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A Small Molecule RIG-I Agonist Serves as an Adjuvant to
Induce Broad Multifaceted Influenza Virus Vaccine Immunity

Emily A. Hemann,*,† Megan L. Knoll,* Courtney R. Wilkins,*,1 Caroline Subra,‡

Richard Green,* Adolfo Garcı́a-Sastre,§,{,‖ Paul G. Thomas,# Lydie Trautmann,‡,**

Renee C. Ireton,* Yueh-Ming Loo,*,2 and Michael Gale, Jr.*

Retinoic acid�inducible gene I (RIG-I) is essential for activating host cell innate immunity to regulate the immune response
against many RNA viruses. We previously identified that a small molecule compound, KIN1148, led to the activation of IFN
regulatory factor 3 (IRF3) and served to enhance protection against influenza A virus (IAV) A/California/04/2009 infection. We
have now determined direct binding of KIN1148 to RIG-I to drive expression of IFN regulatory factor 3 and NF-kB target genes,
including specific immunomodulatory cytokines and chemokines. Intriguingly, KIN1148 does not lead to ATPase activity or
compete with ATP for binding but activates RIG-I to induce antiviral gene expression programs distinct from type I IFN
treatment. When administered in combination with a vaccine against IAV, KIN1148 induces both neutralizing Ab and IAV-
specific T cell responses compared with vaccination alone, which induces comparatively poor responses. This robust KIN1148-
adjuvanted immune response protects mice from lethal A/California/04/2009 and H5N1 IAV challenge. Importantly, KIN1148
also augments human CD8+ T cell activation. Thus, we have identified a small molecule RIG-I agonist that serves as an effective
adjuvant in inducing noncanonical RIG-I activation for induction of innate immune programs that enhance adaptive immune
protection of antiviral vaccination. The Journal of Immunology, 2023, 210: 1247�1256.

Non�self-detection of pathogen-associated molecular patterns
(PAMPs) by specialized pattern recognition receptors
initiates innate immune signaling cascades that result

in tailored antimicrobial responses to limit infection. These responses
include the production of cytokines, chemokines, and/or type I and II
IFNs that mediate antiviral defense and regulate adaptive immune
responses to clear infection and provide long-term memory

protection (1, 2). Specifically, the pattern recognition receptor fam-
ily of retinoic acid�inducible gene I (RIG-I)-like receptors (RLRs),
RIG-I and melanoma differentiation�associated protein 5 (MDA5),
is RNA helicases and members of the RLR family. RIG-I and
MDA5 are essential for the initial detection of most RNA viruses,
where they sense and bind to viral RNA in the cytosol of the host
cell (3�5). On engaging its cognate PAMP, short dsRNA, or ssRNA
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containing polyuridine motifs marked with 59-triphosphates, RIG-I
is released from its basal, autoinhibited state to initiate a signaling
cascade that typically culminates in the induction of IFN regulatory
factors (IRFs) 3/7� and NF-kB�dependent transcriptional programs
(6�9). These transcriptional programs include expression of antiviral
genes, proinflammatory cytokines, and IFNs that coordinately func-
tion to limit virus infection.
Many microbial PAMPs are effective vaccine adjuvants through

their innate immune activation properties. For example, the TLR ago-
nists CpG oligodeoxynucleotides (TLR9) and monophosphoryl lipid
A (TLR4) are agonists of IRF3 or NF-kB actions in innate immune
programming and are approved for use in vaccines for hepatitis
B virus, herpes zoster, influenza virus, and papillomavirus (10, 11).
These PAMP-derived adjuvants target specific, defined immune path-
ways to elicit their effects. Developing a broad arsenal of adjuvants
that target different and specific arms of innate immunity, to be used
independently or in combination, could allow for tailoring of the host
immune response to individual vaccines for optimal protection against
infection. Such a strategy may greatly enhance the efficacy of many
subunit vaccines, such as those administered to protect against influ-
enza virus infection, which exhibit lower immunogenicity as com-
pared with live, attenuated, or inactivated vaccines. Indeed, several
adjuvants are currently being investigated to reduce the amount of
vaccine needed to provide protection (dose sparing), to elicit broader
protection against viral variants not represented in the vaccine, or to
enhance protection of immunocompromised populations (12�15).
These strategies may be particularly useful in serving as an adjuvant
for influenza virus vaccines against highly pathogenic avian influenza,
where limited domestic supply and lack of inclusion in seasonal vac-
cine production limits availability in the event of a human transmis-
sion event and/or pandemic emergence.
Given the robust immune response induced downstream of RIG-I,

synthetic PAMP RNAs that engage RIG-I and potently activate the
host antiviral response are under development for therapies to control
virus infection (16�21). These RIG-I�agonistic RNAs potentiate
dendritic cell (DC) cross-presentation of Ag to CTLs and T follicular
helper cell induction, leading to enhanced Ab production (17�20).
When administered in combination with a vaccine, these RNAs
improve protection of mice from subsequent influenza virus chal-
lenge. Similarly, we predicted that small molecules targeting the
RIG-I pathway may induce innate immune programs that could
serve as a vaccine adjuvant.
We previously conducted a cell-based screen in which we identi-

fied innate immune-activating small molecules that conferred either
antiviral or adjuvant activities (22�24). KIN1000 and its medicinal
chemistry optimized analogue KIN1148 belong to a class of benzo-
bisthiazoles selected for further investigation because of their ability
to activate IRF3 and enhance protection against A/California/04/
2009 (H1N1) when administered in a prime-boost fashion (24). In
this study, we demonstrate that KIN1148 directly engages RIG-I to
activate IRF3- and NF-kB�dependent innate immune responses.
Biochemical studies show that KIN1148 binds to RIG-I to drive
RIG-I self-oligomerization and downstream signaling activation
in an RNA- and ATP-independent manner, highlighting a previ-
ously undescribed mode of RIG-I activation induced by KIN1148.
Transcriptional programs induced by KIN1148 treatment exhibit
shared and unique signatures to that induced by other RIG-I ago-
nists including Sendai virus (SeV) infection and hepatitis C virus
(HCV) PAMP RNA transfection (7�9). KIN1148 adjuvants an
influenza A virus (IAV) split vaccine (IAV-SV) at suboptimal
dose to protect mice from lethal challenge with a recombinant highly
pathogenic avian H5N1 influenza virus, A/Vietnam/1203/2004 hem-
agglutinin (HA) and neuraminidase (NA) combined with A/PR/8/34.
When administered with H5 IAV-SV, KIN1148 enhanced both

humoral and T cell immune responses to H5 IAV-SV. Importantly,
ex vivo studies show that KIN1148 promoted DC maturation and
Ag-dependent activation of human CD81 T cells, suggesting its
potential efficacy as an adjuvant in humans. Thus, KIN1148 is a
small molecule RIG-I agonist and, to our knowledge, a novel innate
immune-inducing adjuvant.

