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Abstract

The production of superoxide from NADPH oxidase by macrophages in response to endotoxin (LPS)
is an important innate immune response, yet it is not clear how LPS signals the activation of NADPH
oxidase. The hypothesis is that LPS-induced src kinase and P13 kinase (P13K) facilitates the activation
of p47PhoX the regulatory subunit of NADPH oxidase. In mouse macrophage RAW264.7 cells,
inhibition of src tyrosine family kinases inhibited LPS-induced activation of NADPH oxidase,
phosphorylation of p47phox, activation of PI3K and phosphorylation of the TLR4. Moreover,
inhibition of LPS-induced increases in intracellular calcium blunted src kinase activation, PI3K
association with TLR4, as well as PI3 kinase activation. These data suggest that both src kinase and
P13 kinase are involved in LPS-induced NADPH oxidase activation. Importantly, these data suggest
that LPS-induced src kinase activation is critical for P13 kinase activation as well as TLR4
phosphorylation and is dependent upon LPS-induced increase in intracellular calcium. These
signaling events fill critical gaps in our understanding of LPS-induced free radical production as well
as may potentially responsible for the mechanism of innate immune tolerance or desensitization
caused by steroids or ethanol.
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Introduction

The production of superoxide from macrophages is a noted antibacterial function of innate
immunity. In cell culture, bacterial endotoxins rapidly stimulate superoxide production through
assembly and activation of NADPH oxidase, functionally known as the respiratory burst.
Exactly how endotoxin activates macrophages to generate superoxide is still largely unknown.
Specifically, the signaling mechanisms involved between the activation of the putative
endotoxin receptor CD14:TLR4 and the assembly of the NADPH oxidase have not been
determined.
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NAPDH oxidase in macrophages is a complex of several membrane-bound proteins that are
activated by the translocation of several cytoplasmic regulatory proteins. These regulatory
subunits consist of p47PhoX p67PhoX and p21Racl 3 small GTP-binding protein (Ponting,
1996). Mutations in either of these regulatory subunits result in acute granulomatous disease,
suggesting that NADPH oxidase is a critical component in defense against bacterial and fungal
infections(Weaver and Ward, 2001).

It is the phosphorylation of p47phox and its recruitment to the complex that is a key regulatory
step in the production of oxidants by macrophages as well as other NADPH oxidase expressing
cells, including endothelial cells and myofibroblasts. The phosphoinositide 3-kinase (P13K)
pathway has recently been identified as one of these modulators of the inflammatory response
to LPS (Hebeis, Vigorito et al., 2004, Rhee, Jones et al., 2003, Li, Tupper et al., 2003);(Guha
and Mackman, 2002)(Schabbauer, Tencati et al., 2004). Indeed, many studies have shown that
pharmacological PI3K inactivation can inhibit TLR-mediated signaling(Fukao and Koyasu,
2003). Moreover, it was shown that PI3K was essential to the membrane recruitment of
p47phox in PDGF-induced free radical production(Simon and Stutzin, 2008).

It was recently suggested that src kinase was also involved in the activation of NADPH oxidase
through the phosphorylation the p47phox subunit(Chowdhury, Watkins et al., 2005). Whether
or not src directly phosphorylated p47phox is not known. The src family kinases are also
implicated in the signaling of cytoskeletal changes, specifically those related to phagocytosis.
However, src kinases are involved in a multitude of signaling pathways and may function as
an “integrator” of multiple signals in response to LPS and other stimuli in macrophages. Since,
src kinase is often an activator of PI3K activity, it was hypothesized here that src kinase played
an integral role in the signal transduction pathway linking LPS activation of TLR4 and NADPH
oxidase activation. This report demonstrates that LPS-induced activation of src kinase is critical
for LPS-induced p47phox phosphorylation, superoxide production as well as P13 kinase
activation in a mouse RAW264 macrophage cell line. Moreover, it was shown here in both
RAW cells as well as Chinese hamster ovary cells expressing TLR4 that src kinase in involved
in phosphorylation TLR4 following LPS stimulation. These experiments clearly demonstrate
a role for src kinase in the pathway of LPS induced NADPH oxidase activity and suggest a
further role in the regulation of TLR4 receptor phosphorylation which may be related to the
regulation of other signaling pathways.

