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Reactive oxygen species (ROS) generated by NADPH oxidases (Nox) have been implicated in the regulation
of signal transduction. However, the cellular mechanisms that link Nox activation with plasma membrane
receptor signaling remain poorly defined. We have found that Nox2-derived ROS influence the formation of an
active interleukin-1 (IL-1) receptor complex in the endosomal compartment by directing the H2O2-dependent
binding of TRAF6 to the IL-1R1/MyD88 complex. Clearance of both superoxide and H2O2 from within the
endosomal compartment significantly abrogated IL-1�-dependent IKK and NF-�B activation. MyD88-depen-
dent endocytosis of IL-1R1 following IL-1� binding was required for the redox-dependent formation of an
active endosomal receptor complex competent for IKK and NF-�B activation. Small interfering RNAs to either
MyD88 or Rac1 inhibited IL-1� induction of endosomal superoxide and NF-�B activation. However, MyD88
and Rac1 appear to be recruited independently to IL-1R1 following ligand stimulation. In this context, MyD88
binding was required for inducing endocytosis of IL-1R1 following ligand binding, while Rac1 facilitated the
recruitment of Nox2 into the endosomal compartment and subsequent redox-dependent recruitment of TRAF6
to the MyD88/IL-1R1 complex. The identification of Nox-active endosomes helps explain how subcellular
compartmentalization of redox signals can be used to direct receptor activation from the plasma membrane.

Receptor stimulation at the plasma membrane has been
implicated in the production of cellular reactive oxygen species
(ROS) by a significant number of ligands, including tumor
necrosis factor alpha (TNF-�), lipopolysaccharide, angiotensin
II, platelet-derived growth factor (PDGF), insulin, epidermal
growth factor, transforming growth factor �1, and interleu-
kin-1� (IL-1�) (40). Early studies demonstrated that enhanced
cellular clearance of H2O2 by catalase abrogated PDGF and
epidermal growth factor receptor signals, implicating H2O2 as
a critical redox-signaling intermediate (3, 45). It is currently
believed that H2O2 functions as a signaling intermediate by
inhibiting cellular phosphatases at cysteines in the catalytic site
(40) and by altering protein structure by oxidation of reactive
thiols (15). For example, a recent study has implicated mito-
chondrial superoxide as a source of H2O2 responsible for the
oxidative inactivation of JNK phosphatases important in TNF-
mediated apoptosis (22). Similarly, peroxiredoxin II has been
shown to act as a negative regulator of PDGF signaling by
controlling the activity of protein tyrosine phosphatases impor-
tant in PDGF receptor inactivation (7). In addition, cytosolic
peroxiredoxin II attenuates the activation of JNK and p38 but
potentiates ERK activation following TNF-� treatment (24).

The major ROS-generating systems in cells include the mi-
tochondria and seven known NADPH oxidase catalytic sub-
units (Nox1, Nox2gp91phox, Nox3, Nox4, Nox5, Duox1, and
Duox2) (26). NADPH oxidases generate superoxide (�O2

�) by

transferring an electron from NADPH to molecular oxygen.
The most widely characterized NADPH oxidases include the
phagocytic gp91phox (Nox2), which has also been found to be
expressed in a variety of other nonphagocytic cell types (36, 47,
50). The active form of the phagocytic NADPH oxidase is
composed of a multisubunit membrane complex. Subunit re-
cruitment of p67phox, p47phox, p40phox, p22phox, and
Rac1/2, a small GTPase, plays an important role in activating
�O2

� production for this complex (23, 26). Given the obvious
potential toxicity of ROS, cells have also developed mecha-
nisms to control both the production and clearance of ROS.
Clearance of ROS is carefully regulated by a number of en-
zymes that dismutate �O2

� to H2O2 (SOD-1, -2, and -3) or
degrade H2O2 (glutathione peroxidases, catalase, and perox-
iredoxins) (13, 41). As mentioned above, peroxiredoxin II is
recruited to the PDGF receptor and regulates its phosphory-
lation status. In this context, peroxiredoxin II controls the
availability of H2O2 which, in turn, regulates the activity of
protein tyrosine phosphatases (7). This mechanism is an ex-
ample of ROS-mediated regulation of signal transduction by
the clearance of H2O2. On the contrary, cellular mechanisms
that direct the production of Nox-derived superoxide to selec-
tively influence certain receptor signaling pathways remain
poorly understood.

A link between Nox protein activation and cellular signaling
is only recently becoming recognized. For example, expression
of a dominant negative Nox4 attenuates insulin-stimulated
H2O2 production and downstream phosphatase signaling in-
volved in adipocyte insulin receptor activation (32). TNF-� and
IL-1�, two major proinflammatory cytokines well recognized
for their abilities to activate NF-�B (16, 42), have also been
hypothesized to utilize Nox-dependent H2O2 production in
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their activation cascades. Supportive evidence includes the
demonstration that inhibition of Rac1 or p47phox abrogates
TNF-�- and IL-1-stimulated H2O2 production and NF-�B ac-
tivation (10, 14, 17, 21, 28). Similarly, enhanced clearance of
H2O2 by GPx1 expression abrogates NF-�B activation (25, 29).
However, the dependence of NF-�B activation on ROS still
remains highly controversial (19). To this end, it is presently
unclear how ligand binding to membrane receptors coordi-
nates the production of ROS through NADPH oxidase(s) and
downstream receptor signals that influence NF-�B activation.

IL-1� is a potent proinflammatory cytokine that plays an
important role in many disease processes. IL-1� exerts its
pleiotropic effects by binding to the IL-1 receptor (IL-1R1) on
the plasma membrane and initiating the formation of an intra-
cellular receptor-associated protein complex responsible for
transducing receptor signals (35). Formation of an active IL-
1R1 signaling complex involves the early binding of several
accessory factors to the receptor, including IL-1RacP (20),
MyD88 (34, 49), and Tollip (5). These factors then act in a
context-dependent fashion to mediate the recruitment of IL-1
receptor-associated kinases (IRAK) (30, 34). Once associated
with the receptor complex, IRAK subsequently leads to the
recruitment of TRAF6, a member of the TNF receptor-asso-
ciated factor (TRAF) family of adaptor proteins (38). TRAF6
is required for the activation and the recruitment of kinases
such as TAK1 and NIK to the IL-1R1 complex (35, 38, 48). In
the context of NF-�B activation, the IL-1R1 complex transmits
signals through TAK1- and/or NIK-mediated phosphorylation
of the I�B kinase (IKK) complex (16). Once the IKK complex
is phosphorylated, it in turn phosphorylates I�B�/�, and
NF-�B is mobilized to the nucleus.

In the present study, we have used the redox dependence of
IL-1�-mediated NF-�B activation to study how Nox-derived
ROS coordinate receptor signals required for efficient NF-�B
activation. To this end, we have demonstrated that following
IL-1� stimulation, MyD88-dependent endocytosis of IL-1R1
was required for the redox-dependent activation of NF-�B by
the endosomal compartment. In the absence of endocytosis,
the IL-1 receptor complex formation failed to incorporate
TRAF6, and NF-�B activation was significantly abrogated.
Similarly, clearance of ROS from within the endosomal com-
partment significantly retarded both IKK and NF-�B activa-
tion following IL-1� stimulation. ROS production by the en-
dosomal compartment was facilitated by Rac1-dependent
internalization of Nox2 with IL-1R1 and directed the H2O2-
dependent recruitment of TRAF6 to ligand-activated IL-1R1/
MyD88 complexes in endomembranes. Through this process,
the generation of ·O2

� by endosomal Nox2, and its conversion
to H2O2, facilitated the redox-dependent formation of an IL-
1R1 complex capable of activating the IKK complex and NF-
�B. This mechanism helps clarify how cells can partition Nox-
derived ROS to selectively influence receptor activation from
the plasma membrane.

MATERIALS AND METHODS

Recombinant expression vectors and small interfering RNA (siRNA). MCF-7
cells were infected with recombinant adenoviruses (500 particles/cell) as previ-
ously described, and cells were utilized for experiments at 48 h postinfection (29).
Lipofectamine 2000 (Invitrogen) was used for all plasmid transfections, and cells
were utilized for experiments at 48 h posttransfection. The following E1-deleted

recombinant adenoviral vectors were used: (i) Ad.GPx-1, which encodes gluta-
thione peroxidase 1 and degrades cytoplasmic H2O2 (29); (ii) Ad.Dyn(DN),
which encodes a dominant-negative mutant (K44A) of dynamin and inhibits
endocytosis (12); (iii) Ad.NF�BLuc, which encodes an NF-�B-responsive pro-
moter driving luciferase expression and was used to assess NF-�B transcriptional
activation in vivo (43); and (iv) Ad.BglII, an empty vector with no insert, as a
control for viral infection (29). For NF-�B transcriptional assays utilizing infec-
tion with two recombinant adenoviruses, a slightly modified sequential infection
method was used (43). In this case, cells were infected with experimental vectors
[i.e., Ad.Dyn(DN) or Ad.GPx1] 24 h prior to infection with Ad.NF�BLuc, and
cells were utilized for experiments at 48 h post-initial infection. Transduction
efficiencies with recombinant adenoviruses were typically 80 to 90%, as assessed
by Ad.CMV-GFP reporter gene expression.

