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ARTICLE INFO ABSTRACT

Keywords: Respiratory syncytial virus (RSV) is a leading cause of lower respiratory tract disease and bronchiolitis in
Respiratory syncytial virus (RSV) children, as well as an important cause of morbidity and mortality in elderly and immunocompromised in-
Anj‘i"i‘ral dividuals. However, there is no safe and efficacious RSV vaccine or antiviral treatment. Toll Like Receptors (TLR)
L’;f“‘m"d are important molecular mediators linking innate and adaptive immunity, and their stimulation by cognate

agonists has been explored as antiviral agents. Imiquimod is known as a TLR7 agonist, but additionally acts as an
antagonist for adenosine receptors. In this study, we demonstrate that imiquimod, but not resiquimod, has direct
anti-RSV activity via PKA pathway in HEp-2 and A549 cells, independently of an innate response. Imiquimod
restricts RSV infection after viral entry into the host cell, interfering with viral RNA and protein synthesis.
Probably as a consequence of these anti-RSV properties, imiquimod displays cytokine modulating activity in RSV
infected epithelial cells. Moreover, in a murine model of RSV infection, imiquimod treatment improves the
course of acute disease, evidenced by decreased weight loss, reduced RSV lung titers, and attenuated airway
inflammation. Consequently, imiquimod represents a promising therapeutic alternative against RSV infection
and may inform the development of novel therapeutic targets to control RSV pathogenesis.

Toll like receptors (TLR)

immunocompromised individuals (Kwon et al., 2017).

Despite the prevalence of RSV bronchiolitis, there is no vaccine
available and, apart from supportive measures, there is no specific ef-
fective treatment since routine use of bronchodilators or antiviral ri-

1. Introduction

Respiratory syncytial virus (RSV) is an important pathogen of the
human respiratory tract (Borchers et al., 2013). RSV infection results in

viral bronchiolitis in around 30% of infants who become infected and it
can result in life-threatening severe bronchiolitis and viral pneumonia
(Smyth and Openshaw, 2006). RSV causes significant mortality in the
developing world, resulting in an estimated 200,000 annual deaths in
young children globally, in addition to major morbidity (33.8 million
episodes worldwide annually) (Nair et al., 2010). Besides, RSV is a
leading cause of morbidity and mortality in elderly and

bavirin has been proven to be of no significant benefit (Tregoning and
Schwarze, 2010; Turner et al., 2014). Therefore, a clearer under-
standing of host defense factors that contribute to effective protection
against RSV infection and disease is urgently needed and could provide
substantial help to the development of novel therapeutic strategies.
During the early course of most viral infections, antiviral immunity
is induced through pattern recognition receptors, such as Toll-like
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receptors (TLR), which stimulate the innate immune response. TLR can
trigger cytokine secretion, dendritic cell maturation, and antigen pre-
sentation, which in turn can enhance the adaptive immune response
(Uematsu and Akira, 2006). Because of this ability to induce innate and
adaptive responses, TLR agonists have been explored as antiviral ther-
apeutic agents. TLR3, TLR4, TLR7, TLR8 and TLR9 agonists have been
successfully applied to nonhuman primate models of dengue virus and
hepatitis B virus (HBV) and in murine models for influenza and herpes
simplex virus (HSV) (Boivin et al, 2008; Zhang et al., 2009;
Boukhvalova et al., 2010; Sariol et al., 2011; Shinya et al., 2011; Tuvim
et al., 2012; Lanford et al., 2013; Lucifora et al., 2018; To et al., 2019).
Particularly in the mouse model of RSV, prophylactic treatment with a
TLR3 agonist not only reduces viral replication in the lungs, but also
results in an amelioration of the clinical illness and a reduction in lung
inflammation (Guerrero-Plata et al., 2005).

In order to provide further insight into the potential of TLR agonists
to induce antiviral and immunomodulatory activities in RSV infections,
the aim of the present study was to test the anti-RSV activity of different
TLR agonists in epithelial cells. Moreover, we extended the testing for
imiquimod (TLR7 agonist), in order to analyze its antiviral mode of
action against RSV in vitro, as well as its effect on the production of
different cytokines in RSV-infected epithelial and macrophages. Finally,
we studied the activity of imiquimod against RSV infection in a murine
model of pulmonary infection.

2. Materials and methods
2.1. Reagents

LPS (TLR4 ligand) from Escherichia coli serotype 055:B5, (—)-N6-(2-
Phenylisopropyl) adenosine (R-PIA), dibutyryl cAMP (dbcAMP) and
forskolin were obtained from Sigma. Pam2CSK4 (TLR2/TLR6 ligand),
poly(I:C)-HMW (TLR 3 ligand), imiquimod (TLR7 ligand) and CpG ODN
2395 (TLR9 ligand) were purchased from InvivoGen. Resiquimod
(TLR7/8 ligand) was kindly provided by Dr. Marianela Candolfi (INB-
IOMED-UBA-CONICET). Imiquimod was dissolved in water, according
to the manufacturer's instructions. The rabbit monoclonal anti-
Phospho-CREB (Ser133) (87G3) and anti-CREB (48H2) were purchased
from Cell Signaling. KT5720 was obtained from Tocris Bioscience. The
mouse monoclonal antibody anti-gF of RSV was obtained from US
Biological Life Sciences. Secondary goat anti-mouse FluoroLinkTM
CyTM3 antibodies were purchased from GE Healthcare. The perox-
idase-conjugated goat anti-rabbit antibodies and Dapi for nucleic acid
staining were obtained from Sigma.

