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A B S T R A C T   

Sepsis is a systemic inflammatory response syndrome caused by bacterial infection. The sepsis therapy has 
involved prescription of adequate antibiotics, requiring several days to determine the proper type without 
reducing the inflammatory response. Thus, it is necessary to rapidly decrease fundamental inflammation, which 
can induce serious organ damage. In the inflammatory mechanism, tumor necrosis factor-alpha (TNF-α) pro-
duced by macrophages has an important role in infiltration of macrophages into infected sites and as a trigger for 
secretion of pro-inflammatory cytokines. However, commercialized TNF-α antibody medicines have limits such 
as fibrosis, cytokine storms, and high production costs. There is a growing need for anti-inflammatory sepsis 
treatment free from side effects. For this reason, TNF-α converting enzyme (TACE) could be an innovative target 
to break the positive feedback loop of inflammatory mediators (TNF-α) since it converts the inactive TNF-α 
membrane bound form to the activated soluble form in macrophages. A non-viral gene delivery system was 
developed in this study to deliver siRNA into inflammation-mediated macrophages without toxicity. The peptide- 
based gene carrier created by conjugating positively-charged nine arginine (9R) and the TKPR (Thr-Lys-Pro-Arg) 
sequence from the Fc region of Immunoglobulin G (IgG) specifically binds to the neuropilin-1 (NRP-1) receptor 
on the macrophage surface. Our results demonstrated that siTACE/TKPR-9R complexes were internalized in 
macrophages and successfully down-regulated TACE mRNA level. Finally, RNA interference with cell-targeted 
peptide carriers indicates a fundamental therapy for acute inflammatory sepsis free of off-target effects.   

1. Introduction 

Systemic inflammatory sepsis has become a worldwide issue that 
annually results in high mortality rate, accounting for about 20% of 
global fatalities [1]. Acute and severe inflammatory reactions in sepsis 
are caused by infection of gram-negative bacteria releasing an endotoxin 
such as lipopolysaccharide [2]. Administration of antibiotics (such as 
ceftazidime) is a typical treatment for septic patients after verification 
tests identify the kinds of bacteria, which can take up to multiple days 
[3,4]. This method cannot remove the endotoxins produced from bac-
teria in the bloodstream and organs. Moreover, only antibiotic treatment 
cannot prevent the inflammatory reaction at a molecular level. Although 
activated protein C (APC) is the only FDA-approved drug for sepsis 
treatment that promotes thrombolysis and suppresses thrombosis gen-
eration and inflammation, it has a high bleeding rate and cause prob-
lems for patients who have immunocompromising diseases or who 
require renal dialysis [5,6]. Therefore, it is urgent and crucial to develop 

innovative synergistic treatments that simultaneously provide anti- 
inflammatory reactions and antibacterial effects. 

Sepsis is caused by several bacterial pathogens that invade a 
damaged organ to induce systemic inflammatory reactions through 
excessive production of pro-inflammatory cytokines that lead to exten-
sive damage in tissues [7–9]. Continuous secretion of inflammatory 
mediators including cytokines, chemokines, and nitric oxide (NO) can 
trigger activation and differentiation of monocytes [10,11]. NO partic-
ularly increases the permeability of blood vessels with strong vascular 
expansion, resulting in coagulation disorders [12]. In addition, up- 
regulation of chemokine, intercellular adhesion molecule-1 (ICAM-1), 
and vascular cell adhesion molecule-1 (VCAM-1), which is increased by 
tumor necrosis factor-α (TNF-α), strengthens the affinity for neutrophils, 
leading to tissue damage through production of free radicals and pro-
teases [13,14]. 

Recent studies on sepsis therapies have demonstrated the importance 
of immuno-regulating substances to prevent organ failure by 
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suppressing hyperactive inflammatory reactions as well as antibiotics to 
directly eliminate bacteria. Combining anti-inflammatory treatments 
and antibiotics can synergistically treat severe sepsis by controlling both 
anti-inflammatory and antibiotic reactions at the same time. Although 
TNF-α inhibitors such as infliximab and adalimumab gained attention 
due to therapeutic effects on diseases including inflammatory bowel 
disease (IBD), they have problems with high costs and side effects such 
as fibrosis [15,16]. 

For this reason, an RNA interference system could be a fundamental 
solution because it directly regulates the expression of target genes 
related to the inflammatory mechanism [17]. The inflammatory envi-
ronment induced by secretion of pro-inflammatory cytokines from 
macrophages increases the production of mature TNF-α converting 
enzyme (TACE) through cleavage of the N-terminal pro-domain 
[18–20]. This mature TACE can activate membrane-bound TNF-α into 
soluble TNF-α to facilitate inflammatory reactions [21]. Consequently, 
down-regulating TACE mRNA can resolve the inflammatory response 
mediated by TNF-α [22,23]. 