The following plasmids were used for transient-transfection experiments: (i) a
recombinant plasmid encoding an N-terminal hemagglutinin (HA) fusion of
Rab5, generated by PCR amplification for immuno-affinity isolation of early
endosomes, and (ii) an expression plasmid encoding the Nox2 cDNA, a kind gift
from J. D. Lambeth (Emory University).

siRNAs against MyD88, Rac1, and Nox2 were obtained from Santa Cruz
Biotechnology, and the transfections were performed using methods and re-
agents described by the manufacturer. The sequences used for the siRNAs were
proprietary and were not provided by the company.

Cytokine treatments and vesicular isolation. MCF-7 cells were treated with
recombinant IL-1� at the indicated concentrations for 20 min prior to all vesic-
ular isolations. For endosomal loading experiments, purified bovine Cu/Zn su-
peroxide dismutase (Cu/ZnSOD; Oxis Research) and/or catalase (Sigma-Al-
drich) proteins were added to fresh medium (0.1 to 1 mg protein/ml) and applied
to cells 10 min prior to cytokine treatment in the continued presence of SOD
and/or catalase. Cells were washed and scraped into ice-cold phosphate-buffered
saline (PBS). Cell pellets were then resuspended in 0.5 ml of homogenization
buffer (0.25 M sucrose, 10 mM triethanolamine, 1 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, and 100 �g/ml aprotinin), homogenized in a Duall tissue
grinder (Duall), and centrifuged at 2,000 � g at 4°C for 10 min. The supernatant
was designated the postnuclear supernatant (PNS). The PNS was subsequently
combined with 60% Iodixanol (OptiPrep Axis-Shield) solution to obtain a final
concentration of 32% and loaded into an sw55Ti centrifuge tube. The PNS was
then bottom loaded under two-step gradients of 24% and 20% Iodixanol in
homogenization buffer. Samples were centrifuged at 30,500 rpm for 2 h at 4°C.
Fractions were collected from the top to the bottom of the centrifuge tube at 4°C
(�300 �l per fraction) and utilized immediately for NADPH oxidase activity and
immuno-isolation or were frozen for Western blot analysis.

NF-�B and NADPH oxidase activity assays. NF-�B transcriptional activity was
assessed using the previously described NF-�B-inducible luciferase reporter vec-
tor (Ad.NF�BLuc) (43). Luciferase activity was assessed at 6 h post-cytokine
treatment (unless otherwise specified) using 5 �g of cell lysate. NADPH oxidase
activities were analyzed by measuring the rate of �O2

� generation using a chemi-
luminescent, lucigenin-based system (31). Prior to the initiation of the assay, 5 �g
of vesicular proteins was combined with 5 �M lucigenin (Sigma-Aldrich) in PBS
and incubated in darkness at room temperature for 10 min. The reaction was
initiated by the addition of 100 �M of NADPH (Sigma-Aldrich), and changes in
luminescence were measured over the course of 3 min (five readings/s). The
slope of the luminescence curve (relative light units [RLU] per minute) (r 	
0.95) was used to calculate the rate of �O2

� formation as an index of NADPH
oxidase activity (RLU/min �g protein). In the absence of NADPH, background
levels of lucigenin-dependent luminescence were always 	1,000-fold less than
maximally induced values in the presence of NADPH. Additionally, background
levels of luminescence in the absence of NADPH did not significantly vary
between samples and had no rate of change.

Electron spin resonance spectroscopy (ESR) was used to confirm the produc-
tion of NADPH-dependent �O2

� by isolated endosomes. ESR assays were con-
ducted at room temperature using a Bruker model EMX ESR spectrometer
(Bruker). Vesicular fractions from each sample were mixed with the spin trap, 50
mM 5,5-dimethyl-1-pyrroline N-oxide (DMPO), in a total volume of 500 �l of
PBS, pH 7.4. This solution contained iminodiacetic acid-chelating resin (10
ml/liter; Sigma-Aldrich). The reaction was initiated by adding NADPH to 100
�M and was immediately placed into the ESR spectrometer. DMPO-hydroxyl
radical adduct formation was assayed for 10 min. Instrument settings were as
follows: receiver gain, 1 � 106; modulation frequency, 100 kHz; microwave
power, 40.14 mW; modulation amplitude, 1.0 G; and sweep rate, 1 G/s.

Vesicular immuno-isolation. Rab5-containing endosomes were isolated based
on a previous method (46). Cells were transfected with HA-Rab5a or green
fluorescent protein (GFP) expression plasmid 48 h prior to IL-1� treatment.
Following Iodixanol isolation of intracellular vesicles, one-half of the combined
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FIG. 1. Redox regulation of NF-�B activation is dependent on endocytosis. (A and D) MCF-7 cells were infected with the indicated adenoviral
vectors and/or treated with the indicated concentrations of purified bovine Cu/ZnSOD and/or catalase proteins prior to cytokine treatment and
assessment of NF-�B transcriptional activity at 6 h post-cytokine treatment (mean 
 standard error [SE]; n � 3). Paired comparisons (*, †)
demonstrate significant differences (P � 0.05). Bottom panel of D: IKK� activity was assessed using immunoprecipitated IKK� and in vitro kinase
assays with [
-32P]ATP and GST-I�B�, followed by SDS-PAGE, transfer to nitrocellulose, autoradiography, and then Western blotting with
anti-GST antibody. (B) Immunofluorescent localization of IL-1R1 in MCF-7 cells infected with Ad.Dyn(DN) (dominant-negative dynamin) or
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peak vesicular fraction was used directly for biochemical analyses, and the other
half was used for immuno-affinity isolation using Dynabeads M-500 (Dynal
Bioscience) coated with the anti-HA antibody. Prior to use, beads were coated
with antibodies as follows: the secondary antibody (anti-rat antibody) was con-
jugated to Dynabeads (4 � 108 beads/ml) in 0.1 M borate buffer (pH 9.5) for 24 h
at 25°C with slow rocking. The beads were then placed into the magnet for 3 min
and washed in 0.1% (wt/vol) bovine serum albumin (BSA)–PBS for 5 min at 4°C.
A final wash in 0.2 M Tris (pH 8.5)–BSA was performed for 24 h. Finally, the
beads were resuspended in BSA-PBS and conjugated to 4 �g of primary anti-HA
antibody per 107 beads overnight at 4°C and then washed in BSA-PBS. Vesicular
fractions were mixed with 700 �l of coated beads in PBS containing 2 mM
EDTA, 5% BSA, and protease inhibitors. The mixture was incubated for 6 h at
4°C with slow rocking, followed by magnetic capture and washing in the same
tube three times (15 min each). Beads with HA-enriched endosomes were then
resuspended in PBS, and wash supernatants were saved for analysis.

Western blotting, immunoprecipitations, and in vitro kinase assays. Western
blotting was performed using standard protocols (8), and protein concentrations
were determined using the Bio-Rad protein quantification kit. Immunoreactive
proteins were detected using enhanced chemiluminescence (ECL; Amersham)
and were exposed to X-ray film. Antibodies used for Western blotting were as
follows: anti-early endosomal antigen 1 (anti-EEA1), anti-HA, anit-Rab5, and
anti-Rab11 antibodies (Transduction Laboratories); anti-p47phox, anti-TRAF6,
anti-IKK�, anti-Na�/K� ATPase(�3), anti-MyD88, and anti-glutathione S-trans-
ferase (anti-GST) antibodies (Santa Cruz Biotech); anti-IL-1R1 antibody (QED
Bioscience, Inc.); anti-Cu/ZnSOD and anticatalase antibodies (Binding Site,
Inc.); and anti-mtHSP70 antibody (Affinity Bioreagents). The Nox2 antibody was
a kind gift from A. Jesaitis (Montana State University) (6).

