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a b s t r a c t

Hyper-inflammatory responses triggered by intracellular reactive oxygen species (ROS) can lead to a
variety of diseases, including sepsis and colitis. However, the regulators of this process remain poorly
defined. In this study, we demonstrate that c-Src is a negative regulator of cellular ROS generation
through its binding to p47phox. This molecule also competitively inhibits the NADPH oxidase complex
(NOX) assembly. Furthermore, we developed the schizophyllan (SPG)-c-Src SH3 peptide, which is a b-1,3-
glucan conjugated c-Src SH3-derived peptide composed of amino acids 91e108 and 121e140 of c-Src.
The SPG-SH3 peptide has a significant therapeutic effect on mouse ROS-mediated inflammatory disease
models, cecal-ligationepuncture-induced sepsis, and dextran sodium sulfate-induced colitis. It does so
by inhibiting the NOX subunit assembly and proinflammatory mediator production. Therefore, the SPG-
SH3 peptide is a potential therapeutic agent for ROS-associated lethal inflammatory diseases. Our
findings provide clues for the development of new peptide-base drugs that will target p47phox.

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

Previous studies have implicated the roles of NADPH oxidase
(NOX)-dependent reactive oxygen species (ROS) and oxidant-
induced protein or lipid alterations in lethal inflammatory re-
sponses such as sepsis and colitis [1e4]. Sepsis is characterized by
an overwhelming systemic inflammatory response to a gram-
negative bacterial infection [2,3]. Growing evidence suggests that
ROS play crucial roles in the activation of toll-like receptor (TLR) 4
and in the pathophysiology of sepsis by regulating immune cell
activation and end organ injury [5]. Excess intracellular and
extracellular ROS (superoxide and hydrogen peroxide) are able to
prime phagocytes (macrophages and neutrophils) to mount an
), chulsuyang@hanyang.ac.kr
acute hyper-inflammatory response [4,6,7]. Host factors that
regulate cellular ROS levels may be important modifiers in sepsis
pathogenesis [8,9].

Ulcerative colitis (UC) is a relapsing inflammatory bowel disease
(IBD) characterized by chronic and recurrent inflammation of the
gastrointestinal tract. The pathogenesis of colitis is complex and
involves an interaction between the patient's genetics, immune
system and environmental factors [10,11]. One of the major factors
in the onset of colitis is an inappropriate mucosal immune response
toward intestinal microbiota [12]. Furthermore, excessive ROS
production has been observed in the inflamed mucosa of IBD pa-
tients [4,12e14]. These highly cytotoxic molecules can contribute to
tissue damage in IBD [10,14] and non-phagocytes (intestinal
epithelial cells), which are recruited into the colonic mucosa of IBD
patients, may release these cytotoxic molecules [4,12]. However,
the molecular pathways that control ROS production via NOX en-
zymes in primary intestinal epithelial cells during acute and
chronic inflammation are poorly understood.

The NOX complex is composed of two transmembrane proteins:
flavocytochrome b components (gp91phox/NOX2 and p22phox)
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and four cytosolic proteins (p47phox, p67phox, p40phox, and Rac1/
2) in phagocytes [4,15]. In order for the complex to be activated in
intact cells, the phosphorylation of p47phox on several serine res-
idues is essential [3,15]. Upon activation, the cytosolic components
translocate to the transmembrane catalytic protein NOX2, resulting
in the functional NOX complex. ROS have been implicated in mul-
tiple physiological and pathological processes as second messen-
gers in cell signaling [3] [16]. Numerous studies have demonstrated
that NOX-dependent ROS generation plays a role in modulating
TLR4 signaling, inflammatory response [2], and disease pathogen-
esis [9,17]. In particular, colonic epithelial cells abundantly express
NOX1, which is the homolog most closely related to NOX2 with
regard to structure and function [12,14]. This enzyme comes into
close contact with normal and pathogenic bacteria; it may play an
important role in local innate immune and inflammatory responses
in the gut [11,18]. Several studies have demonstrated that NOX
expression and ROS production in intestinal epithelial cell cultures
can be stimulated in vitro by bacteria, bacterial products, and pro-
inflammatory cytokines such as interleukin-18 (IL-18), interferon
gamma and tumor necrosis factor-alpha (TNF-a) [2,4,12,14]. The
activation of NOX involves its interaction with p22phox, and
binding to regulatory partners, including: NOX organizer 1
(NOXO1), the p47phox homolog; NOX activator 1 (NOXA1), the
p67phox homolog; and Rac1 GTPase [12,14]. In the colon, NOXO1
and NOXA1 transcripts are also abundantly expressed [12,18]. It is
not clear whether the dysregulation of NOX expression and activity
is linked to pathologies such as sepsis and IBD.

Schizophyllan (SPG) from soluble b-glucan from the Schizo-
phyllum commune is a polysaccharide member of the b-(1-3)-
glucan family. It forms a triple helix in neutral solution. When an
alkaline solution of SPG is neutralized, it denatures, adopts a single
chain formation and reverts to its original triple helix through hy-
drophobic interactions and hydrogen bonds. During this physico-
chemical interaction, two main-chain glucoses of b-(1-3)-glucans
and one oligonucleotide (ODN) base or peptide form a stoichio-
metric complex. By exploiting this complex, an SPG-based drug
delivery system was designed to deliver functional ODNs to tar-
geted cells [19e22].

Dectin-1 is a pathogen pattern recognition receptor that binds
b-glucans such as SPG. It is the major b-glucan receptor on antigen
presenting cells (APCs) (such as macrophages and dendritic cells)
and on non-phagocytes (epithelial and endothelial cells) [23]. The
complex, therefore, is presumably recognized by Dectin-1 on APCs.
After recognizing the complex, these cells take up ODNs or pep-
tides. When b-glucans engage Dectin-1, the immunoreceptor
tyrosine-based activation motif-like sequence becomes phosphor-
ylated within its cytoplasmic domain. Subsequently, association of
the c-Src or Syk tyrosine kinase induces assembly of a scaffold
consisting of the CARD9/BCL10/MALT1 complex-nuclear factor-kB
(NF-kB) pathway in dendritic cells and macrophages [24,25].
However, SPG's role in ROS-induced immune responses has not
been characterized in detail.

