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ABSTRACT The ongoing concurrent outbreaks of Zika, Chikungunya, and dengue
viruses in Latin America and the Caribbean highlight the need for development of
broad-spectrum antiviral treatments. The type | interferon (IFN) system has evolved
in vertebrates to generate tissue responses that actively block replication of multiple
known and potentially zoonotic viruses. As such, its control and activation through
pharmacological agents may represent a novel therapeutic strategy for simultane-
ously impairing growth of multiple virus types and rendering host populations resis-
tant to virus spread. In light of this strategy’s potential, we undertook a screen to
identify novel interferon-activating small molecules. Here, we describe 1-(2-fluorophenyl)-
2-(5-isopropyl-1,3,4-thiadiazol-2-yl)-1,2-dihydrochromeno[2,3-c]pyrrole-3,9-dione, which
we termed AV-C. Treatment of human cells with AV-C activates innate and interferon-
associated responses that strongly inhibit replication of Zika, Chikungunya, and den-
gue viruses. By utilizing genome editing, we investigated the host proteins essential
to AV-C-induced cellular states. This showed that the compound requires a TRIF-
dependent signaling cascade that culminates in IFN regulatory factor 3 (IRF3)-
dependent expression and secretion of type | interferon to elicit antiviral responses.
The other canonical IRF3-terminal adaptor proteins STING and IPS-1/MAVS were dis-
pensable for AV-C-induced phenotypes. However, our work revealed an important
inhibitory role for IPS-1/MAVS, but not TRIF, in flavivirus replication, implying that
TRIF-directed viral evasion may not occur. Additionally, we show that in response to
AV-C, primary human peripheral blood mononuclear cells secrete proinflammatory
cytokines that are linked with establishment of adaptive immunity to viral patho-
gens. Ultimately, synthetic innate immune activators such as AV-C may serve multi-
ple therapeutic purposes, including direct antimicrobial responses and facilitation of
pathogen-directed adaptive immunity.

IMPORTANCE The type | interferon system is part of the innate immune response
that has evolved in vertebrates as a first line of broad-spectrum immunological de-
fense against an unknowable diversity of microbial, especially viral, pathogens. Here,
we characterize a novel small molecule that artificially activates this response and in
so doing generates a cellular state antagonistic to growth of currently emerging vi-
ruses: Zika virus, Chikungunya virus, and dengue virus. We also show that this mole-
cule is capable of eliciting cellular responses that are predictive of establishment of
adaptive immunity. As such, this agent may represent a powerful and multipronged
therapeutic tool to combat emerging and other viral diseases.
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he spontaneity and clinical impact of emerging mosquito-transmitted viral patho-

gens are illustrated exceptionally well by the recent appearance of Chikungunya
virus (CHIKV) and Zika virus (ZIKV) in Latin America and the Caribbean (1). The
preexisting transmission of dengue virus (DENV) across this geographic region (2) has
resulted in cocirculation of three substantially pathogenic arboviruses that exhibit
similar acute symptomatology for which long-term sequelae are also known (3, 4). This
cocirculation not only renders differential diagnoses more complicated (5) but also may
lead to enhanced but unknown disease manifestations during viral coinfection (6).
Unfortunately, no FDA-approved antiviral treatments are currently available for any of
these agents, and vaccines are only in use for DENV.

CHIKV is an Alphavirus that first emerged in the Americas in late 2013 (7) and has
infected over a million people in the region since then (8). Acute infection is associated
with febrile illness and debilitating joint pains but may also induce central nervous
system disease, especially in neonates. While immunity is believed to be lifelong, severe
joint pain may persist for months to years (9). ZIKV is a member of the Flaviviridae and
dramatically emerged in the Americas in 2015 and 2016. As of this writing, 50 countries
in the Americas have reported autochthonous transmission of the virus (http://www
.cdc.gov/zika/geo/active-countries.html). The World Health Organization (WHO) has
estimated that 3 to 4 million individuals will be infected with ZIKV in the coming year
(10). It is estimated that 80% of acute ZIKV infections are asymptomatic, with the
remaining 20% clinically resembling infection by CHIKV and DENV, including fever, rash,
headache, and arthralgia, although ZIKV appears to be distinctly associated with
conjunctivitis (11). Neurological complications, including Guillain-Barré syndrome, have
also been reported following ZIKV infection (12). Most importantly, however, ZIKV
infection during pregnancy is associated with severe teratogenic effects, including
microcephaly (13). As such, the need for prophylactic and therapeutic strategies to
combat these pathogens is extremely high.

The type | interferon (IFN) system represents an antiviral response that is shared by
all vertebrates and has thus been evolutionarily shaped by exposure through millennia
to an unknowable diversity of pathogens (14). The outcome is a cell-based protective
response that exhibits efficacy against a phylogenetically broad range of viruses that
are both ubiquitous and potentially harmful. Type | IFNs (multiple IFN-« subtypes and
IFN-P) are cytokines that bind the IFN-« receptor (IFNAR) present on nearly all cells and
induce signaling via Janus kinases (JAKs) to the protein signal transducer and activator
of transcription 1 (STAT1) and STAT2. These proteins activate synthesis of hundreds of
IFN-stimulated genes (ISGs), many of which confer direct antiviral effects by generating
a cellular state antagonistic to virus growth, while others facilitate and coordinate
adaptive immune responses (15). IFNs themselves are transcribed and secreted in
response to cellular detection of pathogen-associated molecular patterns (PAMPs). This
process is triggered by pattern recognition receptors (PRRs) that, in response to PAMP
engagement, initiate signaling cascades that culminate in the activation of transcription
factors such as IFN regulatory factor 3 (IRF3) and nuclear factor kB (NF-«B) (reviewed in
reference 16). These, in turn, transcribe IFNs as well as other proinflammatory cytokines
and antiviral effectors. Three principal PRR-driven, IRF3-terminal pathways defined by
their unique adaptor proteins are known and include IFN promoter stimulator 1 (IPS-1,
also known as MAVS, VISA, or CARDIF), which integrates signaling from the PRRs of
cytoplasmic double-stranded RNA (dsRNA) RIG-1 and MDAS5 (17-20), the stimulator of
IFN genes protein (STING; also known as MITA, ERIS, MPYS, or TMEM173), which is both
a PRR for cyclic dinucleotides and an adaptor for PRRs of cytoplasmic dsDNA (21-25),
and Toll/interleukin-1 (IL-1) receptor domain-containing adapter activating IFN (TRIF,
also known as TICAM), which transmits signaling from Toll-like receptor 3 (TLR3) and
TLR4 (26, 27). Together, these pathways are capable of stimulating the IFN response
following exposure to a wide array of molecular indicators of microbial infection.
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Given the phenotypic potency and target breadth of the type | IFN system, it has
been utilized as a host-directed method to block virus infection. In fact, treatment with
various forms of IFN itself has demonstrated clinical success against hepatitis B and C
viruses (28-30). However, use of systemic IFNs is associated with substantial undesir-
able effects. For instance, extraordinarily high doses of IFN, such as those administered
during conventional therapy, are associated with multiple potentially severe side
effects, most notably neurotoxicity and neuropsychiatric complications (31, 32) that
contribute to voluntary cessation of treatment. Additionally, clinical-grade IFN is costly
to produce and requires repeated delivery due to a short in vivo half-life, and these
factors contribute to a high overall expense. Alternatively, pharmacological induction of
IFN-dependent responses has been pursued as a strategy to combat viral infection (33).
Experimental induction of IFN synthesis via administration of PAMPs or small molecules
has also proven efficacious against multiple virus types in vitro and in vivo (34-40). This
includes recent work from our group in which we described a novel small-molecule
agonist of the human STING pathway that elicits antiviral effects against alphaviruses,
including CHIKV (41). Furthermore, targeted activation of innate cytokine responses can
also be harnessed for other therapeutic outcomes, such as vaccine adjuvanticity (42)
and antitumor responses (43), thus providing multiple potential clinical uses. Impor-
tantly, given that the effects of IFN are broad with respect to known viral pathogens,
it is virtually certain that numerous unknown, potentially emerging, and zoonotic virus
types are similarly susceptible to IFN-induced cellular states. As such, pharmacological
IFN activation may represent a cost-effective and impactful antiviral strategy applicable
for populations prone to virus emergence events. Moreover, the ability to simultane-
ously impair growth of multiple virus types by using a single therapy would be
attractive in areas where transmission of multiple viruses is ongoing, such as current-
day Latin America and the Caribbean. In light of this, we describe here a novel small
molecule capable of rendering human cells inhibitory to growth of ZIKV, CHIKV, and
DENV and of eliciting proinflammatory responses from human immune cells. By using
deeper molecular analysis, we show that the cellular target of this compound is the
IRF3-terminal TRIF pathway.

