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KIN1400 parent compound (Fig. 1B), or a phenyl group (Fig. 5D,
KIN1409 and KIN1410). The analogs also differed in their side
chain groups to include structures such as trifluoromethyl, difluo-
romethoxy, fluoro, bromo, or methoxy groups (Fig. 5D). The
ability of the KIN1400 analogs to promote IRF3 nuclear translo-
cation, as a measurement of IRF3 activation, was compared with
that of KIN1400. When administered to PH5CH8 cells (Fig. 5E) or
Huh7 cells (liver epithelial cells; data not shown) at 10 �M, the
analogs were sufficient to induce IRF3 translocation into the nu-
cleus, as was the case for the positive control of SeV infection.
Measurements obtained with the ArrayScan fluorescent micro-
scope imager showed that KIN1400 and analogs KIN1407,
KIN1408, KIN1409, and KIN1410 drove IRF3 translocation into
the nucleus in dose-dependent manner (Fig. 5F), confirming that
the analogs retain an ability to activate IRF3 similar to that of their
parent compound, KIN1400. Among the analogs tested, KIN1408
and KIN1409 appeared to be able to induce IRF3 activation at a
level equivalent to that for the KIN1400 parent. In contrast,
KIN1407 and KIN1410 consistently induced less IRF3 activation
in cultures of Huh7 cells than equivalent doses of KIN1400. By
separate assays that measured cell viability by MTS tetrazolium
bioreduction and Sytox green uptake, we showed that HEK293
and Huh7 cells treated with KIN1408, KIN1409, and the KIN1400
parent at concentrations up to 50 �M demonstrated viability that
was not significantly different from that of DMSO-treated control
cells after up to 36 h of compound treatment (Fig. 5G and data not
shown). As expected, cells infected with the rapidly lytic encepha-
lomyocarditis virus (EMCV) or treated with a combination of
tumor necrosis factor alpha (TNF-�) and cycloheximide (CHX)
demonstrated significantly lower levels of viability by the two
methods.

By immunoblot analysis, we demonstrated that KIN1408 in-
duces the expression of the innate immune genes MDA5, RIG-I,

Mx1, IRF7, and IFIT1 in a dose-dependent fashion to levels sim-
ilar to those to which they were induced by KIN1400 (Fig. 5H).
Although KIN1409 also induced the expression of these innate
immune genes, the level of induction at each equivalent dose was
generally weaker than that observed with KIN1400 and KIN1408.
Compound treatment also induced weak but dose-dependent ac-
tivation of IRF3, as measured by IRF3 phosphorylation (IRF3-P;
bands indicated by asterisks in Fig. 5H). Quantitation of the band
intensity using ImageJ software showed that KIN1400 induced up
to 2.4-fold the levels of IRF3-P compared to the levels achieved in
DMSO-treated cells, whereas KIN1408 and KIN1409 induced up
to 1.6- and 3.6-fold the levels of IRF3-P, respectively, compared to
the levels achieved in DMSO-treated cells. SeV-infected cells,
which were included as a positive control, potently induced innate
immune gene expression and IRF3 phosphorylation (up to 10.5-
fold the levels of IRF3-P compared to those achieved in DMSO-
treated control cells).

We next evaluated the analogs for their ability to suppress
DV2 infection in cultured cells. Huh7 cells were infected with
DV2 at an MOI of 1, and the compounds were administered to
cells at the concentrations indicated below at 24 h postinfec-
tion. Total cellular RNA was collected at 48 h postinfection and
assessed by RT-PCR for DV2 RNA levels relative to those
achieved with the control DMSO treatment. As with KIN1400
(see above), treatment with all four analogs resulted in a dose-
dependent reduction in DV2 RNA levels (Fig. 5I). Our data
thus identify two analog molecules, KIN1408 and KIN1409,
that have the potency to drive IRF3 activation to induce innate
immune gene expression and that concomitantly suppress DV2
RNA to levels similar to those achieved with the KIN1400
parent.

