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ARTICLE INFO ABSTRACT
Keywords: HRSV is responsible for many acute lower airway infections and hospitalizations in infants, the
Human respiratory syncytial virus elderly and those with weakened immune systems around the world. The strong inflammatory

Synthetic stigmastanes
Antiviral
Anti-inflammatory

response that mediates viral clearance contributes to pathogenesis, and is positively correlated
with disease severity. There is no specific effective therapy on hand. Antiviral synthetic stig-
mastanes (22S, 235)-22,23-dihydroxystigmast-4-en-3-one (Compound 1) and 22,23-dihydroxys-
tigmasta-1,4-dien-3-one (Compound 2) have shown to be active inhibiting unrelated virus like
Herpes Simplex type 1 virus (HSV-1) and Adenovirus, without cytotoxicity. We have also shown
that Compound 1 modulates the activation of cell signaling pathways and cytokine secretion in
infected epithelial cells as well as in inflammatory cells activated by nonviral stimuli. In the
present work, we investigated the inhibitory effect of both compounds on HRSV replication and
their modulatory effect on infected epithelial and inflammatory cells. We show that compounds 1
and 2 inhibit in vitro HRSV replication and propagation and reduce cytokine secretion triggered
by HRSV infection in epithelial and inflammatory cells. The compounds reduce viral loads and
inflammatory infiltration in the lungs of mice infected with HRSV.

1. Introduction

Human respiratory syncytial virus (HRSV) is responsible for the majority of acute lower airway infections in children worldwide
and a common cause of infant hospitalization in the developed world. HRSV is also responsible for lower respiratory infections and
mortality in elderly and immunocompromised individuals ([1,2]).

After HRSV infection, a robust neutrophil response and IL-8 secretion begin. Although this response is needed to eliminate the virus
from the site of infection, it also correlates with disease severity. CD8" T-cell response mediates viral clearance, but it may be harmful.
Cytokines and local innate immune factors contribute to pathogenesis [3]. This suggests that it is necessary not only to eliminate the
virus, but also to control the inflammatory response which initiates upon infection, and which eventually triggers and is responsible of
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the immunopathology.

There is no specific therapy on hand. Infants with serious HRSV bronchiolitis receive oxygen supply and fluids as supportive
treatment [4]. Ribavirin aerosol application was approved for severe HRSV infections in hospitalized children. However, its use is
controversial since it is not easily delivered by aerosol, it may cause anemia, and no significant benefit has been demonstrated [4-6].
Besides, teratogenic and embryocidal effects of ribavirin have been found in almost all animal studies; this drug is contraindicated in
pregnant women, and the use of contraception is required for female patients receiving Ribavirin or female partners of male receiving
Ribavirin [7].

Palivizumab is a monoclonal antibody against HRSV approved for prophylactic treatment in high-risk children, its efficacy has been
proven high but not complete [8] and its cost is prohibitive ([9,10]). Thus, there are no effective antivirals against HRSV until today
[11].

There are currently many vaccines for HRSV being developed and tested and one vaccine has been recently approved by FDA, for
HRSV prevention among the elderly (individuals of 65 years of age and older). Nevertheless, there is still no vaccine approved for
HRSV in children [12-14].

Therefore, novel therapeutics are needed. Considering that HRSV infection triggers a potential harmful immune response to the
host, a drug with antiviral and anti-inflammatory activities would be highly beneficial for the treatment of this respiratory disease.

Antiviral synthetic stigmastanes (22S, 23S)-22,23-dihydroxystigmast-4-en-3-one (Compound 1) and 22,23-dihydroxystigmasta-
1,4-dien-3-one (Compound 2) have shown to be active inhibiting unrelated virus like Herpes Simplex type 1 virus (HSV-1) and
Adenovirus, at non-cytotoxic concentrations ([15,16]). We have also shown that Compound 1 modulates cell signaling and cytokine
secretion in infected epithelial cells and in inflammatory cells induced by non-viral stimuli ([17,18]).

With the objective of finding new potential drugs for the treatment of HRSV infections, we studied the inhibition of HRSV repli-
cation by compounds 1 and 2, and the modulatory effect of the compounds on epithelial and inflammatory cells infected with HRSV.
We found that compounds 1 and 2 inhibit HRSV replication and reduce cytokine secretion triggered by HRSV infection in vitro and
diminish viral loads and inflammatory infiltration in the lungs of infected mice. Hence, both compounds present themselves as
promissory drugs getting together antiviral and anti-inflammatory activities for the management of immunopathologies triggered by
viruses like HRSV and other respiratory viruses.