There are limits of gene permeation into the target cell membrane 
since both small interfering RNA (siRNA) and the cellular membrane 
have negative charges [24]. Accordingly, the positively-charged gene 
carrier and the parts binding to specific receptors on the membrane are 
required to selectively deliver siRNA to macrophages. Cell penetrating 
peptides (CPP) are short, membrane-permeable peptides of about 10–30 
units, mostly derived from a protein transduction domain (PTD) or 
membrane-translocating sequence (MTS) [25]. Previous studies since 
the 1990s have focused on CPP to deliver DNA or proteins with high 
molecular weight that cannot pass through cell membranes unassisted. 
In this study, we constructed a cell-permeable peptide with nine argi-
nines (with positive charge) and a macrophage-targeted TKPR (Thr-Lys- 
Pro-Arg) sequence specifically binding to the neuropilin-1 (NRP-1) re-
ceptor on the macrophage surface [26]. Also, Cys residues at the ter-
minal end of the peptides generated increased endosomal escape by 
disulfide formation to produce a cyclic form [27]. We demonstrated that 
the peptide-based gene delivery system achieves therapeutic effects at 
the fundamental molecular level by inhibiting major inflammatory 
cellular reactions beyond simple symptom mitigation for sepsis (Fig. 1). 

2. Materials and methods 

2.1. Materials 

Small interfering RNA-silencing TACE (siTACE) was synthesized by 
Dharmacon (USA) and purchased from SeouLin Bioscience (Seongnam, 
Korea). The sense sequence of siTACE is 5’-ACACCTGCTGCAATAGTGA- 
3′. TKPR-9R peptides consist of 15 amino acids (C-T-K-P-R-G-G-G-G-r-r- 
r-r-r-r-r-r-r-C) and were purchased from Peptron (Dajeon, Korea). Fetal 
bovine serum (FBS) and Dulbecco’s Modified Eagle’s Medium (DMEM) 
containing high glucose were purchased from WELGENE (Seoul, Korea). 
Lipopolysaccharide (LPS), lactic acid (LA), polyethyleneimine (PEI, 
branched 25 kDa form), and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyl tetrazolium bromide) solution were purchased from Sigma- 
Aldrich (St. Louis, USA). Antibodies (Anti-TACE, Anti-GAPDH) were 
purchased from Abcam (Cambridge, MA, USA). Poly(vinylidene fluo-
ride) (PVDF) transfer membranes were purchased from Millipore Sigma 
(Burlington, MA, USA). Mouse ELISA kits (TNF-α, IL-1β, MCP-1) were 
purchased from Thermofisher Scientific (USA), and mouse ELISA kits 
(IL-6) were purchased from eBioscience (USA). 

2.2. Agarose gel retardation test 

To identify the optimum ratio of TKPR-9R carrier and the siTACE 
gene of 1 μg, the two were mixed and incubated for 30 min at room 
temperature. The same weight ratio of the siTACE gene and TKPR-9R 
was used in all experimental results. After the complex was formed, 
electrophoresis was performed at 100 V for 20 min using 0.5 χ TBE 
buffer and 0.8% (w/v) agarose gel. 

2.3. Size and zeta potential 

Various weight ratios of siTACE gene and TKPR-9R peptides were 
used in the experiment to measure the mean diameter, surface zeta 
potential, and polydispersity index (PDI) of the complexes via a 
Zetasizer-Nano ZS (Malvern Instrument, Worcestershire, UK). 

Fig. 1. Schematic illustration of macrophage-targeted gene delivery system for treatment of sepsis. To prevent excessive inflammatory reaction caused by gram- 
negative bacteria, TACE mRNA level was down-regulated with siRNA. Gene carrier peptide binds to the neuropilin-1 (NRP-1) receptor on the macrophage sur-
face. Synergistic effects between complexes and antibiotics were seen in septic mice. 
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2.4. Macrophage cell culture 

Raw264.7 cells (murine macrophage cell line) were purchased from 
the Korean Cell Line Bank (Seoul, Korea). DMEM supplemented with 1% 
penicillin-streptomycin (100 U/ml) and 10% FBS were used for 
Raw264.7 cell culture. The cells were incubated at 37 ◦C in a 5% CO2 
atmosphere. 

2.5. In vitro MTT assay 

Raw 264.7 cells were seed in 24-well plates and incubated for 24 h at 
37 ◦C. After treating the cells with siTACE, siTACE/PEI, or siTACE/ 
TKPR-9R for 24 h, MTT solution was added for 3 h. All media secreted 
from the cells were replaced with the same volume of DMSO to dissolve 
formazan. Then, the relative cell viability compared to that of the con-
trol group was measured using a UV/vis spectrophotometer (Tecan) at 
570 nm. 

2.6. In vitro flow cytometry analysis 

The siRNA-FAM (GenePharma, Shanghai, China) was used to pre-
pare complexes with TKPR-9R peptides. Raw 264.7 cells were treated 
with siRNA-FAM/TKPR-9R complexes for 2 h after treatment with free 
TKPR-9R peptide. After the cells were washed twice with PBS, they were 
analyzed using FACS Calibur (BD Biosciences, USA). 

