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Abstract

Our previous work has demonstrated the roles played by L-type Voltage Gated Calcium Channels (VGCC) in regulating
Mycobacterium tuberculosis (M. tb) survival and pathogenesis. Here we decipher mechanisms and pathways engaged by the
pathogen to regulate VGCC expression in macrophages. We show that M. tb and its antigen Rv3416 use phospho-CREB
(pCREB), Reactive Oxygen Species (ROS), Protein Kinase C (PKC) and Mitogen Activated Protein Kinase (MAPK) to modulate
VGCC expression in macrophages. siRNA mediated knockdown of MyD88, IRAK1, IRAK2 or TRAF6 significantly inhibited
antigen mediated VGCC expression. Inhibiting Protein Kinase C (PKC) or MEK-ERK1/2 further increased VGCC expression.
Interestingly, inhibiting intracellular calcium release upregulated antigen mediated VGCC expression, while inhibiting
extracellular calcium influx had no significant effect. sSiRNA mediated knockdown of transcription factors c-Jun, SOX5 and
CREB significantly inhibited Rv3416 mediated VGCC expression. A dynamic reciprocal cross-regulation between ROS and
pCREB was observed that in turn governed VGCC expression with ROS playing a limiting role in the process. Further
dissection of the mechanisms such as the interplay between ROS and pCREB would improve our understanding of the

regulation of VGCC expression during M. tb infection.
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Introduction

Tuberculosis caused by Mycobacterium tuberculosis (M. tb) results in
high mortality and morbidity of individuals in the world. In 2012
an estimated 8.6 million new cases of TB (13% co-infected with
HIV) was observed and 1.3 million people died from TB,
including almost one million deaths among HIV-negative
individuals [1].

Delineating the intricate network during host-pathogen inter-
actions at the molecular and cellular levels is key to the
development of vaccines and therapeutics. One such molecule
that plays a central role in the above interactions is calcium. A
number of reports have highlighted the importance of calcium in
the pathogenesis of M. b and the various ways by which the
pathogen counteracts its protective effects [2].

Calcium fluxes in response to various stimuli govern the
selective activation and inactivation of transcription factors
resulting in altered genotypic and phenotypic outcomes [3]. A
typical calcium response consists of two phases [4]. The first phase
is the depletion of intracellular stores from the endoplasmic
reticulum followed by the capacitative phase that is mediated by
the activation of store operated calcium channels, thus leading to a
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sustained increase in intracellular calcium concentrations [5]. This
second phase of calcium influx is either via calcium release calcium
activated (CRAC) channels or via Voltage Gated Calcium
Channels (VGCC) or both [6]. Although extensively studied in
physiological states and disorders [7-8], the role of VGCC in
infections is now beginning to be appreciated [9,10,11].

We previously reported the roles played by VGCC during
infection by M. tb [12]. Briefly, inhibiting L-type or R-type VGCC
in DCs and PBMCs increased calcium influx upon infection. This
resulted in enhanced expression of pro-inflammatory genes that
play critical roles in protective immunity. Importantly, knockdown
of L-type or R-type VGCC resulted in reduced intracellular
burden of virulent M. tb. Further, blocking L-type or R-type
VGCC in DGs, activated T cells that mediated killing of M.
inside macrophages. Significantly, PBMCs of patients with active
TB disease expressed high levels of VGCC that were attenuated
following chemotherapy. Finally, blocking L-type and R-type
VGCC in mice infected with virulent M. th resulted in reduced
bacterial burden. Similar results were later obtained by Ramak-
rishnan and co-workers [13], whereby inhibiting L-type VGCC
resulted in attenuated intracellular mycobacterial burden. Further,
Gupta et al have recently demonstrated the ability of the calcium
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channel blocker verapamil to accelerate the clearance of M. b
infection in mice [14].

Therefore, given the role of calcium in regulating protective
responses to M. th and the roles played by VGCC therein, in this
report, we elucidated the mechanisms by which M. % and its
antigens regulate the expression of VGCC on macrophages. Our
results indicate that M. ¢ and its antigens regulate L-type VGCC
expression in a TLR dependent manner and we identify both
positive and negative mediators of VGCC expression. Further
delineation of the roles of these mediators, especially the
contrasting roles of intracellular and extracellular calcium release
and the interplay between ROS and pCREB would increase our
understanding on the roles played of VGCC in regulating calcium
homeostasis and its regulation by M. #.

