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E. fischeriana has long been used as a traditional Chinese medicine. Recent studies

reported that some compounds of E. fischeriana exhibited antimicrobial and immune

enhance activity. Innate immune system is essential for the immune surveillance of

inner and outer threats, initial host defense responses and immune modulation. The

role of natural drug compounds, including E. fischeriana, in innate immune regulation is

largely unknown. Here we demonstrated that E. fischeriana compound Dpo is involved

in antiviral signaling. The genome wide RNA-seq analysis revealed that the induction

of ISGs by viral infection could be synergized by Dpo. Consistently, Dpo enhanced the

antiviral immune responses and protected the mice from death during viral infection.

Dpo however was not able to rescue STING deficient mice lethality caused by HSV-1

infection. The enhancement of ISG15 by Dpo was also impaired in STING, IRF3, IRF7,

or ELF4 deficient cells, demonstrating that Dpo activates innate immune responses in a

STING/IRFs/ELF4 dependent way. The STING/IRFs/ELF4 axis is therefore important for

Dpo induced ISGs expression, and can be used by host to counteract infection.

Keywords: innate immunity, viruses, RLR signalling, STING, compound

INTRODUCTION

Virus infection poses serious threats to public health. Innate immunity is the sentinel for the host
health and is promptly activated after infection. The pattern recognition receptors (PRRs) are the
first line of innate immunity to sense the invading pathogens and other danger signals. Antiviral
immune responses are triggered after viral recognition by host PRRs, including several Toll-like
receptors (TLR3, TLR7/8, TLR9; Schulz et al., 2005; Hoshino et al., 2006), RIG-I like receptors
(RIG-I and Mda5; Yoneyama et al., 2004, 2005), and cytosolic double strand DNA (dsDNA)
receptors (DAI, IFI16, DDX41, and cGAS; Takaoka et al., 2007; Unterholzner et al., 2010; Zhang
et al., 2011; Sun et al., 2013). RIG-I like receptors recognize cytoplasmic viral RNA, and recruit
the adaptor MAVS (Mitochondrial Antiviral Signaling Protein; Seth et al., 2005; Xu et al., 2005;
Kumar et al., 2006; Liu et al., 2015). MAVS localizes on mitochondria and peroxisomes, and after
receiving danger signals from RLRs, recruits downstreammolecules to form a signal complex. This
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signal complex then triggers the activation of signaling events,
leading to the transcription of NFκB and IRF3/7-dependent
genes. STING (Stimulator of Interferon Genes Protein, also
named ERIS or MITA) was initially identified as an adaptor
protein downstream of cytosolic DNA sensing pathway (Ishikawa
and Barber, 2008; Zhong et al., 2008; Sun et al., 2009). The recent
studies showed that STING was able to recognize the secondary
message cGAMP (Cyclic GMP-AMP) synthetized by cGAS (Sun
et al., 2013). After binding with cGAMP, STING recruited TBK1
to form a signal complex, and initiated the transcription of type I
IFNs and related antiviral genes in an IRF3/7-dependent way.

The Euphorbia is the largest genus (Li et al., 2009) of
Euphorbiaceae, which is one of the largest families of higher
plants. The species are distributed worldwide (Vasas and
Hohmann, 2014) throughout tropical and temperate regions,
mainly growing in southern USA, the Mediterranean basin, the
Middle East, South Africa and north China. Many of them have
been used as folk medicine with a long history (Wang et al.,
2006; Ghanadian et al., 2013). For their extensive biological
activities, Euphorbia species have been used for treatment of
yellow fever (Korin et al., 2002), viral hepatitis (Hezareh, 2005),
edema, ascites, warts (Wang et al., 2006), cancer (Wang et al.,
2009), multi-drug resistance (Wesolowska et al., 2007), skin
diseases, gonorrhea, and migraine (Shi et al., 2008). Some studies
focused on their antiviral activities. Abdelgaleil et al. (2001)
described the compounds from Euphorbia paralias L. (growing
in Egypt and entire Mediterranean region), which inhibited
HIV (human immunodeficiency virus) induced cytopathicity
in MT-4 cells. Akihisa et al. (2002) and Tanaka et al. (2000)
used Raji cells, the Epstein-Barrvirus (EBV) genome-carrying
human lymphoblastoid cells to assay the compounds from
Euphorbia antiquorum L. and Euphorbia chamaesyce L. Seven
and one of them showed inhibitory effects respectively on EBV
early antigen (EBV-EA), induced by the tumor promoter 12-O-
tetradecanoylphorbol-13-acetate (TPA).

Euphorbia fischeriana Steud is a perennial herbaceous plant,
which produces a milky juice. The roots of E. fischeriana
had long been used as a traditional Chinese medicine for
the treatment of cancer, edema, and ascites. Accumulating
studies are uncovering its role in antiviral immune responses.
A phorbol ester from Euphorbia species (Sun and Liu,
2011), prostratin, is well-known for the notable induction
activity on viral reservoirs. There are more potent analogs of
prostratin, in which phorbol-13-stearate showed at least 10-
fold more potent than prostratin on the activation of HIV-
1 gene (Márquez et al., 2008). Besides prostratin, the role
of other compounds of E. fischeriana in antiviral immunity
awaited to be brought to light. The association between natural
drug and innate immunity also is an interesting topic to be
explored.

