through

a functional link of TLR2/1/CD14-dependent sensing to the induction of autophagy.

Introduction

Autophagy is a major cellular mechanism for the lysosomal degradation of cytoplasmic

organelles and long-lived proteins (Swanson et al., 2006; Levine and Deretic, 2007).
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Autophagosomes or autophagic vacuoles proceed through a stepwise maturation into

degradative autolysosomes, thereby playing an important role for housekeeping or protective

functions against intracellular microbes (Eskelinen and Saftig, 2009). Recent studies have

identified microbial inducers of autophagy and have revealed that autophagy is an important

effector of innate immunity against invasive bacteria (Deretic et al., 2006; Deuretzbacher et

al., 2009) and an essential linker between innate and adaptive immunity through MHC-

mediated antigen presentation (Crotzer and Blum, 2009). Mycobacterium tuberculosis (Mtb)

is a facultative intracellular pathogen characterized by intracellular survival in host

macrophages. Mtb persists within immature phagosomes by interfering with maturation into

phagolysosomes (Deretic et al., 2006). Induction of autophagy, however, allows elimination

of intracellular Mtb through enhanced interaction between mycobacterial phagosomes and

autophagosomes (Deretic et al., 2006; Yuk et al., 2009).

Toll-like receptor (TLR) 2/1 stimulation leads to direct antimicrobial activities through vitamin

D3-dependent cathelicidin activation in human monocytes/macrophages (Liu et al., 2006; Liu

et al., 2007; Yang et al., 2009). Recently, we have provided evidence that the addition of the

exogenous active vitamin D3 hormone 1,25-dihydroxyvitamin D3 (1,25D3) triggers autophagy

and antimicrobial responses against Mtb in human monocytes/macrophages, both dependent

on the expression of the antimicrobial peptide cathelicidin hCAP18/LL-37 (Yuk et al., 2009).

In addition, monocyte stimulation via a TLR2/1 ligand leads to an induction of cathelicidin via

the conversion of 25-hydroxyvitamin D3 (25D3) to 1,25D3 through Cyp27b1 hydroxylase

expression in monocytes/macrophages (Liu et al., 2006). Although previous studies have

reported that interleukin (IL)-15 was required in the activation of Cyp27b1 expression (Krutzik

et al., 2008), the molecular mechanisms that govern Cyp27b1 expression have not been

characterized. Additionally, although activation with several microbial ligands can induce

autophagy (Huang et al., 2009; Kumar and Rangarajan, 2009), it is not clear whether or how

mycobacterial ligands and host innate immune receptor pairs activate autophagy, including the

relationship of such activation to the vitamin D-dependent antimicrobial pathway.

Major questions remain as to whether the mycobacterial antigen can activate autophagy, and

how autophagy is modulated in human monocytes and macrophages. Here we clearly

demonstrate that mycobacterial lipoprotein LpqH, a TLR2/1 agonist, robustly activates

autophagy in human monocytes and exerts antimycobacterial activities through autophagy

induction. We found that the LpqH-induced autophagy pathway was dependent on the

induction of cathelicidin by the conversion of 25D3 to 1,25D3 through CYP27b1-hydroxylase

expression. In addition, the current study revealed that LpqH-induced CCAAT/enhancer-

binding protein (C/EBP)-β activation plays a role in the expression of Cyp27b1 hydroxylase.

The LpqH-mediated autophagy pathway was activated through a transient increase in

intracellular calcium following AMP-activated protein kinase (AMPK) activation via Src

kinase and phospholipase C (PLC)-γ. Moreover, AMPK-dependent p38 mitogen-activated

protein kinase (MAPK) activation was essentially required for LpqH-induced Cyp27b1

expression and autophagy activation. Therefore, our findings clearly demonstrate that TLR2/1

signalling regulates antibacterial autophagy pathway through functional vitamin D3 receptor

activation and cathelicidin expression in human primary monocytes.

Results

LpqH activates autophagy in human primary monocytes

Recent work has demonstrated that innate receptor recognition of different pattern recognition

molecules, including LPS and single-stranded RNA, are involved in autophagy and induce

effector mechanisms with direct antimicrobial actions against intracellular microbes (Sanjuan

et al., 2007; Xu et al., 2007; Delgado et al., 2008). Since mycobacterial antigens or components

are recognized by distinct TLRs (Quesniaux et al., 2004; Jo et al., 2007), the possibility exists
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that mycobacterial antigen(s) participate in autophagy activation or affect autophagy

regulation. It is unknown, however, whether mycobacterial lipoproteins induce autophagy in

primary monocytes or macrophages.

To investigate these questions, the number of microtubule-associated protein 1 light chain 3

(LC3) aggregates (Kabeya et al., 2000), which reflect the number of autophagosomes, was

quantified in primary monocytes that were stimulated with LpqH under culture conditions with

human sera containing physiological levels of provitamin D3 hormone (25D3, 62.6 ± 11.8 nM;

Fig. S1A). As shown in Fig. 1A, LpqH stimulation caused a dose-dependent increase in

endogenous LC3 aggregates in human primary monocytes cultured for 24 h with media

containing human sera (Fig. 1A; quantification shown at bottom). Additionally, the percentage

of LC3 vesicles induced by LpqH stimulation in human primary monocytes cultured in media

containing human sera was comparable to those stimulated by 25D3 (100 nM; Fig. S1B). Based

on the findings of Liu et al. (2006), these data suggest that LpqH-mediated autophagy induction

and antimicrobial activation are dependent on the 25D3 levels in human sera, as this is required

for the TLR-activated monocytes to convert 25D3 into sufficient levels of 1,25D leading to

activation of vitamin D receptor (VDR) downstream genes. The cell viability after LpqH

treatment in human primary monocytes or THP-1 cells using CCK-8 assay and Western

analysis for caspase-3 activation (data not shown). The cell viability was not decreased in our

system until 48 h of culture. In our previous study (Gehring et al., 2003), we also observed

that there was no substantial induction of apoptosis after treatment of LpqH. Pre-treatment of

cells with inhibitors of autophagy 3-methyladenine (3-MA) and Wortmannin (Seglen and

Gordon, 1982) significantly decreased the formation of LC3 autophagic vesicles (Fig. S1C).

Additionally, lentiviral shRNA specific to Beclin-1 (shBeclin-1) or Atg5 (shAtg5) transduction

in human primary monocytes significantly inhibited the numbers of endogenous LC3 puncta

expressing cells after LpqH stimulation, as compared with those transduced with non-specific

control shRNA lentiviral particles (shNS) (Fig. 1B). The shRNA constructs knocked down

either Beclin-1 or Atg5 mRNA expression by > 90% (Fig. 1B, inset).