In this report, we report that c-Src is a critical negative regulator
of NOX activation through a physical and functional interaction
with p47phox. We found that c-Src competitively inhibits p47phox
binding to other NOX subunits. In doing so, it efficiently blocks the
assembly of the NOX complex. Furthermore, the SH3 peptide,
derived from c-Src, conjugates with SPG and blocks the NOX
interaction. This interaction suppresses ROS and inflammatory
cytokine production. Using in vivo models of cecal ligation proce-
dure (CLP)-induced polymicrobial sepsis and dextran sodium sul-
fate (DSS)-induced ulcerative colitis, we showed that treatment
with the SPG/c-Src-SH3 peptide complex, dramatically reduced the
mortality involved in controlling the excessive production of ROS
and inflammation, as well as pathologic responses in mice. Our
findings demonstrate that c-Src plays a role in NOX activation
through its direct binding with p47phox. It also prevents excessive
inflammatory responses.

2. Materials and methdos

2.1. Cells

The mouse macrophage cell lines RAW264.7 (ATCC TIB-71;
American Type Culture Collection) and HEK293T (ATCC-11268)
cells were maintained in DMEM (Invitrogen) containing 10% FBS
(Invitrogen), sodium pyruvate, nonessential amino acids, penicillin
G (100 IU/ml), and streptomycin (100 mg/ml). Human monocytic
cell line THP-1 (ATCC TIB-202) cells were grown in RPMI 1640/
glutamax supplementedwith 10% FBS. Transient transfections were
performed with Lipofectamine 3000 (Invitrogen), or calcium
phosphate (Clontech), according to themanufacturer's instructions.
THP-1 and Raw264.7 stable cell lines were generated using a
standard selection protocol with 2 mg/ml of puromycin.

2.2. Reagents

LPS (Escherichia coli O111:B4), Zymosan (cell wall preparation of
Saccharomyces cerevisiae), Curdlan AL from Alcaligenes faecalis,
Scleroglucan from Sclerotium rolfsii, and Laminarin from Laminaria
digitata were purchased from Invivogen. Schizophyllan from S.
commune was provided from QueGen Biotech. Succinic anhydride,
dimethyl sulfoxide (DMSO), 1-Ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC), and N-Hydroxy succinimide (NHS) were all
purchased from SigmaeAldrich Korea. Nanopure water and 25 mM
of 2-(N-morpholino) ethanesulfonic acid buffer (MES, pH 5.0) were
used for synthesis of SPG-SH3 peptide.

2.3. Plasmid construction

The plasmid encoding full-length of the p47phox (Flag-
p47phox) and NF-kB luciferase reporter plasmid were previously
described [16,25]. Plasmids encoding different regions of p47phox
(DPX, DPX-SH3, DPX-AIR), p67phox, p40phox, c-C-Src and c-C-Src
(DSH3, DSH3-SH2) genes were generated by PCR amplification
cDNA and subcloning into a pEF-IRES between the AflII and XbaI
sites. All constructs for transient and stable expression in
mammalian cells were derived from the pEF-IRES-Puro expression
vector. All constructs were sequenced using an ABI PRISM 377
automatic DNA sequencer to verify 100% correspondence with the
original sequence.

2.4. Immunoprecipitation and immunoblot analysis

Immunoprecipitation and immunoblot assays were performed
as described previously [16,25]. Antibody binding was visualized by
chemiluminescence (ECL; Millipore) and detected by a Vilber
chemiluminescence analyzer (Fusion SL 3; Vilber Lourmat).

2.5. Peptides

The c-Src-SH3 peptides were commercially synthesized and
purified in acetate salt form to avoid abnormal responses in pre-
clinical studies (Peptron, Korea). The amino acid sequences of the
peptides in this study are described in Supplementary Table 1.

2.6. Synthesis of COOH-terminated SPG

The synthesis was conducted following a modified protocol re-
ported elsewhere [26,27]. SPG (5 mg, 0.011 mM) was dissolved in
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DMSO for 6 h with a continuous and mild stirring. Succinic anhy-
dride solution (0.1 mM in DMSO) was then added to the SPG so-
lution drop by drop. The solution mixture was let stirring at 50 �C
for 12 h then the mixture was transferred to a dialysis tubing
(MWCO: 6e8 kD, Spectra/Por. USA). The dialysis against DI water
went for 3 days. Finally, the mixture was freeze-dried and
remaining product was a sponge-like fiber. The presence of COOH
and C]O on the surface was analyzed by FT-IR and 1H NMR
spectroscopies.

2.7. Synthesis of NHS-terminated SPG

The carboxyl group terminated SPG is able to react with NHS
functional groups. SPG/SA (COOH-SPG, 5 mg) and EDC (10 mg;
0.1 mmol) were dissolved in 5 mL of DMSO. After activating of EDC
crosslinker with COOH-SPG, the NHS (10 mg, 0.2 mmol) was added
to the solution, and the mixture was left stirring at room temper-
ature for 24 h. The resulted mixture was then processed for a
dialysis for 3 days and freeze-dried. The purified sample became a
sticky gel form. Completely freeze-dried SPG/SA/EDC was again
characterized by FT-IR and 1H NMR spectroscopies.

2.8. Synthesis of peptide conjugated SPG

At first, each peptide (4.5 mg) was dissolved in DMSO with
stirring. SPG/SA (COOH-SPG, 5 mg) was dissolved in 1 mL of DMSO
then the solution was adjusted for pH 6 by adding 4 mL of MES
buffer. Next, EDC (20 mg) and NHS (10 mg) were added to the so-
lution mixture. The mixture was stirred at 4 �C for 24 h. Finally, the
dialysis was carried out using DI water as dialysate for 3 day with
regularly changing the buffer solution (dialysate) in 6 h. The reac-
tion mixture was then lyophilized and kept at 4 �C before use.

2.9. Synthesis of fluorescence tagged peptide conjugated SPG

SPG/SA (COOH-SPG, 5 mg) was dissolved in 1 mL of DMSO and
the pH was adjusted to 6.0 by adding 4 mL of MES buffer. Next, EDC
(10 mg) and NHS (10 mg) were added to the solution. After 30 min
reaction, fluorescently tagged peptides (1 mg) were added to the
mixture, which was kept in a dark at 4 �C for 12 h. Next, the reaction
mixture was lyophilized and analyzed for the concentration by
taking the integral of absorbance spectra curves ranging from 250
to 450 nm.