RESULTS

Compound AV-C induces type | IFN-dependent transcription in human fibro-
blasts. To identify novel small molecules capable of activating innate immune re-
sponses in human cells, we employed foreskin fibroblasts stably transfected with
constitutively expressed human telomerase reverse transcriptase for prevention of
senescence (44). The luciferase (LUC) open reading frame from Phytonis pyralis down-
stream of a promoter element that is activated by type | IFN-mediated cell signaling
was stably introduced by lentiviral transduction (THF-ISRE), as described elsewhere (45).
Using these cells in a high-throughput screening platform, we examined approximately
51,000 chemically diverse compounds in duplicate for their ability to significantly
stimulate LUC expression (41). One stimulatory molecule was 1-(2-fluorophenyl)-2-(5-
isopropyl-1,3,4-thiadiazol-2-)-1,2-dihydrochromeno[2,3-c]pyrrole-3,9-dione, which we
termed AV-C (Fig. 1A; see also Fig. S1 in the supplemental material). We next performed
a follow-up experiment to both validate the screening results and examine whether
dose-dependent LUC synthesis occurred. As shown in Fig. 1B, exposure of THF-ISRE
cells to media containing AV-C resulted in concentration-associated expression of
IFN-dependent LUC. These results suggest that the molecule triggers an innate cellular
response that stimulates IFN-dependent signaling in human fibroblasts.

AV-C activates transcription and translation of antiviral effector genes. Since
AV-C efficiently activated expression of a heterologous IFN-dependent reporter, we
next examined the degree to which the molecule could also induce transcription of
endogenous genes, in particular those that are known to be downstream of IFN
pathways. For this, we utilized genomic hybridization-based microarrays. THF cells were
treated in duplicate with 1% dimethyl sulfoxide (DMSO; mock treatment), 25 uM AV-C,
or 1,000 U/ml IFN-B for 8 h. Total RNA was harvested, and probes complementary to
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FIG 1 Activation of type | interferon-associated transcription after exposure to AV-C. (A) Chemical
structure of 1-(2-fluorophenyl)-2-(5-isopropyl-1,3,4-thiadiazol-2-yl)-1,2-dihydrochromenol[2,3-c]pyrrole-
3,9-dione (AV-C). (B) Reporter assay results, showing induction of ISRE-dependent LUC expression in
THF-ISRE cells at 8 h posttreatment at the indicated concentrations. Values displayed are average fold
changes * standard deviations, based on three replicates in comparison to results in DMSO-treated cells.

Unpaired-sample Student’s t test comparisons were made between AV-C- and DMSO-treated cells. **, P =
0.01; ***, P = 0.001.

mRNA were synthesized and hybridized to Affymetrix Primeview microarrays as de-
scribed in Materials and Methods. Probe sets exhibiting signals from AV-C or IFN-B
treatments that were significantly above or below those from mock-treated cells were
then statistically retrieved using analysis of variance (ANOVA) as implemented within
the Affymetrix transcriptome analysis console. Figure 2A displays in heat map format all
individual probe sets from each treatment that were found to exhibit differential signals
relative to mock-treated cells following exposure to either AV-C or IFN-B. The Venn
diagrams in Fig. 2B illustrate that 113 annotated coding regions were co-upregulated
and 28 were co-downregulated in response to AV-C and IFN-3 treatments. Moreover,
1,205 and 126 genes were uniquely upregulated in response to IFN-B and AV-C
treatments, respectively, and 1,365 and 50 genes were uniquely downregulated in
response to IFN-B and AV-C treatments, respectively. Individual fold changes for all
regulated genes are included in Table S1. Interestingly, among the mRNAs coinduced
between AV-C and IFN-B treatments were many known to encode proteins that confer
directly antiviral phenotypes, including Mx1 (46), IFIT1 (47), RSAD2/Viperin (48), and
OAS1 (49). Moreover, microarray results indicated that AV-C induced the transcription
of IFN-B itself which, if translated and secreted, would presumably lead to ISG expres-
sion via autocrine/paracrine signaling. Intriguingly, other immune-associated mRNAs
that are involved in inflammatory and adaptive immune responses were exclusively
induced by treatment with AV-C but not IFN-, including PTGS2/COX-2 (50), CCL5 (51),
CXCL8/IL-8 (52), and IL-6 (53). We next examined whether translation of coregulated
antiviral proteins was also detectable in response to treatment with AV-C, a require-
ment for establishment of an antiviral cellular state. As shown in Fig. 2C, both IFN-B and
AV-C triggered the synthesis of antiviral proteins Mx1 and IFIT1, suggesting that AV-C
is likely to alter the innate phenotypic condition of cells exposed to it. Whether the
transcriptional induction program generated by exposure to AV-C is sufficient to block
virus replication was next investigated in light of these findings.

AV-C elicits a cellular state that inhibits replication of ZIKV, CHIKV, and DENV.
Based on our observations that AV-C activates transcription and translation of known
antiviral effector genes as well as IFN-B itself, we hypothesized that cells preexposed to
the compound would be refractory to virus growth. To address this, we examined
replication of CHIKV, ZIKV, and DENV on AV-C-treated fibroblasts; these three geo-
graphically cooccurring mosquito-transmitted viruses are of recent and extraordinary
clinical importance (1, 54). Human fibroblasts represent a permissive and crucial cell
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FIG 2 AV-C-mediated induction of IFN-stimulated antiviral mRNA and proteins. (A) Heat map illustrating signals from
individual hybridization array probes relative to the mean composite signal for all treatments of THF cells (untreated mock,
1,000 U/ml IFN-B, or 25 uM AV-C). Data presented are expressed as the log, fold difference, and only probes found to be
significantly increased or decreased following any treatment are presented. (B) Venn diagram illustrating numbers of
annotated RNAs significantly up- or downregulated relative to results with mock-treated cells for AV-C- or IFN-B-treated cells.
(C) Immunoblot results for IFN-stimulated antiviral proteins IFIT1 and Mx1 in THFs left untreated or treated with AV-C (25 wM)
or IFN-B (1,000 U/ml) for 8 h.
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type for CHIKV and ZIKV and thus constitute a biologically relevant in vitro model for
these pathogens (55, 56). THF cells were first pretreated with AV-C over a range of
molarities for 6 h. Cells were then infected with CHIKV, ZIKV, or DENV in the presence
of AV-C for the indicated durations. As shown in Fig. 3, treatment with AV-C diminished
replication of CHIKV and ZIKV by multiple logs, displaying 90% inhibitory concentra-
tions (ICy0) of 5.815 uM (ZIKV) and 3.538 uM (CHIKV), which are well below dosages
observed to induce detectable cytotoxicity (Fig. S2). DENV, in contrast, did not grow to
comparable peak titers on these cells, an observation we hypothesize is due to the
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FIG 3 AV-C elicits a cellular state refractory to virus replication. Average results (PFU per milliliter, = the standard deviation)
of ZIKV, CHIKV, and DENV grown on THF cells in triplicate in the presence of the indicated AV-C concentrations (the DMSO
concentration was normalized to 1%) added 6 h preinfection. Unpaired-sample Student’s t test comparisons were made
between AV-C- and DMSO-treated cells. **, P < 0.01; ***, P < 0.001.
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virus' relative inability to counteract existing antiviral innate signaling in these cells (see
below). Nevertheless, DENV still showed sensitivity to AV-C, with an ICy, of 9.939 uM.
Based on these results, we concluded that, despite not inducing a fully overlapping
subset of IFN-stimulated genes (Fig. 2), AV-C treatment nevertheless generates a
cellular state that is antagonistic to replication of DENV, CHIKV, and ZIKV. Among these
viruses, CHIKV clearly demonstrated the highest degree of susceptibility to the AV-C-
induced cellular state, with an approximately 4-log peak reduction in virus titer. ZIKV
was also highly sensitive, however, exhibiting an approximately 2.5-log titer reduction.

Alphaviruses and flaviviruses possess evolutionarily analogous yet biologically po-
tent phenotypes to counteract the antiviral effects of IFN stimulation (reviewed in
references 57 and 58). We therefore asked whether AV-C could inhibit virus growth
when it was added to cells after infection, a circumstance that would potentially allow
its use in therapeutic treatment. To address this, we exposed THF-ISRE cells to AV-C at
different times relative to viral inoculation. As shown in Fig. S3, AV-C lost its ability to
block CHIKV growth when added 2 h postinfection, a finding consistent with the
appearance of alphavirus innate evasion proteins (59). Since ZIKV exhibited higher
overall sensitivity to AV-C than did DENV (Fig. 3), likely an effect of cell permissivity, we
examined the effect of AV-C added postinfection on the growth of a representative
flavivirus. In this case, inhibition by AV-C was evident as late as 16 h postinfection,
indicating either that the compound exhibits antiviral effects that are virus type specific
or that the ZIKV IFN evasion phenotypes are expressed much later in infection than
those against CHIKV.