2.7. RNA isolation and Tace mRNA downregulation 

Raw 264.7 cells were seeded and stabilized on 12-well plates for 24 
h. To differentiate inflammatory macrophages, cells were treated with 1 
μg/ml of LPS for 1 h except for the control group. After 24 h treatment 
with siTACE/TKPR-9R complexes, total RNA was isolated from the cells 
of each group using RNeasy mini kits (Qiagen), and cDNA was synthe-
sized via iScript cDNA synthesis kits (Bio-Rad, Hercules, CA, USA). The 
endogenous control was mouse GAPDH. The Tace mRNA level was 
calculated by the ΔΔCt method and compared to the Gapdh level. 

2.8. Protein isolation and measurement of pro-inflammatory cytokine 
level 

Following seeding (Raw 264.7 cells in 12-well plates for 24 h), the 
cells were treated with 1 μg/ml of LPS for 1 h except for the control 
group and the LA group. After 24 h treatment with siTACE/TKPR-9R 
complexes, culture media was obtained and centrifuged at 13000 rpm 
for 5 min at 4 ◦C. The protein expression levels of TNF-α, IL-6, and MCP- 
1 in the supernatant samples were measured using ELISA kits. 

2.9. CLP-induced septic mouse model 

C57BL/6 mice (6-week-old females) were used for the cecal ligation 
and puncture (CLP)-induced sepsis model. Before CLP surgery, 2,2,2-tri-
bromoethanol (250 mg/kg) was intraperitoneally injected as anesthesia. 
Incision (1–1.5 cm) was made in the left side of the abdomen, and the 
cecum was pulled out carefully. To induce moderate sepsis, the half 
point of the cecum was ligated with a 4–0 black silk suture, and 2 
punctures were made with a 26-gauge needle. To confirm proper 
puncture, we gently pressed the ligated cecum and watched the feces 
flowed out from the punctures. The ligated cecum was returned to the 
original position, and the incision was closed using a 4–0 black silk su-
ture. Additionally, room temperature normal saline was administered 
when the incision was closed. The siTACE/TKPR-9R was intravenously 
injected via the tail vein injection method after wiping with 70% 
ethanol. The siTACE/TKPR-9R complex (siTACE: 1 mg/kg) was injected 
into each mouse. Blood samples, peritoneal fluid, and organs (liver, 
spleen, lung, and kidney) were harvested 24 h after injection. All ani-
mals were maintained in a pathogen-free environment. 

For bacterial infection, E. coli (Serotype O86:K61 (B7) and 
P. aeruginosa (ATCC 10145) were grown in brain− heart-infusion (BHI) 
broth medium (BD) at 37 ◦C. For all assays, mid log-phase bacteria 
(absorbance, 0.5) were used. Batch cultures were aliquoted and stored at 
− 80 ◦C. Representative vials of bacteria were thawed and enumerated to 
calculate the viable colony-forming units (CFU) on BHI agar (BD). The 
effective concentration of LPS was <50 pg/mL in experiments with a 
bacterium-to-cell ratio of 10:1. All infection experimental procedures 
were reviewed and approved by the Institutional Biosafety Committees 
of Hanyang University (Protocol 2014–01). 

All animal experimental procedures were reviewed and approved by 
the Institutional Animal Care and Use Committee of Hanyang University 
(protocol 2019–0081). 

2.10. Measurement of survival rate 

Survival rate analysis was performed to investigate the attenuating 
effect of siTACE/TKPR-9R on mortality caused by CLP surgery. Six- 
week-old female C57BL/6 mice were treated with normal saline (n =
15), siTACE/TKPR-9R (siTACE gene: 1 mg/kg) via intravenous injection 
(n = 15), and antibiotics (Gentamicin: 8 mg/kg, Cephalosporin: 8 mg/ 
kg) via intraperitoneal injection (n = 15). There was an additional group 
treated with both siTACE/TKPR-9R and antibiotics (Gentamicin: 8 mg/ 
kg, Cephalosporin: 8 mg/kg) (n = 16) [3]. The injection was performed 
once right after CLP surgery. Survival rates were monitored twice a day 
for 5 days, and survival rates were calculated using Kaplan-Meier sur-
vival analysis. 

2.11. Hematoxylin and eosin staining and clinical score 

For immunohistochemistry, mouse kidneys, lungs, livers, and 
spleens were harvested and fixed in 10% formalin at room temperature. 
The tissues were embedded in paraffin, sectioned, and stained with 
hematoxylin and eosin (H&E). Histopathologic score was graded based 
on the number of inflammatory cells and their distribution in the tissues 
(score, 0–3): 0, no signs of inflammation; 1, mild inflammation, in-
flammatory cells permeated into the perivascular/peribronchiolar 
compartment; 2, moderate inflammation, inflammatory cells permeated 
into the perivascular/peribronchiolar space with modest extension into 
the alveolar parenchyma; 3, severe inflammation, inflammatory cells 
permeated into the perivascular/peribronchiolar space, with a greater 
magnitude of inflammatory foci found in the alveolar parenchyma. 
Histological scores were graded by the pathologist blinded to experi-
mental group. The histological scores were gathered, and averages were 
calculated, ranging from 0 (no inflammation) to 3 (severe 
inflammation). 