2.10. Characterization methods

Surface functional groups of the products were analyzed by a
Fourier Transform IR (FTIR) (PerkineElmer Spectrum One) and by
1H NMR (Bruker ARX 500MHz spectrometer). The characteristics of
SPF/peptideweremeasured by the UV absorbance spectra taken for
200 mL aliquots of SPG/peptide of tagged-peptide (Synergy Mx,
Biotek Inc.). The absorption spectra of peptides were integrated for
each sample to calculate their concentrations (area under the
curves between 250 and 450 nm).

2.11. Measurement of NOX activity

Intracellular superoxide production was measured by the luci-
genin (bis-N-methylacridinium nitrate)-ECL method [3,25].

2.12. Mouse model of sepsis and colitis

Cecal ligation and puncture (CLP)-induced sepsis and dextran
sodium sulfate (DSS)-induced acute colitis mouse model were
prepared using 6-week-old C57BL/6 female mice (Samtako, Korea),
as previously described [4,28], are described in the Supplemental
Information. All animal-related procedures were reviewed and
approved by the Institutional Animal Care and Use Committee of
the Hanyang University.

2.13. Clinical score and histology

For clinical score of colitis, Body weight, occult or gross blood
lost per rectum, and stool consistency were determined every other
day during the colitis induction. The clinical score was assessed by
two trained investigators blinded to the treatment groups [29]. For
immunohistochemistry of tissue sections, mouse spleens, lungs,
and colons were fixed in 10% formalin and embedded in paraffin.
Paraffin sections (4 mm)were cut and stainedwith hematoxylin and
eosin (H&E). Histopathologic score, as previously described [29,30],
are described in the Supplemental Information.

2.14. Miscellaneous procedures

Details of Antibodies, MTT assay, Protein purification and Mass
spectrometry, Luciferase assay, sandwich ELISAs, confocal analysis,
measurement of ROS, bacteria count, CLP, colitis, andMPO assay are
provided in the Supplemental Information.

2.15. Statistical analysis

Data obtained from independent experiments (means ± SD)
were analyzed using a two-tailed Student's t-test. 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 comparisons (Prism,
version 5.0, GraphPad Software).

3. Results

3.1. Schizophyllan robustly suppresses ROS and inflammation
production through dephosphorylation of p47phox

Emerging evidence suggests that b-glucans inhibit LPS-induced
inflammatory responses in vitro and in vivo [31e34]. However, little
is known about the intracellular regulatory mechanisms of b-glu-
cans in macrophages. We first examined several b-glucans from
different sources that inhibit NOX activity and pro-inflammatory
cytokine production (Fig. 1A and B, and Supplementary Fig. 1) to
identify a potential anti-inflammatory agent upon LPS/TLR4 stim-
ulation. We found that schizophyllan, the soluble b-glucan from the
S. commune (SPG) [19,22,35], markedly attenuates NOX activity,
ROS and inflammation by LPS-stimulated macrophages.

Mitogen-activated protein kinase (MAPK)/NF-kB signaling is
essential in the macrophage response to pro-inflammatory stimuli,
such as LPS and cytokines [16]. Therefore, we investigated whether
SPG affects MAPK/NF-kB signaling cascades in LPS-treated cells.
The phosphorylation of p38 and ERK1/2 was down-regulated by
SPG pre-treatment in LPS-stimulated cells in a dose-dependent
manner (Fig. 1C). However, this was not true for JNK/SAPK. In
addition, SPG pre-treatment of BMDMs significantly inhibited
degradation and phosphorylation of IkB-a in a concentration-
dependent manner. Similarly, in BMDMs exposed SPG, the LPS-
induced NF-kB-luciferase promoter activity and nuclear trans-
location of NF-kB p65 were both significantly reduced (Fig. 1D and
E).

Expression of the NOX subunit leads to NOX activity and ROS
production [36] and to phosphorylation of several serine residues
in the C-terminal region (from Ser-303 to Ser-379) of the p47phox
regulatory subunit [15]. We next examined whether LPS-induced



Fig. 1. Schizophyllan blocks TLR4-ROS signaling through inhibition of p47phox activation. After pretreatment with SPG (10 mg/ml) for 1 h, cells were stimulated with LPS (100 ng/
ml) for 30 min (A), 18 h (B and F), 1 h (C), 4 h (D), 2 h (E) or 15 min (G, lower). (A) LPS was used to stimulate NADPH oxidase activity in the BMDMs, in the presence of SPG (1, 10,
100 mg/ml) (left). The DHE and CM-H2DCFDA fluorescence intensities of BMDMs to detect O2

� and H2O2 production, respectively. The images are representative of three independent
experiments with similar results (right). Bar, 10 mm. (B) Culture supernatants were harvested and analyzed for cytokine ELISA. (C, F, and G) BMDMs were harvested and then
subjected to IB with the phosphorylated forms of MAPKs (p42/p44, p38, and SAPK/JNK), phosphorylated and total forms of IkB-a (C), gp91phox, p22phox, p47phox, and p67phox
(F), phosphorylated forms of p47phox (S304, S345, S359, and S370) (G), or Actin. (D) RAW264.7 was transfected with NF-kB reporter plasmid and the pRL-TK Renilla plasmid was co-
transfected for normalization. After two days, cells were stimulated with LPS in the presence of SPG in order to perform luciferase assays. (E) Immunofluorescence microscopy of
p65 (green) in BMDMs; nuclei are stained with the DNA-intercalating dye DAPI (blue). Scale bar, 20 mm. The data are representative of three independent experiments with similar
results (A right, C, and EeG). Data shown are the means ± SD of three experiments. Significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) compared with LPS alone (A left, B,
and D).
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NOX expression is regulated by SPG. There were no significant
changes in the expression of LPS-induced NOX subunits in macro-
phages after incubation with different concentrations of SPG
(Fig. 1F). However, SPG pretreatment completely blocked the
phosphorylation of p47phox S345, S359, and S370 (Fig. 1G). These
results suggest that SPG preferentially mediates the negative
regulation of p47phox activation and ROS-inflammatory signaling
in LPS-stimulated macrophages.
3.2. p47phox interaction with c-Src and control of NOX assembly in
macrophages