KIN1408 and KIN1409 induce a selective gene expression
profile. We note that without further formulation, KIN1408 and

FIG 5 Pathway mapping and structure-activity relationship of KIN1400 and analogs. (A) HEK293 cells were transfected with either a vector control plasmid or
a plasmid that ectopically expressed IRF3�N (a dominant negative IRF3 mutant that abolishes signaling). Cells were then treated with 0.5% DMSO or 0.5 �M
KIN1400 or infected with 100 HAU/ml SeV for 20 h. Total cellular RNA was extracted, and the level of expression of the innate immune gene IFIT2 (ISG54),
normalized to the level of GAPDH expression, was measured by RT-PCR and expressed as the fold induction over that for the respective DMSO-treated control.
Statistical significance was determined by multiple t tests. *, P 	 7.8 � 106 and 3.6 � 106 for KIN1400 and SeV, respectively; ns, not significant (P � 0.5). (B)
Immunoblotting of control Huh7 cells and Huh7 cells with CRISPR-Cas9-induced deletion of MAVS confirms the reduction in the level of MAVS expression at
the protein level. Shown here are representative images from one of three independent experiments. (C) Control or MAVS-KO Huh7 cells were treated with 0.5%
DMSO or 20 �M KIN1400 for 20 h. Total cellular RNA was extracted, and the levels of expression of innate immune genes IFIT1 (ISG56) and IFIT2 (ISG54) were
measured by RT-PCR. Statistical significance was determined by multiple t tests compared with the results obtained with KIN1400. *, P 	 4.6 � 105 and 3.9 �
107 for IFIT1 and IFIT2, respectively; ns, not significant (P � 0.5). WT, wild type. (D) KIN1400 and the analogs share an aminothiazole core with either a side
chain substitution of benzene, as shown in the structures of KIN1407 and KIN1408, or a side chain substitution of phenyl, as shown in the structures of KIN1409
and KIN1410. (E) PH5CH8 cells were treated with 0.5% DMSO or 10 �M compound or infected with 100 HAU/ml SeV for 4 h. Cells were fixed in paraformal-
dehyde and stained for immunofluorescence microscopy for the detection of IRF3 (green, Alexa Fluor 488) and nuclei (DAPI). Shown here are representative
images from one of three independent experiments. Bar 	 50 �m. (F) Huh7 cells were treated with 5, 10, or 20 �M KIN1400 or one of its analogs for 20 h. Cells
were stained for immunofluorescence microscopy, and the relative amounts of nuclear IRF3 were measured by the use of an ArrayScan fluorescent microscope
imager and plotted over the concentration of the compound (in micromolar). Statistical significance was determined by two-way analysis of variance with
Dunnett’s multiple-comparison test. **, P � 0.01; *, P � 0.1. (G) Huh7 cells were treated with 5, 10, 25, or 50 �M KIN1400 or an analog or with 0.5% DMSO
or were infected with EMCV (MOI, 0.1) for 24 h, and MTS tetrazolium bioreduction was measured using a CellTiter 96 aqueous cell proliferation kit (Promega).
HEK293 cells were treated with 5, 10, or 20 �M KIN1400 or an analog, 0.5% DMSO, or a combination of TNF-� and CHX over the course of 36 h, and Sytox green
dye uptake was measured using an IncuCyte live cell imaging system (Essen Biosciences). The statistical significance of data from three independent experiments
was calculated using two-way analysis of variance with Dunnett’s multiple-comparison test. ****, P � 0.0001; ns, not significant (P � 0.5). OD490, optical density
at 490 nm. (H) THP-1 cells were differentiated with PMA for 30 h and treated with 0.5% DMSO, KIN1400, or an analog at a dose of 5, 10, or 20 �M, infected with
SeV at 50 HAU/ml, or mock infected for 20 h. The cell lysate was visualized by immunoblot analysis for expression of various innate immune genes, phosphor-
ylated IRF3 (IRF3-P) as a measurement of IRF3 activation, and actin as a control. The intensity of the bands was quantitated by ImageJ software, and the level of
expression of each gene relative to that obtained with DMSO treatment was calculated. The results showed that KIN1400 and its analogs induce IRF3-P
expression over a range of 1.6- to 3.6-fold of the level achieved with DMSO treatment, whereas SeV infection induces IRF3-P expression �10-fold. Shown here
are representative images from one of three independent experiments. (I) Huh7 cells were infected with DV2 (MOI, 1) for 2 h and then treated with compound
at a dose of 2, 10, or 20 �M. Total cellular RNA was extracted from cells collected at 48 h postinfection, and DV2 RNA levels were measured by RT-PCR and
calculated as a percentage of the DV2 RNA levels detected in DMSO-treated control cells. Statistical significance was determined by one-way analysis of variance
with Dunnett’s multiple-comparison test. ***, P � 0.0001.
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KIN1409 appeared to be more readily soluble than the KIN1400
parent or other analogs (data not shown). We therefore chose to
evaluate these two analogs in gene expression analyses and to
compare the results obtained to those obtained with the KIN1400
parent compound. Macrophage-like THP-1 cells were treated
with KIN1400, KIN1408, or KIN1409 at 0.625, 2.5, or 10 �M for
24 h. Total cellular RNA was collected 20 h after compound treat-
ment and analyzed for genome-wide gene expression by microar-
ray analysis. As controls, cells were treated with 0.5% DMSO (ve-
hicle) or 100 IU/ml IFN-�. We also included cells that had been
infected with 100 HAU/ml SeV as additional controls. For further
comparison, we included an analysis of cells that had been trans-
fected with a RIG-I-specific and MAVS-dependent agonistic RNA
from the HCV genome, poly(U/UC) (pU/UC) RNA, or negative
control HCV XRNA, which cannot activate RIG-I signaling (14,
21). Differential gene expression was defined as at least a 2-fold
change in expression and a Benjamini-Hochberg-corrected P
value of �0.01 compared to the results obtained with the appro-
priate negative control: XRNA for pU/UC RNA and DMSO alone
for all other samples.