For immunoprecipitations, cells were washed with ice-cold PBS and lysed in
radioimmunoprecipitation assay (RIPA) buffer at 4°C for 30 min. A 500-�g
aliquot of cellular protein and 5 �l of primary antibody were mixed with 1 ml of
RIPA buffer at 4°C for 1 h. A 50-�l volume of protein A-agarose beads (Santa
Cruz Biotech) was then added to the mixture and rotated for 4 h. The beads were
washed with ice-cold PBS prior to experimental analyses. In vitro kinase assays
were performed with immunoprecipitated IKK� and/or isolated vesicles using
GST-I�B� as a substrate. Kinase reactions were performed with 1 �g GST-I�B�,
0.3 mM cold ATP, and 10 �Ci [
-32P]ATP in 10 �l kinase buffer (40 mM
HEPES, 1 mM �-glycerophosphate, 1 mM nitrophenolphosphate, 1 mM
Na3VO4, 10 mM MgCl2, and 2 mM dithiothreitol). The reaction mixtures were
then incubated at 30°C for 30 min. Reactions were terminated by the addition of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) pro-
tein-loading buffer and boiled at 98°C for 5 min. Following SDS-PAGE, gels
were transferred to nitrocellulose membranes and exposed to X-ray film prior to
probing with an anti-GST antibody.

In vivo localization of redox-active endosomes and ROS production. In vivo
localization of �O2

� within endosomes was performed using OxyBURST Green
dihydro-2�,4,5,6,7,7�-hexafluorofluorescein (H2HFF)–BSA (Molecular Probes).
Stock solutions (1 mg/ml) were generated immediately prior to use by dissolving
H2HFF-BSA in PBS under nitrogen and protected from light. Cells were incu-
bated in the presence of 50 �g/ml OxyBurst Green H2HFF-BSA for 2 min at
37°C and then stimulated by the addition of IL-1� (1 ng/ml). Cells were fixed in
4% paraformaldehyde at various times (1 to 10 min) poststimulation and eval-
uated by fluorescent microscopy. Various compounds (1 mg/ml SOD or 10 �M
diphenylene iodonium [DPI]) were added at the time of IL-1� stimulation.
Colocalization of H2HFF-BSA and EEA1 was performed by immunofluorescent
localization in postfixed samples using an anti-EEA1 monoclonal antibody
(Transduction Laboratories) and a Texas Red-conjugated goat anti-mouse anti-
body (Jackson ImmunoResearch Laboratories). In vivo localization of total cel-
lular ROS (predominantly H2O2) was performed using H2DCFDA (Molecular
Probes). Stock solutions of H2DCFDA were generated in dimethyl sulfoxide at
a concentration of 50 �g/ml immediately prior to use. Cells were washed three

times with PBS prior to the simultaneous treatment with H2DCFDA (10 �M)
and IL-1� (1 ng/ml) for 20 min in PBS at 37°C in the dark. For samples infected
with adenoviral vectors, this was done 48 h prior to stimulating with IL-1�. When
SOD/catalase proteins were added to the medium, this was done at a concen-
tration of 1 mg/ml at the time of IL-1� stimulation. Following washing and
fixation for 10 min in 4% paraformaldehyde, cells were mounted in 4�,6�-dia-
midino-2-phenylindole (DAPI) containing antifadent and examined by fluores-
cence microscopy for DCF signal.

RESULTS

Endocytosis and endosomal ROS play key roles in IL-1�-
mediated NF-�B activation. We evaluated IL-1� induction of
NF-�B in an epithelial cell line (MCF-7) as a model for study-
ing redox-sensitive signal transduction. This model demon-
strated that IL-1� induction of a transcriptional NF-�B lucif-
erase reporter was significantly inhibited (�50%) by
recombinant adenovirus-mediated overexpression of GPx-1
(which degrades H2O2 to H2O in the cytoplasm) (Fig. 1A). In
these studies, approximately 85% of cells were transduced with
recombinant adenovirus as determined using a GFP reporter
(data not shown). Similarly, partial inhibition of endocytosis by
overexpression of Ad.Dyn(DN) (9) (Fig. 1B and C) also inhib-
ited NF-�B to a similar extent (Fig. 1A). These findings sug-
gested that ROS production and endocytosis were equally re-
quired for a significant fraction of NF-�B activation by IL-1�.

Endocytosis of ligand-bound receptors is often intricately
linked to the processing and propagation of intracellular sig-
nals (44). However, the potential links between receptor pro-
cessing and redox-dependent activation in the endosome have
not been previously investigated. Based on the results from
Fig. 1A, we hypothesized that endosome-derived ROS produc-
tion following IL-1� stimulation might be responsible for am-
plifying receptor/effector activation through a redox-depen-
dent process. To this end, we investigated whether ROS
clearance from the endosomal compartment might also influ-
ence NF-�B activation. Purified Cu/ZnSOD and catalase pro-
teins were efficiently taken up by MCF-7 cells when added to
the medium at a 1-mg/ml concentration (Fig. 1E). Indeed,
cellular uptake of Cu/ZnSOD and catalase by MCF-7 cells
significantly reduced both IKK and NF-�B activation by IL-1�
in a dose-dependent fashion (Fig. 1D). The synergistic ability
of Cu/ZnSOD and catalase to inhibit IKK and NF-�B activa-
tion together, more effectively than either alone, suggested
that both endosomal �O2

� and H2O2 were likely involved in
IL-1R1 complex activation. Furthermore, overexpression of
cytoplasmic GPx-1 also inhibited NF-�B activation and sug-
gested that H2O2 was a likely redox second messenger of the
NF-�B pathway. To confirm that GPx-1 expression and cellular
loading with Cu/ZnSOD/catalase both reduced cellular ROS

Ad.BglII (empty control vector) 48 h prior to treatment with IL-1�. Note that fixation conditions necessary for IL-1R1 staining lead to vesicle
membrane breakdown and intracellular dispersal of signal. (C) MCF-7 cells were infected with Ad.Dyn(DN) (HA tagged) or Ad.BglII at various
times prior to biotin-transferrin being added to the medium for 30 min. Cells were trypsinized, and cell lysates were evaluated by Western blotting
with anti-HA antibody or avidin-horseradish peroxidase. (E) Loading of MCF-7 cells with various concentrations of purified bovine Cu/ZnSOD
or catalase added to the medium for 20 min. Cells were trypsinized following treatment, and cell lysates were evaluated by Western blotting for
uptake of enzymes. hSOD, endogenous human Cu/ZnSOD; bSOD, bovine Cu/ZnSOD. (F) MCF-7 cells were infected with the indicated
adenoviral vectors 48 h prior to IL-1� (1 ng/ml) treatment in the presence of H2DCFDA (10 �M). Additionally, cells were simultaneously treated
with 1 mg/ml bovine Cu/ZnSOD and catalase proteins at the time of H2DCFDA and IL-1� treatment. Control cells were not treated with IL-1�.
Cells were washed and fixed at 20 min poststimulation and mounted in DAPI containing antifadent prior to fluorescence microscopy. Green DCF
fluorescence is an indicator of H2O2 levels, and DAPI blue fluorescence marks nuclei.
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following IL-1� treatment, we used a ROS-sensitive dye
(H2DCFDA) to assess the level of cellular ROS under the
various treatment conditions. As shown in Fig. 1F, IL-1� treat-
ment stimulated cellular ROS, and expression of GPx-1 and
cellular loading with Cu/ZnSOD/catalase both inhibited DCF
fluorescence. These findings led us to investigate the mecha-
nism of ROS generation within the endosomal compartment
and how such ROS might influence the IL-1R1 complex to
become competent for IKK complex activation.

IL-1� stimulates endosomal NADPH-dependent ·O2
� pro-

duction required for TRAF6 recruitment. We hypothesized
that Nox complexes within ligand-activated endosomes might
serve as sources of the ROS required for IL-1�-mediated
NF-�B activation. To this end, we investigated whether IL-1�
could stimulate NADPH-dependent �O2

� production in vesic-
ular fractions of MCF-7 cells. Peak vesicular fractions isolated
by Iodixanol density gradient centrifugation expressed Rab5
and Rab11, two vesicular markers of early and recycling endo-
somes, respectively (51) (Fig. 2A, fractions 3 and 4). They also
contained internalized biotin-transferrin, as would be expected
for this compartment. However, vesicular fractions were de-
void of mitochondrial mtHSP70, plasma membrane Na�/K�-
ATPase, or peroxisomal catalase, demonstrating little, if any,
contamination from these compartments (Fig. 2A). In con-
trast, peak Rab5/11 vesicular fractions demonstrated signifi-
cant overlap with endoplasmic reticulum, Golgi, and lysosomal
enzymes, as would be expected from this isolation strategy (see
Fig. S1 in the supplemental material).