In order to establish a role for p47phox in the TLR4 signaling as
regulated by SPG, we investigated whether p47phox interacts with
molecules involved in ROS modulation. The p47phox complexes
were subjected to co-immunoprecipitation (co-IP) by pre-
treatment with SPG in LPS-stimulated cells. The purified p47phox
complexes were then analyzed using mass spectrometry. The 60-
kDa protein associated with p47phox was identified to be c-Src
(Fig. 2A). Endogenous co-IP shows that c-Src interacts strongly,
although temporarily (from 15 to 30 min), with endogenous
p47phox. In the presence of SPG, it robustly dephosphorylates
p47phox S345, S359, and S370 upon LPS stimulation (Fig. 2B).
Interestingly, p47phox interactions with gp91phox, p22phox,
p67phox, and p40phox were markedly suppressed after c-Src
binding inmacrophages (Fig. 2B and C). These data indicated that c-
Src acts as an immunomodulator by inhibiting the p47phox-
mediated NOX complex assembly.

In HEK 293T cells, further detailed mapping using various
truncatedmutants of p47phox and c-Src [17,37] showed that the PX
of p47phox is required for its interactionwith SH3 (of c-Src) (Fig. 2D
and Supplementary Fig. 2). Competition assays using c-Src con-
structs demonstrated that as the amount of c-Src increased, the
interaction between p47phox and p67phox or p40phox was
diminished in HEK293T cells (Fig. 2D and Supplementary Fig. 2).
Taken together, these data suggest that c-Src is an essential nega-
tive regulator of ROS-mediated inflammatory responses through
the binding of SH3 to the PX domain of p47phox. This binding,



Fig. 2. p47phox interactionwith c-Src and control NOX assembly. (A) p47phox complexes purified from Flag-p47phox-expressed THP-1 cells were stimulated with LPS for 30 min in
the presence of SPG (10 mg/ml) for 1 h. IP was then performed with aFlag antibody-conjugated with agarose beads and subjected to mass spectrometry analysis. Red letters indicate
the peptides identified. (B and C) After pretreatment with SPG (10 mg/ml) for 1 h, the THP-1 cells were stimulated with LPS (100 ng/ml) for 15e30 min. Cells were harvested and
then subjected to IP with p47phox, followed by IB with c-Src and phosphorylated forms of p47phox (S304, S345, S359, and S370) (B) or gp91phox, p22phox, p47phox, and p67phox
(C). (D) Binding mapping. Schematic diagram of p47phox and c-Src (upper) structures. The 293T cells were co-transfected with a control vector, Flag-p47phox or truncated mutants
47phox (DPX, DPX-SH3, DPX-AIR), together with V5-c-Src or its mutants (DSH3, DSH3-SH2). Cells were subjected to co-IP with antibodies for V5 or Flag, followed by IB with
antibodies for Flag or V5 (lower, left). Cells were co-transfected with Flag-p47phox with AU1-p67phox or AU1-p40phox, together with increasing amounts of V5-c-Src, and
subjected to IP with antibodies for Flag, followed by IB analysis with antibodies for Flag, AU1, V5, or Actin (lower, right). The data are representative of four independent experiments
with similar results.
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which reinforces c-Src to compete with other NOXs against TLR4
signaling, was regulated by SPG.
3.3. Schizophyllan protects mice from systemic sepsis and colitis

We sought to determine whether SPG protects mice from septic
shock due to polymicrobial peritonitis and sepsis. To do so, we used
a CLP model resembling a human polymicrobial infection, which
triggers the systemic inflammatory response syndrome, and is
typically fatal [38]. First, we measured the cytotoxicity of SPG
in vivo. There were no significant differences in weight loss or
systemic inflammation between groups exposed to SPG and vehicle
orally for 28 days (Supplementary Fig. 3A). Next, we tested the
protective efficacy of SPG against CLP-induced mortality in mice.
Notably, after CLP mice were pre-treated with 20 mg/kg SPG orally
for three weeks, 70% of the mice were protected against CLP-
induced death (Fig. 3A). Consistent with the mortality data, he-
matoxylin and eosin (H&E) staining of several tissue types from CLP
mice treated with vehicle revealed severe pulmonary inflamma-
tion, alveolar wall thickening, and necrosis of both pulmonary cells
(increased cytoplasmic eosinophilia and pyknosis) and splenocytes
(karyorrhexis). These changes were significantly reduced in mice
treated with SPG (Fig. 3B, left). Semiquantitative scoring of these
histologic parameters were measured, including the number and
distribution of inflammatory cells within the tissues, as well as non-
inflammatory changes, such as evidence of bronchiolar epithelial
injury and repair.With regard to these parameters, the CLP-induced
splenomegaly confirmed that the severity of sepsis in SPG-treated
CLP mice was significantly lower than was that in vehicle-treated
CLP mice (Fig. 3B, right and Supplementary Fig. 3B). Together,
these data suggest that SPG plays a protective role in CLP-induced
sepsis.

In order to provide additional support for the idea that SPG can
inhibit DSS-induced gastrointestinal inflammation in vivo, we used
an acute UC murine model. The DSS model has been shown to
recapitulate many of the clinical observations associated with UC in
humans [19,20,22]. In the acute model, mice were challenged with
3% or 5% DSS for 6 days. Their survival was assessed for 25 days.
Under these conditions, SPG pre-treated mice demonstrated a
significant increase in survival compare to that of the vehicle-
treated CLP mice (Fig. 3C and Supplementary Fig. 3C). Consistent
with the mortality data, the SPG-treated mice demonstrated a