Moreover, Western blot analysis confirmed an elevation in LC3-II/LC3-I ratios, characteristics

of autophagy induction (Kabeya et al., 2000), when human monocytes were stimulated with

LpqH for 24 h (Fig. 1C). Transmission electron microscopy determined that the number of

autophagosome-like vacuoles with double-membrane structures was increased in LpqH-

treated cells (Fig. 1F–I). Furthermore, LC3 was found to colocalize with lysosomes (stained

with LAMP-1) after LpqH stimulation (Fig. 1J). In addition, pre-treatment of cells with the

vacuolar H+-ATPase inhibitor bafilomycin A1 (200 nM, 2 h) (Kabeya et al., 2000; Mizushima

et al., 2001) or chloroquine (10 μM, 30 min) (Fedorko et al., 1968) significantly inhibited

LpqH-induced colocalization of autophagosomes and lysosomes (Fig. 1J, P ≤ 0.01 for both

treatments). To examine whether the LpqH induces a real autophagic flux, we further examined

the degradation of LC3-II levels in cells pre-treated with bafilomycin A1 or chloroquine. As

shown in Fig. 1K, treatment with either bafilomycin A1 or chloroquine produced an

enhancement of LC3-II levels in human primary monocytes after stimulation with LpqH. These

data show that LpqH induces autophagic flux and are in agreement with previous findings in

cells treated with 1,25D3 (Yuk et al., 2009). Thus, LpqH actively induces both autophagy and

autophagosome–lysosome fusion in human primary monocytes.

Induction of autophagy by LpqH is dependent on TLR2, 1 and CD14

TLR2, TLR1 and CD14 all contribute to the recognition of the mycobacterial lipoprotein LpqH

(Drage et al., 2009). Therefore, we first examined the roles of CD14, TLR2 and TLR1 in LpqH-

mediated autophagy activation. Pre-treatment of human primary monocytes with neutralizing

anti-CD14, anti-TLR2 or anti-TLR1 antibodies (Abs) significantly reduced LpqH-mediated

autophagy activation (Fig. 2A). In contrast, pre-treatment of human primary monocytes with
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neutralizing Abs for TLR4 did not affect LC3 punctate formation after LpqH stimulation (Fig.

2A). Additionally, LpqH-mediated autophagy activation was markedly absent following

siRNA-mediated suppression of CD14 (siCD14), TLR1 (siT1) and 2 (siT2) in THP-1 cells,

but not transfection with siRNA for TLR4 (siTLR4) or siNS, as shown in Fig. 2B. These data

indicate that LpqH recognition of TLR2, 1 and CD14 is required for autophagy activation in

human monocytes.

Cathelicidin is required for LpqH-induced antibacterial autophagy in human monocytes

We recently showed that 1,25D3 treatment of human monocytes induces the formation of

autophagosomes via human cathelicidin hCAP18/LL-37 (Yuk et al., 2009). Additionally, Liu

et al. (2009) demonstrated that TLR2/1 activation triggers the induction of the defensin β4

gene (DEFB4), which is also required for TLR2/1-induced antimicrobial activity against

intracellular mycobacteria (Liu et al., 2009). TLR2/1 stimulation of human primary monocytes

using LpqH significantly increased the mRNA expression of DEFB4 and hCAP18/LL-37 (Fig.

3A), as consistent with previous results (Liu et al., 2009).

To assess the role of cathelicidin in LpqH-mediated autophagy, we transduced primary

monocytes with lentiviral shRNA specific to hCAP18/LL-37 (shLL-37) or hDEFB4

(shDEFB4) and measured autophagy induction after LpqH stimulation. Silencing of hCAP18/

LL-37 significantly inhibited the number of LC3-positive autophagic vesicles in human

monocytes after LpqH stimulation (Fig. 3B), whereas transduction of cells with shNS or

shDEFB4 did not (Fig. 3C). Consistent with these data, transduction of shLL-37 significantly

blocked endogenous conversion of LC3-I to LC3-II in LpqH-treated primary monocytes,

whereas shNS or shDEFB4 transduction did not (Fig. S2 and data not shown).

Based on the observation that hCAP18/LL-37 is important for 1,25D3-mediated

antimycobacterial activity through autophagy (Yuk et al., 2009), we surmised that LpqH-

induced cathelicidin may contribute to the efficient killing of intracellular mycobacteria

through autophagy. To test this hypothesis, monocyte-derived macrophages (MDMs) were

transduced with shNS or shLL-37, and then infected with Mtb at a multiplicity of infection

(moi) of 5:1. After extensive washing to remove extracellular bacilli, the infected cells were

further cultured with or without LpqH in human serum-containing medium. As shown in Fig.

3D, pre-treatment with 3-MA or Wortmannin significantly increased the viability of the

intracellular Mtb in LpqH-treated MDMs that were transduced with shNS, whereas it did not

affect the intracellular survival of bacteria in MDMs transduced with shLL-37. Moreover,

Beclin-1 or Atg5 deficiency significantly inhibited the antimycobacterial activity in response

to LpqH, when MDMs were transduced with shBeclin-1 or shAtg5 (Fig. 3E). It is noted that

LpqH treatment reduced the viability of the intracellular bacteria by 35–42% in the control

siRNA lentivirus-transduced cells as measured by cfu assay (Fig. 3D and E). Thus, hCAP18/

LL-37, but not DEFB4, plays an essential role in the LpqH-mediated antibacterial autophagy

induction, which is involved in the macrophage defences against Mtb.

LpqH-induced autophagy requires C/EBP-β-mediated induction of Cyp27b1 hydroxylase and

consequent cathelicidin expression

TLR2/1 activation of human monocytes/macrophages upregulates the expression of selected

vitamin D receptor (VDR)-related genes including Cyp27b1 hydroxylase, which is the enzyme

that catalyses the conversion of inactive provitamin D3 hormone (25D3) into the active form

(1,25D3). In addition, C/EBP-β activation has been reported to be required for Cyp27b1

hydroxylase gene activation in response to IFN-γ and CD14/TLR4 activation by human

monocytes (Stoffels et al., 2006).

Shin et al. Page 4

Cell Microbiol. Author manuscript; available in PMC 2010 November 3.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Given this background, we examined whether LpqH stimulation induces the expression of

Cyp27b1 hydroxylase and cathelicidin in human monocytes. In monocytes stimulated with

LpqH in culture medium containing human serum, LpqH stimulation induced a time-dependent

increase in Cyp27b1 and cathelicidin mRNA expression (Fig. 4A). The expression of both

Cyp27b1 hydroxylase and cathelicidin peaked at 12 h after LpqH stimulation (Fig. 4A).

Additionally, inhibition of Cyp27b1 hydroxylase blocked LpqH-induced cathelicidin protein

expression in monocytes (Fig. 4B). Based on our observation that the addition of 1,25D3

significantly activates nuclear translocation of VDR (data not shown), we sought to determine

whether LpqH treatment causes nuclear translocation of VDR in human monocytes. We found

that LpqH stimulation significantly activated nuclear translocation of VDR in a time-dependent

manner, with the highest translocation of VDR occurring at 12 h (Fig. S3A). Moreover,

blockade of Cyp27b1 hydroxylase by transfection of THP-1 cells with specific siRNA to

Cyp27b1 (siCyp27b1) markedly inhibited LpqH-dependent VDR nuclear translocation at 12

h (Fig. 4C). However, VDR mRNA expression was not inhibited by silencing of Cyp27b1

(data not shown), consistent with the previous studies (Kemmis and Welsh, 2008).