Materials and Methods

Cell Culture and Differentiation

Monocyte macrophage cell line THP1 was used throughout the
study. THP-1 was a kind gift from Dr. Pawan Sharma from
International Centre for Genetic Engineering and Biotechnology,
New Delhi [15]. Cells were maintained in RPMI1640 medium
supplemented with 10% FBS and 2 mmol/L L-glutamine. THP1
cells were differentiated into macrophages by incubation with
50 ng/ml of PMA for 16h. The following biopharmacological
inhibitors were used against various molecules. PKC, calphostin C
(0.1 uM); PI3-K, Wortmanin (10 nM); Calmodulin kinase II,
KN62 (10 uM); MAPK-ERK U0126 (10 uM); IPsR, 3.4,5-
trimethoxybenzoic acid 8-(diethylamino)octyl ester (TMB-8)
(100 pM); calcium influx, EGTA (3 mM), ROS, Diphenyleneio-
donium (DPI) (10 uM); ROS, N-Acetyl Cysteine (NAC) (50 mM).
Additionally, where mentioned, cells were stimulated with 50 pM
H,0O, for indicated times  Unless mentioned otherwise, cells were
incubated with the above reagents for 1h prior to stimulation with
Rv3416.

Materials

Antibodies to pCREB-1, SOX5, NF-kBp65, c-Jun, specific and
control siRNAs to various genes and Luminol kits for chemilu-
minescence detection were purchased from Santa-Cruz Biotech-
nologies (Santa Cruz, CA). Recombinant M. th antigen Rv3416
was expressed and purified as described before [16,17]. U0126,
KN62, TMB8, EGTA, Calphostin C, DPI and Wortmanin were
purchased from Sigma Chemical Co. (St. Louis MA).

Flow Cytometry

Antibody to L-type Ca®* alC (Santa Cruz Biotechnologies
catalog # sc-25686) was biotinylated using NHS biotin as per
standard protocols. Cells were first incubated with Fe-block (BD
Biosciences) followed by incubation with the above antibody at
1 ug/10° cells at 4°C for 30 min. Cells were washed and counter-
stained with either streptavidin-PE or streptavidin-FITC and
acquired on FACS Calibur (Beckton & Dickinson) and the data
were analyzed using CellQuest Pro software. No gates were
applied for analyses.

Transfection of THP1 cells with siRNA and stimulations
1x10°/ml PMA differentiated THP1 cells were transfected with
60pmoles of siRNA against various genes for 36h using the
Hiperfect transfection reagent (Qiagen) in OPTIMEM medium
(Invitrogen) as described earlier [17]. Subsequently, cells were
stimulated with Rv3416 for 72h and analyzed by FACS. Figure S1
shows the knockdown efficiency of various genes used in the study.
ROS levels were monitored as described earlier [17]. Briefly,
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30min prior to the incubation period, cells were loaded with
10 uM DCFH-DA. At the end of the incubation period, cells were
thoroughly washed with culture medium. Cells were washed once
again with culture medium and immediately analyzed for ROS
levels by flow cytometry.

Western blotting for signaling molecules

At the end of incubation, cells were chilled on ice, washed once
with ice cold PBS, and lysed in buffer containing 10 mM HEPES
(pH 7.9), 10 mM KCIl, 0.1 mM EDTA, 0.1 M EGTA, 0.5%
Nonidet P-40, and 2 pg/ml each aprotinin, leupeptin and
pepstatin. The suspension was centrifuged at 13,000 g for Smin
at 4°C. The pellet was solubilized for 30min with intermittent
vortexing with buffer containing 20 mM HEPES (pH 7.9), 0.4 M
NaCl, ] mM EDTA, 1 mM EGTA and 2 pg/ml each aprotinin,
leupeptin and pepstatin. The suspension was then centrifuged at
13,000 g for 15min at 4°C. The supernatant was designated as the
nuclear extract. 25 pg of protein was resolved on 10% SDS-PAGE
and subsequently transferred onto nitrocellulose membrane
(Hybond C pure, Amersham Biosciences, Arlington Heights, IL).
The blots were then probed with Abs to various molecules,
followed by HRP-labeled secondary Abs. The blots were later
developed by chemiluminescence using the luminol reagent.

Confocal microscopy

At the end of incubation cells were fixed with acetone:metha-
nol::1:1 for 20 min in 4°C. Cells were washed twice and incubated
with antibodies against L-type Ca®" alC for 2h followed by
addition of anti-rabbit FITC tagged Alexa flour 488 for 1.5h. Cells
were again washed and mounted with anti-fade containing DAPI.
Confocal imaging was performed on Nikon C2 laser scan confocal
microscope (Nikon, Japan) with 60X objective magnification,
numerical aperture 1.4, refractive index 1.5, Plan Apo optics
equipped with Argon laser, using excitation and emission
wavelength of 488 nm, respectively. Data were analyzed using
the NIS Elements AR software.