2. Materials and Methods
2.1. Cells and viruses and treatment solutions

The human HEp-2 cells (human epidermoid cancer cell line) (ATCC Number CCL-23) were grown in DMEM/F12 (Cat Number
12400-016, Gibco) supplemented with 10% inactivated fetal bovine serum (FBS) (Natocor) (DMEM/F12, 10%). THP-1 cells (human
acute monocytic leukemia cell line) (ATCC Number TIB-202) and murine macrophages J774A.1 (sarcoma monocyte/macrophage cell
line) (ATCC Number TIB-67), kindly provided by Dr. Osvaldo Zabal (INTA-Castelar, Buenos Aires, Argentina), were grown in RPMI
1640 (Cat Number 31800-014, Gibco) supplemented with 10% inactivated FBS (RPMI 10%). A549 cells (human lung carcinoma cell
line) (ATCC Number CCL-185) and Vero cells (green monkey kidney cell line) (ATCC Number CCL-81) were grown in MEM (Cat
Number 41500-067, Gibco) supplemented with 5% FBS. HRSV strains A2 and line 19 (L19) were kindly provided by Dr. Laura Talarico
(INFANT-Buenos Aires, Argentina). Working stocks of HRSV were prepared as previously described [19]. Briefly, semiconfluent
monolayers of HEp-2 cells were infected with HRSV strains line 19 and A2 (multiplicity of infection moi = 0.2) in serum-free MEM and
incubated 3-4 days, following-up the progress of CPE daily, until CPE >80% of cell monolayer, but still attached to flask bottom. After
supernatant was removed, 5 mL of cold 25% (w/v) sterile sucrose was added to stabilize and reduce loss of infectivity of the virus. The
flask with cell surface covered with sucrose solution was frozen at —80 °C. Lysates obtained after three cycles of freezing and thawing
were transferred to sterile 15 mL conical tubes and centrifuged at 500xg and 4 °C for 10 min. Cellular debris was removed, and su-
pernatants were aliquoted and stored at —80 °C until use. Virus was titrated in Vero cells by plaque assay, in serum-free MEM with
methylcellulose 1.4%.

Compounds 1 and 2, dissolved in DMSO (Cat Number 472301, Sigma), were diluted with culture medium for testing. The maximum
concentration of DMSO tested was 1% v/v and it was non cytotoxic under experimental conditions.

2.2. Cytotoxicity assay

Cell viability was assayed with the tetrazolium salt MTT (3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Cat
Number M2128, Sigma), as previously reported by Denizot and Lang, 1986 [20]. Cells grown in 96 microwell plates were incubated
with different concentrations of the compounds, ranging from 3.1 pM to 200 pM, for 24 h at 37 °C. The absorbance of each well was
measured on a microplate reader (Eurogenetics MPR-A 4i) at a test wavelength of 570 nm (reference wavelength of 630 nm). Results
were plotted as percent absorbance of treated cells with respect to untreated cells. The cytotoxic concentration 50 (CCsg) was defined
as the concentration of the compounds which reduced cell viability by 50% relative to untreated cells incubated with medium alone.

2.3. Antiviral activity

Cells grown to monolayers in 24-well plates were infected with HRSV A2 and L19 (moi = 0.1 in A549 cells and moi = 1 in Vero
cells), in serum-free MEM. After 2 h adsorption at 37 °C, the inoculum was removed and different concentrations of the compounds
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(0.3-40 pM) were added during 24 h, in triplicate. The cells were incubated at 37 °C until 24 h p.i. Plates were frozen and thawed and
virus yields were titrated by plaque assay in Vero cells, in serum-free MEM with methylcellulose 1.4%. The effective concentration 50
(ECsp) was calculated as the concentration of compounds which reduced viral yields by 50% relative to virus control. The selectivity
index (SI) was then defined as CCsy/ECsp.

2.4. Virucidal effect

HRSV A2 and line 19 (108 and 107 PFU, respectively) were incubated in culture medium with or without 200 pM of each compound
during 15, 60 and 90 min at 37 °C. After that, successive 1/10 dilutions of the samples were made up to 10> — 10~ and remaining
infectivity was titrated on Vero cells by plaque assay. The final compounds concentrations under these conditions were between 0.002
pM and 0.0002 pM.

2.5. Time-of-addition assays

For pre-treatment assays, A549 cells were treated with 5 pM and 25 pM of the compounds during 24 h at 37 °C before infection.
After that, cells were washed with PBS, infected with HRSV A2 and L19 (moi = 0.1) in serum-free MEM, and incubated at 37 °C for 2 h.
After that, inoculum was discarded, and cells were further incubated for 24 h with serum-free media.

To study the effect of the compounds during virus adsorption, cells were infected with HRSV A2 or L19 (moi = 1) and simulta-
neously treated with 20 pM and 40 uM of each compound. After 2 h adsorption at 4 °C, the virus-drug mixture was discarded, cells were
washed, and compound free medium was added. Cells were incubated for further 24 h, at 37 °C.

To study the effect of the compounds during virus internalization, cells were infected with A2 or L19 (moi = 1) and, after 2 h of
adsorption at 4 °C, the infected cells were treated with 20 pM or 40 pM of the compounds, during 15 and 60 min, for both concen-
trations of the compounds, at 37 °C. Non-internalized virus was inactivated with citrate buffer pH 3 and cells were washed and further
incubated for 24 h at 37 °C.