Materials and Methods
Cells and viruses

The HEK293 and Madin�Darby canine kidney cell lines were maintained in
complete DMEM (cDMEM), supplemented with 10% FBS, L-glutamine,
sodium pyruvate, and nonessential amino acids. The THP-1 (human mono-
cytic) cell line was maintained in complete RPMI (cRPMI), supplemented
with 10% heat-inactivated FBS, L-glutamine, sodium pyruvate, and nones-
sential amino acids. THP-1 cells were differentiated in cRPMI supplemented
with 40 nM PMA for 30 h before being used in experiments. Human
PBMCs or monocytes were isolated from buffy coat of healthy human
donors (Biological Specialty) by density centrifugation in Ficoll-Paque
PLUS (GE Healthcare Life Sciences). Monocytes were enriched either
through positive selection using CD14 MicroBeads (Miltenyi Biotech)
or by adherence to tissue culture-treated plates. Monocytes were
cultured in cRPMI supplemented with recombinant human IL-4 and
GM-CSF (PeproTech) to generate immature monocyte-derived DCs,
or cDMEM supplemented with recombinant human M-CSF (Pepro-
Tech) to generate macrophages. Bone marrow cells isolated from the bones
of adult C57BL/6J mice were differentiated into bone marrow�derived mac-
rophages in cDMEM supplemented with recombinant mouse M-CSF (Pepro-
Tech) or into bone marrow�derived DCs in cRPMI supplemented with
recombinant mouse IL-4 and GM-CSF (PeproTech). Influenza virus strains
A/California/04/2009 (H1N1), A/VN/1203/04 H5N1 recombinant containing
HA with an attenuating mutation in the polybasic cleavage site and NA from
the H5N1 virus and all other segments from A/Puerto Rico/8/1934 (PR8),
and other H5 recombinants (A/Egypt/N03072/10 and A/Barn Swallow/HK/
D10-1161/2010) containing HA with an attenuating mutation in the polyba-
sic cleavage site from the H5 virus and all other segments from PR8 were
propagated in eggs and titered in Madin�Darby canine kidney cells using
plaque assay as described previously described (25). SeV strain Cantell was
obtained from Charles River Laboratories.

Compounds

Compounds were synthesized by Life Chemicals, solubilized in 100% DMSO,
and kept frozen as 10 mM stocks. The compounds were stored in small
aliquots to prevent multiple freeze-thaws and were stepwise diluted to
reach the desired concentration in 0.5% (v/v) DMSO for all treatments.
Liposomal formulation of KIN1148 for in vivo use was performed by
InImmune.

Preparation of vaccine stocks for in vivo studies

Influenza virus A/Cal/04/09 and PR8/H5N1 split vaccine stocks were prepared
as previously described (26, 27). HA viral protein content was verified by
immunoblot and SDS-PAGE with Coomassie blue staining, using stocks of
BSA of known concentration as standard. Western blots were also performed
to ensure presence of HA and nucleoprotein (NP) proteins within the vaccine
stocks.

In vivo vaccine studies

Adult C57BL/6J mice were purchased from Jackson Laboratories. For
IAV challenge studies, mice were immunized once i.m. with H5-SV or
H1-SV in combination with PBS, and KIN1148 in a lipid-based liposo-
mal formulation or the liposomal formulation (vehicle) alone. The mice
were challenged 30 d later with 5× LD50 homologous IAV strain PR8/
H5N1 (160 PFU in 50 ml) or mouse-adapted A/Cal/04/09 (1250 PFU in
50 ml), administered via intranasal instillation in both nares (28). For
morbidity studies, mice were monitored daily for changes in body weight and
clinical scores. Murine clinical scores correspond to the following: 0 5 healthy
mouse (baseline); 1 5 slightly ruffled fur and active; 2 5 ruffled fur and
active; 3 5 ruffled fur and inactive without other obvious symptoms;
4 5 ruffled fur, inactive, hunched sides, mild respiratory symptoms
(rapid breathing) with or without other symptoms, and body condition
score of 21; 5 5 ruffled fur, inactive, hunched sides, severe respiratory
symptoms (ataxia, clicking sounds while breathing), and body condition
score of 2; and 6 5 moribund, body condition score of 2−, and 30%
weight loss. Mice that were moribund and/or exhibited $30% weight
loss after IAV infection were euthanized. Additional groups of mice
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were harvested on day 5 postinfection to determine pulmonary virus titer
by plaque assay. For experiments analyzing immune responses, C57BL/6J
mice were immunized i.m. with H5-SV in combination with PBS (no
adjuvant control), blank liposome (vehicle control), and KIN1148 formulated
in liposome or PBS alone (no vaccine control). Mice were boosted on day
14 and harvested 5 d later for serum analysis of Ab responses ELISA, H5N1
hemagglutination inhibition, and germinal center (GC) B cell and IAV-specific
T cell responses by flow cytometry. All animal handling and experiments
were conducted using protocols approved by the University of Washington
Institutional Animal Care and Use Committee.

