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Abstract

Pharmacologic stimulation of innate immune processes represents an attractive strategy to

achieve multiple therapeutic outcomes including inhibition of virus replication, boosting anti-

tumor immunity, and enhancing vaccine immunogenicity. In light of this we sought to identify

small molecules capable of activating the type I interferon (IFN) response by way of the tran-

scription factor IFN regulatory factor 3 (IRF3). A high throughput in vitro screen yielded 4-(2-

chloro-6-fluorobenzyl)-N-(furan-2-ylmethyl)-3-oxo-3,4-dihydro-2H-benzo[b][1,4]thiazine-6-

carboxamide (referred to herein as G10), which was found to trigger IRF3/IFN-associated

transcription in human fibroblasts. Further examination of the cellular response to this mole-

cule revealed expression of multiple IRF3-dependent antiviral effector genes as well as

type I and III IFN subtypes. This led to the establishment of a cellular state that prevented

replication of emerging Alphavirus species including Chikungunya virus, Venezuelan

Equine Encephalitis virus, and Sindbis virus. To define cellular proteins essential to elicita-

tion of the antiviral activity by the compound we employed a reverse genetics approach that

utilized genome editing via CRISPR/Cas9 technology. This allowed the identification of

IRF3, the IRF3-activating adaptor molecule STING, and the IFN-associated transcription

factor STAT1 as required for observed gene induction and antiviral effects. Biochemical

analysis indicates that G10 does not bind to STING directly, however. Thus the compound

may represent the first synthetic small molecule characterized as an indirect activator of

human STING-dependent phenotypes. In vivo stimulation of STING-dependent activity by

an unrelated small molecule in a mouse model of Chikungunya virus infection blocked vire-

mia demonstrating that pharmacologic activation of this signaling pathway may represent a

feasible strategy for combating emerging Alphaviruses.
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Author Summary

STING is a pattern recognition receptor of cyclic dinucleotides as well as an innate

immune adaptor protein that enables signaling from cytoplasmic receptors to the tran-

scription factor interferon regulatory factor 3. Initiation of these pathways leads to the

expression of type I interferons and proteins associated with antiviral and antitumor

immunity. Small molecules capable of triggering STING-dependent cellular processes are

effective at blocking virus replication, enhancing vaccine efficacy, and facilitating immune

response to cancer cells. Here we describe the first synthetic small molecule capable of acti-

vating STING-mediated signaling in human cells. In addition, we show that exposure of

cells to the compound renders them refractory to replication by interferon-sensitive

emerging Alphaviruses. In addition, in vivo stimulation of STING-dependent activity also

blocks viremia of Chikungunya virus. Ultimately this work may lead to the utilization of

STING as a target for multiple immune-mediated therapies.

Introduction

The innate immune system includes an array of sentinel proteins termed pattern recognition

receptors (PRRs) that sense and react to microbe- and danger-associated molecular patterns

(reviewed in [1]). These patterns are often constituents or replication intermediates of intracel-

lular (especially viral) pathogens. PRRs respond to this engagement by initiating signaling

pathways that bring about the expression or processing of cytokines, chemokines, and effector

molecules that both directly block microbial replication and facilitate related adaptive immune

processes. As such, PRRs represent an essential first line of immunological defense against

infection and are the target of both microbial inhibitory phenotypes as well as pharmacologic

manipulation for therapeutic purposes (reviewed in [2]).

Synthesis and secretion of interferon (IFN) proteins is often a primary outcome of PRR-

mediated signaling. This includes multiple subtypes of IFNα and β (type I IFN) as well as IFN

λ1–3 (type III IFN). IFNs act via cognate cell surface receptors by triggering a phosphorylation

cascade involving Janus and tyrosine kinases (Jak1, Tyk2) and signal transducer and activator

of transcription 1 and 2 (STAT1/2) transcription factors that amplify the expression of antiviral

effector and other immune stimulatory genes conventionally termed IFN-stimulated genes

(ISGs). PRR-mediated expression of IFNβ is particularly well characterized and requires phos-

phorylation of the transcription factor IFN regulatory factor 3 (IRF3) by serine kinases TANK

Binding kinase 1 (TBK1) and I Kappa B kinase ε (IKKε) [3]. This occurs primarily through

pathways that utilize specific adaptor proteins acting as integration points for upstream PRRs.

TIR-domain-containing adaptor-inducing IFNβ (TRIF; also called TICAM1) is required for

signals initiated by Toll-like receptors (TLRs) 3 and 4 [4,5]. IFN promoter stimulator 1 (IPS-1;

also called MAVS, VISA, Cardif) is employed by RIG-I and MDA5, that both sense cyto-

plasmic dsRNA [6–9]. Stimulator of IFN genes (STING; also called MITA, TMEM173, MPYS,

ERIS) [10–12] is actually both a PRR for cyclic dinucleotides (CDN) via a binding pocket in its

C-terminal cytoplasmic domain (CTD) [13–15] as well as an adaptor molecule for multiple

cytoplasmic receptors of dsDNA [16–18]. Given the importance of these pathways for innate

immune activation and antimicrobial protection they have been the focus of broad and intense

research aimed at both understanding their physiological effects and harnessing their potential

for contributions to immune-based therapeutics.

Given the ability of the IFN system to render cells and tissues refractory to replication of a

wide array of virus types as well as its role in coordinating adaptive immune responses,
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pharmacologic IFN stimulation has been suggested as a broad spectrum antiviral strategy

[2,19–22]. Moreover, factors capable of yielding therapeutic effects via activation of IRF3-me-

diated responses have been identified and biologically validated. This includes agonists of TLRs

shown to block replication of some chronic viruses [23–25] as well as enhance vaccine immu-

nity (reviewed in [26]). Similarly, stimulation of the RIG-I/MDA5/IPS-1 by synthetic nucleic

acids can be employed for antiviral outcomes against diverse acute viruses [27,28]. Intriguingly,

two synthetic small molecules, 10-carboxymethyl-9-acridanone (CMA) [29] and the chemi-

cally unrelated 5,6-dimethylxanthenone-4-acetic acid (DMXAA) [30] are each capable of acti-

vating the STING pathway. Both molecules block multiple, even drug-resistant viruses [29,31–

33]. Intriguingly, DMXAA exhibits other immunotherapeutic effects including vaccine adju-

vanticity [34,35], anti-angiogenic vascular disruption promoting tumor necrosis [36,37], and

immune-mediated clearance of solid tumors [38]. Unfortunately, CMA and DMXAA were

found to only function in mouse, not human cells and tissues [39–41] and thus were not effec-

tive in clinical trials. While analogs of cross-specific stimulatory CDNs have been synthesized

[38], to our knowledge there exists no published biological characterization of novel synthetic

molecular entities that activate human STING-dependent innate responses, despite the high

and multi-pronged therapeutic potential of exploiting this important immunological protein.

Members of the Alphavirus genus include mosquito-transmitted agents that are re-emerg-

ing worldwide and can lead to significant morbidity and mortality (reviewed in [42]). Among

these is Chikungunya virus (CHIKV), which, despite its evolutionary origin in the Old World,

is currently experiencing a severe outbreak in the Caribbean, Central, and South America.

Since it first arrived in the Western hemisphere in December 2013 over one million suspected

and confirmed cases are estimated to have occurred [43]. CHIKV disease is characterized by

severe joint pain that can persist for months to years. Venezuelan Encephalitis virus (VEEV) is

a related virus belonging to the NewWorld clade that has experienced numerous outbreaks in

South and Central America as well as southern Texas [44]. VEEV is a much more deadly agent

with fatality rates at approximately 20% but that can reach up to 35% in children (reviewed in

[45]). Currently no FDA-approved antiviral drugs or vaccines exist for either virus. Interest-

ingly, however, both viruses are extremely sensitive to type I IFN [46–48]. Moreover, being

RNA-based viruses their infection triggers IRF3/IFN activation via the IPS-1 pathway [49] and

as such may not exhibit evasion phenotypes directed at the cytoplasmic DNA-based STING

pathway. In light of this pharmacologic activation of IRF3/IFN via STING may represent an

efficacious therapeutic strategy. Herein we describe the identification and characterization of a

novel small molecule capable of stimulating IRF3 phosphorylation and IFN production in

human cells that prevents replication of Alphaviruses. Through reverse genetic studies using

CRISPR/Cas9-mediated gene editing we also show that this molecule requires STING for its

innate gene induction and antiviral activity and thus it represents the first synthetic compound

definitively capable of activating this pathway in human cells. Moreover, in vivo stimulation of

the STING pathway was also shown to prevent replication of CHIKV demonstrating the poten-

tial therapeutic application of pharmacologically targeting activation of this protein.

Results

Identification of a novel IFN/IRF3-inducing molecule by high throughput
in vitro screening

We sought to discover novel small molecules capable of stimulating innate immune signaling

and effector activity in human cells. For this we employed previously described human fibro-

blasts stably transfected with constitutively expressed human telomerase reverse transcriptase

(termed THF) as well as luciferase (LUC) from Phytonis pyralis downstream of a promoter
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element that is reactive to type I IFN-dependent as well as IRF3-dependent transcription

(termed THF-ISRE) [18]. Using these cells in a 384-well high-throughput in vitro screening

platform we examined 51,632 chemically diverse compounds in duplicate for their ability to

significantly stimulate expression of LUC. Sixteen positive control (1000U/mL IFNβ) and neg-

ative control (1% DMSO) LUC readings were obtained for each plate (μP and μN averages,

respectively). Readings for individual compounds (R) on a single plate were designated as sig-

nificant if R> (μP-μN)�0.5. Fig 1A illustrates the distribution of raw LUC readings for all mol-

ecules that exceeded this threshold on duplicate plates. A compound that exhibited the third

highest signal of all those screened was 4-(2-chloro-6-fluorobenzyl)-N-(furan-2-ylmethyl)-

3-oxo-3,4-dihydro-2H-benzo[b][1,4]thiazine-6-carboxamide, which we termed G10 (Fig 1B).

The two molecules eliciting stronger responses are currently being characterized. As shown in

S1 Fig G10 exhibited low cytotoxicity even at high concentrations and was thus selected for

more comprehensive examination.

G10 induces IFN/IRF3- but not NF-κB-dependent transcription in human
fibroblasts

We next validated the G10-mediated induction of IFN/IRF3-dependent LUC in reporter cells

by exposing them to a range of concentrations. As shown in Fig 2A, the compound was able to

induce LUC expression in a dose-dependent manner. We therefore aimed to verify that the

molecule could trigger expression of endogenous genes transcribed in response to IRF3- and

IFN-dependent processes. For this we employed semi-quantitative RT-PCR (qPCR) to exam-

ine induction of mRNA characterized as dependent on either IRF3 or IFN (ISG54, ISG56,

ISG15, Viperin). As shown in Fig 2B, exposing cells to G10 led to transcription of cellular

Fig 1. High Throughput Identification of G10. A. Luciferase (LUC) expression of top tier candidate molecules as described in text from a high
throughput screen of 51,632 compounds. (A) Presented values represent the average ±SD of duplicate assays. Black bar and arrow indicate LUC signal
generated by G10. (B) Chemical structure of 4-(2-chloro-6-fluorobenzyl)-N-(furan-2-ylmethyl)-3-oxo-3,4-dihydro-2H-benzo[b][1,4]thiazine-6-carboxamide
(G10).

doi:10.1371/journal.ppat.1005324.g001
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genes triggered by IRF3/IFN-dependent signaling in a manner similar to that induced by expo-

sure to human cytomegalovirus rendered replicationally inactive by UV irradiation

(UV-CMV); a stimulus of IRF3 and IFN that occurs via STING and ZBP1/DAI [18,50–52].

Since molecular patterns that culminate in IRF3 activation and synthesis of type I IFN often

simultaneously induce pathways leading to activation of the transcription factor NF- κB we

next examined whether G10 also stimulated this response. For this we employed telomerized

human fibroblasts (THF) stably transduced with LUC driven by an NF-κB-dependent pro-

moter. As shown in Fig 2C we detected no G10-associated stimulation of NF-κB-dependent

transcription even when using high concentrations of the compound. This contrasts with what

is observed in these cells for other NF-κB-inducing stimuli such as Sendai virus (SeV), TNFα,

and LPS. Moreover, the compound also failed to stimulate mRNA synthesis of endogenous

NF-κB-dependent genes (IL8, IL1β, and MIP1α Fig 2D). Overall these results suggest that G10

activates IRF3, but not canonical NF-κB pathways in human fibroblasts.

G10 elicits antiviral activity against New and Old World Alphaviruses

Our results indicate that exposure of cells to G10 stimulates the expression of genes that are

dependent on IRF3- and/or IFN-dependent signaling. Numerous such genes have been

Fig 2. G10 Induces IFN/IRF3- but not NF-κB-Dependent Transcription in Human Fibroblasts. (A) Dose-
dependent expression of IRF3/IFN-dependent luciferase (LUC) in telomerized human fibroblasts (THF).
Values displayed are average fold changes ±SD of quadruplicate measurements of luminescence following
7h exposure to indicated concentration of G10 relative to cells exposed only to 1% DMSO (all samples
normalized to 1% DMSO). (B) mRNA transcription of genes dependent on IRF3/IFN following 7h exposure to
100μMG10 or UV-CMV. Indicated values represent average ±SEMmRNA fold change relative to cells
exposed to 1% DMSO from duplicate experiments. (C) Induction of NF-κB-dependent LUC signal in THF
reporter cells following 7h exposure to 1μg/mL LPS, 160 HA units/mL SeV, 1ng/mL TNFα or indicated
concentration of G10. Values displayed are as described in (A). (D) mRNA transcription of of NF-κB-
dependent genes following 7h exposure to 100μMG10 or 160 HA units/mL SeV. Indicated values are mRNA
fold change relative to cells exposed to 1% DMSO and are representative of duplicate experiments.

doi:10.1371/journal.ppat.1005324.g002
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characterized as antiviral effectors that act either via direct molecular or indirect immunologi-

cal mechanisms (see [53]). We therefore examined whether G10 was correspondingly capable

of generating a cellular state refractory to virus replication in vitro, presumably through the

initial activity of IRF3. For this we pre-exposed THF cells for 6h to concentrations of G10 that

fell well within a nontoxic range (S1 Fig) yet that were observed to trigger innate gene tran-

scription (Fig 2). We next quantitated the replication of West Nile Virus (WNV), Vaccinia

Virus (VACV), and Chikungunya virus (CHIKV) on these cells. As shown in Fig 3, the high-

est concentration of G10 was only able to reduce growth of VACV by approximately one log

and WNV by less than one log. Intriguingly, however, the cellular state induced by G10 was

much more inhibitory to the growth of CHIKV, reducing replication by over three logs (IC90

= 8.01μM; Fig 3). In light of this we examined replication of another clinically relevant Alpha-

virus species Venezuelan Equine Encephalitis Virus (VEEV). As shown in Fig 3, G10 also

potently blocked replication of this virus (IC90 = 24.57μM). While related, these species repre-

sent highly diverse Alphavirus clades with CHIKV deriving from the Old World and VEEV

the NewWorld. Nevertheless G10 was highly effective at similarly impairing replication of

both viruses. The relative inability of G10 to render cells as resistant to WNV or VACV repli-

cation may reflect the differential susceptibilities of the virus types to the specific antiviral

genes induced by G10 or innate evasion phenotypes exhibited by the different viruses (see

[54,55]).