In present study, we demonstrated that a compound, named
Dpo, which was isolated from Euphorbia fischeriana Steud, was
able to activate the antiviral immunity in type I IFNs independent
manner. Dpo up-regulated a group of ISGs (interferon stimulated
gene) and inflammatory genes but type I IFNs. Dpo protected
wild type mice from lethality due to virus infection but not
STING deficient mice. We further found Dpo exerted its antiviral

function through STING and IRFs. Therefore, we here revealed a
new antiviral pathway triggered by Dpo.

RESULT

Dpo Is an Antiviral Compound from
Euphorbia Fischeriana Steud
To investigate the function of E. fischeriana in host defense, we
isolated a list of chemical compounds from it and examined
their antiviral activity. Dpo is the only compound that was able
to suppress the infection of VSV, a negative-sense single strand
RNA virus (Figure 1A and Supplementary Figure 1). However,
the replication of VSV was not affected by the treatment of
prostratin, which is known as a HIV-1 inhibitor. This indicated
that Dpo employed a different mechanism to restrict virus
infection. To gain additional insight of the function of Dpo, we
infected wild type bone marrow derived macrophages with VSV-
G-HIV-1 and HSV-1 (Herpes simplex virus 1), a double strands
DNA virus after Dpo treatment (Figures 1B,C). Viral replication
was also inhibited by Dpo but not by other compounds. We
further observed that Dpo restricted virus in a dose dependent
manner (Figures 1D,E). Thus, Dpo suppressed the infection
of different types of viruses significantly, suggesting that Dpo
is a general anti-viral compound without virus specificity. To
further evaluate the physiological function of Dpo, we challenged
the wild type mice with HSV-1. The control group mice were
much more susceptible to HSV-1 than Dpo treated group
(Figure 1F). Therefore, Dpo is an active anti-viral compound
from E. fischeriana.

Dpo Induces Expression of
Interferon-Stimulated Genes
Type I IFN is one of the most potent defensive element against
virus infection. IFNβ is the earliest induced IFN during viral
infection. Dpo however did not affect the production of IFNβ

(Figure 2A). Interestingly CCL5 and IL1-β were up-regulated
slightly after Dpo treatment (Figures 2B,C), indicating that
Dpo might exert its anti-viral function in a chemokines and
inflammatory cytokines dependent way. To gain further
insight of the mechanism of how Dpo direct antiviral immune
responses, we performed a genome wide RNA-seq to identify
Dpo regulated signaling and genes. Interestingly Dpo treatment
led to significant alteration of antiviral pathways in bone marrow
derived macrophages, including TLR, RLR, NLR, and cytosolic
DNA sensing pathway. Dpo also induced or suppressed a group
of genes associated with Hepatitis A Virus, Hepatitis B Virus,
Hepatitis C Virus, influenza virus, HSV and Epstein-barr virus
(Supplementary Figure 2). This further suggested that Dpo
suppressed virus via regulating innate immune signaling. In
addition to IFNβ, IFNαs are the main effector to eliminate
infected virus. Similar to IFNβ, Dpo did not induce IFNαs
production in macrophages (Figure 2D). We next measured the
expression of the known innate immune signaling molecules
after Dpo treatment. Dpo significantly enhanced the induction of
IRF7 during viral infection (Figure 2E). As IRF7 is an interferon
stimulated genes (ISG). We then reason that Dpo might be
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FIGURE 1 | Dpo is an antiviral compound from Euphorbia fischeriana Steud. (A–C) Bone marrow derived macrophages were treated with indicated compounds (1

ng/ul). Four hours later, these cells were infected with VSV (A), HIV-1 (B), and HSV-1 (C). Twenty-four hours later, the viral load were measured by plaque assay. (D,E)

Bone marrow derived macrophages were treated with increasing amount of Dpo. Four hours later, these cells were infected with VSV (D) and HSV-1 (E). Twenty-four

hours later, the viral load were measured by plaque assay. (F) Wild type C57BL/6 mice were treated with Dpo, 24 h later infected with HSV-1, and monitored daily for

15 days. *P < 0.05. (A–E) The data represent mean values ± SEM (n = 3); *P < 0.05, **P < 0.01, significant compared to control, Student’s t-test. The data

represent mean values ± SEM (n = 6 mice per group); (F) *P < 0.05, significance compared to the control group, non-parametric Mann–Whitney analysis.

involved in ISG regulation. A list of ISGs were induced by viral
infection, and further enhanced by Dpo (Figure 2F). NFκB
is a key transcription factor that plays a pivotal role in innate
immune signaling, including the defense against virus. The
RNA-seq analysis showed that Dpo regulated NFκB pathway.
The q-PCR results further verified that Dpo up-regulated the
adaptor proteins, including: IRAK2, TRADD, TRAF1, and
MyD88 (Figure 2G), and transcription factors, including:
NFκB2, NFκBIB, NFκBil1, and NFil3 (Figure 2H). Accordingly,
Dpo enhanced the expression of many inflammatory cytokines
(Figure 2I) and chemokine during virus infection (Figure 2J).
Therefore, Dpo enhanced virus induced immune genes
expression, particularly the ISGs induction, which is critical for
its anti-viral function.

