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Small-molecule inhibitors of TBK1 serve as an adjuvant for a plasmid-launched
live-attenuated yellow fever vaccine
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ABSTRACT
Plasmid-launched live-attenuated vaccines (PLLAV), also called infectious DNA (iDNA) vaccines, combine the
assets of genetic immunization with the potency of replication-competent live viral vaccines. However, due
to their origin as bacterial plasmid DNA, efficient delivery of PLLAV may be hampered by innate signaling
pathways such as the cGAS-STING-mediated sensing of cytosolic DNA, resulting in an unfavorable proin-
flammatory and antiviral response locally at the site of immunization. Employing several complementary
cell-based systems and using the yellow fever vaccine (YF17D) and the respective PLLAV-YF17D, we
screened a panel of small molecules known to interfere with antiviral signaling for their proviral activity
and identified two potent inhibitors of the TANK-binding kinase 1 (TBK1), BX795 and CYT387, to enhance
YF17D replication and hence efficacy of PLLAV-YF17D transfection. In tissue culture, BX795 could fully revert
the block that plasmid transfection poses on YF17D infection in a type I interferon dependent manner, as
confirmed by (i) a marked change in gene expression signatures, (ii) a rescue of full YF17D replication, and (iii)
a massively increased virus yield. Inhibitors of TBK1 may hence be considered an adjuvant to potentiate
novel PLLAV vaccines, which might boost PLLAV delivery toward their use in vivo.
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Introduction

Live-attenuated vaccines such as the yellow fever 17D vaccine
(YF17D) are among the most efficacious vaccines available
that may vigorously induce polyfunctional and long-lasting
immunity against deadly infectious diseases1. YF17D is the
essential and only tool to quench yellow fever outbreaks2 and
is the backbone of an international effort to eliminate yellow
fever epidemics (EYE) by 2026.3 However, despite its unri-
valed track record, the YF17D legacy vaccine has several
shortcomings that limit its wider use and deployment, includ-
ing (i) a complex production process requiring embryonated
chicken eggs and (ii) the instability of the final drug product
with a limited shelf life and a need for a strict cold chain for
stockpile and shipment, complicating the rapid emergency
response.4,5 Likewise, recent yellow fever epidemics in
Angola (2016), DRC (2016/17) Brazil (2017–2019), and
Nigeria (2018/2019) required a massive intervention6,7 includ-
ing a revision of longstanding WHO guidelines and the
endorsement of splitting doses to cope with the unprece-
dented vaccine demand8,9. There is hence a growing demand
for the established YF17D and also likely for new yellow fever
vaccines that could help filling this gap.10-14

Plasmid-based production and delivery of live-attenuated
vaccines (plasmid-launched live-attenuated vaccines, also
dubbed infectious DNA or iDNA) has been proposed as
a valid alternative to classical live vaccines,15 combining the

potency of LAV and the ease of production, quality control,
and logistics associated with the original genetic immuniza-
tion using pDNA. Briefly, a PLLAV comprises the full-length
cDNA of a live-attenuated RNA virus that initiates the pro-
ductive replication of the encoded vaccine after transfection
into a permissive mammalian cell or tissue. The virus thus
produced can amplify and spread like the genuine live vac-
cines, causing a self-limiting infection and finally inducing
immunity in the vaccinated subject (for an animated video
tutorial see https://youtu.be/U8-f1PTamCc). Proof of concept
of the PLLAV approach was successfully demonstrated for
yellow fever vaccination in several pre-clinical mouse
models.16–18 As for other nucleic acid-based vaccines such as
pDNA, mRNA, and self-replication RNA vaccines, previously
encountered problems with the delivery of nucleic acid-based
vaccines can successfully be overcome by, e.g.,
electroporation19 or formulation into lipid-nanoparticles.20,21