To assess the role of C/EBP-β in Cyp27b1 gene expression, THP-1 cells were transfected with

siRNA specific to C/EBP-β (siC/EBP-β) or siNS, which was followed by LpqH stimulation.

Figure 4D shows that C/EBP-β silencing significantly, but not completely, reduced the mRNA

expression of Cyp27b1 hydroxylase in THP-1 cells after LpqH stimulation. As Cyp27b1

expression was partially modulated by C/EBP-β, other pathways could play a role for the LpqH-

dependent Cyp27b1 hydroxylase expression. Additionally, Cyp27b1 hydroxylase expression

in response to LpqH stimulation was profoundly affected by transfection of cells with siT1,

siT2 or siCD14, but not siT4 (Fig. 4E), thus suggesting a role for TLR1, 2 and CD14 in LpqH-

mediated Cyp27b1 expression. Furthermore, quantification of LC3 puncta formation showed

that monocytes pre-treated with a Cyp27b1 antagonist followed by LpqH stimulation exhibited

significantly reduced autophagosome formation as compared with those pre-treated with

solvent controls (Fig. 4F). These results indicate that LpqH-induced autophagy activation

requires the C/EBP-β-dependent expression of Cyp27b1-cathelicidin and the functional VDR

activation via TLR1, 2 and CD14.

AMPK activation via Src kinase-PLC-γ-calcium-dependent signalling is involved in LpqH-

induced autophagy activation

AMPK activation has been previously demonstrated to be essential for the induction of Ca2+-

dependent autophagy (Høyer-Hansen et al., 2007). Therefore, we next determined whether

LpqH stimulation induces AMPK phosphorylation at the Thr-172 residue of the α-subunit,

which is crucial for AMPK activity in human monocytes (Hawley et al., 1996). As shown in

Fig. 5A, Western blot analysis showed phosphorylation at the Thr-172 residue of the

AMPKα catalytic domain after LpqH stimulation. When human monocytes were stimulated

with LpqH, a rapid and marked increase in AMPKα phosphorylation was evident at 15 min

post stimulation; these levels returned to baseline over an 8 h time period (Fig. 5A). In addition,

LpqH stimulation resulted in a significant increase in intracellular Ca2+ release, which peaked

at 3 min and returned to basal levels by the 15 min time point (Fig. 5B). We further examined

whether the increase in AMPKα phosphorylation is modulated via intracellular Ca2+ release

in response to LpqH stimulation. As shown in Fig. 5C, LpqH-stimulated AMPKα
phosphorylation was reduced in a dose-dependent manner by pre-treatment with an

intracellular calcium-specific chelator, BAPTA-AM. Furthermore, the number of endogenous

LC3 puncta was significantly decreased in LpqH-treated monocytes after pre-treatment with

BAPTA-AM, a Ca2+/calmodulin-dependent protein kinase kinase (CaMKK)-α/β inhibitor

(STO-609), or an ATP-competitive inhibitor of AMPK (compound C; Fig. S4). SiRNA-

mediated knockdown of CaMKK-β and AMPK also significantly abrogated LpqH-induced

LC3 puncta formation in THP-1 cells (Fig. 5D), thus confirming the results using
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pharmacologic inhibitors. These data suggest that AMPK pathways are required for LpqH-

induced autophagy activation in human monocytes through intracellular calcium release.

In the next series of experiments, we sought to elucidate the molecular mechanisms responsible

for signalling LpqH-induced calcium release and autophagy. Recent studies have shown that

mouse dendritic cell stimulation with LPS induces calcium influx through activation of Src-

family kinase and PLC-γ2 through CD14 (Zanoni et al., 2009). We also found that CD14,

TLR2 and TLR1 were essentially involved in the LpqH-mediated intracellular calcium release,

whereas TLR4 did not, in THP-1 cells by using specific siRNA transfection (Fig. S5). We then

tested the roles of Src and PLC-γ in LpqH-induced calcium release and autophagy activation.

Western blot analysis showed phosphorylation of c-Src at Tyr416 within 1 min of LpqH

stimulation in human primary monocytes (Fig. S6A). Additionally, we found that pre-treatment

of cells with the Src kinase inhibitors PP1 and PP2, but not the analogue PP3, selectively

attenuated LpqH-induced intracellular calcium levels (Fig. 5E) and autophagy (Fig. S6B).

Because PLC-γ is a downstream component of Src tyrosine kinase (Zanoni et al., 2009), we

also explored the implications of PLC-γ activation on calcium release and autophagy activation

due to LpqH stimulation. As shown in Fig. 5F, in human THP-1 cells, LpqH-mediated

intracellular calcium release was attenuated by the inhibition of PLC-γ activity using the

specific pharmacologic inhibitor U73122, but not the analogue U73343. Similarly, LpqH-

induced autophagy was inhibited in a dose-dependent manner by pre-treatment with U73122,

but not U73343 (Fig. S6C). These data link LpqH stimulation of Src-PLC-γ-calcium signalling

to AMPK activation and indicate that LpqH-dependent calcium signalling is necessary for

autophagy activation.

AMPK-dependent p38 MAPK activation is required for LpqH-induced autophagy activation

and cathelicidin expression

Previous studies have demonstrated that AMPK can facilitate the p38 MAPK signalling

pathway in skeletal muscle cells (Lee et al., 2008); however, a key downstream target of AMPK

that is necessary for autophagy activation has not been proven effective in monocytes. Our

previous studies show that LpqH strongly activates ERK1/2 and p38 MAPK, but induces very

little activation of JNK (Pennini et al., 2006). Therefore, we first examined p38 MAPK and

ERK1/2 phosphorylation in human monocytes after LpqH stimulation. Western blot analysis

confirmed the previous results (Pennini et al., 2006) that LpqH significantly activates p38

MAPK and ERK1/2 phosphorylation (Fig. S7). Activated levels of ERK1/2 and p38 MAPK

phosphorylation peaked at 30 min after LpqH stimulation (Fig. S7). Notably, pre-treatment of

cells with specific inhibitors for AMPK significantly inhibited LpqH-mediated

phosphorylation of p38 MAPK, but not ERK1/2, in a dose-dependent manner (Fig. 6A).

Moreover, LpqH-induced autophagosome formation was significantly inhibited in human

monocytes by pre-treatment of specific inhibitors for p38 MAPK (SB203580), but not ERK1/2

(U0126) or c-Jun N-terminal kinase (SP600125) inhibitors (Fig. 6B).

Based on these results, we next determined whether p38 MAPK activity is required for

Cyp27b1 expression and C/EBP-β activation in response to LpqH stimulation. As shown in

Fig. 6C and D, blockade of p38, but not ERK1/2 or JNK1/2, activities markedly inhibited

LpqH-induced Cyp27b1 mRNA expression (Fig. 6C) and C/EBP-β activation (Fig. 6D) in

human monocytes. Taken together, these data suggest that the AMPK-dependent p38 MAPK

pathway is essentially involved in LpqH-induced autophagy activation through C/EBP-β-

mediated cathelicidin expression.