Sting Is Required for Dpo Mediated
Anti-Viral Immune Responses
Innate immunity is considered to act as the first line of host
defense and is critical for virus surveillance. Toll like receptor
(TLR) is the first identified PRRs family in mammals that is
able to recognize the pattern recognition proteins (PRPs) from
different types of pathogens including parasite, fungi, bacteria
and virus. All of the TLRs transduce danger signals through
adaptor protein MyD88 (Häcker et al., 2000; Takeuchi et al.,
2000a,b) except TLR3 that utilize TRIF (Yamamoto et al., 2002)
as the adaptor. We first examined the possibility that Dpo was
sensed by TLRs. However, the ISG15 induction by Dpo was intact
in MyD88 or TRIF deficient macrophages (Figure 3A), so was
the inhibition of viral replication (Figure 3B). Consistently Dpo
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FIGURE 2 | Dpo induces expression of interferon-stimulated genes. (A–C) Bone marrow derived macrophages were treated with indicated compounds (1 ng/ul). Four

hours later, the mRNA level of IFNβ, CCl5, and IL-β were measured by qPCR. (D–J) Bone marrow derived macrophages were treated with Dpo. Four hours later,

these cells were infected with VSV. Twenty-four hours later, the indicated cytokines and genes were measured by qPCR. (A–J) The data represent mean values ±

SEM (n = 3); *P < 0.05, **P < 0.01, significant compared to control, Student’s t-test.

also could protect TLR4 deficient mice from lethality after HSV-1
infection (Figure 3C). Thus, Dpo did not activate innate immune
signaling through TLRs. RLR, including RIG-I and Mda5, is
responsible for sensing the cytosolic RNA virus. MAVS is the
adaptor protein downstream of RIG-I and Mda5 and critical
for RLR signaling. MAVS transduces the signal from RLR to

kinase TBK1, which in turn phosphorylate and activate IRF3.
Activated IRF3 then translocate from cytoplasm to nucleus to
initiate transcription of type I IFNs. We observed that Dpo was
able to inhibit virus replication in RIG-I or MAVS deficient
macrophages (Figures 3D,E), demonstrating that Dpo was not
involved in RLR signaling. We then investigated the role of Dpo
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in cytosolic double strands DNA sensing pathway. STING is
the key signal molecule of this pathway. We noted that Dpo
enhanced immune responses were greatly attenuated in STING
deficient cells during viral infection (Figure 3F). In line with
this, Dpo treatment could not rescue STING deficient mice
from death caused by viral infection (Figure 3G). Collectively
these results demonstrated that Dpo modulated cytosolic double
strands DNA sensing signaling in STING dependent manner.

Dpo Induces ISGs Via IRFs/ELF4
We have found that Dpo was able to enhance the induction
of ISGs by viral infection. We then checked the possibility
whether Dpo could induce ISGs expression by itself in the non-
infected cells. q-PCR analysis showed that Dpo was able to
up-regulated the expression of CCl5 and ISG15 without virus
challenging (Figures 4A–E). It is established that the robust
induction of ISGs is directly mediated by innate transcription
factors. We next assessed the role of known transcription
factors in ISGs regulation after Dpo treatment. Dpo could not
suppress virus replication in IRF3 or IRF7 deficient macrophages
(Figures 4F,G). Consistently the induction of ISG15 by Dpo was
attenuated in IRF3 or IRF7 deficient macrophages (Figure 4H),
demonstrating that Dpo related anti-viral function is mediated
by IRFs. ELF4 is an ETS domain containing transcription
factor. Our previous study showed that it was critical for
antiviral immunity. ELF4 cooperated with IRF3/IRF7 to initiate
the transcription of antiviral genes. We thus evaluated the
function of ELF4 in Dpo mediated immune responses. The
plaque assay showed that Dpo inhibited the virus replication in
wild type but not ELF4 deficient macrophages (Figure 4I). The
induction of ISG15 was also impaired in ELF4 deficient cells
(Figure 4J). CGAS is the cytosolic DNA sensor that synthetizes
cGAMP to activate STING and TBK1. We found that TBK1
was indispensable for Dpo mediated ISG induction but cGAS
was dispensable (Figures 4K,L). Therefore, Dpo regulates ISGs
induction in a TBK1/IRF3/IRF7/ELF4 dependent way.

DISCUSSION

E. fischeriana root has been used to cure immune diseases in
Chinese medicine for thousands years. The active compounds
within it and the mechanism of how they modulate host
immune system is largely unknown. There are approximate
60 compounds of E. fischeriana root isolated since the 1970s.
EtOH and H2O extracts of E. fischeriana were found to inhibit
the growth of Lewis lung carcinoma and ascetichepatoma in
mice (Yang, 1993). Several studies on jolkinolide B (Uemura
and Hirata, 1972) have been conducted in order to better
understand the underlying mechanism of the antitumor activity
of E. fischeriana. In addition, five extracts exhibited antibacterial
activities against tuberculous bacillus and Prostratin was useful in
the treatment of HIV. However, their function in innate immune
pathway is unclear.