We plotted all genes differentially expressed in at least one
treatment on a heat map (Fig. 6A). Gene clusters were identified
through hierarchical clustering using the Spearman correlation as
a distance measure and then classified by the most highly enriched
gene ontology biological process meeting the criteria of a Benja-
mini-Hochberg-corrected P value of �0.05. The patterns of gene
expression across doses demonstrated that the three compounds
induced comparable changes in gene expression. Additionally,
many genes regulated by the KIN compounds were also differen-
tially expressed during IFN-� treatment, pU/UC RNA transfec-
tion, or SeV infection, consistent with the shared induction of
innate immune antiviral responses. Finally, the parental KIN1400
compound primarily differed from the analogs in its induction
and repression of sets of genes not overlapping with genes respon-
sible for innate immune antiviral responses and not enriched in
genes responsible for any particular biological process category
that may indicate functional utility. Importantly, the KIN1408
and KIN1409 analog compounds were highly comparable to the
parental KIN1400 compound in their induction of innate im-
mune system- and inflammatory response-related genes, support-
ive of their comparable signaling profiles. To highlight innate im-
mune genes, we plotted those genes either that were predicted to
have IRF7 binding sites within their promoters (Fig. 6C) or that
mapped to the reactome interferon alpha/beta signaling pathway
(R-HAS-909733) (Fig. 6D) to specifically examine genes known to
be involved in the interferon response. Again, we found highly

comparable levels of activation of genes responsible for the innate
immune profiles by the three compounds. These results indicate
that KIN1408 and KIN1409 activate the same antiviral gene sig-
natures as the parental compound, KIN1400.