2.12. Ex vivo analysis of TACE protein level via western blot 

Tissues were harvested after perfusing 5 ml PBS through the left 
ventricle and were homogenized in diluted Reporter lysis 5× buffer 
(Promega, USA) with 0.1 mM PMSF protease inhibitor (Thermofisher, 
USA). Homogenized lysates were centrifuged at 16,800 rpm at 4 ◦C for 
30 min. After collecting the supernatant, the PBS-diluted sample was 
mixed with Laemmli buffer (5 mM dithiothreitol), boiled for 10 min, and 
loaded into 10% SDS-PAGE gels. After electrophoresis, protein in the gel 
was transferred to a polyvinylidene fluoride membrane (Millipore, 
Billerica, MA) using a Trans-Blot Turbo Transfer System (Bio-Rad). Anti- 
TACE antibody and anti-rabbit IgG antibody-HRP were used for 
immunodetection. 

2.13. Ex vivo analysis of Tnf-α mRNA level via qPCR 

Harvested tissue was homogenized in RLT buffer (Qiagen). Total 
RNA was isolated from the tissues of each group using a RNeasy mini kit 
(Qiagen, Hilden, Germany), and cDNA was obtained by synthesis via an 

J. Lee et al.                                                                                                                                                                                                                                       



Journal of Controlled Release 336 (2021) 344–353

347

iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). The forward 
and reverse primers for mouse GAPDH were 5’-CACATTGGGGGTAG-
GAACAC-3′ and 5’-AACTTTGGCATTGTGGAAGG-3′, respectively. The 
forward and reverse primers for mouse TACE were 5’-GTACGTC-
GATGCAGAGCAAA-3′ and 5’-AAACCAGAACAGACCCAACG-3′, respec-
tively, and the forward and reverse primers for mouse TNF-α were 5’- 
TCTCATGCACCACCATCAAGGACT-3′ and 5’-ACCACTCTCCCTTTGCA-
GAACTCA-3′. The endogenous control was mouse GAPDH, and the Tnf-α 
mRNA level was calculated by the ΔΔCt method compared to the level of 
Gapdh. 

2.14. In vivo analysis of pro-inflammatory cytokines via ELSIA 

Whole bloods were collected from right ventricles of mice in steril-
ized tubes. Tubes were incubated at room temperature for 30 min to 
form a blood clot. Serum was collected after centrifugation (1500 ×g) at 
4 ◦C for 10 min. The relative expression levels of proteins (TNF-α, IL-1β, 
IL-6, MCP-1) were measured using ELISA kits. 

2.15. Ex vivo biodistribution 

The siRNA-Cy5 was used to prepare complexes with TKPR-9R. 
Normal mice and CLP-induced septic mice were intravenously injected 
with the complexes. After sacrificing mice, Cy5 fluorescence intensity 
was measured in the lung, heart, kidney, spleen, and liver at 1 h, 4 h, and 
24 h using a VISQUE InVivo Smart Fluorescence device (Vieworks Co, 
Korea) at the Korea Basic Science Institute (Chuncheon, Korea). 

3. Results 

3.1. Physicochemical characterization and in vitro macrophage 
targetability of siTACE/TKPR-9R complexes 

For effective gene therapy, the therapeutic gene must be delivered 
and expressed in the target cells. However, both therapeutic siRNA and 
the cell membrane are composed of negative charges, making it difficult 
to transduce the gene into the macrophages. Accordingly, character-
ization experiments were conducted to optimize the weight ratio of the 
siTACE/TKPR-9R complexes. After incubating siTACE and TKPR-9R in 
deionized water for 30 min, an agarose gel retardation test was carried 
out to determine whether the siTACE/TKPR-9R complexes were 
condensed and stabilized (Fig. 2A). Stable formation of siTACE/TKPR- 
9R complexes was confirmed at a ratio of 1 or higher. On the other 
hand, siRNA from the groups with a weight ratio less than 1 shifted 
down from the top of the agarose gel due to the ionic repulsion force. 
The siTACE/TKPR-9R complex at a weight ratio of 4 showed positive 
surface charge with a 32.2 (±7.2) mV zeta potential and nano-complex 
size of 313.7 nm (±72.45) and polydispersity index (PDI) value of 0.208 
(Fig. 2B and Fig. 2C and Fig. S1B). Even sizes of complexes (weight ratio 
of 5 and 6) seem decreased then weight ratio of 4, each polydispersity 
index of complexes increased to 0.486 (weight ratio of 5) and 0.384 
(weight ratio of 6) in Fig. S1A and S1B. Taken together, complexes with 
a weight ratio of 5 or higher seemed to condense well due to excessive 
positive charges of arginine, but some of complexes aggregated due to 
high TKPR-9R concentration. 