Discussion

Autophagy is a cellular degradation system that contributes many different physiological

processes, including the turnover of cellular components, differentiation, development and
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death (Levine and Kroemer, 2008; Mizushima et al., 2008). Recently, autophagy was shown

to be associated with TLR signalling. Specifically, innate sensing pathways via certain TLR

ligands play an important role in the initiation and regulation of autophagy activation (Delgado

et al., 2008; Shi and Kehrl, 2008; Orvedahl and Levine, 2009). Importantly, a subset of TLR

ligands including poly I:C, a TLR3 ligand, and single-stranded RNA, a TLR7 ligand, are robust

activators of autophagy induction (Delgado et al., 2008; Shi and Kehrl, 2008). Moreover,

expression of the TRIF dominant-negative form inhibited poly I:C-activated TLR3-induced

autophagosome formation in murine macrophage RAW264.7 cells (Shi and Kehrl, 2008).

Since mycobacterial antigens and components can act as agonists for TLRs (Quesniaux et

al., 2004; Jo et al., 2007), they may be able to activate autophagy through TLR signalling in

mononuclear phagocytes. However, little is known regarding the molecular mechanisms by

which mycobacterial antigen(s) induce autophagy activation in human cells.

We found that LpqH stimulation robustly activates autophagy in human monocytes in cultures

containing physiological levels of 25D3. Previous studies have demonstrated that physiological

levels of 1,25D3 can activate autophagy in human monocytes/macrophages (Yuk et al.,

2009). The present results significantly extend our previous findings on vitamin D3-induced

autophagy activation (Yuk et al., 2009) to TLR-dependent autophagy by demonstrating direct

activation of innate immune system via TLRs. Not only is the relationship between the TLRs

and autophagy, but it provides also a strong evidence that adjoins vitamin D metabolism with

TLR2/1-dependent autophagy through Cyp27b1 activation. The effects of cathelicidin on

LpqH-mediated autophagy are likely mediated by Cyp27b1 hydroxylase activation (see Fig.

4F), which functionally modulates VDR signalling activation downstream (Liu et al., 2006).

Previously, IL-15 was found to be required for the TLR2/1-induced upregulation of Cyp27b1

leading to bioconversion of 25D3 to 1,25D3 and subsequent induction of cathelicidin in human

monocytes (Krutzik et al., 2008). Although TLR2/1 ligands activate monocytes production of

IL-1β, this cytokine had no effect on Cyp27b1 expression, but instead was required for

induction of DEFB4 (Liu et al., 2009). Consistent with previous findings (Liu et al., 2009),

we found that LpqH stimulation markedly upregulates gene expression of DEFB4 in human

monocytes. Therefore, LpqH-induced IL-15 or IL-1β would affect the indirect activation of

Cyp27b1 hydroxylase and DEFB4 expression.

In recent years, great emphasis has been placed on the role of antimicrobial peptides including

defensins in the host defence against pathogens (Klotman and Chang, 2006; Liu et al., 2009;

Salzman et al., 2010). The current data show that cathelicidin, but not DEFB4, expression is

important for LpqH-induced autophagy induction. In addition, we found that LpqH-induced

cathelicidin is necessary for autophagy-dependent antimicrobial responses against

mycobacteria. Although DEFB4 expression is also required for TLR2/1-mediated

antimicrobial activity (Liu et al., 2009), the greater dependence on cathelicidin expression

indicates that vitamin D3-activated (Yuk et al., 2009), cathelicidin-dependent autophagy is a

central aspect of the antimicrobial pathway. The ability of cathelicidin to induce

autophagolysomal fusion (Yuk et al., 2009) may facilitate the delivery of several antimicrobial

mediators to the compartment where the bacilli reside. Recently, the adaptor molecule p62/

SQSTM1 has been postulated to deliver ribosomal and ubiquitinated cytosolic proteins to

autolysosomes, resulting in the antimycobacterial responses (Ponpuak et al., 2010). Together,

these data strongly suggest that several distinct mechanisms contribute to TLR-induced

antimicrobial pathways, separately or linked together, i.e. cathelicidin-dependent autophagy,

IL-1β-dependent DEFB4 expression and p62-mediated delivery of antimycobacterial

components into autolysosomes.

In the current study, manipulation of Cyp27b1 hydroxylase expression impacted LpqH-

dependent autophagy induction through TLR2/1 and CD14. The present data also emphasize

the role of CD14, TLR2 and TLR1 in autophagy activation as an upstream signal for
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intracellular calcium release and the expression of Cyp27b1 hydroxylase and cathelicidin in

response to LpqH stimulation. Previously, Stoffels et al. demonstrated that Cyp27b1

hydroxylase gene expression is synergistically induced by interferon-γ and CD14/TLR4

ligation, and paralleled by 1,25D3 in human monocytes (Stoffels et al., 2006). Recent studies

also show that CD14, a glycosylphosphatidylinositol-anchored receptor, is responsible for

Ca2+ influxes after LPS activation (Zanoni et al., 2009). In addition,

glycosylphosphatidylinositol-anchored receptors, including CD59 molecules, activate

intracellular inositol-1,4,5-trisphosphate-dependent Ca2+ mobilization through the recruitment

of Lyn to CD59 clusters (Suzuki et al., 2007a; Suzuki et al., 2007b). Thus, together with our

previous results (Shin et al., 2008), TLR2 localization in lipid rafts appear to be required for

LpqH-induced Ca2+ signalling through TLR2, TLR1 and CD14. Moreover, blockade of TLR2,

TLR1 and CD14 significantly inhibited autophagy activation (see Fig. 2), thus indicating direct

involvement of these PRRs in LpqH-induced autophagy.

Accumulating evidence suggests that autophagy is a coordinated biological response and that

several signalling pathways can act in concert to bring about directed antibacterial autophagy.

Of note, AMPK, a serine/threonine kinase, acts as a cellular energy sensor and plays a crucial

role in autophagy activation through the regulation of intracellular protein degradation (Meley

et al., 2006; Liang et al., 2007; Matsui et al., 2007). The current data show that AMPK

activation is critical for LpqH-dependent autophagy activation through Ca2+-dependent

signalling. These data partly agree with previous reports that AMPK-dependent autophagy

activity is regulated through Ca2+-CaMKK signalling (Høyer-Hansen et al., 2007; Hoyer-

Hansen and Jaattela, 2007). The present data along with our previous findings (Yuk et al.,

2009) indicate that the Ca2+-CaMKK-AMPK pathway is involved in two key steps in the

TLR2/1 ligand, vitamin D-dependent induction of autophagy. We have found that the CaMKK-

AMPK pathway is required for the TLR2/1-mediated activation of Cyp27b1 hydroxylase,

which, in turn, induces the cathelicidin gene expression through a functional vitamin D-

receptor signalling. However, the inhibition of AMPK was not involved in the 1,25D3

induction of cathelicidin mRNA (Yuk et al., 2009), likely because 1,25D3 can directly activate

the cathelicidin gene promoter which contains three VDREs (Liu et al., 2009). The Ca2+-

CaMKK-AMPK pathway was required for both steps in 1,25D3-induced autophagy and

colocalization between cathelicidin and LC3-autophagosomes (Yuk et al., 2009). Therefore

we conclude that the Ca2+-CaMKK-AMPK signalling plays a crucial role in both the TLR2/1-

mediated upregulation of CYP27b1 hydroxylase and the ability of 1,25D3 to induce

authophagy via cathelicidin (see Fig. 7). Thus, the effects of AMPK pathway on the cathelicidin

expression would differ depending on the stimulatory ligands.

