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a b s t r a c t

Sepsis is a clinical syndrome that complicates severe infection and is characterized by the systemic in-
flammatory response syndrome (SIRS), is a life threatening disease characterized by inflammation of the
entire body. Upon microbial infection, p22phox-gp91phox NADPH oxidase (NOX) complexes produce
reactive oxygen species (ROS) that are critical for the elimination of invading microbes. However, excess
production of ROS represents a key element in the cascade of deleterious processes in sepsis. We have
previously reported direct crosstalk between autophagy and phagocytosis machineries by demonstrating
that the Rubicon protein interacts with p22phox upon microbial infection, facilitating phagosomal
trafficking of the p22phox-gp91phox NOX complex to induce a ROS burst, inflammatory cytokine pro-
duction, and thereby, potent anti-microbial activities. Here, we showed N8 peptide, an N-terminal 8-
amino acid peptide derived from p22phox, was sufficient for Rubicon interaction and thus, capable of
robustly blocking the Rubicon-p22phox interaction and profoundly suppressing ROS and inflammatory
cytokine production. Consequently, treatment with the Tat-N8 peptide or a N8 peptide-mimetic small-
molecule dramatically reduced the mortality associated with Cecal-Ligation-and-Puncture-induced
polymicrobial sepsis in mice. This study demonstrates a new anti-sepsis therapeutic strategy by block-
ing the crosstalk between autophagy and phagocytosis innate immunity machineries, representing a
potential paradigm shift for urgently needed therapeutic intervention against this life-threatening SIRS.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Sepsis is a complex syndrome characterized by hyper-
inflammation, oxidative damage, hypercoagulation, tissue hypo-
perfusion and hypoxia, immune suppression, and multiorgan
dysfunction. Sepsis is responsible for more than an estimated
200,000 deaths per year and despite numerous efforts, the fatality
rate for sepsis remains between 30% and 50% [1e5]. The incidence
of sepsis increased considerably over the past few decades, most
probably due to a combination of general aging of the population,
an increase in the number of invasive clinical procedures and
immunosuppressant use, and the overuse of antibiotics to treat
ang).
infectious illnesses, and the resultant development of drug-
resistant bacteria [4,6]. Host responses to bacterial infection, a
primary source of the initiation of sepsis, are mediated mainly by
the innate immune system, in particular by immune cells (macro-
phages, neutrophils, and lymphocytes) expressing pattern-
recognition receptors (PRRs) (25). Bacterial infection-induced
stimulation of PRR signaling pathways initiates the secretion of
inflammatory cytokines and various proinflammatory mediators
that promote both the elimination of infectious agents and the
induction of tissue repair [7,8]. Specifically, as proinflammatory
mediators, the reactive oxygen species (ROS) generated during
phagocytosis are not only essential for microbicidal activity, but
also play a key role in physiologic cellular functions, such as the
expression of several cytokines, growth factors, and hormones,
However, excessive release of ROS exacerbates sepsis by increasing
inflammation, oxidative tissue damage, vascular permeability, and
organ injury [9,10]. Hence, controlling ROS production should be a
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potential therapeutic approach against sepsis.
The enzyme responsible for superoxide anion production and,

consequently, ROS generation, is called NADPH oxidase (NOX) or
respiratory burst oxidase, and consist of the common integral
membrane protein subunit p22phox and catalytic subunit
gp91phox (NOX2), together with the regulatory subunits p47phox,
p40phox, p67phox and the small GTPase Rac. ROS are themselves
rapidly toxic and can kill microbes, but they also participate in host
defense by regulating other processes such as cell proliferation,
apoptosis, senescence, and receptor signaling [10,11]. NOX-derived
ROS have been implicated in the activation of NF-kB and release of
pro-inflammatory mediators such as interleukin (IL)-1a, IL-6,
monocyte chemotactic protein 1 and tumor necrosis factor (TNF)-
a. The importance of this enzyme in host defenses is illustrated by a
life-threatening genetic disorder called chronic granulomatous
disease (CGD) in which the phagocyte enzyme is dysfunctional,
leading to life-threatening bacterial and fungal infections [9,11,12].
Also, because ROS can damage surrounding tissues, their produc-
tion and thus, NOX activation, must be tightly regulated.

Phagocytosis and autophagy cooperate as part of the host's first-
line of immune defense against microbial invasions [13,14]. Spe-
cifically, autophagy is a newly, emerging host innate immune
pathway involving a highly regulated homeostatic process wherein
worn-out proteins, malfunctioning organelles, and invading mi-
crobes can be sequestered within a double-membrane vesicle (the
autophagosome) and delivered to the lysosome for degradation
[15,16]. Autophagy may protect infected cells by either enhancing
the degradation of intracellular pathogens to block microbial
replication or by maintaining cellular nutrient status during pe-
riods of microbial parasitism. Furthermore, autophagy facilitates
phagocytosis by promoting phagosome maturation and rapid
acidification, and by preventing pathogens from escaping into the
cytosol [16,17]. The newest endosome/lysosome autophagy protein,
called Run/cysteine-rich-domain-containing-Beclin1-interacting
autophagy protein (Rubicon), was identified from a subpopula-
tion of Beclin1 complexes that suppress autophagosome matura-
tion and endocytosis [13,18,19]. We previously discovered that
Rubicon is an essential positive regulator of the NOX complex,
inducing ROS production upon microbial infection or plasma
membrane Toll-like receptor (TLR) activation. Although Rubicon
primarily associates with the Beclin1-UVRAG-containing auto-
phagy complex under normal and stressed conditions, it periodi-
cally interacts with the integral membrane protein p22phox of NOX
complex upon microbial infection, facilitating the stabilization and
phagosomal trafficking of the p22phox-NOX complex to induce a
ROS burst, inflammatory cytokine production, and thereby, potent
anti-microbial activities. Consequently, the expression or depletion
of the Rubicon gene profoundly affects ROS and inflammatory
cytokine production. Remarkably, the actions of Rubicon in the
Beclin1-Vps34-containing autophagy complex and in the p22phox-
gp91phox-containing NOX complex are functionally and geneti-
cally separable [13]. These finding indicate that Rubicon mediates
direct crosstalk between autophagy and phagocytosis machineries
and thereby orchestrates two innate immune machineries, auto-
phagy and phagocytosis, depending on the environmental stimuli,
ultimately generating an optimal intracellular immune milieu
against microbial infection.

In this report, we report that the N-terminal 8-amino-acid N8
peptide derived from p22phox blocks the Rubicon-p22phox inter-
action, profoundly suppressing ROS and inflammatory cytokine
production. Consequently, treatment with Tat-N8 peptide or
mimetic compound from in-silico virtual screened, dramatically
reduced the mortality of Cecal Ligation Procedure (CLP)-induced
polymicrobial sepsis in mice. Furthermore, we observed protection
against sepsis in mice treated with N8 peptide-mimetic that was
enhanced by co-treatment with broad-spectrum antibiotics. Given
that the treatments for septic shock at present are inadequate and
that the hyper-activation of the inflammatory system is a feature of
sepsis, N8 peptide-mediated inhibition of crosstalk between auto-
phagy and phagocytosis innate immunemachineries may provide a
unique opportunity for urgently needed therapeutic intervention
against life-threatening septic shock.

