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BACKGROUND AND PURPOSE
Sepsis is a clinical condition characterized by overwhelming systemic inflammation with high mortality rate and high
prevalence, but effective treatment is still lacking. Toll-like receptor 3 (TLR3) is an endogenous sensor, thought to regulate the
amplification of immune response during sepsis. Modulators of TLR3 have an advantage in the treatment of sepsis. Here, we
aimed to explore the mechanism of a monosubstituted 1,2-benzenediamine derivative FC-99 {N1-[(4-methoxy)methyl]-4-
methyl-1,2-benzenediamine}on modulating TLR3 expression and its therapeutic potential on mouse model of sepsis.

EXPERIMENTAL APPROACH
Cells were pretreated with FC-99 followed by poly(I:C) or IFN-α stimulation; TLR3 and other indicators were assayed. Female
C57BL/6 mice were subjected to sham or caecal ligation puncture (CLP) surgery after i.p. injection of vehicle or FC-99; serum
and tissues were collected for further experiments.

KEY RESULTS
FC-99 suppressed inflammatory response induced by poly(I:C) with no effect on cell viability or uptake of poly(I:C). FC-99
also inhibited TLR3 expression induced by not only poly(I:C) but also by exogenous IFN-α. This inhibition of FC-99 was
related to the poly(I:C)-evoked IRF3/IFN-α/JAK/STAT1 signalling pathway. In CLP-induced model of sepsis, FC-99
administration decreased mice mortality and serum levels of inflammatory factors, attenuated multiple organ dysfunction and
enhanced bacterial clearance. Accordingly, systemic and local expression of TLR3 was reduced by FC-99 in vivo.

CONCLUSION AND IMPLICATIONS
FC-99 reversed TLR3 expression and ameliorate CLP-induced sepsis in mice. Thus, FC-99 will be a potential therapeutic
candidate for sepsis.

Abbreviations
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BM-DCs, marrow-derived dendritic cells;
CCK-8, cell counting kit-8; CLP, cecal ligation puncture; DAMPs, danger-associated molecular patterns; FC-99,
N1-[(4-methoxy)methyl]-4-methyl-1,2-benzenediamine; IFNAR1, interferon-alpha/beta receptor 1; IRF3, interferon
regulatory factor 3; Q-PCR, real-time quantitative PCR; RSV, respiratory syncytial virus; siRNA, small interfering RNA;
TLR, Toll-like receptor
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Table of Links

TARGETS LIGANDS

IFNAR1, interferon α/β receptor 1 CCL5 IL-6

TLR3, Toll-like receptor 3 Eritoran Poly I:C

JAK, Janus kinase IFN-α TNF-α

This Table lists the protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and the
Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Sepsis is a serious human health problem that is associated
with a high mortality rate of 30–50% despite appropriate
therapy and advances in supportive care (Boyd, 2012). It
often occurs following a whole-body inflammatory state
caused by the immune system’s response to serious infection
or sterile infection and causes death by severe complications
such as acute lung injury (ALI) and multiple organ failure
(MOF) (Russell, 2006; Yasuda et al., 2008; Chen and Nunez,
2010; Mei et al., 2010). Since Xygris (recombinant activated
protein C) and Eritoran (an inhibitor of TLR4) were with-
drawn for their lack of clinical efficacy (Angus, 2011), there is
no FDA-approved drug for use in sepsis (Ward, 2012). Hence,
effective agents for the treatment of sepsis remain an unmet
clinical need.

The pathogenetic mechanism of sepsis is highly complex
as both infection and non-infection can trigger sepsis (Akira
et al., 2006). It is clear that microbial components from infec-
tious agents such as bacteria, fungal and viral can initiate
innate response through interacting with Toll-like receptors
(TLRs) (Ward, 2012). These TLR agonists from exogenous
pathogen components are called pathogen-associated
molecular patterns (Bianchi, 2007). However, in the case of
‘sterile infection’, endogenous factors (such as nucleic acid,
histones and heat shock protein) released from damaged
tissues or necrotic cells, serving as danger-associated molecu-
lar patterns (DAMPs), could also target TLRs and activate the
innate immune response (Chen and Nunez, 2010; Boyd,
2012). When the innate immunity is dys-regulated, the
inflammatory mediator cascade can amplify the inflamma-
tory response and develop it into severe pathophysiological
conditions, such as sepsis (Cavassani et al., 2008).