AV-C-induced gene expression requires IRF3 phosphorylation and canonical
IRF3 kinase activity. AV-C stimulates expression of genes that are downstream of
promoters activated by type | IFN as well as the IFN-B gene itself, and IRF3 is
conventionally required for IFN synthesis. To begin to dissect the molecular basis of
host cell responses to and targets of AV-C, we next investigated whether IRF3 is
involved in innate activation by AV-C. First, we examined the phosphorylation status of
IRF3 in response to AV-C exposure. As shown in Fig. 4A, treatment of THF cells with
stimuli activating the three key IRF3-terminal signaling pathways (discussed in more
detail below) defined by the adaptor proteins IPS-1/MAVS (Sendai virus [SeV] [20]),
STING (molecule G10 [41]), and TRIF (lipopolysaccharide [LPS] [60]), all activated IRF3
phosphorylation at 4 h posttreatment. Similarly, AV-C at 25 uM also led to IRF3
phosphorylation in these cells, as well as numerous additional human cell types,
including Hela cells, HEK-293 cells, SK-N-MC neuronal cells, THP-1 promonocytic cells,
and microvascular endothelial cells (Fig. S4). We next investigated whether IRF3 is
functionally essential to AV-C-induced gene transcription. For this, we employed pre-
viously described THF-ISRE cells from which IRF3 was deleted via CRISPR/Cas9 tech-
nology (THF-ISRE-AIRF3) (41). As shown in Fig. 4B, no detectable LUC expression was
observed in these cells following treatment with multiple concentrations of AV-C or
human cytomegalovirus particles rendered inactive by UV treatment (UV-HCMV), a
STING-inducing stimulus (61). Importantly, IFN-dependent JAK/STAT signaling was
operational in these cells, as demonstrated by LUC expression in response to IFN-3
exposure. We next verified that AV-C-mediated induction of endogenous genes was
similarly sensitive to the presence of IRF3. For this, semiquantitative reverse transcrip-
tase (RT)-PCR (gPCR) was used to measure mRNA synthesis in THF-ISRE-AIRF3 cells
following treatment with AV-C, SeV, or IFN-B relative to synthesis in cells treated with
1% DMSO. Figure 4C shows that only IFN-B3 stimulation led to mRNA induction of ISG15,
IFIT1, and Mx2 and that no induction was seen with AV-C or the IPS-1/MAVS-activating
stimulus SeV. IRF3-dependent transcription requires phosphorylation-mediated activa-
tion of the protein by TANK binding kinase 1 (TBK1) or inducible I-kappa B kinase
epsilon (IKKe) (62). We therefore next examined whether AV-C activates canonical TBK1-
or IKKe-dependent IRF3 phosphorylation. THF-ISRE cells were treated with AV-C or
UV-HCMV in the presence and absence of BX795, a small-molecule inhibitor of TBK1
and IKKe kinase activities (63). As shown in Fig. 4D, treatment of THF-ISRE cells with
UV-HCMV or AV-C in the presence, but not absence, of BX795 failed to stimulate LUC
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FIG 4 AV-Cinduces canonical IRF3 activation and IRF3- and IFN-dependent transcription. (A) Immunoblot results, showing S386 phosphorylation status of IRF3,
total IRF3, and GAPDH from THF lysates following 4-h treatment with 1% DMSO (untreated), 100 uM G10, 1 ng/ml LPS, 160 HAU/mI SeV, or 25 uM AV-C. (B)
Reporter assay results, showing induction of ISRE-dependent LUC expression in THF-ISRE cells lacking IRF3 following 8-h treatment with UV-inactivated HCMV
(MO, 3), 1,000 U/ml IFN-B, or AV-C at the indicated concentrations. Values displayed are average fold changes versus results in DMSO-treated cells of three
replicates, = the standard deviation (SD). (C) Transcription of ISG15, IFIT1, and Mx2 in cells treated for 8 h with 25 uM AV-C, SeV (160 HAU/ml), or 1,000 U/ml
IFN-B. Values displayed are average fold changes versus results in DMSO-treated cells of two biological replicates, = SD. (D) Reporter assay showing induction
of LUC expression in THF-ISRE cells left untreated or exposed to UV-HCMV (MOI, 3) or 25 uM AV-C in the presence or absence of the TBK1/IKKi inhibitor BX795
(10 nM). Values displayed are average fold changes versus results with DMSO-treated cells of three replicates, + SD. (E) Immunoblot results, showing the S386
phosphorylation status of IRF3 as well as total IRF3 in THFs left untreated following 4-h exposure to UV-HCMV (MO, 3) or 25 uM AV-C in the presence or absence

of 10 nM BX795.

expression. Moreover, the immunoblotting results in Fig. 4E illustrate that exposure of
cells to UV-HCMV or AV-C activated phosphorylation of IRF3, a process that does not
occur in the presence of BX795. These results indicate that AV-C acts upstream of
TBK1/IKKe-mediated phosphorylation of IRF3 and subsequent IRF3-dependent gene
transcription.

AV-C-mediated, IRF3-dependent innate activation occurs independently of
adaptor proteins IPS-1/MAVS and STING but requires TRIF. Conventional IRF3-
terminal signaling pathways lead from PRRs via adaptor proteins to TBK1/IKKe kinase
and IRF3 activation. The adaptors include IPS-1/MAVS, which is required for signals
initiated by the cytoplasmic dsRNA receptors RIG-1 and MDA5 (17-20), STING, which is
both a cytoplasmic PRR of cyclic dinucleotides and also an adaptor for cytoplasmic
receptors of dsDNA (23-25, 64), and TRIF, which is essential for signaling initiated from
TLR3 and TLR4, which sense dsRNA and LPS, respectively. Since all three are widely
known to be essential components of defined signaling cascades that culminate in IRF3
phosphorylation, we hypothesized that at least one is required for innate stimulation by
AV-C. To address this, we used previously described THF-ISRE cells lacking IPS-1/MAVS
or STING (termed THF-ISRE-AIPST and THF-ISRE-ASTING cells) (41) as well as newly
constructed cells lacking TRIF (THF-ISRE-ATRIF cells).

As shown in Fig. 5, AV-C, but not the control stimulus SeV, was able to induce
IFN-dependent LUC expression in THF-ISRE-AIPS1 cells. Furthermore, AV-C treatment
also led to transcription of endogenous antiviral mRNAs for ISG15, IFIT1, Mx2, and
viperin, whereas SeV treatment, as expected, did not result in transcription in the
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FIG 5 AV-C induces IRF3-mediated transcriptional activity in a manner independent of STING and IPS-1/MAVS but dependent on TRIF.
(A) Reporter assay results, showing induction of ISRE-dependent LUC expression in THF-ISRE cells lacking IPS1/MAVS (THF-ISRE-AIPS1)
following 8-h treatment with SeV (160 HAU/mIl) or AV-C at the indicated concentrations. Values displayed are average fold changes
compared to results with DMSO-treated cells of three replicates (= standard deviations [SD]). (B) Transcription of ISG15, IFIT1, viperin, and
Mx2 in THF-ISRE-AIPS1 cells treated for 8 h with SeV (160 HAU/ml), or 50 uM AV-C. Values displayed are average fold changes versus results
in DMSO-treated cells of two biological replicates, == SD. (C) Immunoblot showing S386 phosphorylation status of IRF3 as well as total IRF3,
TRIF, STING, IPS1/MAVS, and GAPDH in THF-ISRE-AIPS1 cells left untreated and following 4-h exposure to 100 uM G10, SeV (160 HAU/ml),
or 25 pM AV-C. (D) Reporter assay results, showing induction of ISRE-dependent LUC expression in THF-ISRE cells lacking STING
(THF-ISRE-ASTING) following 8-h treatment with 100 M G10 or AV-C at the indicated concentrations. Values displayed are average fold
changes compared to results in DMSO-treated cells of three replicates, = SD. (E) Transcription of ISG15, IFIT1, viperin, and Mx2 in
THF-ISRE-ASTING cells treated for 8 h with 100 uM G10 or 25 uM AV-C. Values displayed are average fold changes compared to results
in DMSO-treated cells of two biological replicates, = SD. (F) Immunoblot results showing the S386 phosphorylation status of IRF3 as well
as total IRF3, TRIF, STING, IPS1/MAVS, and GAPDH in THF-ISRE-ASTING cells left untreated and following 4-h exposure to 100 M G10 or
25 uM AV-C. (G) Reporter assay results, showing induction of ISRE-dependent LUC expression in THF-ISRE cells lacking TRIF (THF-ISRE-
ATRIF) following 8-h treatment with 100 uM G10 or AV-C at the indicated concentrations. Values displayed are average fold changes
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absence of IPS1/MAVS (Fig. 5B). Consistent with these results, AV-C was also able to
activate IRF3 phosphorylation in cells lacking IPS-1/MAVS (Fig. 5C), as was the STING
pathway agonist G10 (41), but not SeV. AV-C also induced expression of IFN-dependent
LUC in cells lacking STING, in contrast to results with the control compound G10
(Fig. 5D). Additionally, AV-C, but not G10, was able to stimulate transcription of ISG15,
IFIT1, Mx2, and viperin mRNAs (Fig. 5E), as well as IRF3 phosphorylation (Fig. 5F) in
THF-ISRE-ASTING cells.