After 24 h incubation of siTACE/TKPR-9R (optimum weight ratio of 
4), the mean diameter and surface zeta potential were maintained, and 

Fig. 2. Physicochemical characterization. 
(A) Gel retardation assay. The siTACE was combined with various weight ratios of TKPR-9R peptide-based carrier by incubating for 30 min at room temperature. (B) 
Surface zeta potential, (C) Mean diameter of siTACE/TKPR-9R complexes measured by dynamic light scattering. (D) Cell viability was measured by MTT assay after 
treatment of siTACE/TKPR-9R complexes (weight ratios of 1, 2, 3, 4) in Raw 264.7cells (n = 8). The data are expressed as mean ± S⋅D. in B, C and D. ‘+’ in the 3rd 
row indicates 1 μg, and ‘++’ and ‘+++’ indicate 1.5 μg and 2 μg of TKPR-9R, respectively. (E) In vitro macrophage-targeted effect study of TKPR-9R. Competition 
assay in LPS-induced inflammatory Raw 264.7 macrophages between free TKPR-9R and siRNA/TKPR-9R (weight ratio of 4) complexes were conducted by flow 
cytometry using FAM-conjugated siRNA. 
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the sizes were well dispersed with PDI value of 0.158 at the optimum 
ratio of 4 (Fig. S1F, S1G, S1H). In addition, the optimum weight ratio of 
4 showed a non-toxic effect on the Raw264.7 cells, indicating that TKPR- 
9R peptides are safer than PEI (Fig. 2D). The cellular uptake of the 
siRNA-FAM/TKPR-9R complex (weight ratio of 4) was higher than that 
of the complex at a weight ratio of 3 (Fig. S1D). In addition, a compe-
tition assay using free TKPR peptides was performed (Fig. 2E) to verify 
the macrophage-specific targeting ability of TKPR-9R. Raw264.7 were 
activated by LPS for 2 h. After activation, free TKPR peptides were 
incubated for 1 h to block receptors on the macrophage. The siRNA 
alone did not show a shift in fluorescence intensity when NRP-1 re-
ceptors were blocked. However, the mean fluorescence intensity (MFI) 
of complexes was significantly decreased when the receptor was occu-
pied with free TKPR. As a result, the cellular uptake of siRNA was 
mediated by TKPR, which directly binds the receptors on the macro-
phages. Consequently, activated macrophages having NRP-1 receptors 
in inflamed tissue can be targeted specifically through TKPR sequence of 
peptides. Moreover, the siTACE/TKPR-9R complexes were efficiently 
internalized into the cytosol of Raw 264.7 cells (Fig. S2). 

3.2. In vitro Tace gene silencing effect of siTACE/TKPR-9R complexes in 
the murine macrophage raw 264.7 cell line 

TKPR-mediated delivery of siTACE showed inhibition of TACE in 
inflammatory macrophages. Transcription of the Tace gene was signif-
icantly inhibited when using cationic polymer or peptides (Fig. 3A). 
However, PEI showed high cellular cytotoxicity [28], and its off-target 
effects can result in serious failure in sepsis treatment. In contrast, 
TKPR-9R revealed a high survival rate in Raw 264.7 macrophage cells 
and better transcription inhibition of TACE without toxicity (Fig. 2D). 
Expression of TNF-α also decreased in a dose-dependent manner 
(Fig. 3B). To compare the TNF-α expression level between pro- 
inflammatory and anti-inflammatory macrophages, LA was used as M2 
type-macrophage polarization [29]. The high dose of siTACE/TKPR-9R 
complexes up-regulated the degradation of TNF-α protein, resulting in 
similar protein level to that of the LA-treated group, which differentiates 
monocytes to M2 phenotype macrophages. Even siRNA without the 
TKPR-9R carrier showed inhibition of TNF-α in a dose-dependent 
manner, but it was not as efficient as the siTACE/TKPR-9R complexes. 
Furthermore, quantitative protein level analysis of cytokines and che-
mokines showed down-regulated levels in the group treated with 

Fig. 3. In vitro anti-inflammatory effects of siTACE/TKPR-9R complexes. 
After lipopolysaccharide (LPS) activation in macrophages, the cells were transfected with siTACE/TKPR-9R complexes (weight ratio of 4) for 24 h. (A) The relative 
Tace mRNA level compared to that of the GAPDH was measured by quantitative real-time PCR (qRT-PCR) and normalized to the non-treated LPS group (n = 10). (B) 
Downregulation of pro-inflammatory cytokines TNF-α protein level, (C) IL-6 protein level, and (D) chemokine MCP-1 protein level secreted from the treated cell 
medium of each group were quantified using ELISA (n = 8). Data are expressed as mean ± S.D. ‘+’ in the 3rd row indicates 1 μg, and ‘++’ and ‘+++’ indicate 2 μg 
and 3 μg of siTACE in the complexes and the ‘+’ in the 4th row indicates 4 μg, ‘++’ and ‘+++’ indicate 8 μg and 12 μg of TKPR-9R in the complexes and respectively, 
in B, C, and D. Statistical differences compared to the LPS group were calculated using a one-way ANOVA with Dunnett’s test, *P < 0.05, ** P < 0.01, *** P < 0.001, 
n.s. = not significant in A, B, C, or D. 
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siTACE/TKPR-9R complexes (Fig. 3C, D). LPS activated macrophages to 
excrete a variety of pro-inflammatory cytokines and chemokine such as 
IL-6 and MCP-1 while LA attenuated the cytokines and chemokine level. 
Cytokine release from LPS-activated macrophages was inhibited in a 
dose-dependent manner by treating with siTACE/TKPR-9R complexes. 
The siTACE alone showed weak interfering effects with Tace mRNA and 
inflammatory cytokines, but siTACE/TKPR-9R complexes increased its 
efficacy dramatically. Therefore, TKPR-9R could be expected to boost 
gene silencing effects in in vivo experiments than siRNA alone. More-
over, this anti-inflammatory effect was further increased when siTACE 
genes were combined with TKPR-9R carriers, though it was insufficient 
when genes or carriers were used alone (Fig. S3). 