TLR3 is a member of the TLR family and plays a funda-
mental role in innate immune response. TLR3 recognizes
double-stranded RNA (dsRNA) from virus, degraded bacteria,
damaged tissues and necrotic cells (Alexopoulou et al., 2001;
Yu et al., 2010), and transmits signals via the adaptor Toll-IL-1
receptor (TIR) domain-containing adaptor molecule-1
(TICAM-1, also named TRIF) (Savva et al., 2013). Recent
studies indicated that TLR3 could serve as an endogenous
sensor of necrosis and amplify inflammatory response
(Doughty et al., 2006). Excessive or persistent TLR3 activation
was involved in the pathogenic mechanisms of sepsis and
aggravated pre-existing systemic inflammation. Meanwhile,

TLR3-deficient mice showed an increased survival rate in
caecal ligation puncture (CLP)-induced model of sepsis
(Cavassani et al., 2008).

FC-99 (C15N2OH18, whose chemical structure is shown in
Figure 1A) is a novel 1,2-benzenediamine derivative. In the
original studies, the biological activity of FC-99 was assayed
by inhibition of LPS-induced NO production in RAW264.7
cells. However, the effect of FC-99 on poly(I:C)-induced TLR3
signal was not tested. Here, we have shown that FC-99 exhib-
ited an inhibitory effect on the inflammatory response

Figure 1
The chemical structure of FC-99 and its effect on peritoneal mac-
rophage viability. (A), the chemical structure of FC-99. In (B), peri-
toneal macrophages were treated with various concentrations of
FC-99 for 24 h or (C) with FC-99 at 50 μM for the indicated time
periods. Cell viability was measured by the CCK-8 kit assay. Data are
means ± SEM. n = 5 in each condition. ***P < 0.001 versus control.
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induced by poly(I:C), a synthetic dsRNA,, and on TLR3
expression. Thus, we assumed that FC-99 could serve as a
modulator of TLR3 and be used in the treatment of sepsis. To
elucidate the mechanism of action of FC-99 in sepsis, we used
the model of sepsis induced by CLP in mice Our data showed
that FC-99 reduced the serum level of inflammatory factors,
improved multiple organ dysfunction, enhanced bacterial
clearance and improved survival. Of note, FC-99 suppressed
TLR3 expression both in vitro and in vivo. This inhibition by
FC-99 was related to the poly(I:C)-evoked IRF3/IFN-α/JAK/
STAT1 signalling pathway and contributed to the ameliora-
tion of CLP-induced sepsis. Our findings suggest that FC-99
may be a potential therapeutic candidate for sepsis.

Methods

Mice and CLP model
All animal welfare and experimental procedures were in strict
accordance with the Research Ethics Committee of Nanjing
University. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 180 animals were used in the experi-
ments described here.

Specific pathogen-free, female C57BL/6 mice (aged 8–10
weeks) were purchased from Model Animal Genetics Research
Center of Nanjing University (Nanjing, China). Vehicle
(DMSO-containing saline) or FC-99 was administered
(100 mg·kg−1) i.p. to mice 2 h before CLP surgery. For polymi-
crobial sepsis, mice were anaesthetized with 200 mg·kg−1 keta-
mine and 10 mg·kg−1 xylazine by i.p. injection. Under aseptic
conditions, mice were subjected to sham or CLP surgery as
previously described (Zhao et al., 2013). After 24 h, all mice
were anaesthetized, bled and killed, and the lung, liver and
kidney were collected and fixed for haematoxylin and eosin
(H&E) staining or stored at −80°C for further analysis. Perito-
neal lavage fluids were harvested and serially diluted, and the
bacterial colonies in these fluids were determined by plating
on agar plates and incubated at 37°C overnight. In a separate
experiment, groups in the same conditions were monitored
for survival over 6 days. Animals exhibiting extreme morbid-
ity were killed.

Cell cultures
The mouse macrophage cell line RAW264.7 purchased from
ATCC (American Type Culture Collection, Manassas, VA, USA)
were cultured in DMEM containing 10% heat-inactivated FBS.
Thioglycolate-elicited mouse peritoneal macrophages, mouse
bone marrow-derived dendritic cells (BM-DCs) and spleno-
cytes were prepared as described before (Liu et al., 2008; Xie
et al., 2011; Coquery et al., 2012) and maintained in RPMI
1640 supplemented with 10% FBS for further culture.

Cell viability assay
The cytotoxicity of FC-99 was determined using the CCK-8
kit, according to the manufacturer’s protocol. The average
optical density formed in control was taken as 100% viability,
and the results were expressed as a percentage of the control.

