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Abstract

In the present study, we analyzed the modulation of p38 cell signaling by Junin virus (JUNV) and evaluated the antiviral
activity of p38 inhibitors against JUNV. While JUNV induced a progressive activation of p38 throughout the infection in Vero
cells, a partial downregulation of p38 phosphorylation was observed in HEK293 and HeLa cells. The compounds SB203580
and SB202190, which are selective inhibitors of p38, significantly reduced viral protein expression and viral yield in the
cell lines examined, indicating that the p38 signaling pathway might be a promising antiviral target against JUNV infection.

Members of the genus Mammarenavirus (family Arenaviri-
dae) are enveloped single-stranded RNA viruses that cause
persistent infections in their natural reservoirs. Some mem-
bers of the genus can cause hemorrhagic fever in humans,
such as the Old World mammarenavirus (OWM) Lassa virus
(LASV), which is endemic in Africa, and the New World
mammarenavirus (NWM) Junin virus (JUNV), the etiologi-
cal agent of Argentine hemorrhagic fever (AHF) [1].
JUNYV establishes a persistent infection in the cricetid
Calomys musculinus, which is mainly distributed in the
central region of Argentina, and humans become infected
through inhalation of animal body fluids or excretions
through agriculture practices. Vaccination with the live
attenuated Candid #1 vaccine has markedly reduced the
incidence of AHF. However, Candid #1 is not recommended
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for children and pregnant women. Administration of conva-
lescent plasma is the approved treatment for AHF patients,
but it is effective only when it is initiated early in infection.
Novel antiviral therapies are needed for patients with delayed
diagnosis and to prevent shortages of immune plasma [2].
Viruses can manipulate mitogen-activated protein kinase
(MAPK)-dependent cell signaling pathways to ensure their
efficient replication. Several DNA and RNA viruses modu-
late the p38 MAPK pathway, which is involved in many
cellular processes, including the inflammatory response,
apoptosis, autophagy, and senescence [3—5]. The four p38
isoforms («, P, v, and &) have some redundant functions but
also display differences in the substrates they activate [3].
Specific inhibitors of the a and p isoforms of p38 have been
developed, including the compounds SB203580, SB202190,
and losmapimod. SB203580 and SB202190 compete with
ATP for binding to the active site of p38. SB202190 inhibits
both p38 phosphorylation and activity, whereas SB203580
inhibits p38 catalytic activity without preventing its phos-
phorylation [6]. Inhibition of p38 signaling impairs in vitro
replication of RNA viruses, including respiratory viruses
[4, 7, 8], enterovirus 71 [9], rotaviruses (RVs) [10], flavivi-
ruses [5, 11-13], Chikungunya virus [14], and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [5, 15].
Little is known about the participation of p38 signaling
in arenavirus replication. p38 phosphorylation has been
shown to be unaffected in mouse fibroblasts infected with the
OWM lymphocytic choriomeningitis virus (LCMV) [16].
However, activation of p38 has been observed in guinea pig
macrophages and murine monocytes infected with Pichindé
virus, an NWM [17]. Interestingly, the p38 inhibitor
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«Fig. 1 Inhibition of p38 signaling impairs JUNV replication in Vero
cells. (a) JUNV-infected (MOI=1) Vero cells were harvested at dif-
ferent time points p.i., and the levels of p-p38 and p38 were assessed
by WB. The ratio of p-p38 to p38 with respect to the mock-infected
culture (cc) is indicated. AN: cells treated with anisomycin, a p38
activator. (b) Vero cell cultures were incubated with different concen-
trations of SB203580 or SB202190, and after 24 h, cell viability was
evaluated using an MTT assay. (c and d) JUNV-infected Vero cells
(MOI=1) were treated with different concentrations of SB203580
or SB202190 for 24 h, and viral titers were determined by plaque
assay. The percentage of inhibition of viral yield with respect to
untreated cultures is indicated above the bars. (¢) JUNV-infected cul-
tures (MOI=1) were treated with SB203580 (100 pM) or SB202190
(40 pM), and at 24 h p.i., N protein expression was detected by IF,
cell nuclei were stained with Hoechst, and (f) the percentage of
N-expressing cells was determined by counting 20 fields selected
at random. The numbers above the bars indicate the percentage of
reduction with respect to untreated infected cultures. (g) JUNV-
infected Vero cells (MOI=1) were treated with different concentra-
tions of SB203580, and at 24 h p.i., N and GAPDH expression was
assessed by WB; the ratio N/GAPDH is indicated. (h) Mock-infected
or JUNV-infected Vero cells were treated with SB203580 (100 pM),
and at 24 h p.i., p-MAPKAPK?2 and GAPDH expression was assessed
by WB; the ratio p-MAPKAPK2/GAPDH is indicated. (i) JUNV-
infected Vero cells (MOI=1) were treated with different concentra-
tions of SB202190, and at 24 h p.i., p-p38, N, and p38, expression
was detected by WB. The ratios p-p38/p38, p-MAPKAPK?2/p38, and
N/p38 with respect to untreated infected cultures are indicated. In a-d
and f-i, data are mean values + standard deviation (SD) from three
independent experiments. ANOVA (Dunnett post-hoc test) was used
in statistical analysis: *, p<0.05; **, p<0.01; *** p<0.001; ****
p<0.0001

losmapimod has been shown to impair LASV entry into the
host cell, but the antiviral activity of this compound is not
achieved through inhibition of the p38 pathway [18]. In pre-
vious studies, we demonstrated the involvement of ERK1/2
MAPK in JUNV replication [19, 20]. Here, we investigated
the effect of JUNV infection on p38 signaling in monkey and
human cell lines and the antiviral effect of inhibitors of the
p38 pathway against JUNV.