Fig 3. G10 Elicits Antiviral Activity. Average titers ±SD of VACV, WNV, CHIKV, and VEEV grown on THF
cells in the presence of indicated G10 concentration (DMSO concentration normalized to 1%). Infections
were performed in triplicate and virus harvested at 48h post infection (CHIKV, WNV, CHIKV) or 24h post
infection (VACV, VEEV).

doi:10.1371/journal.ppat.1005324.g003
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IRF3 is essential to G10-induced transcription and anti-Alphaviral
activity

Since LUC expression in THF-ISRE reporter cells can be activated directly by IRF3 alone or fol-

lowing IFN-mediated Jak/STAT1/2 signaling we next examined whether either or both tran-

scription complexes were required for this effect. We therefore constructed derivative

THF-ISRE cells from which either the STAT1 or IRF3 protein was stably removed via disrup-

tion of the respective coding regions by lentivirus-delivered CRISPR/Cas9 components [56–

59]. As shown in Fig 4A cells lacking IRF3 (THF-ISRE-ΔIRF3) or STAT1 (THF-ISRE-

ΔSTAT1) protein as detectable by immunoblot (IB) were obtained. Absence of these proteins

was functionally validated by the elimination of STAT1- (Fig 4B) or IRF3-dependent (Fig 4C)

LUC expression following treatment with control stimuli IFNβ and UV-inactivated cytomega-

lovirus (UV-CMV), respectively. Using these cells, G10 was found to induce LUC expression

in the absence of STAT1. However, G10-induced LUC expression was abrogated in cells lack-

ing IRF3. These results suggest that the innate immune stimulation observed in response to

G10 is dependent on the IRF3 transcription factor and does not require direct activation of

Jak/STAT-dependent signaling.

Since transcription of a reporter gene by G10 is abolished in the absence of IRF3 this

strongly implies that G10 stimulates the activation of IRF3, which involves phosphorylation of

C-terminal serine residues and subsequently allows its dimerization, nuclear translocation and

Fig 4. IRF3 is Required for G10-Dependent Transcription and Anti-Alphaviral Activity. (A) Immunoblot showing IRF3, STAT1, and GAPDH in
THF-ISRE stably transduced with Cas9 and CRISPR gRNA directed against either STAT1 (THF-ISRE-ΔSTAT1) or IRF3 (THF-ISRE-ΔIRF3) as indicated.
(B) Induction of IRF3/IFN-dependent LUC in THF lacking STAT1 following 7h exposure to 100μMG10, UV-inactivated CMV, or 1000U/mL IFNβ. Values
displayed are average fold changes ±SD of quadruplicate measurements relative to cells exposed only to 1% DMSO. (C) Induction of IRF3/IFN-dependent
LUC in THF lacking IRF3 following 7h exposure to 100μMG10, UV-inactivated CMV, or 1000U/mL IFNβ. Values displayed are as in B. (D) Immunoblot of
lysates from THF-ISRE following 6h exposure to DMSO, UV-CMV, SeV or 100uMG10 as indicated showing phosphorylation status of IRF3 S386, total IRF3,
and GAPDH. (E) Average media titers +SD of CHIKV, VEEV, and SINV at 24 (VEEV) or 48hpi (CHIKV, SINV) obtained from THF-ISRE-ΔIRF3 cells treated
with 1% DMSO, 100μMG10, or 1000U/mL IFNβ as indicated. Infections were performed in triplicate.

doi:10.1371/journal.ppat.1005324.g004
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DNA binding. To verify that IRF3 activation does occur in response to G10 we performed IB

using an antibody reactive to phosphorylated IRF3 residue S386 with whole cell lysates har-

vested from THF exposed to G10 or control stimuli. As shown in Fig 4D G10 stimulates phos-

phorylation of IRF3 in a manner similar to that triggered by UV-CMV and SeV. We next

examined whether IRF3 was involved in establishment of the observed G10-mediated anti-

Alphaviral state (Fig 3). To answer this we utilized THF-ISRE-ΔIRF3 by exposing them to

DMSO, 100μMG10 (a concentration over twelve times the IC90 for CHIKV and over four

times the IC90 for VEEV), or 1000U/mL IFNβ and examined growth of CHIKV and VEEV

after a period that enables peak viral titers. Fig 4E shows that while a strong anti-Alphaviral

state can still be established in these cells by pre-exposure to IFNβ, the ability of G10 to block

replication of CHIKV and VEEV is lost. In addition, we also examined Sindbis virus (SINV),

another Old World Alphavirus species, that grows poorly on wild type human fibroblasts (S2

Fig) but can replicate when the IPS-1-IRF3-IFN response is impaired. As shown in Fig 4E cells

lacking IRF3 are permissive for SINV replication. However, in these cells IFNβ, but not G10, is

capable of inhibiting virus replication. These results indicate the anti-Alphaviral activity elic-

ited by G10 requires IRF3-dependent cellular responses.

G10-mediated IRF3 activation and anti-Alphaviral activity occur
independently of IPS-1/MAVS-dependent signaling

An array of PRRs reacting with multiple classes of pathogen-associated molecules is capable of

initiating signaling pathways that terminate in IRF3 activation. As discussed above these con-

ventionally employ an adaptor protein to activate the IRF3-directed kinases TBK1 and IKKε.

IFNβ promoter stimulator 1 (IPS-1, also called MAVS) is utilized by RIG-I and MDA5, cyto-

plasmic sensors of (typically virus-associated) dsRNA. In an effort to characterize the cellular

pathway targeted by G10 we first asked whether IPS-1 is important for the molecule’s effect on

innate cellular activation. To address this we again employed lentivirus—delivered CRISPR/

Cas9 to construct THF cells lacking the protein. As shown in Fig 5A disruption of the IPS-1

coding region in this manner correspondingly results in undetectable protein. Furthermore,

IRF3 activation in response to poly(I:C), ppp-dsRNA, or SeV infection, processes requiring

IPS-1 [8,60,61], are accordingly abrogated in these cells. In contrast, IRF3 activation by

UV-CMV or 2’3’-cGAMP, which occur via the STING pathway in these cells [13,52,62] and

are independent of IPS-1 remains intact. Likewise, G10-induced IRF3 phosphorylation is also

functional in these cells (Fig 5A) indicating that the molecule stimulates a response that does

not require components of the IPS-1 signaling apparatus. We next asked whether the anti-

Alphaviral activity elicited by G10 similarly occurred independently of IPS-1 as described

above. As shown in Fig 5B, pretreatment of cells with either G10 or IFNβ diminishes replica-

tion of all three virus types by multiple logs; a magnitude that parallels what is observed in wild

type cells (Fig 3). Together these results indicate that the IRF3-dependent anti-Alphaviral activ-

ity conferred by G10 does not require IPS-1 or, by extension, any upstream PRRs (i.e. RIG-I,

MDA5, POL3) associated with this signaling pathway.

STING is required for G10-mediated IRF3 activation, gene expression,
and anti-Alphaviral activity

We next examined whether the IRF3-terminal adaptor protein STING is critical to G10-medi-

ated innate activation. For this we constructed THF-ISRE cells from which the STING protein

is eliminated via CRISPR/Cas9-mediated gene disruption as described above. Knockout of the

protein was confirmed visually by IB of whole cell lysates and functionally by demonstrating

the absence of IRF3 S386 phosphorylation following treatment with UV-CMV or transfection
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with 2’3’-cGAMP, both of which are STING-dependent cellular reactions (Fig 6A). IPS-

1-dependent signaling remains operational in these cells, however, as evidenced by IRF3 phos-

phorylation in response to SeV exposure and poly(I:C) transfection. Intriguingly, STING dele-

tion resulted in elimination of G10-induced IRF3 S386 phosphorylation. We next examined

whether the G10-induced transcriptional response observed in wild type cells (Fig 2) was simi-

larly inactive in STING-deficient cells. For this we also included THF-ISRE-ΔIPS-1 cells as a

control for any potential off-target effects of CRISPR/Cas9 genome editing or lentivirus trans-

duction. As shown in Fig 6B, treatment with G10 leads to strong LUC induction in cells lacking

IPS-1, as does exposure to UV-CMV or LPS (a TRIF-dependent process) but not SeV. How-

ever, in the absence of STING both G10 and UV-CMV fail to activate appreciable LUC

whereas SeV and LPS induce substantial expression thus validating intact IRF3-terminal sig-

naling. Transcriptional induction of IRF3-dependent endogenous host genes was also exam-

ined by qPCR. Fig 6C shows that, similar to LUC expression, ISG54, ISG15, and Viperin

mRNAs are highly transcribed in response to UV-CMV and G10 exposure in cells lacking IPS-

1 but remain comparatively unstimulated in cells lacking STING. In contrast, SeV-induced

transcription of these genes is only observed in cells lacking STING. From these results we con-

clude that the IRF3 activation and IRF3-dependent transcriptional activity in response to G10

occurs via a STING-dependent pathway.

Based on our observations above that G10-elicited anti-Alphaviral activity requires IRF3

(Fig 4), we hypothesized that STING-dependent IRF3 signaling is also essential to this process.

We therefore examined replication of CHIKV and VEEV in THF-ISRE-ΔSTING cells follow-

ing treatment with DMSO, G10, or IFNβ as described above (these cells are not permissive for

SINV replication since IPS-1-IRF3-IFN signaling is intact [49]). As shown in Fig 6D the ability

Fig 5. G10 Elicits IRF3 phosphorylation and Anti-Alphaviral Activity in Cells Lacking IPS1. (A)
Immunoblot of lysates from THF-ISRE-ΔIPS1 following 6h exposure to DMSO, UV-CMV, SeV or 100uMG10
as indicated showing phosphorylation status of IRF3 S386, total IRF3, IPS1, STING, and GAPDH. (B)
Average media titers +SD of CHIKV, VEEV, and SINV at 24h (VEEV) or 48h (CHIKV, SINV) post infection
obtained from THF-ISRE-ΔIPS1 cells treated with 1% DMSO, 100μMG10, or 1000U/mL IFNβ as indicated.
Infections were performed in triplicate.

doi:10.1371/journal.ppat.1005324.g005
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of G10 to block virus replication is absent in cells lacking STING despite the fact that an antivi-

ral state can effectively be established as indicated by treatment with IFNβ. Overall these data

clearly indicate that the STING pathway is crucial to the IRF3-dependent innate antiviral activ-

ity induced by G10.

STING behaves as a PRR of cyclic dinucleotides (CDN) by way of a direct interaction

between them and the protein’s C-terminal (ligand-binding) domain [13,63]. We therefore

asked whether G10 was a direct ligand of human STING, similar to the mouse STING-specific

small molecules DMXAA [40,41,64,65] and CMA [39], and sought evidence supporting this

hypothesis. For this we used differential scanning fluorimetry to examine changes in thermal

stability of purified STING-CTD in the presence of G10. Thermal stability of the protein is

expected to increase with binding affinity of protein-ligand complexes [66,67]. However, as

shown in S3 Fig, incubating purified mouse or human STING-CTD with G10 did not increase

the protein’s thermal stability, as does a validated ligand such as 2’3’-cGAMP or DMXAA (in

the case of mouse protein). These observations are inconsistent with G10 binding directly to

human or mouse STING-CTD.

STING also behaves as an adaptor molecule [68] required for activating IRF3-targeting

kinases by multiple upstream cytoplasmic DNA-sensing PRRs including ZBP1/DAI [69], IFI16

Fig 6. G10-Mediated IRF3 Phosphorylation, ISGmRNA Induction, and Anti-Alphaviral Activity are not
Detectable in Cells Lacking STING. (A) Immunoblot of lysates from THF-ΔSTING following 7h exposure to
1% DMSO, 0.1μg/mL poly(I:C), SeV, UV-CMV, 1μg/mL 2’3’-cGAMP, or 100uMG10 as indicated showing
phosphorylation status of IRF3 S386, total IRF3, IPS1, STING, and GAPDH. (B) Expression of IRF3/IFN-
dependent LUC in THF-ISRE-ΔIPS1 and THF-ISRE-ΔSTING following 7h exposure to 1% DMSO, indicated
concentrations of G10, SeV, UV-CMV, or 1μg/mL LPS. Values are presented as average fold change in
quadruplicate measurements ±SD relative to cells treated with 1% DMSO. (C) Average fold changes ±SD
from duplicate experiments of ISG54, ISG15, and Viperin mRNA relative to cells treated with 1% DMSO in
THF-ISRE-ΔIPS1 (black bars) or THF-ISRE-ΔSTING (gray bars) following exposure to UV-CMV, SeV, or
100μMG10. (D) Media titers of CHIKV and VEEV at 24h (VEEV) or 48h (CHIKV) obtained from THF-ISRE-
ΔSTING cells treated with 1% DMSO, 100μMG10, or 1000U/mL IFNβ as indicated. Infections were
performed in triplicate.

doi:10.1371/journal.ppat.1005324.g006
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[16], DDX41 [70], and IFI203 [17]. Given that we were unable to detect evidence of direct

interaction with STING it is possible that G10 engages one or more of these (or an as yet

unknown; see [71]) PRRs to initiate STING-dependent activity. In light of this it is interesting

to note that G10 does not induce IRF3 activation or IRF3-dependent gene expression in the

immortalized promonocytic cell line THP-1 despite the fact that these cells express phenotypi-

cally active STING [16,70,72–77] (S4 Fig). These results are potentially informative with

respect to identity of the direct cellular target of G10 since it likely rules out cGAS [14], DDX41

[73], and IFI16 [16] based on the observation that these are present and functional in THP-1

cells [78]. Currently we are examining whether other known STING-dependent receptors

(IFI203 and ZBP1/DAI) are required for G10-mediated activity.

G10 induces STING-dependent synthesis and secretion of bioactive
interferon

Our data indicate that G10 induces expression of cellular antiviral effector genes and that this

process ultimately requires IRF3 and STING. However, transcription of these genes (ISG15,

Viperin, ISG54, ISG56) can be triggered in response to either activated IRF3 or IFN-dependent

(Jak/STAT) signaling [79–81]. Therefore, we next aimed to discern the respective roles of these

pathways in G10-mediated innate and antiviral activation. For this we first examined whether

G10 is able to stimulate expression of type I or III interferons, both of which are known to

induce Jak/STAT-dependent signaling via type I and type III IFN receptor complexes, respec-

tively. As shown in Fig 7A, exposure of THF-ISRE to G10 leads to transcription of both IFNβ

and IFNλ1 mRNAs. However, induction of IFNλ1 by G10 does not approach the levels

observed for UV-CMV and SeV suggesting the involvement of different, potentially G10-inde-

pendent, cellular factors in this process. We next examined whether genes known to be induced

solely by Jak/STAT- (as opposed to either Jak/STAT or IRF3) dependent signaling were also

induced following G10 exposure since this would be indicative of autocrine/paracrine signaling

following release of type I or type III IFN from treated cells. In contrast to the 7h treatments

used above (Figs 2 and 6) we exposed cells to indicated stimuli for 18h in order to allow for

completion of the full sequence of IFN transcription, synthesis, secretion, and autocrine/para-

crine signal transduction. Fig 7B illustrates substantial induction of known IFNα/β-dependent

genes Mx2 and OAS in response to exposure to G10 as well as other control stimuli including

IFNβ. These results are consistent with the secretion of IFN in response to treatment with G10.