Materials and Methods

Cells, cell culture and materials

RAW?264.7 murine macrophage cell line was maintained in Dulbecco's modified Eagle's
medium supplemented with 10% FBS and antibiotics. Chinese hamster ovary (CHO) cells
stably expressing CD14 were the kind gift of Dr. Douglas Golenbock (University of
Massachusetts Medical School). CHO-CD14 cells were maintained in Ham's F-12 medium
supplemented with 10% FBS and antibiotics. The wild type human TLR4 and mutant TLR4
constructs in pCMYV plasmid were the generous gifts from David Schwartz (Duke University).
Transient transfection of LPS-responsive CHO.CD14 cells with either control pCMV,
pCMV.hTLR4, or pCMV. hTLR4 plasmids (2.5 ug/ 10° cells) were done using Lipofectamine
reagent (Gibco BRL) in a 1:3 ratio of DNA to reagent. Lipopolysaccharide (E. coli 0111:B4,
Sigma, St. Loius MO) was used to stimulate both RAW?264.7 cells and CHO cell lines. PP1,
selective inhibitor of src family tyrosine kinases, and wortmannin, inhibitor of P13 kinase, were
used in these studies.
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Immunoprecipitation and immunoblot

Cell pellets were suspended in Tris-buffer containing 1% (vol/vol) Triton X-100 and 0.5% (wt/
vol) SDS at 4°C. After centrifugation at 10,000 x g for 2 min, the cell extract (250 ug protein)
in a final volume of 500 ul was precleared for 30 min with 1.0 ug of nonimmune IgG. Twenty
pL of a 50% slurry of Protein A/G sepharose beads (Invitrogen, Carlsbad, CA) were added,
and after 30 min of incubation, the solution was centrifuged as above. Supernatants were
incubated for 2 h with 20 ul of antibodies against human TLR4 (Santa Cruz Biotechnologies)
or p47phox (Santa Cruz Biotechnology) at 4°C, after which 50 pul of a 50% slurry of A/G beads
were added, and the solution was incubated for an additional hour. After centrifugation as
above, 100 pl of the supernatant were added to 50 ul of 2x Laemmli sample buffer (2.3% SDS,
10% glycerol, 100 mM dithiothreitol, and 0.37 M Tris - HCI, pH 6.8: final concentration). The
pellet was washed three times with 1 ml of wash buffer (50 mM HEPES, pH 7.4, containing
1% Triton X-100, 0.1% SDS, 150 mM NaCl, 100 mM NaF, and 2 mM sodium orthovanadate)
followed by boiling in 210 ul of Laemmli sample buffer. Samples were subjected to SDS-
PAGE (6-20 % gel) and then transferred to Immobilon-P membranes for Western blotting.
For Western blot analysis, cell lysates (5-20 pg) were diluted in Laemmli buffer, incubated at
95°C for 5 min, separated by SDS-PAGE and then transferred to Immobilon-P membranes.
Membranes were blocked with 5% BSA in TBS-Tween 20 (TBST). Immunoblots were then
performed using antibodies diluted in 1% BSA TBST. Antibodies against phospho-src (T416)
(1:5000 dilution, Cell Signaling, Beverly, MA), c-src (1:1000 dilution, Santa Cruz), phospho-
Akt (Ser 473) (1:1000 dilution, Cell Signaling), total Akt1/2 (1:1000 dilution, Santa Cruz), and
phospho-tyr (T100) (1:2000 dilution, Cell Signaling) were used. Horseradish peroxidase
conjugated secondary antibodies (Santa Cruz Biotechnology) were used to visualize
immunoblots.

Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were performed using 32P-labeled, double-stranded oligonucleotides corresponding
to the NF B consensus DNA binding sequence (Santa Cruz, CA). Briefly, nuclear extracts were
incubated with a 32P-labeled probe in binding buffer for 15 min at room temperature. The
samples were analyzed by electrophoresis on 6% non-denaturing polyacrylamide gels in 0.5x
TBE. Gels were dried and visualized by autoradiography.

In vitro labeling reactions

RAW 264.7 cells (~90% confluence in 35-mm dishes) were labeled with [32P] orthophosphate
(50 uCi/ml) in phosphate-free Dulbecco's modified Eagle's medium for 2 h. The radioactive
medium was aspirated, and cells were incubated in DMEM containing 10% FBS for 30 min
prior to exposure to LPS. Total cell extracts (500 pg) were immunoprecipitated in NP-40 lysis
buffer with 4 ug hTLR4 antibody or p47Pho% (Santa Cruz Biotechnology). Immunoprecipitates
were washed three times with NP-40 lysis buffer and once with 20 mM TrisHCI pH 7.5 with
100 mM NaCl and 1 mM EDTA. Immunoprecipitates were separated by SDS-PAGE,
transferred to PVDF membrane, and analyzed by autoradiography.

Measurement of intracellular calcium concentration

Changes in intracellular calcium concentratin ([Ca%*];) of single cells were measured
fluorometrically using the calcium indicator fura 2. Briefly, cells were plated on glass
coverslips at a density of 3.0 x 10%cells/coverslip and were incubated in 2ml of HBSS
containing 5uM fura 2 acetoxymethyl ester (Molecular Probes, Eugene, OR) at room
temperature for 30 min. After being loaded, cells were rinsed and placed in a measurement
chamber with HBSS buffer at room temperature. A microspectrofluorometer (Photon
Technology, South Brunswick, NJ) attached to an inverted microscope (Diaphot, Nikon, Japan)
was used to monitor changes in intracellular calcium. Changes in fluorescent intensity of fura
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2 at excitation wavelengths of 340 and 380 nm and emission at 510 nm were recorded
continuously in individual cells. The ratio of emission at 340 and 380 nm was determined, and
the corresponding value of [Ca2*]; was calculated using the relationship, [Ca2*]; = Ky(R -
Rmin)/(Rmax- R)(Fo/Fs), where Fg/Fs is the ratio of fluorescent intensities in buffers containing
3mMEGTAand 1 uM ionomycin ([Ca2*]max). R is the measured ratio of fluorescent intensities
at excitation wavelengths of 340 and 380 nm, and Rpx and Ry, are values of R at
[Ca2* ax and [Ca2*]min, respectively. A dissociation constant (Kg) of 135 nM was used.

Superoxide production

Results

Raw 264.7 macrophage O™ production was measured by the superoxide dismutase (SOD)-
inhibitable reduction of ferricytochrome c(Crapo, McCord et al., 1978). Cells were plated in
24-well tissue culture plates at 106 cells/well and cultured at 37°C for 24 h in DMEM with
10% FBS. Supernatant was replaced with m-HBSS and Ca2* supplemented with
ferricytochrome c¢ (0.8 mg/ml final concentration). Wortmannin and PP1 were added 5 min
before LPS. The reduction of ferricytochrome ¢ was measured both in the presence and absence
of SOD (85 U/ml). The difference in absorbance of ferricytochrome c, measured at 550 nm,
was used to calculate O™, concentration using a molar extinction coefficient of 17,500.

Inhibition of src kinase or PI3 kinase blunts LPS-induced superoxide production

It has been shown in neutrophils that P13 kinase was involved in the activation of NADPH
oxidase, specifically, in the membrane association and phosphorylation of p47P"°X To test the
hypothesis that src kinase and PI3K play a role in the mechanism of LPS-induced superoxide
production, RAW 264.7 cells were stimulated with LPS in the presence of 100 nM wortmannin
or 5 nM PP1 (Figure 1A). Superoxide production by RAW 264.7 cells was measured by the
SOD-inhibitable reduction of cytochrome c(Crapo, McCord et al., 1978). Prior to stimulation
with LPS, cells were pretreated with either 100 nM wortmannin or 5 nM PP1. It was observed
that LPS induced a concentration-dependent increase in superoxide production in RAW264.7
cells. Pretreatment of RAW264.7 cells with 100 nM wortmannin significantly blunted
superoxide production induced by LPS. Moreover, src kinase inhibitor PP1 nearly completely
inhibited LPS-induced superoxide production.