To determine whether JUNV infection modulates p38
signaling, Vero cells (monkey kidney fibroblasts, ATCC
CCL-81) were infected with JUNV (strain XJCI3) at a mul-
tiplicity of infection (MOI) of 1 and incubated in MEM
(Gibco) without serum. At different times postinfection
(p-1.), p38 phosphorylation was examined by Western blot
(WB) as described previously [12]. The activation of p38
was initially detected at 3 h p.i., whereas higher phospho-
P38 (p-p38) levels were evident from 16 to 72 h p.i. (Fig. 1a).
To investigate the importance of p38 activation in JUNV
infection, we first examined the effect of the p38 inhibi-
tors SB203580 and SB202190 (Promega) on the viability
of Vero cells using the MTT (3-(4,5-dimethylthiazol-2yl)-
2,5-diphenyl tetrazolium bromide) (Sigma-Aldrich) method
[20] (Fig. 1b). Then, JUN V-infected Vero cells were treated
with non-cytotoxic concentrations of each compound. At
24 h p.i., virus yields were determined by plaque assay,
whereas viral N protein expression was analyzed either by

immunofluorescence (IF) or WB assay as described previ-
ously [20]. Both inhibitors reduced JUNV yields in a dose-
dependent manner (Fig. 1c and d). Moreover, treatment
with the highest concentration of SB203580 (100 pM) or
SB202190 (40 pM) caused a significant reduction in the
number of cells expressing the N protein (Fig. le and f).
A dose-dependent inhibition of N protein expression was
confirmed by WB in cells treated with SB203580 (Fig. 1g)
or SB202190 (Fig. 1i). The inhibition of p38 activation by
SB203580 was confirmed by analyzing the phosphorylation
level of MAPK-activated protein kinase 2 (MAPKAPK?2),
a downstream effector of p38 kinase (Fig. 1h), using rabbit
anti-p-MAPKAPK?2 (#3007 Cell Signaling Technology) as
the primary antibody for WB. Treatment with SB202190
(20 and 40 pM) caused a significant reduction in p-p38 and
p-MAPKAPK?2, as shown in Fig. 1i.

Then, a time course assay was conducted to examine
the phosphorylation state of p38 in HEK-293 cells (human
embryonic kidney, ATCC CRL-1573) infected with JUNV.
In contrast to the results obtained with Vero cells, JUNV-
infected HEK-293 cells exhibited lower levels of p-p38 than
uninfected cultures at 24 h p.i. A gradual increase in p-p38
levels was observed between 24 and 72 h p.i. (Fig. 2a).
The percentage of N-protein-expressing cells in HEK-293
cultures also gradually increased throughout the infection
(Figs. 2b and c), suggesting that the spread of the infec-
tion promotes p38 activation. At the same time points, Vero
cells exhibited higher percentages of N-expressing cells than
HEK-293 cells (Fig. 2c). However, the data did not differ
significantly between the two cell types, so it is possible that
specific cellular factors influence p38 activation. The highest
non-cytotoxic concentration of SB202190 (50 uM) assayed
(Fig. 2d) exerted a non-significant reduction in the p-p38
level in HEK-293 cells (Fig. 2f). However, the viral yield
and N protein expression were markedly reduced (Fig. 2e
and f).

In line with the results obtained in HEK-293 cells, JUNV
infection of HeLa cells (human epithelial cervix cells,
ATCC CRM-CCL-2) also caused a decrease in p-p38 lev-
els in comparison with mock-infected cultures at 24 h p.i.
(Fig. 3a). However, inhibition of basal levels of p38 activa-
tion (Fig. 3a) in cells treated with non-cytotoxic concentra-
tions of SB202190 (Fig. 3b) resulted in a striking decrease
in N protein expression (Fig. 3a) and virus yield (Fig. 3c).