Using a lucigenin-based chemiluminescence assay to detect
�O2

� production in the various Iodixanol fractions (31), we
assessed the rate of NADPH-dependent �O2

� production as an
index of Nox activity. As hypothesized, IL-1� stimulation sig-
nificantly increased NADPH-dependent �O2

� production in
peak vesicular fractions 3 and 4 (Fig. 2B). Having established
that IL-1� induces the formation of NADPH oxidase-active
endosomes, we next sought to establish that �O2

� was gener-
ated in the lumen of isolated IL-1�-activated endosomes, as
predicted by the ability of endocytosed ROS-scavenging en-
zymes to inhibit IKK/NF-�B activation (Fig. 1D). To address
this question, we evaluated the ability of Cu/ZnSOD protein in
the medium to be taken up into endosomes and degrade ·O2

�

from the interior of isolated endosomes. Since lucigenin, but
not Cu/ZnSOD protein, is membrane permeable, the extent to
which ·O2

� was produced in the interior of endosomes could
be determined using the lucigenin-based chemiluminescence
assay. Biochemical studies confirmed that when the Cu/Zn-
SOD protein was added to the medium [SOD(m)], it was
indeed internalized into isolated endosomes and remained re-
sistant to pronase digestion (Fig. 2C). In contrast, Cu/ZnSOD
added to the exterior of unloaded isolated endosomes
[SOD(v)] was effectively degraded by pronase. As expected,
disruption of endosomal membranes with Triton X-100 sensi-
tized intralumenal Cu/ZnSOD [SOD(m)] to pronase degrada-
tion. Hence, Cu/ZnSOD protein in the medium is indeed taken
up into the endosomal compartment. An unexpected finding
from these bovine Cu/ZnSOD endosomal-loading experiments
was the IL-1�-dependent recruitment of endogenous cellular
human Cu/ZnSOD protein to vesicular membranes (Fig. 2C,
lane 5 versus 6). This cellular human Cu/ZnSOD was sensitive
to pronase digestion in the absence of Triton X-100, demon-

strating that it resided on the endosomal surface. These find-
ings suggest the intriguing possibility that Cu/ZnSOD may play
an active role in ROS metabolism at the endosomal level
following IL-1� stimulation.

The ability of intralumenal Cu/ZnSOD to inhibit IL-1�-
induced ·O2

� production by isolated vesicles suggested that the
majority of ·O2

� was generated from within the interior of
isolated endosomes (Fig. 2D). The addition of KCN (Cu/
ZnSOD inhibitor) to the lucigenin reaction completely re-
versed this inhibition (Fig. 2D) and demonstrated that the
inhibitory effect was specifically due to enzymatic Cu/ZnSOD
activity. Enhanced NADPH-dependent production of ·O2

� by
IL-1�-activated endosomes was also confirmed using ESR
(Fig. 2E). In this context, DMPO adduct formation was com-
pletely inhibited by endosomal loading with Cu/ZnSOD, but
not catalase, prior to vesicular isolation and ESR analysis. This
finding demonstrated that ·O2

�, not H2O2, was the predomi-
nant ROS leading to ESR signal. NADPH-dependent ·O2

�

production in peak vesicular fractions was also sensitive to
DPI, (an NADPH oxidase inhibitor), but not to rotenone (Fig.
2F) or antimycin A (see Fig. S2 in the supplemental material)
(specific inhibitors of mitochondrial electron transport chain
complex I or III, respectively). These findings ruled out signif-
icant mitochondrial contamination as the source of ROS gen-
eration in the vesicular fractions. IL-1� stimulation of endo-
somal ·O2

� was also dependent on endocytosis, as
demonstrated by a 75% reduction in the presence of Ad-
.Dyn(DN) infection but not following infection with an empty
vector control adenovirus (Fig. 2G). Such a reduction closely
mirrored the extent of inhibition of transferrin uptake follow-
ing Ad.Dyn(DN) infection (Fig. 1C). Cumulatively, these stud-
ies and the fact that endosomal loading with Cu/ZnSOD/cata-
lase significantly reduced IL-1�-stimulated DCF fluorescence
(Fig. 1F) suggest that IL-1� induces ·O2

� and H2O2 produc-
tion in MCF-7 cells predominantly within an endosomal com-
partment following receptor endocytosis.

Given the ability of ROS clearance from inside the endoso-
mal compartment to inhibit IKK and NF-�B activation by
IL-1� (Fig. 1D), we hypothesized that redox-active endosomes
might provide the subcellular framework for spatially con-
trolled redox-dependent activation of the IL-1R complex.
MyD88 is well recognized as one of the first effectors recruited
to IL-1R1 following ligand binding. This process stimulates an
ordered recruitment of effectors and adaptors (IL-1R1 3
MyD88 3 IRAK 3 TRAF6), which ultimately leads to the
formation of an active IKK kinase complex capable of activat-
ing NF-�B (16). Using endosomal loading with SOD and cata-
lase, the redox dependence of MyD88 and TRAF6 recruitment
to the endosomal compartment following IL-1� stimulation
was evaluated in purified vesicular fractions. Results from
these experiments demonstrated that TRAF6 recruitment to
the endosomal compartment following IL-1� stimulation was
reduced �50% by endosomal loading of SOD/catalase (Fig.
2H), a finding which closely mirrored the reduction in total
cellular IKK kinase activity under similar conditions (Fig. 1D).
In contrast, endosomal loading of ROS clearance enzymes did
not alter MyD88 recruitment to the endosomal fraction fol-
lowing IL-1� stimulation (Fig. 2H). These findings suggested
the recruitment of TRAF6 to IL-1R1 might occur in a redox-
dependent fashion at the level of the endosome.
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IL-1� induces Nox2 complex activation in the endosomal
compartment. Having established that IL-1� induces ·O2

� pro-
duction by the endosomal compartment in an NADPH-depen-
dent fashion, we next sought to identify a candidate Nox en-
zyme(s) that might be responsible for endosomal ·O2

�

production. Since Nox activation in the endosomal compart-
ment was largely dependent on endocytosis (Fig. 2G), we hy-
pothesized that specific subunits of the NADPH-oxidase com-

plex would likely be recruited into endosomes following ligand
stimulation. Reverse transcription-PCR analysis for Nox1, -2,
-3, -4, and -5 mRNA in MCF-7 cells demonstrated that only
Nox2 and Nox5 mRNA expression could be detected in this
cell line (see Fig. S3 in the supplemental material). Subsequent
analysis of purified endosomes demonstrated that IL-1� stim-
ulation promoted the recruitment of three known Nox2 acti-
vators (Rac1, p67phox, and p47phox) to endomembranes (Fig.

FIG. 2. IL-1� stimulates endosomal NADPH-dependent �O2
� production required for TRAF6 recruitment. (A) MCF-7 cell vesicular frac-

tionation on Iodixanol gradients was performed following treatment with IL-1� and biotin-transferrin for 20 min. Each fraction was evaluated by
Western blotting for the various molecular markers as indicated. (B) NADPH-dependent �O2

� production following IL-1� stimulation was
assessed in each Iodixanol fraction in a lucigenin-based chemiluminescence assay. (C) MCF-7 cell vesicular fractions from SOD(m) (bovine
Cu/ZnSOD protein was added to the cellular medium prior to vesicular isolation), SOD(v) (bovine Cu/ZnSOD was added to vesicular fractions
following isolation), and control (Ctrl; no Cu/ZnSOD addition) treatment conditions were incubated with PBS, pronase, or pronase plus Triton
X-100 (0.5%) at 37°C for 30 min. The samples were then separated by SDS-PAGE and analyzed by Western blotting using an anti-Cu/ZnSOD
antibody. hSOD, human Cu/ZnSOD; bSOD, bovine Cu/ZnSOD. (D) MCF-7 cells were loaded with purified bovine Cu/ZnSOD at the time of
cytokine treatment, and NADPH-dependent �O2

� production in the peak vesicular fractions (no. 2 to 4) was evaluated using lucigenin in the
presence or absence of 50 �M KCN (Cu/ZnSOD inhibitor) (mean 
 SE; n � 3). (E) �O2

� production in the peak vesicular fractions was evaluated
by ESR using the spin-trap DMPO in the presence and absence of 100 �M of NADPH (conditions 1 to 4). Assays were also performed with isolated
vesicular fractions loaded with Cu/ZnSOD or catalase proteins (conditions 5 to 7). Asterisks mark DMPO/�OH adducts. The y axis represents 5
� 104 arbitrary units of intensity, and the x axis represents the magnetic field in Gauss. (F) Pooled vesicular fractions (2 to 4) were evaluated for
NADPH-dependent �O2