Results

M. tb antigen Rv3416 induces L-type VGCC expression on

macrophages

To begin with we examined the ability of Rv3416 to modulate
VGCC expression on macrophages. Rv3416 is an antigen we
identified previously that is expressed in macrophages as a
function of infection and time [16]. Functional characterization
indicated that Rv3416 mediates immune suppression by prevent-
ing maturation of DCs, downmodulates secretion of IL-12p40
together with downmodulation of surface HLA, IL-12 receptor
and IFN-y receptor expression on macrophages. Further it also
inhibits pro-inflammatory T cell responses to M. tb [16]. Priming
DCs and macrophages with Rv3416 increased M. tb burden. Since
VGCC played a major role in immune evasion to M. th, we
therefore, investigated the role of Rv3416 in mediating VGCC
expression in macrophages. As shown in Figure 1, stimulation of
macrophages increased VGCC expression at all doses, with
maximal expression at 72h post-stimulation with 30 pg/ml,
indicating that Rv3416 played a positive role in mediating VGCC
expression. No significant expression of VGCC over and above
unstimulated controls was observed at earlier time points (data not
shown).
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Figure 1. Rv3416 induces the upregulation of L-type VGCC on macrophages. THP1 cells were stimulated overnight with 50 ng/ml PMA
followed by Rv3416 stimulation for 72h. L-type VGCC expression was monitored by flow cytometry. Bold lines represent stimulations with Rv3416
while thin lines represent unstimulated controls. Panels A-D represent stimulation with 15 ug/ml, 30 ug/ml, 45 pg/ml and 60 pg/ml of Rv3416,

respectively. Data from one of four independent experiments are shown.

doi:10.1371/journal.pone.0096427.g001

Rv3416 induces VGCC expression in a TLR dependent

manner

As Toll-like receptor (TLR) signaling pathways play major roles
in regulating immunity to pathogens, we next investigated
whether, Rv3416 mediated VGCC expression involved TLR
induced pathways. To that end using specific siRNA, we
knockdown MyD88, IRAK1, IRAK2, IRAKM or TRAF6 prior
to stimulation with Rv3416. As shown in Figure 2, knockdown of
MyD88, IRAK1, IRAK2, or TRAF6 but not IRAKM signifi-
cantly inhibited Rv3416 mediated VGCC expression. This
indicated that Rv3416 induced expression of VGCC indeed
involved the TLR pathway. Since IRAKM is a known negative
regulator of MyD88 dependent TLR signaling [18] the above
results are therefore in concurrence with its reported role. No
significant changes in VGCC expression was observed upon
stimulation of cells with known ligands to TLR2, TLR4, TLR7 or
TLRY (data not shown).

Protein Kinase C and MAPK-ERK negatively regulate
VGCC expression by M. tb antigens

In order to further dissect the pathways that lead to Rv3416
mediated VGCC expression we inhibited key signaling interme-
diates using specific bio-pharmacological inhibitors and monitored
the expression levels of VGCC following specific stimulations. As
shown in Figure 3, inhibiting either PKCo, MAPK-ERK1/2,
calmodulin kinase II (CAMKII) or Inositol 1,4,5 triphosphate (IP3)
receptor resulted in a further increase in the levels of L-type
VGCC. This indicated that these intermediates play a negative
role in expression of L-type VGCC by Rv3416. On the other
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hand, inhibiting either phosphoinositide 3-kinase (PI3-K) or
external calcium influx had no significant effect. It is interesting
to note a negative regulation of a calcium channel by an internal
store operative pathway, with no significant effect by the
extracellular calcium influx. This also indicates that not only is
calcium a key regulator of VGCC expression, but its routing from
different channels is also a critical component mediating
regulation.

In order to investigate whether, the results obtained with
Rwv3416 are in concurrence with live infections we performed key
experiments with live mycobacteria. To that end, macrophages
were infected with live M. b and VGCC expression levels were
monitored. As shown in Figure S2, M. # infection also resulted in
a significant upregulation of VGCC expression, indicating that live
mycobacteria also upregulates VGCC expression on macrophages
that was further enhanced following inhibiting PKC or MAPK-
ERK. We also monitored the levels of VGCC by confocal
microscopy. As shown in Figure S3, stimulation with Rv3416
increased VGCC expression over and above those in unstimulated
controls. The levels were further enhanced following inhibiting
either PKC or MAPK-ERK.