Antibodies

The following primary Abs were used for immunoblot detection: rabbit
anti�RIG-I (969, raised in rabbit against a RIG-I caspase activation and
recruitment domain [CARD] peptide sequence) (29), rabbit anti-MDA5
(Enzo Life Sciences), rabbit anti-LGP2 (IBL-America), rabbit anti-DHX15
(Abcam), rabbit anti-TRIM25 (Cell Signaling), rabbit anti-inhibitor of the
kB kinase-g (Santa Cruz), rabbit anti�mitochondrial antiviral signaling adap-
tor (MAVS; Novus Biologicals), rabbit anti-IRF7 (Cell Signaling), rabbit
anti-IRF3 (KINETA), rabbit anti-IRF3 phospho-serine 396 (Cell Signal-
ing), rabbit or mouse anti-FLAG (Sigma), mouse anti-TANK-binding
kinase 1 (Imgenex), mouse anti-GAPDH (Abcam), and mouse anti-actin
(EMD Millipore). HRP-conjugated secondary Abs were obtained from Jack-
son ImmunoResearch. Alexa Fluor 488�conjugated secondary Abs were
obtained from Thermo Fisher Scientific. Near-infrared fluorescent dye
(IRDye)-conjugated secondary Abs were obtained from LI-COR. The
following fluorochrome-conjugated anti-mouse Abs were used for flow
cytometry analysis: CD4 (BioLegend), CD8 (BioLegend), CD19 (Bio-
Legend), Peanut agglutinin (Vector Labs), CD3 (BioLegend), and
CD45.2 (BioLegend). The following fluorochrome-conjugated anti-human
Abs were purchased from BioLegend and used for flow cytometry analysis:
CD11c, CD80, CD83, CD86, HLA-DR, CD3, and CD8. Live cells were dis-
criminated using Fixable Viability Dye eFluor780 (eBioscience). Melan-
A, NP366, and NP311 tetramers were acquired from the National Institutes of
Health Tetramer Core Facility.

Ab response quantification

ELISA to detect influenza-specific Abs. ELISA to detect IAV-specific IgG
and IgG1 was performed as previously described (24). In brief, ELISA
plates (Costar) were coated with UV-inactivated recombinant H5N1 virus.
Dilutions of mouse serum after prime-boost as described in Fig. 3C were
plated. Anti-mouse IgG and IgG1 conjugated to biotin (Southern Biotech),
High Sensitivity Streptavidin-HRP (ThermoFisher), and 1-Step Ultrafast
TMB substrate (ThermoFisher) were used to detect Ab isotypes.

Hemagglutination inhibition assay. Hemagglutination inhibition assay was
performed as previously described (30). In brief, dilutions of serum treated
with receptor-destroying enzyme (Denkin-Seiken) are incubated with 160 HA
units (HAUs)/ml influenza virus. Subsequently, this virus/serum mixture is
incubated with 0.5% chicken RBCs (Rockland), and hemagglutination inhibi-
tion was measured after 30 min.

RT-PCR quantitation of innate immune genes

Cells were harvested in RLT lysis buffer (Qiagen), and total cellular RNA
was purified using the RNeasy kit (Qiagen). cDNA was synthesized from
the purified RNA by both random and oligo(dT) priming using the iScript
cDNA synthesis kit (Bio-Rad). RNA levels were measured by the SYBR
Green relative quantitation method using either a 7300 or Viia 7 RT-PCR
machine (Applied Biosystems). Samples were normalized by subtracting the
respective cycle threshold values of housekeeping genes GAPDH or human
acidic ribosomal protein, and fold induction of specific genes was calculated
relative to DMSO treatment control. Primer sequences are available on request.

Biotin-compound pulldown and immunoblot analyses

Cells were trypsinized and collected in radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 5 mM EDTA, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with a
mixture of protease inhibitors (Sigma) and phosphatase inhibitors (Calbio-
chem) and okadaic acid (Calbiochem). After cell lysis, nuclear material was
removed by centrifugation at 15,000 × g for 10 min at 4◦C. Cell lysates were
quantified by bicinchoninic acid assay (Thermo Fisher Scientific), analyzed on
a denaturing Tris-HCl polyacrylamide gel, and transferred onto nitrocellulose
membranes. Cellular proteins of interest were detected by immunoblot analysis
using specific primary Abs described earlier and secondary Abs conjugated to
either HRP or near-infrared fluorescent dyes (IRDye; LI-COR). Immunoblots
developed with HRP-conjugated secondary Abs were visualized by chemilu-
minescence on X-ray film and quantitated using the ImageJ software (see the

National Institutes of Health ImageJ Web site at http://imagej.nih.gov/ij/ and
Ref. 31). Immunoblots developed with IRDye-conjugated secondary Abs were
captured and quantitated using the Odyssey CLx imaging system with Image
Studio 5.x Software.

ATPase assay

ATPase assays were performed as previously described (23). In brief, 2 pmol
RNA (unstimulatory negative control xRNA or stimulatory pU/UC RNA) was
mixed with 5 pmol recombinant purified RIG-I and increasing concentrations
of recombinant purified KIN1148 (0, 1.25, 2.5, 5, 10 pmol) (8). A total of
1 mM ATP (Sigma) was added and incubated for 15 min at 37◦C. ATPase
reaction buffer and BIOMOL Green (Enzo Life Sciences) were added to
each sample and read at OD630 using a microplate reader.