We next examined whether AV-C triggered innate induction in the absence of TRIF.
As shown in Fig. 5G, while the IPS-1/MAVS-activating stimulus SeV was able to trigger
substantial LUC signal in THF-ISRE-ATRIF cells, treatment with AV-C at 25 uM or 50 uM
did not. Similarly, strong synthesis of ISG15, IFIT1, viperin, and Mx2 mRNA was observed
in these cells following treatment with SeV but not with AV-C or the TLR4/TRIF agonist
LPS (Fig. 5H). Consistent with these results, phosphorylation of IRF3 was only detected
in THF-ISRE-ATRIF cells following treatment with SeV but not AV-C or LPS (Fig. 5I). Based
on these observations, we conclude that the IRF3-terminal innate response induced by
AV-C occurs via a STING- and IPS1/MAVS-independent but TRIF-dependent signaling
pathway.

AV-C-induced antiviral activity requires TRIF- and IFNAR-dependent signaling.
Our results indicated that IRF3-mediated responses elicited by AV-C, including expres-
sion of antiviral effectors, occurs in a manner dependent on TRIF but not IPS-1/MAVS
or STING. We therefore examined whether similar functional relationships are evident
with respect to antiviral cellular states induced by the molecule. We therefore pre-
treated THF-ISRE, THF-ISRE-AIPS1, THF-ISRE-ASTING, and THF-ISRE-ATRIF cells with AV-C
at 12.5 uM, which is over twice the ICy, for ZIKV, over 3.5 times the IC,, for CHIKV, and
1.25 times the IC,, for DENV on wild-type cells (Fig. 3). We also used IFN-B as a positive
control and DMSO as the negative control and infected treated cells with CHIKV, DENV,
or ZIKV, as described above. As shown in Fig. 6A, replication of the three virus types was
strongly impaired in all four mutant cell lines pretreated with IFN-3, indicating that their
JAK/STAT-dependent antiviral responses were appropriately intact. In addition, AV-C
pretreatment of THF-ISRE, THF-ISRE-AIPS1, and THF-ISRE-ASTING cells also significantly
diminished virus replication relative to that with the negative-control treatment, in
agreement with the innate activation states presented in Fig. 5. Viral growth in
AV-C-treated cells lacking TRIF, however, appeared statistically similar to that observed
following mock treatment of these cells. This observation also agrees with the identified
role for TRIF in IRF3-mediated activity and shows that this relationship extends to the
molecule’s elicitation of an antiviral state.

Given the profound susceptibility of CHIKV, DENV, and ZIKV to IFN-induced cellular
states and the functional link between IRF3 activation and IFN synthesis, we decided to
additionally ask whether AV-C-induced, TRIF-dependent antiviral activity also required
IFN-dependent signaling. Moreover, while AV-C induces transcription of IFN-g (Fig. 2),
it also stimulates expression of ISGs such as ISG15, IFIT1, and viperin, which confer
antiviral activity but can also be induced by IRF3 alone, in the absence of IFN (65, 66).
To address this, we used CRISPR/Cas9 to construct THF-ISRE cells lacking the type | IFN
receptor IFNAR (THF-ISRE-AIFNAR cells). As shown in Fig. 6A, pretreatment of these cells
with IFN-B had no effect on the growth of any of the three viruses relative to control
pretreatment, phenotypically validating the IFNAR deletion. Interestingly, AV-C pre-
treatment also failed to elicit a block to virus replication in these cells (Fig. 6A),
indicating that the AV-C-mediated antiviral state may be primarily conferred by auto-
crine/paracrine signaling mediated by TRIF-dependent synthesis of type | IFN. We
therefore examined the ability of AV-C to trigger secretion of type | IFN from exposed

FIG 5 Legend (Continued)

compared to results in DMSO-treated cells of three replicates, = SD. (H) Transcription of ISG15, IFIT1, viperin, and Mx2 in THF-ISRE-ATRIF
cells treated for 8 h with 100 uM G10 or 25 uM AV-C. Values displayed are average fold changes versus results in DMSO-treated cells of
two biological replicates, = SD. (I) Immunoblot results, showing S386 phosphorylation status of IRF3 as well as total IRF3, TRIF, STING,
IPS1/MAVS, and GAPDH in THF-ISRE-ATRIF cells left untreated and following 4-h exposure to 100 uM G10 or 25 uM AV-C.
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FIG 6 AV-C elicits an antiviral state in cells lacking the IPS-1/MAVS or STING pathways but not the TRIF or IFNAR pathways. (A) Average PFU per
milliliter (= the standard deviation) for CHIKV, DENV, or ZIKV grown on wild-type (WT) THF-ISRE cells (blue) and THF-ISRE lacking IPS-1/MAVS (red),
STING (gray), TRIF (black), or IFNAR (yellow) following 6 h pretreatment with 1% DMSO, 12.5 uM AV-C, or 1,000 U/ml IFN-B (the DMSO
concentration was normalized to 1%). Infections were performed in triplicate, and virus titers were determined by serial dilution plaque assay at
48 h postinfection (CHIKV) or by FFU assay at 72 h postinfection (ZIKV and DENV) as described in the text. (B) Average units per milliliter of type
I IFN, as determined in a luciferase bioassay of levels secreted from the indicated cells following 8-h treatment with 12.5 uM AV-C. (C) Average
(in picograms per milliliter) = the standard deviation of secreted IFN-B, determined by ELISA from human PBMCs following 8-h treatment in
triplicate with the indicated concentrations of AV-C. An unpaired Student’s t test was used to determine statistical significance. *, P < 0.05; **,

P < 0.01; ***, P < 0.001.

cells. For this, we first utilized a cellular LUC-based bioassay to measure subtype-
independent bioactive IFN in media harvested from AV-C-treated cells. Figure 6B shows
that the compound was able to induce IFN secretion from wild-type fibroblast cells as
well as those lacking IPS-1/MAVS or STING but not TRIF, in agreement with our results
described above. In addition, AV-C was also capable of inducing secretion of IFN-3 from
human peripheral blood mononuclear cells (PBMCs) (Fig. 6C), indicating that this effect
is likely cell type independent. Based on these results, we conclude that the antiviral
cellular state elicited by AV-C requires TRIF-dependent secretion of type | IFN and
subsequent IFNAR-mediated expression of antiviral effectors.

An unexpected finding from these experiments was that the replication of DENV in
cells lacking IPS-1/MAVS or IFNAR was >1.5 logs higher than in parental wild-type cells
or those lacking STING or TRIF (Fig. 6A). This suggests that the comparatively low
replication of the virus in fibroblasts may be due to infection-induced, TRIF- and
STING-independent but IPS-1/MAVS and IFN-dependent activity in this cell type (see
below). ZIKV also exhibited enhanced growth in cells lacking IPS-1/MAVS and IFNAR,
potentially indicating that this represents a flavivirus-specific trait. Importantly, these
observations also establish IPS-1/MAVS-deficient cells as a permissive and useful model
for assessing the role of TRIF or STING activation in DENV growth, including AV-C-
mediated effects. Unfortunately, AV-C did not stimulate observable antiviral effects
against CHIKV in C57BL/6J mice, as we have previously shown for the characterized IRF3
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FIG 7 AV-C-mediated innate activation of primary human peripheral blood mononuclear cells. (A) Immunoblot showing the $386 phosphory-
lation status of IRF3, total IRF3, and GAPDH from human PBMC lysates following 4-h treatment with 1% DMSO or 12.5 uM AV-C. (B) Transcription
of IFIT1, viperin, Mx2, IL-6, and IL-18 in PBMCs treated for 8 h with 1 wg/ml LPS, 12.5 uM AV-C, or 25 uM AV-C. Values displayed are average fold
changes versus results in DMSO-treated cells of two biological replicates, * standard deviations. (C) Secretion of TNF-q, IL-6, and IL-13 from
PBMCs either left untreated (NT) or exposed for 24 h to 100 ng/ml LPS or 25 uM AV-C. Values presented are averages (in picograms per
milliliter) = the standard deviation from cells from five individual donors (donor-specific values are color coded). Paired-sample Student’s

t test comparisons were made between treated and NT cells. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

agonist DMXAA (5,6-dimethylxanthenone-4-acetic acid) (41) (Fig. S5). Given the require-
ment for functional IFN signaling, this was likely due to the fact that AV-C was unable
to trigger IFN-stimulated gene transcription in murine cells in vitro or secretion of
serum-associated type | IFN in mice, as also seen with DMXAA (Fig. S4).