Fig. 3. Schizophyllan treatment prevents systemic sepsis and colitis. (A) Schematic of the CLP model treated with SPG or vehicle (upper). The survival of mice treated with SPG
(20 mg/kg, administered orally) was monitored for 7 days; mortality was measured for n ¼ 10 mice per group (lower). Statistical differences compared to the control mice are
indicated (log-rank test). (B) Representative Hematoxylin-eosin (H&E) staining of the lung and spleen (left) at 18 h after CLP (five mice per group). Histopathology scores were
obtained from H&E stained of the lung sections as described in Methods (right). Scale bar, 200 mm. (C) Schematic of the 5% DSS-induced colitis model treated with SPG or vehicle
(upper). The survival of SPG or vehicle-treated mice was monitored for 25 days. Statistical differences, as compared to the control mice, are indicated (log-rank test). (D) Weight loss
of SPG or vehicle-treated mice. (E) Clinical parameters (weight loss, stool consistency, bleeding) of indicated mice. (F) Representative Hematoxylin-eosin (H&E) staining of the colon
at 6 days after DSS treatment at five mice per group (left). Histopathology scores by H&E stained of the middle and distal colon sections as described in Methods (right). Scale bar,
200 mm. Results are expressed as means ± SD (5e6 mice per group). Significant differences (**P < 0.01; ***P < 0.001) compared with vehicle (B right, D, E, and F right).
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significant decrease in weight loss and clinical features (stool
consistency and rectal bleeding) that are associated with enhanced
gastrointestinal disease; these mice also had significantly longer
colon length than did the vehicle-treated mice (Fig. 3D and E, and
Supplementary Fig. 3C and D). These clinical assessments were
validated by histological examination of the representative colon
sections [39]. Semiquantitative scoring of these histological pa-
rameters (enterocyte loss, crypt inflammation, lamina propria
mononuclear cells, neutrophilic infiltration, and epithelial hyper-
plasia) confirmed that the severity of the colitis was significantly
lower in the SPG-treated mice than it was in vehicle-treated mice
(Fig. 3F). These results in mice show that SPG induces great im-
provements in the pathological changes that occur during colitis.
Taken together, these data suggest that SPG plays a protective role
in polymicrobial sepsis and acute colitis.

3.4. Synthesis of the SPG/c-Src-SH3 peptide complex

The SPG-based drug delivery system was designed to deliver
functional ODNs or siRNA to targeted cells [19,22,35]. Therefore, we
used the SH3 of the c-Src sequence contained conserved residue of
p67phox and p47phox to suppress the interaction between c-Src
and p47phox (Fig. 4A and Supplementary Table.1), as the formation
of a complex with SPG. The SPG/c-Src-SH3 peptide complexes were
prepared as described in Materials and methods (Supplementary
Fig.4). A series of crosslinking was needed to conjugate the pep-
tides with SPG. Succinic anhydride switched hydroxyl groups of
SPG to carboxylic acid groups on the surface of SPG in DMSO.
Carboxylic acid terminated SPG was confirmed in FT-IR spectros-
copy by showing C]O bands at ~1723 cm�1, which should not be
present in naïve SPG (Fig. 4B black line). In addition, 1H NMR
(300 MHz, DMSOD6) results demonstrate a significant resonance
signal at 2.9 ppm corresponding to the protons of Succinyl anhy-
dride on SPG (Fig 4C red line). Also, 1H NMR spectrum of SPG/c-Src-
SH3 shows their characteristic shifts at 3.6 ppm and 6.9e7.5 ppm
responsible for the protons on the tryptophan in SPG/c-Src-SH3
(Fig. 4C blue line). Together with the NMR data, amide groups
observed in FT-IR spectrum at around 1550 cm�1, verifies the suc-
cessful conjugation of crosslinker leaving the coupling motifs for
peptides. FT-IR measurement on the final product confirms the
presence of C]O, NeC]O peaks as well as other peaks responsible
for aromatic C]C stretches in tyrosine and/or tryptophan of the



Fig. 4. Synthesize of peptide conjugated SPG. (A) Sequence alignment of c-Src, p67phox, and p47phox. Box indicates SH3-1 peptide and SH3-2 peptide. (B) FT-IR spectra of SPG,
SPG/SA, and SPG/SA/EDC (SPG: Schizohpyllan, SPG/SA:SPG/succinic anhydrite, SPG/SA/EDC: SPG/succinic anhydrite/1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), and N-
Hydroxy succinimide). (C) 1H NMR spectra of SPG, SPG/SA and SPG complex with peptides (D) Absorbance spectra of peptide (std: standard, peptide/SPG: peptide conjugated SPG,
SPG: Schizohpyllan, 1 mg/ml in DMSO). (E) Immunofluorescence in Raw264.7 cells was performed by labeling c-Src-SH3 with TAMRA. Raw264.7 cells took up the SPG/TAMRA-c-
Src-SH3 complex (10 mg/ml) for 1 h. The data are representative of four independent experiments with similar results. Scale bar, 20 mm.

Y.-R. Kim et al. / Biomaterials 89 (2016) 1e13 7
conjugated peptides (Fig. 4B blue line). The UVeVIS spectroscopy
on the product also confirms the presence of peptide in themixture
(Fig. 4D). In addition, SPG conjugated peptides were ran through
the 4e15% gradient native gel electrophoresis to indirectly confirm
its successful conjugation (data not shown). Furthermore, we
investigated the concentration of SH3 peptides conjugated with
SPG molecules were then measured for their absorption maximum
at 280 nm. The calculated amount of SH3-1 conjugated with SPG
molecules was 43 ± 1 weight % when the absorption peak was
compared with the standard (Supplementary Fig. 5A and C). This
can be translated that 43 ± 1% (weight percentage) of total conju-
gates is SH3-1 peptides and the rest of it are SPG or SPG/SA. By
employing the same procedure, we could measure the amount of
SH3-2 present in the conjugates as 40 ± 4weight % (Supplementary
Fig. 5B and D). Both peptide-SPG conjugates have, therefore, the
average 6:4 contents of SPG molecules versus peptides. Immuno-
fluorescence was also performed to investigate whether the SPG-
SH3 peptide complexes were taken up by macrophages. In
Fig. 4E, Raw264.7 cells took up the SPG/TAMRA-c-Src-SH3 peptide
complexes effectively, compared to that of the TAMRA-c-Src-SH3
peptide alone. Therefore, our results suggested that SPG plays an
important role in the intracellular delivery of the c-Src-SH3 peptide
to macrophages.
3.5. SPG-SH3 peptide has a negative effect on NOX-mediated
signaling

