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Abstract: Mayaro virus (MAYV) hijacks the host’s cell machinery to effectively replicate. The mito-
gen-activated protein kinases (MAPKs) p38, JNK and ERK1/2 have emerged as crucial cellular fac-
tors implicated in different stages of the viral cycle. However, whether MAYV uses these MAPKs
to competently replicate has not yet been determined. The aim of this study was to evaluate the
impact of MAPKSs inhibition on MAYV replication using primary human dermal fibroblasts (HDFs)
and HeLa cells. Viral yields in supernatants from MAYV-infected cells treated or untreated with
inhibitors SB203580, SP600125, U0126 or Losmapimod were quantified using plaque assay. Also,
viral protein expression was analyzed using immunoblot and immunofluorescence. Knockdown of
p38a/p38B isoforms was performed in HDFs using the PROTACs molecule NR-7h. Our data
demonstrated that HDFs are highly susceptible to MAYV infection. SB203580, a p38 inhibitor, re-
duced MAYV replication in a dose-dependent manner in both HDFs and HeLa cells. Additionally,
SB203580 significantly decreased viral E1 protein expression. Similarly, knockdown or inhibition of
P38a/p38p isoforms with NR-7h or Losmapimod, respectively, affected MAYV replication in a dose-
dependent manner. Collectively, these findings suggest that p38 could play an important role in
MAYYV replication and could serve as a therapeutic target to control MAYV infection.
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1. Introduction

Mayaro virus (MAYV) is an emerging neglected arbovirus belonging to the Togaviri-
dae family within the Alphavirus genus [1, 2]. MAYV was isolated for the first time from
the sera of forest workers in Trinidad and Tobago in 1954 [3]. Since then, several studies
have revealed an increasing activity of this virus in different Latin American countries,
including Brazil, Peru, French Guiana, Ecuador, Bolivia, Colombia, Venezuela, Haiti, Pan-
ama and Trinidad and Tobago [4-14].

MAYYV causes the disease known as Mayaro fever, which is characterized by nonspe-
cific symptoms, including fever, myalgia, rash, headache, retro-orbital pain, diarrhea,
vomiting, lymphadenopathy, leukopenia and arthralgia [15]. MAYV is transmitted
through the bites of sylvatic mosquitos, mainly members of Haemagogus genus [15]. How-
ever, several laboratory experiments suggest that urban mosquitos, such as Aedes aegypti
or Aedes albopictus, can also spread this virus [16, 17]. Consequently, there is a growing
concern about MAYV’s potential to cause a larger-scale epidemic similar to other arbo-
viruses, such as Chikungunya and Zika [18, 19].

As an intracellular obligate pathogen, MAYV relies on the host’s cell machinery to
efficiently replicate. In line with this, Barroso and colleagues observed that MAYV acti-
vates casein kinase 2 in an early stage of infection in Vero cells [20]. The inhibition of casein
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kinase 2 with dichloro-1-(beta-D-ribofuranosyl) benzimidazole decreased MAYV-in-
duced cytopathic effects [20]. Shortly after, the same research group found that MAYV
was able to modify glucose metabolism through activation of the enzyme 6-phos-
phofructo 1-kinase [21]. Additionally, our laboratory showed that proteasome inhibitors
MG132 and Lactacystin decrease MAYV replication in a dose-dependent manner, sug-
gesting that the ubiquitin-proteasome system plays an essential role in MAYYV replication
[22].

In the last decade, growing evidence has suggested that kinases are critical cellular
factors for replication in a range of RNA and DNA viruses, and it has been proposed that
chemical inhibition of these proteins may represent an antiviral therapeutic strategy [23,
24]. Mitogen-activated protein kinases (MAPKSs) control signal transduction pathways
that regulate essential cell activities, comprising proliferation, growth, differentiation, cy-
tokine production, motility, stress response, survival and apoptosis [25]. Classic MAPKs
include p38, c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinases
(ERK1/2) [25]. These enzymes are serine/threonine kinases that are activated by a variety
of extracellular stimuli; the signal is then propagated through the phosphorylation of di-
verse substrates. Among these substrates are transcription factors, which modulate spe-
cific gene expression programs, allowing cells to adapt to different physiological condi-
tions [25]. Previous studies have demonstrated that viruses from various families are able
to exploit MAPK activity to favor their replication [26-29]. However, whether MAYV is
capable of manipulating these pathways to competently replicate has not yet been inves-
tigated. The aim of this study was to assess the effect of MAPKSs inhibition on MAYV
replication using in vitro cell models of infection and an array of small inhibitory mole-
cules.