Numerous subtypes of type I and III interferons exist and thus demonstrating the presence

of secreted molecules requires type-specific immunoassays (ELISA). We chose to examine

secreted interferon of all subtypes by employing a cell-based reporter assay that reacts with any

bioactive type I or III interferon species. For this we utilized THF-ISRE-ΔIRF3 cells described

above (Fig 4). Since these cells cannot make type I IFN (due to the absence of IRF3) they do

not generate an autocrine LUC reporter signal in response to exogenous IFN-inducing stimuli

and only react to IFN itself (Fig 4). We treated THF-ISRE, THF-ISRE-ΔIPS-1, and THF-ISRE-

ΔSTING with DMSO, SeV, UV-CMV, or G10 for 18h and transferred media from these cells

to THF-ISRE-ΔIRF3 for 8h. Next, IFN-dependent luciferase expression was measured by lumi-

nescence. In agreement with our previous observations, IFN secretion was detected by wild

type THF cells exposed to UV-CMV, SeV, or G10. In cells lacking IPS-1 secretion of IFN was

abolished in response to SeV but not UV-CMV or G10. Moreover, cells lacking STING failed

to secrete IFN in response to UV-CMV or G10 but SeV-induced secretion was intact. Interest-

ingly, G10-induced secretion by cells lacking IPS-1 was significantly diminished relative to

wild type cells (p = 0.00013) perhaps indicating pivotal crosstalk between STING and IPS-1 sig-

naling, a phenomenon previously alluded to [11]. However, as indicated by Fig 6 the role of
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IPS-1 does not appear to be essential for G10’s anti-Alphaviral activity. Overall these data indi-

cate that G10 triggers the STING-dependent transcription, synthesis, and secretion of IFN spe-

cies capable of initiating Jak/STAT signaling and ISG expression.

STAT1 is required for G10-mediated anti-Alphaviral activity and ISG
expression

G10 exposure elicits secretion of bioactive IFN in cells that contain STING and IRF3 (Fig 7C)

but also the expression of two classes of ISGs: Those that are induced by either IRF3- or IFN-

dependent signaling (ISG15, ISG54, ISG56, Viperin) and those whose expression is activated

only by IFN-mediated Jak/STAT signaling (Mx2, OAS). Since many IRF3-dependent genes are

direct antiviral effectors (see [79,82]) we asked whether the G10-mediated anti-Alphaviral cel-

lular state we observe could be elicited in the absence of canonical STAT1-mediated, IFNα/β-

induced signaling by examining replication of CHIKV, VEEV, and SINV on cells lacking

STAT1. As shown in Fig 8A replication of these viruses in cells treated with G10 from which

STAT1 was deleted is similar to that seen in the presence of DMSO alone. Intriguingly, IFNβ

appears to induce detectable yet significant (in the case of VEEV and CHIKV) and profound

(in the case of SINV) antiviral effects even in the absence of STAT1. These data suggest the

expression of antiviral effectors that are IFN-induced yet independent of STAT1. Cells lacking

STAT1 can still react to IFN-exposure via the activity of STAT2, STAT3, STAT4, or STAT5. In

fact, expression of antiviral ISGs (including those examined here) has been detected in the

Fig 7. G10-Mediated Expression of Type I and III IFN and IFN-Dependent Genes. Induction of IFNβ and IFNλ1 (A) or Mx2 and OAS (B) transcripts in THF
following 18h exposure to SeV, UV-CMV, or 100μMG10 or IFNβ as indicated. Values presented are average fold changes relative to cells treated with 1%
DMSO ±SD based on duplicate treatments. (C) Secretion of type I IFN from THF-ISRE, THF-ISRE-ΔIPS1, or THF-ISRE-ΔSTING following 18h exposure to
1% DMSO, SeV, UV-CMV, or 100μMG10. Average LUC values ±SD were obtained from THF-ISRE-ΔIRF3 exposed (in triplicate) to media harvested from
indicated cells and exposed to indicated stimulus (in triplicate).

doi:10.1371/journal.ppat.1005324.g007
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absence of STAT1, likely via STAT2 homodimers [83–85]. In light of these results we examined

whether IFN or G10 could stimulate expression of either class of ISG in the absence of STAT1.

As shown in Fig 8B SeV, UV-CMV, IFNβ, and G10 were all capable of triggering synthesis of

Mx2 and ISG56 proteins. Surprisingly, however, in STAT1-deficient cells Mx2 and ISG56 pro-

teins were still detectable following exposure to SeV, UV-CMV, and IFNβ but not G10. These

results are consistent with previous studies showing that some IFN-responsive antiviral effec-

tors are inducible in the absence of STAT1 [83–87]

G10 triggers IRF3-dependent activity with less potency than 2’3’-cGAMP

Our observations indicating that STING is required for G10-mediated induction of IRF3-de-

pendent cellular activity led us to examine how the response to the molecule compares to that

of a canonical STING ligand such as 2’3’-cGAMP. For this we examined the kinetics of IRF3

phosphorylation and levels of IRF3-dependent gene induction following exposure to each of

the molecules. As shown in Fig 9A phosphorylation of IRF3 S386 is detectable at 30m post

exposure to G10 and at 1h post-exposure to 2’3’-cGAMP. It is important to note that 2’3’-

cGAMP was transfected into THF and this may affect timing of observable IRF3 phosphoryla-

tion. We next examined the transcriptional induction of IRF3- and IFN-dependent genes in

response to a range of G10 and 2’3’-cGAMP concentrations. Fig 9B illustrates that 2’3’-

cGAMP elicits stronger mRNA synthesis of IFIT1, IFIT2, ISG15, Viperin, OAS, and Mx2 at

lower concentrations than G10. Oddly, transcription of IFNβ appeared to show a somewhat

different pattern with dose-dependent induction being roughly similar between the molecules.

These results indicate that innate immune reactivity may occur more quickly in cells exposed

Fig 8. Abrogation of G10-Mediated Antiviral Activity and ISG Expression in Cells Lacking STAT1. (A)
Average media titers ±SD of CHIKV, VEEV, and SINV at 24h (VEEV) or 48h (CHIKV, SINV) obtained from
THF-ISRE-ΔSTAT1 cells treated with 1% DMSO, 100μMG10, or 1000U/mL IFNβ as indicated. Infections
were performed in triplicate. (B) Synthesis of Mx2 and ISG56 proteins in THF-ISRE and THF-ISRE-ΔSTAT1
following 24h exposure to SeV, UV-CMV, 1000U/mL IFNβ or 100μMG10 as indicated.

doi:10.1371/journal.ppat.1005324.g008
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directly to G10 relative to 2’3’-cGAMP (following transfection) but that higher concentrations

of the molecule are needed to trigger similar levels of IRF3/IFN-dependent gene expression.

G10 induces innate antiviral mRNA expression in primary human cells

To this point our examination of G10-mediated innate activation has focused on human fibro-

blasts that, while not strictly immortalized, are life-extended through the introduction of telo-

merase reverse transcriptase. To determine whether G10 is immunostimulatory to a similar

degree in more physiologically relevant primary cell types we examined the transcription of

IRF3-, IFN-, and NF-κB-dependent genes in human peripheral blood mononuclear cells

(PBMCs). As shown in Fig 10, G10 triggered expression of IFIT1, IFIT2, IFNβ, ISG15, OAS,

and Viperin to degrees that were proportional to compound concentration. Interestingly, NF-

κB-dependent genes MIP1α and IL1β were also transcriptionally induced by G10, a phenome-

non not observed in THF cells (Fig 2). Respective IPS-1- and STING-inducing control

stimuli ppp-dsRNA and 2’3’-cGAMP were similarly capable of activating transcription of these

genes in these cells (Fig 10B). As shown in S5 Fig primary human umbilical microvascular

endothelial cells also responded to G10 exposure by expressing IRF3-, IFN-, and NF-κB-

dependent genes. These results clearly demonstrate that innate immune induction by G10 is

not an effect specific to the cell model and suggests that in vivo stimulation by G10 is likely to

be feasible.

STING agonism inhibits CHIKV replication in vivo

While G10-induced innate immune activation is observed in multiple human cell types, we

were unable to detect similar activity in murine myeloid-derived RAW264.7 cells (S6 Fig).

Fig 9. Comparative Kinetics and Dose-Dependence of Innate Immune Activation by G10 and 2’3’-cGAMP. (A) Immunoblot of lysates from THF-ISRE
cells following exposure to G10 (100μM) or transfected 2’3’-cGAMP (42.3μM) for indicated time showing phosphorylation status of IRF3 S386, total IRF3,
and GAPDH. (B) mRNA synthesis of indicated genes in THF following 8h exposure to indicated concentration of G10 (blue) or 2’3’-cGAMP (red). Indicated
values represent average mRNA fold change ±SD from duplicate experiments relative to cells exposed to 1% DMSO.

doi:10.1371/journal.ppat.1005324.g009
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Multiple molecular analogs of G10 were thus constructed in an attempt to identify one that is

active in both human and mouse cells. While this allowed characterization of essential and

nonessential moieties within the molecule (S7 Fig), no derivatives were identified that were

active across species. However, 5,6-dimethylxanthenone-4-acetic acid (DMXAA) is a small

molecule that has been examined extensively and shown to trigger STING-dependent IRF3

and interferon activity in murine but not human cells ([40,41] and S3 Fig and S6 Fig). As such,

the compound has been explored for multiple immunotherapeutic uses including anti-angio-

genesis [88], vaccine adjuvanticity [89], anti-tumor immunology [38] and antiviral activity

[32,33,90]. We therefore explored patterns of DMXAA-stimulated innate immune activation

in murine cells to evaluate their resemblance with those induced by G10 in human cells. Fig

11A illustrates that DMXAA-induced IRF3 phosphorylation in RAW264.7 macrophage-like

cells is detectable by 1h post-treatment. Furthermore, DMXAA also elicits dose-dependent

transcription of key innate antiviral genes IFNβ, ISG15, IFIT2, and Viperin in a manner similar

to that observed for G10 in human cells (Fig 11B). The physiological effects of DMXAA thus

appear to resemble those we observe for G10. Fortunately, wild type mice represent a com-

monly used model of CHIKV infection that manifests viremia, pathogenesis, and immune

responses resembling those seen in human patients [46,91–93]. We therefore decided to use

this model to ask whether artificial stimulation of STING-dependent signaling was sufficient to

block CHIKV replication in vivo.

DMSO or DMXAA (25mg/kg) were administered to mice intraperitoneally at 3h pre-infec-

tion with CHIKV (1000 PFU). As shown in Fig 11 treatment with DMSO resulted in an aver-

age titer of 1.47 x 104 PFU/mL serum at 72h post infection. In contrast, serum-associated virus

Fig 10. G10-mediated Induction of mRNA in PBMCs.mRNA synthesis of indicated genes in human peripheral blood mononuclear cells (PBMC) following
8h exposure to indicated concentration of G10 (A) or ppp-dsRNA (12.5μg/mL) or 2’3’-cGAMP (28μM) (B). Indicated values represent average mRNA fold
change ±SD from duplicate experiments relative to cells exposed to 1% DMSO.

doi:10.1371/journal.ppat.1005324.g010
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was undetectable by plaque assay in mice pre-treated with DMXAA. We next examined

whether viral titers were influenced by DMXAA given post-inoculation. For this we adminis-

tered DMXAA at 6h and 24h post CHIKV infection. Fig 11 illustrates that virus was still unde-

tectable in serum from mice treated at 6h post infection. However, mice treated at 24h post

infection showed viral titers that were diminished relative to DMSO-treated animals but this

difference was not statistically significant (p = 0.1386). Overall these data indicate that artificial

stimulation of STING-dependent signaling in vivo within an appropriate temporal window

can block CHIKV replication. It is likely that the antiviral efficacy of STING activation will

diminish as time after acute viral replication increases and viral innate evasion phenotypes

appear. It is also possible that recurrent STING activation could have an effect on persistence

of CHIKV genomic RNA in joint tissues [94] and we are currently examining this possibility.

Discussion

Pharmacologic activation of STING-dependent signaling represents a potentially high-impact

therapeutic strategy with applications in diverse clinical areas such as broad-spectrum antivi-

rals, vaccine adjuvants, vascular disruption, and antitumor immunology. This is represented by

multiple successes of the utilization of this approach in mouse models of virus infection

[29,32,33,90,95], enhancement of vaccine immunogenicity [89,96–98], immune-mediated

tumor necrosis [36,38,99], and inhibition of solid tumor angiogenesis [100,101]. Unfortu-

nately, synthetic small molecules identified thus far have only exhibited suitable efficacy in

mouse models due to their strict specificity for the murine STING ortholog [39–41]. Here we

Fig 11. Innate Immune Activation by and Antiviral Activity of DMXAA. A. Immunoblot of lysates frommurine RAW264.7 cells following exposure to
100μMDMXAA for indicated time showing phosphorylation status of IRF3 S386, total IRF3, and GAPDH. (B) mRNA synthesis of indicated genes in
RAW264.7 cells following 8h exposure to indicated concentration of DMXAA. Values represent average mRNA fold change ±SD from duplicate experiments
relative to cells exposed to 1% DMSO. (B) Levels of serum-associated CHIKV at 72h post infection. Five mice per group were treated with DMSO alone or
DMXAA at 3h pre- or 6h or 24h post inoculation as indicated.

doi:10.1371/journal.ppat.1005324.g011
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employed high-throughput screening to identify a novel compound (G10) capable of triggering

IRF3/IFN-dependent responses and subsequently blocking replication of CHIKV, VEEV, and

SINV in human cells. Follow-up work seeking to pinpoint cellular targets essential to the phe-

notypic responses utilized a reverse genetics approach by way of CRISPR/Cas9-mediated

genome editing. This enabled identification of the STING protein as required for G10’s biologi-

cal activity thus indicating that the compound is the first described human-specific synthetic

small molecule STING agonist.

G10 triggers innate immune responses that involve expression of IRF3-dependent genes

including type I and III interferons. This was observed in telomerized foreskin fibroblasts as

well as primary cells such as PBMCs and endothelial cells. Unexpectedly, however, G10 did not

induce expression of genes associated with the activity of NF-κB in fibroblasts even though

such genes were induced in PBMCs and endothelial cells. Given the central role of NF-κB in

generation of pro-inflammatory states that can lead to pathogenic consequences, especially

under chronic circumstances, (reviewed in [102,103]), it is perhaps desirable that the activity of

G10 is more transcriptionally focused to IRF3-dependent responses in certain cell types. It is

also interesting that G10 induces type I IFN synthesis in the absence of detectable NF-κB activ-

ity given the reported requirement of the transcription factor for this process [104–107]. Acti-

vation of noncanonical NF-κB subunits may play a role in this case. Undertaking a more

thorough molecular investigation of NF-κB subunit activation (e.g. nuclear localization, phos-

phorylation, DNA binding) will be required to understand this with greater clarity. Impor-

tantly, G10 induced the phosphorylation of IRF3 and the protein’s deletion led to elimination

of reporter gene transcription as well as the compound’s anti-Alphaviral activity. As such the

innate biological effects of G10 examined here require IRF3-driven gene expression.