Intriguingly, relatively little is known about the molecular
and cellular events at the inoculation site of PLLAV and
pDNA in general (in contrast to those triggered by the
respective live vaccines), and how these events relate to
PLLAV potency. We set out to study the cell biology of
PLLAV-YF17D delivery using a screening approach for anti-
inflammatory and immunomodulatory small-molecule inhi-
bitors interfering with innate antiviral signaling. Using this
chemical–biological approach, we identified the TANK-
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binding kinase 1 (TBK1) as an important modulator of
PLLAV transfection efficacy. TBK1 together with its close
homolog Inhibitor of Nuclear Factor kappa-B kinase subunit
epsilon (IKKε) acts downstream of the cGAS-STING signal-
ing pathway.22,23 The cGAS-STING axis, in turn, recognizes
cytoplasmic DNA of microbial origin, which may mount
a strong antiviral response24,25 and may, therefore, be con-
sidered a potential bottleneck for PLLAV-based vaccination.
Hence, small-molecule inhibitors of TBK1 may help to over-
come pDNA-mediated type I interferon (IFN-I) signaling,
and may thus serve as adjuvants with a unique and novel
molecular mechanism of action, in particular for PLLAV as
well as for other types of self-amplifying nucleic acid-based
vaccines.

Materials and methods

Cells and reporter cell lines

Baby hamster kidney cells26 African green monkey kidney
cells (Vero E6), human adenocarcinomic alveolar epithelial
cells (A549), human embryonic kidney cells (HEK293 T), and
mouse fibroblast (L929) were maintained in MEM medium
supplemented with 10% fetal calf serum (FCS), 5% sodium
carbonate, and 5% glutamine. The HEK_ISRE_GFP/Luc
(HEK-ISRE) reporter cell line was generated by transduction
of HEK293 T with a lentiviral vector (pGreenFire1-ISRE-EF1-
Puro, SBI System Bioscience, catalog TR016VA-P) expressing
the Green Fluorescent Protein (GFP) and the firefly luciferase
(FFLuc) under the control of the Interferon-Stimulated
Response Element (ISRE) and selection of puromycin
resistance.

Viruses and virus-encoding plasmids

The live-attenuated yellow fever vaccine strain 17D (YF17D;
Stamaril®, Sanofi-Pasteur) was purchased via the Pharmacy
of the University Hospital Leuven and propagated on Vero
E6 cells to generate a virus stock. The generation of the
YF17D-derived reporter viruses YF17D/mCherry and
YF17D/Nluc expressing, respectively, the red fluorescent
protein mCherry and the bioluminescent (furimazine-
converting) Nanoluciferase (NLuc, see Supplementary Fig.
S1 A) has been described elsewhere.27,28 Virus stocks were
titrated by plaque assay on BHK21 J cells.18,27,28 The syn-
thetic DNA construct PLLAV-YF17D/mCherry, encoding
a full-length infectious cDNA clone of the YF17D/mCherry
virus (Supplementary Fig. S1 B) expressed under the control
of the SV40 promoter,29 was grown in E. coli EPI300-T cells
(Epicenter) and purified as endotoxin-free supercoiled plas-
mid DNA using standard alkaline lysis and affinity chroma-
tography techniques as described previously.28 PLLAV-
YF17D/mCherry_CMV-eGFP is a derivative of PLLAV-
YF17D/mCherry in which a CMV promoter-driven GFP
reporter cassette was inserted in the plasmid backbone as
a second cistron that is expressed upon transfection inde-
pendent of YF17D replication (Supplementary Fig. S1
B and C).

Small-molecule bioactive compounds

Small molecules known to interfere with innate immune signal-
ing (summarized in Table 1) were purchased from Invivogen
and Sigma-Aldrich, and stocks were prepared as per instructions
from the suppliers. Universal type I interferon (IFN-I) was
purchased from Novus Biologicals (catalog 11200–1).