CREB, c-jun and SOX5 positively regulate VGCC
expression by Rv3416

In order to identify transcription factors that play a role in
regulating Rv3416 mediated VGCC expression, we monitored the
nuclear levels of key transcription factors that regulate inflamma-
tory responses to M. tb and its antigens. As shown in Figure 4A,
stimulation with Rv3416 significantly activated NF-xBp65,
phospho®™**-CREB (pCREB), c-Jun and SOX5. Next, in order
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Figure 2. Rv3416 upregulates VGCC in a TLR dependent pathway. PMA stimulated THP1 cells were transfected with siRNA against MyD88,
TRAF6, IRAK1, IRAK2 or IRAKM for 36h, followed by stimulation with 30 ug/ml of Rv3416 for 72h. L-type VGCC levels were monitored using flow
cytometry. Bold lines represent cells transfected with control siRNA followed by stimulations with Rv3416, while dotted lines represent cells
transfected with specific siRNA to indicated molecules followed by stimulations with Rv3416. Thin lines represent unstimulated cells transfected with
control siRNA. One of three independent experiments is shown. Bar chart shows the Fold increase in Mean Fluorescence Intensity (AMFI) in different
groups over and above unstimulated control (represented as MOCK). Bars represent mean * S.D. of three independent experiments.
doi:10.1371/journal.pone.0096427.9002

to investigate whether the activated transcription factors would mediated VGCC expression. As shown in Figure 4B, knockdown
indeed regulate VGCC expression, we individually knockdown of either c-Jun, SOX5 or CREB completely inhibited Rv3416
these transcription factors using siRNA and monitored Rv3416 induced VGCC expression indicating a requirement for all the
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Figure 3. PKC, ERK/MAPK, CAMKII and intracellular calcium release negatively regulate Rv3416 mediated VGCC expression. PMA
stimulated THP1 cells were incubated with inhibitors to indicated molecules (see Experimental Procedures) for 1h prior to stimulation with Rv3416. L-
type VGCC levels were monitored by FACS 72h post stimulation. Bold lines represent cells stimulated with 30 ug/ml of Rv3416, while dotted lines
represent cells incubated with inhibitors to indicated molecules followed by stimulations with Rv3416. Thin lines represent unstimulated cells. One of
four independent experiments is shown.

doi:10.1371/journal.pone.0096427.g003
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three transcription factors in VGCC expression. Interestingly, no
effect of knockdown of NF-kBp65 on VGCC expression was
observed, indicating no significant role for this transcription factor
in VGCC expression.

Reactive Oxygen Species (ROS) regulate Rv3416 induced
VGCC expression

Reciprocal regulation between ROS and calcium homeostasis
has often been reported [19]. In fact we reported the positive
regulation of calcium influx by ROS following activation of
dendritic cells by Rv3874 (CFP10) [20], an M. tb specific antigen
that is co-expressed along with Rv3875 (ESAT6). Rv3874 plays a
determinant role in the survival of mycobacteria inside DCs, such
that increasing oxidative burst in DCs reduced bacterial burden.
Further, we recently showed that Rv3416 downmodulates ROS in
dendritic cells [17]. Therefore, we next investigated the role of
ROS in regulating Rv3416 mediated VGCC expression. As shown
in Figure 5A, while increasing intracellular ROS levels with Hy,O9
further increased VGCC expression, inhibiting intracellular ROS
prevented Rv3416 mediated VGCC expression. This indicated
that ROS played a positive role in regulating Rv3416 mediated
VGCC expression. It is interesting to note that while ROS played
a protective role in DCs, it seems to promote immune evasive
responses in macrophages at least in the context of VGCC. It has
often been reported that M. tb and its antigens induce both similar
and contrasting responses in DCs and macrophages [21].

In order to investigate the contrasting results obtained above,
wherein stimulation of macrophages by Rv3416 downmodulated
ROS levels yet upregulated VGCC; and at the same time
supplementing ROS upregulated VGCC, we investigated the
reciprocal regulation of ROS and pCREB. As shown in Figure 5B,
ROS positively regulated pCREB activation since inhibiting ROS
by NAC or DPI reduced Rv3416 mediated pCREB activation;
and conversely, supplementing ROS with H,O, further enhanced

A B

M. tb Regulates VGCC Expression via CREB and ROS

Rv3416 mediated pCREB activation with advanced kinetics. We
also investigated whether pCREB could reciprocally regulate ROS
generation during Rv3416 stimulation. To that end we knock-
down CREB with specific siRNA followed by stimulation with
Rv3416 and monitored ROS. As shown in Figure 5C, stimulation
with Rv3416 downmodulated ROS and interestingly, knockdown
of CREB further attenuated ROS levels over and above that
mediated by Rv3416. This indicated that CREB also positively
regulated ROS generation during Rv3416 stimulation. Put
together, the data in Figure 5 point to an interesting cross-
regulation of ROS and pCREB that governs VGCC expression by
Rwv3416 in macrophages. Specifically, both ROS and pCREB are
required for VGCC expression by Rv3416. A downmodulation of
ROS by Rv3416 is compensated with a concomitant increase in
pCREB activation resulting in increased VGCC expression.
Supplementing ROS increases pCREB activation thereby further
enhancing VGCC expression by Rv3416. Knockdown of CREB
further attenuates ROS over and above that mediated by Rv3416
resulting in attenuating VGCC expression. Reciprocally, inhibit-
ing ROS also attenuates pCREB activation thereby resulting in
reduced VGCC expression.