Deletion of the adaptor molecule IPS-1/MAVS did not eliminate G10-induced IRF3 phos-

phorylation or affect the molecule’s antiviral effect (Fig 5). Furthermore, G10-associated tran-

scription of IRF3-dependent genes was also intact in the absence of IPS-1 (Fig 6). In light of

these results, it is intriguing that G10-induced IFN secretion was diminished following IPS-1

deletion (Fig 7). This result is consistent with data showing interaction between IPS-1 and

STING during RIG-I-mediated stimulation (reviewed in [54]) although whether STING

strictly requires this interaction for full signaling has not been shown. Nevertheless, IPS-1 does

not appear to play a substantial role in G10-mediated anti-Alphaviral activity and thus

upstream IPS-1-dependent PRRs such as RIG-I and MDA5 are unlikely to be engaged by G10

or relevant for these effects.

Our results clearly establish an essential role for the signaling molecule STING. Deletion of

the STING protein resulted in complete inactivation of G10-mediated IRF3 phosphorylation,

IRF3-dependent transcription, IFN secretion, and antiviral activity (Figs 6 and 7). These results

plainly signify that STING-dependent function(s) are necessary for the innate phenotypic

response elicited by G10. Whether G10 represents a directly binding and activating synthetic

ligand of human STING (as are DMXAA and CMA for mouse STING) was examined using

thermal shift assays of purified protein. These revealed no increase in the thermal stability of

STING-CTD in the presence of G10 as was seen for 2’3’-cGAMP (S3 Fig). If the molecule

bound directly to STING-CTD we would expect a net increase in the melting temperature of the

protein dimers [66] as observed when a bona fide ligands such as 2’3’-cGAMP is co-incubated.

Additionally, the inability of G10 to induce IRF3-dependent transcription in THP-1 cells (S4

Fig) is also not consistent with the molecule behaving as a direct ligand since these cells express

biologically functional STING, as described in numerous studies [16,70,72–77]. The identity of

the protein or factor engaged by G10 that ultimately stimulates the STING-dependent response

is currently under investigation. IRF3-activating, STING-dependent sensors such as IFI16,

DDX41, and cGAS are also present and functional in THP-1 cells [17,73–75,78,108]. As such, it
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is probable that G10 either engages an alternative STING-dependent PRR such as ZBP1/DAI

[18] or IFI203 [17] or an as yet uncharacterized STING-dependent PRR [71]. ZBP1/DAI is a

particularly attractive target since we have previously shown it to be expressed and biologically

active in THF cells [18]. We are currently addressing this question using CRISPR/Cas9-me-

diated genome editing and ZBP1/DAI and IFI203 overexpression studies.

Given that G10 stimulates innate cellular effects that require STING we decided to compare

the dose dependence of these effects to 2’3’-cGAMP, an established STING ligand. Our results

indicate that while G10 may trigger earlier IRF3 phosphorylation than 2’3’-cGAMP, perhaps

due to its smaller size and cell permeability, it triggers levels of IRF3-dependent gene expres-

sion with overall less potency than 2’3’-cGAMP (Fig 9). More precisely, 2’3’-cGAMP induces

higher levels of IRF3- and IFN-dependent mRNA expression at lower concentrations than

G10. It would be interesting to establish whether these dissimilarities are causally linked to dif-

ferences in the molecules’ cellular targets, especially whether their proximity in the signaling

cascade to IRF3-directed kinases is important. Alternatively, differences in physico-chemical

properties between the molecules and how those relate to solubility and permeability may also

impact stimulatory potency [109].

G10 induces synthesis and secretion of bioactive type I and III IFNs and generates an antivi-

ral state in fibroblast cells positive for STING, IRF3, and STAT1 proteins. Based on these

results our model for the elicitation of anti-Alphaviral activity by G10 first involves STING-

dependent induction of IRF3 followed by IRF3-mediated synthesis and secretion of type I and

III IFNs and subsequent IFN-stimulated, STAT1-dependent expression of antiviral effectors.

Detection of STAT1-independent ISG expression in response to IFN exposure and IFN-induc-

ing stimuli was unexpected but not unprecedented and has been reported in multiple studies

[83–85,110,111]. Blaszcyk and colleagues attribute this to IFN-induced transcriptional com-

plexes composed of IRF9 and STAT2 homodimers [84] although homo- and heterodimers of

other Jak/Tyk2-phosphorylated STAT proteins may also play roles (reviewed in [112]). Inter-

estingly, IFNβ was able to stimulate some antiviral activity in cells lacking STAT1 and to a

degree that varied between viruses with SINV replication being undetectable. The full assort-

ment of STAT1-independent ISGs expressed cannot be inferred from two proteins (Mx2 and

ISG56) and as such the differential susceptibilities of CHIKV, VEEV, and SINV to ISG-

encoded proteins in general cannot be known based on these results. Yet it is clear that SINV is

highly sensitive to STAT1-independent ISGs relative to the other Alphaviruses. Intriguingly,

however, while other IRF3-activating, IFN-inducing stimuli were capable of triggering expres-

sion of Mx2 and ISG56 in the absence of STAT1, G10 was not. This likely explains the reliance

on STAT1 of G10-mediated anti-Alphaviral activity. Why this disparity in STAT1-dependence

occurs between SeV, UV-CMV, and G10 is not clear. It is possible that each stimulus triggers

the secretion of unique signatures of type I and type III IFN subtypes that subsequently elicit

distinct gene expression patterns [113,114]. Elucidation of the importance of the various IFN

proteins in G10’s antiviral effects will require more detailed examination, for instance by com-

parative transcriptomics, by using subtype-specific neutralizing antibodies or reverse genetics

via gene editing.

While the majority of our investigation employed fibroblast cells, it is evident that G10 elic-

ited innate immune activation in primary human cells such as PBMC’s (Fig 10) and umbilical

endothelial cells (S5 Fig). Unexpectedly, however, induction of NF-κB-dependent transcription

by G10 was observed in primary cells but not fibroblasts. Moreover, no G10-induced IRF3-de-

pendent activity was detected in THP-1 cells (S4 Fig). These disparities may be related to differ-

ences in cell type-specific expression of PRRs or innate signaling molecules, especially between

stromal versus myeloid-derived cells [115] and between transformed and untransformed cells

([116] and references therein). Understanding the biological bases for these divergent effects
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will require additional experimentation. However, demonstrating efficacy of G10 on primary

human cells is obviously crucial to assessing the therapeutic potential of the compound.

Unfortunately G10 was unable to stimulate similar activation in murine cells. As such,

evaluating the in vivo efficacy of G10 using a well-established mouse model of Alphavirus

(CHIKV) infection was not directly practical. Yet IFN-inducing STING agonists (e.g.

DMXAA, CMA) have been described that are murine specific [39–41]. We therefore exam-

ined whether DMXAA triggers IRF3 activation and IRF3-dependent gene induction in a

manner comparable to G10. While comparisons of absolute responses are complicated by

the fact that different species, cell types, and reagents are employed, DMXAA does trigger

rapid IRF3 phosphorylation and dose-dependent IFNβ and ISG transcription in mouse cells

(Fig 11) as does G10 in humans cells. In light of this we used the mouse model of acute

CHIKV infection to ask whether activation of the STING pathway is feasible as an in vivo

anti-Alphaviral strategy. We demonstrate that DMXAA clearly blocks viremia but that this

is related to the timing of administration with early (3h pre- or 6h post-infection) being

more effective than late (24h post-infection) treatment. It is probable that these kinetics cor-

relate with the appearance of CHIKV-encoded IFN/ISG evasion phenotypes and as such

STING-dependent antiviral efficacy diminishes with time post infection. However, whether

STING activation represents an effective approach for diminishing persistent (e.g.>6 weeks)

CHIKV infection [94,117] is an enticing possibility that warrants examination since this

could lead to alleviation of chronic virus-associated arthralgia and is currently being exam-

ined in our laboratory.

In summary we have identified a novel synthetic small molecule capable of inducing expres-

sion of type I and III IFNs as well as IFN-dependent antiviral effector genes. Using a reverse

genetics approach based on CRISPR/Cas9-mediated genome editing to identify cellular targets

of the molecule we shown that this effect requires STING, IRF3, and STAT1 proteins. These

molecules are likewise essential to the ability of G10 to elicit a cellular state refractory to repli-

cation of Alphavirus species. Furthermore, given the pivotal role of STING we also show that

pharmacologic activation of the molecule represents an effective anti-Alphaviral strategy in

vivo. Given the demonstrated role of STING pathway stimulation in numerous immunological

processes, it is being pursued as a therapeutic target for many diseases. Our work demonstrates

the feasibility of identifying molecules that activate STING-dependent signaling and yield ther-

apeutic outcomes as well as a strategy for characterizing cellular effects and essential modula-

tory proteins via genome editing.

Materials and Methods

Reagents and antibodies

Dimenthyl sulfoxide (DMSO) was obtained from Thermo-Fisher. Puromycin was obtained

from Clontech and used at 3μg/mL in cell culture medium. Lipopolysaccharide (LPS) and poly-

brene were obtained from Sigma-Aldrich. Human recombinant IFNβ and tumor necrosis fac-

tor α (TNFα) were obtained from PBL. ONE-Glo cell lysis/luciferin reagent was obtained from

Promega. Lucia luciferin reagent was obtained from Invivogen. Lipofectamine LTX was

obtained from Life Technologies. Poly(I:C) was obtained from Amersham (27–4729). 2’3’-

cGAMP and ppp-dsRNA were purchased from Invivogen (tlrl-cga23 and tlrl-3prna, respec-

tively). Unless otherwise indicated cells were exposed to ppp-dsRNA at 12.5μg/mL based on a

dose response of innate immune activity performed on THF cells. Stocks of G10 were pur-

chased from ChemDiv. DMXAA was purchased from ApexBio. Antibodies used against the

following antigens are indicated in parentheses: GAPDH (Santa Cruz SC-51906); STAT1

(Santa Cruz SC-346) IRF3 (Santa Cruz SC-9082); human S386 phospho-IRF3 (Epitomics
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2562–1); mouse S396 phospho-IRF3 (cell Signaling 4947); STING (Cell Signaling 3337); IPS-1

(Bethyl A300-782A); IFIT1/ISG56 (Thermo Fisher PA3 848); and Mx2 (Sigma HPA030235).

Cell and virus culture

Human foreskin fibroblasts originally obtained from the American Type Culture Collection

were stably transduced with constitutively expressed human telomerase reverse transcriptase

and the IRF3/IFN-responsive pGreenFire-ISRE lentivector and were maintained in DMEM

containing 10% fetal calf serum (FCS) and antibiotics as described previously [52]. Vero, BHK-

21, and C6/36 cells were obtained from Alec Hirsch (Oregon Health and Science University)

and were grown as described [49]. RAW264.7 cells were obtained from Jay Nelson (Oregon

Health and Science University) and transduced with a lentivector that contains firefly luciferase

under the control of the type I IFN responsive element obtained from SA Biosciences.

THP1-ISG-Lucia cells were obtained from Invivogen and maintained in RPMI containing 10%

FCS and antibiotics. These cells were differentiated in 100nM phorbol 12-myristate 13-acetate

(PMA) for 24h before stimulation. Human peripheral blood mononuclear cells were obtained

from StemCell Technologies and maintained in RPMI containing 10% FCS and antibiotics.

Human umbilical microvascular endothelial cells were obtained from Patrizia Caposio (Ore-

gon Health and Science University) and maintained as described [118]. All cells were grown at

37°C and 5% CO2. Sendai virus (SeV) was obtained from Charles River Laboratories and used

at 16 HA units/mL. Cytomegalovirus was grown, titered, UV-inactivated, and exposed to cells

as described previously [51,52]. West Nile Virus (WNV) was obtained from Alec Hirsch (Ore-

gon Health and Science University) and used as previously described [119]. Vaccinia Virus

(VACV) strain Western Reserve was obtained from Klaus Früh (Oregon Health and Science

University) and used as previously described [120]. Sindbis virus (SINV) strain Ar-339 was

obtained from ATCC. Venezeulan encephalitis virus (VEEV) strain TC83 and Chikungunya

virus (CHIKV) strain MH56 were obtained fromMichael Diamond (Washington University).

CHIKV was derived from an infectious clone as follows. RNA was transcribed from the linear-

ized clone using the T7 mMessage mMachine kit (Ambion) and transfected using Lipofecta-

mine LTX into BHK-21 cells. Resultant virus was propagated in C6/36-insect cells for 48h to

produce high titer viral stocks after pelleting through a 20% sucrose cushion by ultracentrifuga-

tion (22,000 rpm, 825206g for 1.5 hrs). In all cases infectious virus was quantified by serial dilu-

tion plaque assays on Vero cells with a carboxymethylcellulose overlay. Unless otherwise

indicated experimental infections were carried out in triplicate using a multiplicity of infection

(MOI) of 1 plaque forming unit (PFU) per cell. Cell viability was examined by quantitating

ATP using the Cell Titer GLO assay according to the manufacturer’s instructions (Promega).

Immunoblotting

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblots were

performed as follows. After trypsinization and cell pelleting at 2,000 x g for 10 min. whole-cell

lysates were harvested in 2% SDS lysis buffer (50 mM Tris-HCl, 20% glycerol). Lysates were

electrophoresed in 8% polyacrylamide gels and transferred onto polyvinylidene difluoride

membranes (Millipore) using semidry transfer at 400 mA for 1h. The blots were blocked at

room temperature for 2h or overnight using 10% nonfat milk in 1x PBS containing 0.1%

Tween 20. The blots were exposed to primary antibody in 5% nonfat milk in 1x PBS containing

0.1% Tween 20 for 18 h at 4°C. The blots were then washed in 1x PBS containing 0.1% Tween

20 for 20, 15, and 5 min, followed by deionized water for 5 min. A 1h exposure to horseradish

peroxidase-conjugated secondary antibodies and subsequent washes were performed as
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described for the primary antibodies. The antibody was visualized using enhanced chemilumi-

nescence (Pierce).