AV-C elicits innate immune reactivity in human peripheral blood mononuclear
cells. The ability of innate activating stimuli to induce secretion of immunomodulatory
cytokines is strongly predictive of their capacity to initiate and facilitate adaptive
immune responses (e.g., adjuvanticity). This is exemplified by the TLR4/TRIF agonist
monophosphoryl lipid A (MPL), which is used clinically as a vaccine adjuvant (67). To
investigate whether AV-C is capable of similarly inducing innate activation of primary
cells relevant to the establishment of adaptive responses, we examined reactivity in
human PBMCs. Observation of such activity would represent an important proof of
concept for the potential expansion of AV-C's therapeutic utility. As shown in Fig. 7A,
AV-C stimulated IRF3 S386 phosphorylation in these cells. Furthermore, Fig. 7B illus-
trates that AV-C was able to induce transcription of endogenous ISGs in PBMCs (as
observed in human fibroblasts) as well as proinflammatory genes IL-6 and IL-183. Next,
we examined the ability of AV-C to stimulate (i) the secretion of cytokines associated
with potentiating adaptive immune responses to microbial pathogens following anti-
gen exposure, as well as (i) expression of cellular markers indicative of dendritic cell
(DC) maturation. This was done using PBMCs from five separate human donors, to
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FIG 8 NF-«B activity is not induced by exposure to AV-C. (A) Reporter assay results, showing induction of
NF-«B-dependent LUC expression in THF-NF-«B cells at 8 h posttreatment with 160 HAU/ml SeV, 10 ng/ml TNF-q,
or the indicated concentration of AV-C. Values displayed are average fold changes (*+ standard deviations) based
on three replicates compared to DMSO-treated cells. (B) Subcellular localization of NF-«B subunit P65 in THF cells
following 4-h exposure to 1% DMSO, 160 HAU/ml SeV, or 25 uM AV-C. (C) Degradation of IkBa in PBMCs from two
donors following exposure to 1% DMSO, 12.5 uM AV-C, or 100 ng/ml LPS for the indicated time (B-actin served as
the loading control).

control for potentially complicating impacts of biological characteristics known to
influence innate immune induction, such as genetic background or age. As shown in
Fig. 7C, treatment of these cells for 24 h with AV-C was found to significantly induce
secretion of the proinflammatory cytokines tumor necrosis factor alpha (TNF-q), IL-6,
and IL-1p relative to levels in untreated cells from matched donors. Similarly trending
results were observed for the TLR4/TRIF stimulus LPS. Interestingly, however, while LPS
significantly induced secretion of the anti-inflammatory cytokine IL-10, the same was
not true for AV-C. Furthermore, AV-C was also unable to upregulate expression of the
maturation markers HLA-DR, CD86, CD80, or CD40 on immature DCs (Fig. S7). These
observations suggest that both TRIF activators LPS and AV-C may fundamentally induce
distinct cellular target pathways. Nevertheless, AV-C is capable of stimulating an
IRF3-associated innate immune response in primary PBMCs from multiple human
donors, thereby magnifying its potential as an immunotherapeutic compound.

AV-C does not trigger canonical activation of NF-«B. NF-«B is a transcription
factor that is activated in response to signaling from multiple PRRs, many that also lead
to IRF3, and is important for the expression of numerous proinflammatory cytokines
(68), including type | IFNs (69). We therefore examined whether exposure of cells to
AV-C led to responses indicative of NF-kB activation. As shown in Fig. 8A, THF cells
stably transfected with NF-«kB-dependent LUC (41) did not respond to AV-C at concen-
trations above those found to induce IFN-dependent signaling. We next used indirect
immunofluorescence to examine the subcellular localization of NF-«B subunit P65 in
THFs following AV-C treatment. Figure 8B illustrates that exposure to the established
NF-kB-inducing stimulus SeV led to nuclear accumulation of P65, a requisite step in the
protein’s transcriptional activity. However, nuclear accumulation of the protein was not
detected in DMSO- or AV-C-exposed cells, consistent with NF-«B not being activated by
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these treatments. Intriguingly, NF-«B has been shown to play a role in transcription of
cytokines, such as TNF-g, IL-6, and IL-13, that we found to be secreted by PBMCs in
response to AV-C (Fig. 7C). As such, we decided to ask whether the lack of AV-C-
mediated NF-«B activation was a phenomenon specific to fibroblasts. To address this,
we exposed PBMCs from two donors to AV-C at 25 uM, a concentration that elicited
cytokine expression and secretion in these cells (Fig. 7). Control cells were treated with
DMSO (negative) or LPS (positive). Whole-cell lysates were then harvested at 20 min,
40 min, and 60 min posttreatment, and immunoblotting was used to examine levels of
IkBe, a factor that sequesters NF-«B in the cytoplasm and whose ubiquitin-mediated
degradation is required for NF-kB nuclear accumulation. As shown in Fig. 8C, treatment
of PBMCs with LPS led to substantial degradation of kB« in both donor cells by 60 min.
However, treatment with DMSO or AV-C failed to trigger degradation of the protein.
Based on these observations, we concluded that AV-C does not induce cellular signal-
ing responses that lead to activation of NF-«kB in either fibroblasts or PBMCs.

DISCUSSION

The ongoing transmission of multiple arboviruses in Latin America and the Carib-
bean underscores the value of developing therapeutic strategies that display broad-
spectrum efficacy. Unfortunately, the fact that the current outbreak involves unrelated
virus families (i.e., Togaviridae, Flaviviridae) that exhibit unique replication characteris-
tics has made identification of multitarget, directly acting antiviral molecules more
problematic. Fortunately, the type | IFN system, as part of the overall innate immune
response, evolved to effectively block replication by diverse viral pathogens, including
flaviviruses and alphaviruses (70, 71). Clinical utilization of IFN itself is, however,
associated with significant undesirable attributes, including high cost, dosing feasibility,
and adverse side effects (30, 31, 72). Nevertheless, the potency of IFN-induced pro-
cesses renders them druggable yet underutilized therapeutic targets (33). Furthermore,
the high probability of sensitivity of unknown yet potentially emerging viral pathogens
(or bioweapons) to the IFN-induced cellular state provides another motivation for drug
discovery endeavors with this focus. The ability of innate immune stimuli to yield other
immunotherapeutic outcomes, such as adjuvanticity and antitumor activity, adds still
further incentive to their discovery and characterization (73). Our group and others
have pursued novel agonists of IRF3-terminal pathways as treatments against RNA
viruses, including DENV (35-38, 74) and CHIKV (36, 37, 41). However, the current study
represents the first application of this approach to ZIKV. Moreover, while molecules
described thus far as efficacious are agonists of the IPS-1/MAVS or STING pathways, our
study describes a novel synthetic compound that induces TRIF-dependent responses.
Indeed, TRIF may represent a curiously underemphasized cellular target for combating
DENYV, ZIKV, and alphavirus infections. This is due to the fact that while virus-inhibitory
phenotypes have been described that are directed at IPS-1/MAVS (75, 76) and STING
(77), TRIF-targeting mechanisms have thus far not been identified in these viruses to
our knowledge. This is supported by our observation that replication of DENV and ZIKV
appears similar in wild-type cells and those lacking TRIF (Fig. 6). As such, TRIF-
dependent activation of the IFN response could be a more potent antiviral strategy,
since this pathway may be less vulnerable or even invulnerable to disruption by these
viruses.

Initially, our work retrieved multiple small molecules capable of inducing IFN-
dependent reporter signaling (see Fig. S1 in the supplemental material), and many of
these are being actively characterized in our laboratory. AV-C was found to robustly
generate consistent responses in multiple cell types, and we therefore concentrated
our efforts on understanding its mode of action and therapeutic potential. We began
by examining the cellular transcriptional response induced by the molecule and the
similarities shared with that induced by type I IFN. While a larger set of genes regulated
by IFN treatment was uncovered, a substantial subset was found to be co-upregulated
by AV-C treatment, including many that confer direct antiviral activity, as well as IFN-
itself (Fig. 2B). Importantly, some of these (including IFN-B) were reflected in corre-
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sponding AV-C-induced protein translation (Fig. 2C and 6C), suggesting that despite
upregulation of a limited group of IFN-stimulated genes, AV-C may generate a cellular
environment antagonistic to virus growth. We therefore examined replication of CHIKV,
DENV, and ZIKV on fibroblasts pretreated with AV-C to determine whether this effect
was evident. As shown in Fig. 3, all three viruses grew to diminished levels in AV-C-
pretreated THF cells, with CHIKV displaying the highest sensitivity to the compound.
Interestingly, the overall impairment of ZIKV growth was less pronounced than that
observed for CHIKV. This observation may be consistent with the encoding of pheno-
types by ZIKV (such as a block to STAT2 function [78]) that enhance its resistance to
IFN-induced cellular states. The extent to which viral mechanisms are involved in the
resistance of ZIKV to IFN-stimulated cells will require a more focused deconstruction.

Activation of IFN and IFN-dependent genes can occur by way of multiple transcrip-
tion factors and signaling pathways. To elucidate the cellular proteins involved in the
AV-C-associated antiviral state under the hypothesis that IFN is involved, we examined
specific components of the best-characterized IFN-terminal signaling cascades. IRFs,
including IRF1, IRF5, IRF7, and IRF3, as well as NF-kB, have been implicated in the
transcriptional induction of IFN genes (reviewed in reference 68). We first examined the
activation status of IRF3 and found that, as with conventional stimuli of the STING,
IPS-1/MAVS, and TRIF pathways, AV-C did in fact induce phosphorylation of the protein
in fibroblasts (Fig. 4A). Whether IRF3 and its activation by AV-C are actually required for
transcriptional induction were separate questions that we addressed by using cells that
lacked the IRF3 protein as well as using a chemical inhibitor of TBK1/IKKe (BX795). In
both of these experiments, AV-C failed to activate expression of an IFN-dependent
reporter or endogenous mRNAs. Furthermore, AV-C-associated IRF3 phosphorylation
was also abrogated in the presence of BX795 (Fig. 4). Collectively these results indicate
that AV-C triggers an IRF3-terminal pathway, of which three primary PRR- and adaptor-
associated ones are known. We therefore next focused on addressing whether any of
these was necessary for the AV-C-induced innate activation phenotype.