3.3. Combination therapy with siTACE/TKPR-9R complexes and 
antibiotics in septic mice 

The therapeutic effects of siTACE/TKPR-9R complexes were inves-
tigated in a severe septic mouse model by CLP surgery. This CLP 
modeling method is the most pathologically similar to the human clin-
ical disease (polymicrobial sepsis) as it contaminates the peritoneal 
cavity with feces and bacteria from the appendix [30]. After septic mice 
were injected intravenously with siTACE/TKPR-9R complexes (siTACE 
gene: 1 mg/kg), the protective effect was examined by monitoring the 
survival rates for 5 days in the CLP-induced sepsis model (Fig. 4A). 
While the PBS-injected control group showed a 7% survival rate, the 

Fig. 4. In vivo combination therapy for systemic sepsis with siTACE/TKPR-9R and antibiotics. 
(A) Schematic design of the cecal ligation and puncture (CLP)-induced sepsis model, I.V. injection of siTACE/TKPR-9R complexes (siTACE gene: 1 mg/kg), and I.P. 
injection of Gentamicin (8 mg/kg) and Cephalosporin (8 mg/kg). (B) The survival rate of CLP-induced septic mice from each group was monitored for 5 days (n =
15–16). Statistical differences were indicated compared to the CLP + PBS mice (long-rank test). Only one out of 15 lived and 14 died over four days in CLP + PBS 
group. (C) Hematoxylin and eosin (H&E) staining and the histopathology score of tissue sections of lung and liver at 1 day after siTACE/TKPR-9R complex treatment 
in septic mice. (D) A pathologist graded the histological scores and inflammation severity (scale bar: lung = 500 μm, liver = 200 μm). After sepsis-induced bacterial 
injection of (E) E. coli and (F) P. aeruginosa into C57BL/6 mice, siTACE/TKPR-9R (siTACE: 1 mg/kg, I.V.) and antibiotics (Gentamycin 8 mg/kg, I.P. and Cepha-
losporin 8 mg/kg, I.P.) were injected. Septic mice were treated with one injection of siTACE/TKPR-9R complexes and antibiotics in E and two injections in F. The 
survival rate of bacterial-induced septic mice from each group was monitored for 5 and 10 days (n = 8). Statistical differences were indicated compared PBS-treated 
mice (long-rank test). 
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siTACE/TKPR-9R-injected group revealed significant improvement to 
53% by attenuating the fatal inflammatory cascade (Fig. 4B). Compared 
to the group treated with antibiotics, the survival rate of siTACE/TKPR- 
9R-injected group showed only a 7% difference. The synergistic effect of 
combination treatment with antibiotics and siTACE/TKPR-9R com-
plexes was identified with survival rates as high as 73%. Consistent with 
the survival rate data, clinical improvement of siTACE/TKPR-9R com-
plexes was demonstrated by histological analysis in the tissue sections of 
lung and liver of the CLP-induced septic mice (Fig. 4C, D). Each organ 
was harvested, and the sections were stained with H&E. Pathologists 

graded the histological scores, and the septic severity in the siTACE/ 
TKPR-9R group was remarkably lower than that in the PBS group. 
Moreover, the protective effect of siTACE/TKPR-9R (siTACE gene: 1 
mg/kg) complexes was demonstrated in bacteria-induced septic mice 
injected with E. coli and P. aeruginosa (Fig. 4E). The survival rates 
significantly increased when siTACE/TKPR-9R complexes and antibi-
otics were co-administered than when antibiotics were administered 
alone. Additionally, the survival rate for two injections was higher in the 
group treated with the siTACE/TKPR-9R (siTACE gene: 1 mg/kg) and 
antibiotics (Gentamycin: 8 mg/kg, Cephalosporin: 8 mg/kg) at the same 