We sought to delineate the effects of the SPG-SH3 peptide on
pharmacologic and biologic profiles. First, we measured the pep-
tide's cytotoxicity to rule out the possibility that the inhibitory ef-
fect is derived from inhibition of cell viability. However, the peptide
did not significantly change the viability of Raw264.7 and THP-
1 cells after incubation with different concentrations
(Supplementary Fig. 6A). Next, we tested whether the peptide has
potential effects on the NOX assembly. Within six hours of incu-
bation with the SPG-SH3-1, SPG-SH3-2, and SPG-SH3-1þ2 pep-
tides, the interactions between p47phox-p67phoxor p40phoxwere
effectively blocked. In contrast, the SPG-SC (Scramble) peptide and
SPG alone were unable to block these interactions (Fig. 5A and data
not shown, respectively). Notably, the SH3 peptide alone (without
SPG conjugation) was not capable of blocking the p47phox-
p67phox or p40phox interactions. This suggests that the intracel-
lular delivery of the c-Src-SH3 peptide is inefficient
(Supplementary Fig. 6B).

Upon microbial infection or TLR activation, the NOX subunit
periodically interacts with immune (e.g., macrophages and mono-
cytes) and non-immune cells (e.g., endothelial and epithelial) cells,
facilitating the production of ROS and inflammatory cytokines [17].



Fig. 5. SPG-SH3 peptide blocks TLR4-ROS signaling. (A) 293T cells were transfected with Flag-p47phox, together with AU1-p67phox (left) or AU1-p40phox (right) for 12 h and
treated with SPG-SH3 or SPG-SC (1, 5, 10 mg/ml) for 6 h. Cells were subjected to IP with Flag, followed by IB with AU1 or Flag. Actin was used as a loading control. (B) After
pretreatment with SPG-SH3 or SPG-SC (Scramble) for 1 h, Flag-p47phox-expressed THP-1 cells were stimulated with LPS (100 ng/ml) for 30 min. Cells were harvested and then
subjected to IP with Flag, followed by IB with p67phox, p40phox, p22phox, gp91phox or Flag. Actin was used as a loading control. (C) NADPH oxidase activity of Flag-p47phox-
expressed Raw264.7 cells were stimulated with LPS (100 ng/ml) in the presence of SPG-SH3 or SPG-SC. (D) Flag-p47phox-expressed Raw264.7 was transfected with NF-kB re-
porter plasmid and pRL-TK Renilla plasmid was co-transfected for normalization. After 2 days, cells were stimulated with LPS in the presence of SPG-SH3 or SPG-SC to perform
luciferase assays. (E) After pretreatment with SPG-SH3 or SPG-SC for 1 h, the cells were stimulated with LPS for 18 h. Culture supernatants were harvested and analyzed for cytokine
ELISA. The data are representative of four 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). SC, Scramble peptide.
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The THP-1-Flag-p47phox and Raw264.7-Flag-p47phox cells were
pretreated with different concentrations of SPG-SC or various SPG-
SH3 peptides for 1 h and were then stimulated with LPS/TLR4 for
30 min. Next, IP on the Flag-p47phox complexes and immuno-
blotting with various antibodies were performed. The p47phox-
mediated NOX interaction and assembly were markedly sup-
pressed upon treatment with the SPG-SH3 peptide, but not with
the SPG-SC peptide (Fig. 5B and Supplementary Fig. 6C). In addition,
treatment with the SPG-SH3 peptides dramatically suppressed LPS-
induced superoxide anion production (data not shown), NOX ac-
tivity, and NF-kB-luciferase promoter activity in cells expressing
vector or p47phox (Fig. 5C and D and Supplementary Fig. 6D). These
effects were concentration-dependent. NOX signaling is known to
regulate pro-inflammatory cytokine expression [16,17]. Given this
information, the Raw264.7 or J774A.1 cells were subjected to LPS/
TLR4 or NLRP3 inflammasome inducer treatment in the presence of
various concentrations of SPG-SC or SPG-SH3 peptides. The su-
pernatants were collected for cytokine analysis. Treatment with the
SPG-SH3 peptides, but not with the SPG-SC peptide, dramatically
abolished the production of pro-inflammatory cytokines (Fig. 5E
and Supplementary Fig. 6E). These results indicate that the SPG/C-
Src-SH3 peptide may be used to specifically modulate ROS-
mediated pro-inflammatory signaling induced by TLR4 and the
NLRP3 inflammasome.
3.6. The SPG-SH3 peptide protects mice from systemic sepsis

We further investigated whether the SPG/c-Src-SH3 peptide
protects mice from CLP-induced polymicrobial sepsis. First, we
tested the therapeutic efficacy of the SPG-SH3 peptide against CLP-
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induced mortality in mice. Post-treatment of CLP mice with the
SPG-SH3 peptide three times at 3, 6, and 12 h via intraperitoneal
injection resulted in 40% protection of SPG-SH3-1or SPG-SH3-2
peptide. Notably, 80% of the mice were protected from CLP-induced
deathwhen given both the SPG-SH3-1 and SPG-SH3-2 peptides at a
dose of 10 mg/kg (Fig. 6A). Consistent with the mortality data, the
NOX activity in the spleen, and serum concentrations of TNF-a, IL-6,
IL-1b, and IL-18 pro-inflammatory cytokines were significantly
attenuated in SPG-SH3 peptide-treated mice compared to those of
mice treated with vehicle. However, there were no significant dif-
ferences between the two groups with regard to the concentrations
of IL-10 and IL-4 (Fig. 6B and C). In addition, H&E staining and
semiquantitative scoring of histologic parameters demonstrated
reduced immune cell infiltration, decreased lung and spleen dam-
age, and lower expressions of iNOS and the COX-2 protein in the
Fig. 6. SPG-SH3 peptide protects mice from CLP-induced polymicrobial sepsis. (A) Schematic
(upper). The survival of the mice injected with SPG-SH3, SPG-SC or PBS was monitored for 7
compared to the CLP þ SPG-SC mice are indicated (log-rank test). (BeG) NADPH oxidase a
staining of the lung and spleen (D, n ¼ 5), splenocytes were used for IB (E and F), bacteria c
PBS. (D) Histopathology scores were obtained from H&E stained lung sections, as described in
or Actin. (F) Splenocytes were harvested and then subjected to IP with p47phox, followed b
bacteria loads in blood (left) and peritoneal fluid (middle) were evaluated. A direct killing eff
The surviving colonies were counted. The data are representative of three independent exp
Significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) compared with CLP þ SPG-SC (
spleen of mice treated with SPG-SH3 peptide (Fig. 6D and E).
Next, we testedwhether this peptide has pharmacologic activity