2.2. Cells and viruses

The human HEp-2 cell line (human epidermoid cancer cell line) and
the human A549 cell line (human lung carcinoma cell line) were grown
in DMEM/F12 supplemented with 10% inactivated fetal bovine serum
(FBS). Murine macrophage cell line J774A.1 was kindly provided by Dr.
Osvaldo Zabal (INTA-Castelar, Buenos Aires, Argentina) and grown in
RPMI1640 medium supplemented with 10% FBS. Vero cells were
grown in MEM supplemented with 10% FBS. Human RSV strains A2
and line 19 were kindly provided by Dr. Laura Talarico
(INFANT-Buenos Aires, Argentina). Working stocks of RSV were pre-
pared as previously described (Salinas et al., 2019). Briefly, semicon-
fluent monolayers of HEp-2 cells were infected with RSV strains line 19
and A2 (multiplicity of infection (moi) = 0.2) and were incubated 3-4
days, monitoring the development of cytopathic effect (CPE) daily, until
CPE =80% of cell monolayer, but still intact and attached to flask
bottom. Then, supernatant was removed and 5 ml of cold 25% (w/v)
sterile sucrose was added. Then the flask was transferred to—80 °C,
being sure that cell surface is covered with sucrose solution while in the
freezer. After three cycles of freezing and thawing, lysates were trans-
ferred to sterile 50 ml conical tubes. Cellular debris was removed by
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centrifugation at 500 x g and 4 °C for 10 min, and supernatants were
aliquoted and stored at—80 °C until use. Sucrose in concentrations at
25% has a stabilizing effect and reduces loss of infectivity of this very
labile virus. Virus titration was performed in Vero cells by plaque assay.

2.3. Antiviral activity

Cells grown in 24-well plates were infected with a multiplicity of
infection (moi) of 1. After 1 h adsorption at 37 °C, the inoculum was
removed and medium containing the compounds was added, in tripli-
cate. The plates were incubated at 37 °C until 24 h p.i. After cell dis-
ruption by freezing and thawing, supernatants were titrated by plaque
assay in Vero cells, and the effective concentration 50 (ECsq) was cal-
culated as the concentration of compounds required to reduce viral
yields by 50% relative to the untreated virus control, that were in-
cubated with medium alone.

2.4. Cytotoxicity assay

Cell viability was determined using the tetrazolium salt MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma)
according to the manufacturer's instructions. The cytotoxic concentra-
tion 50 (CCsp) is the concentration of compounds required to reduce
cell viability by 50% relative to untreated cells, that are incubated with
medium alone.

2.5. Virucidal effect

RSV line 19 and A2 (10’ PFU) were diluted in culture medium
containing or not each compound and incubated for 120 min at 37 °C.
Aliquots were diluted to a non-inhibitory drug concentration and ti-
trated by plaque assay in Vero cells.

2.6. Time-of-addition assays

For pre-infection assays, cells were treated with imiquimod during
2 h at 37 °C, washed with PBS and then infected with RSV A2
(moi = 1). For co-infection, cells were simultaneously infected with
RSV A2 and treated with imiquimod. After 1 h adsorption at 37 °C, the
virus-drug mixture was removed, washed and compound free medium
was added. For post-infection (p.i.) assays, cells were infected with RSV
for 1 h at 37 °C and then treated with the tested compound at 0, 2, 4, 6,
8, 12 and 16 h after infection. A control culture that was infected but
not treated (CV) was simultaneously performed. Cells were further in-
cubated at 37 °C till 24 h p.i., and after cell disruption by freezing and
thawing, supernatants were titrated by plaque assay in Vero cells.

2.7. RSV qRT-PCR assay

At the indicated time points p.i./compound incubation, total RNAs
were extracted from supernatants, after freezing and thawing the in-
fected cells, with QIAamp® Viral RNA Mini Kit (QIAGEN, USA) ac-
cording to the manufacturer's instructions. The first-strand cDNA
synthesis was performed with SuperScript III Reverse Transcriptase
(SSIII) (Thermo Fisher Scientific) following manufacturer's instructions
and a primer which recognizes the M gene of the negative-strand RSV
RNA genome. Then a quantitative PCR (qPCR) with primers and probe
targeting the M gene previously reported (Kim et al., 2011) was per-
formed with SensiFAST™ Probe No-ROX Kit (Bioline) following manu-
facturer's instructions. RNase P DNA was used as a reference gene and
was amplified with the corresponding gene specific primers and probe
and the qPCR was performed with SensiFAST™ Probe No-ROX Kit
(Bioline). Average viral RNA Cq values were normalized to the average
Cq values of RNase P and AACt based fold-change calculations were set
relative to untreated-virus infected cells at 6 h p.i.
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2.8. Immunofluorescence assay (IF) and semiquantitative IF analysis

Subconfluent cells grown on glass coverslips in 24-well plates were
fixed with methanol for 10 min at — 20 °C. After three washes with PBS,
the coverslips were inverted on a drop of diluted primary antibody for
30 min at 37 °C, and then returned to culture dishes and subjected to
three additional washes with PBS. Afterwards, cells were incubated
with diluted secondary antibody for 30 min at 37 °C. Then, cells were
subjected to three additional washes with PBS, and incubated with
DAPI. Finally, coverslips were rinsed, mounted and photographed with
an Olympus IX71 with epifluorescence optics. Percentage of cells ex-
pressing gF was calculated as the number of cells with gF fluorescence
relative to the total cell number stained with DAPI, in at least 5 cov-
erslips, performed in duplicate.

2.9. Western blot analysis

Whole extracts from cells grown in 24-well plates for 24 h were
loaded on 10% sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride
(PVDF) membranes for 60 min at 75 mA. Membranes were blocked in
PBS containing 5% unfitted milk overnight and then incubated with
diluted primary antibodies ON at 4 °C. After washing, membranes were
incubated with diluted peroxidase conjugated antibodies for 1 h at
37 °C. The immunoreactive bands were visualized using an enhanced
chemiluminescence system (Amersham ECL). CREB was used as loading
control. Densitometric quantification was performed using Scion image.
The protein level was calculated relative to CREB level, and then nor-
malized to untreated cells, defined as 1.