An understanding of the target cellular pathway activated by AV-C represents
critical information that allows wider predictions to be made about tissue states and
phenotypes elicited by the molecule. For example, dsRNA can lead to disparate
outcomes, including transcription-independent effects, such as apoptosis and Src-
mediated cell migration, depending on whether it activates the RIG-I/IPS-1/MAVS- or
TLR3/TRIF-dependent pathways (79). In vivo, the RIG-I and TLR3 ligands can also
produce distinct adaptive immune response profiles to coadministered vaccine anti-
gens (80, 81). Furthermore, secretion of dissimilar cytokine profiles is evident following
STING-mediated versus TLR/TRIF-mediated stimulation (40, 82). In light of these find-
ings, we aimed to identify the adaptor-associated signaling pathway(s) required for
AV-C-induced IRF3 activation. We found that AV-C-induced transcription and IRF3
phosphorylation were operational in cells lacking either STING or IPS-1/MAVS (Fig. 5).
In the absence of TRIF, however, innate stimulation by AV-C as defined by these
activities was eliminated. Whether AV-C also triggers related adaptors, such as MyD88,
or upstream PRRs, such as TLR3 or TLR4, is currently being examined. Recent work has
uncovered a functional role for TRIF in STING-dependent innate activation (83). Our
data reveal no obvious differences in AV-C-mediated innate induction or biological
activity between wild-type cells and those lacking STING (Fig. 5 and 6), suggesting that
the compound activates a TRIF-specific pathway independently of STING.

AV-C treatment leads to TRIF-dependent transcription of IFN-B (Fig. 2) as well as
antiviral ISGs that are known to inhibit flavivirus and alphavirus replication (84-86). We
therefore asked whether the TRIF, IPS-1/MAVS, and STING signaling pathways are
necessary for the AV-C-associated antiviral phenotypes we observed (Fig. 3). As shown
in Fig. 6, cell lines lacking each individual protein were able to establish canonical
IFN-induced antiviral states as indicated by the strong inhibition of all three viruses
following pretreatment with IFN-B, indicating that JAK/STAT signaling is functional.
AV-C was also able to induce equivalent (and perhaps more potent) antiviral activity in
cells lacking IPS-1/MAVS and STING, indicating that these proteins are dispensable for
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antiviral effects conferred by AV-C, in agreement with results presented in Fig. 5.
Interestingly, AV-C induced the expression of antiviral genes, such as viperin, IFIT1, and
ISG15, that can be transcribed in an IRF3-dependent, IFN-independent manner (65, 66).
Moreover, growth of all three viruses was highly susceptible to cellular states elicited by
IFN-B pretreatment (Fig. 6A). We therefore examined whether IFN-induced (JAK/STAT-
mediated) signaling was, along with TRIF signaling, a mechanistic requirement for the
antiviral state associated with AV-C exposure. To address this, we constructed cells from
which the IFNAR protein was deleted and were correspondingly unable to react to type
I IFN, as demonstrated by the failure to establish an IFN-induced antiviral state. As
shown in Fig. 6A, the antiviral effect of AV-C was also abrogated in these cells,
suggesting that AV-C-induced, TRIF/IRF3-dependent secretion of type I IFN is respon-
sible for the compound’s activity. To further validate this conclusion, we examined
whether cells exposed to AV-C actually secreted bioactive type | IFN in detectable
quantities. We first utilized a cell-based bioassay to show that AV-C-treated wild-type
THF cells as well as those lacking IPS-1/MAVS or STING, but not TRIF, secreted type | IFN
(Fig. 6B). Additionally, human PBMCs exposed to AV-C secreted IFN-B, demonstrating
that multiple cell types respond in this way (Fig. 6C). Collectively, these results are
consistent with a model of AV-C-mediated activity that involves TRIF-dependent but
STING- and IPS-1/MAVS-independent synthesis and secretion of type | IFNs that gen-
erate an antiviral cellular state through ISG expression following engagement of the
IFNAR and ensuing JAK/STAT signaling.

Unfortunately, wild-type fibroblasts represent a less useful substrate for growth of
DENV. Our experiments revealed, intriguingly, that this is likely due to the virus’ inability
to counteract infection-induced, IFN-mediated antiviral responses in these cells. DENV
growth was enhanced by nearly 2 logs in THFs engineered to lack either IPS-1/MAVS or
IFNAR (Fig. 6A) (87, 88). These results align well with the observation that DENV is
extremely sensitive to the IFN-induced state in fibroblasts (Fig. 6A), as well as previous
reported findings showing that the IPS-1/MAVS/IRF3 signaling axis is crucial to
flavivirus-associated IFN induction (76, 89, 90). Importantly, this also indicates that
THF-ISRE-AIPS1 cells represent a sound model for examining the antiviral effect of AV-C
since (i) they are capable of responding to AV-C-induced, IRF3-terminal signaling
(Fig. 5), (ii) their IFN-induced signaling is intact, and (iii) they support high-titer DENV
growth. Enhanced replication of ZIKV, a related flavivirus, was also observed in the
absence of either IPS-1/MAVS or IFNAR, indicating that it may, as expected, trigger
IPS-1/MAVS-dependent IFN synthesis. Replication of CHIKV did not differ significantly
between the mutant cell lines, despite the fact that the virus is highly sensitive to the
IFN-induced phenotype (Fig. 6A). This may have been due to the nonspecific nature of
the virus' innate evasion strategy, which involves rapid and indiscriminate shutdown of
cellular gene transcription and translation (56). Whether CHIKV exhibits IRF3-terminal
pathway-targeted inhibition has not been demonstrated to our knowledge.

TRIF-inducing stimuli may possess immunotherapeutic potential beyond direct
antiviral activity (91-93). For instance, the TLR3/TRIF agonist poly(l-C) shows beneficial
effects in mouse models of arthritis (94), colitis (95), bacterial infection (96), and wound
healing (97, 98). Likely more impactful are the potentiating effects of TRIF stimulation
on establishment of adaptive immunity to infectious agents, as illustrated by the
TLR4/TRIF agonist MPLA, an FDA-approved component of vaccines against papilloma-
virus (99) and hepatitis B virus (67). The fundamental mechanistic basis for the adjuvant
activity conferred by MPLA is TRIF- and MyD88-mediated synthesis of proinflammatory
cytokines and chemokines that drive recruitment and maturation of myeloid-derived
antigen-presenting cells (100-102). Ultimately, this leads to an enhancement of
antigen-associated T cell activation, clonal expansion, and Th1 polarization (67, 103). To
investigate whether AV-C can induce cellular responses predictive of these immune
effects, we examined both secretion of relevant cytokines from primary PBMCs col-
lected from human patients as well as expression of cellular markers that signify DC
maturation. As illustrated in Fig. 7, AV-C induced both IRF3 phosphorylation in PBMCs
as well as transcription of IFN-stimulated genes IFIT1, viperin, and Mx2. The compound
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also triggered secretion of key proinflammatory molecules TNF-«, IL-6, and IL-13
(Fig. 7Q), suggesting that it may elicit responses contributory to increased antigen
immunogenicity. Interestingly, the innate reactivity to AV-C diverged qualitatively from
that induced by the TLR4/TRIF agonist LPS. Transcription of IL-6 and IL-13 was strongly
activated by LPS, but much less so by AV-C (Fig. 8B), and while LPS led to secretion of
IL-10, AV-C did not (Fig. 8C). Furthermore, AV-C also failed to stimulate expression of DC
maturation markers HLA-DR, CD86, CD80, and CD40 on immature DCs and did not elicit
secretion of IL-12p70 from these cells (Fig. S6). These differences underscore the need
for more thorough characterization of the molecule in the context of adaptive immune
processes to more completely evaluate its potential as an immunotherapeutic agent.