For the post-infection (p.i.) treatments (time of addition/removal assays), cells were infected with HRSV A2 and L19 (moi = 1) for
2 h at 37 °C and then treated with 40 uM of the tested compounds, during 4 h intervals, at different times p.i. (0, 4, 16 and 20 h p.i.).

Infected control not treated cells (CV) were included in all the assays. At 24 h p.i., after freezing and thawing, supernatants were
titrated on Vero cells by plaque assay.

2.6. Indirect inmunofluorescence

A549 cells grown in coverslips were infected or not with HRSV A2 and L19 (moi = 0.1) in serum-free MEM, with or without 10 pM
of compounds 1 and 2. At different times p.i., cells were fixed in methanol for 10 min at —20 °C and processed for indirect immu-
nofluorescence (IIF): after three washes with PBS, the coverslips were incubated for 30 min at 37 °C, inverted on a drop of diluted
primary mouse monoclonal antibody anti-gF of HRSV (Cat Number R1600, US Biological Life Sciences). Then, they were subjected to
three additional washes with PBS, back in the culture dishes. Afterwards, cells were incubated with diluted secondary goat anti-mouse
FluoroLinkTM CyTM3 (GE Healthcare) antibody for 30 min at 37 °C. Then, coverslips were washed again with PBS, and incubated with
Dapi (Cat Number D9542, Sigma) to stain cell nuclei. Coverslips were mounted, observed, and photos were taken under an Olympus
IX71 with epifluorescence optics. The number of cells with gF fluorescence with respect to the total cell number stained with Dapi was
determined, and the percentage of cells expressing gF was calculated, in 5 different fields, in duplicate.

2.7. Quantitative analysis of fluorescence

The images obtained with a 40X magnification were imported into the NIH ImageJ 1.34s program (designed by Wayne Rasband,
NIMH, Bethesda). Immunofluorescence images were converted to an 8-bit grayscale from 0 (black) to 255 (white). The total fluo-
rescence of the individual cells was analyzed, and we obtained a mean fluorescence density for each. To compare the distribution of
fluorescence within the cell, the results were analyzed in a spreadsheet (Excel®). The total fluorescence intensity was calculated.

2.8. Cytokine determination

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

2.9. In vivo assays in mouse model

The mouse model was approved by Comision Institucional de Cuidado y Uso de Animales de Laboratorio (CICUAL), Facultad de
Ciencias Exactas y Naturales, Universidad de Buenos Aires, Argentina, as experimental protocol N° 43. Female Balb/C mice were
purchased from Facultad de Veterinaria, Universidad de Buenos Aires, Argentina. The animals were handled according to the Animal
Care Guidelines from the National Institute of Health (USA) [21]. The experiments were performed in an Animal Facility Biosafety
Level 3 (ABSL-3) (UOCCB, ANLIS-Malbran, Buenos Aires, Argentina), where animals were kept 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.
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2.9.1. Toxicity evaluation

The in vivo toxicity assay was performed in 6-8-week-old female Balb/c mice, which received different doses of the compounds,
from 2.5 mg/kg to 10 mg/kg, dissolved in DMSO 90%, during 4 consecutive days. Mice weights were daily registered. Signs of toxicity
such as lachrymation, piloerection, stereotypies, were also evaluated.

2.9.2. Pulmonary infection

The sample size was calculated using Power and Precision software (www.Power-Analysis.com). The main objective was to
compare the percentages of weight loss and viral titers between those animals infected with HRSV and those infected and treated with
the antiviral.

The infectious dose used was as previously described for L19 strain of HRSV in the mouse model ([22,23]). Mice received 50 pl
HRSV L19 (5 x 10° PFU) or 25% (w/v) sucrose by intranasal (i.n.) delivery under light general anesthesia (isoflurane) (6 per group).
The mice also received different doses from 2.5 mg/kg to 10 mg/kg of compounds 1 and 2, 2.5 mg/kg of Dexamethasone (DEX) and 25
mg/kg of Ribavirin (RBV), or DMSO 90% (vehicle, control group), at 1 h p.i., intraperitoneally (i.p.). Mice further received a daily dose
of compounds 1 and 2, DEX and RBV or vehicle, until day 4 p.i.. Body weights were monitored daily, and groups of mice were
euthanized on day 4 or 8 p.i.. Lungs from day 4 were removed, weighed, and infectious virus was titrated. Briefly, snap frozen lungs
were homogenized in glass Dounce homogenizers. Samples were centrifuged at 4 °C for 10 min at 300 g and supernatants were titrated
by plaque assay in Vero cells. Lungs from day 8 were fixed by submersion in Bouin solution during 24 h and subsequently subjected to
histological sectioning and staining.

2.10. Statistical analysis

CCsp and ECsq values were obtained from dose-response curves using the software GraphPad Prism 6.0. Statistical significance was
assessed either using a one-way analysis of variance (ANOVA) followed by the post hoc Tukey’s multiple comparison test. p-Value <
0.05 was considered significant.