2.10. Cytokine determination

Mouse TNF-a and IL-6, and Human IL-6 and IL-8 were quantified by
commercial ELISA sets (BD OptEIATM, Becton-Dickinson) according to
the manufacturer's instructions.

2.11. Pulmonary infection in mouse model

Animal studies were approved by the Comisién Institucional de
Cuidado y Uso de Animales de Laboratorio (CICUAL) of the Facultad de
Ciencias Exactas y Naturales, Universidad de Buenos Aires, Argentina.
Female Balb/C mice were purchased from Facultad de Veterinaria,
Universidad de Buenos Aires, Argentina. The animals were housed in an
Animal Facility Biosafety Level 3 (ABSL-3) (UOCCB, ANLIS-Malbran,
Buenos Aires, Argentina) in individually ventilated cages and fed with
food and water ad libitum for at least 1 week before experimental use at
6-8 week of age. Mice received 50 pl RSV line 19 and A2 (5 x 10° PFU)
or 25% (w/v) sucrose (as described above, viral stocks were suspended
in 25% (w/v) sucrose) by intranasal (i.n.) delivery under light general
anesthesia (isoflurane) (6 per group). A total of 5 mg/kg of imiquimod
(dissolved in water) or a vehicle (water) for control group, was given
1 h p.i. intranasally (i.n.). Mice further received a daily dose of 5 mg/kg
of imiquimod until day 4 p.i. Body weights were monitored daily, and
groups of mice were culled on day 4 or 8 p.i. Lungs from day 4 were
removed, weighed, and used for titration of infectious virus. Briefly,
snap frozen lungs were homogenized on ice using glass Dounce
homogenizers. Tissue debris was pelleted by centrifugation at 4 °C for
10 min at 300 g and supernatants were immediately serially diluted in
FBS free medium and titrated by plaque assay in Vero cells. The right
lungs from day 8 were used for gene expression studies, and in parallel,
the left lung was submerged in Bouin solution for fixation for 24 h and
subsequent histological sectioning and staining. Lung sections were
assessed for severity of inflammation by two independent observers, Dr.
Maria Virginia Gentilini and Dr. Carlos Bueno, blinded to treatment. An
index of pathologic changes in hematoxylin and eosin (H&E) slides was
obtained accordingly to Zappia et al. (2019). Briefly, 20 consecutive
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airways per slide were examined at 400 X magnification and scoring
the inflammatory infiltrates around the airways and vessels for severity
(0, normal; 1, <3 cells diameter thick; 2, 4 to 10 cells diameter thick; 3,
=10 cells diameter thick). The Inflammatory Index was calculated by
dividing the sum of the airway scores from each lung by the number of
airways examined.

2.12. Cytokines and cystatin A qRT-PCR

RNA from mouse lung tissue or human cell cultures were isolated
using TRIzol reagent (Life Technologies) and reverse transcribed with
ImProm-II" Reverse Transcription System A3800 (Promega), according
to the manufacturer's instructions. Quantitative PCR was performed on
the Bio-Rad iQ5 real-time PCR system using FastStart SYBR green
Master Mix reagent (Roche). B-actin was used as an internal control for
normalization. The data were analyzed using the 2724 formula. The
sequences of the primers for gene expression were obtained from
Primer Bank (Harvard Medical School; https://pga.mgh.harvard.edu/
primerbank/) except for B-actin (human), and are listed (forward and
reverse):

TNF-a mouse: F: CAGGCGGTGCCTATGTCTC; R: CGATCACCCCGA
AGTTCAGTAG.

PrimerBank ID:
primerbank/).

IL-6 mouse: F:-TAGTCCTTCCTACCCCAATTTCC; R: TTGGTCCTTAG
CCACTCCTTC.

PrimerBank ID: 13624311al.

IL-4 mouse: F: GGTCTCAACCCCCAGCTAGT; R: GCCGATGATCTCT
CTCAAGTGAT.

PrimerBank ID: 10946584al.

IFN-y mouse: F: ATGAACGCTACACACTGCATC; R: CCATCCTTTTG
CCAGTTCCTC.

PrimerBank ID:

133892368c1 (https://pga.mgh.harvard.edu/

33468859al (https://pga.mgh.harvard.edu/

primerbank/).

IL-17 A mouse: F: TTTAACTCCCTTGGCGCAAAA; R: CTTTCCCTCC
GCATTGACAC.

PrimerBank ID: 6754324al  (https://pga.mgh.harvard.edu/
primerbank/).

B-actin mouse: F: GTGACGTTGACATCCGTAAAGA; R: GCCGGACT
CATCGTACTCC.

PrimerBank ID
primerbank/).

Cystatin A human: F:AAACCCGCCACTCCAGAAATG;

R: ACCTGCTCGTACCTTAATGTAG. Primer Bank ID: 61743964c1

B-actin human: F: GAGACCTTCAACACCCCAGCC; R: GGCCATCTC
TTGCTCGAAGTC.

145966868c1(https://pga.mgh.harvard.edu/

2.13. Transfections and reporter gene assays

Transfection assays with Lipofectamine 2000 reagent (Invitrogen)
were performed according to the manufacturer's instructions. The NF-
kB-LUC reporter vector and RSV-f3- gal plasmid, coding for the bacterial
B-galactosidase gene under the control of the viral RSV promoter, were
kindly provided by Dr. Susana Silberstein (Universidad de Buenos Aires,
Argentina). Reporter quantitation with Luciferase Assay System E1500
(Promega) and B-Galactosidase Enzyme Assay System E2000 (Promega)
were performed according to the manufacturer's instructions.

