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Background: Toll-like Receptor 4 activation multiple signaling cascades with unique requirements.
Results: PLC�2-IP3-Ca2� mediate Toll-like Receptor 4 translocation to the endosome.
Conclusion: PLC�2-IP3-Ca2� are selectively required for Toll-like Receptor 4 signaling.
Significance: Novel role of the PLC�2-IP3-Ca2� cascade in LPS signaling.

Toll-like receptor 4 (TLR4) is unique among the TLRs in its
use ofmultiple adaptor proteins leading to activation of both the
interferon regulatory factor 3 (IRF3) and nuclear factor �B (NF-
�B) pathways. Previous work has demonstrated that TLR4 ini-
tiates NF-�B activation from the plasma membrane, but that
subsequentTLR4 translocation to the endosomes is required for
IRF3 activation. Here we have characterized several compo-
nents of the signaling pathway that governs TLR4 translocation
and subsequent IRF3 activation. We find that phospholipase C
�2 (PLC�2) accounts for LPS-induced inositol 1,4,5-trisphos-
phate (IP3) production and subsequent calcium (Ca2�) release.
Blockage of PLC�2 function by inhibitors or knockdown of
PLC�2 expression by siRNAs in RAW 264.7 macrophages lead
to reduced IRF3, but enhanced NF-�B activation. In addition,
bonemarrow-derivedmacrophages fromPLC�2-deficientmice
showed impaired IRF3phosphorylation and expression of IRF3-
regulated genes after LPS stimulation. Using cell fractionation,
we show that PLC�2-IP3-Ca2� signaling cascade is required for
TLR4 endocytosis following LPS stimulation. In conclusion, our
results describe a novel role of the PLC�2-IP3-Ca2� cascade in
the LPS-induced innate immune response pathway where
release of intracellular Ca2� mediates TLR4 trafficking and sub-
sequent activation of IRF3.

Mammalian Toll-like receptors (TLRs)3 are germ line-en-
coded pattern-recognizing receptors (PPRs) that recognize
variety of conserved microbial components known as patho-

gen-associatedmolecular patterns (PAMPs). PAMPs are essen-
tial for the survival of the microorganism and are therefore
difficult for themicroorganism to alter (1). DifferentTLRs react
with specific PAMPs, show distinct expression patterns, and
activate specific signaling pathways, which leads to initiation of
anti-microbial responses (2).
Toll-like receptor 4 (TLR4) recognizes lipopolysaccharide

(LPS), which is themain cell wall component of Gram-negative
bacteria (3, 4). TLR4 is unique among TLRs in utilizing both
myeloid differentiation primary response gene 88 (MyD88) and
TIR domain-containing adaptor protein-inducing interferon-�
(TRIF) adaptor proteins. TheMyD88-dependent pathway leads
to activation of nuclear factor �B (NF-�B) while TRIF pathway
mediates activation of interferon regulatory factor 3 (IRF3)
(5–7). Recent reports have shown that TLR4 localization has a
key role in determining, which of these signal transduction
pathways are activated. TLR4 engagement on the plasmamem-
brane leads to MyD88-dependent NF-�B activation, which is
followed by translocation of TLR4 into endosomes where
TRIF-dependent IRF3 activation takes place (8). Although
TLR4 endocytosis is dependent on Dynamin and Rab11a
GTPase (8–10) the exact molecular mechanisms controlling
TLR4 internalization have not been fully elucidated.
Calcium (Ca2�) signals are required to initiate several

types of transcriptional events and growth responses such as
proliferation and apoptosis (11). In most eukaryotic cells,
Ca2� signals are triggered by the secondary messenger ino-
sitol 1,4,5-trisphosphate (IP3), the cleavage product of phos-
phatidylinositol 4,5-bisphosphate (PIP2) by the enzymatic
activity of phospholipase C (PLC). Binding of IP3 to IP3
receptors (IP3Rs) in the endoplasmic reticulum results in the
release of Ca2� from internal stores (12). We have previously
shown that LPS-induced IRF3 activation and subsequent
expression of interferon-stimulated genes (ISGs) requires
the generation of reactive oxygen species (ROS) by the
NADPH-dependent oxidase NOX4 (13). As the production
of ROS occurs frequently concomitant with an increase in
cytosolic Ca2� (14, 15), and several TLR ligands including
LPS have been shown to induce transient Ca2� flux in mye-
loid cells (16–19), we decided to elucidate the role of intra-
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cellular Ca2� in LPS-induced activation of inflammatory
response.
Here we report that release of Ca2� from intracellular stores