It has been shown that P13 kinase indirectly induces the phosphorylation of p47P1°X, the
cytoplasmic regulatory subunit of NADPH oxidase. Thus, the phosphorylation of p47Ph%X was
determined, following LPS exposure (Figure 1B). Cells were labeled with orthophosphate and
then activated with 100 ng/mL LPS. Total p47PhX was then immunoprecipitated, separated by
SDS-PAGE, and phosphorylated p47Pho% was then determined by autoradiograpy. A rapid
increase in phosphorylated p47Ph°% was observed within 15 min of LPS administration, and
phosphorylation peaked 60 min after the addition of LPS. This rapid phosphorylation is
consistent with the rapid production of superoxide from these cells. Pre-treatment of
RAW264.7 cells with 100 nM wortmannin or 5 nM PP1 completely inhibited LPS-induced
phosphorylation of p47Pho* (Figure 1C). These data are consistent with the hypothesis that both
src kinase and P13 kinase are involved in the activation of NADPH oxidase following exposure
to LPS.

P13 kinase has been implicated in some cell types in LPS-induced NFkB activation (Li, Tupper
et al., 2003, Pyo, Yang et al., 2003, Liu, Batkai et al., 2003). Whether P13 kinase participated
in the LPS-induced activation of NFxB was determined using nuclear extracts from RAW
264.7 cells by electrophoretic mobility shift assay. LPS (100 ng/ml) caused a significant
increase in NF«B binding activity (Figure 1D). Neither wortmannin (100 nM) nor PP1 (5 nM)
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had a significant effect on LPS-induced NFkB activation. These data suggest that LPS activates
the NF«B pathway independently of P13 kinase.

Src family kinase is involved in activation of PI3 kinase due to LPS

To assess the activation of PI3K, whole cell lysates were immunoblotted for phosho-Akt, a
downstream substrate for activated PI13K (Figure 2A). LPS caused a concentration-dependent
increase in the phosphorylation of Akt, confirming that LPS activates PI3K (data not shown).
RAW?264.7 macrophages were stimulated with 100 ng/mL LPS for 30 min in the presence of
vehicle, 100 nM wortmannin or 5 nM PP1, and phosphorylation of Akt was determined as
described in the Methods. LPS caused a significant increase in PI13K activity that was
significantly blocked in the presence of both PP1 and wortmannin (Figure 2A). These data
support the hypothesis that LPS indeed activates PI3K, which is consistent with other
previously published reports(Li, Tupper et al., 2003). Moreover, these data suggest that src
kinase activates PI3K in response to LPS in RAW264.7 macrophages.

LPS-induced activation of the src kinase pathway was also determined. Src kinase
phosphorylation was determined in RAW 264.7 cells treated with LPS (100 ng/mL) in the
presence of 100 nM wortmannin or 5 nM PP1 (Figure 2B). Wortmannin had no apparent affect
on LPS-induced src kinase activation whereas, PP1 nearly completely inhibited src kinase
phosphorylation.

LPS induced increase in intracellular calcium

LPS stimulates a rapid increase in intracellular calcium, a known activator of src kinase.
RAW264.7 cells were stimulated in the presence of PP1 and wortmannin to determine whether
LPS-induced increases in intracellular calcium was up-stream or independent of src kinase and
P13 kinase (Figure 3A). Intracellular calcium was measured fluorescently using the calcium
dye Fura-2. LPS caused a rapid and transient increase in calcium that was not affected by the
addition of PP1 or wortmannin, supporting the hypothesis that LPS-induced calcium signaling
is either up-stream or independent of src kinase and PI3 kinase.