The current data are unique in that we demonstrate a role for AMPK/p38 as a powerful activator

of autophagy and antimycobacterial effects on monocytes/macrophages. These results warrant

further investigation of AMPK/p38 as a promising alternative for antimycobacterial therapy.

In addition, the current data demonstrate a role for the p38 MAPK pathway in C/EBP-β
activation and Cyp27b1 gene expression (see Fig. 6C and D). These data are partially in

agreement with previous results showing that the p38 MAPK pathway is involved in the

phosphorylation of C/EBP-β (Stoffels et al., 2006). It seems to be controversial to our previous

findings (Yuk et al., 2009) that C/EBP-β expression and p38 MAPK activation was inhibited

in cathelicidin-knocked-down cells. Our previous findings (Yuk et al., 2009) can be explained

that the basal constitutive or early induced cathelicidin is required for the activation of C/EBP-

β expression and p38 MAPK signalling. Therefore these data indicate that C/EBP-β is required

for TLR-induced Cyp27b1 expression and that cathelicidin is also required for C/EBP-β
activation and phosphorylation of p38. These signalling pathways seem to connect together

and make a positive circuit in the amplification of TLR2/1-mediated antimicrobial activities

through upregulation of cathelicidin expression. Our proposed model for the mechanism by

which Ca2+/CaMKK/AMPK/p38 pathways mediate the stimulatory effects of LpqH on
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autophagy activation through C/EBP-β-dependent activation of Cyp27b1 expression is

summarized in Fig. 7.

However, because the LpqH is only one of a number of molecules that mediate the immune

modulation by Mtb, in the context of the whole bacillus, the autophagy-inducing effect of LpqH

could be masked by the whole set of mycobacterial components that might inhibit autophagy

and antimicrobial responses. Future studies are needed to clarify the essential effect of LpqH

using the bacteria lacking LpqH expression as well as the in vivo evaluations. Collectively, our

data reveal a previously uncharacterized interaction between autophagy and TLR2/1-induced

antimicrobial responses against mycobacteria.

Experimental procedures

Cell preparation

This study was approved by the Bioethics Committee of Chungnam University Hospital, which

oversees studies that use samples from human subjects. Human primary monocytes, MDMs,

THP-1 cells were prepared as described previously (Song et al., 2003; Yuk et al., 2009). For

monocyte isolation, peripheral blood mononuclear cells from healthy donors were isolated

from buffy coats obtained by density sedimentation over Histopaque-1077 (Sigma, St Louis,

MO, USA). After cells were allowed to adhere to culture flasks (Nunc, NY, Rochester, USA)

for 1 h at 37°C, the non-adherent cells were removed by vigorous washing with PBS. The

recovered cells were > 95% monocytes, determined by flow cytometric analysis. Human

MDMs were prepared by culturing peripheral blood monocytes for 5 days in the presence of

4 ng ml−1 human macrophage colony-stimulating factor (Sigma). The human monocytic

THP-1 cells were purchased (American Type Culture Collection TIB-202) and maintained in

RPMI 1640 (Invitrogen Life Technologies, Carlsbad, CA, USA) with 10% of vitamin D-

sufficient human sera. The cells were treated with 5 nM phorbol myristate acetate (Sigma) for

48 h to induce differentiation into macrophage-like cells and then washed three times with

PBS.

Preparation of lipoprotein

The LpqH lipoprotein was prepared from Mtb H37Ra, as previously described (Drage et al.,

2009). Preparations of the LpqH lipoprotein used in experiments were tested for LPS

contamination by a Limulus amebocyte lysate assay (BioWhittaker) and contained less than

1.6 pg μg−1 at the concentrations of the LpqH used in experiments.

Reagents, DNA and Abs

3-Methyladenine, bafilomycin A1 and DAPI were from Sigma. Specific inhibitors of MEK1

(PD98059), c-Jun N-terminal kinases (SP600125), p38 MAPK (SB203580), ROS (NAC),

NADPH oxidase (DPI) and xanthine oxidease (allopurinol), PP1, PP2, the inactive PP3,

U73122 and inactive U73343 were purchased from Calbiochem (San Diego, CA, USA).

DMSO (Sigma) was added to the cultures at 0.1% (v/v) as a solvent control.

The hCyp27b1 targeting siRNA (L-009457; a pool of four target-specific 22 nt siRNAs), hC/

EBPβ targeting siRNA (L-006423; a pool of four target-specific 24 nt siRNAs) or control non-

targeting siRNA (D-001810) were purchased from Dharmacon (Lafayette, CO, USA). SiRNAs

specific to hCD14 (sc-29248; a pool of four target-specific 20–25 nt siRNAs), hTLR1

(sc-40254; a pool of three target-specific 20–25 nt siRNAs), hAMPK (sc-29673; a pool of three

target-specific 19–25 nt siRNAs) and hCaMKKIIβ (sc-38951; a pool of three target-specific

19–25 nt siRNAs) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

The psiRNA-h7SKGFPzeo plasmids for hTLR2 shRNA were purchased from InvivoGen. The

cells were transfected using LipofectAMINE 2000 as indicated by the manufacturer
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(Invitrogen). Predesigned siRNA oligos were resuspended and stored as recommended by the

manufacturer. The human pLKO.1 lentiviral hCAP18/LL-37 shRNA (RHS4533; GenBank

Accession NM_004345), Beclin-1 shRNA (RHS4533; GenBank Accession NM_003766) and

Atg5 shRNA (RHS4531; GenBank Accession NM_004849) constructs were from Open

Biosystems; the non-target pLKO.1-scrambled shRNA (designated shNS) was from Sigma.

Anti-LC3 Ab used for Western blotting was from Novus Biologicals; anti-LC3 Ab used for

immunofluorescence analysis was from MBL International; anti-rabbit IgG-FITC, anti-rabbit

IgG-TRITC, anti-mouse IgG-PE, anti-mouse IgG-Cy2 Abs were from Jackson

Immunoresearch (West Grove, PA, USA); anti-β-actin was from Santa Cruz Biotechnology;

anti-VDR was from Abcam (Cambridge, MA, USA); Abs against ERK1/2, phospho-(Thr202/

Tyr204)-ERK1/2, p38, phospho-(Thr180/Tyr182)-p38, were from Cell Signaling (Danvers,

MA, USA). The Abs to β-actin, phospho-c-Src (N-16) and Lamp-1 (H5G11) were purchased

from Santa Cruz. Specific mAbs against hTLR2 (2392, IgG2a) and hTLR4 (HTA 125, IgG2a)

were obtained from eBio-science (San Diego, CA, USA); hCD14 (IgG1) from R&D systems

(Minneapolis, MN, USA); hTLR1 (GD2.F4, IgG1) from Biolegend (San Diego, CA, USA).