The induction of proinflammatory cytokines such as TNF-¢, IL-6, and IL-13 by AV-C
suggests the involvement of signaling pathways or transcription factors beyond IRF3
alone. Unexpectedly, AV-C failed to induce outcomes such as secretion of IL-10 and
IL-12p70 that were induced by TLR4/TRIF agonist LPS (Fig. 7; Fig. S6). These results may
represent differential impacts of MyD88 in associated signaling induced by the two
stimuli, since secretion of some proinflammatory cytokines, such as IL-10, is known to
be abrogated in cells lacking MyD88 (104-106). Based on the reported role of NF-«B in
transcription of proinflammatory genes such as TNF-q, IL-6, IFN-B, and IL-13, which are
induced by AV-C as well, as well as dependence on TRIF and MyD88 signaling, we
decided to examine whether the compound led to activation of this factor. Surprisingly,
we were unable to detect indicators of AV-C-induced NF-«B activation in either THFs or
PBMCs (Fig. 8). These results may be suggestive of the absence of involvement of
MyD88 in the AV-C-stimulated response, since NF-kB induction represents a process
enhanced by MyD88 rather than TRIF activity (60, 107). This is also consistent with the
differential induction of IL-10 by AV-C and LPS, the expression of which has been linked
to NF-kB activity in immune and other cells (108-110). With regard to the co-
upregulation of TNF-¢, IL-6, and IL-13 by AV-C and LPS, NF-«B-independent roles for
other transcription factors, such as IRF1 and IRF5, in the expression of such proinflam-
matory cytokines have been described (111, 112). Whether AV-C is capable of activating
other IRFs such as these is certainly possible but requires specific examination.

An assessment of the clinical utility of AV-C would be greatly enabled by a reactive
animal model in which the scope of physiological responses stimulated by the com-
pound could be measured. This includes evaluation of the impact of AV-C on adaptive
immunity, the molecule’s in vivo antiviral efficacy, systemic inflammatory responses,
and immunopathology. The lack of innate reactivity observed in mice or in murine cells
(Fig. S5) may be due to myriad causes whose characterization is unfortunately beyond
the scope of this work. However, in an attempt to permit in vivo experimentation, we
constructed multiple chemical analogs of AV-C with the goal of finding one or more
that induces innate responses in both human and mouse cells. As illustrated in Fig. S7,
even slight chemical modifications of AV-C rendered it inactive in human cells (e.g.,
compare AV-C, AV-C-09, and AV-C-10). As such, we suspect that the molecule’s stim-
ulatory capacity is extremely sensitive to structural alteration, perhaps due to a protein
interaction involving small or precisely shaped regions. We are, however, examining
whether the molecule activates cells from species more phylogenetically similar to
humans, such as rhesus or Japanese macaques. In the event that IRF3 and IFN are
induced by the compound, these may represent tractable animal models for in vivo
characterization. While more complex and expensive than murine models, nonhuman
primates offer the ability to obtain information about in vivo activities that more closely
resemble those expected in humans.

MATERIALS AND METHODS

Reagents and antibodies. Dimethyl sulfoxide was obtained from Thermo Fisher. Puromycin was
obtained from Clontech and used at 3 ug/ml in cell culture medium. LPS and Polybrene were obtained
from Sigma-Aldrich. Human recombinant IFN-B, IFN-y, universal mammalian IFN, and TNF-a were
obtained from PBL. Granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4 were obtained
from Gemini Bio-Products. Steady-Glo cell lysis/luciferin reagent was obtained from Promega. Poly(I-C)
was obtained from GE Healthcare. Stocks of G10 were synthesized by the OHSU Medicinal Chemistry
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Core Facility. DMXAA was purchased from ApexBio. Antibodies against the following antigens were used
(with the source indicated in parentheses): glyceraldehyde-3-phosphate dehydrogenase (GAPDH; sc-
51906; Santa Cruz Biotechnology); IRF3 (sc-9082; Santa Cruz Biotechnology); human S386 phospho-IRF3
(catalog number 2562-1; Epitomics); STING (catalog number 3337; Cell Signaling); IPS-1 (A300-782A;
Bethyl); IFIT1/ISG56 (PA3 848; Thermo Fisher); TRIF (4596; Cell Signaling); Mx1 (GTX111153; GeneTex);
B-actin (MABO501R; Thermo Fisher); IkBa (Santa Cruz sc-371; Santa Cruz Biotechnology); NF-«kB P65
(sc-372; Santa Cruz Biotechnology).

Cell and virus culture. Human foreskin fibroblasts originally obtained from the American Type
Culture Collection (ATCC) were stably transduced with constitutively expressed human telomerase
reverse transcriptase and the IRF3/IFN-responsive pGreenFire-ISRE lentivector and were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS) and antibiotics as
described previously (45). Vero, BHK-21, and C6/36 cells were obtained from ATCC and were grown as
described elsewhere (56). RAW 264.7 and THP-1 cells were obtained from Jay Nelson (Oregon Health and
Science University). THP-1 cells were differentiated in 100 nM phorbol 12-myristate 13-acetate (PMA)
for 24 h before stimulation. Human peripheral blood mononuclear cells were obtained either from iXcells
Biotechnologies or from healthy donors (Providence IRB PHS 13-026A; Drexel University IRB
1506003707A005) and maintained in RPMI containing 10% FCS and antibiotics. Human umbilical
microvascular endothelial cells were obtained from Ashlee Moses (Oregon Health and Science University)
and maintained as described previously (113). All cells were grown at 37°C and 5% CO,. Sendai virus was
obtained from Charles River Laboratories, Inc. and used at 160 hemagglutinating units (HAU)/ml.
Cytomegalovirus was grown, virus titers were determined, the virus was UV inactivated, and cells were
exposed to virus as described previously (61). Dengue virus serotype 2 was used as previously described
(114). Zika virus strain PRVABC59 was obtained from and isolated by the Centers for Disease Control and
Prevention (CDC) from an individual in Puerto Rico in December 2015 (115). The virus was passed twice
on C6/36 cells, and working stock was concentrated through a 20% sorbitol cushion. CHIKV strain MH56
was obtained from Michael Diamond (Washington University). CHIKV was derived from an infectious
clone as follows. RNA was transcribed from the linearized clone using the T7 mMessage mMachine kit
(Ambion) and transfected via Lipofectamine into BHK-21 cells. Resultant virus was propagated in C6/36
insect cells for 48 h to produce high-titer viral stocks after pelleting through a 20% sucrose cushion by
ultracentrifugation (22,000 rpm [825,206 X g] for 1.5 h). Experimental infections were carried out in
triplicate using a multiplicity of infection (MOI) of 1 PFU per cell for CHIKV and 5 PFU per cell for DENV
and ZIKV. Virus was quantified by serial dilution on Vero cells on a carboxymethylcellulose overlay. CHIKV
was measured in a cytopathic effect (CPE)-based assay, and DENV and ZIKV were measured in focus-
forming unit (FFU) assays (116). Cell viability was examined by quantitating ATP via the Cell Titer Glo
assay (Promega) according to the manufacturer’s instructions.

Lentivector transduction and CRISPR/Cas9-mediated genome editing. Genome editing using
lentivector-mediated delivery of CRISPR/Cas9 components was performed generally as described previ-
ously (41, 117). Briefly, 20-nucleotide guide RNA (gRNA) sequences targeting protein-coding regions
were inserted into the lentiCRISPRv2 vector (AddGene 52961). These sequences were as follows. TRIF,
CCTAGCGCCTTCGACATTCT; IFNAR, AAACACTTCTTCATGGTATG; IRF3, GAGGTGACAGCCTTCTACCG; STING,
CCCGTGTCCCAGGGGTCACG; IPS-1, AGTACTTCATTGCGGCACTG. Sequence verification of genomic dis-
ruption for each cell line is presented in Fig. 8. Lentivirus was made by transfecting specific lentiCRISPRv2
plasmid along with packaging plasmid (psPAX2; AddGene 12260) and vesicular stomatitis virus G
protein pseudotyping plasmid (pMD2.G; Addgene 12259) into Lenti-X 293T cells (Clontech) using
Lipofectamine-LTX (Life Technologies, Inc.). Medium was harvested at 48 h and 72 h posttransfec-
tion, centrifuged (3,000 X g for 10 min), and filtered through a 0.45-um filter to remove cell debris.
Subconfluent target cells were exposed to lentivirus for 8 h in the presence of 5 ug/ml Polybrene. After
the cells reached confluence, cultures were split into DMEM plus 10% FCS containing 3 wg/ml puromycin.
Transduced cells were passaged in the presence of puromycin for 7 to 10 days before protein knockout
was examined by immunoblotting. Cells were next serially diluted twice in 96-well plates to obtain
oligoclonal lines purified for gene deletion. Sanger sequence verification of genomic disruption for each
cell line is presented in Fig. S8. Protein knockout was additionally verified functionally by measuring
phenotypic responsiveness to appropriate stimuli.

Luciferase reporter and type | IFN bioassays. For direct THF-ISRE reporter assays, confluent cells
were plated at 20,000 cells per well in a white 96-well plate 24 h before stimulation. Treatments were
performed in quadruplicate in 50 ul DMEM plus 2% FCS for 8 h unless otherwise indicated. Steady-GLO
lysis/luciferin reagent (Promega) was added 1:1 to each well, and luminescence was measured on a
Synergy plate reader (BioTek). For type | IFN bioassays, cells of interest were plated at 50,000/well in
24-well plates and serum starved in X-Vivo15 medium for 1 h prior to treatment. After being treated for
24 h, treated medium was harvested and clarified at 10,000 X g for 3 min. Recombinant IFN-B was used
as the standard at 40, 20, 10, 5, 2.5, 1.25, and 0.63 U/ml. Medium was then added to THF-ISRE-AIRF3 cells
plated as described above for 8 h, and luminescence was measured. IFN was quantitated by curve fitting
relative to signals generated from standards.