� production in the absence or presence of DPI (Nox inhibitor) or rotenone (mitochondrial respiratory chain complex I
inhibitor). (G) The vesicular fractions (2 to 4) were evaluated for NADPH-dependent �O2

� production from cells infected with dynamin(K44A)-
expressing or empty vector (Ad.BglII) recombinant adenovirus prior to IL-1� stimulation. (H) MCF-7 cells were loaded with Cu/ZnSOD/catalase
protein and treated with IL-1� for 20 min. Whole-cell lysates or purified vesicular fractions were evaluated by Western blotting for MyD88 and
TRAF6 (upper panel). Infrared quantification of MyD88 and TRAF6 band intensities from the vesicular fractions are plotted in the lower panel
(mean 
 SE; n � 3). *, Student’s t test demonstrated a significant reduction in endosomal TRAF6 in the presence of Cu/ZnSOD/catalase loading
(P � 0.05).
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3A). Furthermore, inhibiting endocytosis through the expres-
sion of dynamin(K44A) [i.e., following Ad.Dyn(DN) infec-
tion], significantly attenuated IL-1�-mediated recruitment of
Rac1, p67phox, and p47phox to the vesicular fraction (Fig.
3A). These findings suggested that membrane internalization
following IL-1� stimulation was required for the formation of
an active endosomal Nox complex. They also substantiated
earlier findings that endocytosis was required for IL-1� induc-
tion of ·O2

� by the endosomal compartment (Fig. 2G).
We next evaluated how endosomal ·O2

� and/or H2O2 might
influence the recruitment of various IL-1R1 (MyD88 and
TRAF6) or Nox (Rac1, p67phox, and p47phox) effectors to the
endosomal compartment following ligand stimulation. To this
end, we loaded endosomes at the time of IL-1� stimulation by
the addition of SOD or SOD/catalase to the medium and
evaluated the recruitment of these various effectors to isolated
endosomes. Results from these experiments (Fig. 3A) demon-
strated that only the SOD/catalase combination inhibited re-
cruitment of TRAF6 to endosomes following IL-1� stimula-
tion. The lack of a functional effect with SOD loading alone
suggested that H2O2 is the primary ROS effector required for
the recruitment of TRAF6 to the endosome. In contrast, the
recruitment of MyD88, Rac1, p67phox, or p47phox to IL-1�-
activated endosomes remained unaffected by SOD or SOD/
catalase loading. Kinetic analysis of IL-1R1, Nox2, MyD88,
and TRAF6 recruitment into endosomes (Fig. 3B) demon-
strated that maximal endocytosis of IL-1R1 occurred by 15 to
30 min following IL-1 treatment, concordant with MyD88 re-
cruitment. TRAF6 recruitment to endosomes lagged maximal
levels of Nox2 in the endosomal compartment, as expected if
Nox2-derived ROS were required to facilitate TRAF6 binding
to the IL-1R1 endosomal complex. Interestingly, Nox2 was
cleared more rapidly from the endosomal compartment than
IL-1R1, suggesting that endosomal processing removes Nox2
after maximal recruitment of TRAF6 has occurred. Loading of
SOD/catalase reduced TRAF6 recruitment to endosomes at all
time points but did not affect IL-1R1, Nox2, or MyD88 levels
in the endosome. Cumulatively, these studies and those in Fig.
2G suggest that activation of endosomal Nox complexes fol-
lowing IL-1� stimulation is dependent on endocytosis from the
plasma membrane and that this process influences the redox-
dependent recruitment of TRAF6 to its endosomal ligand-
activated receptor complex.

Rac1, p67phox, and p47phox have all been associated as
coactivators of Nox1 and -2, but not Nox3, -4, or -5 (26, 37).
Given the fact that only Nox5 and Nox2 mRNA expression was
detected in MCF-7 cells (see Fig. S3 in the supplemental ma-
terial), we hypothesized that Nox2 might be responsible for
ROS production by the endosomal compartment following
IL-1� stimulation. We attempted to address this hypothesis
using two approaches. Our first approach involved attempting
to modulate endosomal ROS production by ectopically over-
expressing Nox2 using transient transfection. As shown in Fig.
3C, ectopic expression of Nox2 significantly enhanced
NADPH-dependent ·O2

� production by isolated IL-1�-stimu-
lated endosomes in comparison to transfection with an irrele-
vant pcDNA plasmid. Furthermore, overexpression of Nox2
significantly enhanced Nox2 incorporation into endosomes
only following IL-1�-stimulation (Fig. 3D, lane 5 versus 8).
Although the levels of endogenous Nox2 were extremely low in

MCF-7 cells, these studies also demonstrated enhanced re-
cruitment of endogenous Nox2 to endosomes only following
IL-1� stimulation (Fig. 3D, lane 6 versus 9, longer exposure
lanes). Using a second approach, we also demonstrated that
Nox2 siRNA, but not an irrelevant scrambled siRNA, signifi-
cantly inhibited Nox2 protein expression in MCF-7 cells and
NADPH-dependent ·O2

� production by isolated IL-1�-stimu-
lated endosomes (Fig. 3E). Furthermore, Nox2 siRNA signif-
icantly reduced recruitment of both ectopically expressed and
endogenous Nox2 to the endosomal compartment following
IL-1� stimulation (Fig. 3F). Nox2 siRNA, but not scrambled
siRNA, also attenuated IL-1�-induced NF-�B transcriptional
activation (Fig. 3G) and endosomal NADPH-dependent su-
peroxide production (Fig. 3E) to similar extents. Cumulatively,
these studies provide strong molecular and functional confir-
mation that Nox2 complexes are activated in IL-1�-stimulated
endosomes.

IL-1� induces Nox2 complex activation in early endosomes.
Based on the finding that ligand-stimulated endocytosis was
required for Nox2 activation in the endosomal compartment,
we next hypothesized that the formation of these redox-active
endosomes likely initiated at the level of the early endosome.
To investigate this hypothesis, we probed for ROS production
in the early endosomal compartment using a membrane-im-
permeable BSA-conjugated fluorescent dye H2HFF-BSA. By
incubating cells in the presence of H2HFF-BSA, we were able
to load the endosomal compartment with this dye and detect
·O2

� by a green fluorescence signal. These studies demon-
strated a dramatic increase in the H2HFF-BSA endosomal
fluorescence following IL-1� treatment for 10 min (Fig. 4A
and B). IL-1�-induced H2HFF-BSA fluorescence was signifi-
cantly inhibited by treating cells with DPI or loading purified
Cu/ZnSOD protein into the endosomal compartment (Fig. 4C
and D). These findings confirmed that Nox-derived ·O2

� was
the major ROS detected by H2HFF-BSA in the endosomal
compartment. Colocalization studies with H2HFF-BSA and
EEA1 demonstrated that IL-1� significantly increased the
abundance of EEA1- and H2HFF-BSA-copositive endosomes
(Fig. 4F) compared to unstimulated cells (Fig. 4E). Addition-
ally, IL-1� stimulation led to an increase in H2HFF-BSA-
positive endosomes that did not contain EEA1; however, this
population was less abundant at early time points poststimu-
lation and increased with time. These findings are consistent
with the notion that the ligand-stimulated ·O2

�-producing re-
dox-active endosomes are originated in the EEA1 compart-
ment, while retaining some ability to produce ·O2

� after being
processed into downstream endosomal compartments.