Flow cytometry
Peritoneal macrophages from normal mice were treated with
FC-99 for 2 h before poly(I:C) stimulation. After treatment,
cells were collected and blocked by CD16/32 and then
stained with PE-F4/80. After fixation and permeabilization,
cells were incubated with APC-conjugated anti-TLR3. For in
vivo, splenic cells from different treated groups were collected.
After being blocked with CD16/32, cells were stained with
PE-CD11b. Then cells were fixed, permeabilized and stained
with APC-TLR3. All stained cells were analysed using a BD
FACS Calibur flow cytometer (Bedford, MA, USA).

Small interfering RNA (siRNA) knockdown
For silencing of IFN-α/β receptor 1 (IFNAR1, NM_010508.2),
siRNA knockdown was performed in RAW264.7 cells
using siRNA duplexes purchased from Ribobio (Guangzhou,
China). The negative control siRNA (scrambled siRNA) was
provided by Ribobio. The three independent oligonucleotides
designed for the IFNAR1 were as follows: for 01, 5′-GGAAU
GAGGUUGAUCCGUU dTdT-3′; for 02, 5′-CCAAUACCAACC
UGUGCAA dTdT-3′; and for 03, 5′-GCACAUGUGAUGGACU
CAA dTdT-3′. RAW264.7 cells were transfected by electropora-
tion using Cell Line Nucleofector Kit V (Lonza, Basel, Switzer-
land) and program D-32 of Amaxa Nucleofector (Amaxa,
Cologne, Germany) according to the manufacturer’s protocol.
Cells were then recovered for 48 h and the silencing effect of
siRNA was detected by real-time quantitative PCR (Q-PCR).

Reverse transcription and Q-PCR
Total RNA was isolated following the manufacturer’s instruc-
tions. Then, 1 μg of RNA was reverse-transcribed in a 20 μL
system using a Revert Aid First-Strand cDNA Synthesis kit
(Fermentas, Vilnius, Lithuania). Subsequently, 1 μL comple-
mentary DNA was used as the template for the Q-PCR, which
was performed using SybrGreen PCR Master Mix (with Rox)
(Invitrogen) and 7300 Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA). The relative expression levels
of the target genes against that of the GAPDH was calculated
as 2-ΔΔCt according to the manufacture’s specification. The
sequences of primers were as follows: TLR3 forward
5′-TGCCAAATACTCCCTTTGTTGAA-3′ and reverse 5′-CCC
GTTCCCAACTTTGTAGATG-3′. IFN-α forward 5′-TGTGACC
TGCCTCAGACTCATAAC-3′ and reverse 5′-AATCCAAAGT
CCTTCCTGTCCTTCA-3′. TNF-α forward 5′-CCCTCACAC
TCAGATCATCTTCT-3′ and reverse 5′-GCTACGACGTGGGC
TACAG-3′. IL-6 forward 5′-TAGTCCTTCCTACCCCAATTTCC-
3′ and reverse 5′-TTGGTCCTTAGCCACTCCTTC-3′. CCL-5
forward 5′-GCTGCTTTGCCTACCTCTCC-3′ and reverse 5′-
TCGAGTGACAAACACGACTGC-3′. IP-10 forward 5′-GTCA
TTTTCTGCCTCATCCT-3′ and reverse 5′-GAGCCCTTTTAGA
CCTTTT-3′. IFNAR1 forward 5′-GACAACTACACCCTAAAGT
GGAG-3′ and reverse 5′-GCTCTGACACGAAACTGTGTTTT-
3′. GAPDH forward 5′-GGTGAAGGTCGGTGTGAACG-3′ and
reverse 5′-CTCGCTCCTGGAAGATGGTG-3.

Western blot analysis
Western blot analysis was performed as previously described
(Gong et al., 2012). Antibodies for phospho-JNK, JNK,
phospho-ERK, ERK, phospho-P38, P38, phosphor-IκB, IκB,
phospho-IRF3, IRF3 (interferon regulatory factor 3),
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phospho-JAK1, JAK1, phospho-STAT1, STAT1, TLR3, GAPDH,
HRP-conjugated goat anti-mouse IgG and goat anti-rabbit
IgG for Western blot were ordered from Cell Signaling Tech-
nology (Danvers, MA, USA). Protein bands were visualized
using ECL Plus Western blotting detection reagents (Milli-
pore, Bedford, MA, USA). GAPDH was used as an internal
control. Each blot was a representative of three independent
experiments. Band intensity was measured using Image J
software (NIH, Bethesda, MD, USA) and the data were shown
as fold value relative to the untreated control.

Respiratory syncytial virus (RSV)
infection assay
RSV was provided by Professor Erguang Li. Human epithelial
cells A549 were pretreated with FC-99 for 2 h before infected
with RSV (MOI = 1 PFU·per cell). Fusion proteins F0 and F1 of
RSV in host cells were detected by special antibody (Santa
Cruz, CA, USA) using Western blot assay.