is required for efficient IRF3 activation in LPS-stimulated
macrophages. In contrast, LPS-induced activation of NF-�B
pathway did not require Ca2�. Mechanistically, PLC�2 activity
and subsequent release of intracellular Ca2� was required for
translocation of TLR4 from plasma membrane to endosomes,
where TRIF-dependent IRF3 activation takes place. Our results
describe novel regulatory role for Ca2� in the activation of
immune signaling.

RESULTS AND DISCUSSION

Intracellular Calcium Regulates LPS-induced ISG Expression—
To address the role of Ca2� in LPS-induced signaling, RAW
264.7 cells were pretreated with cell permeable intracellular
Ca2� chelator BAPTA/AM and then stimulated with LPS.
Expression level of IRF3-regulated ISG54 and NF-�B-depen-
dent I�B� genes was determined by RT-QPCR. BAPTA/AM
treatment reduced LPS-induced ISG54 expression dose-de-
pendently and �70% reduction in ISG54 levels was observed
with the highest inhibitor dose (Fig. 1A). A similar response
profile was observed when additional IRF3-induced genes such

as IFIT1 and IFIT3 were analyzed (supplemental Fig. S1). In
contrast to these ISGs, LPS-induced expression of I�B�was not
affected by BAPTA/AM treatment suggesting that intracellular
Ca2� flux is required for IRF3 but not NF-�B activation. To
exclude the possibility that BAPTA/AM was regulating ISG54
expression in a more general way, RAW 264.7 cells were pre-
treated BAPTA/AM and then stimulated with IFN-�, which
activates ISGs independently of IRF3 via Jak/Stat pathway. IFN-
�-induced ISG expression was not significantly altered in
BAPTA/AM-treated cells compared with those treated with
DMSO vehicle (Fig. 1A, and supplemental Fig. S1A) demon-
strating that inhibition of intracellular Ca2� flux only affects
LPS-induced IRF3 activation and ISG54 expression. Elevation
of intracellular Ca2� levels can also originate from extracellular
sources. However, chelating extracellular Ca2� with EGTA
prior to LPS stimulation did not have an effect on LPS-induced
expression of ISG54 (data not shown).
Because depletion of intracellular Ca2� reduced LPS-in-

duced ISG54 expression,wehypothesized that increasing intra-
cellular Ca2� levels might potentiate LPS-induced responses.
To test this, RAW264.7 cells were pretreated with thapsigargin
(Tg), which has been shown to trigger Ca2� release from inter-

FIGURE 1. Calcium signaling modulates LPS-induced expression of IRF3-regulated genes. RAW264.7 cells were pretreated with A, BAPTA/AM; B, thapsi-
gargin; or C, 2-ABP for 30 min and then stimulated with LPS (100 ng/ml) or IFN-� (100 IU/ml) for 4 h. ISG54 and I�B� expressions were analyzed by RT-QPCR and
normalized to GAPDH. Results are presented as fold induction compared with unstimulated controls and are the means of three independent experiments.
Error bars indicate S.D. and statistical significance was determined by paired Student’s t test.
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nal stores in macrophages (17). Thapsigargin-treated cells
showed�4-fold higher ISG54 expression after LPS stimulation
compared with DMSO-treated cells (Fig. 1B). Thapsigargin
alone did not, however, induce ISG54 expression in RAW264.7
cells (data not shown). In line with the BAPTA/AM data, thap-
sigargin treatment did not have an effect on LPS-induced I�B�
expression or on IFN-�-induced ISG54 or IFIT1/3 expression
(Fig. 1B and supplemental Fig. S1B). Similar results were also
observed when RAW 264.7 cells were pretreated with another
Ca2� ionophore A23187 (data not shown).