2. Materials and Methods

2.1 Cell lines and reagents

Normal human dermal fibroblasts (HDFs) from adults (PCS-201-012), Vero-E6 (CRL-
1586) (both obtained from American Type Culture Collection, Manassas, VA, USA) and
HelLa cells (kindly provided by Dr. Carmen Rivas, CIMUS, Spain) were grown in Dul-
becco’s Modified Eagle’s Medium (DMEM) (for HDFs) or Minimal Essential Medium
(MEM) (for Vero-E6 and HeLa cells). Both media were supplemented with 10% heat-in-
activated fetal bovine serum (FBS), 2 mM of -Glutamine and 1% penicillin-streptomycin
antibiotic solution (Gibco, Waltham, MA, USA). All cell lines were incubated at 37 °C un-
der a 5% CO2 atmosphere. The MAPK inhibitory compounds SB203580 (p38), SP600125
(JNK) and U0126 (MEK1/2) were obtained from Cell Signaling Technology (Danvers, MA,
USA). NR-7h, a p38a and p38(3 isoform degrader, was acquired from Tocris (Minneapolis,
MN, USA) and Losmapimod (p38 inhibitor under clinical evaluation) was obtained from
Selleckchem (Houston, TX. USA). All compounds were dissolved in Dimethyl sulfoxide
(DMSO) at 10 mM concentration and stored at -20 °C until use. Working solutions of each
compound were prepared in DMEM or MEM at the indicated concentrations.

2.2 Virus strain and propagation

A Mayaro strain (MAYV, AVR0565, San Martin, Peru) [30] was acquired from the
World Reference Center for Emerging Viruses and Arboviruses (WRCEVA) at University
of Texas Medical Branch (UTMB, USA) and kindly provided by Dr. Scott Weaver. The
MAYYV strain was propagated, titrated, aliquoted and stored as previously reported [22].

2.3 Cell toxicity analysis of small inhibitory molecules

The cytotoxicity of inhibitors was evaluated using the MTT method as previously
described [22]. Approximately 2.5 x 10* HDFs or HeLa cells were seeded in 96-well plates
in DMEM or MEM without phenol red. The next day, cell lines were treated with increas-
ing concentrations of SB203580 (0.5, 2 and 10 uM), SP600125 (0.5, 1 and 5 uM), U0126 (1,
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5and 10 uM), NR-7h (0.05, 0.2 and 1 uM), Losmapimod (1, 5 and 10 pM) or DMSO (0.1%),
which served as control, and incubated for 24 h. Then, 5 mg/ml of 3-(4,5-Dimethyl-2-thia-
zolyl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, Saint Louis, M1, USA) so-
lution in PBS was added to the cells and incubated for an additional 4 h. Formazan crystals
were dissolved in a solution of 4 mM HCL and 10% Triton X-100 in isopropanol, and ab-
sorbance was measured at 570 nm using a microplate reader spectrophotometer (BioTek,
Winooski, VT, USA). Results are shown as the percentage of viable cells relative to un-
treated control cells.

2.4 Viral infection assay

HDFs or HeLa cells grown in 12- or 24-well plates were infected with MAYV at a
multiplicity of infection (MOI) of 1 and 10, respectively. In all assays, the cells were pre-
treated with DMSO (as a control) or with each inhibitor tested at the indicated concentra-
tions and times. Cell supernatants were collected, and viral titers for each experimental
condition were quantified using plaque assay. To analyze the E1 viral protein, cell lysates
were obtained from mock- or MAYV-infected HDFs or HeLa cells treated or untreated
with the inhibitors. Finally, for the virucidal experiments, approximately 106 PFU of
MAYYV were incubated in serum-free MEM with DMSO or MAPKSs inhibitors SB203580
(10 uM), SP600125 (1 pM) or U0126 (10 uM) for 1 h at 37 °C. After, the viral particles were
measured using plaque assay.

2.5 Virus titration assay

Virus titers in cell supernatants were quantified using plaque assay following the
procedure described in a previous work [22]. Confluent Vero-E6 cells grown in 6-well
plates were infected with 10-fold serial dilutions from cell supernatants for 1 h at 37 °C.
After virus absorption, the inoculum was removed and the cells were overlaid with a so-
lution of agar (1%) in MEM supplemented with 2% FBS and incubated for 3 days at 37 °C.
After, the agar was eliminated and the cells were fixed with 4% formaldehyde solution in
PBS and stained with 2% crystal violet prepared in 30% methanol. Lastly, the number of
plaques was counted, and the viral titers were recorded as plaque-forming units per mil-
liliter (PFU/ml).