To address whether calcium release is involved in the activation of src kinase and potentially
explain src kinase activation, RAW 264.7 cells were stimulated with LPS in the presence of
50 nM BAPTA, an intracellular calcium chelator (Figure 3B). Phosphorylated src kinase and
phosphorylated Pyk2, a src kinase substrate, were measured by Western blot. Src kinase and
Pyk2 were phophorylated 30 min after LPS exposure. However, in the presence of 50 nM
BAPTA, LPS-induced src kinase phosphorylation was blunted significantly. Additionally,
pyk2 phosphorylation was also inhibited in the presence of BAPTA.

LPS causes phosphorylation of TLR4

We showed that PI3K directly interacts with activated TLR4 (Figure 4A). Raw cells were
stimulated with 100 ng/mL LPS for 1 hour. Lysate was immune-precipitated using antibodies
against TLR4 or PI3K and subsequently immunoblotted using antibodies against TLR4 and
PI3K. In lysates stimulated with LPS, PI3K immunoprecipitated with TLR4, suggesting an
interaction stimulated by LPS.

This interaction presumably is facilitated by src kinase and likely plays a role in the activation
of PI3K. It was hypothesized that the intracellular region of TLR4 would be phosphorylated

in response to LPS to test this hypothesis, RAW264.7 macrophages were stimulated with 100
ng/mL LPS up to 1 h. The phosphorylation of TLR4 was determined first by in vivo 32P-ATP
labeling assay (Figure 4B). Cells were labeled with 32P-orthophosphate prior to activation by
LPS. At several times after the addition of LPS, whole cell extracts were immunoprecipitated
using an antibody against mouse TLR4, and immunoprecipitates were separated by Western
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blot analysis, and labeling was determined by autoradiography. A transient increase in TLR4
phosphorylation occurred with a peak increase at 30 min after LPS. Interestingly, this time-
dependent increase is consistent with the activation of PI3 kinase caused by LPS.

In separate experiments, RAW264.7 macrophage cell extracts were again immunoprecipitated
using the mouse TLR4 antibody as described above. Immunoprecipitates were separated and
then immunoblotted using anti-phosphotyrosine antibodies (Figure 4C). As in the labeling
experiments, a transient increase in tyrosine phosphorylation of TLR4 was observed between
15 and 30 min after LPS. Throughout the time course of these experiments, however, the levels
of TLR4 expression was not altered. These experiments support the hypothesis that LPS causes
atime-dependent increase in TLR4 phosphorylation that is consistent with the kinetics of other
LPS-induced signaling pathways including PI3K. These data corroborate other recent findings
that also report that TLR4 can be phosphorylated in response to LPS(Chen, Zuraw et al.,
2003).

Phosphorylation of TLR4 mediates PI3 kinase activation

To address the mechanism of TLR4 phosphorylation caused by LPS and its role in PI3K
activation, LPS-responsive Chinese hamster ovary cells stably expressing CD14 (CHO.CD14)
were stimulated with LPS (Figure 5). Phosphorylation of src kinase and PI3K was slightly
induced, as expected since CHO cells express low levels of TLR4. However, when CHO.CD14
cells were transiently transfected with plasmid containing wildtype mouse TLR4, LPS (100
ng/mL) caused a significant increase in the phosphorylation of both src kinase and Akt,
compared to cells transfected with control plasmid (Figure 5A and B). Inhibition of PI3K with
wortmannin blocked LPS-induced phosphorylation of Akt but failed to block the
phosphorylation of src (Figure 5A). Inhibition of src kinase using 5 nM PP1, completely
inhibited LPS-induced src kinase activation and P13 kinase activation (Figure 5B). These data
for the first time suggest that LPS-induced P13 kinase activation is dependent upon the
activation of src kinase.

Using the same approach, it was shown in CHO.CD14 cells expressing human TLR4 that LPS
caused phosphorylation of TLR4 (Figure 5C and D). Wortmannin inhibited LPS-induced PI3K
activity but had no effect on the src kinase activity nor the phosphorylation of TLR4.
Importantly, the phosphorylation of TLR4 caused by LPS was completely inhibited by PP1.
These data support the hypothesis that src kinase is involved in LPS-induced phosphorylation
of TLR4 and activation of PI3K, and that TLR phoshphorylation may be required for
subsequent activation of PI3K.