Microarray analysis

Differentiated THP-1 cells were treated with small molecule compounds
(KIN1000 and KIN1148 at 0.625, 2.5, or 10 mM), 25 IU/ml IFN-b diluted
in cRPMI supplemented with 0.5% (v/v) DMSO, or treated with cRPMI sup-
plemented with 0.5% (v/v) DMSO alone (DMSO). Control cells infected with
25 HAUs/ml SeV were maintained in cRPMI supplemented with 0.5% (v/v)
DMSO after removal of the virus inoculum. Additional cells were transfected
with 2 mg/ml polyU/UC RNA [RIG-I�specific PAMP RNA derived from the
HCV genome (8)] or control XRNA [RNA segment derived from the HCV
genome adjacent to and equivalent in length to polyU/UC that cannot induce
RIG-I�dependent innate immune signaling (8)] using the TransIT-mRNA
Transfection kit (Mirus Bio). Cells were collected in RLT buffer (Qiagen)
20 h after treatment or infection. Total RNA purified using RNeasy kit (Qia-
gen) was submitted to Labcorp Seattle (previously Covance) for microarray
analysis using Agilent SurePrint G3 Human Genome Microarrays (version 2).
Array data were processed by the Gale laboratory using R (version 3.2.1)/Bio-
conductor (version 3.1) (see Web site by the R Development Core Team at
https://www.r-project.org and Ref. 32). Raw data were quantile normalized
followed by linear modeling using the limma package (version 3.24.15) (33).
Differential gene expression was defined as at least a 2-fold change in expres-
sion with a Benjamini-Hochberg corrected p < 0.01 as compared with the
appropriate negative control: xRNA transfection for polyU/UC, mock-infected
cells for SeV, and DMSO for all other samples. The gene expression heatmap
was clustered using Spearman correlation distances, and Gene Ontology Bio-
logical Processes enriched in lists of genes mapping to such clusters were
determined using DAVID 6.7 (34, 35). Genes with predicted IRF7 binding
sites according to the University of California at San Diego Genome Browser
database were identified using Enrichr (36). Finally, genes mapping to the
Reactome Homo sapiens IFN-a/b signaling pathway (R-HAS-909733) were
identified using InnateDb (37). The microarray data discussed in this publica-
tion have been deposited in the NCBI Gene Expression Omnibus (38) and are
accessible through Gene Expression Omnibus accession number GSE205964
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE205964).

DC maturation assay

Monocytes were separated from PBMCs of healthy individuals (Biological Spe-
cialty) using anti-CD14 magnetic beads. The monocytes were cultured in cRPMI
supplemented with recombinant human IL-4 and GM-CSF (PeproTech) to
induce DC differentiation. Days 6�7 immature monocyte-derived DCs are
exposed for 16�18 h to cRPMI supplemented with small molecule compound
(KIN1000 or KIN1148; at indicated doses) or 0.5 mg/ml LPS in a final concen-
tration of 0.5% (v/v) DMSO, or cRPMI supplemented with a final concentration
of 0.5% (v/v) DMSO alone. DCs were analyzed for expression of maturation
markers on the cell surface by flow cytometry using an LSR II (BD Biosciences)
and FlowJo v10.1 software (University of Washington Cell Analysis Facility).

Human ex vivo adjuvant assay

PBMCs from healthy HLA-A02011 individuals were cultured in Cell Gro
DC medium (CellGenix) supplemented for GM-CSF and IL-4 to induce DC
differentiation. After 24 h, Melan-A�HLA-A2 epitope peptide (39) in the
presence of 40 ng/ml IFN-g in combination with 0.5% (v/v) final concentra-
tion DMSO, 10 mM small molecule compound (KIN1000 or KIN1148), or
0.5 mg/ml LPS in a final concentration of 0.5% (v/v) DMSO was added to
the culture medium. Twenty-four hours later and every 3 d, half of the media
was replaced by fresh RPMI supplemented with human serum at a final concen-
tration of 8% and IL-2. On day 11, the CD81 T cells frequency and absolute
number specific for Melan-A/MART-1 were assessed by flow cytometry within
the CD31CD81 T cell population using Melan-A�HLA-A2 tetramer staining.

Data analyses

Flow cytometry data were collected on a BD LSRII and analyzed with FlowJo
v10. Statistical analyses were performed using GraphPad Prism 7 software
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(GraphPad, La Jolla, CA). Depending on the number of variables and time
points in each experiment, statistical analysis of mean differences between
groups was performed by either a Student t test or a multiway ANOVA
followed by a Bonferroni or Friedman post hoc analysis. Kaplan�Meier sur-
vival analyses were analyzed by the log-rank test. Specific statistical tests,
p values, and sample size are indicated in the figure legends.

Results
KIN1148 is a small molecule agonist of IRF3 signaling that confers
adjuvant activity

The cell-based screen that led to the discovery of KIN1000 (Fig. 1A)
was intentionally designed for identification of IRF3 activating small
molecules (22); the screen was conducted in Huh7 cells, a human
hepatoma cell line in which RLR signaling to IRF3 is functional,
whereas signaling through the cytosolic DNA-sensing pathway and
the TLRs is defective (40�44). KIN1148 (Fig. 1A) was designed as a
medicinal chemistry optimized analogue of KIN1000 (23, 24).
KIN1148 treatment induces phosphorylation of IRF3 and NF-kB p65
(Fig. 1B), indicative of innate immune activation.

KIN1148 is a small molecule RIG-I agonist

To define cellular targets that may engage KIN1148 to mediate innate
immune activation, we evaluated innate immune gene expression in
mouse embryonic fibroblasts (MEFs) and human alveolar epithelial
cells (A549) lacking specific RLRs. Specifically, we measured expres-
sion of Ifit1, an IRF3 target gene, and Il6, a proinflammatory cytokine
NF-kB target gene. RIG-I�deficient cells demonstrate reduced innate
immune gene expression (Ifit1 and Il6) after KIN1148 treatment as
compared with wild-type cells (Fig. 1C). KIN1148 induction of innate
immune genes is similarly decreased in A549 cells lacking RIG-I as
compared with control cells or MDA5-deficient cells (Supplemental
Fig. 1A, 1B). Further, we found that biotin-tagged KIN1148 binds to
RIG-I in a cell-free in vitro interaction, but the related RLRs MDA5
or LGP2 do not bind KIN1148 (Fig. 1D). Biotin-fluorescein
(F in Fig. 1D) served as a small molecule negative control and
did not bind any of the RLR proteins. In addition, biotin-KIN1148
does not bind directly to MAVS, the essential downstream RLR
adaptor protein (Fig. 1D). Taken together, these data indicate that
KIN1148 directly targets and binds to RIG-I. This interaction is
further demonstrated by biotin-KIN1148 capture of endogenous
RIG-I from whole-cell lysates prepared from HEK293 cells and
MEFs (Supplemental Fig. 1C, 1D). Hence KIN1148 binds to both
human and mouse RIG-I to induce innate immune activation.
On engaging PAMP RNA, RIG-I hydrolyzes ATP to undergo