Screening for small molecules interfering with innate
immune signaling

Initial assessment of the activity of small molecules was
done on BHK21-J, Vero E6, A549, and L929 cells using
a standard antiviral assay format.30,31,41 In brief, cells were
pre-seeded in 96-well plates overnight, infected with a 100-
times median tissue-culture infectious dose (TCID50) of
YF17D as determined on BHK21-J cells, and treated with
a twofold serial dilution of each compound. Virus and
compounds were left on the cells during the entire course
of the experiment until analysis. Cells were incubated at 37°
C and the virus-induced cytopathic effect (CPE) quantified
after 5 d by an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium
salt] dye conversion assay (Promega). The resulting fold
decrease (i.e., less CPE, antiviral effect) or increase (i.e.,
more pronounced CPE, proviral effect) in viral replication
was calculated in relation to YF17D infected, non-treated
control cells (virus control, VC). A compound was scored to
have proviral (or antiviral) activity when the CPE in
infected and treated cells exceeded (or diminished) that of
the virus control by at least 50% and in absence of overt
cytotoxic activity (cytotoxic or cytostatic effect) in treated
non-infected cell controls at the same compound concentra-
tion. YF17D/NLuc was used to infect the naturally resistant
murine L929 cells and infection quantified using NLuc

Table 1. Compounds targeting innate immune signaling pathways screened for
proviral activity in YF17D-infected mammalian cellsa.

Compound name (CAS
no.)b

Cellular
target

Mechanism of
action Reference

BX795
(702675–74-9)

TBK1/IKKe Inhibitor Clark et al.33

CYT387
(1056634–68-4)

JAK1/JAK2
& TBK1/IKKe

Inhibitor Tyner et al.34

YM201636
(371942–69-7)

PIKfyve Inhibitor Kawasaki
et al.35

2ʹ3’-cGAM(PS)2 (Rp/Sp)
(1637675–05-8)

STING Agonist Ablasser
et al.33

ODN2088
(I: tlrl-2088)b

TLR9 Antagonist Krieg et al.36

Amlexanox
(68302–57-8)

TBK1 Inhibitor Niederberger
et al.35

DMXAA
(117570–53-3)

STING Agonist (selective
for murine ortholog)

Conlon
et al.39

A151
(I: tlrl-ttag151)b

TLR9, AIM2
and cGAS

Antagonist Steinhagen
et al.40

PF06928215
(S: PZ038-5 MG)b

cGAS Inhibitor Hall et al.41

Ru.521
(I: inh-ru521)b

cGAS Inhibitor Vincent
et al.42

aIf not available, the catalog no. at the supplier is given (I–Invivogen; S – Sigma-
Aldrich).

bProviral (or antiviral) activity over overt cytotoxic activity (cytotoxic or cytostatic
effect) in treated non-infected cell controls.
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bioluminescence (NanoGlo®, Promega) as a proxy for virus
replication.

To corroborate the interference with innate antiviral sig-
naling in particular, the observed pro- and antiviral activities
were confirmed in virus yield assays using IFN-I primed A549
cells. To that end, cells were pretreated with 10 international
units (IU) mL−1 of IFN-I prior to YF17D infection to induce
an antiviral state; pilot experiments had revealed that the
antiviral state thus induced, reduced viral replication by at
least 100-fold (data not shown). Four hours after priming,
cells were incubated with YF17D for 1 h at room temperature,
after which the inoculum was replaced by fresh medium. Cells
were then either left untreated (VC) or were treated with
BX795, CYT387, or YM201636 (5 µM each). After 6 d, infec-
tious virus progeny in the supernatant was quantified by
endpoint titration (TCID50 by CPE on BHK21-J cells). All
assays were performed at least in duplicate with each n = 6
technical repeats.

Hit validation and molecular mechanism of action using
HEK-ISRE reporter cells

For validation, HEK-ISRE cells were treated with 5 µM
BX795 or left untreated. After 2 h, 10 IU mL−1 IFN-I was
added and cells were incubated at 37°C for another 48 h
prior to cell lysis and assessment of the luciferase activities
(Promega).