PKC and MAPK-ERK regulate VGCC expression via ROS
modulation

We extended these observations by investigating the role of
PKC and MAPK in regulating ROS generation and pCREB
activation. To that end, we monitored ROS levels following
inhibition of PKC and MAPK-ERK during stimulations with
Rv3416 and. As shown in Figure 6A, inhibiting either PKC
(Figure 6A, panel a) or MAPK-ERK (Figure 6A, panel b)
enhanced ROS levels. However, neither PKC nor MAPK/ERK
significantly modulated pCREB activation (Figure 6B and C). A
marginal advancement in the kinetics of activation was observed
following PKC inhibition. This indicated that PKC and MAPK/
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Figure 4. CREB, c-Jun and SOXS5 positively regulate Rv3416 mediated VGCC expression on macrophages. For Panel A, PMA stimulated
THP1 cells were stimulated with 30 pg/ml of Rv3416 for indicated times and the levels of indicated transcription factors were monitored in nuclear
extracts by western blots. Numbers below the blots indicate relative intensities of the bands. Arrow indicates the specific band based on molecular
weight markers. Data from one of two experiments are shown. For Panel B, PMA stimulated THP1 cells were transfected with siRNA against c-Jun
(sicJun), CREB (siCREB), NF-kBp65 (siNF-kB) and SOX5 (siSOX5) for 36h, followed by stimulation with 30 ug/ml of Rv3416 for 72h. VGCC levels were
monitored using flow cytometry. Bold lines represent cells transfected with control siRNA followed by stimulations with Rv3416, while dotted lines
represent cells transfected with specific siRNA to indicated transcription factors followed by stimulations with Rv3416. Thin lines represent
unstimulated cells transfected with control siRNA. One of two independent experiments is shown.

doi:10.1371/journal.pone.0096427.9g004
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the blots indicate relative intensities of the bands. Panel C shows ROS levels in PMA stimulated THP1 cells transfected with siRNA to CREB (siCREB)
followed by stimulation with Rv3416 for 2h. Bold lines represent cells transfected with control siRNA followed by stimulation with Rv3416, while
dotted lines represent cells transfected with siRNA to CREB (siCREB) followed by stimulations with Rv3416. Thin lines represent unstimulated cells

transfected with control siRNA. Data from one of three experiments are shown.

doi:10.1371/journal.pone.0096427.g005

ERK enhanced VGCC expression primarily by increasing ROS
levels in Rv3416 stimulated macrophages with no significant
modulation of pCREB activation. Interestingly, inhibiting IPsR or
calmodulin Kinase II did not significantly modulate either ROS or
pCREB activation, indicating the involvement of a different
mechanism for upregulation of VGCC (data not shown).

Specific genes in the calcium-calmodulin and cysteine
protease pathways negatively regulate VGCC expression
Using siRNA libraries, we recently identified specific genes in
the cysteine protease and calcium-calmodulin pathways that
negatively regulated multiple responses from dendritic cells during
M. th infection [17]. Briefly, knockdown of these genes not only
resulted in attenuating bacterial burden in DCs, but also induced
pro-inflammatory cytokine and Thl responses. Further, their
knockdown also resulted in enhanced induction of autophagy that
has now emerged as a potent anti-mycobacterial response [17].
Therefore, to investigate the role of these genes in mediating
Rv3416 induced VGCC expression, we specifically knockdown
these genes using siRNA followed by stimulation with Rv3416. As
shown in Figure 7, knockdown of CAMKIIA, Cathepsin H,
SNRK, SENP8 or Prakaa? significantly inhibited Rv3416
mediated VGCC expression. No significant change was observed
upon knockdown of USP25. The results indicate that these genes

PLOS ONE | www.plosone.org

positively regulated VGCC expression. Further, these results also
point towards another yet another mechanism of negative effects
of these genes; wherein increased expression of VGCC expression
could contribute towards attenuation of protective responses.

We next investigated the mechanisms by which these genes
mediate VGCC expression. To that end we monitored both ROS
generation and pCREB activation following knockdown of these
genes followed by Rv3416 stimulation. As shown in Figure 8,
knockdown of the genes differentially regulated ROS and pCREB
activation. While knockdown of the genes further attenuated
Rv3416 mediated ROS generation (Figure 8A). Interestingly,
knockdown of either Prkaa2 or Cathepsin H increased pCREB
activation (Figure 8B). No significant modulation in pCREB levels
was observed upon knockdown of either CAMKIIA or SNRK
(data not shown). These results establish a critical threshold of
ROS below which no enhancement of VGCC expression is
induced despite a concomitant increase in pCREB activation.