2.14. Statistical analysis

ECso was calculated from dose-response curves using the software
GraphPad Prism 4.0. Statistical significance was assessed either using a
one-way analysis of variance (ANOVA) followed by a Tukey's multiple
comparison test, or a two-way ANOVA with Bonferroni's post test where
appropriate. p-value < 0.05 was considered significant.
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Table 1
ECso and SI of imiquimod against RSV line 19 and A2.
HEp-2 A549 Vero
line 19 A2 line 19 A2 line 19 A2
ECso 09 = 0.5 0.8 =+ 0.4 3.0 = 21 = 0.7 1.2 = 04 1.5 = 0.6
SI 55 62 17 24 42 33

ECso: Effective Concentration 50. ECsq (g/ml) were calculated by nonlinear regression.
SI: selectivity indices (ratio CCso/CEsp). SI were calculated considering as CCso the maximal concentration tested (50 pg/ml).
Data represent mean + SD for n = 3 independent experiments, performed in triplicate.

3. Results
3.1. Evaluation of the anti-RSV effect of TLR agonists in vitro

To assess the effects of TLR stimulation on RSV infection, HEp-2 and
A549 cells were infected with RSV A2 (moi = 1) and treated with
different concentrations of Pam2CSK4 (TLR 2/6 agonist), poly(I:C)-
HMW (TLR 3 agonist), LPS (TLR 4 agonist), imiquimod (IMQ, TLR 7
agonist), resiquimod (RSQ, TLR 7/8 agonist) or CpG ODN 2395 (TLR 9
agonist). These TLR agonists concentrations were chosen based on
published data that demonstrate TLR stimulation in different cell types
in vitro (Tissari et al., 2005; Kan et al., 2012; Bueno et al., 2015;
Lucifora et al., 2018; Salinas et al., 2019). After 24 h, the amounts of

infectious virus particles in the culture medium were decreased only by
treatment with imiquimod, while the other TLR agonists did not affect
viral replication at these concentrations tested (Fig. 1).

3.2. Antiviral activity of imiquimod against RSV in vitro

In order to confirm the anti-RSV activity of imiquimod, HEp-2,
A549, and Vero cells were infected with RSV strains A2 and line 19
(moi = 1) and treated with different concentrations of imiquimod
during 24 h (0.1-50-pg/ml), and the selectivity index (SI), the re-
lationship between CCsq and ECs values, was calculated. Imiquimod
significantly reduced infectivity of both strains of RSV in a concentra-
tion-dependent manner (Table 1 and Fig. 2A). Besides, imiquimod had
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Fig. 2. Antiviral activity of imiquimod
against RSV in vitro. (A) HEp-2, A549 and
Vero cells were infected with RSV A2 and
line 19 (moi = 1) and treated with different
concentrations of imiquimod. After 24 h,
total virus yields were titrated by plaque
assay in Vero cells. (B) RSV A2 and line 19
were incubated with different concentra-
tions of imiquimod for 2 h at 37 °C.
Remaining infectivity was determined by
plaque assay in Vero cells. (C) For pre-in-
fection assays, HEp-2 and A549 cells were
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with imiquimod (10 pg/ml). After 1 h ad-
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no cytotoxic effect at all concentrations tested (CCso > 50 pg/ml).

Next, we evaluated whether the antiviral action against RSV was
due to a direct inactivation of the released virus. Suspensions of RSV A2
and line 19 were incubated with different concentrations of imiquimod
for 120 min at 37 °C, followed by titration of the remaining infectivity
in Vero cells. No reduction in viral titers was observed after treatment
with imiquimod with respect to untreated control, suggesting that it did
not exert a virucidal activity (Fig. 2B).

3.3. Influence of the duration of treatment with imiquimod on RSV
infectivity

To further characterize imiquimod inhibitory action, HEp-2 and
A549 cells were exposed to imiquimod before, during or after infection
with RSV A2, and virus yields were quantified at 24 h p.i. When imi-
quimod was added before or during RSV inoculation (moi = 1), no
significant inhibition of viral multiplication was detected. However,
RSV A2 virus yields significantly decreased when imiquimod was added
after infection in HEp-2 and A549 cells (Fig. 2C).

Then, we decided to make a time of addition assay at different times
after infection. Results showed that imiquimod was able to inhibit in-
fectious particle formation even when it was added at 8 h p.i. (Fig. 2D).
At later times points, imiquimod inhibition of viral replication de-
creased in HEp-2 and A549 cells (Fig. 2D). Hence, considering that

™

© ® 0 & o

Drug addition time (h)

imiquimod restrained its antiviral activity even when it was added at
8 h p.i,, it suggested that imiquimod did not affect an early step in the
viral life cycle, such as viral entry.

3.4. Effect of imiquimod on virus macromolecular synthesis

One of the most important steps in virus multiplication cycle after
entry into the host cell is the synthesis of viral RNA and proteins. Thus,
first, we examined if viral RNA synthesis was affected by imiquimod in
HEp-2 cells. For that purpose, intracellular RNA synthesis of RSV A2
was analyzed by qRT-PCR at different time points p.i. in the presence or
absence of imiquimod (Fig. 3A). The amounts of viral RNA in untreated
and treated cells were calculated in comparison to the content of viral
RNA in untreated infected cells at 6 h p.i., defined as 1. At6 hand 15 h
p.i., the content of viral RNA in cells infected with RSV and treated with
imiquimod was not statistically different to that in untreated infected
cells. By contrast, the relative contents of viral RNA in cells infected and
treated with imiquimod were significantly reduced in comparison to
untreated infected cells at 24 h p.i., when the peak in RNA synthesis
was detected for untreated cells (Fig. 3A). These results suggested that
treatment with imiquimod impaired viral RNA synthesis during RSV
infection.