We here demonstrated that the E. fischeriana root compound
Dpo enhanced antiviral innate immunity. The mechanism is
different from prostratinmediated anti-HIV responses. Themain
mechanisms of HIV-1 inhibition effects by prostratin involved:

(1) down-regulation of CD4 receptor expression as well as HIV-
1 coreceptors, C-X-C chemokine receptor type 4 (CXCR4) and
C-C chemokine receptor type 5 (CCR5; Kulkosky et al., 2001)
and leading to protecting CD4+ T cells from HIV-1 infection.
(2) up-regulation of activation receptor. (3) Leading to virus
replication in latently infected cells. As a protein kinase C (PKC)
agonist, prostratin activates PKC and cause phosphorylation
of IκB kinase, which leads to NF-κB entering into the cell
nucleus and promoting antiviral gene expression. This induction
activity facilitate the eradication of viruses through elimination
of their reservoirs. However, Dpo exerted its anti-viral function
by activating innate immune signaling. STING is known as
a type I IFNs stimulator localized on endoplasmic reticulum.
Recent studies revealed its role as a sensor that recognized the
secondary messager cGAMP (Cyclic GMP-AMP). Our in vivo
and in vitro results showed that STING was essential for Dpo
induced immune response. The detailed mechanism how Dpo
activates STING signaling is still interesting to further explore.
Similar to cGAMP, Dpo is a small molecule compound. It is
possible that Dpo act as an agonist sensed by STING, and then
activate downstream signaling.

ISGs are interferon stimulated genes that direct antiviral
responses and immune homeostasis. The canonical induction
of ISGs signaling are triggered by interferon through interferon
receptors. Previous study had showed that viral infection was
able to up-regulate the expression of ISGs directly through
MAVS signaling without activation of IFN receptor signaling
(Dixit et al., 2010). We here reported that Dpo initiated ISGs
production in STING dependent but type I IFNs independent
way. IRF3/7 and ELF4 are key transcription factors for type I
IFN expression. Our previous study has shown that EICE (ETS–
ISRE composition element) mediated the cooperation between
IRFs and ELF4 in type I IFN transcription. IRF3/IRF7 and ELF4
are required for the induction of ISGs by Dpo, which should
be bridged by EICE. Thus, our study uncover the role of an
E. fischeriana root compound Dpo in innate immunity, and a
STING/IRFs/ELF4 dependent pathway in ISGs regulation.

MATERIALS AND METHODS

Mice, Cells, Viruses, and Reagents
Stinggt/gt mice, which lack a functional STING protein, were a gift
from R. Vance (University of California, Berkeley). TheMavs−/−

mice were from Jackson laboratory (Stock No: 008634) and the
Tlr4−/− mice were purchased from National Resource Center
of Model Mice (NRCMM, Nanjing; N000192). All procedures
followed the Peking University Guidelines for “Using Animals
in Intramural Research” and were approved by the Animal Care
and Use Committee of Peking University. iBMDM cells were a
gift from Feng Shao (National Institute of Biological Sciences,
Beijing). Elf4−/−, Irf3−/−, Irf7−/−, Myd88−/−, and Trif−/−

iBMDM were generated by Crispr-Cas9 system. HEK 293T
(Human Embryonic Kidney 293 cells transformed by expression
of the large T antigen from SV40), HeLa (Henrietta Lacks
strain of cancer cells), Vero cell (normal African green monkey
kidney epithelial cells), were cultured in Dulbecco’s modified
Eagle medium (DMEM). Bone marrow-derived macrophages
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FIGURE 3 | STING is required for Dpo mediated anti-viral immune responses. (A,B) WT, Trif−/−, Myd88−/− peritoneal macrophages were treated with Dpo. Four

hours later, these cells were infected with HSV-1. Twenty-four hours later, the mRNA level of ISG15 were measured by qPCR (A), and the viral load were measured by

plaque assay (B). (C) Tlr4−/− C57BL/6 mice were treated with Dpo, 24 h later infected with HSV-1, and monitored daily for 15 days. (D,E) WT, Ddx58−/− (D),

Mavs−/− (E) peritoneal macrophages were treated with Dpo. Four hours later, these cells were infected with VSV. Twenty-four hours later, and the viral load were

measured by plaque assay (F). Wild type or Stinggt/gt peritoneal macrophages were treated with Dpo, 4 h later infected with HSV-1, and the mRNA level of ISG15

were measured by qPCR. (G) Stinggt/gt C57BL/6 mice were treated with Dpo, 24 h later infected with HSV-1, and monitored daily for 15 days. (A,B,D–F) The data

represent mean values ± SEM (n = 3); *P < 0.05, **P < 0.01 significant compared to control, Student’s t-test. The data represent mean values ± SEM (n = 6 mice

per group); (C–G) *P < 0.05, significance compared to the control group, non-parametric Mann–Whitney analysis.