The endoplasmic reticulum (ER) and its muscle equivalent,
sarcoplasmic reticulum (SR), are the major sites for intracellu-
lar Ca2� storage. Release of Ca2� into cytoplasm from intracel-
lular stores is mediated via IP3 receptors and ryanodine recep-
tors (RyRs) on the ER and SR, respectively. Because IP3Rs are
virtually universal, while RyRs are most evident in excitable
cells such as skeletal and cardiacmuscles, we hypothesized that
IP3R might be the most likely pathway modulating LPS-in-
duced increase in intracellular Ca2�. To address this, RAW
264.7 cells were pretreated with IP3R antagonist 2-ABP fol-
lowed by LPS stimulation. LPS-induced ISG54 expression was
reduced by �70% in RAW cells treated with highest dose of
2-ABP when compared with cells pretreated with DMSO vehi-
cle (Fig. 1C). Moreover, the effect of 2-ABP was IRF3-specific,
since LPS-induced I�B� expression or IFN-� induced ISG54
expression was not markedly altered in 2-ABP-treated cells
(Fig. 1C). RyR antagonist Dantrolene did not have an effect on
LPS-induced ISG54 expression (data not shown), which sug-
gests that inmacrophages IP3Rsmediate the release of intracel-
lular Ca2� following LPS stimulation.

Collectively these data demonstrate that LPS-induced ISG54
expression requires the release of intracellular Ca2� from ER,
and that the release of Ca2� is mediated via IP3 receptors.
Moreover, the data suggests that intracellular Ca2� is specifi-
cally required for efficient LPS-induced expression of IRF3- but
not NF-�B-regulated genes, and that this effect is specific, since
modulating intracellular Ca2� levels did not have an effect on
IFN-�-induced ISG54 expression. In addition, intracellular
Ca2� most likely works upstream of IRF3, because 2-ABP did
not have an effect on ISG54 expression induced by constitu-
tively active IRF3–5D expression construct (data not shown).
Phospholipase C� Mediates LPS-induced ISG Expression—

PhospholipaseC activity is themajor cellular biochemical path-
way generating IP3. These enzymes cleave PIP2 into IP3 and
diacyl glycerol. Of the thirteen mammalian PLC isoforms
described, PLC�1 and PLC�2 are structurally unique in a way
that they can be activated via both receptor and non-receptor
tyrosine kinases. Moreover, both PLC�1 and PLC�2 have been
shown to be phosphorylated following LPS stimulation inmye-
loid cells (18, 20). Although a previous report showed that
PLC�2 is required for LPS-induced Ca2� flux in macrophages
(18) the contribution of Ca2� in LPS-induced intracellular sig-
naling and gene expression was not characterized in detail.
With this in mind, we evaluated the possible role of PLC� in
LPS-induced ISG activation. When RAW 264.7 cells were pre-
treated with PLC� inhibitor U73122 we observed a clear reduc-
tion in LPS-induced ISG54 expression, while the I�B� expres-
sion remained intact (Fig. 2A). Moreover, U73122 treatment

did not have any effect on IFN-�-induced ISG54 expression. To
further characterize which PLC� isoform mediates LPS-in-
duced ISG54 expression RAW264.7 cells were transfectedwith
siRNAs targeting PLC�1 or PLC�2. Quantitation of Western
blots revealed that the protein expression of PLC�1 and PLC�2
after siRNA transfection was reduced by 90 and 60%, respec-
tively (Fig. 2B). Interestingly, we observed that knockdown of
only PLC�2, but not PLC�1, reduced LPS-induced ISG54
expression (Fig. 2B). In line with the previous data, knockdown
of PLC�1 or PLC�2 did not have an effect on IFN-� induced
ISG54 expression (Fig. 2B). To confirm that our observations
were not limited to ISG54 but reflect a general requirement for
PLC�2 in LPS-induced expression of IRF3-dependent genes,
we analyzed the effect of PLC�2 knockdown on expression of
RANTES/CCL5 and TRAIL. Similar to ISG54, knockdown of
PLC�2 reduced LPS-induced expression of these IRF3-depen-
dent genes, while expression of NF-�B-dependent I�B� and
TNF-�was unaffected by PLC�2 knockdown (Fig. 2C).We also
generated bone marrow-derived macrophages (BMDM) from
wild-type and PLC�2 knock-out mice. When these cells were
stimulated with LPS, we observed that the expression of ISG54,
TRAIL and IFN-�wasmarkedly delayed and reduced in PLC�2
knock-out macrophages compared with wild type macro-
phages (Fig. 2D). Importantly, the expression of NF-�B-regu-
lated I�B�, TNF-� and IL-12 p35 genes was similar or even
slightly higher in PLC�2 knock-out macrophages compared
with wild type cells (Fig. 2D). PLC�2 knock-out macrophages
also produced more TNF-� and less IRF3-regulated RANTES/
CCL5 chemokine in response to LPS stimulation as determined
by ELISA analysis (data not shown). Thus, by using chemical
PLC� inhibition, siRNA knockdown and bonemarrow-derived
macrophages from PLC�2-deficient mice we have shown that
PLC�2 is required for efficient LPS-induced expression of
IRF3-dependent genes while the NF-�B response remains
intact.
Intracellular Calcium Mediates IRF3 Phosphorylation and