Cytokine/chemokine assays
Mouse peritoneal macrophage was pretreated with FC-99
(0.5, 5 and 50 μM) for 2 h before poly(I:C) stimulation for
another 24 h. Levels of TNF-α and IL-6 in the culture super-
natants were measured using ELISA kit (Biolegend, San Diego,
CA, USA) according to the manufacturer’s instructions.

For in vivo experiments, IL-6, TNF-α, CCL-5 and KC
(murine homologue of human IL-8) amounts in the serum
were measured by the Bio-Plex system (Bio-Rad, Hercules, CA,
USA) following the manufacturer’s instructions.

Measurement of biochemical markers
Serum levels of creatinine, urea nitrogen, alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST)
were measured at the biochemistry laboratory of Zhongda
Hospital (Nanjing, China).

Data analysis
Results are expressed as mean ± SEM and analysed by one-way
ANOVA followed by Bonferroni’s comparison test. Statistical
comparison between survival curves were performed using
log-rank (Mantel-Cox) test. The level of significance was set to
P < 0.05. All analyses were performed with GraphPad Prism
(GraphPad Software, San Diego, CA, USA). Each experiment
was repeated at least three times.

Materials
FC-99 {N1-[(4-methoxy)methyl]-4-methyl-1,2-benzenedia-
mine, purity ≥ 98%} was synthesized following the method in
the Supporting Information. It was dissolved in DMSO and
diluted with saline before using. DMEM, RPMI 1640 and FBS
were purchased from Gibco Inc. (Grand Island, NY, USA).
DMSO and thioglycolate were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Poly(I:C) and rhodamine-poly(I:C) were
obtained from Invitrogen (San Diego, CA, USA). Anti-mouse
CD16/32, PE-F4/80, PE-CD11b and APC-TLR3 were obtained
from eBioscience (San Diego, CA, USA). The Cell Counting
Kit-8 (CCK-8) was purchased from DojinDo Molecular Tech-
nologies (Kyushu, Japan).

Results

FC-99 inhibited inflammatory response
induced by poly(I:C) in macrophage
To identify the small compound with anti-inflammatory
activity in vitro, we assayed the inhibitory ability on the
inflammatory cytokine production induced by poly(I:C) in
peritoneal macrophage. FC-99 clearly suppressed TNF-α and
IL-6 mRNA levels at the indicated time periods (Figure 2A and
B). Furthermore, this inhibitory ability acted in a dose-
dependent manner as exhibited in protein levels (Figure 2C
and D). Similar results were also observed in poly(I:C)-
induced chemokines (Supporting Information Fig. S1).
However, this inhibition was not due to the cytotoxicity, as
the concentration and time of FC-99 used in experiments had
no effect on cell viability (Figure 1B and C), or related to the
ligand uptake by macrophage, as FC-99 did not affect the
uptake of poly(I:C) in the macrophage (Supporting Informa-
tion Fig. S2).

To clarify the underlying mechanism of FC-99 on the
macrophage, activations of ERK, JNK, P38 MAPK and IκB
induced by poly(I:C) were examined. FC-99 suppressed the
phosphorylation levels of ERK, JNK, and P38 in varying
degrees without altering the total protein (Figure 2E). Similar
results were observed in IκB phosphorylation, and accord-
ingly, poly(I:C)-induced IκB degradation was abolished by
FC-99 (Figure 2F).

FC-99 inhibited TLR3 expression induced
by poly(I:C)
FC-99 pretreatment significantly inhibited TLR3 expression
induced by poly(I:C) at the indicated time periods (Figure 3A
and B), and this inhibitory effect showed positive correlation
with the concentration of FC-99 (Figure 3C and D). Besides,
this inhibitory effect was non-specific on cell type, as evi-
denced by the results from parallel studies in RAW264.7,
BM-DCs and splenocytes (Figure 3E).

FC-99 inhibited the production of IFN-α,
which was an inducer of TLR3 expression
We assayed the effect of IFN-α on TLR3 expression in
poly(I:C)-induced mouse macrophage line RAW264.7 cells.
Induction of TLR3 by poly(I:C) occurred at 4 h (Figure 4B),
which was later than IFN-α-evoked time point (Figure 4A).
siRNA for IFNAR1 was used in RAW264.7 cells. Si-IFNAR1-01
was chosen for further test because of its significant reduction
in the level of IFNAR1 mRNA (Figure 4C). TLR3 was induced
after poly(I:C) stimulation in the presence of negative control
(NC-control), but this was suppressed when siIFNAR1-01 was
present (Figure 4D). These data indicated that poly(I:C)-
induced TLR3 expression relied upon the IFN-α. However, the
IFN-α production induced by poly(I:C) was significantly
inhibited by FC-99 (Figure 4E), and accordingly, the IRF3
phosphorylation was suppressed (Figure 4F).