2. Materials and methods

2.1. Mouse model of sepsis

Cecal ligation and puncture (CLP)-induced sepsis mouse model
were prepared using 6-week-old C57BL/6 female mice (Samtako,
Korea), as previously described [20]. Briefly, mice were anes-
thetized with pentothal sodium (50 mg/kg, i.p.), and a small
abdominal midline incision was made to expose the cecum. The
cecumwas then ligated below the ileocecal valve, punctured twice
through both surfaces, using a 22-gauge needle, and the abdomen
was closed. After 6 h, peptide and compound 1 were injected
intravenously or intraperitoneally, respectively, three times at 6-h
intervals. The survival rate was monitored daily for 7 days. All
animal-related procedures were reviewed and approved by the
Institutional Animal Care and Use Committee of the Hanyang
University.

2.2. Peptides

Tat-conjugated p22phox peptides were commercially synthe-
sized and purified in acetate salt form to avoid abnormal responses
in cell or animal research by Peptron (Korea). The amino acid se-
quences of the peptides in this study are described in
Supplementary Table S2. The endotoxin content, as measured by
the Limulus amebocyte lysate assay (BioWhittaker) and contained
less than 3e5 pg/ml at the concentrations of the peptides used in
experiments.

2.3. Human monocytes and cell lines

Adherent primary monocytes were prepared from peripheral
blood mononuclear cells donated by healthy subjects, as previously
described [9,12]. This study was approved by the Institutional Re-
view Board of the Korean Red Cross, which oversees studies that
use samples from human subjects. The mouse macrophage cell line
RAW264.7 (ATCC TIB-71; American Type Culture Collection) and
HEK293T (ATCC-11268) cells were maintained in DMEM (Invi-
trogen) containing 10% FBS (Invitrogen), sodium pyruvate, nones-
sential amino acids, penicillin G (100 IU/ml), and streptomycin
(100 mg/ml). Human alveolar A549 (ATCC CCL-185) cells were
grown in RPMI 1640/glutamax supplemented with 10% FBS. Tran-
sient transfections were performed with Lipofectamine 3000
(Invitrogen), or calcium phosphate (Clontech), according to the
manufacturer's instructions. A549 and Raw264.7 stable cell lines
were generated using a standard selection protocol with 2 mg/ml of
puromycin.

2.4. Reagents and antibodies

LPS (Escherichia coli O111:B4), BLP (Pam2CSK4), and Zymosan
were purchased from Invivogen. Rapamycin (R8781), Tunicamycin
(T7765), Gentamycin (G1397), and cephalosporin (C8145) were
purchased from Sigma. Specific antibodies against Rubicon
(ab92388) were purchased from Abcam. Antibodies against LC3
(4108), p62 (5114), Beclin-1 (3738), and UVRAG (5320) were pur-
chased from Cell Signaling Technology. Abs specific for HMGB1 (W-
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18), Histone H3 (FL-136), actin (I-19), iNOS (H-174), COX-2 (H-3),
NOX4 (H-300), p22phox (FL-195), gp91phox (H-60), p47phox (H-
195), p67phox (H-300), V5 (H-9), Flag (D-8), and GST (B-14) were
purchased from Santa Cruz Biotechnology.

2.5. Plasmid construction

The plasmid encoding full-length of the p22phox (V5-p22phox),
Rubicon (Flag-Rubicon), and NF-kB luciferase reporter plasmid
were previously described [13,14]. Plasmids encoding different re-
gions of p22phox (3e10, W6A, W9A) were generated by PCR
amplification from full-length p22phox cDNA and subcloning into a
pEBG derivative encoding an N-terminal GST epitope tag between
the BamHI and NotI sites. All constructs for transient and stable
expression in mammalian cells were derived from the pEBG-GST
mammalian fusion vector and the pEF-IRES-Puro expression vec-
tor. All constructs were sequenced using an ABI PRISM 377 auto-
matic DNA sequencer to verify 100% correspondence with the
original sequence.

2.6. Ligand virtual screening by shape and electrostatics

To investigate non-peptide and new chemical inhibitor of
p22phox, we applied in-silico virtual screening approach combine
ligand shape-based and electrostatic similarity method. In order to
use three dimensional shape of p22phox we explored X-ray crystal
structure from the Protein Data Bank (http://www.rcsb.org). Using
the OMEGAv2.5 of OpenEye Scientifics software, up to 200 possible
low energy conformers were generated of each in 260,000-member
Korea Chemical Bank (KCB) library. The 3D structure of p22phox
was virtually screened as a query molecule against the KCB library
using the OpenEye ROCS v3.2. The top of 1000 hits were output in
the order of TanimotoCombo score (ROCS_TanimotoCombo) ac-
cording to their shape similarity compared to query. For compari-
sons of electrostatic properties, we used the EON v2.2 to re-rank the
top 1000 ROCS hits in the order of EON_ET_Combo score as the sum
of shape and electrostatics similarity. On the basis of this ranking
the top 1000 and visual inspection combined, 214 compounds were
selected for biological testing. From 214 compounds tested in-vitro
enzymatic activity were identified. Two different of small non-
peptidyl compoundswere found. In order to findmore analogues of
active compounds, we performed secondary virtual screening
based on fingerprint similarity method. The similarity between
single pairs of compounds is calculated using Pipeline Pilot v.9.5
from Biovia. The similarity score that provides a numeric value for
the degree of similarity with two molecules. KCB library database
was screened for analogues with Tanimoto coefficient �0.8 when
compared to the query structures. 80 compounds were selected by
visual inspection additionally. From the biological testing, three of
compounds as nonpeptidyl inhibitors displayed in-vitro potency
and Compound 1 was identified as the best biological inhibitor
(Supplementary Fig. 4).

2.7. GST pulldown, immunoblot, and immunoprecipitation analysis

GST pulldown, immunoprecipitation, and immunoblot assays
were performed as described previously [13,14]. For GST pulldown,
cells were harvested and lysed in NP-40 buffer supplemented with
a complete protease inhibitor cocktail (Roche). After centrifugation,
the supernatants were preclearedwith protein A/G beads at 4 �C for
2 h. Pre-cleared lysates were mixed with a 50% slurry of
glutathione-conjugated Sepharose beads (Amersham Biosciences),
and the binding reaction was incubated for 4 h at 4 �C. Precipitates
were washed extensively with lysis buffer. Proteins bound to
glutathione beads were eluted with SDS loading buffer by boiling
for 5 min.
For immunoprecipitation, cells were harvested and then lysed in

NP-40 buffer supplemented with a complete protease inhibitor
cocktail (Roche). After pre-clearing with protein.