Discussion

Amongst all the second messengers in the cell, calcium plays a
central role in governing various responses against microbial
infections. Calcium homeostasis in response to varied stimuli alters
cellular dynamics to the extent of cell survival, proliferation or cell

May 2014 | Volume 9 | Issue 5 | 96427
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Figure 7. Specific genes in the calcium-calmodulin and cysteine protease pathways differentially regulate Rv3416 mediated VGCC
expression. PMA stimulated THP1 cells were transfected with siRNA against CAMKIIA, Cathepsin H, Prkaa2, SENP8, SNRK or USP25 for 36h, followed
by stimulation with 30 pug/ml of Rv3416 for 72h. VGCC levels were monitored using flow cytometry. Bold lines represent cells transfected with control
siRNA followed by stimulations with Rv3416, while dotted lines represent cells transfected with specific siRNA to indicated molecules followed by
stimulations with Rv3416. Thin lines represent unstimulated cells transfected with control siRNA. One of three independent experiments is shown.
doi:10.1371/journal.pone.0096427.9g007
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Figure 8. Genes in the calcium/calmodulin and cysteine protease pathways positively regulate ROS levels. For Panel A, PMA stimulated
THP1 cells were transfected with siRNA against indicated genes and ROS levels were monitored by FACS 2h post stimulation with Rv3416. Bold lines
represent cells transfected with siRNA against indicated genes while thin lines represent unstimulated cells transfected with control siRNA. Panel B
shows pCREB levels in nuclear extracts of PMA stimulated THP1 cells transfected with siRNA against indicated genes followed by stimulation with
Rv3416 for indicated times. One of two independent experiments is shown.

doi:10.1371/journal.pone.0096427.9g008

death. By wvirtue of regulating such diverse states, calcium
concentration inside the cells is often modulated by invading
pathogens as a primary immune evasive strategy [22]. Conse-
quently, studying calcium regulation in response to infections has
been a subject of intense research. During M. ¢ infection calcium
regulates activation of calmodulin and sphingosine kinase affecting
M. tb survival [23]. Calcinuerin regulates the expression of
coronin-1 on phagosomes thus affecting phagosome maturation
[24]. NF-AT, NF-xB, pCREB and c-Jun are differentially
modulated as a result of calcium fluxes leading to differential
cytokine expression that in turn regulates various aspects of
immune responses [25]. Although, VGCC have been shown to
play major roles in physiological responses, their roles in infectious
diseases have recently assumed importance. For example, L-type
VGCC has been demonstrated to play roles in regulating
mntracellular growth of Legionella pneumophila [10] and in induction
of calcium in CD4" T cells during Leishmania infection [11].

We reported the role of calcium in regulating immune responses
to M. th from dendritic cells (DCs) and macrophages [12]. Taking
a cue from these results, we next explored calcium dynamics from
VGCC. Our results showed that mycobacterial antigens and live
infections upregulate the levels of VGCC on DCs and PBMCs

PLOS ONE | www.plosone.org

[12]. Elevated VGCC prevents calcium influx in infected cells
leading to increased survival of virulent mycobacteria. Inhibiting
VGCC using siRNA enhanced intracellular calcium concentra-
tions in cells and in infected mice that lead to decreased bacterial
burden in vitro and in vivo [12]. This clearly showed that M.
and its components increase the expression of VGCC as an
immune evasive mechanism. Therefore, elucidation of mecha-
nisms and pathways by which M. b and its antigens modulate
VGCC expression would further our understanding of calcium
regulation during mycobacterial infection.

To this end we began investigating the role of a recently
identified antigen in our lab that is expressed in infected
macrophages as a function of time and plays an immune
suppressive role in DCs and macrophages [16]. Our results
showed that Rv3416 upregulated VGCC i a time and dose
dependent manner. The upregulation involved TLR signaling
intermediates, wherein knockdown of key modules significantly
inhibited VGCC expression. Although TLR pathways are credited
towards mediating protective responses, it has often been observed
that microbes and/or their antigens modulate TLR pathways to
their advantage by skewing putative protective responses towards
suppressive responses. This is true for both bacteria and viruses.

8 May 2014 | Volume 9 | Issue 5 | 96427



For example, M. th 19 kDa lipoprotein utilizes the TLR2 pathway
to subvert IFN-y induced responses [26].

In order to further explore intermediates downstream of TLR
signaling, we used bio-pharmacological inhibitors to key signaling
second messengers in regulating VGCC expression. Our results
identified both positive and negative regulators of VGCC
expression. Inhibiting PKC, MAPK-ERK and IP;R inhibited
Rv3416 induced VGCC expression indicating a negative regula-
tory effect of these molecules. Signaling downstream of TRAF6
from TLRs essentially diversifies into multiple modules [27]. One
such pathway includes the activation of PKC and MAPK
pathways. The fact that knockdown of TRAF6 prevented VGCC
induction while inhibition of PKC or MAPK-ERK enhanced
VGCC expression indicates a complex network of pathways
regulating VGCC expression. TRAF6 appears to be a key positive
regulator of VGCC expression since its knockdown inhibited
VGCC expression despite a possible inhibition of PKC and/or
MAPK-ERK. On the other hand, inhibition of PKC or MAPK
could complement TRAF6 mediated induction of VGCC.