FC-99 decreased TLR3 expression induced by
exogenous IFN-α
Exogenous IFN-α was used to identify whether the inhibitory
effect of FC-99 was unique on the poly(I:C)-induced signal.
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Figure 2
FC-99 inhibited the inflammatory response induced by poly(I:C). Peritoneal macrophages were pretreated with FC-99 for 2 h before 25 μg·mL−1

poly(I:C) stimulation for the indicated time periods; TNF-α and IL-6 levels were measured by Q-PCR (A, B, n = 4) or ELISA (C,D, n = 4). (E, F) Protein
levels of phospho-ERK, ERK, phospho-JNK, JNK, phospho-P38, P38, phospho-IκB, IκB and GAPDH were measured by Western blot, and a
representative of three independent experiments is given. Histograms showed the relative band intensity of Western blot from three independent
experiments. The data are means ± SEM. ***P < 0.001 versus control; ###P < 0.001 versus poly(I:C) treated alone.
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Figure 3
FC-99 suppressed TLR3 expression induced by poly(I:C) in vitro. (A) Peritoneal macrophages were pretreated with FC-99 for 2 h and exposed to
25 μg·mL−1 poly(I:C) for the indicated time periods. TLR3 expression was measured by flow cytometry. Shaded grey, isotype control; red line,
treated with poly(I:C); blue line, treated with FC-99 and poly(I:C). In (B), the MFI calculated from the histogram. n = 5 in each condition. *P <
0.05, **P < 0.01, ***P < 0.001. (C) Peritoneal macrophages were pretreated with FC-99 for 2 h and exposed to 25 μg·mL−1 poly(I:C) for another
6 h (up, mRNA level) or 24 h (down, protein level) and TLR3 expression in different levels were measured by Q-PCR (n = 4) or Western blot. (D)
Histogram shows the relative band intensity of Western blot from three independent experiments. (E) RAW264.7, BM-DCs and splenocytes were
pretreated with FC-99 for 2 h and exposed to 25 μg·mL−1 poly(I:C) for another 6 h. TLR3 mRNA levels were measured by Q-PCR (n = 4). Data are
means ± SEM. *P < 0.05, ***P < 0.001 versus control; #P < 0.05, ##P < 0.01, ###P < 0.001 versus poly(I:C) treated alone.
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Figure 4
TLR3 expression was induced by IFN-α via IFNAR1, whereas FC-99 inhibited the poly(I:C)-induced IFN-α via IRF3. RAW264.7 cells were treated with
25 μg·mL−1 poly(I:C) for the indicated time periods, mRNA levels of IFN-α (A) and TLR3 (B) were measured by Q-PCR (n = 4). *P < 0.05, **P < 0.01,
***P < 0.001 versus control. (C) RAW264.7 cells were transfected with control siRNA (si-NC) or siRNA targeting IFNAR1 (siIFNAR1) for a total of 48 h
and IFNAR1 mRNA levels were determined by Q-PCR (n = 4). (D) After transfected for 48 h, cells were treated with 25 μg·mL−1 poly(I:C) for 6 h and
TLR3 mRNA were measured by Q-PCR (n = 4). RAW264.7 were pretreated with FC-99 for 2 h before 25 μg·mL−1 poly(I:C) stimulation for the indicated
time periods. (E) IFN-α mRNA levels were tested by Q-PCR (n = 4). (F) Protein levels of phospho-IRF3, IRF3 and GAPDH were tested by Western blot.
Histogram showed the relative band intensity from three independent experiments. The data are means ± SEM. **P < 0.01, ***P < 0.001.
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FC-99 inhibited TLR3 expression induced by exogenous
IFN-α (Figure 5A and B). Accordingly, FC-99 suppressed the
phosphorylation of IFN-α-stimulated STAT1 at 1 h (the
appropriate time for phosphorylation of STAT1) without
alteration in STAT1 total protein (Figure 5C). Similar results
were observed in the phosphorylation of JAK1 (Figure 5D).
Above all, our data suggest that FC-99 inhibited TLR3
through a poly(I:C)-evoked IRF3/IFN-α/JAK/STAT1 signalling
pathway.

FC-99 inhibited RSV replication in host cells
We used RSV to infect human epithelial cell line A549 to
examine the effect of FC-99 on virus replication. A reduction
expression in RSV-F0/F1 protein (subtypes of the RSV-fusion
protein) at the indicated time periods suggested that FC-99
reduced the replication of RSV in A549 cell line (Figure 6).