Nuclear Localization—LPS stimulation triggers phosphoryla-
tion of IRF3. This leads to translocation of IRF3 into nucleus
where it binds to promoter elements of IRF3-regulated genes.
Western blot analysis of RAW 264.7 whole cell lysates revealed
that LPS-induced IRF3 phosphorylation was significantly
reduced in cells pretreated with IP3R antagonist 2-ABP or
PLC� inhibitor U73122 (Fig. 3A). Inhibition of intracellular
Ca2� release did not however affect LPS-induced degradation
of I�B�, a hallmark of NF-�B activation (Fig. 3A). The require-
ment for intracellular Ca2� for IRF3 activation was also con-
firmed in bone marrow-derived macrophages, where enforced
increase of intracellular Ca2� concentration by thapsigargin
augmented LPS-induced IRF3 phosphorylation and inhibition
of PLC� activity byU73122 reduced IRF3 phosphorylation (Fig.
3B). Again, the activation of NF-�B pathway remained intact as
determined by the level of I�B� degradation after LPS stimula-
tion. To evaluate the effect of intracellular Ca2� on nuclear trans-
locationof IRF3RAW264.7cellswere treatedwith2-ABPor thap-
sigargin. After LPS stimulation, cells were fractionated into
cytosolic and nuclear fractions, and IRF3 levels were analyzed by
Western blotting. Similar to experiments done with whole cell
extracts, we noted that 2-ABP inhibited nuclear import of phos-
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phorylated IRF3, whereas thapsigargin pretreatment enhanced
LPS-induced translocation of IRF3 into nucleus (Fig. 3C).
To obtain definitive proof for involvement of PLC�2 in LPS-

induced IRF3 activation, bone marrow-derived macrophages

from wild type or PLC�2 knock-out mice were stimulated with
LPS for various times. Analysis of whole cell lysates revealed
that IRF3 phosphorylation was markedly impaired in macro-
phages derived from PLC�2 knock-out mice (Fig. 3D). In con-

FIGURE 2. PLC� is required for expression of IRF3-regulated genes in LPS-stimulated macrophages. A, RAW 264.7 cells were pretreated for 30 min with
PLC� inhibitor U73122 followed by LPS or IFN-� stimulation. ISG54 and I�B� expression was analyzed by RT-QPCR. B, RAW 264.7 cells were transiently
transfected with control siRNAs or siRNAs targeting PLC�1 or PLC�2. After 48 h, cells were stimulated with LPS or IFN-� and ISG54 expression was analyzed by
RT-QPCR. An aliquot of the cell lysates was analyzed for knock-down efficiency. C, RAW 264.7 cells were transfected with control or PLC�2 siRNAs and
stimulated with LPS. Expression of RANTES, TRAIL, I�B�, and TNF-� was analyzed by RT-QPCR. D, bone marrow-derived macrophages from wild type or PLC�2
knock-out mice were stimulated with LPS (100 ng/ml) for the times indicated and expression of inflammatory cytokines was analyzed by RT-QPCR. Results are
mean of three independent experiments and error bars represent standard deviations of means, and statistical significance was determined by paired
Student’s t test.