In the next set of experiments, we investigated the role of key
transcription factors in regulating VGCC expression. We chose to
focus on NF-xB, c-Jun and pCREB that are regulated by calcium
and in turn regulate inflammatory responses [28,29]. We also
investigated the activation status of SOX5 that has a functional
binding site in the mouse L-type VGCC promoter [30].
Stimulation with Rv3416 activated all the four transcription
factors in a time dependent manner. Barring NF-kB the
enhancement in activation also directly influenced VGCC
expression since their knockdown prevented Rv3416 mediated
VGCC expression.

We had earlier observed a cross-regulation between ROS, PKC
and calcium in dendritic cells [20]. Briefly, increasing ROS in DCs
prevented PKC activation but increased intracellular calcium
levels. Reciprocally, inhibiting ROS increased activation of PKC
and inhibited calcium influx in a dose dependent manner. In the
next set of experiments we therefore examined the role for ROS in
regulating antigen mediated VGCC expression. Our results
showed that increasing ROS in cells enhanced VGCC expression,
possibly by preventing PKC activation. Conversely, inhibiting
ROS prevented Rv3416 mediated VGCC expression perhaps by
enhancing PKC activation. Further, inhibiting either PKC or
MAPK-ERK increased ROS levels thereby contributing towards
enhanced VGCC expression.

In order to further dissect the pathways and identify key players
during VGCC expression, we investigated the cross-regulation of
ROS and pCREB by each other and its impact on VGCC
expression. Our results point to a distinct reciprocal regulation of
ROS and pCREB and a rate-limiting role for ROS during VGCC
expression. The results identified a minimum threshold level of
ROS required for VGCC expression that could not be compen-
sated by increasing pCREB activation. These results point to a
central and critical role for ROS during VGCC: expression.

In order to further dissect the mechanism of VGCC upregula-
tion, we investigated the role of genes in the calcium/calmodulin
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Figure S1 Knockdown efficiency of different genes. PMA
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or siRNA against indicated genes for 36h. Total RNA was
extracted using Trizol and subjected to semi-quantitative R'T-
PCR. Upper lanes represent levels of specific genes following
transfection with indicated siRNAs. Lower lanes depict corre-
sponding levels of Actin.

(TIF)

Figure $2 M. tb induces the upregulation of L-type
VGCC on macrophages. THP1 cells were infected with 2 MOI
M. th H37Rv for 72h. For some groups, cells were incubated with
inhibitor to PKC (Calphostin C) or MAPK-ERK (U0126) for 1h
prior to infection for 72h. At the end of the incubation period L-
type VGCC expression was monitored by flow cytometry. Bars
represent Mean Fluorescence Intensity.

(TIF)

Figure S3 Confocal images of L-type VGCC following
stimulations with Rv3416. THPI1 cells were stimulated
overnight with 50 ng/ml PMA followed by Rv3416 stimulation
with or without indicated reagents for 72h. L-type VGCC
expression was monitored by confocal imaging as described in
Experimental Procedures. A representative image of 10 fields is
shown.

(TIF)

Author Contributions

Conceived and designed the experiments: AS KN YS. Performed the
experiments: AS CA JS BKT. Analyzed the data: AS KN YS. Contributed
reagents/materials/analysis tools: BK'T YS. Wrote the paper: AS KN.

6. Catterall WA (2000) Structure and regulation of voltage-gated Ca2+ channels.
Ann. Rev. Dev. Biol. 16:521-555.

7. Nejatbakhsh N, Feng Z (2011) Calcium binding protein-mediated regulation of
voltage gated calcium channels linked to human diseases. Acta Pharmacologica
Sinica 32:741-748.

8. Catterall WA (2011) Voltage —gated calcium channels. Cold Spring Harb.
Perspect. Biol. 3, a003947.

9. Mu T-W, Fowler DM, Kelly JW (2008) Partial restoration of mutant enzyme
homeostasis in three distinct lysosomal storage disease cell lines by altering
calcium homeostasis. PLoS Biol. 6, €26.

May 2014 | Volume 9 | Issue 5 | e96427


www.who.org

. Weiland H, Hechtel N, Faigle M, Neumeister B (2006) Efficient intracellular

multiplication of Legionella pneumophila in human monocytes requires
functional host cell L-type calcium channels. FEMS Immunol Med Microbiol
47:296-301.

. Matza D, Badou A, Kobayashi KS, Goldsmith-Pestana K, Masuda Y (2008) A

scaffold protein, AHNAKI is required for calcium signaling during T cell
activation. Immunity 28: 64-74.