FC-99 attenuated CLP-induced sepsis
Now that the data showed that FC-99 reversed TLR3 expres-
sion in vitro, we used a mouse model of sepsis induced by CLP,
to elucidate its potential therapeutic effect in vivo. Biochemi-
cal indicators in serum were measured to reveal organ func-
tion. FC-99 administration significantly reduced the serum
levels of blood creatinine, urea nitrogen (indicators of renal
dysfunction), and ALT and AST (indicators of hepatic dys-
function) (Figure 7A). Histological assessment of representa-
tive lung, liver and kidney sections also revealed evidence for
multiple organ damage. Organ specimens from CLP/vehicle
group displayed significant histological abnormalities,
including (i) inflammatory infiltration, alveolar congestion
and marked thickening of alveolar walls in lung; (ii) disar-
rangement of hepatocytes and morphological alterations of
the nuclei in liver; and (iii) vacuolar degeneration and
inflammatory infiltration in kidney. These histological altera-
tions were dramatically attenuated in the CLP/FC-99 group
(Figure 7B). Besides, FC-99 reduced serum inflammatory
parameters, including IL-6, TNF-α, CCL-5 and KC (Figure 7C).
Finally, FC-99 reduced mortality (Figure 7D) and the bacterial
burden in peritoneal fluid (Figure 7E).

FC-99 inhibited TLR3 expression in the
model of sepsis
TLR3 expression was increased in splenic CD11b+ cells from
CLP mice (CLP/vehicle), whereas FC-99 markedly diminished
TLR3 expression in CLP/FC-99 group (Figure 8A and B). The
same tendency could be observed in the change of mRNA
levels in lung, liver and kidney tissue (Figure 8C–E). All data
showed that FC-99 treatment ameliorated CLP-induced sepsis
and reduced systemic and local TLR3 expression.

Discussion

Sepsis is a deadly medical condition with a whole-body
inflammatory state (Levy et al., 2003). Since Xygris and Erit-
oran were withdrawn in 2011, there was no FDA-approved
drug for sepsis (Angus, 2011; Ward, 2012). Therefore, new
drug development and more effective therapies are highly
desirable. During injury events, TLR exerts a prominent role
in response to endogenous signals provided by the host

Figure 5
FC-99 reduced the TLR3 expression induced by exogenous IFN-α via
STAT1. RAW264.7 cells (A) or peritoneal macrophage (B) was pre-
treated with FC-99 for 2 h before IFN-α (100 U·mL−1) stimulation for
another 3 h and TLR3 mRNA levels were tested by Q-PCR (n = 4). (C,
D) RAW264.7 cells were treated with IFN-α (100 U·mL−1) for the
indicated time with or without pretreatment with FC-99 for 2 h;
protein levels of phospho-STAT1, STAT1 phospho-JAK1, JAK1 and
GAPDH were tested by Western blot. Histograms show the relative
band intensity from three independent experiments. The data are
means ± SEM. ***P < 0.001 versus control; ###P < 0.001 versus IFN-α
treated alone.
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(Marshak-Rothstein, 2006). Factors released from stressed or
damaged tissues could serve as the DAMPs, which triggered
the inflammatory response via TLRs (Cavassani et al., 2008;
Ward, 2012). Exaggerated TLR signals mediated the inflam-
mation and TLR antagonists had been developed as therapeu-
tics for infectious and inflammatory diseases in clinic
(Kanzler et al., 2007; O’Neill et al., 2009). More recently,
TLR3, a TLR recognized for not only dsRNA but also endog-
enous nucleic acids from necrotic cells, had served as an
endogenous sensor of tissue necrosis independent of viral
activation (Cavassani et al., 2008). This deleterious role of
TLR3 has been shown in inflammatory and autoimmune
diseases including septic shock (Cavassani et al., 2008; Gao
et al., 2012), ALI (Murray et al., 2008) and rheumatoid arthri-
tis (Brentano et al., 2005; Kim et al., 2009). TLR3 deficiency or
specific neutralizing antibodies were explored as therapeutic
options and decreased the survival in septic shock (Cavassani
et al., 2008; Gao et al., 2012). However, gene knockout is not
feasible after a disease process has been initiated; neutralizing
antibodies are high MW substances (about 150 kDa) and
strong immunogenicity, all of which are disadvantageous to
the evaluation of therapeutic TLR blockade. Here, we discov-
ered a synthetic compound FC-99 with low MW, simple struc-
ture, stable nature and low toxicity, which significantly
decreased TLR3 expression. Furthermore, FC-99 reduced mor-
tality and moderated MOF in a clinically relevant model of
sepsis induced by CLP. This improvement was in accompa-
nied by enhanced bacterial clearance and an overall
reduction in inflammatory factors. Accordingly, local and
systemic TLR3 in vivo were suppressed by FC-99. Therefore,
down-modulation of TLR3 might represent a novel anti-
inflammatory and immune modulatory approach with
potential therapeutic applications.