Discussion

Src kinase and PI3 kinase couples LPS: TLR4 signaling to NADPH oxidase

One important point of this study is the finding that the src kinase/ PI3K pathway connects
LPS induced CD14:TLR4 activation with NADPH oxidase production of superoxide in
macrophages. It has long been known that LPS induces superoxide production in macrophages,
and that this phenomenon is a classical response in phagocyte “respiratory burst.” However,
the signaling pathways involved in this event have not been fully described. Pontin and others
have demonstrated that phosphotidylinositols activate and induce the membrane localization
of the p47P"X subunit of NADPH oxidase(Chen, Powell et al., 2003), supporting the
conclusion that P13 kinase is important in NADPH oxidase activation. Moreover, it was shown
that src kinase was involved in the direct phosphorylation of p47phox in lung endothelial cells
under hyperoxic conditions(Chowdhury, Watkins et al., 2005).
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Though src kinase and PI3 kinase have been implicated in p47phox activation, we demonstrate
here that both are required for LPS-induced free radical production in macrophages. Another
key point of our findings is that LPS induced PI3K activation is actually dependent upon src
kinase activity. Inhibition of src kinase with PP1 completely blocked LPS induced PI3K
activity. In other words, src kinase activation appears to be upstream and required for P13 kinase
activity stimulated by LPS. Whether or not src kinase directly stimulates PI3K or whether other
signaling intermediates exist is not known.

Src kinase is involved in the phosphoryation of TLR4

Several reports have demonstrated that LPS activates src kinases in RAW macrophages and
primary macrophages(Leu, Charoenfuprasert et al., 2006, Smolinska, Horwood et al., 2008).
These findings are consistent with reports that have demonstrated that src family kinases were
activated by LPS in a variety of other cell types (Napolitani, Bortoletto et al., 2003, Fang,
Pengal et al., 2004, Orlicek, Hanke et al., 1999, Williams and Ridley, 2000). The mechanism
by which TLR4 initiates signaling is not completely understood.

The MyD88 dependent pathway seems to involve a direct interaction with TLR4 and recruits
a number of other downstream signaling molecules including IRAK. Importantly, LPS causes
a rapid interaction among the adapter protein MyD88, TLR4 and the p85 subunit of PI3K
(Laird, Rhee et al., 2009). We also showed that LPS caused an interaction between TLR4 and
p85 PI3K subunit; however, no interactions between the MyD88 adaptor and p85 were
observed (data not shown). The hypothesis is that this interaction with TLR4 is facilitated by
a rapid phosphorylation of the intracellular region of the receptor. This hypothesis is based on
the recent report that TLR4 was phosphorylated via an unidentified tyrosine kinase(Chen,
Zuraw et al., 2003). Vogel demonstrated that mouse TLR4 signaling was dependent upon its
phosphorylation at T712, the tyrosine mutation responsible for C3H-HeJ mouse endotoxin
unresponsiveness(Medvedev, Piao et al., 2007). Indeed, it is demonstrated here that TLR4 is
phosphorylated transiently following LPS challenge (Figure).

A number of macrophage receptors including FcgRI and FcgRIlla are phosphorylated by the
membrane associated Src family tyrosine kinases(Cooney, Phee et al., 2001). Inhibition of src
kinase blunted LPS receptor phosphorylation suggesting that src kinase is indeed involved in
the potentiation of the TLR4 signal. These are the first data demonstrating that src kinase plays
this important role in TLR4 signaling in macrophages as wells as in CHO cells overexpressing
CD14 and TLRA4. Inhibition of PI3K has no effect on TLR4 phosphorylation in both RAW
cells and in CHO cells, suggesting again that PI3K is a downstream event from src kinase
activation.