FIGURE 3. Calcium is required for efficient phosphorylation and nuclear import of IRF3. A, RAW 264.7 cells or B, bone marrow-derived macrophages were
pretreated with the indicated inhibitors for 30 min and subsequently stimulated with LPS (100 ng/ml) for 45 min. Whole cell lysates were analyzed for
phosphorylated IRF3 and I�B�. C, RAW 264.7 cells were pretreated with inhibitors for 30 min and stimulated with LPS for 45 min. Cells were lysed and
cytoplasmic and nuclear fractions were analyzed for phosphorylated IRF3. D, bone marrow-derived macrophages from wild type or PLC�2 knock-out mice
were stimulated with LPS and levels of phosphorylated IRF3 and I�B� were analyzed by Western blotting from whole cell lysates.
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trast, the activation kinetics of I�B� degradation was similar in
both wild type and PLC�2 knock-out macrophages but the
NF-�B signaling was sustained longer in knock-out cells. In
addition,we noticed that the I�B� expression levelswere some-
what lower in unstimulated PLC�2 knock-out macrophages
suggesting that also the steady-state activation level of NF-�B
pathway might be higher in PLC�2 knock-out macrophages
compared with wild type cells.
Intracellular Calcium Regulates TLR4 Trafficking—Recent

reports have shown that LPS-induced signal transduction is a
multistep process. Binding of LPS to TLR4 on plasma mem-
brane activates NF-�B signaling and after this initial phase
TLR4 is translocated into endosomes (9). Endosomal localiza-
tion results in, and is required for efficient IRF3 activation (8,
10). Because our data showed that inhibiting the PLC�2-IP3-
Ca2� cascade only affected LPS-induced IRF3 activation, we
hypothesized that Ca2� might have a role in mediating TLR4
internalization. Moreover, PLC�2 activity has been previously
linked into activation and mobilization of actin network in
myeloid cells (22, 23). To test this, RAW 264.7 cells were pre-
treated with 2-ABP or thapsigargin followed by LPS stimula-
tion. Endosomes were enriched by ultracentrifugation (supple-
mental Fig. S2) and TLR4 levels in endosomal fraction were
analyzed by Western blotting. LPS stimulation resulted in
translocation of TLR4 into endosomal compartment and this
process was inhibited when cells where incubated at �4 °C
instead of �37 °C (Fig. 4A). More importantly, the recruitment
of TLR4 into endosomes was completely abrogated when IP3R
activation and subsequent Ca2� release was blocked by 2-ABP
treatment prior to LPS stimulation. When intracellular Ca2�

levels were elevated by thapsigargin pretreatment LPS-induced
TLR4 endocytosis was significantly higher compared with cells
treated with DMSO vehicle (Fig. 4A). In another set of experi-
ments RAW 264.7 cells were pretreated with 2-ABP and stim-
ulated with biotinylated LPS to evaluate if both TLR4 and LPS
are recruited to endosomes in Ca2�-dependentmanner. Again,
2-ABP treatment resulted in nearly complete inhibition TLR4
endocytosis after LPS stimulation (Fig. 4B). 2-ABP treatment

also inhibited the recruitment of biotinylated LPS into endo-
somal compartment revealed by staining the Western blot
membranes with streptavidin-HRP (Fig. 4B). Unfortunately the
limiting number of PLC�2 mice available did not enable us to
perform endosomal fractionation experiments with bone mar-
row-derived macrophages.
Our results show that PLC�2-IP3-Ca2� cascade is essential

for LPS-induced expression of IRF3-regulated genes in macro-
phages. Mechanistically, the release of intracellular Ca2� was
required for recruitment ofTLR4 into endosomes,whereTRIF-
dependent IRF3 signaling platform is assembled (8, 10). What
remains to be addressed is the pathway(s) leading from TLR4
into activation of PLC�2. In B cells PLC�2 is activated by Bru-
ton’s tyrosine kinase (Btk) and spleen tyrosine kinase (Syk) (12).
When RAW264.7 cells were treated with Btk inhibitor prior to
LPS stimulation we did not observe any inhibition of IRF3-
regulated genes (data not shown). Thus, Btk is not the PLC�2
activating kinase in macrophages. There is some controversy
on the role of Syk in PLC�2 activation. We have previously
observed that piceatannol, which inhibits Syk, specifically
inhibits IRF3-dependent gene activation after LPS challenge
(24). Syk has also been shown to be associated with TLR4 in
LPS-stimulated macrophages (25). A report published during
the revision of this report demonstrated the regulation of TLR4
internalization byCD14, and implicated both Syk and PLC�2 in
this process (26). In conclusion we have described here a novel
regulatory component controlling LPS-induced IRF3 activa-
tion in macrophages. Our results reveal a previously unrecog-
nized role for intracellular Ca2� as an important regulator of
TLR4 signaling and trafficking.