(BMDMs), and macrophages was performed as previously
described (Chen et al., 2011). Cells were cultured in 10 cm petri-
dish at 37◦C for 5 days. The medium for BMDCs is RPMI-
1640 medium containing GM-CSF at 100 U/mL and TNF at 50

U/mL. VSV-GFP (Indiana strain) was gift from Dr. John Rose
(Yale University) and HSV-1 was from Dr. Akiko Iwasaki (Yale
University). LPS (lipopolysaccharides, L4391) was from Sigma.
Lipofectamine 2000 (Invitrogen) was used for lipid transfection.
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FIGURE 4 | Dpo induces ISGs via IRFs/ELF4. (A,B) Bone marrow derived macrophages were treated with Dpo. Four hours later, these cells were infected with

HSV-1. Twenty-four hours later, the mRNA level of ISG15 (A) and CCl5 (B) were measured by qPCR. (C) Bone marrow derived macrophages were treated with

increasing amount of Dpo. Twenty-four hours later, the mRNA level of ISG15 was measured by qPCR. (D,E) DC2.4 cells and peritoneal macrophages were treated

with Dpo or infected with VSV. Twenty-four hours later, the mRNA level of ISG15 were measured by RT-PCR. (F–H) WT, Irf3−/− or Irf7−/− iBMDM were treated with

Dpo. Four hours later, these cells were infected with VSV. Twenty-four hours later, and the viral load were measured by plaque assay (F,G), the mRNA level of ISG15

was measured by qPCR (H). (I,J) WT or Elf4−/− iBMDM were treated with Dpo. Four hours later, these cells were infected with HSV-1. Twenty-four hours later, and

the viral load were measured by plaque assay (I), the mRNA level of ISG15 was measured by qPCR (J). (A–C,F–J) The data represent mean values ± SEM (n = 3); *P

< 0.05, **P < 0.01 significant compared to control, Student’s t-test. WT, Tbk1−/−(K) or Cgas−/− (L) iBMDM were treated with Dpo. Four hours later, these cells

were infected with HSV-1. Twenty-four hours later, the mRNA level of ISG15 was measured by qPCR.

In Vivo Dpo Treatment and Virus Infection
The C57BL/6 STING−/−, TLR4−/− mice were breeding
by ourselves. Age-and sex-matched C57BL/6 littermate were
produced and used in all the experiments.

Seven-week-old mice were distribution into two groups:
control group and experimental group. Before infection the
mice with viruses, control group mice were treatment with PBS
(200µl/mouse), and experimental group mice with Dpo (10
µg/mouse) by intravenous injection. Twenty-four hours later,
both group mice were infection with HSV-1 with 2 × 108

plaque-forming units (PFU) of viruses per mouse by intravenous.
The survival state of the mice was monitored accordingly.

Pseudo Typed HIV-1 Production and
Infection
Vesicular Stomatitis Virus Glycoprotein (VSV-G)-pseudotyped
HIV or YU2-HIV were produced from 293T cells using the
standard phosphate calcium transfection protocol. HEK293T
cells were seeded at a density of 8 × 105 cells per well in 6-
well plates. Twelve hours after plating, cells were transfected with
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VSV-G (0.07µg) or YU2 (1.33µg), pOPRIgagpol (1.5µg), Ps-
ReV (0.33µg) and HIVec2GFP (0.66µg), media was replaced
16 h after transfection and viruses were harvested 48 h later,
filtered at 0.2mm, and stored at−20◦C in aliquots (After 10min
centrifugation at 14 krpm, virus-containing supernatant was
transferred to a fresh tube, and stored at −20◦C in aliquots).
HEK293T (2 × 105) and TZM-bl cells (1 × 105) were plated
on 24 well-plates 12 h before infection. Infection was performed
by addition of 300µL virus-containing supernatant. After a 12-h
incubation, supernatants were removed and replaced with fresh
media. Luciferase assay was measured 48 h after infection.

Quantitative Real-Time PCR
Total RNA was isolated from cells using the RNeasy RNA
extraction kit (Qiagen) and cDNA synthesis was performed
using 1µg of total RNA (iScriptcDNA Synthesis kit).
Quantitative PCR was done with gene-specific primers and
6FAM-TAMRA (6-carboxyfluorescein–N,N,N′,N′-tetramethyl-
6-carboxyrhodamine) probes or inventoried gene expression kits
from Applied Biosystems [6FAM-MGB (6-carboxyfluorescein
minor groove binder) probes]. The sequence of the primers were
listed in the Supplementary Table 1.

Plaque Assay
For the HSV-1 plaque assays, cells (∼1 × 105) were first
infected with virus. Twenty-four hours later, supernatants were
collected and used to infect confluent Vero cells. One hour later,
supernatants were removed and cells were washed with PBS
and culture medium containing 2% (wt/vol) methylcellulose was
overlaid for 60 h, cells were fixed for 30min with 0.5% (vol/vol)
glutaraldehyde and were stained with 1% (wt/vol) crystal violet
dissolved in 70% ethanol. Plaques were counted and average
counts were multiplied by the dilution factor to determine the
viral titer as plaque-forming units per ml. The VSV plaque assay
was performed as previously described (You et al., 2009).

RNA Seq
Macrophages were treated with Dpo or medium. We harvested
these cell and control cells, and purified whole RNA by using
RNeasy Mini Kit (Qiagen NO. 74104). The transcriptome library
for sequencing was generated using VAHTSTM mRNA-seq v2
Library Prep Kit for Illumina R© (Vazyme Biotech Co., Ltd,
Nanjing, China) following the manufacturer’s recommendations.
After clustering, the libraries were sequenced on IlluminaHiseq
X Ten platform using (2 × 150 bp) paired-end module.