3. Results
3.1. Compounds 1 and 2 inhibit HRSV replication in epithelial cells

The epithelium of the respiratory tract is both the main target and the initial defense against HRSV. HRSV replication and spread
along the epithelium is dependent on the innate immune response [24]. Immortalized respiratory epithelial cell lines, like A549 cells,
are commonly used as in vitro models for the study of airway epithelium (EC) response to HRSV infection. Vero cells are commonly used
for the propagation and study of HRSV as well [25]. We then decided to study the effect of our compounds in these well-known
epithelial cell lines infected with HRSV.

Firstly, the cytotoxic concentration 50% (CCsg) for each compound was evaluated. Compounds 1 and 2 showed CCsp higher than
50 pM in A549 and Vero cells. Besides, in 549, Compound 2 showed CCsp higher than the highest concentration tested (200 pM).

Since HRSV infections caused by strain A appear to be more frequent and more transmissible than HRSV-B, we chose two laboratory
A strains, A2 and L19 to perform antiviral and anti-inflammatory studies [2]. HRSV A2 strain exhibits higher replication kinetics and
greater cytopathic effect in Vero and A549 cells and in respiratory epithelial cultures, than other laboratory or clinical isolates [2]. L19
strain, on the other hand, is mostly used to infect mice in which it establishes an adequate model to study lung pathophysiology and
immunological responses.

Hence, both HRSV A2 and L19 strains were employed to evaluate the antiviral activity of the compounds by means of a virus yield
reduction assay in A549 and Vero cells. Virus replication in infected cells treated with both compounds was inhibited in a dose-
dependent manner, with the higher Selectivity Index (SI) (CCs¢/CEsp) detected in A549 cells after 24 h p.i. The SI is a ratio which
gives an idea of the range between cytotoxicity and antiviral activity of an antiviral drug/compound. The higher the SI ratio, the more
effective and safer the antiviral should be. Compound 2 inhibited HRSV A2 and L19 strains with higher SI than compound 1 (Table 1).

HRSV propagation was also altered. When A549 cells were infected with HRSV A2 and L19 strains and treated during 24 h with 10
uM of compounds 1 and 2, a significant decrease of fusion (F) glycoprotein expression was observed in infected cells treated with both

Table 1
Antiviral activity of compounds 1 and 2
COMPOUND 1 COMPOUND 2
HRSV A2 HRSV L19 HRSV A2 HRSV L19
ECso (uM) SI ECs (uM) SI ECso (LM) SI ECso (pM) SI
A549 3.5 16 6 8.8 1.8 >116 6.1 >32.5
Vero 14.8 6.7 12 8.1 5.4 10.4 5.2 10.8

ECso: Effective Concentration 50%. ECso were calculated by nonlinear regression. Data represent mean + SD for 3 independent experiments, per-
formed in duplicate.
SI: selectivity indices (ratio CCso/ECsp).
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compounds by immunofluorescence staining (Fig. 1A). This reduction was evidenced both in a lower density of fluorescence intensity
per cell (Fig. 1B) and in a smaller number of fluorescent cells (Fig. 1C). Therefore, viral protein expression and virus propagation were
inhibited by compounds 1 and 2. Single-color images of Fig. 1A have been included as supplementary material (Figure S1).

To rule out the possibility that both compounds would be exerting a direct inhibitory effect on HRSV infectivity, we performed a
virucidal assay. Viral suspensions were incubated with 200 uM of the compounds during 15, 60 and 90 min at 37 °C and the residual
infectivity was titrated by plaque assay in Vero cells. The compounds exhibited no virucidal activity at any of the time points evaluated
(Fig. 2).

3.2. Inhibitory activity dependence on the lapse of addition of the compounds

We chose A549 cells to continue with the characterization of the inhibitory activity of compounds 1 and 2 since this cell line is
derived from pulmonary tissue. We first performed time-of-addition experiments. A549 cells were treated with the compounds before
infection (pre-treatment) or at virus entry (adsorption/internalization), and virus yields were determined at 24 h p.i. Neither com-
pound 1 nor 2 inhibited HRSV replication when added before infection (Fig. 3A) and/or during virus entry into the cells (Fig. 3B and
Q).

To determine whether the compounds would be exerting their antiviral effect at an early or late step of virus replication cycle, we
performed a time-of-addition and removal assay. Viral replication was significantly inhibited in the presence of both compounds
during a 24 h period (Fig. 4A-D), with viral yields of or less than 100 PFU/mL. Compounds 1 and 2 displayed their antiviral effect
along the first 8 h p.i. when added during 4 h intervals starting immediately after infection and from 4 h p.i. onwards, being the higher
inhibition between 4 and 8 h p.i. (Fig. 4 A and C). Furthermore, when infected cells were treated with either of the compounds during
the first 8 h p.i., viral protein F expression was considerably reduced at 24 h p.i. (Fig. 5). No inhibitory effect was observed when the
compounds were added at the 16-24 h p.i. interval (Fig. 4 B and D).