Poly(I:C) is a synthetic analogue of dsRNA often used in
studies to investigate TLR3-mediated signals (Okahira et al.,
2005). After uptake by cells, poly(I:C) bound with TLR3 and
triggered TRIF recruitment. This progress resulted in varying
outcomes through different branches: one was the activation
of IRF3, leading to the production of type I IFN (Matsumoto
and Seya, 2008); another one was the activation of MAPKs
and NF-κB pathways, which were important for inflamma-
tory responses in TLR3-modulated signals (Kawai and Akira,
2006) and further caused the generation of inflammatory
cytokines. As one of the IFN-stimulated genes (ISGs), TLR3
could be induced by type I IFN through JAK/STAT1 (Heinz
et al., 2003). Our data also demonstrated that poly(I:C)-
induced TLR3 expression relied upon the type I IFN, as TLR3
expression was observed later than IFN-α, and RNA interfer-
ence for IFNAR1 (a subunit of IFN-α/β receptor) suppressed
TLR3 induced by poly(I:C). Thus, during TLR3-involved
inflammation, dsRNA from exogenous pathogen or endog-
enous injury tissue could rapidly induce expression of inflam-
matory factors and type I IFN via binding with TLR3.
Subsequently, type I IFN. released early in the process, inter-
acted with IFNAR and promoted the activation of JAK/STAT
pathway, which further enhanced TLR3 expression.
Up-regulation of TLR3 formed a key factor in the positive
feedback loop and amplified related responses. Based on this
progress, the effect of FC-99 could be deduced from three
findings. Firstly, FC-99 inhibited the expression of inflamma-
tory factors induced by poly(I:C) and this effect was related to
the suppression of phosphorylation in MAPKs and NF-κB.
Secondly, FC-99 reduced the expression of IFN-α, which
served as a stimulus for TLR3 expression. Thirdly, FC-99
inhibited IFN-α-induced TLR3 expression through suppress-
ing the phosphorylation of JAK/STAT1, and for this FC-99
suppressed TLR3-modulated positive feedback loop. The com-
bination of these actions allowed FC-99 to exhibit a marked
anti-inflammatory ability (Figure 8F).

Previous studies defined TLR3 as a major sensor against
virus in the antiviral response (Perales-Linares and
Navas-Martin, 2013). TLR3 recognizes not only dsRNA from
the dsRNA virus genomes but also dsRNA replication inter-
mediates from some ssRNA viruses such as RSV (Zhang et al.,
2007). Recent studies suggested a detrimental contribution
of TLR3 during virus infection (Le Goffic et al., 2006). TLR3
deficiency could positively affect the load of viral infection.
For example, TLR3−/− mice infected with vaccinia virus dis-
played less viral load, along with decreased morbidity com-
pared with wild-type mice (Hutchens et al., 2008). Similarly,
TLR3−/− mice infected with West Nile virus also exhibited less
viral load in the brain (Wang et al., 2004). Given that infec-
tion of RSV could up-regulate TLR3 expression (Groskreutz
et al., 2006), we used RSV to infect human epithelial cells in
order to indirectly confirm the effect of FC-99 on reversing
TLR3 expression. The result indicated that after infection,
RSV-F0/F1 protein was highly expressed in host cells,
whereas FC-99 treatment reduced the RSV-F0/F1 expression,
suggesting that replication of RSV in host cells was sup-
pressed. The point is that the exact role of TLR3 in viral
infection was still controversial with varying susceptibility
to infection and disease outcomes reported in TLR3-deficient
mice. Our data indicated that the effect of FC-99 on revers-
ing TLR3 might be involved in the inhibition of RSV

Figure 6
FC-99 inhibited RSV replication in host cells. A549 cells were pre-
treated with 50 μM FC-99 for 2 h and then infected with RSV (MOI
= 1 PFU·per cell) for the indicated time periods. Cells were harvested
and fusion proteins F0 and F1 of RSV in host cells were detected by
Western blot. Histogram shows the relative band intensity from three
independent experiments.
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replication, but we could not exclude a direct role of FC-99
on viral replication.