To provide additional biochemical confirmation for redox-
active endosome formation in the early endosomal compart-
ment following IL-1� stimulation, we purified early Rab5-pos-
itive endosomes using an immuno-affinity isolation procedure.
Rab5, an early endosome-specific GTPase, plays a critical role
in trafficking and membrane fusion of the early endosome.
Purification of this compartment was facilitated by the overex-
pression of a recombinant HA-tagged Rab5 and immuno-af-
finity isolation from Iodixanol-isolated endosomes using an-
ti-HA antibodies linked to Dynabeads. Results from these
immuno-affinity isolation experiments (Fig. 4G and H) dem-
onstrated that a significant portion of Nox activity (i.e.,
NADPH-dependent ·O2

� production) was associated with the
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FIG. 3. Nox2 facilitates superoxide production in the endosomal compartment following IL-1� stimulation. (A) Western blot analysis of
p47phox, p67phox, Rac1, MyD88, TRAF6, Rab5, and Cu/ZnSOD proteins in the isolated vesicular fraction of MCF-7 cells infected with Ad.BglII
(control virus) or Ad.Dyn(DN) or treated with SOD and/or catalase proteins prior to IL-1� treatment for 20 min. (B) Time course of IL-1R1,
Nox2, MyD88, and TRAF6 recruitment into the vesicular compartment following IL-1� treatment in the presence or absence of purified bovine
Cu/ZnSOD and catalase proteins added to the medium. Isolated vesicular fractions were analyzed by Western blotting for the indicated proteins
at various times post-IL-1� stimulation. (C and D) MCF-7 cells were transfected with a Nox2 expression plasmid (pNox2) or an irrelevant plasmid
(pcDNA). At 48 h posttransfection, cells were stimulated with IL-1� and vesicular fractions were isolated at 20 min poststimulation. (C) NADPH-
dependent ·O2

� production by Iodixanol gradient fractions following transfection with the indicated constructs. (D) Western blotting evaluating
Nox2 expression in whole-cell lysates and isolated peak vesicular fractions 2 to 4 (longer exposures of lanes 6 and 9 detect endogenous levels of
Nox2). Fully processed Nox2 migrates at �95 kDa. (E and F) MCF-7 cells were transfected with Nox2 siRNA or a scrambled (Scr) control siRNA
48 h prior to IL-1� treatment. (E) NADPH-dependent ·O2

� production of Iodixanol gradient fractions following transfection with the indicated
siRNA constructs. Inset depicts Western blot expression of total cellular endogenous Nox2 protein from cells transfected with Nox2 siRNA or
scrambled siRNA. (F) Western blotting for Nox2, evaluating the effect of Nox2 or scrambled siRNA transfection on the recruitment of endogenous
Nox2 (lanes 1 to 4), or transfected Nox2 (from a pNox2 expression plasmid) (lanes 6 to 9), into the peak Iodixanol vesicular fractions (2 to 4).
(G) MCF-7 cells were transfected with Nox2 or scrambled siRNAs 48 h prior to IL-1� treatment. Transfected cells were then infected with
Ad.NF�BLuc 24 h prior to IL-1� treatment. NF-�B transcriptional activity was then assessed at 5 h following IL-1� stimulation by quantifying
luciferase activity in 5 �g of protein lysate (mean 
 SE; n � 6). *, Student’s t test demonstrated a significant reduction (32%) in IL-1�-stimulated
NF-�B activity in the presence of Nox2 siRNA compared to scrambled siRNA. The dotted line demonstrates the baseline NF-�B activity prior to
IL-1� stimulation.
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FIG. 4. IL-1� induces ·O2
� production by the early endosome compartment. (A to D) Endosomal ·O2

� production in MCF-7 cells was visualized by
H2HFF-BSA endosomal loading following a 10-min IL-1� (1.0 ng/ml) stimulation. Treatment conditions are indicated in the upper-right corner
of each panel. H2HFF-BSA, IL-1�, DPI, and/or SOD was added at the time of IL-1� stimulation. Control cells were treated with vehicle (PBS).
DAPI was included in the mounting medium for localization of the nucleus. Green staining denotes ·O2

� production as fluorescent H2HFF. (E
and F) Localization of EEA1 in MCF-7 cells treated with PBS (E) or IL-1� (F) in the presence of H2HFF-BSA for 10 min, followed by fixation.
Anti-EEA1 was detected using a Texas Red secondary antibody, and slides were mounted in DAPI-containing medium. Black-and-white
photomicrographs for each row depict the indicated EEA1 or H2HFF-BSA fluorescent channels. Combined three-color images are given, with the
right-most panel being an enlargement of the boxed region marked with a �. Three types of vesicles are seen: red, EEA1 positive; yellow, EEA1
positive ·O2

� producing; green, ·O2
� producing non-EEA1 reactive. (G) MCF-7 cells were transfected with HA-Rab5 or GFP expression plasmids

48 h prior to IL-1� and biotin-transferrin treatment for 20 min. Vesicular peak fractions (Fr #2 to 4) were evaluated for NADPH oxidase activity
and Western blotting for HA, Rab5, Rab11, or avidin-horseradish peroxidase. (H) Immuno-affinity isolation of HA-Rab5-associated endosomes
using half of the vesicular peak fractions (2 to 4) shown in panel G. Dynabeads used for immuno-affinity isolation were coated with primary
anti-HA antibody and/or secondary antibody, as indicated. Both the pellets (P) and supernatants (S) were evaluated for NADPH oxidase activity
and Western blotted following immuno-affinity isolation, as for panel G. Equal percentages of the original sample were evaluated in panels G and H.
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HA-Rab5 compartment (Dynabead pellet) following IL-1�
stimulation. This activity represented approximately one-third
of the total NADPH oxidase activity in the starting fraction.
The specificity of this isolation procedure was confirmed by
several criteria. First, no significant contamination of Rab11
recycling endosomes was seen in the purified Rab5 endosomal
fractions. Second, Dynabeads coated with the secondary anti-
body alone, or isolated with both primary and secondary anti-
bodies from control GFP-transfected cells, demonstrated only
low background levels of Nox activity associated with the
beads. The integrity of Rab5-isolated endosomes was also con-
firmed by the retention of intravesicular biotin-transferrin
loaded at the time of IL-1� treatment. Considering the effi-
ciency of the HA affinity isolation (�75%) (Fig. 4H, anti-HA
Western blot), these results suggested that at least half of the
redox-active endosomes were Rab5-associated early endo-
somes at the time point evaluated (20 min). Given the fact that
the Rab5 compartment is the earliest endosomal compartment
to form following receptor endocytosis, these studies also sup-
port the hypothesis that Nox2 is recruited from the plasma
membrane into the redox-active endosomes.

Rac1 and MyD88 both control the formation of redox-active
endosomes, TRAF6 recruitment to IL-1R1, and NF-�B activa-
tion following IL-1� stimulation. Our data thus far have dem-
onstrated that IL-1� stimulation leads to the formation of
redox-active endosomes containing Nox2 complex subunits
(Nox2, Rac1, p47phox, and p67phox). ROS generation by
these Nox2-active endosomes was critical for the recruitment
of TRAF6, but not MyD88, to vesicular membranes (Fig. 2H).
Given that Nox2 activation in the endosomal compartment
required active endocytosis (Fig. 2G), we reasoned that inter-
nalization of IL-1�-bound IL-1R1 coordinates the recruitment
of the Nox2 catalytic subunit into the endosome. However,
currently there are no reports describing the molecular deter-
minants for IL-1R1 internalization following ligand binding.
For example, although MyD88 is known to be one of the first
effectors to recruit to IL-1R1 following ligand binding and is
essential for NF-�B activation by IL-1R1 (1), it is unclear if
MyD88 is essential for receptor internalization following li-
gand binding. Furthermore, previous studies have suggested
that Rac1 associates with the IL-1R1 complex through an in-
teraction with MyD88 (21). Since Rac1 is known to be part of
the active Nox2 complex, we reasoned that Rac1 might recruit
the Nox2 into IL-1R1-containing endosomes through its inter-
action with the receptor complex at the plasma membrane.
Our findings, demonstrating that IL-1� stimulation promotes
·O2

� production in EEA1/Rab5-positive early endosomes (Fig.
4), also support the hypothesis that Nox2 (an integral mem-
brane protein) enters the endosomal compartment very early
from the plasma membrane.

To investigate the contribution of MyD88 and Rac1 in the
internalization of IL-1R1 and the formation of redox-active
endosomes, we developed RNA inhibition (RNAi) strategies
to inhibit both MyD88 and Rac1 expression. As shown in Fig.
5A, transfection of siRNA targeting either MyD88 or Rac1
effectively inhibited their expression at the protein level. Such
inhibition was not observed with a scrambled siRNA control.
As predicted from previous studies in MyD88-deficient cells
(1), NF-�B activation was significantly inhibited by MyD88
siRNA (Fig. 5B). Interestingly, Rac1 siRNA also inhibited

NF-�B activation to a similar extent as seen with MyD88
siRNA. However, simultaneous transfection of both MyD88
and Rac1 siRNA did not provide additive inhibition of NF-�B,
compared to either siRNA alone, suggesting that the two fac-
tors act on the same pathway to activate NF-�B by IL-1�.
Furthermore, MyD88 or Rac1 siRNA inhibited ·O2

� produc-
tion by the endosomal compartment following IL-1� challenge
(Fig. 5C); however, Rac1 siRNA provided a slightly greater
level of inhibition. These findings suggested that both MyD88
and Rac1 were critical for NF-�B activation and Nox2 activa-
tion in the endosomal compartment following IL-1� stimula-
tion.