Then, to evaluate the effect of imiquimod on the expression of RSV
proteins, IF analyses was performed using an anti-glycoprotein F (gF)
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Fig. 3. Effect of imiquimod on virus
macromolecular synthesis. (A) Viral RNA
synthesis. Total cellular RNA was extracted
at the indicated times p.i. and viral RNA
was quantified by qRT-PCR. The amounts of
viral RNA in untreated and treated with
imiquimod (10 pg/ml) HEp-2 cells were
calculated in comparison to the content of
viral RNA in untreated infected cells at 6 h
p.i., defined as 1. *Significantly different
from CV (p-value < 0.05); two-way ANOVA
with Bonferroni's post test. (B) Protein ex-
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antibody (Fig. 3B). We found that the majority of untreated infected
HEp-2 cells expressed gF protein (92%). On the other hand, a limited
appearance of fewer and scattered foci expressing gF was observed
when infected cells were treated with imiquimod, and the number of
fluorescent cells expressing gF was reduced to 7% in HEp-2 infected
cells treated with imiquimod (Fig. 3B).

Altogether, these results suggested that treatment with imiquimod
affected the ability of RSV particles to drive the biosynthesis of viral
macromolecules within the host cell. Even though imiquimod seemed
to inhibit more effectively viral protein expression than viral RNA
synthesis, the synthesis of both viral macromolecules were significantly
affected by imiquimod, that could finally lead to the markedly de-
creased in the amounts of infectious virus particles observed in infected
cells treated with imiquimod (Figs. 1 and 2A).

3.5. Antiviral activity of imiquimod was dependent on the PKA pathway

Although imiquimod is known as an agonist for TLR7, another TLR7
agonist, resiquimod, did not show anti-RSV activity in HEp-2 and
A549 cells (Fig. 1). As expected from previous studies (Tissari et al.,
2005; Han et al., 2014), both HEp-2 and A549 cells did not express a
functional TLR7 receptor, since these TLR7 agonists neither induced
cytokine production nor triggered activation of the transcription factor
NF-xB following stimulation of HEp-2 and A549 cells (Supplementary
Fig. 1). In contrast, poly (I:C)-HMW (TLR3 agonist) and Pam2CSK4
(TLR2/6 agonist) activated NF-xB and induced cytokine expression in
these cells (Supplementary Fig. 1). Moreover, imiquimod demonstrated
identical significant antiviral activity against RSV in HEp-2, A549 cells
and in the type I interferon deficient Vero cell line (Table 1 and
Fig. 2A). These results suggested that modulation of type I interferons

pression. IF staining was performed to detect
the intracellular localization of gF in HEp-
2 cells infected with RSV A2 and treated or
not with imiquimod (10 pg/ml) at 24 h p.i.
Magnification: 400X. Data represent
mean * SD for n = 3 independent ex-
periments, performed in  duplicate.
*Significantly different from CV (p-
value < 0.05); One way ANOVA with Tukey
post test.

merged

and cytokines was not required for the protective effect of imiquimod.
Thus, imiquimod transduced intracellular signals that elicit anti-RSV
activity independently of an innate response. In this sense, Schon et al.
(2006) reported that imiquimod acts not only as an agonist for TLR7
but also as an antagonist for adenosine receptors. Besides, Kan et al.
(2012) demonstrated that imiquimod, but not resiquimod, inhibits
HSV-1 replication via adenosine receptor Al/PKA pathway, in-
dependently of the TLR7 signaling pathway and IFN production. (Kan
et al., 2012). Thus, we hypothesize that imiquimod might exert its anti-
RSV activity through PKA pathway as well.

To test this suggestion, first we measured the effects of imiquimod
in HEp-2 and A549 cells on CREB (cAMP response element-binding)
phosphorylation, which is a known direct substrate of PKA (Naqvi et al.,
2014). We found that imiquimod treatment increased the amount of p-
CREB in total cell lysates, as early as 10 min (Fig. 4A). Interestingly,
treatment with a selective PKA inhibitor (KT5720) significantly blocked
imiquimod-induced phosphorylation of CREB (Fig. 4B), thereby pro-
viding additional evidence of PKA activation in imiquimod-treated
epithelial cells. However, an adenosine receptor Al agonist (R-PIA) did
not affect imiquimod-induced CREB phoshorylation (Fig. 4B), sug-
gesting that imiquimod might not be triggering CREB phoshorylation
through adenosine receptor Al in HEp-2 and A549 cells. Since KT5720
decreased the imiquimod-induced CREB phosphorylation, we sought to
investigate whether KT5720 was able to attenuate the antiviral effect of
imiquimod. In concordance with these results, imiquimod failed to in-
hibit RSV replication in HEp-2 and A549 cells treated with KT5720,
whereas imiquimod conserved its antiviral activity in cells treated with
R-PIA (Fig. 4C). Given the fact that imiquimod affected the ability of
RSV particles to drive the biosynthesis of viral macromolecules, such as
gF (Fig. 3B), we investigated whether KT5720 was able to reduce the
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Fig. 4. Effect of imiquimod on the PKA pathway. (A) Inmunoblot images of p-CREB and CREB expression, and quantitative densitometric analysis in HEp-2 and
A549 epithelial cells after exposure to either vehicle or imiquimod (10 pg/ml) during the indicated times. (B) Immunoblot images of p-CREB and CREB expression,
and quantitative densitometric analysis in HEp-2 and A549 cells after exposure or not to R-PIA (10 uM) or KT5720 (10 uM) pretreatment for 15 min, and then
stimulated or not with imiquimod (10 pg/ml) for 10 min. (C) HEp-2 and A549 cells were treated or not with R-PIA (10 uM) or KT5720 (10 uM) for 15 min, and then
infected with RSV A2 (moi = 1) and treated or not with imiquimod plus R-PIA or KT5720 for 24 h. Total virus yields were determined by plaque assay in Vero cells
and plotted as the percentage of inhibition with respect to untreated—infected control (CV). (D) Expression of cystatin A in HEp-2 and A549 cells treated with
imiquimod (10 pg/ml). At the indicated times after treatment, total RNA was extracted and gene expression was determined by real-time PCR. Data were analyzed
using the 27AACt formula. Actin was used as an internal for determination of gene expression. (CC): cell control (unstimulated and uninfected cells). (CV): un-
treated—infected control cells. Data represent mean =+ SD for n = 3 independent experiments, performed in duplicate. *Significantly different from CV (p-
value < 0.05); * significantly different from CC (p-value < 0.05); ¥Significantly different from imiquimod treated cells (p-value < 0.05); One way ANOVA with
Tukey post test. There were no statistically significant differences between imiquimod treated cells and imiquimod plus R-PIA treated cells regarding both p-CREB
expression and virus yields.