Two-dimensional principal-component analysis was used to
identify the patterns of the gene expression profiles among the
treatments (Fig. 6D). The expression profiles achieved with the
KIN1400 family of compounds showed a dose-dependent change
across the three doses tested, and the three compounds grouped
together at each dose, demonstrating that these compounds in-
duce very similar patterns of gene induction across their dose
ranges. Furthermore, the expression profile of cells treated with
the KIN compounds was distinct from that of cells treated with
IFN-�, transfected with HCV pU/UC RNA, or infected with SeV,
indicating the ability to induce the novel manipulation of the RLR
innate immune-induced transcriptional response via these small
molecule compounds. The results of gene expression profiling by
microarray analysis were validated by real-time qPCR, which con-
firmed the KIN compound induction of innate immune gene ex-
pression, in particular, the genes for Mx1, RIG-I (DDX58), IFIT1,
IFIT2, and IFITM1 (Fig. 6E). Dose for dose, KIN1408 induced the
expression of the innate immune genes to levels equivalent to
those induced by the KIN1400 parent and, in addition, the weak
but detectable expression of IFN-� and IFN-
2/3. Taken together,
our data suggest that these hydroxyquinoline small molecules ac-
tivate RLR signaling to inhibit infection with members of the Fla-
viviridae in a manner distinct from that of IFN treatment or
PAMP RNA, which activate RIG-I signaling.

KIN1400 analogs exhibit broad-spectrum antiviral activity.
To assess whether the KIN compounds can control other patho-
genic RNA viruses, we evaluated the KIN1400 parent and analogs
KIN1408 and KIN1409 for their ability to suppress IAV (a mem-
ber of the Orthomyxoviridae) or RSV (a member of the Paramyxo-
viridae) in cultured cells. A titration of KIN1400, KIN1408, and
KIN1409 on IAV-infected cells (MOI, 0.1) demonstrated �1.5- to
2-log-unit decreases in the numbers of infectious viral particles
produced at 24 h postinfection (Fig. 7A). Titrations of KIN1400
and its analogs were additionally tested for their ability to control
RSV-infected HeLa cells (MOI, 0.1). We showed a 1-log-unit de-
crease in the numbers of infectious virus particles produced in the
supernatant collected at 48 h postinfection when cells were treated
with KIN1400, KIN1408, or KIN1409 at a concentration of 3 �M
or higher (Fig. 7B).

We additionally evaluated KIN1408 for its ability to suppress
infections caused by several emerging viruses that cause severe to
fatal disease in humans for which vaccines or treatments are not

FIG 6 Genomics analysis of KIN1400, KIN1408, and KIN1409 treatment. PMA-differentiated THP-1 cells were treated with 10, 2.5, and 0.625 �M compounds
KIN1400, KIN1408, and KIN1409 for 20 h. (A) Heat map of the union of differentially expressed genes across treatments. Differential gene expression was
defined as at least a 2-fold change in expression and a Benjamini-Hochberg-corrected P value of �0.01 compared to the result for the appropriate negative control
(XRNA for pU/UC RNA and DMSO for all other samples). Expression levels not meeting the cutoff thresholds were set to zero for the visual identification of
differential expression. Gene clusters were identified by hierarchical clustering using the Spearman correlation as a distance measure and then classified by the
most highly enriched gene ontology biological process meeting a Benjamini-Hochberg-corrected P value of �0.05. (B) Heat map of genes whose promoters are
predicted by the UCSC Genome Browser database to contain IRF7 binding sites. (C) Heat map of genes mapping to the Reactome interferon alpha/beta signaling
pathway (R-HAS-909733). (D) Two-dimensional principal-component analysis shows patterns among the gene expression profiles across SeV, IFN-�, HCV
pU/UC RNA, KIN1400, KIN1408, and KIN1409 treatments. The microarray data in this figure are accessible through GEO series accession number GSE74047
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc	GSE74047). (E) PMA-differentiated THP-1 cells were treated with 0.5% DMSO or each compound at a
of dose of 1.25, 5, or 20 �M or infected with SeV at 25 HAU/ml for 20 h. Total cellular RNA was extracted and evaluated by RT-PCR for the levels of expression
of innate immune genes, the IFN gene, and the IL-6 gene relative to the level of expression of the GAPDH gene. Shown here is the fold induction of the indicated
genes compared to that for the DMSO-treated control. Statistical significance was determined by two-way analysis of variance with Dunnett’s multiple-
comparison test. ****, P � 0.0001; ***, P � 0.001; **, P � 0.01; *, P � 0.05. 1400, 1408, and 1409, KIN1400, KIN1408, and KIN1409, respectively.
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available and that are therefore classified at biosafety level 4:
EBOV strain Zaire (strain Kikwit 199510621), Nipah virus (NiV;
strain Malaysia 199901924), and Lassa virus (LASV; strain Josiah
057562) in cultured cells. Human umbilical vein endothelial cells
(HUVECs) were pretreated with 0.5% DMSO or KIN1408 at 1 or
5 �M for 24 h before infection with EBOV at an MOI of 0.5. At 1
h postinfection, the virus inoculum was removed and replaced