We next investigated whether Rac1 indeed associated with
IL-1R1 and, if so, whether this interaction was dependent on
MyD88. Indeed, we observed that Rac1 does associate with
immunoprecipitated IL-1R1 following ligand simulation (Fig.
5D). However, in contrast to previous reports suggesting that
Rac1 association with the IL-1R1 complex was dependent on
MyD88 (21), we observed very little reduction in Rac1 associ-
ation with IL-1R1 when MyD88 levels were significantly re-
duced by RNAi (Fig. 5D). Similarly, Rac1 siRNA reduced
Rac1, but not MyD88, association with IL-1R1 (Fig. 5E).
These findings suggest that MyD88 and Rac1 associate inde-
pendently with IL-1R1 following ligand stimulation. However,
RNAi inhibition of either MyD88 or Rac1 abrogated TRAF6
recruitment to the receptor complex (Fig. 5D and E). This
finding is consistent with the fact that RNAi against MyD88 or
Rac1 inhibited the formation of redox-active endosomes and
NF-�B activation (Fig. 5B and C). Given the fact that endo-
somal ROS was important for TRAF6 recruitment to endo-
somes following IL-1� stimulation (Fig. 2H), these studies
suggest that MyD88 and Rac1 are two critical factors involved
in the formation of redox-active endosomes, an event required
for the redox-dependent recruitment of TRAF6 to IL-1R1 and
NF-�B activation.

To determine the roles that MyD88 and Rac1 play in the
formation of redox-active endosomes, we sought to dissect the
contributions of these two factors on internalization of the
receptor and Nox2 into redox-active endosomes. We reasoned
that MyD88 played a major role in initiating endocytosis of the
receptor following ligand binding, while Rac1 was responsible
for recruiting Nox2 into endosomes harboring the ligand-
bound receptor. MCF-7 cells were transfected with MyD88 or
Rac1 siRNA, and the recruitment of IL-1R1, MyD88, TRAF6,
Rac1, and Nox2 into the endomembrane fraction was evalu-
ated by Western blotting (Fig. 5F). Findings from these studies
demonstrated that MyD88 inhibition by RNAi significantly
attenuated internalization of IL-1R1 and the recruitment of
MyD88, TRAF6, Rac1, and Nox2 to endomembranes (Fig.
5F). These findings suggest that the inhibition of MyD88 ab-
rogates the formation of redox-active endosomes following
IL-1� stimulation in a similar fashion to dynaminK44A (Fig.
2G), by preventing receptor-mediated endocytosis of Rac1/
Nox2 complexes into the endosomal compartment. In contrast
to MyD88 siRNA, Rac1 siRNA did not inhibit IL-1R1/MyD88
internalization following ligand stimulation, but rather signifi-
cantly inhibited the recruitment of Rac1, Nox2, and TRAF6 to
the endosomal compartment (Fig. 5F). These findings, to-
gether with the redox dependency of TRAF6 recruitment to
the endosomal compartment (Fig. 2H), suggest that Rac1 plays
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a critical role in recruiting TRAF6 to endosomal ligand-acti-
vated IL-1R1 by facilitating the recruitment/activation of Nox2
in the endosomal compartment. Cumulatively, these studies
indicate that both MyD88 and Rac1 play critical roles in es-
tablishing the formation of redox-active endosomes by coordi-
nating endocytosis of the receptor and recruitment of Nox2,
respectively. Both processes are important for effective recruit-
ment of TRAF6 to the ligand-activated IL-1R1 in the endoso-
mal compartment and IKK/NF-�B activation following IL-1�
stimulation.

MyD88 binds to IL-1R1 at the plasma membrane, while
TRAF6 is recruited to endosomal IL-1R1 in an H2O2-depen-
dent fashion. Our findings demonstrate for the first time that
MyD88 is essential for IL-1R1 internalization into the endo-
somal compartment and suggest that MyD88 is recruited to the
plasma membrane following ligand binding and prior to recep-

tor internalization. Furthermore, recruitment of MyD88 to
IL-1�-activated endosomes was not dependent on the endoso-
mal redox state (Fig. 2H and 3A and B). In contrast, our
studies demonstrate that TRAF6 recruitment to IL-1�-acti-
vated endosomes was dependent on ROS production by the
endosomal compartment (Fig. 2H and 3A and B). These find-
ings suggested that IL-1R1 recruitment of TRAF6 might occur
in a redox-dependent fashion at the level of the endosome.
Furthermore, since both catalase and SOD endosomal loading
were required to efficiently block IL-1�-mediated TRAF6 en-
dosomal recruitment and IKK activation (Fig. 3A and B and
1D), we hypothesized that Nox2-derived H2O2 was necessary
for the recruitment of TRAF6 to the endosome. To investigate
this hypothesis, we sought to evaluate the extent to which
MyD88 and TRAF6 were recruited to IL-1R1 in the plasma
membrane and endosomal compartments following ligand

FIG. 5. Rac1 recruits Nox2 into the endosomal compartment by associating with IL-1R1 and is required for efficient redox-dependent
recruitment of TRAF6 to the endosomal IL-1R1/MyD88 complex. (A) MCF-7 cells were transfected with MyD88 siRNA, Rac1 siRNA, or a
scrambled (Scr) siRNA 48 h prior to examining MyD88 or Rac1 expression by Western blotting. (B) MCF-7 cells were transfected with the
indicated siRNAs, infected with Ad.NF�BLuc prior to IL-1� stimulation, and analyzed for luciferase activities at 6 h post-cytokine treatment
(mean 
 standard error [SE]; n � 3). Paired comparisons (*, †) demonstrate significant differences (P � 0.05). (C) MCF-7 cells were transfected
with the indicated siRNAs prior to a 20-min IL-1� stimulation and analysis of NADPH-dependent ·O2

� production in the peak Iodixanol vesicular
fractions (mean 
 SE; n � 3). Paired comparisons (*, †) demonstrate significant differences (P � 0.05). (D and E) MCF-7 cells were transfected
with the indicated siRNAs prior to IL-1� stimulation for 20 min. IL-1R1 was then immunoprecipitated from cell lysates, followed by Western
blotting for MyD88, Rac1, TRAF6, and IL-1R1. (F) MCF-7 cells were transfected with the indicated siRNAs and stimulated with IL-1� for 20 min,
and PNS were generated. An enriched endomembrane fraction was generated by centrifugation of PNS at 100,000 � g for 2 h. The endomembrane
pellets were collected and evaluated for MyD88, Rac1, Nox2, TRAF6, and IL-1R1 by Western blotting.
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binding and the extent to which these processes were depen-
dent on H2O2.

To evaluate the recruitment of MyD88 and TRAF6 to IL-
1R1 in the plasma membrane, we performed experiments un-
der conditions in which endocytosis was blocked (at 4°C) or
significantly inhibited by dynamin(K44A) expression. Results
from these experiments confirmed that inhibiting endocytosis
significantly impaired TRAF6, but not MyD88, recruitment to
immunoprecipitated ligand-activated IL-1R1 (Fig. 6A). For
example, in the absence of endocytosis at 4°C, TRAF6 was
unable to bind to IL-1R1 following IL-1� stimulation, while
MyD88 binding was similar to that seen at 37°C. Interestingly,
the redox-dependent recruitment of TRAF6 to IL-1R1 could
be reconstituted at the plasma membrane in the absence of
endocytosis by the addition of exogenous H2O2; 500 �M H2O2

effectively promoted recruitment of TRAF6 to only ligand-
activated IL-1R1 at the plasma membrane at 4°C (Fig. 6B).
Such findings provide new insights into several aspects of IL-
1R1 activation. First, they demonstrate that TRAF6 effector
recruitment to ligand-activated IL-1R1 predominantly occurs
at the level of the endosome. Second, they demonstrate that
H2O2 is likely the ROS that facilitates TRAF6 recruitment to
ligand-activated IL-1R1. Third, they provide a physiologic
framework for Nox2 activation in endosomes as the source of
H2O2 for this recruitment process.