An unanswered question is whether specific phosphorylation occurs and whether it is important
for PI3 kinase binding and activation, as suggested by VVogel(Medvedev, Piao et al., 2007). An
intriguing experiment would be whether the expression of mutant TLR4 was capable of

stimulating either src kinase or P13K to ultimately address the cooperation of src and PI3K in
the phosphorylation of TLR4. The important contribution here is that inhibition of src kinase
blunted LPS-induced phoshorylation of TLR4 and downstream activation of PI3K (Figure).

Src kinase activation by LPS is dependent upon increases in intracellular calcium

The purpose of src kinase in LPS signaling is not clear, especially since src kinases play an
important role in cytoskeletal changes and focal adhesion assembly, such as the LPS-induced
assembly of CD11b/CD18 adhesion complex(Wright and Jong, 1986). Recently, it was shown
that LPS can induce the phosphorylation of paxillin, a known downstream target of the src
tyrosine kinase family involved in cytoskeletal structure(Hazeki, Masuda et al., 2003). Thus,
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a role for src family kinases and PI3K in LPS-induced phagocytosis is reasonable since
cytoskeletal changes are typically coupled with the “respiratory burst” via NADPH oxidase.

How src kinase is initially activiated by TLR4 is also unknown. As for the case of TLR2,
ligands stimulate the release of Ca2+ from intracellular stores, activating c-Src, which leads
to TLR2 phosphorylation and PI3K recruitment(Chun and Prince, 2006). These data suggest
a similar mechanism explaining TLR4 activation of src in RAW cells. Clearly, LPS stimulates
the rapid and transient release of Ca2+ which is blunted strongly by BAPTA chelation.
Inhibition of the increase in intracellular calcium nearly completely blocked the LPS induced
activation of src and PI3K. Previous studies suggest that intracellular calcium was essential in
LPS induced superoxide production but not NFKB activation. These data suggest that calcium
participates as a second messenger in LPS-mediated src kinase activation, which is an integral
component of LPS-induced NADPH oxidase activation.

In conclusion, it is demonstrated here that both src family tyrosine kinases and PI3K play an
important role in LPS-induced superoxide production, the phosphorylation of TLR4 is
necessary for its association with and activation of P13 kinase, src kinase is responsible for the
phosphorylation of the TLR4, and that the increase in intracellular calcium seems to be
important for src kinase activation. Moreover, it appears that this pathway is distinct from that
of NF«B signaling since inhibition of either src or PI3K had no effect on NFkB DNA binding
activity. Whether the pathways are distinctly different from the point of initiation at TLR4
activation or whether the pathways diverge at some point downstream at MyD88, for example,
is not clear. The important question of how src family tyrosine kinases are activated in response
to LPS remains, but highlights, a critical gap in our understanding, given the various functions
of src family tyrosine kinases in cytoskeletal changes, gene regulation, and lymphoctyte and
monocyte differentiation. Importantly, the P13 kinase pathway represents a unique target for
therapy since it appears to be distinct from LPS-induced NFkB pathway. Moreover, NADPH
oxidase has been implicated in a number of chronic diseases such as arthritis, liver diseases,
and vascular disease.
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Figure 1. Inhibition of PI3 kinase and src kinase blunts LPS-induced superoxide production and
p4a7PhOX phosphorylation

(A) RAW 264.7 macrophages were incubated in the presence of 100 nM wortmannin or vehicle
and stimulated with LPS. Cells were stimulated with LPS (0, 0.1, 1.0 and 10 pg/ml) for 30 min.
Superoxide production was measured in the supernatant by the reduction of cytochrome c. Data
are expressed as mean+SEM for 3 or more experiments. (B) Phosphorylation of p47PhoX was
determined by in vivo kinase labeling with 32P. Cells were treated with LPS (100 ng/mL) for
10, 15, 30 and 60 min. Lysates were immunoprecipited with antibodies against p47, and
separated by SDS-PAGE and visualized by autoradiography. (C) Cells were stimulated with
100 ng/mL LPS for 30 min in the presence of saline, wortmanin or PP1. Data are representative.
(D) Nuclear extracts from RAW264.7 cells stimulated with 100 ng/mL LPS in the presence of
PP1 or wortmannin were used to evaluate NFKB activity by EMSA as described in the Materials
and Methods. Data are expressed as mean+SEM for 3 or more experiments