TLRs are a family of innate immune receptors that play an
important role during sepsis. However, the relationship
between TLRs and sepsis is still debatable. In both animal
models and septic patients, TLRs are highly expressed on
monocytes/macrophages, such as TLR2 (Tsujimoto et al.,
2005), TLR3 (Cavassani et al., 2008), TLR4 (Williams et al.,
2003) and TLR9 (Tsujimoto et al., 2006). It is more likely that
up-regulation of TLRs might be associated with the positive

feedback by continually recognizing harmful agonists
released from pathogens or host (Tsujimoto et al., 2008).
Therapeutic strategies aimed at TLRs have been implemented
even though there is no approved clinical therapy (Boyd,
2012). For example, TLR3-deficient mice were protected from
the lethal effects of sustained inflammation (Cavassani et al.,
2008). TLR9 deficiency improved CLP sepsis-induced mortal-
ity and acute kidney injury, with improvement in renal func-
tion and histology (Yasuda et al., 2008). However, knockout
of MyD88, but not TLR4, could attenuate CLP-induced acute

Figure 7
FC-99 improved survival and decreased symptoms of CLP-induced sepsis. Mice were challenged with CLP surgery after i.p. injection of FC-99
(100 mg·kg−1) or vehicle for 2 h. At 24 h after surgery, mice (n = 5 per group) were killed and the serum from each group was collected for
biochemical indexes (A) including creatinine, urea nitrogen, ALT and AST, or cytokine/chemokine (C) including IL-6, TNF-α, CCL5 and KC analysis.
(B) Lung, liver and kidney sections were subjected to H&E staining. (E) The numbers of bacterial colony forming units (CFU) in peritoneal lavage
fluids were quantified. (D) In separate experiments (n = 15 per group), the survival rate was monitored for 6 days. The data are means ± SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 versus sham/vehicle group; #P < 0.05, ##P < 0.01, ###P < 0.001 versus CLP/vehicle group.
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Figure 8
FC-99 suppressed systemic and local expression of TLR3 in CLP-induced sepsis. Mice were challenged with CLP surgery after i.p. injection of FC-99
(100 mg·kg−1) or vehicle for 2 h and killed at 24 h. (A) Splenic cells were obtained and TLR3 expression was measured by flow cytometry. (B)
Histogram shows TLR3 expression in splenic CD11b+ cells. (C–E) TLR3 mRNA expression in lung, liver and kidney tissue was quantified by Q-PCR.
(F) Schematic representation showing the mechanism of action of FC-99. The data are means ± SEM (n = 5 per group). *P < 0.05, ***P < 0.001
versus sham/vehicle group; #P < 0.05, ###P < 0.001 versus CLP/vehicle group.
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kidney injury (Dear et al., 2006). In the present study, our
data showed that FC-99 suppressed TLR3-modulated inflam-
matory response and TLR3 expression both in vitro and in
vivo. In fact, FC-99 also exhibited inhibitory effects on CpG-
induced cytokines in DCs with no effect on TLR9 expression
(data were not shown). As more than one TLR are involved in
the development of sepsis, we could not exclude possible
actions of FC-99 on other TLRs, but at least, aggravation of
sepsis required a functional TLR3 signal, and inhibitory effect
of FC-99 on TLR3 provided a potential mechanism for thera-
peutic actions on CLP-induced sepsis model. Of course, FC-99
might perform other actions, in addition to inhibiting TLR3,
for treatment of sepsis and further studies would be needed to
elucidate the full biological effects of FC-99.

In summary, these data help us understand the mecha-
nismsunderlying the biological activities and pharmacologi-
cal use of FC-99. The ability of FC-99 to reverse TLR3
expression may account for its marked effect on the model of
sepsis. FC-99 can serve as a therapeutic clinical option for
sepsis.
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Figure S1 Inhibitory effect of FC-99 on poly(I:C)-induced
chemokines. Peritoneal macrophages were pretreated with
FC-99 for 2 h before poly(I:C)-25 μg·mL−1 stimulation for the
indicated time points (8 h in C and 4 h in D), the amounts
of CCL5 and IP-10 were measured by Q-PCR. The data are
means ± SEM (n = 4). ***P < 0.001 compared with control;
#P < 0.05, ##P < 0.01, ###P < 0.001 compared with poly(I:C)
alone.
Figure S2 FC-99 had no effect on uptake of poly(I:C) by
macrophage. Peritoneal macrophages were incubated with
poly(I:C) conjugated with rhodamine [rho-poly(I:C)] for the
indicated time periods (A), or cells were pretreated with FC-99
(50 μM) for 2 h before incubated with rho-poly(I:C) for
another 16 h (B), and then detected by flow cytometry for the
mean fluorescent intensity (MFI) of intracellular rhodamine.
The data are means ± SEM (n = 4). ***P < 0.001 compared with
the indicated group.
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