with medium supplemented with DMSO or KIN1408, which was
kept on the cells for the remainder of the experiment. Treatment
of cells with 5 �M KIN1408 was sufficient to cause a 1.5-log-unit
decrease in the number of infectious virus particles compared to
that achieved with treatment with DMSO at 96 h postinfection
(Fig. 7C). HUVECs were similarly pretreated with 0.5% DMSO or
KIN1408 at 1 or 5 �M for 24 h before infection with NiV or LASV
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FIG 7 Broad-spectrum antiviral effect of KIN1400 analogs. (A) HEK293 cells were infected with influenza A virus H3N2 strain A/Udorn/72 at an MOI of 0.1 and
then treated postinfection with the indicated compound or DMSO. The supernatants were collect at 24 h, titers were determined on MDCK cells. The MDCK cells
were immunostained with FITC-coupled influenza A virus NP monoclonal antibody, and the numbers of focus-forming units per milliliter were measured on
an ArrayScan fluorescent microscope imager. ***, P � 0.001. (B) HeLa cells were infected with RSV ATCC VR-1540 (A2 strain) at an MOI of 0.1, followed by
postinfection treatment with either the indicated compound or 0.5% DMSO. The supernatants were collected at 48 h, titers were determined on HeLa cells, the
HeLa cells were immunostained with antibody to the 47- to 49-kDa fusion protein of RSV as the primary antibody and goat anti-mouse FITC-conjugated
secondary antibody, and the number of focus-forming units per milliliter was measured on the ArrayScan fluorescent microscope imager. Statistical significance
was tested by two-way analysis of variance with Bonferroni posttests. (C) Antiviral activity of KIN1408 against EBOV. Normal primary HUVECs were treated
with 5 and 1 �M KIN1408 or culture medium for 22 h and infected with EBOV (MOI, 0.5) for 1 h, and then EBOV was replaced with medium containing the
indicated compound. The cell culture supernatants were collected at 96 h after infection and clarified by centrifugation, and the number of infectious virus
particles was measured by plaque assay on Vero cells. The results shown are the average number of infectious virus particles per milliliter of cell culture
supernatant calculated at 96 h and were analyzed for statistical significance by two-way analysis of variance with Bonferroni posttests. ***, P � 0.001. (D) Normal
primary HUVECs were treated with 5 and 1 �M KIN1408 or culture medium for 22 h and infected with NiV (MOI, 0.1) for 1 h, and then NiV was replaced with
medium containing the compound. The cell culture supernatants were collected at 24 and 48 h after infection, and the number of infectious virus particles was
measured by plaque assay on Vero cells. The results shown are the average number of infectious virus particles per milliliter cell culture supernatant calculated
at 24 and 48 h and were analyzed for statistical significance by two-way analysis of variance with Bonferroni posttests. *, P � 0.05; **, P � 0.01. (E) Normal
primary HUVECs were treated with 5 and 1 �M KIN1408 or culture medium for 22 h and infected with LASV (MOI, 0.01) for 1 h, and then LASV was replaced
with medium containing the compound. The cell culture supernatants were collected at 24 and 48 h after infection, and the number of infectious virus particles
was measured by plaque assay on Vero cells. The results shown are the average number of infectious virus particles per milliliter of cell culture supernatant
calculated at 24 and 48 h and were analyzed for statistical significance by two-way analysis of variance with Bonferroni posttests. *, P � 0.05; **, P � 0.01.
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at an MOI of 0.1. At 1 h postinfection, the virus inoculum was
removed and replaced with medium supplemented with DMSO
or KIN1408, which was kept on the cells for the remainder of the
experiment. Treatment of the cells with 5 �M KIN1408 was suf-
ficient to cause a 1.5-log-unit decrease in the number of NiV in-
fectious virus particles produced at 24 and 48 h postinfection
compared to the number achieved by treatment with DMSO (Fig.
7D). In contrast, treatment of cells with 5 �M KIN1408 was suf-
ficient to cause a 4.5-log-unit decrease in the number of LASV
infectious virus particles produced at 48 h postinfection compared
to the number achieved by treatment with DMSO (Fig. 7E). To-
gether, these data demonstrate that, in addition to numerous
members of the Flaviviridae, the KIN1400 family of compounds
can also suppress infections caused by members of the families
Filoviridae (EBOV), Orthomyxoviridae (IAV), Arenaviridae
(LASV), and Paramyxoviridae (NiV and RSV) in cultured cells,
suggesting the strong potential for this class of molecules to be
novel broad-spectrum antiviral agents that activate IRF3-depen-
dent innate immune responses to control infections caused by
different RNA viruses.