RNA isolation and semiquantitative reverse transcription-PCR
(RT-PCR)

Total RNA was isolated from cells and DNased using a DNA Free RNA Isolation kit according

to the manufacturer’s protocol (Zymo Research) and quantified by UV spectrometry. Single-

stranded cDNA for use as a PCR template was made from total RNA using random hexamers

to prime first-strand synthesis by Superscript III reverse transcriptase (Life Technologies) as

described in the manufacturer’s protocol. Comparison of mRNA expression between samples

(e.g., treated versus untreated) was performed using semiquantitative real-time RT-PCR

(qPCR) with the Applied Biosystems sequence detection system according to the ΔΔCT

method [121]. For IFNβ, IFNλ1, and mouse and human GAPDH (housekeeping gene) pre-val-

idated PrimeTime FAM qPCR primer/probe sets obtained from IDT were used. For all other

genes Maxima SYBR Green qPCR master mix (Thermo Fisher) was used. Primers for human

ISG15, ISG56, ISG54, and Viperin were described in [18,51,52,122]. Other human primer

sequences were as follows: Mx2-For, 5’-ACTTCAGTTCAGAATGGAG-3’Mx2-Rev, 5’-

TATTCTGTGAAGGCGTCC-3’OAS-For, 5’- CAGCGCCCCACCAAGCTCAA-3’OAS-Rev,

5’- TGCTCCCTCGCTCCCAAGCA-3’ IL8-For, 5’-GACTTCCAAGCTGGCCGT-3’ IL8-Rev,

5’-GAATTCTCAGCCCTCTTCA-3’ IL1β-For, 5’- AACAGGCTGCTCTGGGATTCTCTT-3’

IL1β-Rev, 5’- TGAAGGGAAAGAAGGTGCTCAGGT-3’MIP1α-For, 5’- GCTGCCCTTGCT

GTCCTCCTC-3’MIP1α-Rev, 5’- GGTCAGCACAGACCTGCCGG-3’. Mouse primers were

as follows: IFIT2/ISG54-For, 5’-TCCAGCCCCTACAGGATTGA-3’ IFIT2/ISG54-Rev, 5’-

TTCGGGTCCTTTTCCAGAGC-3’ IFNβ-For, 5’-CTGGAGCAGCTGAATGGAAAG-3’

IFNβ-Rev, 5’-CTTCTCCGTCATCTCCATAGGG-3’ Viperin-For, 5’-AGCAGGTGTGTGCCT

ATCAC-3’ Viperin-Rev, 5’-TCAGCCAGCAGAACAGGATG-3.

Lentivector transduction and CRISPR/Cas9-mediated genome editing

NF-κB-responsive luciferase reporter cells were made using a commercially available replica-

tion incompetent lentivirus (Qiagen). Telomerized human fibroblasts were exposed to virus

inoculum in the presence of DMEM plus 5μg/mL polybrene and rocked at 37°C for 8h. At two

days post inoculation cells were exposed to 3μg/mL puromycin. After cells were fully resistant

to puromycin they were verified for responsiveness to NF-κB-inducing stimuli (e.g. TNFα,

SeV, LPS). Genome editing using lentivector-mediated delivery of CRISPR/Cas9 components

was performed generally as described previously [56]. Briefly, 20nt guide RNA (gRNA)

sequences targeting protein-coding regions were inserted into the lentiCRISPRv2 vector

(AddGene # 52961). These sequences are as follows. IRF3: GAGGTGACAGCCTTCTACCG;

IPS-1: AGTACTTCATTGCGGCACTG; STAT1: AGAACACGAGACCAATGGTG; STING:

CCCGTGTCCCAGGGGTCACG. Lentivirus was made by transfecting specific lentiCRISPRv2

plasmid along with packaging (psPAX2; AddGene # 12260) and VSV-G pseudotyping (pMD2.

G; Addgene # 12259) plasmids into Lenti-X 293T cells (Clontech) using Lipofectamine-LTX

(Life Technologies). Media was harvested at 48h and 72h post transfection, centrifuged (3,000

x g for 10 min.) and filtered through a 0.45-μm-pore-size filter to remove cell debris. Subcon-

fluent target cells were exposed to lentivirus for 8h in the presence of 5 μg/mL polybrene. After

the cells reached confluence they were split into DMEM plus 10% FCS containing 3μg/mL

puromycin. Transduced cells were passaged in the presence of puromycin for 7–10 days before

protein knockout was examined by immunoblot. Cells were next serially diluted twice in 96

well plates to obtain oligoclonal lines purified for gene deletion. Protein knockout was
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additionally verified functionally by measuring phenotypic responsiveness to relevant stimuli

as discussed below.

Luciferase reporter assays

Confluent reporter cells were plated at 20,000 (THF-ISRE) or 100,000 (THP1-ISG-Lucia) cells

per well in a white 96 well plate 24h before stimulation. Treatments were performed in quadru-

plicate in 50μL DMEM plus 2% FCS for 7h unless otherwise indicated. One-GLO lysis/luciferin

reagent (Promega) was added at 1:1 to each well and luminescence measured on a Synergy

plate reader (BioTek).

STING protein purification and thermal shift assays

Coding sequences for human STING-C-terminal domain (CTD; AA 137–379) and mouse

STING-CTD (AA 137–378) were cloned into pRSET-B vector (Invitrogen) and contained a

6xHIS tag for protein expression in E. Coli strain BL21 (DE3)pLysS (Promega). Sequences

were verified before transforming bacteria, which were then grown in LB media at 37°C until

the OD600 reached 0.8. Protein expression was induced with 1mM IPTG at 16°C for 18h. After

induction, the culture was centrifuged and the pellet resuspended in 50 mMNaH2PO4, 150

mMNaCl (pH 7.5) and 10% glycerol after which the cells were lysed by sonication. The recom-

binant soluble STING-CTD was purified by nickel-affinity chromatography (Clontech labora-

tories) after which it was further purified by gel-filtration chromatography using a HiPrep 16/

60 Sephacryl S-100 HR column (GE Healthcare Life Sciences). Protein was eluted in 50 mM

NaH2PO4, 150 mMNacl (pH 7.5) and the eluted fractions containing STING-CTD concen-

trated using an Amicon centrifugal filter (10 Kd molecular weight cut-off; Millipore). Aliquots

of concentrated STING-CTD were immediately stored at -80°C. For thermal shift assay, 1 μg

of recombinant human or mouse STING-CTD was used combined with various concentra-

tions of G10, 2’3’-cGAMP, or DMXAA along SYPRO Orange dye (1:1000 dilution) in a 20μL

reaction (in triplicate). A StepOne Plus Real-time PCR system was used to acquire fluores-

cence. The samples were subjected to a temperature gradient of 25 to 99°C. The melting curves

were plotted and Tm values determined by fitting the curves to Boltzmann sigmoidal equation

using the GraphPad Prism 6 software. Three independent experiments were performed.

In vivo administration of DMXAA and viral infection

C57Bl/6J mice (5–7 weeks of age, Jackson Laboratories) were housed in cage units in an animal

BSL3 facility, fed ad libitum, and cared for under USDA guidelines for laboratory animals.

25mg/kg DMXAA (or DMSO alone) was prepared in 50μL DMSO and injected intraperitone-

ally. Mice were challenged with 1000 PFU CHIKV via footpad injection in 20μL RPMI under

isoflurane-induced anesthesia. Animals were euthanized at 72h post infection by isoflurane

overdose. Blood was collected by cardiac puncture and serum viral loads titered on Vero cells

in duplicate as described above.

Ethics statement

All animal procedures were conducted in accordance with and approved by the Oregon Health

and Science University Institutional Animal Care and Use Committee (IACUC) under proto-

col 0913. The Oregon Health and Science University IACUC adheres to the NIH Office of Lab-

oratory Animal Welfare standards (OLAW welfare assurance # A3304-01).
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Supporting Information

S1 Fig. ATP-dependent luminescence of THF following 24hr or 48hr exposure to indicated

concentrations of G10 or 3% DMSO (0). Values displayed are raw luminescence values aver-

aged from quadruplicate measurements ±SD following 24h or 48h exposure to indicated con-

centration of G10.

(TIFF)

S2 Fig. SINV Growth is Strongly Impaired in WT cells. Average media titers +SD of SINV at

24h or 48h post infection on wild type THF-ISRE cells and at 24h post infection of cells lacking

IPS-1 as indicated Infections were performed in triplicate.

(TIF)

S3 Fig. Thermal Shift Analysis of Human and Mouse STING-CTD in the presence of G10,

DMXAA and 2’3’-cGAMP. A.Melting temperature shifts for human STING-CTD in the

absence of compound and in the presence of G10 (100μM, 50μM, and 10μM) or 200μM 2’3’-

cGAMP. (B) Melting temperature shifts for mouse STING-CTD in the absence of compound

and in the presence of G10 (100μM and 10μM), 200μMDMXAA, or 100μM 2’3’-cGAMP. Val-

ues presented are averages of triplicate technical replicates and are representative of three inde-

pendent experiments. (C) Absolute change in hSTING and mSTINGmelting temperature in

the presence of indicated molecule relative to protein alone.

(TIFF)

S4 Fig. G10 does not induce IRF3-dependent transcription in promomocytic THP-1 cells.

(A) THP1-ISG-Lucia cells differentiated for 24h with 100nM PMA were treated overnight with

1% DMSO, G10 at indicated concentration, UV-CMV, or SeV. Expression of Lucia luciferase

was quantitated by measuring luminescence from quadruplicate treatments. Data illustrated

are average Lucia fold changes ±SD calculated relative to DMSO-treated cells. (B) mRNA syn-

thesis of indicated genes in differentiated THP-1 cells following 8h exposure to SeV, UV-CMV,

or 100μMG10. Indicated values illustrate mRNA fold change and are representative of dupli-

cate experiments relative to untreated cells.

(TIFF)

S5 Fig. G10-mediated Induction of mRNA in Primary Human Endothelial Cells.mRNA

synthesis of indicated genes in human umbilical microvascular endothelial cells following 8h

exposure to UV-CMV or 100μMG10. Indicated values represent average mRNA fold change

±SD from duplicate experiments relative to cells exposed to 1% DMSO.

(TIFF)

S6 Fig. G10 does not Induce IFN-Dependent Signaling in Mouse Reporter Cells. Lumines-

cence detected in RAW264.7 cells stably transduced with IFN-dependent LUC (RAW264.7-

ISRE) following overnight exposure to 1%DMSO or indicated concentration of DMXAA or G10.

(TIFF)

S7 Fig. Ability of G10 analogs to induce luciferase signal in THF-ISRE. Data illustrated are

average LUC fold changes ±SD calculated relative to DMSO-treated cells for quadruplicate

treatments.

(TIFF)

Acknowledgments

We thank Michael Diamond, Patrizia Caposio, Jay Nelson, Alec Hirsch, and Klaus Früh for

kindly providing reagents. We thank Su Chiang and Tao Ren from the National Screening

Characterization of a Novel Human-Specific STING Agonist

PLOS Pathogens | DOI:10.1371/journal.ppat.1005324 December 8, 2015 23 / 30

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005324.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005324.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005324.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005324.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005324.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005324.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005324.s007


Laboratory for the Regional Centers of Excellence in Biodefense and Emerging Infectious Dis-

eases (Harvard Medical School, Boston, MA) for their guidance with the design and perfor-

mance of the high-throughput screening. We thank Sonying Ouyang (Institute of Biophysics,

Chinese Academy of Sciences, Beijing, China), Chang Shu and Pingwei Li (Texas A&M Uni-

versity, College Station, TX) for their guidance with STING protein expression and purifica-

tion. We thank Jie Yang and Tsan Sam Xiao (Case Western Reserve University, Cleveland,

OH) for their input regarding data analysis for thermal shift assays. We thank the Oregon

Health and Science University Medicinal Chemistry Core Facility for assistance with the com-

pound analogs.

Author Contributions

Conceived and designed the experiments: VRD AN JLS RB. Performed the experiments: TMS

KMP RB JLS JA JAS AAS KS VRD IA. Analyzed the data: VRD RB JLS AN DNS JA. Contrib-

uted reagents/materials/analysis tools: VRD TMS KMP DNS AL JA JLS KS AN LA. Wrote the

paper: VRD JLS DNS JA.

References
1. Broz P, Monack DM. Newly described pattern recognition receptors team up against intracellular path-

ogens. Nature Publishing Group. 2013; 13: 551–565. doi: 10.1038/nri3479

2. Es-Saad S, Tremblay N, Baril M, Lamarre D. Regulators of innate immunity as novel targets for pan-
viral therapeutics. Current Opinion in Virology. 2012; 2: 622–628. doi: 10.1016/j.coviro.2012.08.009
PMID: 23017246

3. Sharma S, tenOever BR, Grandvaux N, Zhou G-P, Lin R, Hiscott J. Triggering the interferon antiviral
response through an IKK-related pathway. Science. American Association for the Advancement of
Science; 2003; 300: 1148–1151. doi: 10.1126/science.1081315

4. Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H, et al. Role of adaptor TRIF in the
MyD88-independent toll-like receptor signaling pathway. Science. American Association for the
Advancement of Science; 2003; 301: 640–643. doi: 10.1126/science.1087262

5. Oshiumi H, Matsumoto M, Funami K, Akazawa T, Seya T. TICAM-1, an adaptor molecule that partici-
pates in Toll-like receptor 3-mediated interferon-beta induction. Nat Immunol. 2003; 4: 161–167. doi:
10.1038/ni886 PMID: 12539043

6. Xu L-G, Wang Y-Y, Han K-J, Li L-Y, Zhai Z, Shu H-B. VISA is an adapter protein required for virus-trig-
gered IFN-beta signaling. Molecular Cell. 2005; 19: 727–740. doi: 10.1016/j.molcel.2005.08.014
PMID: 16153868

7. Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al. IPS-1, an adaptor triggering RIG-I-
and Mda5-mediated type I interferon induction. Nat Immunol. 2005; 6: 981–988. doi: 10.1038/ni1243
PMID: 16127453

8. Seth RB, Sun L, Ea C-K, Chen ZJ. Identification and Characterization of MAVS, a Mitochondrial Anti-
viral Signaling Protein that Activates NF-κB and IRF3. Cell. 2005; 122: 669–682. doi: 10.1016/j.cell.
2005.08.012 PMID: 16125763

9. Meylan E, Curran J, Hofmann K, Moradpour D, Binder M, Bartenschlager R, et al. Cardif is an adaptor
protein in the RIG-I antiviral pathway and is targeted by hepatitis C virus. Nature. 2005; 437: 1167–
1172. doi: 10.1038/nature04193 PMID: 16177806

10. Ishikawa H, Barber GN. STING is an endoplasmic reticulum adaptor that facilitates innate immune
signalling. Nature. 2008; 455: 674–678. doi: 10.1038/nature07317 PMID: 18724357

11. Zhong B, Yang Y, Li S, Wang Y-Y, Li Y, Diao F, et al. The Adaptor Protein MITA Links Virus-Sensing
Receptors to IRF3 Transcription Factor Activation. Immunity. Elsevier Inc; 2008; 29: 538–550. doi: 10.
1016/j.immuni.2008.09.003

12. SunW, Li Y, Chen L, Chen H, You F, Zhou X, et al. ERIS, an endoplasmic reticulum IFN stimulator,
activates innate immune signaling through dimerization. Proc Natl Acad Sci U S A. National Acad Sci-
ences; 2009; 106: 8653–8658. doi: 10.1073/pnas.0900850106

13. Burdette DL, Monroe KM, Sotelo-Troha K, Iwig JS, Eckert B, Hyodo M, et al. STING is a direct innate
immune sensor of cyclic di-GMP. Nature. Nature Publishing Group; 2012; 478: 515–518. doi: 10.
1038/nature10429