The raw images were transformed into raw reads by base
calling using CASAVA (http://www. illumina.com/ support/
documentation.ilmn). Then, raw reads in a fastq format were first
processed using in-house perl scripts. Clean reads were obtained
by removing reads with adapters, reads in which unknown bases
were more than 5% and low quality reads (the percentage of low
quality bases was over 50% in a read, we defined the low quality
base to be the base whose sequencing quality was no more than
10. At the same time, Q20, Q30, GC content of the clean data
were calculated (Vazyme Biotech Co., Ltd, Nanjing, China). The
original data of the RNA-seq was uploaded to the GEO DataSets
(GEO Accession No. GSE104236).

Statistical Analysis
Statistical comparisons were performed with the mean ±

standard error of the mean (SEM) for continuous variables. All
data were statistically analyzed by unpaired 2 sample t-test with
p < 0.05 indicative of statistical significance. All analyses were
performed using GraphPad Prism 6.

AUTHOR CONTRIBUTIONS

FY: Designed the study and analyzed the data and wrote or
revised the paper. JC, TL, HD: Performed experiments. LY:
Analyzed the data and provided expertise and contributed to
animal work. SC: Provided expertise and contributed to RNAseq
screening. WT, HS, BJ, GY: Provide technical help. LY: Provided
expertise and contributed to experiment with viral infection.

ACKNOWLEDGMENTS

We thank Zhengfan Jiang (Peking University) for the
reporter plasmids. This work was supported by the National
Natural Science Foundation of China (31570891) and the
Open Project Program of Jiangsu Key Laboratory for
High Technology Research of TCM Formulae and Jiangsu
Collaborative Innovation Center of Chinese Medicinal Resources
Industrialization (No. FJGJS-2015-07).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2017.00456/full#supplementary-material

REFERENCES

Abdelgaleil, S. A., Kassem, S. M., Doe, M., Baba, M., and Nakatani, M.

(2001). Diterpenoids from Euphorbia paralias. Phytochemistry 58, 1135–1139.

doi: 10.1016/S0031-9422(01)00393-4

Akihisa, T., KithsiriWijeratne, E. M., Tokuda, H., Enjo, F., Toriumi, M., Kimura,

Y., et al. (2002). Eupha-7,9(11),24-trien-3beta-ol (“antiquol C”) and other

triterpenes from Euphorbia antiquorum latex and their inhibitory effects on

Epstein-Barr virus activation. J. Nat. Prod. 65, 158–162. doi: 10.1021/np0

10377y

Chen, H., Sun, H., You, F., Sun, W., Zhou, X., Chen, L., et al. (2011). Activation

of STAT6 by STING is critical for antiviral innate immunity. Cell 147, 436–446.

doi: 10.1016/j.cell.2011.09.022

Dixit, E., Boulant, S., Zhang, Y., Lee, A. S., Odendall, C., Shum, B., et al. (2010).

Peroxisomes are signaling platforms for antiviral innate immunity. Cell 141,

668–681. doi: 10.1016/j.cell.2010.04.018

Ghanadian, M., Choudhary, M. I., Ayatollahi, A. M., Mesaik, M. A., Abdalla, O.

M., and Afsharypour, S. (2013). New cyclomyrsinolditerpenes from Euphorbia

aellenii with their immunomodulatory effects. J. Asian Nat. Prod. Res. 15,

22–29. doi: 10.1080/10286020.2012.742073

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 October 2017 | Volume 7 | Article 456

http://www
https://www.frontiersin.org/articles/10.3389/fcimb.2017.00456/full#supplementary-material
https://doi.org/10.1016/S0031-9422(01)00393-4
https://doi.org/10.1021/np010377y
https://doi.org/10.1016/j.cell.2011.09.022
https://doi.org/10.1016/j.cell.2010.04.018
https://doi.org/10.1080/10286020.2012.742073
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Chen et al. Dpo Induces ISGs Via IRFs/ELF4

Häcker, H., Vabulas, R. M., Takeuchi, O., Hoshino, K., Akira, S., and Wagner,

H. (2000). Immune cell activation by bacterial CpG-DNA through myeloid

differentiation marker 88 and tumor necrosis factor receptor-associated factor

(TRAF) 6. J. Exp. Med. 192, 595–600. doi: 10.1084/jem.192.4.595

Hezareh, M. (2005). Prostratin as a new therapeutic agent

targeting HIV viral reservoirs. Drug News Perspect. 18, 496–500.

doi: 10.1358/dnp.2005.18.8.944543

Hoshino, K., Sugiyama, T., Matsumoto, M., Tanaka, T., Saito, M., Hemmi,

H., et al. (2006). IkappaB kinase-alpha is critical for interferon-alpha

production induced by Toll-like receptors 7 and 9. Nature 440, 949–953.

doi:10.1038/nature04641

Ishikawa, H., and Barber, G. N. (2008). STING is an endoplasmic reticulum

adaptor that facilitates innate immune signalling. Nature 455, 674–678.

doi: 10.1038/nature07317

Korin, Y. D., Brooks, D. G., Brown, S., Korotzer, A., and Zack, J. A. (2002). Effects

of prostratin on T-cell activation and human immunodeficiency virus latency.

J. Virol. 76, 8118–8123. doi: 10.1128/JVI.76.16.8118-8123.2002

Kulkosky, J., Culnan, D. M., Roman, J., Dornadula, G., Schnell, M., Boyd, M.

R., et al. (2001). Prostratin: activation of latent HIV-1 expression suggests

a potential inductive adjuvant therapy for HAART. Blood 98, 3006–3015.

doi: 10.1182/blood.V98.10.3006

Kumar, H., Kawai, T., Kato, H., Sato, S., Takahashi, K., Coban, C., et al. (2006).