inhibition of gF expression by imiquimod, as well. Interestingly, imi-
quimod did not decrease gF expression in HEp-2 cells treated with
KT5720 (Supplementary Fig. 2). Moreover, taking into account that
PKA is one of the major families of eukaryotic cyclic adenosine
monophosphate (cAMP) receptors, and, therefore, it is activated by
cAMP, we hypothesized that elevated intracellular cAMP might de-
crease RSV titers and gF expression. To test this possibility, HEp-2 cells
were infected with RSV in the presence or absence of forskolin, a potent
inductor of cAMP production, or the cAMP analog dibutyryl cAMP
(dbcAMP), and viral titers and expression of gF were analyzed. We
found that both viral titers and expression of gF significantly decreased
in HEp-2 cells treated with either forskolin or dbcAMP (Supplementary
Fig. 2). Thus, these results suggested that an increase in cAMP levels,

wich in turn activates PKA, inhibited gF expression and attenuated viral
replication in epithelial cells.

Considering that the anti-HSV-1 activity of imiquimod is closely
related to cystatin A induction via PKA (Kan et al., 2012), the effect of
imiquimod on the mRNA expression of cystatin A in HEp-2 and
A549 cells was investigated. We found that cystatin A was significantly
up-regulated by imiquimod treatment in HEp-2 and A549 cells
(Fig. 4D).

Thus, these findings suggested that imiquimod might exert its anti-
RSV activity in HEp-2 and A549 cells by activating PKA, and probably,
through its downstream signaling effectors, such as cystatin A.
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Fig. 5. Effect of imiquimod on cytokine production in RSV infected cells. HEp-2 (A), A549 (B) and J774A.1 (C) cells were infected with RSV A2 and line 19
(moi = 1) and treated or not with imiquimod (10 pg/ml) and resiquimod (10 pg/ml) during 24 h. IL-6, IL-8 and TNF-a was determined by ELISA. CC: cell control

(unstimulated and uninfected cells). Data represent mean =+

SD for n = 3 independent experiments, performed in triplicate. * Significantly different from RSV

infected cells (p-value < 0.05). # Significantly different from CC (p-value < 0.05); One way ANOVA with Tukey post test.

3.6. Modulation of cytokine production by imiquimod in infected epithelial
and macrophage cell lines

It has been already reported that RSV is able to induce the expres-
sion of pro-inflammatory cytokines including IL-6 and TNF-a and
chemokines such as IL-8, that contribute to inflammation and the pa-
thology of the infection (Masaki et al., 2011; Li et al., 2016; Salinas
et al., 2019). Thus, we measured the effect of imiquimod on IL-6 and IL-
8 secretion in infected epithelial cells, and IL-6 and TNF-a in infected
macrophage cell line. As a control, cells were also treated with re-
siquimod. Supernatants harvested from HEp-2, A549 and J774A.1 cells
infected with RSV A2 and line 19 strains (moi = 1) and treated or not
with imiquimod (10 pg/ml) and resiquimod (10 pg/ml) were used to
quantify IL-6, IL-8 and TNF-a by ELISA.

As expected from previous results (Supplementary Fig. 1), no sig-
nificant differences between cytokines release from untreated and
imiquimod and resiquimod-treated epithelial cells were detected. Be-
sides, we found that imiquimod significantly decreased RSV-induced IL-
8 and IL-6 expression in HEp-2 and A549 cells, whereas resiquimod did

not affect cytokine production in RSV-infected HEp-2 and A549 cells
(Fig. 5). In contrast, in J774A.1 cells, imiquimod and resiquimod sti-
mulated pro-inflammatory cytokine secretion, and, interestingly, we
observed that neither imiquimod nor resiquimod affected RSV induced-
IL-6 and TNF-a production in these cells.

3.7. In vivo evaluation of imiquimod antiviral effect

Having demonstrated that imiquimod had antiviral and im-
munomodulatory properties against RSV A2 and line 19 in vitro, the
question whether these properties were functional in vivo was ad-
dressed. For that purpose, a well-characterized model of murine pul-
monary RSV infection was used (Lukacs et al., 2006; Stokes et al., 2011;
Woolums et al., 2011; Rudd et al., 2016; Salinas et al., 2019). In un-
infected mice, an i.n. dose of 5 mg/kg of imiquimod had no effect on
general health and behavior. Thus, 1 h after RSV A2 and line 19 in-
fection by nasal instillation, mice were treated with i.n. administration
of 5 mg/kg of imiquimod. Then, mice were subsequently treated with
daily administration with imiquimod until day 4 p.i. Mice inoculated
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Fig. 6. In vivo evaluation of imiquimod
antiviral effect. Female Balb/c mice were
infected with RSV line 19 and A2
(5 X 10° PFU) by intranasal (i.n.) instilla-
tion, concomitant with 5 mg/kg of imi-
quimod by i.n. administration on day 0. On
days 1-4, all mice received further in-
oculations of imiquimod i.n. (A-B) Weight
was monitored and assessed as a percentage
of starting weight. Day 0O refers to time right
before inoculation. * at day 2, values for
imiquimod-treated infected mice were sig-
nificantly higher than infected mice (p-
value < 0.05). (C) The animals were killed
on day 4 and the lungs were used for titra-
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i.n. with PBS were used as untreated controls. Weight loss was assessed
daily, viral load was determined on day 4 p.i. (the time point of peak
viral load in this model), and pulmonary gene transcription and histo-
pathology was assessed on day 8, given that the pathology is most se-
vere between days 5 and 8 p.i., when peaks the progression of peri-
bronchovascular infiltrates and inflammation (Stokes et al., 2011; Rudd
et al., 2016).