Endosomal ROS enhance IL-1�-dependent activation of
IKK by the endosomal compartment. Ligand activation of IL-
1R1 facilitates IKK activation through the recruitment of at
least two potential IKK kinases (TAK1 and/or NIK) to its
receptor-associated effector complex (16). Once the IKK com-
plex is phosphorylated by the activated receptor complex, IKK
is activated to phosphorylate I�B�/� and NF-�B is mobilized
to the nucleus. To better understand how redox-active endo-
somes functionally regulate NF-�B activation, we next investi-
gated whether isolated IL-1�-stimulated endosomes could di-
rectly activate the IKK complex (Fig. 7A). This in vitro
reconstitution assay utilized isolated vesicular fractions and
immunoprecipitated IKK complex as kinase activation sources
and phosphorylation of GST-I�B� as the molecular marker of
IKK activation. We first sought to confirm that endosomes
isolated from the IL-1�-treated cells could activate immuno-
precipitated IKK complex from naive cells. As shown in Fig.
7B, this was indeed the case. Immunoprecipitated IKK com-
plex from non-IL-1�-treated cells was activated to phosphor-

ylate GST-I�B� in the presence of IL-1�-activated endosomes
(lane 5). No activation was seen in the presence of unstimu-
lated endosomes (lane 4). Moreover, loading of both SOD and
catalase into IL-1�-activated endosomes significantly inhibited
their ability to activate IKK (lane 9), while SOD loading alone
had little effect (lane 8). These findings provide direct evidence
for the importance of endosomal-derived ROS in the activa-
tion of IKK and are consistent with H2O2 being the primary
ROS required for TRAF6 recruitment to the receptor complex
(Fig. 6B). Similarly, expression of dynamin(K44A) also inhib-
ited vesicular IKK activation (lane 7), as would be expected
since dynamin(K44A) inhibited the formation of redox-active
endosomes and recruitment of TRAF6 to IL-1R1 (Fig. 2G, 3A,
and 6A). Interestingly, a low level of GST-I�B� phosphoryla-
tion was observed with IL-1�-activated endosomes in the ab-
sence of immunoprecipitated naive IKK complex (lane 6). This
finding suggests that the IKK complex may only transiently
associate with the activated receptor complex on redox-active
endosomes. Such a finding is similar to I�B�/IKK complex
interactions, which demonstrate that I�B� dissociates from the
IKK complex once it is phosphorylated on S32/S36 (39).

DISCUSSION

Endocytosis has long been regarded as a classical mecha-
nism for down-regulating receptor-mediated signaling at the
plasma membrane. However, increasing evidence has indi-
cated that endocytosis also plays an important role in the
activation, amplification, and sorting of membrane-initiated
receptor signals (44). Here we describe a new redox-dependent
mechanism of receptor activation linked to Nox2 activation
and ROS production by the early endosomal compartment.
The identification of Nox2-active endosomes following IL-1�
stimulation provided a framework for understanding how ROS
can influence IL-1 receptor activation of NF-�B. Although the
concept of ROS involvement in the activation of NF-�B re-
mains controversial (19), several reports have implicated H2O2

as a key mediator in IL-1� and TNF-� activation of NF-�B by
demonstrating inhibition with overexpressed glutathione per-
oxidase (25, 29). Findings from our present study have eluci-
dated the series of events that control IL-1R1 endocytosis
following ligand binding and the subsequent H2O2-dependent
recruitment of TRAF6 to the MyD88/IL-1R1 complex in the
endosomal compartment. This redox-dependent process was

FIG. 6. TRAF6 recruitment to endosomal IL-1R1 is dependent on H2O2. (A) MCF-7 cells were infected with AdDyn(DN) or AdBglII
(negative control). At 48 h postinfection, cells were treated with IL-1� at either 4°C (1 h) or 37°C (20 min). IL-1R1 was then immunoprecipitated,
followed by Western blotting for the indicated proteins. (B) Cells were treated with IL-1� at 4°C (1 h) or 37°C (20 min) in the presence or absence
of H2O2. IL-1R1 was then immunoprecipitated, followed by Western blotting for the indicated proteins.
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necessary for efficient activation of the IKK complex and NF-
�B.

Our studies have focused on determining the molecular
events that control Nox2 activation in the endosomal compart-
ment following IL-1� stimulation (Fig. 8). In this regard, en-
docytosis of ligand-activated IL-1R1 was necessary for efficient
Nox2 complex activation and production of ROS by the endo-
somal compartment. This process was a major controlling
event responsible for the redox-dependent recruitment of
TRAF6 to ligand-activated endosomal IL-1R1 effector com-
plexes and subsequent IKK activation. Rac1 binding to IL-1R1
appeared to play a central role in mediating Nox2 recruitment
into the endosomal compartment following IL-1� stimulation.
Rac1 has predominantly been thought to play an essential role
in Nox2 activation by recruiting p67phox to the Nox complex
(11). Our studies demonstrate for the first time that Rac1 can
also serve to localize Nox2 to the proper cellular compartment
with a ligand-activated receptor. In contrast to MyD88, Rac1
did not appear to be required for endocytosis of IL-1R1 fol-
lowing ligand binding. However, both effectors contributed to
Nox activation in the endosomal compartment and, hence, the
redox-dependent recruitment of TRAF6 to IL-1R1. In sum-

mary, inhibition of MyD88 reduced Nox2 activation and
TRAF6 recruitment in the endosomal compartment by inhib-
iting endocytosis of ligand-activated IL-1R1 (in a similar fash-
ion to dynaminK44A). In contrast, Rac1 inhibition likely re-
duced Nox2 activation in the endosomal compartment by
preventing Nox2 tethering to ligand-activated IL-1R1. How-
ever, it is presently unclear if Rac1 binds directly to the recep-
tor or through a secondary unknown effector (other than
MyD88).

Oxidation of thiol groups is recognized as a mechanism to
induce redox-dependent changes in protein function (15, 22).
Given the ability of H2O2 to directly promote TRAF6 recruit-
ment to ligand-activated IL-1R1 at the plasma membrane (at
4°C) and essentially bypass the need for endocytic formation of
redox-active endosomes, we currently hypothesize that oxida-
tion of thiol groups in TRAF6, or an upstream effector such as
IRAK, leads to a redox-dependent change in protein structure
that allows for effector recruitment to the IL-1R1/MyD88 com-
plex. Other scenarios are also possible, such as redox-depen-
dent changes in MyD88 and/or IL-1R1 that facilitate efficient
docking of IRAK/TRAF6 complexes. Alternatively, IRAK/
TRAF6 association with IL-1R1 could also be controlled indi-

FIG. 7. IL-1�-stimulated redox-active endosomes activate the IKK complex. (A) Strategy for evaluating IKK activation by redox-active
endosomes in an in vitro reconstitution assay. (B) IKK assays for kinase activity were performed using in vitro reconstitution of three components:
(i) immunoprecipitated IKK�, (ii) isolated vesicles, and/or (iii) GST-I�B� as a substrate. Vesicles and immunoprecipitated (IP) IKK were isolated
from untreated or IL-1�-treated MCF-7 cells. Three additional treatments were performed prior to IL-1� stimulation and isolation of vesicles.
These included infection with Ad.Dyn(DN) or treatment with SOD and/or catalase proteins. Components I to III were combined, as indicated,
in the presence of [
-32P]ATP. GST-I�B� phosphorylation was evaluated by SDS-PAGE autoradiography (top panel). Western blotting using an
anti-GST antibody was then performed to confirm equal loading of GST-I�B� (bottom panel).
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rectly through ROS regulation of kinases or phosphatases with
a catalytic cysteine(s). In support of this latter hypothesis,
IRAK phosphorylation by protein kinase C has been shown to
be critical for IRAK autophosphorylation and NF-�B activa-
tion by IL-1� (33).

Nox proteins are known to be a major source of ROS within
cells following various environmental stimuli (26); however,
their function in regulating cellular signaling has only recently
been recognized. For example, Nox4 appears to be important
in ROS-mediated insulin signaling (32), and Nox1 mediates
angiotensin II redox-sensitive signaling pathways (18, 27).
Here we describe for the first time that Nox2 can regulate

IL-1� signaling and describe the mechanism responsible for
this redox-dependent regulation in the context of NF-�B acti-
vation. Our findings also provide new insights into the subcel-
lular context in which Nox activation occurs and selectively
influences H2O2-dependent receptor activation in the endoso-
mal compartment. It is plausible that the presently studied
mechanism defining the influences of endosomal Nox-derived
ROS on IL-1R1 activation may also have overlapping charac-
teristics with other redox-dependent receptor signaling path-
ways. For example, PDGF signaling is controlled by H2O2 and
receptor-associated peroxiredoxin II, which acts to eliminate
H2O2 as the site of receptors and influence PDGF receptor
phosphatases (7). ROS production following PDGF stimula-
tion is also controlled by Rac1 and has been suggested to
involve NADPH oxidases (4). Hence, although our studies in
mammary epithelial cells have implicated endosomal Nox2 in
IL-1� signaling, it is possible that other cell types also utilize
this mechanism for other redox-regulated signal transduction
pathways in conjunction with Rac1-dependent Nox isoforms.
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