A/G agarose beads for 1 h at 4 �C, whole-cell lysates were used
for immunoprecipitation with the indicated antibodies. Generally,
1e4 mg of commercial antibody was added to 1 ml of cell lysates
and incubated at 4 �C for 8e12 h. After the addition of protein A/G
agarose beads for 6 h, immunoprecipitates were extensively
washed with lysis buffer and eluted with SDS loading buffer by
boiling for 5 min.

For immunoblotting, polypeptides were resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred to a
PVDF membrane (Bio-Rad). Immuno detection was achieved with
specific antibodies. Antibody binding was visualized by chem-
iluminescence (ECL; Millipore) and detected by a Vilber chem-
iluminescence analyzer (Fusion SL 3; Vilber Lourmat).

2.8. Enzyme-linked immunosorbent assay

Cell culture supernatants and mice sera were analyzed for
cytokine content using the BD OptEIA ELISA set (BD Pharmingen)
for the detection of TNF-a, IL-6, IL-1b, IFN-g, IL-12p40, IL-10, and IL-
4. All assays were performed as recommended by the
manufacturers.

2.9. Luciferase assay

The reporter gene assay was performed as described previously
[14]. Briefly, 36 h after transfection of the reporter gene construct,
cell extracts were prepared by adding 100 mL of 1� Passive Reporter
Lysis Buffer (Promega). Luciferase activity was measured using a
Luciferase Assay System (Promega), according to the manufac-
turer's protocol. Each transfection was performed in triplicate, and
three independent experiments were conducted.

2.10. Measurement of intracellular ROS by NOX activity

Intracellular superoxide production was measured by the luci-
genin (bis-N-methylacridinium nitrate)-ECL method [12,13].
Briefly, cells or colon lysates were allowed to equilibrate for
30 min at 37 �C in a reaction containing 50 mM phosphate buffer
(pH 7.0), 1 mM EGTA, 150 mM sucrose, and a protease inhibitor
mixture prior to the addition of Krebs-HEPES buffer containing
lucigenin (5 mM) as the electron acceptor and NADPH (100 mM) as
the electron donor. The values are expressed as relative light units
per 1 � 105 cells.

2.11. Single-molecule pull-down assay

The assay was performed as described previously [21]. Briefly,
p22phox-V5 and Rubicon SR2 (aa558-625)-YFP were transiently
expressed in HEK293T cells for 12 h and treated with different
concentrations of the Tat or Tat-N8 peptide for another 12 h. Cells
were harvested into lysis buffer (10 mM Tris pH 7.5, 1% NP-40,
150 mM NaCl, 1 mM EDTA, 1 mM benzamidine, 10 mg/ml leu-
peptin, 1 mM NaF, 1 mM Na3VO4)and the lysate was centrifuged at
14,000 g for 20 min for use in SiMPull. We used a 250-fold diluted
lysate to obtain 0.1e0.2 molecules per mm2 of imaging area upon
20-min incubation on the V5 antibody-coated slide (a surface
density of about 20e40 antibody molecules per mm2). For analysis
of the p22phox-V5 and Rubicon SR2-YFP interaction: the Rubicon
SR2-YFP bound in the p22phox-V5 complexes was visualized using
a prism type TIRF microscope to acquire single-molecule data (8,
37). YFP was excited at 488 nm. Narrow band-pass filters were used
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for channels (HQ 535/30 from Chroma Technology for YFP). All
experiments were performed at room temperature (22e25 �C).
Single-molecule analysis was performed as described earlier [22].
Mean spot count per image (imaging area 2500 mm2) and standard
deviation were calculated from images taken from 20 or more
different regions.

2.12. Bacteria count

Blood was collected from mice by cardiac puncture 24 h after
CLP. After performing serial dilution of blood, 5 ml of each dilution
was plated on blood agar plates. Bacteria were counted after in-
cubation at 37 �C for 24 h and calculated as CFU per whole peri-
toneal lavage or blood.

2.13. Histology and immunohistochemistry

For immunohistochemistry of tissue sections, mouse spleens,
livers, and lungs were fixed in 10% formalin and embedded in
paraffin. Paraffin sections (4 mm) were cut and stained with he-
matoxylin and eosin (H&E). Histopathologic score was established
on the basis of the numbers and distribution of inflammatory cells
within the tissues, as well as noninflammatory changes such as
evidence of bronchiolar epithelial injury and repair [23]. The scores
were assigned as follows: 0, no inflammation; 1, mild, inflamma-
tory cell infiltrate of the perivascular/peribronchiolar compart-
ment; 2, moderate, inflammatory cell infiltrate of the perivascular/
peribronchiolar space with modest extension into the alveolar
parenchyma; and 3. severe, inflammatory cell infiltrate of the
perivascular/peribronchiolar space with a greater number of in-
flammatory foci found in the alveolar parenchyma. A board-
certified pathologist scored each lung section independently
without prior knowledge of the treatment groups. A mean score
with S.E.M. was calculated for each treatment group. For immu-
nostaining (19), the 4-mmparaffin sections were deparaffinized and
hydrated by serial immersion in 100, 95, and 80% ethanol, distilled
water, and PBS. The slides were blocked with 1.5% normal rabbit
serum in PBS for 20 min and immunohistochemically stained for
iNOS (H-174) or COX-2 (H-3; Santa Cruz Biotechnology).

2.14. Statistical analysis

Data obtained from independent experiments (means ± SD)
were analyzed using a two-tailed Student's t-test with Bonferroni
adjustment or ANOVA for multiple comparisons. The Mann-
Whitney U test was used to evaluate the individual cytokine
levels between groups. Statistical analyses were conducted using
the SPSS (Version 12.0) statistical software program (SPSS, Chicago,
IL). Differences were considered significant at p < 0.05. For survival,
data were graphed and analyzed by the product limit method of
Kaplan and Meier, using the log-rank (ManteleCox) test for com-
parisons (Prism, version 5.0, GraphPad Software).

3. Results

3.1. The p22phox N-terminal peptide robustly suppresses Rubicon-
p22phox interaction, NOX activity, and inflammation

Our previous binding studies showed that the N-terminal 10-
amino acid sequence of p22phox is sufficient for Rubicon interac-
tion [13]. Therefore we added, the HIV-1 Tat protein transduction
domain to the N-terminal 10-amino acid sequences of p22phox as a
retro-inverso versions peptide called the Tat-N10 peptide for
intracellular delivery to circumvent proteolytic degradation
[24e26] (Supplementary Tables 1 and 2). This peptide was tested
for its potential effects on Rubicon-p22phox interaction. At 12 h
post-transfection with V5-p22phox and Flag-Rubicon, 293T cells
were incubated with different concentrations of Tat alone or Tat-
N10 peptide for various periods, followed by co-
immunoprecipitation of the Rubicon-p22phox complex. This
showed that either 30 or 50 mM of the Tat-N10 peptide was able to
efficiently block Rubicon-p22phox interaction within 6 h of incu-
bation, whereas Tat peptide alone could not (Fig. 1A and
Supplementary Fig. 1A and B).