Essential role of IPS-1 in innate immune responses against RNA viruses. J. Exp.

Med. 203, 1795–1803. doi: 10.1084/jem.20060792

Li, X. L., Li, Y., Wang, S. F., Zhao, Y. L., Liu, K. C., Wang, X. M., et al. (2009).

Ingol and ingenolditerpenes from the aerial parts of Euphorbia royleana and

their antiangiogenic activities. J. Nat. Prod. 72, 1001–1005. doi: 10.1021/np80

0816n

Liu, S., Cai, X., Wu, J., Cong, Q., Chen, X., Li, T., et al. (2015). Phosphorylation

of innate immune adaptor proteins MAVS, STING, and TRIF induces IRF3

activation. Science 347:aaa2630. doi: 10.1126/science.aaa2630

Márquez, N., Calzado, M. A., Sánchez-Duffhues, G., Pérez, M., Minassi, A., Pagani,

A., et al. (2008). Differential effects of phorbol−13 - monoesters on human

immunodeficiency virus reactivation. Biochem. Pharmacol. 75, 1370–1380.

doi: 10.1016/j.bcp.2007.12.004

Schulz, O., Diebold, S. S., Chen, M., Näslund, T. I., Nolte, M. A.,

Alexopoulou, L., et al. (2005). Toll-like receptor 3 promotes cross-

priming to virus-infected cells. Nature 433, 887–892. doi: 10.1038/nature

03326

Seth, R. B., Sun, L., Ea, C. K., and Chen, Z. J. (2005). Identification and

characterization of MAVS, a mitochondrial antiviral signaling protein that

activates NF-κB and IRF 3. Cell 122, 669–682. doi: 10.1016/j.cell.2005.08.012

Shi, Q. W., Su, X. H., and Kiyota, H. (2008). Chemical and pharmacological

research of the plants in genus Euphorbia. Chem. Rev. 108, 4295–4327.

doi: 10.1021/cr078350s

Sun, L., Wu, J., Du, F., Chen, X., and Chen, Z. J. (2013). Cyclic GMP-AMP synthase

is a cytosolic DNA sensor that activates the type I interferon pathway. Science

339, 786–791. doi: 10.1126/science.1232458

Sun, W., Li, Y., Chen, L., Chen, H., You, F., Zhou, X., et al. (2009).

ERIS, an endoplasmic reticulum IFN stimulator, activates innate immune

signaling through dimerization. Proc. Natl. Acad. Sci. U.S.A. 106, 8653–8658.

doi: 10.1073/pnas.0900850106

Sun, Y. X., and Liu, J. C. (2011). Chemical constituents and biological

activities of Euphorbia fischerianaSteud. Chem. Biodivers. 8, 1205–1214.

doi: 10.1002/cbdv.201000115

Takaoka, A., Wang, Z., Choi, M. K., Yanai, H., Negishi, H., Ban, T., et al. (2007).

DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator of innate

immune response. Nature 448, 501–505. doi: 10.1038/nature06013

Takeuchi, O., Hoshino, K., and Akira, S. (2000a). Cutting edge: TLR2-deficient

and MyD88-deficient mice are highly susceptible to Staphylococcus aureus

infection. J. Immunol. 165, 5392–5396. doi: 10.4049/jimmunol.165.10.5392

Takeuchi, O., Takeda, K., Hoshino, K., Adachi, O., and Ogawa, T. (2000b).

Cellular responses to bacterial cell wall components are mediated

through MyD88-dependent signaling cascades. Int. Immunol. 12, 113–117.

doi: 10.1093/intimm/12.1.113

Tanaka, R., Kasubuchi, K., Kita, S., Tokuda, H., Nishino, H., and Matsunaga, S.

(2000). Bioactive steroids from the whole herb of Euphorbia chamaesyce. J. Nat.

Prod. 63, 99–103. doi: 10.1021/np990394b

Uemura, D., and Hirata, Y. (1972). Two new diterpenoids, jolkinolides A and B,

obtained from euphorbia Jolkini boiss (Euphorbiaceae). Tetrahedron Lett. 13,

1387–1390. doi: 10.1016/S0040-4039(01)84635-9

Unterholzner, L., Keating, S. E., Baran, M., Horan, K. A., Jensen, S. B., Sharma,

S., et al. (2010). IFI16 is an innate immune sensor for intracellular DNA. Nat.

Immunol. 11, 997–1004. doi: 10.1038/ni.1932

Vasas, A., and Hohmann, J. (2014). Euphorbia diterpenes: isolation, structure,

biological activity, and synthesis (2008-2012). Chem. Rev. 114, 8579–8612.

doi: 10.1021/cr400541j

Wang, Y. B., Huang, R., Wang, H. B., Jin, H. Z., Lou, L. G., and Qin, G. W. (2006).

Diterpenoids from the roots of Euphorbia fischeriana. J. Nat. Prod. 69, 967–970.

doi: 10.1021/np0600088

Wang, Y., Ma, X., Yan, S., Shen, S., Zhu, H., Gu, Y., et al. (2009).