DISCUSSION

Here, we have identified from a cell-based screen (described in
reference 15) a unique antiviral mechanism of action of hydroxy-
quinoline compounds composed of KIN1400 and derivatives that
signal through MAVS to activate IRF3 and drive antiviral gene
expression. These compounds induce the expression of cytokines,
chemokines, and innate immune effector genes that are known to
directly suppress virus infection and spread, including RIG-I,
MDA5, IRF7, IFIT1, IFIT2, Mx1, OAS3, and IFITM1. The innate
immune genes that are induced by the KIN1400 family of com-
pounds function to disrupt various stages of the virus life cycle.
For example, the OAS genes encode a family of 2=-5=-oligoadeny-
late synthetase enzymes that bind and degrade viral RNA (32, 33).
The IFIT genes encode a family of interferon-inducible proteins
with tetratricopeptide repeats that have been shown to disrupt
viral replication and translation initiation (30, 34, 35). The Mx1
gene encodes an interferon-inducible GTPase that binds to and
inactivates the nucleocapsids of RNA viruses (36). Mx1 has also
been shown to disrupt the intracellular trafficking of virus parti-
cles, ribonucleocapsids, and viral nucleoproteins, thus inhibiting
processes of viral entry, genome amplification, and the budding
and egress of progeny viruses (37, 38). Signaling that is initiated by
RIG-I and OAS can further induce the secretion of a plethora of
interferons and cytokines that act in an autocrine and paracrine
fashion to establish an antiviral state in cells, thus controlling viral
replication and spread (39). Importantly, we demonstrate that the
KIN1400 compounds inhibit the replication of a broad spectrum
of viruses from the families Flaviviridae, Filoviridae, Paramyxo-
viridae, Arenaviridae, and Orthomyxoviridae. Thus, we character-
ized the KIN1400 compounds as a family of drug-like small mol-
ecules that induce a novel multicomponent antiviral response to
offer a strategy for the development of broad-spectrum antiviral
therapy.