Upon microbial infection or TLR activation, Rubicon periodically
interacts with the p22phox-gp91phox NOX, facilitating the pro-
duction of ROS and inflammatory cytokines from immune (e.g.,
macrophages and monocytes) and non-immune (e.g., endothelial
and epithelial) cells [13]. To further delineate the effects of N10
peptide on the temporal interaction profile of Rubicon-p22phox,
human alveolar A549-Flag-Rubicon or murine Raw264.7-Flag-
Rubicon cells were pretreated with a 30 mM of the Tat or Tat-N10
peptide for 6 h and then stimulated with LPS/TLR4 or BLP/TLR2
for various times, followed by immuno-purification of Flag-Rubicon
complexes and immunoblotting with various antibodies. The data
showed that, although the interactions of Rubicon with p22phox
periodically increased at 5 and 30 min after TLR stimulation, such
interactions were markedly suppressed upon treatment with the
Tat-N10 peptide but not with the Tat peptide (Fig. 1B and
Supplementary Fig. 1C). The effect of N10 peptide was specific as it
showed little or no effect on the interactions of Rubicon with
Beclin1 and UVRAG involved in the autophagy pathway or with
NOX4 and gp91phox involved in the NOX pathway (Fig. 1B and
Supplementary Fig. 1C). Additionally, treatment with the Tat-N10
peptide, but not the Tat peptide, dramatically suppressed LPS-
induced superoxide anion production (data not shown), NOX ac-
tivity, in cells expressing vector or Rubicon in a concentration-
dependent manner (A549 cells in Fig. 1C and Raw264.7 cells in
Supplementary Fig. 1D). Since NOX signaling is known to regulate
pro-inflammatory cytokine expression [27], A549 or Raw264.7 cells
were subjected to LPS or BLP treatment in the presence of various
concentrations of the Tat or Tat-N10 peptide and the supernatants
were collected at 24 h for cytokine analysis. Either LPS or BLP
treatment led to the robust production of TNF-a and IL-6 (Fig. 1D
and Supplementary Fig. 1E). However, treatment with the Tat-N10
peptide, but not the Tat peptide, dramatically abolished production
of these cytokines (Fig. 1D and Supplementary Fig. 1E). Consistent
with this finding in A549 and Raw264.7 cells, NOX activity and
cytokine production were significantly decreased by Tat-N10 pep-
tide in human primary monocytes (Fig. 1E). These results indicate
that the Rubicon-binding subregion of p22phox (amino acids 1e10)
may be used to specifically modulate ROS mediated pro-
inflammatory signaling induced by TLR2 and TLR4.

3.2. The N-terminal eight amino acids of p22phox are sufficient for
blocking Rubicon-p22phox interaction, suppressing NOX activity,
and inflammation

We sought to further narrow down this subregion of p22phox
by testing p22phox N-terminal region-containing peptides of
different lengths for their ability to block the Rubicon-p22phox
interaction. It showed that the eight N-terminal amino acids (aa
3e10) of p22phox, called the N8 peptide, blocked the Rubicon-
p22phox interaction as effectively as the N10 peptide (Fig. 2A and
Supplementary Table 2). To confirm this, we constructed a GST-
p22phox (3e10) mammalian expression vector containing the
p22phox N-terminal 3e10 aa sequences and also included GST-
p22phox (3e10) mutants W6A and W9A in which the hydropho-
bic tryptophan residues of the p22phox 8-amino acid sequences
(Q3IEW6AMW9A10) were replaced with alanines (Supplementary



Fig. 1. Tat-p22phox N10 peptide specifically inhibits TLR4 signaling through inhibition of Rubicon-p22phox interaction. (A) 293T cells were co-transfected with V5-p22phox and
Flag-Rubicon. At 12 h post-transfection, cells were treated with Tat-N10 peptide for 24 h, and then subjected to IP with aFlag, followed by IB with aV5. WCLs were used for IB with
aFlag, aV5, or aActin. (B) A549 cells expressing Rubiconwere pretreated with Tat-N10 (30 mM) for 6 h, and then stimulated with LPS (100 ng/ml) for the indicated times, followed by
IP with aFlag, followed by IB with aNOX4, ap22phox, aBeclin-1, or aUVRAG. WCLs were used for IB with aNOX4, ap22phox, aBeclin-1, aUVRAG, aFlag, or aActin. (C and E) NADPH
oxidase activity of A549 cells expressing Vector or Rubicon or human monocytes were stimulated with LPS or BLP (100 ng/ml) for 30 min in the presence of Tat-N10 for 6 h. (D and
E) After pretreatment for 6 h with Tat-N10, cells were stimulated with LPS or BLP for 24 h. Culture supernatants were harvested and analyzed for cytokine ELISA. The data are
representative of three independent experiments with similar results (A and B). Data shown are the means ± SD of three experiments. Significant differences (*P < 0.05; **P < 0.01;
***P < 0.001) compared with LPS alone (CeE).
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Table 2). GST pulldowns showed that GST-p22phox (3e10) was
sufficient to bind endogenous and exogenous Rubicon, whereas
neither GST-p22phox W6A nor GST-p22phox W9A was able to do
under the same conditions (Fig. 2B and C). Consistent with this
finding, the Tat-N8 peptide blocked the Rubicon-p22phox inter-
action, NOX activity and cytokine production, whereas the mutant
peptides Tat-N8 W6A and W9A did not (Fig. 2DeG). Furthermore,
the late pro-inflammatory high mobility group box protein 1
(HMGB1) and extracellular histones H3 are knownmajor mediators
of death in sepsis [28,29], treatment with the Tat-N8 peptide, but
not the Tat peptide, markedly attenuated release of each of these
inflammatorymediators in A549 or Raw264.7 cells subjected to LPS
or BLP treatment, respectively (Supplement Fig 2A). Cellular stress,
induced by external or internal signals, activates several well-
orchestrated processes aimed at either restoring cellular homeo-
stasis or committing to cell death. Those processes include the
unfolded protein response, autophagy, and mitochondria, which
are part of the global endoplasmic reticulum (ER) stress response
[16,30]. Interestingly, Tat-N8 peptide did not affects the ER stress
sensors and production of mitochondrial ROS, but specifically in-
hibits the cellular ROS-mediated NF-kB signaling in human
monocytes (Supplement Fig 2B and C). Finally, the N8 peptide alone
without the HIV Tat protein transduction domain sequence was
also capable of blocking the Rubicon-p22phox interaction and ROS
production but only at a high concentration (500 mM), suggesting
that intracellular delivery of 8-amino acid N8 peptide is inefficient
(Supplement Fig 3). Thus, interaction of this minimal region of
p22phox (3e10) with Rubicon specifically inhibits ROS production.
3.3. The N-terminal eight amino acids of p22phox are sufficient for
blocking Rubicon-p22phox interaction without affecting autophagy
activity