Mol Immunol. Author manuscript; available in PMC 2011 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Check et al. Page 11

A

wort PPI1
-+ - + - + LPS

O B - pAKkt

i -

M.‘" - Akt

1.0 65 12 14 16 1.9 Fold change

wort PPl1
-+ - 4+ - 4+ LPS

. — - "
= =5 - B p sSrc

ed & 1 L 3 TR

10 81 13 69 19 14 Fold change

Figure 2. Src kinase is involved in LPS-induced P13 activity in macrophages

(A) RAW 264.7 macrophages were incubated in the presence of PP1 (5 nM), wortmannin (100
nM ) or vehicle and stimulated with LPS ( 100 ng/ml) . After 30 min, cell lysates were separated
by SDS-PAGE and immunoblotted against phospho-AKT. Relative amount of phosph-Akt to
total Akt expression is shown. Data is relative to control levels and are expressed as fold change.
(B) RAW 264.7 macrophages were stimulated with 100 ng/mL LPS in the presence of saline,
5nM PP1 or 100 nM wortmannin. Lysates were separated by SDS-PAGE and immunaoblotted
with antibodies against phospho- src kinase or total src kinase. Relative amount of phosph-src
to total src expression is shown. Data is relative to control levels and are expressed as fold
change.
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Figure 3. Chelation of intracellular calcium blunts LPS-induced src kinase blunts

(A) RAW 264.7 macrophages were incubated in the presence of vehicle, 100 nM wortmannin
or 5 nM PP1 and stimulated with LPS. Intracellular calcium was determined by single-cell
fluorescent microscopy using the calcium indicator Fura-2 as described in the Materials and
Methods. Each trace is the average of 20-30 cells per experiment and is representative of three
to five experiments. (B) RAW 264.7 macrophages were stimulated with 100 ng/mL LPS in
the presence of saline, 50 nM BAPTA, a calcium chelator. Lysates were separated by SDS-
PAGE and immunoblotted with antibodies against phospho- src kinase, total src kinase,
phosphor-Pyk2 and total Pyk2.
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Figure 4. TLR4 Phosphorylation and interaction with PI3K following LPS exposure

(A) RAW 264.7 macrophages were stimulated with 100 ng/mL LPS for 30 min.
Immunoprecipitates were separated by 12% SDS-PAGE and Western blotting was performed
using antibodies against p85 PI3 kinase or TLR4. (B) RAW 264.7 macrophages were labeled
in vitro with 32P for 60 min and were stimulated with 100 ng/mL LPS for 0, 5, 10, 15, 30 and
60 min. Cell lysates were immunoprecipitated using anti-TLR4 antibody and separated by
SDS-PAGE to evaluate phophorylation of the TLR4. Phosphorylation was visualized by
autoradiagraphy. Immunoprecipitates were also immunoblotted using anti-phospho-tyrosine
antibody (1:1000, Chemicon). (C) Cell lysates were separated by SDS-PAGE and
immunoblotted using anti-TLR4 antibodies.
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Figure 5. src kinase is involved in the phosphorylation of TLR4 overexpressed in CHO-CD14 cells
Chinese hamster ovary cells stably expressing CD14 were transiently transfected with either
control pCMV or pCMV-hTLR4 (pTLR4). Twenty-four hours later, cells were stimulated with
LPS (100ng/ml) in the presence of either (A and C) wortmannin (100nM) or (B and D) PP1
(5 nM). Thirty minutes after stimulation, cell lysates were collected, separated by SDS-PAGE
and immunoblotted against phospho-src kinase, phospho-AKT and actin. Cell lysates were
immunoprecipitated using antibodies against human TLR4 (C and D). Immunoprecipitates
were separated by SDS-PAGE and immunoblotted using antibodies against phospho-Tyr.
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