The effect of compound treatment on the infectivity of
YF17D/mCherry as well as on the IFN-I response during
viral infection was visualized using the same HEK-ISRE
cells. Cells were infected with YF17D/mCherry and either
(a) left untreated, (b) received a single treatment with
BX795, CYT387, or YM201636, or (c) received a dual treat-
ment with compound plus IFN-I. GFP (IFN-I signaling) and
mCherry expression (YF17D replication) was monitored by
fluorescence microscopy. After 3 d, cells were trypsinized,
fixed in 2% paraformaldehyde, stained with Zombie Aqua
(Biolegend) to discriminate from dead cells, and GFP and/or
mCherry positive cell populations were quantified by flow
cytometry.

Effect of BX795 on YF17D replication initiated from
PLLAV

To determine the effect of BX795 on the efficacy by which
YF17D replication can be initiated from transfected PLLAV
(plasmid-launched live-attenuated vaccine), PLLAV-YF17D
/mCherry (expressing YF17D/mCherry reporter virus upon
transfection)27 was used for the transfection of A549 cells.
A549 cells (grown in 6 well plates, 300.000 cells per well)
were transfected with 2.5 µg of plasmid using TransIT®-LT1
transfection reagent (Mirus) in the absence of compound or
presence of either BX795 (5 µM) or the specific cGAS
inhibitor PF06928215 (50 µM).41The expression of
mCherry was monitored by fluorescence microscopy as
a proxy for the successful launching of productive YF17D
replication.

Differential gene expression following plasmid
transfection as influenced by BX795

To study the differential gene expression, a panel of 30 genes
known to be activated in response to plasmid transfection
and/or during yellow fever infection, as well as two house-
keeping genes, was selected to assemble a custom Taqman
qRT-PCR array (Supplementary Table 1). RNA was extracted
from A549 cells transfected with PLLAV-YF17D/mCherry in
the presence or absence of BX795 along with untreated cells as
control using Trizol43 and subjected to cDNA synthesis (High
Capacity cDNA Reverse Transcription Kit, catalog no.
4368814) following the manufacturer’s instructions, and
qPCR was done using custom Taqman qRT-PCR plates (cus-
tom-made plates). Data collected from three technical repeats
were analyzed using the Quant Studio Design and Analysis
software (version 1.5.1, Thermo Fischer Scientific) and Data
Assist software (version 3.01, Thermo Fischer Scientific).

Results

The live-attenuated YF17D virus was used to screen for small-
molecule inhibitors of innate antiviral signaling (Figure 1B)
that may exert a proviral effect. After an initial cell-based
phenotypic screen32 of a large selection of compounds (Table
1), the two TBK-1 inhibitors BX79533 and CYT38734 were
found to increase YF17D-induced CPE on human A549 cells
in a dose-dependent manner, with median effective concentra-
tions of around 5 µM each (Figure 2A). The TLR-9 signaling
inhibitor YM20163635, by contrast, showed some antiviral
effect. These results were confirmed in mouse L929 cells
using the YF17D/NLuc reporter virus and bioluminescence as
a proxy for viral infection (Figure 2B). Intriguingly, a proviral
effect was not observed when using BHK21-J or Vero E6 cells
(data not shown); both are known to be deficient in IFN-I
production. To further link the molecular mechanism of action
(MoA) of these inhibitors to cellular IFN-I signaling, A549 cells
were primed with 10 IU mL−1 of IFN-I to induce an antiviral
state (see Supplementary Figures S2 B and S3 B) prior to
YF17D infection. Under these conditions, BX795 and
CYT387 could rescue productive viral replication and the pro-
duction of infectious vaccine virus progeny by about 4 log10-
fold compared to IFN-I inhibition (Figure 2C).