To enable direct visualization of the ability of N8 peptide to
block Rubicon and p22phox interaction, we used a single-molecule
pull-down (SiMPull) assay that combines the principles of a con-
ventional pull-down assay with single-molecule fluorescence mi-
croscopy [21]. This approach allows simple, direct demonstration
and quantitative evaluation of protein-proteins interaction by
immobilizing the protein complexes from a comparatively small
number of lysed cells (a minimum of 10e50 cells) directly on a
coverslip, which is then examined under a single-molecule fluo-
rescence microscope. Since the N-terminal 8-amino acids of
p22phox efficiently bind the serine-rich-2 region (SR-2, aa558-625)
of Rubicon, 293T cells were transfected with p22phox-V5 and
Rubicon SR2-YFP for 12 h and then incubated with different con-
centrations of Tat or Tat-N8 peptide for another 12 h. Each cell
lysate was directly added to a V5-antibody-coated coverslip and
washed with buffers, and thenmicroscopic analysis was carried out
to detect the p22phox-V5 and Rubicon SR2-YFP interaction:
Rubicon SR2-YFP bound in the p22phox-V5 complexes was visu-
alized as a fluorescent fusion protein and quantified simply by
counting the number of fluorescent spots, each representing an
individual protein complex in the fluorescence images (Fig. 3A).
SiMPull assays demonstrated that the Tat-N8 peptide markedly
suppressed the p22phox-V5 and Rubicon SR2-YFP interaction
in vivo in a concentration dependent manner, whereas the Tat



Fig. 2. Tat-p22phox N8 peptide specifically inhibits TLR4 signaling through inhibition of Rubicon-p22phox interaction. (A and D) 293T cells were co-transfected with V5-p22phox
and Flag-Rubicon. At 12 h post-transfection, cells were treated with Tat-p22phox peptide for 24 h, and subjected to IP with aFlag, followed by IB with aV5. WCLs were used for IB
with aFlag, aV5, or aActin. (B) 293T cells were co-transfected with GST or GST-p22phox constructs and Flag-Rubicon, and subjected to GST pulldown, followed by IB with aFlag.
WCLs were used for IB with aFlag, aGST, or aActin. (C) At 48 h posttransfection with GST or GST-p22phox constructs, A549 cells were stimulated with LPS (100 ng/ml) for the
indicated times, and subjected to GST pulldown, followed by IB with aRubicon. WCLs were used for IB with aRubicon, aGST, or aActin. (E) A549 cells containing Rubicon were
pretreated with Tat-N8 (30 mM) for 6 h, and then stimulated with LPS for the indicated times, followed by IP with aFlag, followed by IB with aNOX4 or ap22phox. WCLs were used
for IB with aFlag or aActin. (F) NADPH oxidase activity of A549 cells expressing Vector or Rubicon were stimulated with LPS for 30 min in the presence of Tat-N8 for 6 h. (G) After
pretreatment for 6 h with Tat-N8, cells were stimulated with LPS for 24 h. Culture supernatants were harvested and analyzed for cytokine ELISA. The data are representative of three
independent experiments with similar results (AeE). Data shown are the means ± SD of three experiments. Significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) compared
with LPS alone (F and G).
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peptide alone did not (Fig. 3A).
As previously described [13,18,19], expression of the Rubicon

WT, capable of binding Beclin1, showed increased LC3-II and p62
protein levels upon rapamycin treatment or starvation, indicating
suppression of the autophagosome maturation step (Fig. 3B and C).
In contrast, Rubicon WT showed no suppressive effect on auto-
phagosomematuration upon LPS, BLP, or Zymosan treatment, likely
due to dissociation of Rubicon from the Beclin1-UVRAG-containing
autophagy complex and its subsequent association with p22phox
upon such treatments (Fig. 3B and C). However, treatment with the
Tat-N8 peptide, but not the Tat peptide, markedly increased p62
protein levels (Fig. 3B and C). Furthermore, we measured VPS34
activity using the p40(phox) PXeEGFP fusion protein [13,31], little
or no suppressive effects on VPS34 activity by Tat-N8 peptide in
vector- or Rubicon-expressing macrophages (Fig. 3D). This result
demonstrates that the Tat-N8 peptide specifically blocks the
Rubicon-p22phox interaction without affecting the Rubicon-
Beclin1-UVRAG interaction, further suggesting that the association
of Rubicon with p22phox must be precedent to the dissociation of
Rubicon from Beclin1-UVRAG complex. Taken together, these
findings suggest the therapeutic potential of p22phox N8 peptide
against lethal inflammatory diseases.

3.4. The p22phox N8 peptide protects mice from systemic sepsis

To determine whether the Tat-N8 peptide protects mice from
septic shock due to polymicrobial peritonitis and sepsis without
compromising the host's ability to fight infection, we used a model
of cecal ligation and puncture (CLP) that resembles the scenario of
human polymicrobial infection-induced systemic inflammatory



Fig. 3. Tat-p22phox N8 peptide is sufficient to block Rubicon-p22phox interaction without affecting autophagy activity. (A) Representative images of SiMPull assay performed as
described in Methods. Lysate from cells expressing YFP-Rubicon SR2, V5-p22phox, or both was applied on chambers with V5 antibody, and visualized by prism type TIRF microscopy
to acquire single-molecule data. Scale bar, 5 mm. (B and C) A549 (B) or Raw264.7 (C) cells expressing Vector or Rubicon were pretreated with Tat or Tat-N8 (30 mM) for 6 h, and then
stimulated with Rapamycin (2 mM), LPS (100 ng/ml), BLP (100 ng/ml), or Zymosan (100 mg/ml) for the indicated times, followed by IB with aLC3, ap62, or aActin. The data are
representative of three independent experiments with similar results. (D) PI(3)KC3 activity upon BLP treatment. At 24 h posttransfection with p40(phox) PXeEGFP fusion,
Raw264.7 cells expressing vector or Rubicon were stimulated with BLP for 30 min pretreated with Tat or Tat-N8 and subjected to an inverted fluorescence microscope. p40(phox)
PXeEGFP-positive vesicles were quantified as the means ± SD of combined results from nine independent experiments. Bar, 10 mm.

Y.-R. Kim et al. / Biomaterials 101 (2016) 47e59 53
response syndrome, which is typically fatal [32]. First, we tested the
therapeutic efficacy of Tat-N8 peptide against CLP-induced mor-
tality in mice. Post-treatment of CLP mice with the Tat-N8 peptide
three times at 6, 12, and 18 h via intravenous injection, resulted in a
dose-dependent protection: notably, 30% of the mice were pro-
tected from CLP-induced death when given the Tat-N8 peptide at a
dose of 30 mg/kg per mouse (equivalent to 10 mM concentration),
whereas none of the control mice post-treated with the Tat peptide
survived regardless of the number of treatments (Fig. 4A). ROS-
producing NOX signaling is known to regulate the cytokine storm
contributing to the pathogenesis of systemic sepsis, which results
in multiple organ failure [33e35]. We therefore evaluated the effect
of Tat-N8 peptide on NOX activity and production of inflammatory
mediators that are mechanistically linked to sepsis. Consistent with
the mortality data, NOX activity in spleen, and serum concentra-
tions of the TNF-a, IL-6, and IL-1b pro-inflammatory cytokines,
HMGB1 and histone H3 protein levels were significantly attenuated
in Tat-N8 peptide-treated mice (Fig. 4BeD).