2.6 Analysis of mRNA expression by quantitative RT-PCR

Total RNA was extracted from MAYV-infected HDFs using an RNeasy kit (Qiagen,
Valencia, CA, USA) following the manufacturer’s instructions. cDNA was synthesized
from 1 pg of RNA using a High Capacity cDNA Reverse Transcription kit, and quantita-
tive RT-PCR was performed using Power SYBR Green PCR Master Mix in a QuantStudi-
0™ 5 thermocycler (all from Applied Biosystems, Foster City, CA, USA) to detect the fol-
lowing immune response genes: MDAS5, 1SG15, MxA, RIG-1, OAS2, AIM2, IL1-§, TNF-a,
IL-6, RANTES, IL-8, TLR3, TLR7, IRF3, IRF7, IFN-a and IFN-p. Specific primers for the
mRNA expression analysis are listed in Table S1 (Supplementary material). Relative
mRNA expression was determined using the f-actin gene for normalization according to
the AA CT method [31].

2.7 Protein analysis

Viral and cellular protein levels were assessed using immunoblot as previously per-
formed [22]. Proteins extracts were obtained from mock- or MAYV-infected HDFs or
HelLa cells that were treated with different inhibitors or a control in Laemmli buffer with
10% Dithiothreitol (Bio-Rad, Hercules, CA. USA). Proteins were fractionated in SDS-
PAGE, transferred to nitrocellulose membranes and blocked in a 5% non-fat solution in
T-TBS buffer for 30 minutes. Then, membranes were incubated with the following pri-
mary antibodies: rabbit polyclonal anti-E1 (validated in our laboratory [22]), rabbit mon-
oclonal anti-GAPDH (D16H11, Cat. # 5174), rabbit monoclonal anti-B-actin (D6AS8, Cat. #
8457) and rabbit monoclonal anti-p38 MAPK (D13E1, Cat. # 8690) (all from Cell Signaling
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Technology, Danvers, MA, USA). After, the membranes were washed 3 times in T-TBS
buffer and incubated with HRP-conjugated goat anti-rabbit secondary antibody (Cat. #
926-80011, LI-COR, Lincoln, NE, USA) at room temperature for 1 h. Finally, the mem-
branes were incubated with SignalFire™ ECL Reagent (Cell Signaling Technology, Dan-
vers, MA, USA) for 5 minutes and the quimioluminescent signal was detected with a C-
Digit scanner (LI-COR, Lincoln, NE, USA).

2.8 Knockdown of p38 aand p38p isoforms using Proteolysis Targeting Chimeras (PROTACs)

HDFs grown in 12-well plates were treated with increasing concentrations of the
PROTACs compound NR-7h or DMSO, and at the indicated times, p38a/p protein levels
in the cell lysates were evaluated using immunoblot.

2.9 Immunofluorescence analysis

Immunofluorescence experiments were performed as previously reported [22].
Briefly, HDFs grown on glass coverslips were infected with MAYV at an MOI of 1 and
treated with the inhibitors or a control. After 24 h of infection, cells were fixed, permea-
bilized, blocked and stained overnight at 4 °C with an anti-MAYV mouse ascitic fluid
(kindly provided by Dr. Scott Weaver, WRCEVA-UTMB, USA). Next, cells were incu-
bated with a goat anti-mouse secondary antibody (Alexa Flour 488 or Alexa Flour 568,
Invitrogen, Carlsbad, CA, USA) for 1 h in the dark. Lastly, coverslips were mounted on
slides with Prolong Diamond Antifade Mountant with Dapi (Invitrogen, Carlsbad, CA.
USA), and images were acquired with an FV1000 Flowview confocal microscope (Olym-
pus, Lombard, IL, USA). The images were analyzed with Image] software.

2.10 Data analysis

Experimental data were analyzed using the Mann-Whitney test and One- or Two-
way ANOVA test. GraphPad Prism software version 9.1.0 for Mac was used to perform
all statistical tests and create the graphics. A p value < 0.05 was considered statistically
significant. All experiments were performed at least 3 times with 3 replicates. For each
experiment, mean and standard deviation are shown.