17-hydroxy-jolkinolide B inhibits signal transducers and activators of

transcription 3 signaling by covalently cross-linking Janus kinases and

induces apoptosis of human cancer cells. Cancer Res. 69, 7302–7310.

doi: 10.1158/0008-5472.CAN-09-0462

Wesolowska, O., Wisniewski, J., Duarte, N., Ferreira, M. J., and Michalak,

K. (2007). Inhibition of MRP1 transport activity by phenolic and terpenic

compounds isolated from Euphorbia species. Anticancer Res. 27, 4127–4133.

Xu, L. G., Wang, Y. Y., Han, K. J., Li, L. Y., Zhai, Z., and Shu, H. B. (2005). VISA

is an adapter protein required for virus-triggered IFN-beta signaling.Mol. Cell

19, 727–740. doi: 10.1016/j.molcel.2005.08.014

Yamamoto, M., Sato, S., Mori, K., Hoshino, K., Takeuchi, O., Takeda, K., et al.

(2002). Cutting edge: a novel Toll/IL-1 receptor domain-containing adapter

that preferentially activates the IFN-beta promoter in the toll-like receptor

signaling. J. Immunol. 169, 6668–6672. doi: 10.4049/jimmunol.169.12.6668

Yang, C. L. (1993). MateriaMedica of Toxic Herbs. Beijing: Chinese Medicine and

Materials Publisher.

Yoneyama, M., Kikuchi, M., Matsumoto, K., Imaizumi, T., Miyagishi, M., Taira, K.,

et al. (2005). Shared and unique functions of the DExD/H-box helicases RIG-I,

MDA5, and LGP2 in antiviral innate immunity. J. Immunol. 175, 2851–2858.

doi: 10.4049/jimmunol.175.5.2851

Yoneyama, M., Kikuchi, M., Natsukawa, T., Shinobu, N., Imaizumi, T., Miyagishi,

M., et al. (2004). The RNA helicase RIG-I has an essential function in double-

stranded RNA-induced innate antiviral responses. Nat. Immunol. 5, 730–737.

doi: 10.1038/ni1087

You, F., Sun, H., Zhou, X., Sun, W., Liang, S., Zhai, Z., et al. (2009). PCBP2

mediates degradation of the adaptorMAVS via theHECT ubiquitin ligase AIP4.

Nat. Immunol. 10, 1300–1308. doi: 10.1038/ni.1815

Zhang, Z., Yuan, B., Bao, M., Lu, N., Kim, T., and Liu, Y. J. (2011). The helicase

DDX41 senses intracellular DNA mediated by the adaptor STING in dendritic

cells. Nat. Immunol. 12, 959–965. doi: 10.1038/ni.2091

Zhong, B., Yang, Y., Li, S., Wang, Y. Y., Li, Y., Diao, F., et al. (2008). The

adaptor proteinMITA links virus-sensing receptors to IRF3 transcription factor

activation. Immunity 29, 538–535. doi: 10.1016/j.immuni.2008.09.003

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Chen, Du, Cui, Liu, Yang, Sun, Tao, Jiang, Yu and You. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) or licensor are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 October 2017 | Volume 7 | Article 456

https://doi.org/10.1084/jem.192.4.595
https://doi.org/10.1358/dnp.2005.18.8.944543
https://doi.org/10.1038/nature07317
https://doi.org/10.1128/JVI.76.16.8118-8123.2002
https://doi.org/10.1182/blood.V98.10.3006
https://doi.org/10.1084/jem.20060792
https://doi.org/10.1021/np800816n
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1016/j.bcp.2007.12.004
https://doi.org/10.1038/nature03326
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1021/cr078350s
https://doi.org/10.1126/science.1232458
https://doi.org/10.1073/pnas.0900850106
https://doi.org/10.1002/cbdv.201000115
https://doi.org/10.1038/nature06013
https://doi.org/10.4049/jimmunol.165.10.5392
https://doi.org/10.1093/intimm/12.1.113
https://doi.org/10.1021/np990394b
https://doi.org/10.1016/S0040-4039(01)84635-9
https://doi.org/10.1038/ni.1932
https://doi.org/10.1021/cr400541j
https://doi.org/10.1021/np0600088
https://doi.org/10.1158/0008-5472.CAN-09-0462
https://doi.org/10.1016/j.molcel.2005.08.014
https://doi.org/10.4049/jimmunol.169.12.6668
https://doi.org/10.4049/jimmunol.175.5.2851
https://doi.org/10.1038/ni1087
https://doi.org/10.1038/ni.1815
https://doi.org/10.1038/ni.2091
https://doi.org/10.1016/j.immuni.2008.09.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	E. fischeriana Root Compound Dpo Activates Antiviral Innate Immunity
	Introduction
	Result
	Dpo Is an Antiviral Compound from Euphorbia Fischeriana Steud
	Dpo Induces Expression of Interferon-Stimulated Genes
	Sting Is Required for Dpo Mediated Anti-Viral Immune Responses
	Dpo Induces ISGs Via IRFs/ELF4

	Discussion
	Materials and Methods
	Mice, Cells, Viruses, and Reagents
	In Vivo Dpo Treatment and Virus Infection
	Pseudo Typed HIV-1 Production and Infection
	Quantitative Real-Time PCR
	Plaque Assay
	RNA Seq
	Statistical Analysis

	Author Contributions
	Acknowledgments
	Supplementary Material
	References