Weight loss is a quantitative measure of RSV illness severity in the
BALB/c mouse model (Stokes et al., 2011; Rudd et al., 2016). A2 and
Line 19 RSV-infected mice showed an early weight reduction on day 2
p.i., (Fig. 6A and B) (Stokes et al., 2011; Rudd et al., 2016; Salinas et al.,
2019). In contrast, RSV A2 and line 19 infected mice treated with
imiquimod not only had significantly less weight loss on day 2 p.i., but
also over the entire course of the experiment when compared to un-
treated infected controls (Fig. 6A and B). In concordance with that, RSV
A2 and line 19 titers in the lung were significantly lower in imiquimod-
treated mice compared to untreated animals at day 4 (Fig. 6C).

A number of cytokines have previously been outlined to be im-
portant in the severity of the pathophysiology and the induction of AHR

and mucus (Woolums et al., 2011). Previously, it was shown that RSV
A2 and line 19 infected mice induce the transcription of pro-in-
flammatory cytokines TNF-a and IL-6, Th2-type cytokine IL-4, Th1-type
cytokine IFN-y, and Th17-type cytokine IL-17 A, in the lungs with re-
spect to uninfected animals (Salinas et al., 2019). Interestingly, infected
mice treated with imiquimod had significantly lower levels of all these
cytokines than those observed in control infected animals (Fig. 7).

As shown in Fig. 8, RSV A2 and line 19 infections recapitulated
previously reported abnormal histology of lung sections (Rudd et al.,
2016). H&E staining showed alveolar walls, and alveolar spaces filled
with moderate to severe inflammatory infiltrates of cells in infected and
mock-treated group. The lung sections from imiquimod treated group
were more closely resembled to that of the uninfected controls
(Fig. 8A). In concordance, results of semiquantitative histological
scoring showed that imiquimod significantly reduced RSV-induced
pathological changes (Fig. 8B). Thus, imiquimod reduced lung in-
flammation and inflammatory cell infiltration (Fig. 8).

Taken together, these results, demonstrated that imiquimod re-
strained RSV infection in the lung, as well as modulated cytokine
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Fig. 7. Cytokines gene expression de-
termined by real-time PCR. Pulmonary
cytokines expression was assessed on day 8
p.i. and the data were analyzed using the
27 A4St formula. Actin was used as an in-
ternal for determination of gene expression.
Data show mean = SD from n = 3 mice/
condition. *Significantly different from RSV
infected mice (p-value < 0.05); One way
ANOVA with Tukey post test.

Fig. 8. Lung histology. (A) Light micro-
graphic images of pulmonary histology of H
&E-stained lungs collected at day 8 p.i.,
shown at original magnification x100, re-
presentative of n = 3/condition. (B) An
index of pathologic changes in H&E slides
was obtained by scoring the inflammatory
infiltrate around the airways and vessels for
greatest severity. The Inflammation Index
was calculated as the average of the air-
ways' index, and it was plotted as percen-
tage with respect to mock-treated infected
mice, which was considered 100% of in-
flammation. *Significantly different from
mock-treated infected mice (p-value <
0.05); One way ANOVA with Tukey post
test.
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response and ameliorated lung injury.
4. Discussion

Imiquimod is known as a TLR7 agonist, but additionally acts as an
antagonist for adenosine receptors (Schon et al., 2006). Currently, it is
used in the treatment of human papilloma virus genital warts (Schon
and Schon, 2006). Besides, it has direct antiviral activity against HSV-1
in human amnion cells, and moreover, it decreases total intracellular
HBV DNA as well as secretion of HBe antigens in hepatocytes, in vitro,
independently of the TLR signaling pathway (Kan et al., 2012; Lucifora
et al., 2018).

In this study, we found anti-RSV activity of imiquimod, but not
resiquimod, in HEp-2 and A549 cells, and this phenotype is in-
dependent of an innate response. Interestingly, although Pam2CSK4
and poly(I:C)-HMW activate the innate response in A549 and HEp-
2 cells, we do not observe anti-RSV activity of these TLR ligands. In this
sense, there is compelling evidence that RSV is able to interfere with
TLR signaling pathways. For instance, it has been reported that RSV
interferes with TLR7 and TLR9 signaling pathways in human plasma-
cytoid dendritic cells, and with TLR3 and TLR9 in mice (Guerrero-Plata
et al., 2005; Schlender et al., 2005). Thus, RSV may interfere with the
activation of the innate response induced by TLR2/6 and TLR3 ligands
in HEp-2 and A549 cells.

Herein, we identified PKA as a key downstream effector of imi-
quimod actions against RSV in HEp-2 and A549 cells, similarly as it was
shown for HSV-1 (Kan et al., 2012). This conclusion is based on bio-
chemical evidence of PKA activation (phosphorylation of CREB) in
imiquimod-treated epithelial cells. Additionally, PKA inhibition by
KT5720 blocks imiquimod-induced phosphorylation of CREB, and im-
portantly, imiquimod antiviral effects and imiquimod inhibition of gF
expression, as well. Considering that R-PIA, a selective A1l adenosine
agonist, does not affect imiquimod-induced phosphorylation of CREB
and imiquimod antiviral activity under our treatment conditions, we
cannot exclude the possibility that imiquimod may act as an inverse
agonist of another G-protein-coupled receptor (GPCR) coupled to Gai,
or as an agonist of a GPCR coupled to Gas, present in these cells.