. Gupta S, Salam N, Srivastava V, Singla R, Behera D, et al. (2009) Voltage gated

calcium channels negatively regulate protective immunity to Mycobacterium
tuberculosis. PLoS One. 4, ¢5305.

. Adams KN, Takaki K, Connolly LE, Wiedenhoft H, Winglee K, et al. (2011)

Drug tolerance in replicating Mycobacteria mediated by a macrophage-induced
efflux mechanism. Cell 145:1-15.

. Gupta S, Tyagi S, Almeida D, Maiga M, Ammerman N, et al. (2013)

Acceleration of tuberculosis treatment by adjunctive theraphy with verapamil as
an efflux inhibitor. Am J Respir Crit Care Med 188:600-607.

. Advani MJ, Siddiqui I, Sharma P, Reddy H (2012) Activity of Trifluoperazine

against Replicating, Non-Replicating and Drug Resistant M. tuberculosis. PLoS
One. 7(8), e44245.

. Gupta D, Sharma S, Singhal J, Satsangi AT, Antony C, et al. (2010) Suppression

of TLR2-induced IL-12, reactive oxygen species, and inducible nitric oxide
synthase expression by Mycobacterium tuberculosis antigens expressed inside
macrophage during the course of infection. J Immunol 184:5444-5455.
Singhal J, Agrawal N, Vashistha M, Priya NG, Tiwari BK, et al. (2012)
Suppression of dendritic cell mediated responses by genes in the calcium and
cysteine protease pathways during Mycobacterium tuberculosis infection J Biol
Chem 287:11108-11121.

. Kobayashi K, Hernandez LD, Galan JE, Janeway CA, Medzhitov R, et al.

(2002) IRAK-M is a negative regulator of Toll-like receptor signaling. Cell
110:191-202.

. Yan Y, Wei C, Zhang W, Cheng H, Liu J (2006) Cross —talk between calcium

and reactive oxygen species signaling. Acta Pharmacologina Sinica 27:821-826.
Sinha A, Singh A, Satchinandam V, Natarajan K (2006) Impaired generation of
reactive oxygen species during differentiation of dendritic cells (DCs) by

PLOS ONE | www.plosone.org

10

22.

23.

26.

27.

28.

29.

30.

M. tb Regulates VGCC Expression via CREB and ROS

Mycobacterium tuberculosis secretory antigen (MTSA) and subsequent
activation of MTSA-DCs by Myocbacteria results in increased intracellular
survival. ] Immunol 177:468-478.

. Hickman SP, Chan J, Salgame P (2002) Mycobacterium tuberculosis induces

differential cytokine production from dendritic cells and macrophages with
divergent effects on Naive T cell Polarization. J Immunol 168:4636-4642.
Nhieu GT, Clair C, Grompone G, Sansonetti P (2004) Calcium signaling during
cell interactions with bacterial pathogens. Biol Cell 96:93-101.

Malik ZA, Thompson CR, Hashimi S, Porter B, Iyer SS, et al. (2003) Cutting
edge: Mycobacterium tuberculosis blocks Ca2 signaling and phagosome maturation
in human macrophages via specific inhibition of sphingosine kinase. J Immunol

170:2811-2815.

. Jayachandran R, Sundaramurthy S, Combaluzier B, Mueller P, Korf H (2007)

Survival of mycobacteria in macrophages is mediated by coronin-1-dependent
activation of calcineurin. Cell 130:37-49.

. Feske S (2007) Calcium signaling in lymphocyte activation and disease. Nat Rev

Immunol 7:690-702.

Pennini ME, Pai RK, Schultz DC, Boom WH, Harding CV (2006)
Mycobacterium tuberculosis 19-kDa Lipoprotein inhibits IFN-y-induced
chromatin remodeling of MHC2TA by TLR2 and MAPK signaling.
J Immunol 176:4323-4330.

Kawai T, Akira S (2011) Toll-like receptors and their crosstalk with other innate
receptors in infection and immunity. Immunity 34:637-650.

Mellett M, Atzei P, Jackson R, O’Neill LA, Moynagh PN (2011) Mal mediates
TLR-induced activation of CREB and expression of IL-10. J Immunol
186:4925-35.

Roeder A, Kirschning CJ, Schaller M, Weindl G, Wagner H, et al. (2004)
Induction of Nuclear Factor-Kb and c-Jun/Activator Protein-1 via Toll-Like
Receptor 2 in macrophages by antimycotic-treated Candida albicans. J Infect
Dis 190:1318-26.

Zheng Z, Wang ZM, Delbono O (2002) Charge movement and transcription
regulation of L-type calcium channel alpha(1S) in skeletal muscle cells. J Physiol
540:397-409.

May 2014 | Volume 9 | Issue 5 | e96427