conformational change and initiate downstream signaling (45�47).
We assessed the ability of KIN1148 to promote RIG-I hydrolysis of
ATP by incubating purified recombinant RIG-I with DMSO or
increasing concentrations of KIN1148 in the presence of ATP.
KIN1148 alone does not lead to hydrolysis of ATP (Fig. 1E) despite
the activation of IRF3 downstream of RIG-I when KIN1148 is
added directly to cells (Fig. 1B). Interestingly, KIN1148 does not
alter RIG-I ATPase activity when added in increasing amounts to
either polyU/UC [a validated RIG-I PAMP RNA derived from the
HCV genome (8)] or xRNA (an RNA of equivalent length from a
region within the HCV genome adjacent to polyU/UC that does not
activate RIG-I signaling) (Fig. 1E). Moreover, although KIN1148 com-
peted with itself for biotin-KIN1148 capture of purified recombinant
RIG-I, the addition of ATP or Adenylyl-imidodiphosphate did not
compete for biotin-KIN1148 capture of RIG-I (Supplemental Fig. 1E).
The conformational change in RIG-I leads to the release of its

tandem N-terminal CARDs from autoinhibition, which allows RIG-
I to form homo-oligomers. RIPLET binds to oligomerized RIG-I,
leading to ubiquitination and RIG-I translocation to intracellular
membranes to interact with MAVS (48). This in turn triggers

MAVS filamentation and recruitment of signaling cofactors to form
an innate immune signalosome on MAVS that leads to innate
immune activation (49�55). To define KIN1148 activation of RIG-I,
we conducted biotin-KIN1148 pulldown assays using buffers of
lower stringency to recover RIG-I plus associated factors from
whole-cell lysates. Under such conditions, we recovered MAVS in
addition to RIG-I from whole-cell lysates (Supplemental Fig. 1C).
We additionally identified many of the cofactors that comprise the
RIG-I signalosome and that are required for RIG-I signaling to the
innate immune response (3, 5, 49, 50), including DHX15, TANK-
binding kinase 1, TRIM25, NEMO or inhibitor of the kB kinase-g,
and IRF3 (Fig. 1F).
To determine where KIN1148 may bind to RIG-I, we investigated

binding of biotin-KIN1148 with several RIG-I deletion mutants.
Biotin-KIN1148 captured all RIG-I constructs that contain either
the C-terminal repressor domain (RD) or the conserved DEAH
helicase motifs, but not the construct that consists of the CARDs
alone (Fig. 1G). The data suggest binding sites for KIN1148 are
within the RD and the helicase domains of RIG-I, but not within
the CARDs.

KIN1148 confers an innate immunity gene expression profile
consistent with RIG-I activation

We next aimed to delineate the gene expression profiles of human
macrophage-like THP-1 cells treated with KIN1148 or K1000 com-
pared with cells treated with known innate immune agonists, includ-
ing the TLR4 PAMP LPS and IFN-b for JAK/STAT-mediated
signaling downstream of the IFN-a/b receptor. SeV-infected cells
and polyU/UC RNA transfection served as controls for RIG-I� and
MAVS-specific responses (Fig. 2).
We plotted all genes differentially expressed in at least one treat-

ment by heatmap and performed hierarchical clustering using Spear-
man correlation as a distance measure (Fig. 2A). Patterns of gene
expression across doses demonstrate KIN1148 induces changes in
gene expression more potently than its parent KIN1000. Consistent
with its role as a RIG-I agonist, KIN1148 promoted the expression
of genes involved in the inflammatory response, defense response to
virus, and a subset of genes involved in Ag processing and presenta-
tion. Many genes regulated by KIN1148 are also differentially
expressed on polyU/UC transfection or SeV infection (Fig. 2B).
Further inspection of genes whose expression is perturbed by

compound treatment demonstrates that KIN1148 induces the expres-
sion of many genes designated as “antigen presentation” (Fig. 2C)
and “cytokines” (Fig. 2D) in a dose-dependent manner. Notably,
KIN1148 treatment induces a cytokine expression profile that more
closely resembles that induced by SeV infection, polyU/UC trans-
fection, or LPS treatment as opposed to IFN-b treatment. Although
the microarray included assessments of IFNA4, IFNA7, IFNA21,
IFNB1, IFNW1, and IFNG, their expression was not detected after
KIN1148 treatment (Supplemental Table I), whereas induction of
IRF3 target genes was clearly represented. This outcome links
KIN1148 binding to RIG-I with downstream IRF3 and NF-kB acti-
vation and induction of IRF3 and NF-kB target genes rather than a
response attributed merely to induction of type I or type III IFNs. In
summary, KIN1148 induces a gene expression profile that is consistent
with RIG-I signaling activation in a manner of IRF3- and NF-kB�de-
pendent activation that is distinct from IFN-induced responses.

KIN1148 augments protection against H5N1 and H1N1 and induces
adaptive immune responses postvaccination

We next assessed KIN1148 for the ability to serve as an IAV-SV
adjuvant. Reassortant A/PR/8/34 influenza viruses containing HA and
NA from either A/Cal/04/09 (2009 pandemic H1N1 influenza virus
[H1-SV]) or A/Vietnam/1203/2004 (PR8/H5N1 [H5-SV]) and all
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other genes from PR8 were inactivated to create vaccine stocks as
previously described and confirmed to contain HA and NP proteins
(26, 27). Mice were immunized i.m. with a suboptimal dose of H1-

SV or H5-SV in combination with PBS, vehicle, or KIN1148 and
challenged with 5× LD50 of homologous influenza virus (PR8/H5N1
or mouse-adapted A/Cal/04/09) 30 d postimmunization. Mice that