Mouse IgG1 isotype control Abs (16-4714) and IgG2a isotype control Abs (16-4724) were

obtained from eBioscience. Materials not listed were purchased from Sigma. All primers used

in this study are shown in Table S1.

Mycobacteria culture, infection and cfu assay

Mycobacterium tuberculosis H37Rv (kindly provided by Dr Richard L. Friedman, University

of Arizona, Tucson, AZ) were cultured and the single cell suspensions of mycobacteria were

obtained as described previously (Zhang et al., 1998; Yang et al., 2009). Human MDMs were

infected with Mtb at a moi of 1. The cells were incubated for 4 h with Mtb and then washed

with PBS three times, and the majority of extracellular bacteria (> 99%) were removed as

determined by auramine-rhodamine stain (Merck, Darmstadt, Germany). After washing, the

fresh media were added and the incubation continued for the additional time. The efficiency

of infection was determined by auramine rhodamine stain and was in a range of 30–35%, with

an average of 1.4 bacteria per infected cell. More than 70% of the infected cells contained one

intracellular bacterium. The intracellular bacteria were harvested and assayed for viability

based on the numbers of cfu, as previously described (Liu et al., 2007; Yuk et al., 2009). In

brief, Mtb-infected cells were treated with LpqH for 2 or 4 days in triplicate wells, pelleted by

centrifugation, washed twice with 1× PBS, and then lysed by resuspension in an autoclave

distilled water and vigorous pipetting. The lysate was centrifuged to pellet the harvested

bacteria and then the pellets were resuspended in 7H9 broth. Bacterial viability (relative cfu)

was calculated as the bacterial count from the Day 2 or 4 culture divided by the Day 0 bacterial

count, multiplied by 20. Inoculated 7H10 plates were incubated at 37°C and then the number

of cfu in each plate was counted.

Autophagy evaluation

Autophagy was evaluated in cells by immunostaining of LC3, TEM or WB analysis.

Fluorescence microscopy and TEM analysis were performed as described previously (Yuk et

al., 2009). For immunostaining, human monocytes and THP-1 cells were fixed with 4%

paraformaldehyde in PBS for 10 min, and permeabilized with 0.01% Triton X-100 in PBS for

5 min. The cultures were then stained with LC3-FITC or -TRITC or Lamp-1-Cy2 Abs. Cells

were imaged with a Zeiss confocal microscope (LSM510 META; Zeiss). In some experiments,

human monocytes were loaded with DAPI (Sigma) for visualization of nuclei. Quantification

of autophagy was performed based on the percentage of LC3-positive autophagic vacuoles per

cell or cells with LC3 punctate dots. For positive control of autophagy activation, cells were

incubated in complete medium that contained 500 nM rapamycin (Sigma) for 12 h.
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For TEM analysis, THP-1 cells were fixed, and embedded in straight resin, and then cured at

80°C for 24 h. Ultrathin sections (70–80 nm) were obtained using an ultramicrotome (RMC

MT6000-XL). Sections were stained with uranyl acetate and lead citrate and examined under

a Tecnai G2 Spirit Twin transmission electron microscope (FEI Company, USA) and a JEM

ARM 1300S high-voltage electron microscope (JEOL, Japan). Autophagosome formation was

determined by observation of typical double-membrane vesicles. In TEM analysis, autophagy

was quantified by determining the number of autophagic vacuoles per cross-sectioned cell. In

all experiments, a minimum of 150 cells per sample were counted and duplicate or triplicate

samples were counted per experimental condition. For TEM experiments, data obtained from

a minimum of 50 independent sectioned cells were used.

Autophagy was also evaluated using Western analysis by examination of the cleaved lapidated

forms (LC3-II) of the autophagy marker LC3, which was detected by anti-LC3 Ab (1:2000,

Novus Biologicals). The LC3-I to LC3-II ratio was calculated by densitometric analysis.

Fluorescence microscopy

For immunostaining of VDR translocation or LL-37 expression, human monocytes and THP-1

cells were fixed with 4% paraformaldehyde in PBS for 10 min, and permeabilized with 0.25%

Triton X-100 in PBS for 5 min. The cultures were then stained with VDR-TRITC or hCAP18/

LL-37-TRITC Abs. Cells were imaged with a Zeiss confocal microscope (LSM510 META;

Zeiss). Quantification of VDR translocation was performed based on the percentage of cells

with VDR translocation. The fluorescence intensity of each field was measured by the ImageJ

analysis software or Adobe Photoshop CS4™ software. In all experiments, a minimum of 150

cells per sample were counted and duplicate or triplicate samples were counted per

experimental condition.

Western blot analysis

Western blot analysis was performed as described previously (Yuk et al., 2009). In brief, the

equal amounts (20 mg) of protein/cell lysate in sample buffer (62.5 mmol l−1 Tris-HCl, pH

6.8, 10% glycerol, 1% SDS, 1% β-mercaptoethanol, 0.1% bromophenol blue) were loaded on

a 10–15% SDS-polyacrylamide gel. Proteins were blotted on a PVDF membrane (Bio-Rad;

0.45 mm pore size). Non-specific binding was blocked in 5% blocking buffer (5% non-fat dry

milk, 150 mmol l−1 Tris-HCl, pH 7.4, 50 mmol l−1 NaCl, 0.05% Tween 20) for 1 h, and

membranes were incubated overnight at 4°C with indicated Abs at a 1:1000 dilution to detect

the presence of MAPKs, Src, AMPK, hCAP/LL-37, LC3 or β-actin. The membranes were then

incubated with horseradish peroxidase-coupled secondary Abs (1:5000; Santacruz). The blots

were developed with enhanced chemiluminescence reagents (PerkinElmer Life Sciences,

Boston, MA).

RNA Extraction, real-time and semi-quantitative RT-PCR

RNA extraction, real-time quantitative PCR and semi-quantitative RT-PCR were performed

as described previously (Lee et al., 2009). RNA was isolated using an RNeasy Mini Kit

(Qiagen, Hilden) and treated with RNase-Free DNase as per the manufacturer’s instructions.

Total RNA (2 μg each) was used to generate first-strand cDNA in reverse-transcription

reactions (Invitrogen, Carlsbad, CA). PCR amplifications were conducted using the PCR kit

(Qiagen, Valencia, CA, USA). The reaction conditions used for quantitative real-time RT-PCR

were as described previously (Lee et al., 2009). Each reaction was performed in triplicate, and

the optical data were analysed using the default and variable parameters available in the iCycler

iQ™ Optical System (ver. 3.0a; Bio-Rad). The samples were normalized to the reference

reporter β-actin.
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Transfections and reporter gene assay

Transfection of siRNAs into the indicated cells were performed using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s instructions. The reporter gene assay was

performed as previously described (Yuk et al., 2009). The luciferase reporter vector controlled

by a synthetic promoter containing direct repeats of the transcription recognition sequences

for the C/EBP was from Stratagene. At 36 h following transfection, cell extracts were prepared

by adding 100 μl of 1× Passive Reporter Lysis Buffer (Promega, Madison, WI). Luciferase

activity was measured using the Luciferase Assay System (Promega), according to the

manufacturer’s protocol. Each transfection was performed in triplicate and three independent

experiments were conducted.