MATERIALS AND METHODS

Cells Lines, Mice, and Bone Marrow-derived Macrophages—
All mice used in these experiments were housed in a pathogen-
free environment and were bred and cared for in accordance
with University of California, San Diego Animal Care Facility
regulations. This study was carried out in strict accordance
with the recommendations in theGuide for the Care andUse of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the UCSD Animal Subjects
Committee.
RAW264.7 cells were obtained fromAmericanTypeCulture

Collection (ATCC) and cultured in RPMI 1640 medium (Invit-
rogen) supplemented with 10% fetal bovine serum and antibi-
otics. PLC�2-deficient mice have been described elsewhere
(27). Bone marrow-derived macrophages were differentiated
for 7 days in complete RPMI supplemented with 50 ng/ml
M-CSF (Peprotech Inc.).
Reagents—All inhibitors andCa2� ionophoreswere obtained

from Calbiochem. Ultrapure and biotin-conjugated Esche-
richia coli LPS were purchased from Invivogen and murine
IFN-� was a generous gift from Biogen. siRNAs against PLC�1
and PLC�2 were purchased from Dharmacon with the cata-
logue numbers 040978 and 040979, respectively. RAW 264.7
cells were transfected with Lipofectamine 2000 (Invitrogen).
Western Blotting and Antibodies—For Western blotting,

cells were lysed into Cell Lysis Buffer (Cell Signaling Technol-
ogy) supplemented with protease and phosphatase inhibitor

FIGURE 4. Calcium signaling regulates TLR4 endocytosis. A, RAW 264.7
cells were pretreated with inhibitors for 30 min prior to stimulation with LPS.
Cells were lysed and endosomes were enriched by sucrose gradient centrifu-
gation. TLR4 and LAMP-1 levels were analyzed by Western blotting. B, RAW
264.7 cells were treated similarly to A but stimulated with biotin-conjugated
LPS (Biot-LPS). Levels of TLR4 and biotin-LPS in the endosome enriched frac-
tion were determined by using TLR4-specific antibody and streptavidin-HRP
(SA-HRP), respectively. Results from one out of three experiments are shown.
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cocktails (Calbiochem). Antibodies for I�B�, IRF3, P-IRF3,
PLC�1, PLC�2, and GAPDH were from Cell Signaling Tech-
nology. TLR4 antibody was from Invivogen and Histon H1 and
LAMP1 antibodies from Santa Cruz Biotechnology.
RNA Isolation and Real Time PCR—Total cellular RNA was

isolated with TRIzol reagent (Invitrogen). For cDNA synthesis,
High Capacity cDNA synthesis kit from Applied Biosystems
was used. RT-QPCR was performed with Fast SYBR Green
master mix from Applied Biosystems (primer sequences are
available upon request).
Subcellular Fractionation—Endosomes were enriched by

sucrose gradient centrifugation (21). Briefly, after LPS stimula-
tion, RAW 264.7 cells were lysed into homogenization buffer
(0.25% sucrose, 3 mM imidazole, 0.5 mM EDTA) and homoge-
nized with Dounce homogenizer (20 strokes). Nuclei were
removed by centrifugation, and lysate was loaded on top of 64%
sucrose and 17% Percoll gradient followed by centrifugation at
56,000 � g for 1 h. Endosome-enriched fraction was collected
and washed with PBS by centrifugation at 100,000 � g for 30
min. Remaining pellet was suspended into homogenization
buffer and expression of TLR4 or biotinylated-LPS was ana-
lyzed by Western blotting.
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