FIGURE 1. KIN1148 is a small molecule IRF3 and NF-kB agonist that binds to and induces RIG-I signaling activation. (A) Chemical structure of parent com-
pound KIN1000 and its medicinal chemistry optimized lead KIN1148. (B) Western blot analysis of the phosphorylation state of IRF3 and NF-kB at time points up
to 12 h after HEK293 cells were treated with KIN1148 at 10 or 20 mM. Included as comparison are cells treated with 0.5% DMSO (vehicle control) and cells
infected with SeV at 40 HAUs/ml. (C) Quantitative RT-PCR analysis of Ifit1 and Il6 in wild-type and RIG-I−/− MEFs at 18 h after KIN1148 treatment as compared
with respective DMSO controls. Fold induction over DMSO control from three independent experiments is shown. Error bars represent SD. (D) Western blot detec-
tion of input and pulldown products that associate with either biotin-fluorescein (F) or biotin-KIN1148 (K) beads using recombinant proteins generated using a rabbit
reticulocyte lysate in vitro transcription and translation system and detected using Abs specific for the respective epitope tags. (E) BIOMOL green colorimetric analy-
sis of free phosphate levels as an indication of RIG-I ATP hydrolysis activity. Purified recombinant RIG-I protein and ATP were incubated with DMSO or increas-
ing concentrations of KIN1148 in the absence and presence of polyU/UC or xRNA. Each point shows the average concentration of free phosphates in each reaction
from at least three independent experiments with error bars showing SD. (F) Western blot detection of endogenous RIG-I and associated signaling cofactors in the
HEK293 whole-cell lysate (input) and among the pulldown products of biotin-KIN1148 beads (K) or biotin-fluorescein bead alone (F). MAVS* indicates higher
exposure blot. (G) Western blot detection of various Flag-tagged RIG-I constructs generated by in vitro transcription and translation for interaction with biotin-
fluorescein or biotin-KIN1148. Asterisks indicate expected location of band of interest across upper and lower blots in (G).
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received IAV-SV in combination with KIN1148 showed signifi-
cantly decreased mortality, reduced illness scores, and weight
loss after lethal PR8/H5N1 (Fig. 3A) or lethal A/Cal/04/09 (Fig.
3B) challenge compared with IAV-SV 1 PBS or IAV-SV 1
vehicle control groups. This enhancement in survival is accom-
panied by a significant reduction in pulmonary virus titer on day
5 after challenge with A/Cal/04/09 (Fig. 3C). These data dem-
onstrate that KIN1148 adjuvants H5-SV and H1-SV reduce pul-
monary virus titer and protection on challenge.

To determine which protective immune responses were enhanced
by KIN1148 in the context of IAV-SV to confer protection, we
assessed serum Ab responses 5 d after D0/D14 i.m. prime-boost with
H5-SV plus PBS, vehicle, or KIN1148. We observed a significant
increase in total IgG and IgG1 in the serum of mice immunized with
H5-SV 1 KIN1148 compared with immunization with PBS or vehi-
cle (Fig. 3D). KIN1148 also significantly increased hemagglutination
inhibition of homologous A/VN/1203/04, but also two other H5N1
recombinant strains, A/Egypt/N03072/10 PR8 recombinant and

FIGURE 2. KIN1148 treatment induces a gene expression profile that shares common and unique properties to that achieved with LPS, SeV infection, and
polyU/UC RNA transfection. Microarray analysis of THP-1 cells treated with KIN1000 or KIN1148 at concentrations up to 20 mM, 0.5 mg/ml LPS, or 100 IU/ml
IFN-b as compared with DMSO control. For a RIG-I�specific gene expression signature, polyU/UC PAMP RNA-transfected cells were compared with those trans-
fected with xRNA, whereas SeV-infected cells were compared with mock-infected cells. Differential gene expression is defined as at least a 2-fold change in expres-
sion with a Benjamini-Hochberg corrected p < 0.01 as compared with the respective negative controls. (A) Heatmap showing all genes differentially expressed in at
least one treatment with hierarchical clustering and classification by the most highly enriched Gene Ontology (GO) biological process. (B) Venn diagram showing
numbers of differentially expressed genes, up (red) and down (blue), that are shared and unique among cells stimulated with KIN1148, polyU/UC, or SeV.
(C and D) Analysis showing global gene expression profile with Gene Ontology clustering of enriched genes. Heatmap of genes whose expression is
perturbed by compound treatment and designated by gene clustering as (C) Ag presentation or (D) cytokines.
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A/Barn Swallow/HK/D10-1161/2010 PR8 recombinant (Fig. 3E).
Together, these studies show KIN1148 serves as an adjuvant to
induce broadly neutralizing Ab responses.
Given the ability of KIN1148 to serve as an adjuvant to enhance

Ab responses in the context of IAV-SV, we assessed whether
KIN1148 could augment cell-mediated immunity, potentially
enhancing broad protection against IAV. Using the prime-boost
strategy described for Fig. 4, we observed that KIN1148 significantly
increases both the frequency and the numbers of GC B cells in the drain-
ing popliteal lymph node after vaccination with H5-SV (Fig. 4A).
KIN1148 also significantly increased IAV-specific CD41 and
CD81 T cell responses in the spleen after H5-SV vaccination
(Fig. 4B, 4C). We observed similar results when A/Cal/04/09
SV was administered with KIN1148 (data not shown). Impor-
tantly, these data demonstrate that KIN1148 can augment H5-SV

and H1-SV to induce broadly protective cellular immune responses
typically not generated after vaccination with IAV-SV alone.