Lentiviral shRNA generation and transduction to primary cells

For silencing of hCAP18/LL-37, hBeclin-1 or hAtg5 in primary cells, lentiviral shRNAs were

produced, as described previously (Yuk et al., 2009). Briefly, lentiviruses were produced by

transient transfection using packaging plasmids (pMDLg/pRRE, pRSV-Rev, pMD2.VSV-G,

purchased from Addgene) with Lipofectamine 2000-mediated transient transfection into

HEK293T cells. Viral containing media were collected 72 h post transfection and filtered.

Supernatant was used to infect cells in presence of 8 μg ml−1 Polybrene. For lentivirus infection,

human monocytes were infected with lentiviral vectors at a multiplicity of infection of 10 in a

presence of 8 μg ml−1 Polybrene. After 4–6 h, the medium was replaced with fresh medium,

and the cells were incubated for 2 or 3 days and then analysed for gene specific knockdown.

Intracellular Ca2+ measurements

THP-1 cells grown on coverslips were loaded with the Ca2+ indicator, fluo-4/AM (10 μM, 30

min for confocal measurements), or fluo-2 AM (10 μM, 30 min for kinetic measurements) in

HBSS buffer according to the manufacturer’s instructions (Molecular Probes). The cells were

washed twice subsequently with HBSS buffer and then followed by treatment with LpqH for

indicated times. For confocal measurements, images were obtained with LSM510 confocal

microscope (Zeiss). Fluo-4/AM was excited with the 488 nm line of an argon laser, and its

fluorescence emission was recorded between 500 and 550 nm. For Kinetic measurements,

images of cells were taken both before and after LpqH stimulation, at every 5 s for 20 min at

37°C. Images were obtained with Leica SP-2 AOBS confocal microscope (Leica-

Microsystems) or Nikon Eclipse microscope (Nikon). Fluo-2/AM was excited with the 380

nm (calcium free) and 340 nm (calcium complex), and its fluorescence emission was recorded

between 510 nm.

Statistical analysis

All data were analysed using Student’s t-test with a Bonferroni adjustment or ANOVA for

multiple comparisons and are presented as the mean ± SD. Differences were considered

significant at P < 0.05.
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Fig. 1. LpqH induces autophagy in human primary monocytes

A. Human primary monocytes were incubated with LpqH (50, 100, 200, 500 ng ml−1; top, 100

ng ml−1) in the absence or presence of human serum (HS) for 24 h, fixed, stained with DAPI

to visualize the nuclei (blue), and immunolabelled with the anti-LC3 Ab, followed by the

addition of FITC-conjugated goat anti-rabbit IgG (green). Above, representative

immunofluorescence images (scale bars, 5 μm); below, quantification of data; LC3 punctated

cells were counted manually in DAPI-stained monocytes. *P < 0.006 (Rapa, 200 ng ml−1);

*P < 0.002 (LpqH; 50 ng ml−1); *P < 0.0001 (LpqH; 100 ng ml−1); *P < 0.0004 (LpqH; 200

ng ml−1), versus control conditions. Scale bar, 10 μm.

B. Quantitative analysis of the LC3 fluorescence images. Human primary monocytes

transduced with lentiviruses expressing non-specific shRNA (shNS) or specific shRNAs for

Beclin-1 (shBec) or Atg5 (shAtg5) were incubated in the absence or presence of LpqH (100

ng ml−1) for 24 h; inset, RT-PCR for transfection efficiency. *P < 0.005, versus control

conditions. Data shown (for A and B) represent the means ± SD of three independent samples,

with each experiment including at least 250 cells scored in five random fields.

C. Immunoblot analyses with Abs to LC3 or β-actin for human monocytes. Representative gel

images are shown (three experiments). The ratio of the intensities of the LC3-II and LC3-I

bands is indicated below each lane.

D–I. Human THP-1 cells were treated with (for F–I) or without (for D, E) LpqH for 24 h and

subjected to TEM analysis (representative image of two experiments). (E, G) Enlargement of

the fields outlined in (D) and (F). Enlargement of autolysosome (H) and autophagosome (I)

from (G). Scale bar, 2 μm (for D, F); 1 μm (for E, G); 200 nm (for H, I).

J. LpqH induces colocalization of autophagosomes (endogenous LC3, red) and lysosomes

(LAMP-1, green) in human monocytes. Pre-treatment of bafilomycin A1 (Baf-A; 100 nM, 2

h) significantly reduces the extent of colocalization of autophagosomes and lysosomes (right).

Representative immunofluorescence images of three representative experiments are shown.

The bottom panels are enlargement of the corresponding fields outlined in the top panel. *P ≤
0.01, versus control conditions. Scale bars, 20 μm (top); 5 μm (bottom). Right, the graph shows

the number of profiles in the fields.

K. Immunoblot analyses with Abs to LC3 or β-actin for human monocytes. The cells were

stimulated with LpqH in the absence or presence of bafilomycin A1 (Baf-A; 200 nM, 2 h) or

chloroquine (Chq; 10 μM, 30 min). Representative gel images of three independent replicates
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are shown. The ratio of the intensities of the LC3-II and LC3-I bands is indicated below each

lane.

U, untreated conditions containing 10% of human sera without LpqH. Rapa, rapamycin-

treated; SC, treated with solvent control (0.1% DMSO, for E).
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Fig. 2. TLR2/1 and CD14, but not TLR4, are required for LpqH-induced autophagy

A. Human primary monocytes were incubated with LpqH in the absence or presence of

neutralizing Ab for hTLR1 (αT1), hTLR2 (αT2), hTLR4 (αT4), hCD14 (αCD14) or isotype

control (IC; mIgG1 and mIgG2a; shown is the data for mIgG1 Ab), and subjected to confocal

analysis as described in Fig. 1A. Top, a representative image with similar results is shown

(three experiments); bottom, quantification of data; LC3 punctated cells were counted

manually in DAPI-stained monocytes. #P < 0.02; *P < 0.001, versus control condition. Scale

bars, 5 μm.

B. Human THP-1 cells transfected with non-specific siRNA (siNS) or specific siRNAs for

hTLR1 (siT1), hTLR2 (siT2), hTLR4 (siT4) or hCD14 (siCD14) were incubated in the absence

or presence of LpqH (100 ng ml−1) for 24 h, and subjected to confocal analysis as described

in Fig. 1A. Graph is shown the percentage of LC3 punctated cells; right, RT-PCR for

transfection efficiency. *P < 0.008, versus control condition. Data shown (for A and B)

represent the means ± SD of three independent samples, with each experiment including at

least 250 cells scored in five random fields. U, untreated and incubated.
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Fig. 3. Human cathelicidin, but not DEFB4, is required for LpqH-induced autophagy

A. Human monocytes were incubated with LpqH (100 ng ml−1) for 12 h; results (means ± SD)

are normalized to β-actin expression and are presented relative to expression in LpqH-

stimulated cells. *P < 0.0001, versus control conditions.