in vivo. The in vivo detection of NOX binding profiles and activity
might be important in search of therapeutic drugs to treat lethal
inflammatory disease. Consistent with the in vitro and in vivo data
(Figs. 5B and 6B, and Supplementary Fig. 4C), treatment with SPG-
SH3 peptidemarkedly decreased binding of p47phoxwith p67phox
or p40phox; however, it did not affect protein expression levels in
splenocytes (Fig. 6F). Because CLP-induced lethality is positively
correlated with bacterial colony counts in peripheral blood and
peritoneal fluid [7], we investigated whether SPG-SH3 peptide-
enhances bacterial clearance. Treatment of SPG-SH3 peptide into
CLP mice dramatically decreased bacterial colony counts in both
peritoneal fluid and blood (Fig. 6G). Notably, a direct killing effect of
SPG-SH3 peptide, but not the SPG-SC peptide, against bacteria was
of the CLP model treated with SPG-SH3, SPG-SC (10 mg/kg, administration i.p.), or PBS
days; mortality was measured for n ¼ 20 mice per group (lower). Statistical differences
ctivity of splenocytes (B, n ¼ 6), serum cytokine levels (C, n ¼ 5), representative H&E
ount (G, n ¼ 8) were determined at 20 h in CLP mice treated with SPG-SH3, SPG-SC, or
Methods (right). Scale bar, 200 mm. (E) Splenocytes were used for IB with iNOS, COX-2,
y IB with p67phox, p40phox, or p47phox. Actin was used as a loading control. (G) The
ect of SPG-SH3 was examined against gram-negative bacteria E. coli DH5a on LB plates.
eriments with similar results (D left, E, and F). Results are expressed as means ± SD.
B, C, D right, and G).
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observed (Fig. 6G). Taken together, these findings suggest that SPG-
SH3 peptide has therapeutic potential to ameliorate CLP-induced
sepsis.

3.7. The SPG-SH3 peptide protects mice from colitis

We further investigated whether the SPG/c-Src-SH3 peptide
protects mice from DSS-induced acute colitis. First, we tested the
therapeutic efficacy of the SPG-SH3 peptide against colitis-
induced mortality in mice. Post-treatment of mice with the
SPG-SH3 peptide (five times via intraperitoneal injection),
resulted in 65% protection of SPG-SH3-1 plus SPG-SH3-2 peptide
(Fig. 7A). Consistent with the mortality data, the SPG-SH3-1 plus
SPG-SH3-2-treated mice had significantly reduced weight loss,
clinical signs of enhanced gastrointestinal disease, NOX activity,
concentrations of TNF-a, IL-6, IL-1b, and IL-18 pro-inflammatory
Fig. 7. SPG-SH3 peptide protects mice from DSS-induced ulcerative colitis. (A) Schematic o
istration i.p.), or PBS (upper). The survival of SPG-SH3, SPG-SC or PBS-injected mice was m
Statistical differences, as compared to the DSS þ SPG-SC mice, are indicated (log-rank test)
(weight loss, stool consistency, bleeding) of indicated mice (n ¼ 15). (DeI) NADPH oxidase ac
representative H&E staining of the colon (G, n ¼ 5), and colon homogenates were used for I
PBS. (G) Histopathology scores were obtained from H&E stained colonic sections, as des
precipitated with trichloroacetic acid to concentrate proteins, then followed by IB with IL-1b,
or p47phox (I). Actin was used as a loading control. The data are representative of three in
means ± SD. Significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) compared with DS
cytokines, and MPO activity in the colonic lysate (Fig. 7BeF).
These changes were accompanied by H&E staining and semi-
quantitative scoring, which demonstrated reduced colitis
severity and lower levels of IL-1b, IL-18, and Caspase-1 protein
expression in the colon (Fig. 7G and H).

Next, we tested whether this peptide has pharmacologic ac-
tivity in vivo. The in vivo detection of NOX binding profiles and
activity might be important in the search for therapeutic drugs to
treat lethal inflammatory diseases. Consistent with the in vivo
data (Fig. 7D), treatment with the SPG-SH3 peptide markedly
decreased binding of p47phox with p67phox or p40phox; how-
ever, it did not affect protein expression levels in the colon
(Fig. 7I). Taken together, these findings suggest that the SPG-SH3
peptide has the therapeutic potential to ameliorate DSS-induced
colitis.
f the 5% DSS-induced colitis model treated with SPG-SH3, SPG-SC (10 mg/kg, admin-
onitored for 25 days. The mortality was measured for n ¼ 20 mice per group (lower).
. (B) Weight loss of the SPG- or vehicle-treated mice (n ¼ 15). (C) Clinical parameters
tivity (D, n ¼ 6), cytokine levels (E, n ¼ 5), MPO activity (F, n ¼ 5) of colon homogenates,
B (H and I) were determined at 6 days in colitis mice treated with SPG-SH3, SPG-SC, or
cribed in the Methods (right). Scale bar, 200 mm. (H and I) Colon homogenates and
IL-18, or Casapse-1 p10 (H) or IP with p47phox, followed by IB with p67phox, p40phox,
dependent experiments with similar results (G left, H, and I). Results are expressed as
S þ SPG-SC (B e F, and G right).
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4. Discussion

The central finding of this study is that SPG-specific c-Src-
derived SH3 peptide conjugated with SPG inhibits the p47phox-
mediated NOX assembly that leads to ROS production and inflam-
mation. Specifically, our data revealed that (1) the c-Src N-terminal
amino acids (aa) 91e108 and aa 121e140 sequence containing SH3
residues is functionally required for p47phox to interact with c-Src;
(2) SH3 peptides conjugate with SPG in DMSO using a series of
crosslinking; (3) the SPG-conjugated SH3 peptide specifically
blocks the p47phox-mediated NOX complex assembly without
cytotoxicity in vitro and in vivo; (4) the SPG-SH3 peptide protects
mice from polymicrobial infection and acute colitis; (5) adminis-
tration of the SPG-SH3 peptide after the initiation of sepsis actually
enhances bacterial clearance, which might offer a suitable new
therapeutic drug in the treatment of septic shock and other
microbe-mediated diseases in humans. Collectively, these obser-
vations suggest that peptide-mediated inhibition of NOX assembly
and activity may provide a unique opportunity to urgently treat
life-threatening septic shock and chronic inflammatory colitis.