Fig. 5. Ex vivo anti-inflammatory effect of siTACE/TKPR-9R complexes in tissues and serum. 
(A) Down-regulation of TACE protein expression level in tissue homogenates of lung, spleen, kidney, and liver. (A), (B), (C) After CLP surgery, septic mice were 
treated with siTACE/TKPR-9R complexes (siTACE gene: 1 mg/kg, I.V.). (A) TACE protein level and (B) Tnf-α mRNA level were measured using actin and GAPDH as a 
control (n = 4). Statistical differences compared to the PBS group were calculated using a two-tailed Student’s t-test. (C) Pro-inflammatory cytokines (TNF- α, IL-1β, 
IL-6) and chemokine (MCP-1) levels from serum were measured by ELISA (n = 6). Statistical differences compared to the PBS group were calculated using a one-way 
ANOVA with Dunnett’s test, *P < 0.05, ** P < 0.01, *** P < 0.001, n.s. = not significant. (D), (E) After bacterial injection of E. coli and P. aeruginosa into mice, 
siTACE/TKPR-9R (siTACE: 1 mg/kg, I.V.) and antibiotics (Gentamycin: 8 mg/kg, I.P., Cephalosporin: 8 mg/kg, I.P.) were used as treatments. (D) Pro-inflammatory 
cytokine level in serum (n = 7). Downregulation of pro-inflammatory cytokine TNF- α protein level, IL-6 protein level, and IL-1β protein level in serum were 
quantified using ELISA. The data are expressed as mean ± S.D., *P < 0.05, ** P < 0.01, *** P < 0.001. Statistical differences compared to the PBS group were 
calculated using a one-way ANOVA with Dunnett’s test, *P < 0.05, ** P < 0.01, *** P < 0.001, n.s. = not significant. (E) The bacterial loads in serum (left) and 
peritoneal fluid (right) were measured. The antibacterial effect of antibiotics was maintained against gram-negative bacteria E. coli DH5a on LB plates even if 
administered with siTACE/TKPR-9R complexes (n = 7). The surviving bacterial colonies were counted. Statistical differences compared to the PBS group were 
calculated using a two-tailed Student’s t-test. 
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time than for a single injection (Fig. 4E, F). 

3.4. Anti-inflammatory effect of siTACE/TKPR-9R complexes against 
severe inflammation in sepsis 

To verify the anti-inflammatory effects of siTACE/TKPR-9R com-
plexes by breaking the positive feedback chain reaction of TNF- α, TACE 
levels were measured in tissue. Tissue was obtained from each mouse 
after 24 h when complexes were intravenously injected into CLP- 
induced mice. The protein level of TACE significantly decreased in 
siTACE/TKPR-9R complex-treated groups but not in the antibiotics-only 
group (Fig. 5A). Furthermore, the group treated with both complexes 
and antibiotics showed a more significant decrease in level of TACE. In 
addition, complexes affected transcription of Tnf-α genes in lung, kid-
ney, spleen, and liver (Fig. 5B). As antibiotics alone did not decrease Tnf- 
α mRNA level, soluble TNF-α protein seemed to be the main molecule 
involved in promoting itself. Decreased TACE protein in complex- 
treated groups disrupted the positive feedback loop of inflammation. 
Therefore, siTACE/TKPR-9R complexes inhibited the circulating cyto-
kine level in mice (Fig. 5C). Decrement of soluble TNF- α could alleviates 
NF-κB activation which promotes IL-6 secretion because TNF- α is an 
early cytokine in inflammatory stimulation to induce the release other 
pro-inflammatory cytokines such as IL-6 [31]. This group showed 
significantly decreased TNF-α level in the serum compared to the control 
and antibiotics-treated groups. However, IL-1β and IL-6 were reduced in 
the antibiotics group, indicating that antibiotics have synergistic effects 
with complexes on the treatment for septic inflammation. The chemo-
kine (MCP-1) level was reduced in complex-treated groups, which could 
explain down-regulation of TNF- α reduce the infiltration of inflamma-
tory macrophage cells in lung and liver (Fig. 4C, Fig. 5C). In addition, 
the spleen from septic mice was enlarged due to severe inflammation in 
the group treated with PBS or antibiotics, but the size of the spleen 
decreased in the group treated with siTACE/TKPR-9R (Fig. S4). These 
findings show that siTACE/TKPR-9R successfully interfered with TACE 
in macrophages in the tissue and inhibited TNF-α expression and 
inflammation-related cytokines and chemokine that can damage tissues. 
In addition, the group treated with siTACE/TKPR-9R complexes and 
antibiotics showed anti-inflammatory effects to down-regulate the pro- 
inflammatory cytokines (TNF-α, IL-6, IL-1β) protein levels in the 
serum from E. coli- and P. aeruginosa-injected septic mice (Fig. 5D). 

Moreover, coadministration group (siTACE/TKPR-9R and antibiotics) 
showed antibacterial effect in bacteria-induced septic mice (Fig. 5E). 
According to these results, antibiotics and complexes have different 
roles in anti-inflammatory effects. 

3.5. Macrophage-targeted effect of siRNA/TKPR-9R complexes 

To verify targeted gene delivery into macrophages in organs, the 
Cy5-conjugated-siRNA/TKPR-9R complexes were intravenously injec-
ted into normal and CLP-induced septic mice (Fig. 6A). Ex vivo bio-
distribution images represent the total fluorescence intensity 
accumulated in liver, lung, kidney, and spleen at 1 h after injection. 
While Cy5 fluorescence was mostly removed from spleen and kidney in 
normal mice after 24 h, accumulation in septic mice showed higher 
localization in the liver, spleen, and kidney. This indicates that 
recruitment of tissue-resident macrophages increases during fatal 
inflammation in sepsis. However, nano-sized complexes have targeted 
and non-targeted mechanisms in liver accumulation. Accordingly, 
macrophage internalization with siRNA/TKPR-9R complexes was 
investigated in normal mice (Fig. 6B, C). In the peritoneal cavity, siRNA- 
FAM/TKPR-9R complexes were significantly internalized by the F4/80- 
positive primary macrophage. Compared to naked siRNA-FAM group, 
siRNA-FAM/TKPR-9R complexes showed a 9.7-fold increase in fluores-
cence intensity in F4/80-positive macrophages. 