Characterization of a Novel Human-Specific STING Agonist

PLOS Pathogens | DOI:10.1371/journal.ppat.1005324 December 8, 2015 24 / 30

http://dx.doi.org/10.1038/nri3479
http://dx.doi.org/10.1016/j.coviro.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23017246
http://dx.doi.org/10.1126/science.1081315
http://dx.doi.org/10.1126/science.1087262
http://dx.doi.org/10.1038/ni886
http://www.ncbi.nlm.nih.gov/pubmed/12539043
http://dx.doi.org/10.1016/j.molcel.2005.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16153868
http://dx.doi.org/10.1038/ni1243
http://www.ncbi.nlm.nih.gov/pubmed/16127453
http://dx.doi.org/10.1016/j.cell.2005.08.012
http://dx.doi.org/10.1016/j.cell.2005.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16125763
http://dx.doi.org/10.1038/nature04193
http://www.ncbi.nlm.nih.gov/pubmed/16177806
http://dx.doi.org/10.1038/nature07317
http://www.ncbi.nlm.nih.gov/pubmed/18724357
http://dx.doi.org/10.1016/j.immuni.2008.09.003
http://dx.doi.org/10.1016/j.immuni.2008.09.003
http://dx.doi.org/10.1073/pnas.0900850106
http://dx.doi.org/10.1038/nature10429
http://dx.doi.org/10.1038/nature10429


14. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP Synthase Is a Cytosolic DNA Sensor That
Activates the Type I Interferon Pathway. Science. 2013; 339: 786–791. doi: 10.1126/science.
1232458 PMID: 23258413

15. Wu J, Sun L, Chen X, Du F, Shi H, Chen C, et al. Cyclic GMP-AMP is an endogenous secondmessen-
ger in innate immune signaling by cytosolic DNA. Science. 2013; 339: 826–830. doi: 10.1126/
science.1229963 PMID: 23258412

16. Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, et al. IFI16 is an innate
immune sensor for intracellular DNA. Nat Immunol. 2010; 11: 1004. doi: 10.1038/ni.1932

17. Stavrou S, Blouch K, Kotla S, Bass A, Ross SR. Nucleic Acid Recognition Orchestrates the Anti-Viral
Response to Retroviruses. Cell Host and Microbe. Elsevier Inc; 2015; 17: 478–488. doi: 10.1016/j.
chom.2015.02.021

18. Defilippis VR, Alvarado D, Sali T, Rothenburg S, Früh K. Human cytomegalovirus induces the inter-
feron response via the DNA sensor ZBP1. Journal of Virology. American Society for Microbiology;
2010; 84: 585–598. doi: 10.1128/JVI.01748-09

19. Ireton RC, Gale M. Pushing to a cure by harnessing innate immunity against hepatitis C virus. ANTIVI-
RAL RESEARCH. 2014; 108: 156–164. doi: 10.1016/j.antiviral.2014.05.012 PMID: 24907428

20. Patel DA, Patel AC, NolanWC, Zhang Y, Holtzman MJ. High throughput screening for small molecule
enhancers of the interferon signaling pathway to drive next-generation antiviral drug discovery. PLoS
ONE. 2012. doi: 10.1371/journal.pone.0036594.t002

21. Wong JP, Christopher ME, Viswanathan S, Karpoff N, Dai X, Das D, et al. Activation of toll-like recep-
tor signaling pathway for protection against influenza virus infection. Vaccine. 2009; 27: 3481–3483.
doi: 10.1016/j.vaccine.2009.01.048 PMID: 19200852

22. Silin DS, Lyubomska OV, Ershov FI, Frolov VM, Kutsyna GA. Synthetic and natural immunomodula-
tors acting as interferon inducers. Curr Pharm Des. 2009; 15: 1238–1247. PMID: 19355963

23. Wu J, Lu M, Meng Z, Trippler M, Broering R, Szczeponek A, et al. Toll-like receptor-mediated control
of HBV replication by nonparenchymal liver cells in mice. Hepatology. Wiley Subscription Services,
Inc., A Wiley Company; 2007; 46: 1769–1778. doi: 10.1002/hep.21897

24. Isogawa M, Robek MD, Furuichi Y, Chisari FV. Toll-like receptor signaling inhibits hepatitis B virus
replication in vivo. Journal of Virology. 2005; 79: 7269–7272. doi: 10.1128/JVI.79.11.7269-7272.2005
PMID: 15890966

25. Svensson A, Bellner L, Magnusson M, Eriksson K. Role of IFN-alpha/beta signaling in the prevention
of genital herpes virus type 2 infection. J Reprod Immunol. 2007; 74: 114–123. doi: 10.1016/j.jri.2006.
09.002 PMID: 17092567

26. Maisonneuve C, Bertholet S, Philpott DJ, De Gregorio E. Unleashing the potential of NOD- and Toll-
like agonists as vaccine adjuvants. Proc Natl Acad Sci U S A. 2014; 111: 12294–12299. doi: 10.1073/
pnas.1400478111 PMID: 25136133

27. Goulet M-L, Olagnier D, Xu Z, Paz S, Belgnaoui SM, Lafferty EI, et al. Systems Analysis of a RIG-I
Agonist Inducing Broad Spectrum Inhibition of Virus Infectivity. PLoS Pathog. 2013; 9: e1003298.
PMID: 23633948

28. Olagnier D, Scholte FEM, Chiang C, Albulescu IC, Nichols C, He Z, et al. Inhibition of dengue and chi-
kungunya virus infections by RIG-I-mediated type I interferon-independent stimulation of the innate
antiviral response. Journal of Virology. 2014; 88: 4180–4194. doi: 10.1128/JVI.03114-13 PMID:
24478443

29. Kramer MJ, Cleeland R, Grunberg E. Antiviral activity of 10-carboxymethyl-9-acridanone. Antimicro-
bial Agents and Chemotherapy. 1976; 9: 233–238. PMID: 1267425

30. Perera PY, Barber SA, Ching LM, Vogel SN. Activation of LPS-inducible genes by the antitumor agent
5,6-dimethylxanthenone-4-acetic acid in primary murine macrophages. Dissection of signaling path-
ways leading to gene induction and tyrosine phosphorylation. The Journal of Immunology. 1994; 153:
4684–4693. PMID: 7525711

31. Guo F, Han Y, Zhao X, Wang J, Liu F, Xu C, et al. STING agonists induce an innate antiviral immune
response against hepatitis B virus. Antimicrobial Agents and Chemotherapy. 2014. doi: 10.1128/AAC.
04321-14

32. Cheng G, Wang L-CS, Fridlender ZG, Cheng G-S, Chen B, Mangalmurti NS, et al. Pharmacologic
activation of the innate immune system to prevent respiratory viral infections. Am J Respir Cell Mol
Biol. 2011; 45: 480–488. doi: 10.1165/rcmb.2010-0288OC PMID: 21148741

33. Shirey KA, Nhu QM, Yim KC, Roberts ZJ, Teijaro JR, Farber DL, et al. The anti-tumor agent, 5,6-
dimethylxanthenone-4-acetic acid (DMXAA), induces IFN-beta-mediated antiviral activity in vitro and
in vivo. Journal of Leukocyte Biology. Society for Leukocyte Biology; 2011; 89: 351–357. doi: 10.
1189/jlb.0410216

Characterization of a Novel Human-Specific STING Agonist

PLOS Pathogens | DOI:10.1371/journal.ppat.1005324 December 8, 2015 25 / 30

http://dx.doi.org/10.1126/science.1232458
http://dx.doi.org/10.1126/science.1232458
http://www.ncbi.nlm.nih.gov/pubmed/23258413
http://dx.doi.org/10.1126/science.1229963
http://dx.doi.org/10.1126/science.1229963
http://www.ncbi.nlm.nih.gov/pubmed/23258412
http://dx.doi.org/10.1038/ni.1932
http://dx.doi.org/10.1016/j.chom.2015.02.021
http://dx.doi.org/10.1016/j.chom.2015.02.021
http://dx.doi.org/10.1128/JVI.01748-09
http://dx.doi.org/10.1016/j.antiviral.2014.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24907428
http://dx.doi.org/10.1371/journal.pone.0036594.t002
http://dx.doi.org/10.1016/j.vaccine.2009.01.048
http://www.ncbi.nlm.nih.gov/pubmed/19200852
http://www.ncbi.nlm.nih.gov/pubmed/19355963
http://dx.doi.org/10.1002/hep.21897
http://dx.doi.org/10.1128/JVI.79.11.7269-7272.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890966
http://dx.doi.org/10.1016/j.jri.2006.09.002
http://dx.doi.org/10.1016/j.jri.2006.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17092567
http://dx.doi.org/10.1073/pnas.1400478111
http://dx.doi.org/10.1073/pnas.1400478111
http://www.ncbi.nlm.nih.gov/pubmed/25136133
http://www.ncbi.nlm.nih.gov/pubmed/23633948
http://dx.doi.org/10.1128/JVI.03114-13
http://www.ncbi.nlm.nih.gov/pubmed/24478443
http://www.ncbi.nlm.nih.gov/pubmed/1267425
http://www.ncbi.nlm.nih.gov/pubmed/7525711
http://dx.doi.org/10.1128/AAC.04321-14
http://dx.doi.org/10.1128/AAC.04321-14
http://dx.doi.org/10.1165/rcmb.2010-0288OC
http://www.ncbi.nlm.nih.gov/pubmed/21148741
http://dx.doi.org/10.1189/jlb.0410216
http://dx.doi.org/10.1189/jlb.0410216


34. Tang CK, Aoshi T, Jounai N, Ito J, Ohata K, Kobiyama K, et al. The chemotherapeutic agent DMXAA
as a unique IRF3-dependent type-2 vaccine adjuvant. PLoS ONE. Public Library of Science; 2013; 8:
e60038. doi: 10.1371/journal.pone.0060038

35. Blaauboer SM, Gabrielle VD, Jin L. MPYS/STING-mediated TNF-α, not type I IFN, is essential for the
mucosal adjuvant activity of (3“-5”)-cyclic-di-guanosine-monophosphate in vivo. J Immunol. 2014;
192: 492–502. doi: 10.4049/jimmunol.1301812 PMID: 24307739

36. Wallace A, LaRosa DF, Kapoor V, Sun J, Cheng G, Jassar A, et al. The Vascular Disrupting Agent,
DMXAA, Directly Activates Dendritic Cells through a MyD88-Independent Mechanism and Generates
Antitumor Cytotoxic T Lymphocytes. Cancer Res. 2007; 67: 7011–7019. doi: 10.1158/0008-5472.
CAN-06-3757 PMID: 17638914

37. Jassar AS. Activation of Tumor-Associated Macrophages by the Vascular Disrupting Agent 5,6-
Dimethylxanthenone-4-Acetic Acid Induces an Effective CD8+ T-Cell-Mediated Antitumor Immune
Response in Murine Models of Lung Cancer and Mesothelioma. Cancer Res. 2005; 65: 11752–
11761. doi: 10.1158/0008-5472.CAN-05-1658 PMID: 16357188

38. Corrales L, Glickman LH, McWhirter SM, Kanne DB, Sivick KE, Katibah GE, et al. Direct Activation of
STING in the Tumor Microenvironment Leads to Potent and Systemic Tumor Regression and Immu-
nity. Cell Rep. The Authors; 2015; 1–14. doi: 10.1016/j.celrep.2015.04.031

39. Cavlar T, Deimling T, Ablasser A, Hopfner K-P, Hornung V. Species-specific detection of the antiviral
small-molecule compound CMA by STING. The EMBO Journal. 2013; 32: 1440–1450. doi: 10.1038/
emboj.2013.86 PMID: 23604073

40. Kim S, Li L, Maliga Z, Yin Q, Wu H, Mitchison TJ. Anticancer flavonoids are mouse-selective STING
agonists. ACS Chem Biol. 2013; 8: 1396–1401. doi: 10.1021/cb400264n PMID: 23683494

41. Conlon J, Burdette DL, Sharma S, Bhat N, Thompson M, Jiang Z, et al. Mouse, but not Human
STING, Binds and Signals in Response to the Vascular Disrupting Agent 5,6-Dimethylxanthenone-4-
Acetic Acid. The Journal of Immunology. 2013; 190: 5216–5225. doi: 10.4049/jimmunol.1300097
PMID: 23585680

42. Weaver SC, Winegar R, Manger ID, Forrester NL. Alphaviruses: Population genetics and determi-
nants of emergence. ANTIVIRAL RESEARCH. Elsevier B.V; 2012; 1–16. doi: 10.1016/j.antiviral.
2012.04.002

43. Johansson MA. Chikungunya on the move. Trends in Parasitology. Elsevier Ltd; 2015; 31: 43–45. doi:
10.1016/j.pt.2014.12.008

44. Zehmer RB, Dean PB, Sudia WD, Calisher CH, Sather GE, Parker RL. Venezuelan equine encephali-
tis epidemic in Texas, 1971. Health Serv Rep. 1974; 89: 278–282. PMID: 4151413

45. Go YY, Balasuriya UBR, Lee C-K. Zoonotic encephalitides caused by arboviruses: transmission and
epidemiology of alphaviruses and flaviviruses. Clin Exp Vaccine Res. 2014; 3: 58–77. doi: 10.7774/
cevr.2014.3.1.58 PMID: 24427764

46. Couderc T, Chretien F, Schilte C, Disson O, Brigitte M. A mouse model for Chikungunya: young age
and inefficient type-I interferon signaling are risk factors for severe disease. PLoS Pathog. 2008.