Recent advances have revealed the importance of c-Src-medi-
ated hyper-inflammation in sepsis-associated acute lung injury and
colitis-associated disruption of intestinal epithelial cells
[27,40e45]. However, therapeutic interventions based on these
signaling components have not been investigated for TLR4-related
inflammatory disease and DSS-induced colitis [37]. This study is the
first to report the therapeutic potential of c-Src-derived peptides in
sepsis and colitis treatment.

Functional studies have indicated that NOX-mediated increase
production of ROS contributes to the tissue damage observed in
lethal inflammatory disorders, such as sepsis and colitis [13,17,18].
Inhibition of this enzyme represents an attractive therapeutic
target for the treatment of many diseases. In order to enforce the
proteineprotein interaction between c-Src and p47phox to disrupt
the formation of p47phox-mediated NOX signaling complex, we
established a technique to create an SPG complex that delivers the
c-Src SH3 peptides efficiently to the macrophages. An SPG-based
drug delivery system was formed using antisense ODN, poly(C),
and poly (dA). This system was used to deliver functional ODNs as
antisense DNA and siRNA via a combination of hydrogen bonding
and hydrophobic interactions [19,21,22,35]. It is advantageous to
use SPG, because its molecular characteristics are well understood
[46,47]. In addition, medical-grade SPG is available, it is biode-
gradable and soluble polysaccharide can be extracted from the
herbal medicine S. commune. Furthermore, the complex can be
recognized by Dectin-1 on phagocytes and non-phagocytes, and
taken up [23e25]. Several studies have reported that achieved
efficient gene silencing in animal models of fulminant hepatitis and
IBD [19,22,35]. Our results have further expanded the role and
concept of SPG-based target specific peptide delivery.

Specific targeting of NOX, a crucial mediator of ROS production,
can be therapeutic in lethal diseases. Identifying such signaling
molecules might lead to the development of specific targeted
therapeutic interventions. Several 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; however, these inhibitors they lack
specificity, as they also inhibit NOX homologues or other unrelated
enzymes [4,12,14,15,48]. Additionally, a recent study showed that
peptide-based inhibitors derived from gp91phox, p22phox,
p47phox, Rac1, and p67phox are useful in modulating NOX activity
[48]. Using a “peptide-walking” technique, Dahan et al. identified
peptides located in p22phox domains corresponding to amino acids
9e23, 31e45, 47e61, 85e99 and 113e127. These peptides inhibited
NOX activation in a cell-free system composed of macrophage
membranes and recombinant proteins [49]. Furthermore, Bosco
et al. performed rational design and an in silico screen to identify a
small molecule inhibitor, Phox-I1, which targets the interactive site
of p67phox with Rac GTPase, which is a necessary step of the
signaling leading to NOX2 activation [50]. Peptide inhibitors might
be more specific than small-molecule inhibitors. The main problem
with inhibitory peptides is cell delivery, but this can now be ach-
ieved by conjugated with SPG (Supplementary Fig. 7). SPG-SH3
peptide was rapidly transduced into all blood and dectin-1
expressed-organ cells from the peritoneum by the lymphatic sys-
tem to therapy's bioavailability [51e53]. Clearly, SPGwas promising
drug-delivery vector SPG such as, cell-penetrating peptides or
protein transduction domains were enhanced uptake of cells
[19,22,35,54]. Several cell-permeant TAT, polyarginine, or anten-
napedia peptides 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 [15,48]. Our results are
concordant with those of previous studies showing that the SPG-
SH3 peptide inhibits ROS production and inflammation in vitro
and in vivo. Here, we identified a novel c-Src peptide that is
involved in c-Src-p47phox binding for ROS production in epithelial
cells (NOX4 expression) and macrophages (NOX2 expression).
Taken together, our data reveal a new role for this peptide. In its
targeting of p47phox, it can regulate lethal inflammatory re-
sponses. The c-Src SH3 peptide is able to interfere with proteine-
protein interactions of the TLR4 and NLRP3 inflammasome
signaling cascade through targeting p47phox. Given this informa-
tion, our findings strongly suggest that a well-designed SPG con-
jugated peptide can be used to antagonize specific signaling
proteins and to mediate negative cross talk between different
signaling pathways. Therefore, the complex made from SPG and
peptide can be powerful therapeutic tool targeting phagocytes and
non-phagocytes in vitro and in vivo.

The other problem with SPG-SH3 peptides to intravenous
administration because of the hostile blood vessel environment for
clinical application is their stability, i.e., low bioavailability and
metabolic liability, in live organisms. Further research into new
delivery strategies will be investigated that non-peptide and new
chemical inhibitor of c-Src. We will focus on in-silico virtual ligand
screening approach combine ligand shape-based and electrostatic
similarity method or chemical libraries to screening for single
compounds that are SH3 peptide-mimetics between p47phox and
c-Src for improve the efficiency of such peptide inhibitors in vivo.
Thus, a novel SH3 mimetic-immunomodulatory therapeutic agent
is likely to provide efficient drug delivery to intravenous adminis-
tration for a broad variety of inflammatory diseases.

In summary, the observations presented here, and those of
previous studies regarding p47phox biology, have important im-
plications in the treatment of sepsis and colitis.We propose that the
SPG/SH3 peptide complex therapy is clinically meaningful as a
novel immunomodulatory therapeutic agent, because it suppresses
ROS production without causing any adverse effects in a mouse
model. Our data strongly support future research regarding the
efficacy of such peptides not only against sepsis and colitis, but also
rheumatoid arthritis and other chronic inflammatory disorders.
Moreover, our findings provide opportunities for the design and
discovery of new therapeutic drugs to treat inflammation.
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