In our studies, the KIN1400 compounds demonstrated the
highest efficacy when they were administered prior to infection.
KIN1400 derivatives KIN1408 and KIN1409 retained potency
similar to that of the KIN1400 parent and exhibited better solu-
bility and medicinal chemistry properties than the KIN1400 par-
ent. Importantly, the two derivatives were able to inhibit viruses

from numerous families even when they were administered after
infection, suggesting that the drug properties of the KIN1400
compounds can be improved with additional medicinal chemistry
efforts. Thus, the KIN1400 compounds have great potential for
use in both prophylactic and therapeutic settings, and in cases of
chronic infection, they may enhance the host innate immune re-
sponse to further reduce the viral load, especially when they are
used in combination with other antiviral agents.

KIN1400 was first identified from a library of drug-like small
molecules that induced IFIT2 promoter activation in cell-based
assays (described in reference 15). Many PRRs that detect RNA
viruses, including RLRs and Toll-like receptors, induce the down-
stream signaling of IRF3 activation to drive IFIT2 induction. IRF3
is a transcription factor essential for host defense and is rapidly
activated upon virus infection to drive the antiviral response,
which includes many genes. Within PRR pathways, many factors
converge on IRF3, including the TBK1 and IKKε protein kinases,
the MAVS adaptor protein, and activation cofactors like CBP/
p300 (9). Because signaling by KIN1400 is dependent on MAVS
and IRF3, our results suggest that the KIN1400 compounds likely
target factors at or above the level of MAVS in the RLR signaling
pathway to drive IRF3 activation. Mueller et al. previously re-
ported the identification of small molecule inhibitors of WNV and
DV proteases (40), some of which resemble the KIN1400 hy-
droxyquinolines. We have evaluated the effect of KIN1400 on viral
proteases and did not observe drug-mediated inhibition of pro-
tease activity. Our observations showing broad-spectrum antiviral
activity strongly suggest that the compounds induce RLR-depen-
dent signaling of the innate immune response to control virus
infections. We note that we have identified additional compound
structures that also activate IRF3 activation, including a benzo-
thiazole series (KIN1000) and the previously reported isoflavone
series (15). Gene expression analyses and assessments of the
downstream gene activation events comparing all three com-
pound series suggest that although these compounds commonly
activate IRF3, their mechanisms of action are distinct and may
reflect the action of the compounds on distinct cellular targets
(15) (data not shown). Work is in progress to define the cellular
target(s) of all three compound series that impart IRF3 activation.

Our studies strongly demonstrate that we can target the acti-
vation of IRF3-dependent innate immune signaling mechanisms
to control virus infection and that this can be an effective strategy
toward the design of new antiviral therapies. Our analyses show
that the hydroxyquinolines induce gene expression patterns that
are distinct from those obtained with IFN treatment and poly(U/
UC) RNA transfection. We note further that the hydroxyquino-
lines induce low levels or no detectable levels of IFN expression,
suggesting that these compounds would have an antiviral action
distinct from that of traditional IFN treatments that, though ef-
fective, impart many undesirable side effects. Such compounds
would have a distinct advantage over RNA PAMP therapies,
which are beleaguered by issues of stability and delivery, and DAA
compounds. DAAs exert strong selective pressures during therapy
that result in the accumulation of mutations in the viral genome
that over time cause the emergence of resistant strains that even-
tually render the agent ineffective (41–47). In contrast, agents that
target the host immune response are predicted to have broader-
spectrum antiviral activity, and because they induce a range of
genes that offer pleiotropic actions to suppress virus infection, the
chance of generating drug-resistant virus is nearly nonexistent.
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Our study shows that innate immune agonists can direct the con-
trol of infections caused by viruses of different genera and families,
as shown here by KIN1400 and other similarly acting agents. The
hydroxyquinolines, including KIN1400, are currently undergoing
focused chemical optimization to improve aqueous solubility,
metabolic and chemical stability, as well as oral bioavailability.
Lead hydroxyquinolines with improved drug-like properties will
be developed as broad-spectrum oral therapeutics for a variety of
RNA viral pathogens.

In summary, we have identified in KIN1400 and its derivatives
a new class of small molecules that can induce IRF-3-dependent
innate immune signaling to control RNA virus infections.
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