Therefore, JUNV-mediated modulation of p38 signaling
is dependent on the cell line assessed. In accordance with
our results in Vero cells, a gradual increase in p-p38 levels
throughout the infection has been reported for picornaviruses
in dendritic [9] and epithelial human cells [7], SARS-CoV in
Vero E6 cells [21], and SARS-CoV-2 in human-lung-derived
cells [15]. However, JUNV induced a slight downregula-
tion of p38 phosphorylation in HEK-293 and HeLa cells
at 24 h p.i. Unlike Vero cells, HEK-293 and HeLa cells are
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Fig.2 SB202190 inhibits JUNV replication in HEK-293 cells. (a)
JUNV-infected (MOI=1) HEK-293 cells were lysed at different time
points after infection, and levels of p-p38 and p38 were assessed by
WB. The ratio p-p38/p38 with respect to mock-infected cultures (cc)
is indicated. (b) N protein expression detected by IF in JUNV-infected
(MOI=1) HEK-293 cells at different times p.i. Nuclei were stained
with Hoescht, and (c) the percentage of N-expressing cells in Vero
or HEK-293 cells was determined by counting 20 fields selected at
random. (d) HEK-293 cells were treated with different concentrations
of SB202190, and after 24 h, cell viability was evaluated using an
MTT assay. (e) JUNV-infected (MOI=1) HEK-293 cells were treated

58202190 concemratlon (uM)

with different concentrations of SB202190, and at 24 h p.i., viral
titers were determined by plaque assay. The percentage of inhibition
of viral yield with respect to untreated cultures is indicated above
the bars (f) JUNV-infected (MOI=1) HEK-293 cells were incubated
with different concentrations of SB202190, and at 24 h p.i., levels of
p-p38, N, and p38 were assessed by WB; the ratios p-p38/p38 and
N/p38 with respect to untreated infected cultures are indicated. In a
and c-f, the data are mean values +SD from three independent experi-
ments. ANOVA (Dunnett post-hoc test) was used in statistical analy-
sis: *, p<0.05; **, p<0.01; **** p<0.0001
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Fig.3 SB202190 inhibits JUNV replication in HeLa cells. (a) Mock-
infected (cc) or JUNV-infected (MOI=1) HeLa cells were treated
with SB202190, and at 24 h p.i., the levels of p-p38, N, and p38 were
assessed by WB. The ratio p-p38/p38 with respect to uninfected cells
and the ratio N/p38 with respect to untreated infected cultures are
indicated. (b) HeLa cell cultures were treated with different concen-
trations of SB202190, and after 24 h, cell viability was assessed by
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MTT assay. (c) JUNV-infected (MOI=1) HeLa cells were treated
with different concentrations of SB202190, and at 24 h p.i., viral
titers were determined by plaque assay. The numbers above the bars
indicate the percentage of inhibition of viral yield with respect to
untreated infected cultures. In a-c, data are mean values from three
independent experiments + SD. ANOVA (Dunnett post-hoc test) was
used in statistical analysis: *, p <0.05; **** p <0.0001
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interferon (IFN) type 1 producers [22-24]. It has been shown
that IFN exhibits only a moderate inhibitory effect on JUNV
replication [24], probably due to the ability of the viral pro-
teins N and Z to counteract the antiviral activity of IFN [25].
Therefore, it is possible that, soon after JUNV infection,
IFN induction in human cells partially restrains or delays the
synthesis of viral factors responsible for p38 activation and
that, as the infection progresses, there is a gradual increase
in p-p38 levels. Furthermore, downregulation of p38 phos-
phorylation associated with the presence of IFNa has been
described in Huh 7.5.1 cells infected with hepatitis C virus
[26]. Nevertheless, we cannot rule out the possibility that
other cell-specific factors influence JUNV modulation of
p38. Indeed, the OWM LCMYV does not induce changes in
p38 phosphorylation in mouse fibroblasts [16] but reduces
p38 activation in mouse dendritic cells [27]. Moreover, the
kinetics of p38 activation by influenza A virus, respiratory
syncytial virus, and adenovirus vary according to the cell
type [7], while RV induces p38 activation in Caco-2 cells
but not in HT-29 cells [10].

A substantial decrease in JUNV replication was evident
in Vero, HEK-293, and HeLa cells following inhibition of
p38 by chemical compounds. In spite of the fact that non-
cytotoxic concentrations of p38 inhibitors only partially sup-
pressed p38 activation, this incomplete inhibition was appar-
ently enough to significantly impair viral protein expression
and virus production, indicating that functional p38 sign-
aling plays an important role in JUNV replication. The
non-cytotoxic concentrations of p38 inhibitors tested did
not reduce ERK MAPK phosphorylation (data not shown).
However, off-target effects of the compounds cannot be ruled
out entirely. By contrast, blocking the p38 pathway using
chemical inhibitors or small interfering RNAs did not impair
in vitro OWM LASV replication [18].

Cell signaling pathways represent an attractive target for
new antiviral strategies with a low risk of the development
of viral resistance. This is the first demonstration of modula-
tion of p38 signaling due to JUNV infection. Severe infec-
tions with pathogenic NWM correlate with strong induction
of pro-inflammatory cytokines [25], and p38 signaling is
a key regulator of the inflammatory response. In addition,
MAPKSs have been implicated in the establishment of per-
sistent viral infections [21]. Therefore, the role of p38 in
JUNV replication, pathogenesis, and persistence in its rodent
reservoir deserves further investigation. Although it remains
to be investigated if SB203580 and SB202190 show in vivo
efficacy against JUNV, several highly selective p38 inhibi-
tors that are active at low nanomolar concentrations have
been developed for the treatment of different diseases [8,
28]. Some of these compounds have good safety profiles
and are therefore potential candidates for the treatment of
NWM infections.
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