3.3. In vitro immunomodulatory activity of the compounds

It has been extensively described that HRSV induces the expression of proinflammatory cytokines like IL-6 and TNF-a, and che-
mokines like IL-8, which participate in inflammation and the related immunopathology ([1,3,26]). Therefore, we studied the effect of
the compounds on the secretion of these immune mediators in infected epithelial and immune cells. As we have previously reported,
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Fig. 1. Inhibitory activity of compounds 1 and 2 on HRSV F protein expression. Diagram of the experimental setup. A) A549 cell monolayers grown
in coverslips in 24-well plates (for IIF) were infected with HRSV A2 and L19 strains (moi = 0.1) and incubated for 2 h at 37 °C. The inoculum was
discarded, and cells were further incubated with fresh medium or treated with 10 pM of the compounds for further 24 h. Cells were processed for an
IIF to detect HRSV F protein (red), as described in Materials and Methods. Cells nuclei were stained with Dapi (blue).

Quantification of the IIF. (B) Mean fluorescence intensity of F was quantified as described in Materials and Methods. (C) The number of fluorescent
cells expressing F was determined in ten different fields of the control and each treatment condition, in duplicate, and it was expressed as percentage
of cells expressing F protein with respect to the total cells in the field. * Significantly different (p < 0.05), One-way ANOVA with post-hoc Tukey test.



C.A. Bueno et al. Heliyon 9 (2023) 20148

A) Ccv COMPOUND 1 COMPOUND 2
h - - -
- - - -

B) HRSV A2 HRSV L19

2x10° ‘ : ‘ 5x10°F ‘ ; =
2 2
@ 1.5x10°f [ sl
(1] Q
° T 3x10°
§ 1%10°} §
£ | £ 2x109
g 5x108} g i
h) 2 1x10
0 0
RY N} N
© o S
N N
o5 e
K N3
o°& o°(°
C) -

2 80

%A * *

35 — :

£2

2 & 40

g ug’zo

i PN PN

8 o

S QO \J
0 ,L(‘ \(\“ ,»(‘
a 3 Q L
00& 00& 00@ 006‘
A2 L19

Fig. 1. (continued).



C.A. Bueno et al. Heliyon 9 (2023) 20148

COMPOUND 1 COMPOUND 2
109 -

PFU/ml
;

) g
PFU/mI

106..

I T T T T F T T T T

0 20 40 60 80 100 0 20 40 60 80 160
Time (min) Time (min)

© A2virusonly Ay L19virusonly -&- L19 Comp.1 -m- A2Comp.1 -e. L19 Comp.2 -8- A2 Comp. 2

Fig. 2. Effect of compounds 1 and 2 on HRSV infectivity. Aliquots of 10% PFU/mL and 107 PFU/mL of HRSV A2 and L19 strains, respectively, were
incubated for 15, 60 and 90 min at 37 °C in the presence or absence of 200 pM of compounds 1 and 2. Remaining infectivity was determined by
plaque assay in Vero cells, as described in Materials and Methods. Data represent mean =+ SD for 3 independent experiments, performed in duplicate.

HRSV does not multiply in murine macrophages J774A.1 [27]. Moreover, virus yields are low in human macrophages THP-1 (un-
published data). However, HRSV induces cytokine secretion in both cell lines. A2 and L19 strains induced a significant increase of IL-6
(Fig. 6 A), TNF-a (Fig. 6 B) and IL-8 (Fig. 6C) in THP-1. In all cases, both compounds significantly diminished these cytokines secretion.
Mice do not express IL-8, therefore we only studied IL-6 and TNF- a secretion in murine macrophages J774A.1. When J774A.1 were
infected with HRSV A2 and L19 strains, a significant increase in IL-6 (Fig. 6 D) and TNF-a (Fig. 6 E) secretion was detected too.
Compounds 1 and 2 significantly reduced TNF-a secretion in treated-infected cells (Fig. 6 E), but only compound 2 could also reduce
IL-6 secretion in A2 infected macrophages (Fig. 6 D). In the case of epithelial cells, we observed no TNF- « secretion in A549 after
HRSV-infection. HRSV A2 and L19 elicited IL-6 and IL-8 secretion (Fig. 7) and both compounds were able to significantly reduce both
cytokines in HRSV A2 and L19 infected cells (p < 0.05) (Fig. 7). Therefore, compounds 1 and 2 modulate cytokine secretion in
epithelial and inflammatory cells infected with HRSV. In most cases, compounds 1 and 2 were able to reduce cytokine secretion in
HRSV infected cells. Only IL-6 secretion was unaltered in J774A.1 infected with L19 strain and treated with the compounds.

3.4. In vivo antiviral and anti-inflammatory activity of compounds 1 and 2

Given the antiviral and immunomodulatory activity of the compounds in epithelial and inflammatory infected cells in vitro, we
investigated the ability of both steroid analogs to reduce infective virus load and lung inflammation in a murine model of HRSV
infection.