PKA is one of the major families of eukaryotic cAMP receptors to-
gether with the exchange protein directly activated by cAMP (EPAC)
(Cheng et al., 2008). The development of inhibitors specific to cAMP,
PKA and EPAC has enabled researchers to study the importance of this
signaling under various cellular conditions, including viral infection
(Rezaee et al., 2017; Choi et al., 2018). In this sense, as well as the
reported anti-HSV-1 activity of imiquimod as a consequence of its ac-
tivation of cAMP/PKA (Kan et al., 2012), there are other recent studies
on the potential effect of cAMP/PKA and cAMP/EPAC activators or
inhibitors on viral replication. For instance, activation of either cAMP/
PKA or EPAC/Rapl-dependent signaling has been shown to inhibit HIV-
1 replication and cell-to-cell HIV-1 transfer (Hayes et al., 2002;
Clemente et al., 2014). On the other hand, selective inhibition of EPAC
significantly reduced susceptibility to Middle East respiratory syndrome
coronavirus (MERS-CoV) infections (Tao et al., 2014). Particularly in
case of RSV infections, inhibition of cellular EPAC2 protein significantly
prevents RSV replication and RSV-induced inflammatory responses in
vitro (Choi et al., 2018). Moreover, Rezaee et al. (2017) found that the
activation of the cAMP/PKA signaling pathway by forskolin and a
stable cell-permeable analog of cAMP attenuate RSV-induced disrup-
tion of structure and functions of the airway epithelial barrier and,
besides, inhibit expression of RSV A2 F mRNA in vitro. Similarly, we
have observed that forskolin and an analog of cAMP reduce the
amounts of infectious viral particles and affect gF expression in epi-
thelial cells (Supplementary Fig. 2). Taken together, our present study
and the described publications highlight cAMP/PKA and cAMP/EPAC
pathways as potent modulators of viral infections in vitro, suggesting
they could be a promising therapeutic target for viral infections in vivo.

Airway epithelial cells are the major target of RSV infection in the
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lung, and we have shown that imiquimod has concentration-dependent
antiviral activity against RSV strains A2 and line 19 in epithelial cells
when added after infection. Besides, imiquimod essentially restricts
RSV infection after viral entry into the host cell, interfering with viral
RNA and protein synthesis. Likewise, Kan et al. (2012) reported that
imiquimod suppresses HSV-1 replication without affecting HSV-1 entry.

Despite the valuable information that infected cells and tissues may
provide, animal models are essential to analyze the safety, efficacy and
mechanisms of antiviral and immunomodulatory compounds in the
complex physiology of the lungs. Notably, in this study we have verified
that there is a reduction of the viral titers in the lungs in mice infected
with RSV A2 and line 19 treated with imiquimod. This is particularly
important, as some studies have shown that virus-induced pathogenesis
and disease severity are positively correlated with viral load
(Buckingham et al., 2000; DeVincenzo et al., 2010; Houben et al., 2010;
Torres et al., 2010; De Clercq, 2015; Skjerven et al., 2016). In this sense,
imiquimod not only exerts a reduction of the viral titers in the lung, but
also a decrease in weight loss and airway inflammation. Interestingly,
we also found that imiquimod is able to reduce pro-inflammatory cy-
tokines production in human epithelial cells infected with RSV. Im-
portantly, RSV productively multiplies in these cell lines. However, RSV
does not multiply in J774A.1 cells in our experimental settings, and
strikingly, imiquimod did not reduce cytokine production in this cell
line. Thus, considering these findings, and that the induction of many
proinflammatory mediators is virus replication dependent in epithelial
cells, we speculate that imiquimod might not directly modulate cyto-
kine production in infected cells, and it probably affects cytokine/
chemokine induction in epithelial cells solely as a consequence of its
control of viral replication in vitro. Likewise, we hypothesize that the
beneficial effect of imiquimod on airway and lung inflammation could
be mainly an indirect consequence of imiquimod-suppressed RSV re-
plication. Similarly, it is proposed that imiquimod is able to reduce
pulmonary inflammation and weight loss following influenza A virus
infection because of its capacity to clear virus during the acute infection
phase of infection (To et al., 2019). However, it was previously reported
that the immune response to RSV infection in TLR7 —/— mice is more
pathogenic compared to wild-type mice, associated with an alteration
in T cell and dendritic cell responses (Lukacs et al., 2010). Thus, con-
sidering the central role of the TLR7 signaling in the immune response
against RSV infection, we cannot exclude the possibility that imiquimod
may attenuate the airway inflammation through direct modulation of
the immune response via TLR7 signaling as well.

Overall, given that viral replication and lung inflammation are key
risk factors for RSV disease severity, imiquimod inhibitory effect on
both the production of infectious progeny viruses and airway in-
flammation in mice, supports imiquimod as a promising therapeutic
alternative to control RSV replication and pathogenesis. Interestingly, it
has been recently reported that intranasal delivery of imiquimod results
in a reduction in viral replication, bodyweight loss and airway in-
flammation following influenza A virus infection (To et al., 2019).
Thus, these findings together with and our results support imiquimod as
a strong candidate for the treatment of respiratory viral infections. In
order to analyze whether imiquimod restrains RSV infection solely via
PKA pathway in vivo, further specific activators and/or inhibitors in-
volved in this pathway should be examined in animals infected with
RSV.

5. Conclusion

This study demonstrates that imiquimod has direct antiviral activity
against RSV via PKA pathway, and, probably as a consequence of these
anti-RSV properties, imiquimod displays cytokine modulating activity
in RSV infected cells, in vitro. Moreover, in a murine model of RSV
infection, imiquimod treatment improves the course of acute disease,
evidenced by decreased weight loss, reduced RSV lung titers, and at-
tenuated airway inflammation. Consequently, imiquimod represents a
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promising therapeutic alternative against RSV infection and may in-
form the development of novel therapeutic targets to control RSV pa-
thogenesis.
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