We also observed a decrease in activation of iNOS and COX-2
expression in the spleens of mice treated with Tat-N8 peptide
(Fig. 4D). These clinical assessments were validated by histologic
examination of representative lung, liver, and spleen sections [23].
Hematoxylin and eosin (H&E) staining of several types of tissue
from CLP mice treated with scrambled peptide revealed severe
pulmonary inflammation with alveolar wall thickening, and ne-
crosis of hepatocytes (increased eosinophilia of cytoplasm and
pyknosis) and splenocytes (karyorrhexis), whereas Tat-N8 peptide
treatment significantly reduced these alterations (Fig 4E, left).
Semiquantitative scoring of these histologic parameters (the
number and distribution of inflammatory cells within the tissues,
as well as non-inflammatory changes such as evidence of bron-
chiolar epithelial injury and repair) and CLP-induced splenomegaly
confirmed that the severity of sepsis in Tat-N8 peptide-treated CLP
mice was significantly lower than in scrambled peptide-treated CLP
mice (Fig 4E, right). Together, these data suggest a protective role of
Tat-N8 peptide in CLP-induced sepsis.
3.5. N8 peptide-mimetic compound robustly suppresses Rubicon-
p22phox interaction and ROS-mediated inflammation

A potential problem with peptide analogs as therapeutic agents
is their susceptibility to enzymatic degradation in vivo and short
elimination half-lives [36,37]: therefore, we screened chemical li-
braries of single compounds to select for N8 peptide mimetics by



Fig. 4. Tat-p22phox N8 peptide protects mice from CLP-induced polymicrobial sepsis. (A) Schematic of the CLP model treated with Tat or Tat-N8 (upper). The survival of mice
injected with Tat or Tat-N8 was monitored for 7 days; mortality was measured for n ¼ 25 mice per group (lower). Statistical differences compared to the CLP þ Tat mice are
indicated (log-rank test). (B and C) NADPH oxidase activity of splenocytes (B) and serum cytokine levels (C) were determined at 20 h in CLP mice were treated with peptide. (D)
Serum was harvested and precipitated with trichloroacetic acid to concentrate proteins, followed by IB with aHMGB1 or aHistone H3. Splenocytes were used for IB with aiNOS,
aCOX-2, or aActin. The data are representative of three independent experiments with similar results. (E) Representative Hematoxylin-eosin (H&E) staining of the lung, liver, and
spleen (left) from five mice per group. Histopathology scores were obtained from H&E stained of the lung sections as described in Methods (right, upper). Gross morphologic
differences in spleen (right, lower). Scale bar, 200 mm. Results are expressed as means ± SD (5 mice per group). Significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) compared
with CLP þ Tat (B, C, and E).
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targeting p22phox-Rubicon interaction. All screenings were
repeated three times, and the compounds that showed reproduc-
ible activity were primarily selected. Among these compounds, we
selected the compound 1 compound (M.W. 524.33: Fig 5A and
Supplement Fig 4) for further investigation.

First, wemeasured the cytotoxicity of this compound to rule out
the possibility that the inhibitory effect is derived from the inhi-
bition of cell viability. Compound 1 did not induce any significant
change in the cell viability of A549 and Raw264.7 cells after incu-
bation with different concentrations (Fig. 5B and Supplement Fig
5A). Furthermore, compound 1 did not affect the expression of
p22phox or Rubicon proteins in A549 and Raw264.7 cells (Fig. 5B
and C, and Supplement Fig 5A). Next, we tested whether this
compound has N8 peptide-mimetic pharmacologic and biologic
profiles. As shown in Fig. 5DeG and Supplement Fig 5B and C,
consistent with the activity of Tat-N8 peptide, compound 1
inhibited NOX activity, NF-kB-Luc reporter activity, and cytokine
production in a dose-dependent manner. Remarkedly, interactions
of Rubicon with p22phox in Rubicon-expressing A549 and
Raw464.7 cells were suppressed by pretreatment with the com-
pound 1 for 1 h prior to stimulationwith TLR2 or TLR4 (Fig. 5H, and
Supplement Fig 5D and F). Furthermore, p22phox interactions with
Rubicon, but not gp91phox or NOX4, p47phpx, and p67phox were
markedly suppressed by compound 1 in p22phox-expressing A549
and Raw464.7 cells (Fig. 5I, and Supplement Fig 5E and F). These
data indicate that compound 1 acts as an immunomodulator by
inhibiting p22phox-mediated NADHP oxidase complex assembly
and inflammation.
3.6. N8 peptide-mimetic compound protects mice from systemic
sepsis

We further investigated whether the compound 1 protects mice
from CLP-induced polymicrobial sepsis. First, we tested the thera-
peutic efficacy of compound 1 against CLP-induced mortality in
mice. Post-treatment of CLP mice with the compound 1 three times
at 6, 12, and 18 h via intraperitoneal injection, resulted in a dose-
dependent protection: notably, 70% of the mice were protected
from CLP-induced death when given the compound 1 at a dose of
5 mg/kg per mouse (equivalent to 2 mM concentration) (Fig. 6A).
Consistent with the mortality data, NOX activity in spleen, and
serum concentrations of TNF-a, IL-6, IL-1b, IFN-g, and IL-12p40 pro-
inflammatory cytokines, HMGB1 and histone H3 protein were
significantly attenuated in compound 1-treated mice. However, the
concentrations of IL-10 and IL-4 did not show significant changes
(Fig. 6B and Supplement Fig. 6). These changes were accompanied
by lower levels of iNOS and COX-2 expression in spleen and H&E
staining showed reduced infiltration of immune cells and
decreased damage to the lung, liver, and spleen (Fig. 6BeD).