HEK-ISRE reporter cells expressing GFP and FFLuc under the
control of an ISRE were generated to directly visualize the activity
of innate signaling at the cellular level upon YF17D/mCherry
infection (Supplementary Figure S2). Using these reporter cells,
we could confirm that YF17D infection is both (i) an inducer of
IFN-I signaling, and (ii) is itself highly sensitive to IFN-I inhibi-
tionwhich is consistent with existing data44 (Figure 1A, Figure 3A;
for single-cell analysis by flow cytometry, see also Supplementary
Figure 3A). Inhibition of TBK-1 could enhance YF17D replication
(Figure 3B and Supplementary Figure 3A) as well as rescue the
production of infectious viral progeny, even in the presence of
IFN-I (Supplementary Figure 3B).

IFN-I deficient BHK21-J cells and cGAS deficient
HEK293T45 readily support the launching of YF17D replication
from transfected pDNA (Supplementary Figure S1C). By con-
trast, transfection with plasmid pDNA (i.e., the PLLAV-YF17D
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/mCherry) render A549 cells resistant to YF17D/mCherry repli-
cation (Figure 4A, upper panel), somewhat mimicking the effect
of exogenously added IFN-I. This inhibition mediated by pDNA
is a likely consequence of the induction of antiviral ISGs (Figure
4C and Supplementary Figure 5) via the cGAS-Sting TBK1
pathway known to be functional in A459 cells46 (as well as in
L929 cells)47 (Figure 4B). Accordingly, inhibition of the latter
pathway by BX795 (targeting TBK-1) can rescue YF17D replica-
tion, which is comparable to the direct inhibition of the cyto-
plasmic DNA sensor cGAS by the specific enzyme inhibitor
PF0628215,41 albeit to a lesser extent (Figure 4A, lower panel).

An analysis of the respective patterns for differentially expressed
genes (DEG, Figure 4C) showed that BX795 treatment, which
was earlier shown to attenuate cytokine production in other
STING-dependent cellular systems,48 could also revert DEG
expression in PLLAV-YF17D/mCherry transfected cells to base-
line levels (untreated cell controls) for several ISGs tested (e.g.,
MX1, OAS3, STAT1). SomeDEG, including key factors involved
in IFN-I induction (e.g., TMEM173/STING, IRF9) as well as
some functionally less well-characterized DEG (i.e., involved in
cellular RNA turnover, e.g., DHX36, PNPT2) were downregu-
lated even below basal levels (Supplementary Figure 5).

Figure 1. Interference of YF17D vaccination and a plasmid-launched live-attenuated vaccine candidate derived thereof (PLLAV-YF17D) with innate antiviral
responses. (A) The original live-attenuated YF17D induces vigorous innate and adaptive immune responses. The virus-induced expression of type I interferons
(IFN-I) and other antiviral, proinflammatory, and immunomodulatory genes (ISG, IFN-stimulated genes) constitutes a direct negative feedback loop on viral
replication. Launching of YF17D by transfection of PLLAV-YF17D may disturb the natural balance by inducing overexpression of particular ISG. (B) Schematic view
on the induction of innate antiviral signaling by plasmid DNA (pDNA). Cells express several innate DNA sensors including the ubiquitous cytoplasmic cGAS [cyclic
2ʹ,3ʹ-GAMP c(GAMP) synthetase], and membrane-associated sensors that can be triggered by other molecular patterns frequently present in bacterial pDNA
preparations, such as CpG (by Toll-like receptor 7, TLR-7) and bacterial endotoxins (LPS, by TLR-4). Binding of pDNA to cGAS induces the synthesis of the second
messenger cGAMP. The cGAMP and TLR-9/4 signals are integrated by STING, activating, in turn, several downstream signaling cascades involving the TANK-binding
kinase 1 (TBK-1) and occasionally resulting in the induction of numerous ISGs via IFN sensitive response elements (ISRE) or similar promoters. The production and
secretion of IFN-I lead to an autocrine and paracrine signal amplification involving the IFN-I receptor (IFNAR) and Jak/STAT pathway. For simplicity, the subcellular
compartmentation of individual components (e.g., localization of STING to mitochondrial outer membranes and its concomitant involvement in other antiviral
pathways such as MAVS signaling or nuclear transcription of ISGs) is not depicted in the sketch. For a description of small-molecule inhibitors interfering with innate
pDNA signaling see Table 1.
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Discussion