Affymetrix microarray hybridization and analysis. Microarray assays were performed in the OHSU
Gene Profiling Shared Resource. RNA sample quantity and purity were measured by UV absorbance at
260, 280, and 230 nm with a NanoDrop 1000 spectrophotometer (ThermoScientific). RNA integrity and
size distribution were determined by running 200 ng of each sample on an RNA 6000 Nano chip
instrument (Agilent Technologies). Total RNA samples were prepared for array hybridization by labeling
100-ng aliquots using the 3'IVT Express kit (Affymetrix). RNA was reverse transcribed to generate
first-strand ¢cDNA containing a T7 promoter sequence. A second-strand cDNA synthesis step was
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performed that converted the single-stranded cDNA into a dsDNA template for transcription. Amplified
and biotin-labeled cRNA was generated during the in vitro transcription step. After a magnetic bead
purification step to remove enzymes, salts, and unincorporated nucleotides, the cRNA was fragmented.
According to standard Affymetrix recommendations, the labeled and fragmented cRNA was combined
with hybridization cocktail components and hybridization controls, and 130 ul of each hybridization
cocktail containing 6.5 ug of labeled target was injected into a cartridge containing the GeneChip
Human Primeview array (Affymetrix). This array contains 49,395 probe sets corresponding to content
derived from the RefSeq and UniGene databases. Arrays were incubated for 18 h at 45°C, followed by
washing and staining on a GeneChip Fluidics Station 450 (Affymetrix) and the associated hybridization
wash and stain kit (Affymetrix). Arrays were scanned using the GeneChip Scanner 3000 7G with an
autoloader (Affymetrix). Image inspection was performed manually immediately following each scan.
Image processing of sample .DAT files to generate probe intensity .CEL files was performed using the
Affymetrix GeneChip Command Console (AGCC) software. Each array file was then analyzed using
Expression Console v. 1.1, software (Affymetrix) to generate array performance metrics on nonnormalized
data. Array performance and general data quality were assessed using the following values: background
intensity, PM (perfect match) mean, Probeset mean, MAD (median absolute deviation) residual mean, RLE
(relative log expression) mean, and housekeeping control probes (actin and GAPDH). All arrays passed
GPSR performance-quality thresholds. To identify probe sets that were significantly regulated in treated
versus untreated (mock) cells, we employed a traditional unpaired one-way (single-factor) ANOVA for
each pair of condition groups as implemented in the Transcriptome Analysis Console (TAC) software.
Probe sets were considered differentially regulated if the ANOVA P value was <0.05.

Immunoblotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) immuno-
blotting was performed as follows. After trypsinization and cell pelleting at 2,000 X g for 10 min,
whole-cell lysates were harvested in RIPA lysis buffer (50 mM Tris-HCI [pH 8.0], 150 mM NacCl, 1% NP-40,
0.5% sodium deoxycholate, and 0.1% SDS) supplemented with Halt protease and phosphatase inhibitor
cocktail (Thermo Fisher). Lysates were electrophoresed in 8% polyacrylamide gels and transferred onto
polyvinylidene difluoride membranes (Millipore) using semidry transfer at 400 mA for 1 h. The blots were
blocked at room temperature for 2 h or overnight using 10% nonfat milk in 1X phosphate-buffered
saline (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 1-h exposure to
horseradish peroxidase-conjugated secondary antibodies and subsequent washes were performed as
described for the primary antibodies. The antibody was visualized using enhanced chemiluminescence
(Pierce).

Indirect immunofluorescence assay. For the indirect immunofluorescence assay, cells were grown
on coverslips in 24-well plates and treated as described above. At room temperature, cells were washed
twice with PBS, fixed for 30 min in 3.7% formalin, washed, and quenched for 10 min using 50 mM NH,Cl.
Cells were permeabilized with 0.1% Triton X-100 for 7 min and washed three times with PBS containing
2% bovine serum albumin (BSA). Cells were incubated with primary antibody in PBS containing 2% BSA
at 37°C for 1 h, washed three times in PBS containing 2% BSA (10 min for each wash), and incubated with
fluorescently conjugated secondary antibody diluted 1:1,000 in PBS containing 2% BSA for 1 h. Cells were
washed twice in PBS containing 2% BSA (10 min for each wash) and once in PBS. Coverslips were
mounted on a microscope slide with Vectashield mounting medium (Vector Laboratories, Burlingame,
CA) containing 4',6-diamidino-2-phenylindole, and imaging was performed on an Evos cell-imaging
system.

RNA isolation and semiquantitative reverse transcription-PCR. Total RNA was isolated from cells,
treated with DNase provided in a DNA-free RNA isolation kit (Zymo Research) according to the
manufacturer’s protocol, and quantified by using UV spectrometry. Single-stranded cDNA for use as a
PCR template was made from total RNA and random hexamers to prime first-strand synthesis via
SuperScript lll reverse transcriptase (Life Technologies, Inc.) per the manufacturer’s protocol. Comparison
of mMRNA expression levels between samples was performed using semiquantitative real-time RT-PCR
(gPCR) with the Applied Biosystems sequence detection system according to the AAC; method (118) with
GAPDH as a control. Prevalidated Prime-Time 6-carboxyfluorescein qPCR primer/probe sets obtained
from IDT were used for all genes.

Cytokine analysis. Human peripheral blood mononuclear cells were obtained from healthy donors
and maintained as described above. Cells were plated at 4 X 10° per well in 96-well plates, stimulated
with DMSO, AV-C, or LPS (100 ng/ml) diluted in RPMI, and incubated at 37°C and 5% CO, for 24 h.
Supernatants were then removed and used in a multiplex cytokine bead-based assay according to the
manufacturer’s protocol (BD Biosciences human inflammation cytokine bead array, catalog number
551811, or BioLegend human IL-12p70 enzyme-linked immunosorbent assay [ELISA] Max).

Human myeloid DC differentiation from PBMCs. PBMCs from healthy human control subjects
were enriched for CD14" monocytes by negatively selecting using the EasySep human monocyte
enrichment kit without CD16 depletion (StemCell Technologies, Vancouver, Canada), according to the
manufacturer’s protocol. Cells were then grown at a density of 2 X 10%/ml in serum-free Cellgro medium
(RPMI 1640 1X plus L-glutamine) supplemented with human GM-CSF at 100 ng/ml and IL-4 at 20 ng/ml
in 24-well plates. On day 3, differentiated DCs were stimulated with the indicated concentrations of AV-C
for 20 h. LPS (0.5 ng/ml) plus human IFN-y (40 ng/ml) was used as a positive-control stimulation for DC
activation, and DMSO was used as the negative control.

Flow cytometric analysis of AV-C-stimulated human DCs. DCs were harvested 20 h poststimula-
tion by pipetting the cells up and down. Cell death was assessed using the LIVE/DEAD fixable aqua dead
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cell stain kit (Life Technologies, Inc., Carlsbad, CA) as well as annexin V (BD Biosciences, San Jose, CA). Fc
receptor blocking was performed with human TruStain FcX (BioLegend, San Diego, CA). DCs were stained
with fluorochrome-conjugated antibodies against surface markers for 20 min on ice. The antibodies used
were directed against CD3 (catalog number HIT3w), CD11c (3.9), HLA-DR (L243), CD86 (IT2.2), CD83
(HB15e), CD80 (2D10), and CD40 (5C3) and were all purchased from BioLegend (San Diego, CA).
Anti-CD14 (M5E2) was obtained from eBioscience (San Diego, CA), and anti-CD19 (HIB19) was from BD
Biosciences (San Jose, CA). DCs were then washed, samples were acquired on a BD LSR Il apparatus, and
data were analyzed using FlowJo software (version 9.9.3). DCs analyzed for costimulatory molecule
expression were gated on the live, CD3/CD19-negative, CD11c-positive population.
In vivo administration of AV-C and viral infection. All animal procedures for in vivo administration
of AV-C were conducted in accordance with and approved by the Oregon Health and Science University
Institutional Animal Care and Use Committee (IACUC) under protocol 913. The Oregon Health and
Science University IACUC adheres to the NIH Office of Laboratory Animal Welfare standards (OLAW
welfare assurance A3304-1). C57BL/6J mice (5 to 7 weeks of age; Jackson Laboratories) were housed in
cage units in an animal biosafety level 3 facility, fed ad libitum, and cared for under USDA guidelines for
laboratory animals. AV-C at 24 mg/kg of body weight or DMXAA (or DMSO alone) was prepared in 50 ul
DMSO and injected intraperitoneally. Mice were either challenged with 1,000 PFU CHIKV via footpad
injection in 20 ul RPMI under isoflurane-induced anesthesia or euthanized at 6 h posttreatment for serum
analysis. CHIKV-infected animals were euthanized at 72 h postinfection by isoflurane overdose. Blood was
collected by cardiac puncture, and serum viral load titers were determined on Vero cells in duplicate as
described above.
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