Next, we tested whether this compound has pharmacologic
activity in vivo. In vivo detection of phagocytosis-related target
protein binding profiles and autophagy activity might be important



Fig. 5. Compound 1 robustly suppresses TLR4-mediated Rubicon-p22phox interaction and ROS-mediated inflammation. (A) Structure of the compound 1. (B) MTT assay for cell
viability. A549 cells were incubated with compound 1 for 48 h (upper). WCLs were used for IB with a22phox, aRubicon, or aActin (lower). (C) A549 cells containing Vector or
Rubicon were stimulated with LPS (100 ng/ml) for 24 h in the presence of compound 1 for 1 h. WCLs were used for IB with a22phox, aRubicon, or aActin. (D and G) NADPH oxidase
activity of A549 cells containing Vector or Rubicon or human monocytes were stimulated with LPS (100 ng/ml) or BLP (100 ng/ml) for 30 min in the presence of compound 1 for 1 h.
(E) A549-Rubicon cells were transfected with NF-kB reporter plasmid and pRL-TK Renilla plasmid was co-transfected for normalization. After 2 days, cells were stimulated with LPS
for 6 h in the presence of compound 1 for 1 h to luciferase assays were performed. (F and G) A549-Rubicon cells or human monocytes were pretreatment with compound 1 for 1 h,
cells were stimulated with LPS or BLP for 24 h. Culture supernatants were harvested and analyzed for cytokine ELISA. (H and I) A549 cells containing Rubicon were pretreated with
compound 1 for 1 h, and then stimulated with LPS for 30 min, followed by IP with aFlag (H) or aV5 (I), followed by IB with aNOX4, ap22phox, aBeclin-1, aUVRAG, aFlag (H) or
aRubicon, ap47phox, aNOX4, ap67phox, aV5 (I). WCLs were used for IB with aNOX4, ap22phox, aBeclin-1, aUVRAG, aFlag (H) or aRubicon, ap47phox, aNOX4, ap67phox, aV5 (I).
The data are representative of three independent experiments with similar results (B, C, H, and I). Data shown are the means ± SD of three experiments. Significant differences
(*P < 0.05; **P < 0.01; ***P < 0.001) compared with LPS alone (DeG).
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for the evaluation of new compound in the search for therapeutic
drugs to treat lethal inflammatory disease. Consistent with the
in vitro data (Fig. 3B and C), treatment with compound 1, markedly
decreased binding of Rubicon with p22phox and increased p62
protein levels in splenocytes (Fig. 6E). This result demonstrated that
compound 1 specifically blocked the Rubicon-p22phox interaction
without affecting the Rubicon-Beclin1-UVRAG interaction. Taken
together, these findings suggest that compound 1 has therapeutic
potential to ameliorate CLP-induced sepsis.

3.7. The combination of N8 peptide-mimetic compound with
broad-spectrum antibiotics protects mice from systemic sepsis

Because CLP-induced lethality is positively correlated with
bacterial colony counts in peripheral blood and peritoneal fluid [38]
and because compound 1-enhances bactericidal superoxide pro-
duction by alveolar epithelial and macrophages, we investigated
whether compound 1-enhances bacterial clearance. There was no
substantial difference between PBS- and compound 1-treated mice
in peritoneal and blood bacteria counts (Fig. 7A). These results
strongly suggest that compound 1 diminishes inflammatory re-
sponses without compromising control of bacterial infection.

Anti-septic shock therapies should be multifaceted targeting
both pathogens and host immune responses. Therefore, we
examined the synergistic effect of combined treatment with com-
pound 1 and antibiotics that are commonly used for sepsis in
clinical settings. Gentamycin (8 mg/kg) plus cephalosporin (8 mg/
kg), whose spectra cover Gram-negative and Gram-positive bac-
teria, were administered to CLP mice [38]. Antibiotics alone resul-
ted a 40% survival rate, whereas combination of low-dose
compound 1 (1 mg/kg) and antibiotics showed a synergistic effect
on the improvement of survival of CLP-induced mice (Fig 7A, left)
and Pseudomonas aeruginosa infected mice (Fig. S7). Furthermore,
combination of high-dose compound 1 (5 mg/kg) and antibiotics
resulted in 100% survival (Fig 7B, right). Although the underlying
mechanisms are unknown, these results show the critical impor-
tance of dosing optimization for combination therapies with
compound 1 and antibiotics. Our data demonstrate a clear advan-
tageous synergy with this combinational therapy.

4. Discussion

The central finding of this study is that p22phox-derived N8
peptide and -mimetic compound 1 inhibit the p22phox-Rubicon
interaction that leads to ROS production. Specifically, we find that
(1) the p22phox N-terminal aa 3e10 sequence containing two hy-
drophobic tryptophan residues is functionally required for p22phox
interactionwith Rubicon, (2) Tat-conjugated N8 peptide specifically
blocks the p22phox-Rubicon interaction without affecting
Rubicon-Beclin1-UVRAG autophagy complex activity, (3) the
compound 1, hereafter called phox inhibitor, inhibits p22phox-
mediated NOX complex assembly, (4) Tat-N8 peptide and phox



Fig. 6. Compound 1 protects mice from CLP-induced polymicrobial sepsis. (A) Schematic of the CLP model treated with compound 1 (upper). The survival of compound 1-injected
mice was monitored for 7 days and mortality was measured for n ¼ 25 mice per group (lower). Statistical differences, as compared to the CLP þ PBS mice, are indicated (log-rank
test). (B) Serum was harvested at 20 h from CLP mice treated with compound 1 and precipitated trichloroacetic acid to concentrate proteins, followed by IB with aHMGB1 or
aHistone H3. Splenocytes were used for IB with aiNOS, aCOX-2, or aActin. (C) iNOS and COX-2 immunoreactivity in spleens at 20 h in CLP mice treated with compound 1. Images are
representative spleen sections from five mice per group. Scale bar, 100 mm. (D) Representative Hematoxylin-eosin (H&E) staining of the lung, liver, and spleen (left). Histopathology
scores by H&E stained of the lung sections (right, upper) from five mice per group. Gross morphologic differences in spleen (right, lower). Scale bar, 200 mm. Results are expressed as
means ± SD (5 mice per group). Significant differences (*P < 0.05) compared with CLP þ PBS. (E) Splenocytes were used for IP with aRubicon or ap22phox, followed by IB with
ap22phox or aRubicon, respectively. WCLs were used for IB with aRubicon, ap22phox, aLC3, ap62, or aActin. The data are representative of three independent experiments with
similar results (B and E).

Fig. 7. Combination of treatment of compound 1 with broad-spectrum antibiotics protects mice from CLP-induced polymicrobial sepsis. (A) The bacteria burden was evaluated 24 h
after treatment of CLP mice with compound 1 (n ¼ 10 mice per group). (B) Schematic of the CLP model treated with compound 1 plus antibiotics (upper). The survival of mice
treatment with compound 1 plus antibiotics was monitored for 7 days and mortality was measured for n ¼ 25 mice per group (lower). Statistical differences compared to the
CLP þ PBS mice are indicated (log-rank test).
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inhibitor both protect mice in the context of polymicrobial infec-
tion, (5) administration of phox inhibitore alone or in combination
with antibiotics, after the initiation of sepsis e might offer a suit-
able new therapeutic tool for the treatment of septic shock and
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other microbe-mediated diseases in humans, in whom “out-of-
control” inflammation often leads to fatal outcomes. Collectively,
these observations indicate that peptide-mediated inhibition of
crosstalk between autophagy and phagocytosis innate immune
machineries may provide a unique opportunity for urgently needed
therapeutic intervention strategy life-threatening septic shock.