4. Discussion & conclusion 

In previous studies, recruitment of lymphocytes and macrophages in 
organs damaged by injection of bacteria were worse when pro- 
inflammatory cytokines such as TNF-α, IL-6, and IL-1β were up- 
regulated [32]. It was reported that TACE has a key role in the severe 
inflammatory reaction in macrophages of tissues and peritoneal fluids 
by triggering excessive conversion of inactive membrane-bound TNF-α 
to the soluble form [33]. Accordingly, a fundamental therapy to inhibit 
inflammatory signaling pathways is essential for the treatment for acute 
inflammatory sepsis. 

Several pharmaceutical companies have tried to develop TACE in-
hibitor drugs. However, peptide TACE inhibitors revealed hepatotoxic-
ity and risk of fibrosis due to their lack of recognition of matrix 
metalloproteinases (MMPs) [34,35]. Thus, a new, low-toxicity approach 

Fig. 6. Macrophage-targeted effect of siTACE/TKPR-9R complexes. 
(A) Ex vivo biodistribution image. Normal mice and CLP-induced septic mice were intravenously injected with siRNA-Cy5/TKPR-9R complexes and sacrificed at 1 h, 
6 h, and 24 h after treatment. (B), (C) Fluorescence intensity and relative mean fluorescence intensity (MFI) value in (B) primary macrophages (f4/80+) and (C) non- 
macrophages (f4/80-). Macrophages positive for F4/80 from the peritoneal cavity present high cellular uptake of siRNA-FAM/TKPR-9R complexes (n = 3). 
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is necessary to impede TACE. Currently, gene therapy using RNA 
interference (RNAi) is widely studied in many diseases and has been 
used in clinical applications. Recently, the FDA approved Onpattro® 
(Patisiran) using RNA interference (RNAi) as a clinical treatment for 
polyneuropathy patients with hereditary transthyretin amyloidosis, 
indicating the clinical applications of siRNA therapeutics [36]. Conse-
quently, siRNA-based gene therapy that down-regulates target genes 
that contribute to the main signaling pathway in diseases can be used in 
many clinical trials [37]. 

In this study, the peptide-based siRNA delivery system was shown to 
enhance macrophage-targeted effects by binding to the NRP-1 receptor 
on the macrophage surface [38]. Intravenously injected siRNA-FAM/ 
TKPR-9R and siRNA-Cy5/TKPR-9R complexes showed a targeting ef-
fect at peritoneal macrophages and tissue-resident macrophages in the 
lung, liver, kidney, and spleen, respectively (Fig. 6A, B). The goal was to 
identify siTACE/TKPR-9R complexes as a new anti-inflammatory plat-
form for treatment of sepsis induced by CLP surgery or E. coli and 
P. aeruginosa bacteria injection methods. These results suggest that 
siTACE/TKPR-9R complexes down-regulate pro-inflammatory cytokines 
and chemokines by inhibiting the transcription of TACE at the molecular 
level, and they confirmed that treatment with complexes decreased 
TACE and cytokine levels in tissues from septic mice. In addition, our 
results demonstrated that the anti-inflammatory effects of siTACE/ 
TKPR-9R complexes improve survival rates and histological organ 
damage. Furthermore, combination therapy with two types of antibi-
otics used in sepsis patients and siTACE/TKPR-9R complexes has shown 
anti-inflammatory effects and antibacterial efficacy. This demonstrates 
that siTACE/TKPR-9R complexes are effective not only for symptom 
relief, but as a fundamental molecular-level solution to sepsis. 

In this study, the siTACE/TKPR-9R platform aims to find synergistic 
treatment that can be administered in combination with conventional 
therapy via antibiotics to overcome the limitation of monotherapy of 
antibiotics, not to completely replace antibiotics. Antibiotics, such as 
gentamicin, may reduce the amounts of bacteria by blocking the syn-
thesis cell membrane of bacteria, but it is difficult to directly prevent 
organ damage induced by endotoxin [39]. Therefore, we developed the 
macrophages targeted therapy to fundamentally ameliorate inflamma-
tory pathway mediated by soluble TNF-a protein while complementing 
the therapeutic effects of antibiotics. It was confirmed that inflammatory 
reactions and organ damage in the lungs and liver decreased (Fig. 4C, D) 
and survival rates increased when siTACE/TKPR-9R complexes and 
antibiotics were administered simultaneously than when antibiotics 
were administered alone (Fig. 4B, E and F). 

In summary, a non-viral gene therapy with siTACE/TKPR-9R com-
plexes was proven to be an innovative sepsis treatment method using a 
macrophage-targeted gene delivery to cure severe inflammatory re-
actions. The combination treatment with anti-inflammatory gene ther-
apy and antibiotics was demonstrated as a promising drug combination 
for acute and systemic inflammation in sepsis through down-regulation 
of immoderate inflammatory mechanisms in organs, serum, and peri-
toneal fluids. Consequently, our system represents selective disease cell- 
targeted effects and anti-inflammation, overcoming the limit of anti-
biotic therapy. 
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