A TH2-type antiviral response prevails upon infection of mice with strain L19 in the same way as in HRSV-infected patients. This
makes them a suitable model to study lung pathophysiology and immunological responses [2].

We first determined the safe range of doses of both compounds intraperitoneally (i.p.) administered. An in vivo toxicity assay was
performed in Balb/c mice which received different doses of the compounds from 2.5 mg/kg to 10 mg/kg, dissolved in DMSO 90%,
during 4 consecutive days. Daily registration of mice weights showed no significant differences between treated and untreated animals
(Figure S2 - Supplementary material). No other signs of toxicity were observed in mice which received any of the doses of the com-
pounds with respect to control animals.

Then, we evaluated the activity of the compounds as antivirals and as anti-inflammatory drugs in vivo. Doses of 2.5, 5, 7.5 and 10
mg/kg of compounds 1 and 2 were administered i.p. immediately after mice intranasal inoculation with HRSV L19, and subsequently
treated with daily administration of the compounds for 3 days. 25 mg/kg Ribavirin (RBV) and 2.5 mg/kg Dexamethasone (DEX) were
used as controls of antiviral and anti-inflammatory activity, respectively. Mice injected i.p. with DMSO 90% were used as infection
controls. Loss of weight was measured every day, virus infectivity was determined in the lungs at day 4 p.i., and pulmonary histo-
pathology was studied at day 8 p.i. Infected mice treated either with compounds 1 (Fig. 8A), 2 (Fig. 8B), RBV or DEX (Fig. 8C) showed
an early weight reduction between days 1 and 2 p.i., comparable to the weight reduction observed for HRSV-infected control mice
[28]. Nevertheless, HRSV L19 titers in the lung were significantly lower in animals treated with 10 mg/kg of compounds 1 and 2 as
well as in animals treated with RBV, with respect to untreated animals, at day 4 p.i.. Furthermore, compound 2 was also effective in
reducing viral load at all the doses tested (Fig. 9). Treatment with DEX led to a significant increase of HRSV titers in the lungs of
infected animals with respect to infected mice which receive vehicle (DMSO 90%) (Fig. 9). As we previously reported, the
anti-inflammatory steroid was not able to eliminate the virus from the site of infection [15] and, in this case, we observed an increase in
HRSV replication. Despite having a steroid structure, compounds 1 and 2 exert their effects through a mechanism of action different
from that of glucocorticoids like DEX, since they do not bind to glucocorticoid receptors [29].

The histopathology of the lungs in infected control mice showed moderate to severe inflammatory infiltrates in the alveolar walls
and spaces. The lungs from infected mice treated with compounds 1 and 2 showed a histologic pattern more like that of the uninfected
controls. Thus, compounds 1 and 2 reduced lung inflammation and inflammatory cell infiltration. On the contrary, lung sections from
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Fig. 3. Effect of compounds 1 and 2 on HRSV entry into the cells. Diagram of the experimental setup. A). Refractory effect to infection. A549 cell monolayers were treated with compounds 1 and 2
during 24 h before infection. Then, the compounds were removed, and cells were washed 3 times and they were infected with HRSV. After 24 h virus yields were collected and titrated by plaque assay in
Vero cells. B). Effect of the compounds on virus adsorption to the cells. A549 cell monolayers were infected with HRSV (moi = 1) together with 20 pM and 40 uM of the compounds, and incubated for 2 h
at 4 °C. The inoculum was discarded, and cells were washed, supplemented with fresh culture media, and further incubated for 24 h at 37 °C. Virus yields were collected and titrated by plaque assay in
Vero cells. C). Effect of the compounds on virus internalization. A549 cell monolayers were infected with HRSV (moi = 1) and incubated for 2 h at 4 °C. The inoculum was discarded, and cells were
washed and treated with 20 pM and 40 pM of the compounds for 15 min and 1 h at 37 °C. Afterwards, cells were washed, and non-internalized virus was inactivated with citrate buffer (pH 3) for 1 min.
Cells were further incubated with fresh culture media for 24 h at 37 °C. Virus yields were collected and titrated by plaque assay in Vero cells. Data represent mean =+ SD for 3 independent experiments,
performed in duplicate.

One-way ANOVA with post-hoc Tukey test. No significant differences were found.
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Fig. 4. Inhibitory activity of compounds 1 and 2 in time of addition/removal assays. Diagram of the experimental setup. A549 cell monolayers were
infected with HRSV (moi = 0.1) and incubated for 2 h at 37 °C. The inoculum was discarded, and cells were incubated with fresh medium or treated
with 40 pM of the compounds, in 4 h intervals, at different times p.i. (0, 4, 16 and 20 h p.i.). Cells were washed after each Interval and further
incubated with fresh medium at 37 °C. At 24 h p.i. virus yields were collected and titrated by plaque assay in Vero cells. CV: control virus. Data
represent mean + SD for 3 independent experiments, performed in duplicate. * Significantly different (p < 0.05), One-way ANOVA with post-hoc
Tukey test.

mice treated with RBV and DEX were similar to that of infected untreated controls (Fig. 10). Although RBV administration achieved a
reduction in viral loads in the lungs of infected mice, the treatment with the antiviral alone was not enough to reduce the inflammatory
infiltrates since the drug has no anti-inflammatory activity.