47. Lukaszewski RA, Brooks TJ. Pegylated alpha interferon is an effective treatment for virulent venezue-
lan equine encephalitis virus and has profound effects on the host immune response to infection. Jour-
nal of Virology. 2000; 74: 5006–5015. PMID: 10799574

48. Pinto AJ, Morahan PS, Brinton M, Stewart D, Gavin E. Comparative therapeutic efficacy of recombi-
nant interferons-alpha, -beta, and -gamma against alphatogavirus, bunyavirus, flavivirus, and herpes-
virus infections. J Interferon Res. 1990; 10: 293–298. PMID: 1696607

49. White LK, Sali T, Alvarado D, Gatti E, Pierre P, Streblow D, et al. Chikungunya virus induces IPS-1-
dependent innate immune activation and protein kinase R-independent translational shutoff. Journal
of Virology. American Society for Microbiology; 2011; 85: 606–620. doi: 10.1128/JVI.00767-10

50. Navarro L, Mowen K, Rodems S, Weaver B, Reich N, Spector D, et al. Cytomegalovirus activates
interferon immediate-early response gene expression and an interferon regulatory factor 3-containing
interferon-stimulated response element-binding complex. Mol Cell Biol. 1998; 18: 3796–3802. PMID:
9632763

51. Defilippis VR, Robinson B, Keck TM, Hansen SG, Nelson JA, Früh KJ. Interferon regulatory factor 3 is
necessary for induction of antiviral genes during human cytomegalovirus infection. Journal of Virol-
ogy. American Society for Microbiology; 2006; 80: 1032–1037. doi: 10.1128/JVI.80.2.1032-1037.
2006

52. Defilippis VR, Sali T, Alvarado D, White L, BresnahanW, Früh KJ. Activation of the interferon
response by human cytomegalovirus occurs via cytoplasmic double-stranded DNA but not glycopro-
tein B. Journal of Virology. 2010; 84: 8913–8925. doi: 10.1128/JVI.00169-10 PMID: 20573816

Characterization of a Novel Human-Specific STING Agonist

PLOS Pathogens | DOI:10.1371/journal.ppat.1005324 December 8, 2015 26 / 30

http://dx.doi.org/10.1371/journal.pone.0060038
http://dx.doi.org/10.4049/jimmunol.1301812
http://www.ncbi.nlm.nih.gov/pubmed/24307739
http://dx.doi.org/10.1158/0008-5472.CAN-06-3757
http://dx.doi.org/10.1158/0008-5472.CAN-06-3757
http://www.ncbi.nlm.nih.gov/pubmed/17638914
http://dx.doi.org/10.1158/0008-5472.CAN-05-1658
http://www.ncbi.nlm.nih.gov/pubmed/16357188
http://dx.doi.org/10.1016/j.celrep.2015.04.031
http://dx.doi.org/10.1038/emboj.2013.86
http://dx.doi.org/10.1038/emboj.2013.86
http://www.ncbi.nlm.nih.gov/pubmed/23604073
http://dx.doi.org/10.1021/cb400264n
http://www.ncbi.nlm.nih.gov/pubmed/23683494
http://dx.doi.org/10.4049/jimmunol.1300097
http://www.ncbi.nlm.nih.gov/pubmed/23585680
http://dx.doi.org/10.1016/j.antiviral.2012.04.002
http://dx.doi.org/10.1016/j.antiviral.2012.04.002
http://dx.doi.org/10.1016/j.pt.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/4151413
http://dx.doi.org/10.7774/cevr.2014.3.1.58
http://dx.doi.org/10.7774/cevr.2014.3.1.58
http://www.ncbi.nlm.nih.gov/pubmed/24427764
http://www.ncbi.nlm.nih.gov/pubmed/10799574
http://www.ncbi.nlm.nih.gov/pubmed/1696607
http://dx.doi.org/10.1128/JVI.00767-10
http://www.ncbi.nlm.nih.gov/pubmed/9632763
http://dx.doi.org/10.1128/JVI.80.2.1032-1037.2006
http://dx.doi.org/10.1128/JVI.80.2.1032-1037.2006
http://dx.doi.org/10.1128/JVI.00169-10
http://www.ncbi.nlm.nih.gov/pubmed/20573816


53. Schneider WM, Chevillotte MD, Rice CM. Interferon-Stimulated Genes: A Complex Web of Host
Defenses. Annu Rev Immunol. 2014; 32: 513–545. doi: 10.1146/annurev-immunol-032713-120231
PMID: 24555472

54. Maringer K, Fernandez-Sesma A. Message in a bottle: lessons learned from antagonism of STING
signalling during RNA virus infection. Cytokine &Growth Factor Reviews. 2014; 25: 669–679. doi: 10.
1016/j.cytogfr.2014.08.004

55. Dai P, WangW, Cao H, Avogadri F, Dai L, Drexler I, et al. Modified Vaccinia Virus Ankara Triggers
Type I IFN Production in Murine Conventional Dendritic Cells via a cGAS/STING-Mediated Cytosolic
DNA-Sensing Pathway. PLoS Pathog. 2014; 10: e1003989. PMID: 24743339

56. Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for CRISPR screen-
ing. Nat Meth. 2014; 11: 783–784. doi: 10.1038/nmeth.3047

57. Sternberg SH, Haurwitz RE, Doudna JA. Mechanism of substrate selection by a highly specific
CRISPR endoribonuclease. RNA. 2012; 18: 661–672. doi: 10.1261/rna.030882.111 PMID: 22345129

58. Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al. RNA-guided human genome engineer-
ing via Cas9. Science. American Association for the Advancement of Science; 2013; 339: 823–826.
doi: 10.1126/science.1232033

59. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering using the CRISPR-
Cas9 system. Nat Protoc. 2013; 8: 2281–2308. doi: 10.1038/nprot.2013.143 PMID: 24157548

60. Hornung V, Ellegast J, Kim S, Brzózka K, Jung A, Kato H, et al. 5'-Triphosphate RNA is the ligand for
RIG-I. Science. American Association for the Advancement of Science; 2006; 314: 994–997. doi: 10.
1126/science.1132505

61. Gitlin L, Barchet W, Gilfillan S, Cella M, Beutler B, Flavell RA, et al. Essential role of mda-5 in type I
IFN responses to polyriboinosinic:polyribocytidylic acid and encephalomyocarditis picornavirus. Pro-
ceedings of the National Academy of Sciences. National Acad Sciences; 2006; 103: 8459–8464. doi:
10.1073/pnas.0603082103

62. Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, Röhl I, et al. cGAS produces a 2“-5-”linked
cyclic dinucleotide second messenger that activates STING. Nature. 2013; 498: 380–384. doi: 10.
1038/nature12306 PMID: 23722158

63. Burdette DL, Vance RE. STING and the innate immune response to nucleic acids in the cytosol. Nat
Immunol. 2013; 14: 19–26. doi: 10.1038/ni.2491 PMID: 23238760

64. Gao P, Ascano M, Zillinger T, WangW, Dai P, Serganov AA, et al. Structure-function analysis of
STING activation by c[G(2',5')pA(3“,5”)p] and targeting by antiviral DMXAA. Cell. 2013; 154: 748–762.
doi: 10.1016/j.cell.2013.07.023 PMID: 23910378

65. Prantner D, Perkins DJ, Lai W, Williams MS, Sharma S, Fitzgerald KA, et al. 5,6-Dimethylxanthe-
none-4-acetic acid (DMXAA) activates stimulator of interferon gene (STING)-dependent innate
immune pathways and is regulated by mitochondrial membrane potential. J Biol Chem. 2012; 287:
39776–39788. doi: 10.1074/jbc.M112.382986 PMID: 23027866

66. Niesen FH, Berglund H, Vedadi M. The use of differential scanning fluorimetry to detect ligand interac-
tions that promote protein stability. Nat Protoc. 2007; 2: 2212–2221. doi: 10.1038/nprot.2007.321
PMID: 17853878

67. Zhang X, Shi H, Wu J, Zhang X, Sun L, Chen C, et al. Cyclic GMP-AMP Containing Mixed Phospho-
diester Linkages IsAn Endogenous High-Affinity Ligand for STING. Molecular Cell. Elsevier Inc; 2013;
51: 226–235. doi: 10.1016/j.molcel.2013.05.022

68. Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, et al. Phosphorylation of innate immune adaptor proteins
MAVS, STING, and TRIF induces IRF3 activation. Science. 2015; 347: aaa2630–aaa2630. doi: 10.
1126/science.aaa2630 PMID: 25636800

69. Defilippis VR, Alvarado D, Sali T, Rothenburg S, Früh K. Human cytomegalovirus induces the inter-
feron response via the DNA sensor ZBP1. Journal of Virology. 2010; 84: 585–598. doi: 10.1128/JVI.
01748-09 PMID: 19846511

70. Parvatiyar K, Zhang Z, Teles RM, Ouyang S, Jiang Y, Iyer SS, et al. The helicase DDX41 recognizes
the bacterial secondary messengers cyclic di-GMP and cyclic di-AMP to activate a type I interferon
immune response. Nature Publishing Group. 2012; 13: 1155–1161. doi: 10.1038/ni.2460

71. Motani K, Ito S, Nagata S. DNA-Mediated Cyclic GMP-AMP Synthase-Dependent and -Independent
Regulation of Innate Immune Responses. J Immunol. American Association of Immunologists; 2015;
194: 4914–4923. doi: 10.4049/jimmunol.1402705

72. Li Z, Liu G, Sun L, Teng Y, Guo X, Jia J, et al. PPM1A Regulates Antiviral Signaling by Antagonizing
TBK1-Mediated STING Phosphorylation and Aggregation. Feng P, editor. PLoS Pathog. 2015; 11:
e1004783–26. doi: 10.1371/journal.ppat.1004783 PMID: 25815785

Characterization of a Novel Human-Specific STING Agonist

PLOS Pathogens | DOI:10.1371/journal.ppat.1005324 December 8, 2015 27 / 30

http://dx.doi.org/10.1146/annurev-immunol-032713-120231
http://www.ncbi.nlm.nih.gov/pubmed/24555472
http://dx.doi.org/10.1016/j.cytogfr.2014.08.004
http://dx.doi.org/10.1016/j.cytogfr.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24743339
http://dx.doi.org/10.1038/nmeth.3047
http://dx.doi.org/10.1261/rna.030882.111
http://www.ncbi.nlm.nih.gov/pubmed/22345129
http://dx.doi.org/10.1126/science.1232033
http://dx.doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
http://dx.doi.org/10.1126/science.1132505
http://dx.doi.org/10.1126/science.1132505
http://dx.doi.org/10.1073/pnas.0603082103
http://dx.doi.org/10.1038/nature12306
http://dx.doi.org/10.1038/nature12306
http://www.ncbi.nlm.nih.gov/pubmed/23722158
http://dx.doi.org/10.1038/ni.2491
http://www.ncbi.nlm.nih.gov/pubmed/23238760
http://dx.doi.org/10.1016/j.cell.2013.07.023
http://www.ncbi.nlm.nih.gov/pubmed/23910378
http://dx.doi.org/10.1074/jbc.M112.382986
http://www.ncbi.nlm.nih.gov/pubmed/23027866
http://dx.doi.org/10.1038/nprot.2007.321
http://www.ncbi.nlm.nih.gov/pubmed/17853878
http://dx.doi.org/10.1016/j.molcel.2013.05.022
http://dx.doi.org/10.1126/science.aaa2630
http://dx.doi.org/10.1126/science.aaa2630
http://www.ncbi.nlm.nih.gov/pubmed/25636800
http://dx.doi.org/10.1128/JVI.01748-09
http://dx.doi.org/10.1128/JVI.01748-09
http://www.ncbi.nlm.nih.gov/pubmed/19846511
http://dx.doi.org/10.1038/ni.2460
http://dx.doi.org/10.4049/jimmunol.1402705
http://dx.doi.org/10.1371/journal.ppat.1004783
http://www.ncbi.nlm.nih.gov/pubmed/25815785


73. Zhang Z, Yuan B, Bao M, Lu N, Kim T, Liu Y-J. The helicase DDX41 senses intracellular DNAmedi-
ated by the adaptor STING in dendritic cells. Nat Immunol. 2011; 12: 959–965. doi: 10.1038/ni.2091
PMID: 21892174

74. Jakobsen MR, Bak RO, Andersen A, Berg RK, Jensen SB, Jin T, et al. IFI16 senses DNA forms of the
lentiviral replication cycle and controls HIV-1 replication. Proc Natl Acad Sci U S A. 2013. doi: 10.
1073/pnas.1311669110

75. Mankan AK, Schmidt T, Chauhan D, GoldeckM, Honing K, Gaidt M, et al. Cytosolic RNA:DNA hybrids
activate the cGAS-STING axis. The EMBO Journal. 2014. doi: 10.15252/embj.201488726

76. Sun C, Schattgen SA, Pisitkun P, Jorgensen JP, Hilterbrand AT, Wang LJ, et al. Evasion of Innate
Cytosolic DNA Sensing by a Gammaherpesvirus Facilitates Establishment of Latent Infection. The
Journal of Immunology. 2015; 194: 1819–1831. doi: 10.4049/jimmunol.1402495 PMID: 25595793

77. Panchanathan R, Liu H, Xin D, Choubey D. Identification of a negative feedback loop between cyclic
di-GMP-induced levels of IFI16 and p202 cytosolic DNA sensors and STING. Innate Immunity. 2014;
20: 751–759. doi: 10.1177/1753425913507097 PMID: 24131791

78. Hansen K, Prabakaran T, Laustsen A, Jorgensen SE, Rahbaek SH, Jensen SB, et al. Listeria mono-
cytogenes induces IFN expression through an IFI16-, cGAS- and STING-dependent pathway. The
EMBO Journal. 2014; 33: 1654–1666. doi: 10.15252/embj.201488029 PMID: 24970844

79. Grandvaux N, Servant MJ, Tenoever B, Sen GC, Balachandran S, Barber GN, et al. Transcriptional
profiling of interferon regulatory factor 3 target genes: direct involvement in the regulation of inter-
feron-stimulated genes. Journal of Virology. 2002; 76: 5532–5539. PMID: 11991981

80. Elco CP, Guenther JM, Williams BRG, Sen GC. Analysis of genes induced by Sendai virus infection
of mutant cell lines reveals essential roles of interferon regulatory factor 3, NF-kappaB, and interferon
but not toll-like receptor 3. Journal of Virology. American Society for Microbiology; 2005; 79: 3920–
3929. doi: 10.1128/JVI.79.7.3920-3929.2005

81. Noyce RS, Collins SE, Mossman KL. Identification of a novel pathway essential for the immediate-
early, interferon-independent antiviral response to enveloped virions. Journal of Virology. American
Society for Microbiology; 2006; 80: 226–235. doi: 10.1128/JVI.80.1.226-235.2006

82. Noyce RS, Collins SE, Mossman KL. Identification of a novel pathway essential for the immediate-
early, interferon-independent antiviral response to enveloped virions. Journal of Virology. American
Society for Microbiology; 2006; 80: 226–235. doi: 10.1128/JVI.80.1.226-235.2006

83. Abdul-Sater AA, Majoros A, Plumlee CR, Perry S, Gu AD, Lee C, et al. Different STAT Transcription
Complexes Drive Early and Delayed Responses to Type I IFNs. The Journal of Immunology. 2015;
195: 210–216. doi: 10.4049/jimmunol.1401139 PMID: 26019270

84. Blaszczyk K, Olejnik A, Nowicka H, Ozgyin L, Chen Y-L, Chmielewski S, et al. STAT2/IRF9 directs a
prolonged ISGF3-like transcriptional response and antiviral activity in the absence of STAT1. Bio-
chem J. Portland Press Ltd; 2015; 466: 511–524. doi: 10.1042/BJ20140644

85. Sarkis PTN, Ying S, Xu R, Yu X-F. STAT1-independent cell type-specific regulation of antiviral APO-
BEC3G by IFN-alpha. The Journal of Immunology. 2006; 177: 4530–4540. PMID: 16982890

86. Hahm B, Trifilo MJ, Zuniga EI, Oldstone MBA. Viruses Evade the Immune System through Type I
Interferon-Mediated STAT2-Dependent, but STAT1-Independent, Signaling. Immunity. 2005; 22:
247–257. doi: 10.1016/j.immuni.2005.01.005 PMID: 15723812

87. Ousman SS, Wang J, Campbell IL. Differential Regulation of Interferon Regulatory Factor (IRF)-7 and
IRF-9 Gene Expression in the Central Nervous System during Viral Infection. Journal of Virology.
2005; 79: 7514–7527. doi: 10.1128/JVI.79.12.7514-7527.2005 PMID: 15919906

88. Cao Z, Baguley BC, Ching LM. Interferon-inducible protein 10 induction and inhibition of angiogenesis
in vivo by the antitumor agent 5,6-dimethylxanthenone-4-acetic acid (DMXAA). Cancer Res. 2001;
61: 1517–1521. PMID: 11245459

89. Tang CK, Aoshi T, Jounai N, Ito J, Ohata K, Kobiyama K, et al. The Chemotherapeutic Agent DMXAA
as a Unique IRF3-Dependent Type-2 Vaccine Adjuvant. PLoS ONE. 2013; 8: e60038. doi: 10.1371/
journal.pone.0060038.g003 PMID: 23555875