KIN1148 promotes human DC maturation and T cell maturation

To define mechanisms of KIN1148 adjuvant action in human
immune cells, we evaluated its effects on DC maturation by treating
human monocyte-derived DCs with DMSO, LPS, or KIN1148 for
18 h. KIN1148-treated cells exhibit greater cell surface expression
of the DC costimulatory molecules CD83 and CD86 as compared
with DMSO (Fig. 5A).
Given the ability of KIN1148 to lead to THP-1 gene responses

associated with Ag presentation, induce costimulatory molecule upre-
gulation of monocyte-derived DCs, and adjuvant H5-SV to induce
IAV-specific CD41 and CD81 T cell responses in our murine model,
we evaluated the ability of KIN1148 to enhance human Ag-specific

FIGURE 3. KIN1148 adjuvants for influenza virus vaccination induce humoral responses and confer protection against H1N1 and H5N1 infection.
(A�C) C57BL/6J mice (n 5 10 mice/group, except mock where n 5 5) were immunized i.m. with (A) A/VN/1203/04 H5N1 61 2 SV (H5-SV) or (B) A/Cal/
04/09 H1N1 SV (H1-SV) in combination with PBS (IAV-SV 1 PBS, gray circles), blank liposome (IAV-SV 1 vehicle, blue circles), KIN1148 formulated
in liposome (IAV-SV 1 KIN1148, purple circles), or PBS alone (black circles). On day 30 postvaccination, mice were challenged intranasally with 5× LD50

of the homologous virus used for vaccination and monitored for survival (top), clinical illness (middle), and weight loss (bottom). (C) Mice were immunized
and challenged as described in (A) using H1-SV. On day 5 postinfection, lungs were harvested, and virus titers were determined by plaque assay. n 5 2
(mock) to 8 mice/group with data representative of two independent experiments. (D) C57BL/6J mice were immunized i.m. with PBS alone (PBS, black
circles), H5-SV in combination with blank liposome (H5-SV 1 vehicle, blue circles), or H5-SV with KIN1148 formulated in liposomes (H5-SV 1
KIN1148, purple circles). Mice were boosted on day 14, and serum was collected 5 d later for analysis of A/VN/1203/04-specific Abs. n 5 6�8 mice/group
with data from two pooled experiments shown. (E) C57BL/6J mice were immunized as described in (D). Mice were administered a homologous boost on day
14, and serum was collected on day 19. The ability of Abs in the serum to prevent hemagglutination of homologous (A/VN/1203/04 H5N1 61 2) or heterol-
ogous (A/Egypt/N03072/10 H5 71 1, A/Barn Swallow/HK/D10-1161/2010 71 1) recombinant avian influenza viruses was determined. n 5 10�13 mice/
group with data from two pooled experiments shown.
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CD81 T cell responses. To simulate conditions similar to prime
immunization ex vivo, we evaluated CD81 T cell responses to the
Melan-A protein using PBMCs from healthy donors. The precursor
frequency against this Ag is relatively high in HLA-A02011 individ-
uals and has been shown to represent a normal naive CD81 T cell
population in healthy individuals (56�58), allowing for testing of
KIN1148 to augment CD81 T cell activation. PBMCs were pulsed
with a Melan-A/MART-1 peptide in combination with DMSO,
IFN-g with DMSO, or IFN-g with KIN1148 and cultured for 11 d.
As anticipated, Melan-A/MART-1�specific CD81 T cell numbers
represent a measurable fraction of total CD81 T cells after Melan-
A/MART-1 peptide stimulation with or without IFN-g (Fig. 5B).
This population was significantly increased after coculture with
PBMCs pulsed with Melan-A/MART-1 peptide in combination
with KIN1148 1 IFN-g as compared with DMSO or DMSO 1
IFN-g controls (Fig. 5B). Taken together, our data indicate that
KIN1148 promotes Ag presentation leading to greater activation of
naive human CD81 T cells.

Discussion
We report in this article the identification of KIN1148, a benzo-
bisthiazole small molecule RIG-I agonist that induces IRF3- and
NF-kB�dependent innate immune activation to confer adjuvant
activity. KIN1148 was designed through structural�activity relation-
ship studies to have improved solubility and pharmacokinetic prop-
erties compared with KIN1000, an IRF3-activating small molecule
compound identified through screening (23).
Our results demonstrate that KIN1148 directly interacts with RIG-I

in biochemical assays and cells, and signals for innate immune gene
induction in a RIG-I�dependent manner. KIN1148 induces a pattern
of gene expression resembling infection with SeV (an RNA virus that
activates RIG-I) and by transfection of polyU/UC (a RIG-I�specific
RNA agonist). However, we propose that KIN1148 interacts with
RIG-I distinct from PAMP RNA, which binds to the RIG-I RD to
induce conformational changes that release its CARDs to interact
with downstream signaling cofactors. Our data demonstrate that
KIN1148 binds not only RD but also the helicase domain of RIG-I.
Our studies further reveal that KIN1148 does not compete with ATP
or Adenylyl-imidodiphosphate for binding and does not lead to inde-
pendent ATP hydrolysis despite signalosome formation and induction
of gene responses with cellular treatment of KIN1148 alone.
Together, this suggests, to our knowledge, a potentially novel mecha-
nism for noncanonical RIG-I activation and highlights the potential
usefulness of KIN1148 as an adjuvant. It is also possible that
KIN1148 may direct signaling via additional cellular targets, but ini-
tial screens for these compounds were conducted in cells lacking
functional TLRs and cytosolic DNA pathways to avoid other canoni-
cal virus-sensing pathways (40�44). Future studies will be needed to
determine whether KIN1148 targets other immune pathways aside
from the RLRs, TLRs, and cytosolic DNA-sensing pathways.
KIN1148 enhances the protection of mice from subsequent anal-