HRSV-infected mice treated with compounds 1 and 2 exhibited reduced viral loads as well as reduced inflammatory infiltrates in
the lungs, which confirmed that this dual bioactivity (antiviral and anti-inflammatory) would be responsible for the improvement of
the signs of pathology.

4. Discussion and Conclusions

Although much knowledge exists about HRSV virology, there are still no effective approaches available to prevent and treat HRSV
infection [30]. The COVID-19 pandemic has exposed the crucial necessity of broad-spectrum drugs against respiratory viruses [31]. A
broad-spectrum antiviral against different virus types could help in the clinical approach of different acute respiratory virus infections
[32]. Many broad-spectrum drugs which exert antiviral activity against different respiratory virus like HRSV were tested during the
last 2 years for antiviral activity against SARS-CoV2 [31-34]. We have already described the inhibitory effect of compounds 1 and 2
against two unrelated viruses: an enveloped virus such as HSV-1, and a naked one, Adenovirus (ADV), which has cellular tropism in
human respiratory tract, among other tissues. The described inhibitory activity of compounds 1 and 2 provides evidence of a broad

A)
HRSV HRSV + Comp 1

100

®
=]

i - -
N --
B)

o
=]
}V*

(average per field)
»
o

n
=]

% cells expressing viral protein

Fig. 5. A) HRSV F protein expression after early treatments with Compound 1. A549 cell monolayers were infected with HRSV A2 and L19 (moi =
0.1) and incubated in the absence and presence of 40 pM of Compound 1, during 8 h, immediately after infection. The compound was removed, cells
were washed, and they were further incubated for 24 h. Cells were processed for an IIF to detect HRSV F protein, as described in Materials and
Methods. Cells nuclei were stained with Dapi. CV: control virus. Quantification of the IIF. B) The number of fluorescent cells expressing F was
determined in ten different fields of the control and each treatment condition, and it was expressed as percentage of cells expressing F protein with
respect to the total cells in the field. * Significantly different (p < 0.05), One-way ANOVA with post-hoc Tukey test.
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Fig. 6. Effect of compounds 1 and 2 on cytokine production in HRSV infected THP-1 (A) and J774A.1 (B) cells. J774A.1 and THP-1 cells were
infected with HRSV A2 and L19 strains (moi = 1). After virus adsorption, cells were incubated at 37 °C in the presence or absence of the compounds
for 24 h. Supernatants were processed for cytokine quantification. *Significantly different, (p-value<0.05), One-way ANOVA. Data represent mean
+ SD for 3 independent experiments, performed in triplicate. CC: control non-infected cells, CV: HRSV infected cells.
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Fig. 7. Effect of compounds 1 and 2 on cytokine production in epithelial cells infected with HRSV. A549 were infected with HRSV A2 and L19 (moi
= 1). After virus adsorption, cells were incubated at 37 °C in the presence or absence of the compounds for 24 h. Supernatants were harvested, and
IL-6 and IL-8 were determined by ELISA. * Significantly different from HRSV infected cells (CV), (p-value<0.05), ANOVA. Data represent mean +
SD for 3 independent experiments, performed in triplicate.

spectrum of antiviral activity [15-18]. In this work, we show these compounds are also effective against the respiratory virus HRSV in
vitro and in vivo conditions. The inhibitory activity of the compounds on virus replication is displayed when they are added after
infection, with the highest inhibition observed during the first 8 h p.i. (Fig. 4 A and C). In a similar manner, Compound 1 has shown to
inhibit HSV-1 and Adenovirus when it was added up to 8 h after infection. In the case of Adenovirus, an inhibitory effect of Compound
1 was evident even when the compound was added at 15 h or 24 h post infection [16].

We observed that compounds 1 and 2 inhibited the expression of F protein when administered during 24 h to the infected cells, as
well as at a shorter incubation time of 8 h immediately after infection (Figs. 1 and 5). HRSV binds to cellular receptors through the
fusion (F) glycoprotein, which induces pH-independent fusion between the viral envelope and the cellular plasma membrane. Infected
cells fuse their membranes with the membranes of adjacent cells forming syncitia (giant multinucleate cells), also through the F
glycoprotein. This results in viral propagation through the cells ([35,36]). The inhibition of F protein expression observed, especially
after 8 h treatment with compounds 1 and 2, correlates with the major inhibition in viral yields obtained when infected cells received
an early treatment with the compounds after infection (Fig. 4 A and C). It is possible that the compounds are inhibiting HRSV F protein
synthesis, among other viral proteins, with the consequent inhibition of virus particles assembly and propagation through the cells.
This would be, at least, one of the compounds’ action mechanisms since they showed no direct inactivating effect on the virus particles
(Fig. 2), they did not induce a refractory state against infection in the cells (Fig. 3A) and they did not inhibit virus entry into the cells
(Fig. 3 B and C), as previously observed with HSV-1 and ADV infections [14-17]. Preugschas et al. [37] describe that ERK activation is
necessary for F protein trafficking to the plasma membrane. We have previously reported that our compounds inhibit ERK signalling
pathway [29]. We can hypothesize that the compounds are restraining HRSV F protein and viral propagation through ERK inhibition.
Future studies on the effects of the compounds on ERK activation by HRSV infection should let us corroborate this possible mechanism
of action.