In general, the potency of PLLAV-based vaccines depends on
two main factors: (i) the immunogenicity of the actual live
vaccine virus thus produced (i.e., the active component or
‘antigen’) and (ii) the efficacy of its uptake and delivery (i.e.,
pharmacokinetics of the ‘drug substance’). Yellow fever vacci-
nation using PLLAV-YF17D requires the cellular uptake of
pDNA by a susceptible producer cell that supports the
launching of viral replication and production of the initial
live YF17D ‘antigen’ in vivo. As PLLAV consists of pDNA of
bacterial origin, several innate receptors recognizing molecu-
lar pathogen-associated patterns (PAMP) are likely to be
triggered once the vaccine is administered, in particular the

ubiquitously expressed cytoplasmic DNA sensor cGAS
(Figure 1B). The in vivo potency of PLLAV-YF17D may
hence suffer from a very similar issue as observed in trans-
fected cells in tissue culture (Figure 1B and Supplementary
Figure 1C).

Using two small-molecule inhibitors of TBK-1, BX795 and
CYT387, we show that YF17D replication that is very sensitive
to IFN-I inhibition (Figure 3A) can massively be enhanced, up to
1000-fold and higher virus yields (Figure 2C) in cells that are
initially refractory to productive infection due to an antiviral state
induced by either IFN-I treatment (Supplementary Figure S3) or
transfection of pDNA (Supplementary Figure 4B). The latter
antiviral effect of transfected pDNA has been described before
and can experimentally be overcome by a targeted knockout of
cGAS and STING in cultured cells.49 Likewise, we show here that
also direct pharmacological inhibition of cGAS by the specific
enzyme inhibitor PF062821541 can phenocopy such a genetic
ablation (Figure 4A, B). The overall greater effect achieved by
BX795, i.e., by inhibition of a kinase downstream in the cGAS-
STING axis, can partially be explained by the reportedly poor
bioavailability of PF0628215.41 Nevertheless, some pleiotropic
effects of BX79550 may synergize, especially considering that
multiple upstream signaling pathways converge at and are inte-
grated by TBK1.33 Such a synergy of pleiotropic effect is even
more likely responsible for the proviral effect observed for
CYT387. CYT387 (originally developed as Momelotinib® as che-
motherapeutic agent) is known to bemore promiscuous in target-
ing also the Jak-STAT pathway downstream of the IFN-I
receptors51 (Figure 1B).

Overall, a similar effect of both BX795 and CYT387 used
here as chemical probes, i.e., of two structurally non-related
inhibitors with different molecular MoA (BX795 targeting
TBK1 dimerization;52 CYT387 as original kinase inhibitor com-
peting with ATP binding), corroborates the importance of
TBK1 in the cGAS-STING signaling as it concerns the potency
and efficacy of PLLAV vaccines. Interestingly, a strong and
sometimes detrimental (overshooting) induction of an IFN-I
mediated antiviral response has also been reported for self-
amplifying RNA vaccines.53,54 Of note, the respective TLR
and RLR involved in cellular recognition of SAM RNAs signal
via the same TBK1 pathway, implying that also these vaccines
may benefit from a similar immunomodulatory strategy.