ogous challenge by a highly pathogenic H5N1 or pandemic H1N1
influenza virus beyond vaccine alone administered at a suboptimal
dose. This vaccine dose-sparing effect alone is significant in that it
could lead to greater availability of limited vaccine doses against
highly pathogenic avian influenza should an outbreak occur in the
human population. In addition, KIN1148 administered with H5
IAV-SV led to Ab responses able to neutralize other recombinant
H5N1 influenza viruses, suggesting KIN1148 broadens vaccine-
mediated protection against IAV strains not specifically included
in the vaccination. Future studies will investigate this possibility of
KIN1148 to broaden protection from heterosubtypic IAV challenge
after vaccination.
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FIGURE 4. KIN1148 enhances cellular immune responses after H5N1 vacci-
nation. C57BL/6J mice were immunized i.m. with PBS (black circles), H5-SV
in combination with blank liposome (H5-SV 1 vehicle), or H5-SV with
KIN1148 formulated in liposomes (H5-SV 1 KIN1148, purple circles). Mice
were administered a homologous boost on day 14, and lung-draining lymph
nodes (dLNs) and spleen were collected on day 19. (A) The frequency and num-
ber of Peanut agglutinin1 GC B cells in dLN were determined by flow cytome-
try. (B) IAV-specific CD41 T cell responses were assessed by flow cytometry.
(C) IAV-specific CD81 T cell responses were assessed by flow cytometry.
n5 6�8 mice/group with data from two pooled experiments shown.
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Previous studies have shown that the addition of RIG-I�activating
RNA to vaccines, including pieces of viral RNA and synthetic
polyI:C, can enhance the protection of mice compared with vaccine
alone by leading to Th2-biased responses and enhancement of virus-
specific Ab responses (17, 24). Importantly, our results demonstrate
that KIN1148 promotes Ag-specific T cell responses in vivo in mice
and ex vivo in humans. Because administration of H5 IAV-SV
alone does not typically induce T cell�mediated immunity, our
results suggest that KIN1148 serve to adjuvant vaccine-mediated
protection in a way that broadens immunity against heterosubtypic

or drifted IAV strains. Mechanistically, our ex vivo studies further
demonstrate that KIN1148 promotes DCs maturation and their
secretion of cytokines that functionally leads to the recruitment of a
variety of immune cells.
Overall, this study reveals that a small molecule compound,

KIN1148, directly binds to RIG-I in a noncanonical fashion, leading
to IRF3 and NF-kB activation, DC activation and maturation, and
enhanced Ag-specific T cell activation in vivo in mice and in human
primary cells. KIN1148 in a liposomal formulation not only adju-
vants protection in a murine model of H5N1 and pH1N1 infection
but leads to the enhancement of cross-protective Ab responses and
T cell responses known to provide broad protection against IAV.
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Jr., S. P. Iadonato, and K. M. Bedard. 2017. A small-molecule IRF3 agonist func-
tions as an influenza vaccine adjuvant by modulating the antiviral immune
response. Vaccine 35: 1964�1971.

25. Szretter, K. J., A. L. Balish, and J. M. Katz. 2006. Influenza: propagation, quantifica-
tion, and storage. Curr. Protoc. Microbiol. 3: 15G.1.1�15G.1.22.

26. Wong, S. S., and R. J. Webby. 2013. Traditional and new influenza vaccines.
Clin. Microbiol. Rev. 26: 476�492.

27. Krammer, F., and P. Palese. 2015. Advances in the development of influenza
virus vaccines. [Published erratum appears in 2015 Nat. Rev. Drug Discov. 14:
294.] Nat. Rev. Drug Discov. 14: 167�182.

28. Manicassamy, B., R. A. Medina, R. Hai, T. Tsibane, S. Stertz, E. Nistal-Villán,
P. Palese, C. F. Basler, and A. Garcı́a-Sastre. 2010. Protection of mice against
lethal challenge with 2009 H1N1 influenza A virus by 1918-like and classical
swine H1N1 based vaccines. PLoS Pathog. 6: e1000745.

29. Liu, H. M., Y. M. Loo, S. M. Horner, G. A. Zornetzer, M. G. Katze, and M. Gale,
Jr. 2012. The mitochondrial targeting chaperone 14-3-3e regulates a RIG-I trans-
locon that mediates membrane association and innate antiviral immunity. Cell
Host Microbe 11: 528�537.

30. Kaufmann, L., M. Syedbasha, D. Vogt, Y. Hollenstein, J. Hartmann, J. E. Linnik,
and A. Egli. 2017. An optimized hemagglutination inhibition (HI) assay to quan-
tify influenza-specific antibody titers. J. Vis. Exp. 130: 55833.

31. Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. NIH Image to ImageJ:
25 years of image analysis. Nat. Methods 9: 671�675.

32. Gentleman, R. C., V. J. Carey, D. M. Bates, B. Bolstad, M. Dettling, S. Dudoit,
B. Ellis, L. Gautier, Y. Ge, J. Gentry, et al. 2004. Bioconductor: open software devel-
opment for computational biology and bioinformatics. Genome Biol. 5: R80.

33. Smyth, G. K. 2004. Linear models and empirical bayes methods for assessing differen-
tial expression in microarray experiments. Stat. Appl. Genet. Mol. Biol. 3: Article3.

34. Huang, D. W., B. T. Sherman, Q. Tan, J. R. Collins, W. G. Alvord, J. Roayaei,
R. Stephens, M. W. Baseler, H. C. Lane, and R. A. Lempicki. 2007. The DAVID
Gene Functional Classification Tool: a novel biological module-centric algorithm
to functionally analyze large gene lists. Genome Biol. 8: R183.

35. Huang, D. W., B. T. Sherman, Q. Tan, J. Kir, D. Liu, D. Bryant, Y. Guo, R. Stephens,
M. W. Baseler, H. C. Lane, and R. A. Lempicki. 2007. DAVID Bioinformatics
Resources: expanded annotation database and novel algorithms to better extract biol-
ogy from large gene lists. Nucleic Acids Res. 35 (Suppl. 2): W169�W175.

36. Chen, E. Y., C. M. Tan, Y. Kou, Q. Duan, Z. Wang, G. V. Meirelles, N. R. Clark,
and A. Ma’ayan. 2013. Enrichr: interactive and collaborative HTML5 gene list
enrichment analysis tool. BMC Bioinformatics 14: 128.

37. Breuer, K., A. K. Foroushani, M. R. Laird, C. Chen, A. Sribnaia, R. Lo, G. L. Winsor,
R. E. Hancock, F. S. Brinkman, and D. J. Lynn. 2013. InnateDB: systems biology of
innate immunity and beyond–recent updates and continuing curation. Nucleic Acids
Res. 41(D1): D1228�D1233.

38. Edgar, R., M. Domrachev, and A. E. Lash. 2002. Gene Expression Omnibus:
NCBI gene expression and hybridization array data repository. Nucleic Acids Res.
30: 207�210.

39. Herr, W., J. Schneider, A. W. Lohse, K. H. Meyer zum Büschenfelde, and
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