The epithelial cells of the respiratory tract are the primary target cells for HRSV infection. The epithelium is not only a physical
barrier but has the potential to synthesize a variety of cytokines, like IL-8 and IL-6 [38]. A549 cells secrete these cytokines under HRSV
infection [39]. On the other hand, monocytes are the first inflammatory cells activated after HRSV infection [1]. Alveolar macrophages
from bronchoalveolar fluid from HRSV-infected patients secret proinflammatory cytokines, exerting a local immune-regulatory role
([1,31). Our results show that both compounds are beneficial not only as inhibitors of virus replication and propagation but also as
modulators of the immune response which develops after HRSV infection, and which is closely related with the lung pathology (Figs. 6
and 7).

The lungs of mice infected with HRSV L19 strain and treated with compounds 1 and 2 showed a reduction in viral load, being the
latter more effective (Fig. 9). As happens with other common respiratory viruses, HRSV viral load correlates with the severity of disease
which, in turn, dictates the degree of inflammation [30]. This was evident in our work since we found that infected mice treated with
the compounds showed reduced inflammatory infiltration in the lungs (Fig. 10). However, the reduction of lung inflammation would
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Mice infected with HRSV L19
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Fig. 8. Female Balb/c mice were infected with HRSV line 19 (5 x 10° PFU) by intranasal instillation, concomitant with different doses of com-
pounds 1 and 2 in DMSO 90%, Dexamethasone (DEX) and Ribavirin (RBV) by i.p. injection on day 0. On days 1-4, all mice received further in-
oculations of compounds 1 and 2, DEX and RBV i.p. Body weights were monitored and registered daily, until 4 day p.i. and the percentage of initial
body weight was calculated and graphed for every condition. Data show mean + SD from a minimum of n = 3 mice/condition.

not only be ascribed to the compound’s antiviral activity. Unlike Ribavirin that reduced viral titers in the infected lungs but had no
effect in avoiding inflammation, Compounds 1 and 2 exert antiviral activity and reduce HRSV induced lung damage as well (Fig. 10).
Compounds 1 and 2 would be then also exerting an anti-inflammatory activity which, together with the antiviral activity, reduce HRSV
induced lung pathology. Both activities would be necessary to ameliorate the signs of disease in the infected mice since DEX treatment
alone did not reduce lung inflammation and induced an increase in viral titers.
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Mice infected with HRSV L19
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Fig. 9. Female Balb/c mice were infected with HRSV line 19 (5 x 10° PFU) by intranasal instillation, concomitant with different doses of com-
pounds 1 and 2 in DMSO 90%, Dexamethasone (DEX) and Ribavirin (RBV) by i.p. injection on day 0. On days 1-4, all mice received further in-
oculations of compounds 1 and 2, DEX and RBV i.p. The animals were killed on day 4 and the lungs were used for titration of infectious virus. Data
show mean + SD from n = 6 mice/condition, for compounds 1 and 2, and 3 mice/condition for RBV and DEX.. *Significantly different from HRSV
infected mice (p-value<0.05), ANOVA. Saline solution: infected animals, treated with saline solution by i.p. injection. DMSO 90%: infected animals,

treated with DMSO 90% by i.p. inyection.

It is well known that damage to the pulmonary epithelium caused by HRSV is due to a disproportionate inflammatory response at
the airways which ends in a cytokine storm that might result in organ failure and fatal respiratory distress [40]. This kind of response is

similar to that caused by SARS-CoV-2 [41].
Our work shows that compounds 1 and 2 reduce viral yields and proinflammatory cytokines secretion induced by HRSV infection in

vitro and these results are strengthened by the demonstrated effectiveness of both compounds to reduce HRSV immunopathology in
vivo. Further toxicity studies with higher doses of the compounds would extend the security range of the doses administered in vivo.

20X

40X

RBV DEX

Fig. 10. Lung histology. Light micrographic images of pulmonary histology of H&E-stained lungs collected at day 8 p.i., shown at magnification x
20 and x40, representative of n = 3/condition. CV: control virus.
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Hence, compounds 1 and 2, with both, antiviral and anti-inflammatory activities, represent an advantage over other drugs for the
management of immunopathologies triggered by viruses like HRSV. And they would be promissory candidates to be tested against
SARS-CoV-2 and other respiratory viruses.
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