3. Results
3.1. MAYYV infects primary human dermal fibroblasts in a time-dependent manner

In order to assess whether primary HDFs are susceptible to MAYV infection, we per-
formed an infection kinetics experiment in HDFs with MAYV at an MOI of 1 and evalu-
ated the cytopathic effect after viral infection. In this experiment, we noted a slight cyto-
pathic effect at 24 hours post infection (hpi), which significantly increased at 48 and 72 hpi
(Figure S1). To determine whether the cytopathic effect observed was associated with an
increase in the number of MAYV-infected cells, we decided to study the presence of
MAYYV antigens in infected HDFs at different times using an immunofluorescence confo-
cal microscope. As expected, this analysis revealed a time-dependent increase in the num-
ber of MAYV-positive cells (Figure 1A). To quantify the viral particles present in the cell
supernatants, we completed a similar experiment in which HDFs were infected with
MAYYV at an MOI of 1 or 10; at different times post infection, we measured viral progeny
yields using plaque assay. As shown in Figure 1B, we detected viral particles in the su-
pernatants of MAYV-infected HDFs as early as 4 hpi, and there was a clear time-depend-
ent rise in viral titers for both MOIs tested (Figure 1B). To confirm these results, we eval-
uated the expression of structural E1 viral protein in cell lysates obtained from MAYV-
infected HDFs using immunoblot. In this assay, we detected E1 at 16 hpi, and this protein
increased over time (Figure 1C). Finally, we investigated if infecting HDFs with MAYV
elicits the expression of immune response genes. To accomplish this, we extracted total
RNA from mock- or MAYV-infected cells and then used quantitative RT-PCR to measure
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the expression levels of specific interferon-stimulated genes, inflammatory cytokines,
chemokines and transcription factor genes implicated in the immune response. As shown
in Figure 1D, we observed a strong expression of the MDA5, MxA, RIG-I, OAS2, TLR3 and
IRF7 genes, while the ISG15, TNF-a, RANTES, IRF3 and IFN-f genes were expressed to a
lesser extent (Figure 1D). Taken together, the described results indicate that MAYV effi-
ciently infects HDFs and stimulates the expression of specific immune response genes.
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Figure 1. Primary human dermal fibroblasts are susceptible to MAYV infection. (A) HDFs grown on
glass coverslips were infected with MAYV at an MOI of 1; at different time points, the cells were
stained with an anti-MAYV mouse primary antibody, followed by an Alexa-Flour 488 mouse
secondary antibody. Cell nuclei were stained with Dapi. Images were captured with a confocal
microscope and analyzed with Image] software. Scale bar, 50 um. (B) HDFs were infected with
MAYYV at the indicated MOI, and viral progeny production in cell supernatants collected at different
time intervals was measured using plaque assay. Viral titers are represented as plaque-forming units
per milliliter (PFU/ml). Statistically significant differences were evaluated with the Two-way
ANOVA test: *p <0.05 and **p < 0.01. (C) The levels of viral E1 protein at different time points were
determined in cell lysates from mock- or MAYV-infected HDFs using immunoblot. GAPDH protein
was used as a loading control. MW: molecular weight. kDa: kilodaltons. (D) Heat map showing the
exppression profile of specific inteferon-stimulated genes, inflammatory cytokines, chemokines and
transcription factor genes implicated in the immune reponse in mock- or MAYV-infected HDFs
using quantitative RT-PCR.
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3.2. Cytotoxicity analysis of p38, INK and MEK kinase inhibitors in primary human dermal
fibroblasts and HeLa cells