90. Guo F, Han Y, Zhao X, Wang J, Liu F, Xu C, et al. STING Agonists Induce an Innate Antiviral Immune
Response against Hepatitis B Virus. Antimicrobial Agents and Chemotherapy. 2015; 59: 1273–1281.
doi: 10.1128/AAC.04321-14 PMID: 25512416

91. Ziegler SA, Lu L, da Rosa APAT, Xiao S-Y, Tesh RB. An animal model for studying the pathogenesis
of chikungunya virus infection. Am J Trop Med Hyg. 2008; 79: 133–139. PMID: 18606777

92. Gardner J, Anraku I, Le TT, Larcher T, Major L, Roques P, et al. Chikungunya Virus Arthritis in Adult
Wild-Type Mice. Journal of Virology. 2010; 84: 8021–8032. doi: 10.1128/JVI.02603-09 PMID:
20519386

Characterization of a Novel Human-Specific STING Agonist

PLOS Pathogens | DOI:10.1371/journal.ppat.1005324 December 8, 2015 28 / 30

http://dx.doi.org/10.1038/ni.2091
http://www.ncbi.nlm.nih.gov/pubmed/21892174
http://dx.doi.org/10.1073/pnas.1311669110
http://dx.doi.org/10.1073/pnas.1311669110
http://dx.doi.org/10.15252/embj.201488726
http://dx.doi.org/10.4049/jimmunol.1402495
http://www.ncbi.nlm.nih.gov/pubmed/25595793
http://dx.doi.org/10.1177/1753425913507097
http://www.ncbi.nlm.nih.gov/pubmed/24131791
http://dx.doi.org/10.15252/embj.201488029
http://www.ncbi.nlm.nih.gov/pubmed/24970844
http://www.ncbi.nlm.nih.gov/pubmed/11991981
http://dx.doi.org/10.1128/JVI.79.7.3920-3929.2005
http://dx.doi.org/10.1128/JVI.80.1.226-235.2006
http://dx.doi.org/10.1128/JVI.80.1.226-235.2006
http://dx.doi.org/10.4049/jimmunol.1401139
http://www.ncbi.nlm.nih.gov/pubmed/26019270
http://dx.doi.org/10.1042/BJ20140644
http://www.ncbi.nlm.nih.gov/pubmed/16982890
http://dx.doi.org/10.1016/j.immuni.2005.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15723812
http://dx.doi.org/10.1128/JVI.79.12.7514-7527.2005
http://www.ncbi.nlm.nih.gov/pubmed/15919906
http://www.ncbi.nlm.nih.gov/pubmed/11245459
http://dx.doi.org/10.1371/journal.pone.0060038.g003
http://dx.doi.org/10.1371/journal.pone.0060038.g003
http://www.ncbi.nlm.nih.gov/pubmed/23555875
http://dx.doi.org/10.1128/AAC.04321-14
http://www.ncbi.nlm.nih.gov/pubmed/25512416
http://www.ncbi.nlm.nih.gov/pubmed/18606777
http://dx.doi.org/10.1128/JVI.02603-09
http://www.ncbi.nlm.nih.gov/pubmed/20519386


93. Morrison TE, Oko L, Montgomery SA, Whitmore AC, Lotstein AR, Gunn BM, et al. A Mouse Model of
Chikungunya Virus—Induced Musculoskeletal Inflammatory Disease. AJPA. Elsevier Inc; 2011; 178:
32–40. doi: 10.1016/j.ajpath.2010.11.018

94. Hawman DW, Stoermer KA, Montgomery SA, Pal P, Oko L, Diamond MS, et al. Chronic joint disease
caused by persistent Chikungunya virus infection is controlled by the adaptive immune response.
Journal of Virology. 2013; 87: 13878–13888. doi: 10.1128/JVI.02666-13 PMID: 24131709

95. Taylor JL, Schoenherr C, Grossberg SE. Protection against Japanese encephalitis virus in mice and
hamsters by treatment with carboxymethylacridanone, a potent interferon inducer. J Infect Dis. Oxford
University Press; 1980; 142: 394–399.

96. Dubensky TW, Kanne DB, Leong ML. Rationale, progress and development of vaccines utilizing
STING-activating cyclic dinucleotide adjuvants. Ther Adv Vaccines. 2013; 1: 131–143. doi: 10.1177/
2051013613501988 PMID: 24757520

97. Li X-D, Wu J, Gao D, Wang H, Sun L, Chen ZJ. Pivotal Roles of cGAS-cGAMP Signaling in Antiviral
Defense and Immune Adjuvant Effects. Science. American Association for the Advancement of Sci-
ence; 2013; 341: 1390–1394. doi: 10.1126/science.1244040

98. Hanson MC, Crespo MP, AbrahamW, Moynihan KD, Szeto GL, Chen SH, et al. Nanoparticulate
STING agonists are potent lymph node—targeted vaccine adjuvants. J Clin Invest. 2015; 125: 2532–
2546. doi: 10.1172/JCI79915 PMID: 25938786

99. Peng S, Monie A, Pang X, Hung C-F, Wu TC. Vascular disrupting agent DMXAA enhances the antitu-
mor effects generated by therapeutic HPV DNA vaccines. J Biomed Sci. BioMed Central Ltd; 2011;
18: 21. doi: 10.1186/1423-0127-18-21

100. Ching LM, Cao Z, Kieda C, Zwain S, Jameson MB, Baguley BC. Induction of endothelial cell apoptosis
by the antivascular agent 5,6-Dimethylxanthenone-4-acetic acid. British Journal of Cancer. 2002; 86:
1937–1942. doi: 10.1038/sj.bjc.6600368 PMID: 12085190

101. Baguley BC, Ching L-M. DMXAA: an antivascular agent with multiple host responses. Int J Radiat
Oncol Biol Phys. 2002; 54: 1503–1511. PMID: 12459378

102. DiDonato JA, Mercurio F, Karin M. NF-κB and the link between inflammation and cancer. Immunol
Rev. 2012; 246: 379–400. doi: 10.1111/j.1600-065X.2012.01099.x PMID: 22435567

103. Tornatore L, Thotakura AK, Bennett J, Moretti M, Franzoso G. The nuclear factor kappa B signaling
pathway: integrating metabolism with inflammation. Trends in Cell Biology. 2012; 22: 557–566. doi:
10.1016/j.tcb.2012.08.001 PMID: 22995730

104. Bartlett NW, Slater L, Glanville N, Haas JJ, Caramori G, Casolari P, et al. Defining critical roles for NF-
κB p65 and type I interferon in innate immunity to rhinovirus. EMBOMol Med. 2012; 4: 1244–1260.
doi: 10.1002/emmm.201201650 PMID: 23165884

105. Falvo JV, Parekh BS, Lin CH, Fraenkel E, Maniatis T. Assembly of a Functional Beta Interferon
Enhanceosome Is Dependent on ATF-2-c-jun Heterodimer Orientation. Mol Cell Biol. 2000; 20: 4814–
4825. doi: 10.1128/MCB.20.13.4814-4825.2000 PMID: 10848607

106. Wang J, Basagoudanavar SH, Wang X, Hopewell E, Albrecht R, Garcia-Sastre A, et al. NF- B RelA
Subunit Is Crucial for Early IFN- Expression and Resistance to RNA Virus Replication. The Journal of
Immunology. 2010; 185: 1720–1729. doi: 10.4049/jimmunol.1000114 PMID: 20610653

107. Panne D, Maniatis T, Harrison SC. An atomic model of the interferon-beta enhanceosome. Cell. 2007;
129: 1111–1123. doi: 10.1016/j.cell.2007.05.019 PMID: 17574024

108. Horan KA, Hansen K, Jakobsen MR, Holm CK, Soby S, Unterholzner L, et al. Proteasomal Degrada-
tion of Herpes Simplex Virus Capsids in Macrophages Releases DNA to the Cytosol for Recognition
by DNA Sensors. The Journal of Immunology. 2013; 190: 2311–2319. doi: 10.4049/jimmunol.
1202749 PMID: 23345332

109. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and computational approaches to
estimate solubility and permeability in drug discovery and development settings. Advanced Drug
Delivery Reviews. Elsevier; 2012.

110. Hahm B, Trifilo MJ, Zuniga EI, Oldstone MBA. Viruses Evade the Immune System through Type I
Interferon-Mediated STAT2-Dependent, but STAT1-Independent, Signaling. Immunity. 2005; 22:
247–257. doi: 10.1016/j.immuni.2005.01.005 PMID: 15723812

111. Ousman SS, Wang J, Campbell IL. Differential regulation of interferon regulatory factor (IRF)-7 and
IRF-9 gene expression in the central nervous system during viral infection. Journal of Virology. Ameri-
can Society for Microbiology; 2005; 79: 7514–7527. doi: 10.1128/JVI.79.12.7514-7527.2005

112. Brierley MM, Fish EN. Stats: multifaceted regulators of transcription. Journal of Interferon & Cytokine
Research. 2005; 25: 733–744. doi: 10.1089/jir.2005.25.733

113. Hilkens CMU, Schlaak JF, Kerr IM. Differential responses to IFN-alpha subtypes in human T cells and
dendritic cells. The Journal of Immunology. 2003; 171: 5255–5263. PMID: 14607926

Characterization of a Novel Human-Specific STING Agonist

PLOS Pathogens | DOI:10.1371/journal.ppat.1005324 December 8, 2015 29 / 30

http://dx.doi.org/10.1016/j.ajpath.2010.11.018
http://dx.doi.org/10.1128/JVI.02666-13
http://www.ncbi.nlm.nih.gov/pubmed/24131709
http://dx.doi.org/10.1177/2051013613501988
http://dx.doi.org/10.1177/2051013613501988
http://www.ncbi.nlm.nih.gov/pubmed/24757520
http://dx.doi.org/10.1126/science.1244040
http://dx.doi.org/10.1172/JCI79915
http://www.ncbi.nlm.nih.gov/pubmed/25938786
http://dx.doi.org/10.1186/1423-0127-18-21
http://dx.doi.org/10.1038/sj.bjc.6600368
http://www.ncbi.nlm.nih.gov/pubmed/12085190
http://www.ncbi.nlm.nih.gov/pubmed/12459378
http://dx.doi.org/10.1111/j.1600-065X.2012.01099.x
http://www.ncbi.nlm.nih.gov/pubmed/22435567
http://dx.doi.org/10.1016/j.tcb.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22995730
http://dx.doi.org/10.1002/emmm.201201650
http://www.ncbi.nlm.nih.gov/pubmed/23165884
http://dx.doi.org/10.1128/MCB.20.13.4814-4825.2000
http://www.ncbi.nlm.nih.gov/pubmed/10848607
http://dx.doi.org/10.4049/jimmunol.1000114
http://www.ncbi.nlm.nih.gov/pubmed/20610653
http://dx.doi.org/10.1016/j.cell.2007.05.019
http://www.ncbi.nlm.nih.gov/pubmed/17574024
http://dx.doi.org/10.4049/jimmunol.1202749
http://dx.doi.org/10.4049/jimmunol.1202749
http://www.ncbi.nlm.nih.gov/pubmed/23345332
http://dx.doi.org/10.1016/j.immuni.2005.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15723812
http://dx.doi.org/10.1128/JVI.79.12.7514-7527.2005
http://dx.doi.org/10.1089/jir.2005.25.733
http://www.ncbi.nlm.nih.gov/pubmed/14607926


114. Moll HP, Maier T, Zommer A, Lavoie T, Brostjan C. The differential activity of interferon-α subtypes is
consistent among distinct target genes and cell types. Cytokine. 2011; 53: 52–59. doi: 10.1016/j.cyto.
2010.09.006 PMID: 20943413

115. Arnold-Schrauf C, Berod L, Sparwasser T. Dendritic cell specific targeting of MyD88 signalling path-
ways in vivo. Eur J Immunol. 2015; 45: 32–39. doi: 10.1002/eji.201444747 PMID: 25403892

116. Heiber JF, Barber GN. Evaluation of innate immune signaling pathways in transformed cells. Methods
Mol Biol. 2012; 797: 217. doi: 10.1007/978-1-61779-340-0_15 PMID: 21948479

117. Hoarau JJ, Jaffar-Bandjee MC, Krejbich-Trotot P, Das T, Li-Pat-Yuen G, Dassa B, et al. Persistent
chronic inflammation and infection by Chikungunya arthritogenic alphavirus in spite of a robust host
immune response. The Journal of Immunology. 2010; 184: 5914–5927. doi: 10.4049/jimmunol.
0900255 PMID: 20404278

118. Botto S, Streblow DN, DeFilippis V, White L, Kreklywich CN, Smith PP, et al. IL-6 in human cytomega-
lovirus secretome promotes angiogenesis and survival of endothelial cells through the stimulation of
survivin. Blood. 2011; 117: 352–361. doi: 10.1182/blood-2010-06-291245 PMID: 20930069

119. Hirsch AJ, Medigeshi GR, Meyers HL, DeFilippis V, Früh K, Briese T, et al. The Src family kinase c-
Yes is required for maturation of West Nile virus particles. Journal of Virology. 2005; 79: 11943–
11951. doi: 10.1128/JVI.79.18.11943-11951.2005 PMID: 16140770

120. Alzhanova D, Edwards DM, Hammarlund E, Scholz IG, Horst D, Wagner MJ, et al. Cowpox virus
inhibits the transporter associated with antigen processing to evade T cell recognition. Cell Host and
Microbe. Elsevier; 2009; 6: 433–445. doi: 10.1016/j.chom.2009.09.013

121. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25: 402–408. doi: 10.1006/meth.2001.1262
PMID: 11846609

122. DeFilippis V, Früh K. Rhesus cytomegalovirus particles prevent activation of interferon regulatory fac-
tor 3. Journal of Virology. American Society for Microbiology; 2005; 79: 6419–6431. doi: 10.1128/JVI.
79.10.6419-6431.2005

Characterization of a Novel Human-Specific STING Agonist

PLOS Pathogens | DOI:10.1371/journal.ppat.1005324 December 8, 2015 30 / 30

http://dx.doi.org/10.1016/j.cyto.2010.09.006
http://dx.doi.org/10.1016/j.cyto.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20943413
http://dx.doi.org/10.1002/eji.201444747
http://www.ncbi.nlm.nih.gov/pubmed/25403892
http://dx.doi.org/10.1007/978-1-61779-340-0_15
http://www.ncbi.nlm.nih.gov/pubmed/21948479
http://dx.doi.org/10.4049/jimmunol.0900255
http://dx.doi.org/10.4049/jimmunol.0900255
http://www.ncbi.nlm.nih.gov/pubmed/20404278
http://dx.doi.org/10.1182/blood-2010-06-291245
http://www.ncbi.nlm.nih.gov/pubmed/20930069
http://dx.doi.org/10.1128/JVI.79.18.11943-11951.2005
http://www.ncbi.nlm.nih.gov/pubmed/16140770
http://dx.doi.org/10.1016/j.chom.2009.09.013
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1128/JVI.79.10.6419-6431.2005
http://dx.doi.org/10.1128/JVI.79.10.6419-6431.2005