Sepsis is the leading cause of death among critically ill patients;
however, treatment options are limited. Currently, therapies
directed against sepsis consist of antibiotics active against known
or in many cases, presumed pathogens [35]. Multiple anti-
inflammatory immunomodulatory therapies have been developed
for use against the pro-inflammatory stage of sepsis. However,
these immunomodulatory agents, such as inhibitors of endotoxin,
TNF-a, IL-1b, and TLR4 (e.g., TAK-242, a small molecule inhibitor of
TLR4, and eritoran, a specific antagonist of MD2-TLR4) [35,39e41],
have proven unsuccessful in clinical trials. Therefore, novel thera-
peutic approaches for sepsis directed at decreasing mortality
should expand the focus beyond agents that only treat the initial
infectious agent to those that augment the host immune response
to infection.

Increasing evidence suggests that NOX-derived ROS play a
detrimental role in sepsis [11,42e45]. A recent study showed that
Parkinson disease (autosomal recessive, early onset) 7 protein,
Park7, interacts with p47phox to direct NOX-dependent ROS pro-
duction and protect against LPS-induced sepsis [42]. Binding of the
RNA-binding protein SYNCRIP to the gp91phox mRNA 30 untrans-
lated region, destabilizes gp91phox mRNA abundance and
expression, and protects against polymicrobial sepsis fromCLP [45].
Furthermore, Tanshinone IIA, a compound extracted from the
herbal medicine Danshen, reduces the release of inflammatory
cytokines and inhibit gp91phox signaling during endotoxemia [43],
and the synthetic diphenylpyrazole derivative, yuwen02f1, sup-
presses LPS-induced endotoxemia attenuating translocation of
p47phox and p67phox to the cell membrane p22phox [44]. Several
studies have reported that the NOX1/4 inhibitor, GKT137831, pre-
vents the liver fibrosis and hepatocyte apoptosis, type 1 diabetes
mellitus-accelerated atherosclerosis, and, hypertension-mediated
inhibition of NOX activity [46e48]. Taken together, these data
strongly suggest that specific targeting of the crucial mediator of
ROS-producing NOX is therapeutic in sepsis. Identification of such
signaling molecules might lead to the development of specific
targeted therapeutic interventions.

As ROS production is essential for host defenses against several
pathogens-mediated inflammatory diseases, specific phagocyte
NOX inhibitors might have therapeutic value. A few small chemical
(non-peptide) inhibitors (diphenylene iodonium, 4-hydroxy-3-
methoxyacetophenone-substituted, phenylarsine oxide, and 4-(2-
aminoethyl)-benzenesulfonyl fluoride) of NOX are currently used
to inhibit ROS production, but they lack specificity as they also
inhibit NOX homologues or other unrelated enzymes [49,50].
Notably, peptide-based inhibitors appear to be the most promising
candidates, provided the target sequence is specific for a particular
phagocyte NOX component interaction. The best targets for NOX
inhibitors are gp91phox, p47phox and p67phox, because their
expression is more specific for phagocytes. Several studies have
reported peptide-based inhibitors derived from gp91phox,
p22phox, p47phox, Rac1, and p67phox [49,50]. Based on previous
reports that the direct crosstalk between autophagy and phagocy-
tosis machineries by interaction of Rubicon with p22phox upon
microbial infection, facilitates phagosomal trafficking of the
p22phox-gp91phox NOX complex to induce a ROS burst [13], we
focused on the use of peptides derived from p22phox that, are
components common to all NOXs, making it more likely that
p22phox-derived peptides would have a specific effect on a
particular NOX [9,10]. Using a “peptide-walking” technique, Dahan
et al. identified peptides located in p22phox domains correspond-
ing to amino acids 9e23, 31e45, 47e61, 85e99 and 113e127, that
inhibited NOX activation in a cell-free system composed of
macrophage membranes and recombinant proteins [51]. Here, we
identified a novel p22phox peptide (Q3IEWAMWA10) involved in
Rubicon-p22phox binding for ROS production in epithelial cells
(NOX4 expression) andmacrophages (gp91phox expression). Taken
together, our data reveal a new role of this peptide in targeting
p22phox to affect the regulation of lethal inflammatory responses.

Peptide inhibitors might be more specific than small-molecule
inhibitors. The main problem with inhibitory peptides is cell de-
livery, but this can now be achieved by coupling to cell-permeable
peptides such as TAT, polyarginine, or antennapedia peptides [48].
Several cell-permeant peptide antagonists of gp91phox
(C86STRIRRQL94, L420KSVWYKYCIN429) and p47phox containing the
Ser345 sequence (Q334RRRQARPGPQSPG347) have already been
shown to inhibit ROS production in vitro and in vivo [49,50,52e54].
Our results are concordant with those of previous studies showing
that a high concentration of Tat-N8 peptide inhibits ROS production
and inflammation in vitro and in vivo. The other problem with
peptides is their stability, i.e., low bioavailability and metabolic li-
ability, in live organisms. We addressed this problem by using
chemical libraries to screening for single compounds that are N8
peptide-mimetics. Intraperitoneal administration of compound is
likely to provide efficient drug delivery compared to intravenous
administration of peptide because of the hostile blood vessel
environment.

Our studies showed that the Tat-N8 peptide has specific activity
against the Rubicon-p22phox interaction that prevents cross-
inhibition. Furthermore, the compound is a specific for the
phagocyte NOX assembly. Although cytochrome b558 (gp91phox
and p22phox) is the central docking site for the cytosolic compo-
nents that translocate to the plasma membrane, p47phox is the
subunit responsible for transporting the whole cytosolic complex
(p47phox-p67phoxp40phox) to the docking site during NOX acti-
vation. It mediates the early binding step to gp91phox and to
p22phox and subsequently allows p67phox to interact with and to
activate gp91phox [9,49,50]. It is considered to be the organizer
subunit, since it coordinates the interaction of the different NOX
subunits allowing the formation of an active complex. The ideal
NOX inhibitor would prevent hyper-activity while preserving the
physiologic functions of this key element in host defenses, as
described above for the peptide derived from p22phox N8
sequence. In this regard, our results showed that compound 1, phox
inhibitor, prevented NOX priming and ROS over-production and
might be particularly valuable.

Finally, the observations presented in this study coupled with
previous studies of p22phox biology have important implications
for the clinical syndrome of sepsis. We propose peptide-mediated
inhibition of the crosstalk between autophagy and phagocytosis
innate immune machineries as a novel therapeutic strategy against
septic shock and identified N8 peptide of ROS-producing NOX as a
novel immunomodulatory therapeutic agent. Further research into
new delivery strategies such as in-silico virtual screening might
improve the efficiency of such peptide inhibitors in vivo. Further-
more, this work identified the N8-mimetic compound “phox in-
hibitor” as a new immunomodulatory factor with the capacity to
deactivate the inflammatory response. Our data strongly suggest
the potential of phox inhibitor in the treatment of systemic sepsis
through the modulation of excessive inflammatory responses in
polymicrobial infection and clinical evaluation of the biological
effects induced by phox inhibitor should be performed. Moreover,
our findings provide new opportunities for the design and dis-
covery of new therapeutic drugs to treat inflammation.
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