A first attempt to directly translate our in vitro findings into
a tool to enhance PLLAV vaccination in vivo remained non-
conclusive, and a co-administration of BX795 or PF06928215
did not immediately result in any obvious improvement of
PLLAV-YF17D vaccination in mice, neither regarding an
increased YF17D replication at the injection site (using biolumi-
nescence imaging of mice injected with PLLAV-YF17D/NLuc as
surrogate readout) nor in higher seroconversion rates (data not
shown). This failure may readily be explained by a suboptimal
exposure to the compounds used.41 Moreover, YF17D replica-
tion is highly restricted in mice.44 Hence, the use of PLLAV-
YF17D in wild-type mice may constitute a poor in vivomodel to
study to what extent small-molecule inhibitors may modulate
the launching efficacy of PLLAV. Instead, PLLAV vaccines
derived from other viruses that are readily infectious in mice
(e.g., alphaviruses55) may be preferred, and a focus on inhibitors

Figure 2. Proviral activity of inhibitors of intracellular innate DNA signaling.
Dose-dependent enhancement of the YF17D-induced CPE on human A549
cells (A) and YF17D/NLuc induced bioluminescence on murine L929 cells (B)
by the TBK-1 inhibitors BX795 and CYT387. The inhibitor of TLR signaling
YM201636, by contrast, showed an antiviral effect. Within the range of concen-
tration tested, none of the compounds showed any direct toxicity to the cells.
(C) Rescue of virus replication resulting in IFN-I treated A549 cells and increased
production of infectious progeny following treatment (5 µM) with the TBK-1
inhibitors BX795 and CYT387. Data shown are means of at least duplicate
experiments run each in sixfold technical repeats. CPE, virus-induced cytopathic
effect; RLU, relative light units; VC, non-treated virus control; TCID50, median
tissue culture infectious dose.
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of the cGAS/STING/TBK1 axis that show a better bioavailability
and more favorable pharmacokinetics.

In conclusion, the strong observed activation of innate
immunity by PLLAV and other self-amplifying nucleic acid-
based vaccines may be detrimental for immunization purposes

and hence is not desired, much in contrast to classical pDNA
vaccines that rather seem to benefit from a strong proinflamma-
tory environment. For PLLAV (and likely SAM), a tempering of
the cGAS-STING-TBK1 pathway by small-molecule inhibitors
may markedly increase initial vaccine replication and may,

Figure 3. Antagonism of IFN-I signaling by proviral compound in HEK-ISRE reporter cells. (A) YF17D/mCherry infection (red) enhances overall GFP reporter gene
expression (green) in infected HEK-ISRE cells (VC) if compared to background expression levels in uninfected cell controls (CC). Treatment with IFN-I (10 IU/mL) further
enhances GFP expression yet fully eliminates viral replication. (B) Treatment with the TBK-1 inhibitors BX795 and CYT387 increases the number of infected HEK-ISRE
cells, even in the presence of exogenously added IFN-I (right panel, +IFN-I). The inhibitor of TLR signaling YM201636, by contrast, showed an antiviral effect.

Figure 4. Failure to launch YF17D/mCherry replication from transfected pDNA (PLLAV-YF17D/mCherry) can be rescued by inhibitors of TBK-1 and cGAS. (A) A549 cells
lose their susceptibility for viral infection and fail to support YF17D/mCherry replication when transfected with pDNA (Trfxn, transfection). Viral replication can be
rescued by treatment with BX795 (5 µM) or by direct inhibition of the upstream pDNA sensor cGAS by the specific enzyme inhibitor PF06928215 (50 µM). (B)
Schematic representation of the cGAS-STING-TBK1 pathway involved in the inhibition of YF17D replication by pDNA, as supported by the use of the specific small-
molecule inhibitors. (C) Heatmap of differentially expressed genes comparing A549 cells transfected with PLLAV-YF17D/mCherry (i) without further treatment (Trfxn)
and (ii) with concomitant BX795 treatment (BX795) versus (iii) untreated cell controls (CC). BX795 treatment counteracted (downregulated) many genes induced by
pDNA transfection. Data are shown based on the means of triplicate experiments analyzed by the Quant Studio Data Assist software (version 3.01). For a full list of
the 32 genes included in the qRT-PCR array see Supplementary Table 1. For individual data sets see Supplementary Figure 5.
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therefore, provide a promising approach to optimize PLLAV
delivery by controlling the local inflammatory response to
enhanced vaccine potency, likely along with dose sparing.
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