B and C. Human primary monocytes transduced with lentiviruses expressing non-specific

shRNA (shNS), specific shRNAs for LL-37 (shLL-37) or DEFB4 (shDEFB4) were incubated

in the absence or presence of LpqH (100 ng ml−1) for 24 h, and subjected to confocal analysis,

as described in Fig. 1A. Representative images (three independent experiments) are shown (for

B); top, RT-PCR for transfection efficiency. Data shown (for B and C, bottom) represent the

means ± SD of three independent samples, with each experiment including at least 250 cells

scored in five random fields. *P < 0.001, versus control conditions. Scale bar, 10 μm.

D and E. Human primary monocytes were transduced with shLL-37 (for D), shBeclin-1, shAtg5

(for E) or shNS for 48 h. For (D), cells were then pre-treated with SC, 3-MA (10 μM, 2 h) or

Wortmannin (WM; 100 nM, 45 min) before the addition of Mtb (moi = 1). After infection, the

cells were treated with LpqH (100 ng ml−1) for 2 or 4 days, and then subjected to the cfu assay;

inset, RT-PCR for transfection efficiency.
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Fig. 4. LpqH-induced autophagy is mediated through Cyp27B1 hydroxylase induction via TLR2/1/
CD14-dependent functional VDR activation

A. Semi-quantitative RT-PCR analysis for Cyp27b1 hydroxylase and LL-37. Human

monocytes were incubated with LpqH for indicated times. Results (means ± SD, three

independent experiments) are normalized to β-actin expression and are presented relative to

expression in LpqH-stimulated cells.

B. LL-37 expression. Human monocytes were incubated in the absence or presence of Cyp27b1

antagonist itraconazole (ITRA; 50 nM, 100 nM, 200 nM), followed by LpqH treatment. After

24 h, the cells were stained with anti-LL-37-TRITC (1:400).

C–E. THP-1 cells were transfected with non-specific siRNA (siNS) or siRNAs specific for

hCyp27b1 (siCyp27b1; for C), hC/EBP-β (siC/EBPβ; for D), hTLR1 (siT1), hTLR2 (siT2),

hTLR4 (siT4) or hCD14 (siCD14; for E) followed by LpqH treatment for 24 h. (C) The cells

were stained with anti-VDR-TRITC (1:400). Inset, RT-PCR for transfection efficiency. (D and

E) Semi-quantitative RT-PCR analysis. (E, bottom) Results (means ± SD, three independent

experiments) are normalized to β-actin expression and are presented relative to expression in

LpqH-stimulated cells.

F. The experimental conditions were as outlined in (B). The cells were stained with anti-LC3-

FITC (1:400).

Quantitative data shown represent the means ± SD of three independent samples (B, C, F),

with each experiment including at least 250 cells scored in five random fields. #P ≤ 0.03; *P

≤ 0.05; ***P ≤ 0.001, versus control conditions (A, B, C, E, F). Scales bars, 10 μm (for B and

C); 5 μm (for F). U, untreated and incubated; SC, treated with solvent control (0.1% DMSO,

for B and F).
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Fig. 5. LpqH-induced autophagy is mediated through AMPK activation via Src kinase-PLC-γ-
Ca2+-dependent signal pathways

A and C. Immunoblot analyses with Abs to p-AMPKα or t-AMPKα for human monocytes.

Human primary monocytes were incubated with LpqH (100 ng ml−1) for indicated times (for

A). Human monocytes were pre-treated with or without BAPTA-AM (5, 10, 25 μM; for C).

B. THP-1 cells were loaded with Fluo-2/AM and stimulated with LpqH, then imaged by Leica

TCS SP2 confocal microscopy under a 10/0.40 CS objective lens at 5 s intervals. Top,

representative images are shown (at least three independent experiments); bottom,

quantification of data. Bottom data show the changes in mean fluorescence intensity from 15

cells per microscopic field over time.

D. Human THP-1 cells transfected with non-specific siRNA (siNS) or specific siRNA for

hAMPK (siAMPK) or hCaMKK (siCaMKII) were incubated in the absence or presence of

LpqH (100 ng ml−1) for 24 h, and subjected to confocal analysis as described in Fig. 1A. Graph

is shown percentage of LC3 punctated cells; inset, RT-PCR for transfection efficiency. Data

shown represent the means ± SD of three independent samples, with each experiment including

at least 200 cells scored in five random fields.

E and F. Human THP-1 cells were loaded with Fluo-2/AM and stimulated with LpqH in the

absence or presence of Src inhibitors PP1, PP2 or analogue PP3 (10 μM; for E) or PLC inhibitor

U73122 or analogue U73343 (5 μM; for F), then analysed using live cell imaging by time-

lapse microscope (Nikon Eclipse TE2000).

#P < 0.01; *P < 0.002, versus control conditions. Scales bars, 50 μm. U, untreated and

incubated; SC, treated with solvent control (0.1% DMSO, for C).
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Fig. 6. AMPK-p38 MAPK pathway plays a role for autophagy activation and C/EBP-β-dependent
Cyp27b1 hydroxylase induction in response to LpqH stimulation

A–C. Human monocytes were stimulated with LpqH (100 ng ml−1) in the absence or presence

of various inhibitors (AMPK inhibitor compound C; Comp C, 5, 10, 25 μM; for A) or MAPK

inhibitors [p38, SB203580 (SB), 1, 5, 10 μM; ERK, U0126, 5, 10, 20 μM; JNK, SP600125

(SP), 5, 10, 20 μM; for B and C], and then subjected to Western blot (for A), confocal analysis

(for B), or semi-quantitative RT-PCR analysis (for C). (B) Data shown represent the means ±

SD of three independent samples, with each experiment including at least 250 cells scored in

five random fields. (A and C) Representative images are shown (at least three independent

experiments).

D. THP-1 cells were transfected with a C/EBP-β luciferase reporter construct. After 36 h, cells

were pre-treated with MAPK inhibitors (the same conditions as shown in C), followed by LpqH

stimulation for 6 h. The luciferase activity was then measured and normalized to β-

galactosidase activity.

#P < 0.01; *P < 0.0004, versus control conditions. U, untreated and incubated; SC, treated with

solvent control (0.1% DMSO).
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Fig. 7.

A schematic model for molecular mechanisms of LpqH-induced antibacterial autophagy

against mycobacteria. Engagement of TLR2/1 and CD14 results in a rapid phosphorylation of

Src kinase at Tyr416, which leads to intracellular Ca2+ influx through PLC-γ activation.

Increased Ca2+ release induces a phosphorylation of AMPKα at Thr172, leading to a

downstream activation of p38 MAPK. Activation of intracellular signalling pathways can

contribute to upregulate Cyp27b1 hydroxylase induction, which can convert the vitamin D

prohormone 25D3 into 1,25D3. The ligation of VDR leads to its increased translocation into

nucleus and hormone-dependent transcriptional activation (Liu et al., 2009), resulting in an

upregulation of antimicrobial peptide cathelicidin. As in case of 1,25D3-dependent autophagy

(Yuk et al., 2009), cathelicidin plays an essential role for antibacterial autophagy, resulting in

a fusion of autophagosomes with lysosomes, and finally eliminates intracellular mycobacteria.
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