To explore the potential role of the MAPKSs p38 and JNK as well as the ERK1/2 cel-
lular pathways in MAYV replication, we used a pharmacological approach. Our experi-
ments employed small inhibitory molecules that block the activity of these protein kinases
and ultimately affect the downstream cellular signaling events controlled by them. Specif-
ically, we selected SB203580, a class of pyridinyl imidazole that is a well-characterized in-
hibitor of p38a and p38( isoforms [32]; SP600125, an anthrapyrazolone molecule with a
potent inhibitory effect on JNKI, -2 and 3- isoforms [33], and U0126, which is a selective
noncompetitive inhibitor of MEK1 and MEK2, the kinases responsible for phosphorylation
and activation of the ERK1/2 pathway [34]. In order to examine the toxicity of the MAPK
inhibitors SB203580, SP600125 and U0126 in primary HDFs and HeLa cells, we treated both
cell lines with increasing concentrations of each inhibitor and then determined cell viabil-
ity using the MTT method. As shown in Figure 2, in the case of the SB203580 and U0126
inhibitors, we observed a cell viability of 80% or higher in both cell lines at the maximum
dose tested (10 uM) (Figure 2, panels A, C, D and F). Conversely, in both cell lines treated
with the highest dose of the SP600125 inhibitor (5 uM), cell viability was less than 80%
(Figure 2 panels B and E). These results indicate that the p38 and MEK kinase inhibitor
concentrations used were well tolerated in the cell lines tested, whereas the JNK inhibitor
showed cell toxicity. Therefore, we used SP600125 at a concentration of 1 uM in the subse-
quent experiments.
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Figure 2. Toxicity of MAPK inhibitors SB203580, SP600125 and U0126 in HDFs or HeLa cells. HDFs
(A, B, C) or HeLa (D, E, F) cells were treated with the indicated concentrations of each MAPK
inhibitor or DMSO as a control (0.1%) and after 24 h of incubation, cell viability was assessed using
the MTT method. Statistically significant differences were assessed with the One-way ANOVA test:
*p < 0.05; *p < 0.01; **p < 0.001; **p < 0.0001; ns: non-significant. The dotted line on the graphs
indicates a cell viability of 80%.
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3.3 p38 inhibitor SB203580 diminishes MAYV progeny production in HDFs and HeLa cells

To evaluate the possible antiviral effect of the MAPK inhibitors SB203580, SP600125
and U0126 on MAYYV, we used two human cell lines as infection models: HDFs, which are
normal primary cells, and HeLa cells, which are cancer cells derived from a cervix tumor
and have previously been shown to be susceptible to MAYV infection [22]. We pre-treated
HDFs or HeLa cells with the inhibitors or DMSO at the indicated concentrations for 1 h.
Then, we removed the compounds and infected the HDFs and HeLa cells with MAYV at
an MOI of 1 and 10, respectively. After 1 h of virus absorption, we added the MAPK in-
hibitors or DMSO in fresh medium. After a 24-h of incubation period, we collected the cell
supernatants to quantify viral production using a plaque assay. In this experiment, when
compared to DMSO-treated cells, HDFs treated with the p38 inhibitor SB203580 showed
a strong reduction in viral titers, while a less pronounced reduction was observed for
treated HeLa cells (Figure 3A and D). In the case of the JNK and MEK inhibitors, SP600125
and U0126, respectively, we noted a minor but significant decrease in viral progeny pro-
duction in the tumoral HeLa cells only (Figure 3 panels B, C, E and F). To verify whether
the observed effect of the MAPK inhibitors was due directly to MAYV infectivity, we car-
ried out a virucidal activity assay. For this, we added approximately 10° PFU of MAYV in
MEM medium along with each inhibitor or DMSO (control), incubated the solutions for 1
h at 37 °C and then directly quantified the remaining virus under each experimental con-
dition as previously indicated. As shown in Figure S2, we did not find a decrease in viral
titers in the solutions containing MAYV and the MAPK inhibitors, indicating that these
compounds do not have direct virucidal activity. Taken together, these findings suggest
that the p38 inhibitor SB203580 significantly decreases MAYV particles production for
both of the cell types tested, whereas the observed effects of the JNK and MEK inhibitors
on MAYYV production are cell type-dependent.

A B o
— skkkk = ns = ns
E10 E10%9 — E10"2 _—
2 e L1010
a 10 a 10 o
& 108 ugmﬁ g1
3 3 3 108
£ 10* £ 10% £ 10
£ 10 L0 £ 102
> > >
\gao 'b""bg @a“'o 0"(19 @60 Q"q'b
Q Q;I«Q Q Q@Q AONEAN)
2 3
D E F
T 1083  kekx E10™03  sokkx E1010q ke
2 r r
& . o 108 o 108
‘;10 ° °
> 2 108 2 108
S .. S 3
8" & 10t & 10
© © ©
£ 102 £ 10 £ 102
‘@o ,,35*’0 \@O 0'3('0 ‘@o Q\q‘?
AN & AN
& &

Figure 3. Inhibition of p38 with SB203580 decreases MAYV progeny production in HDFs and HeLa
cells. HDFs (A, B, C) or HeLa (D, E, F) were pre-treated with SB203580, SP600125 or U0126 at
concentrations of 10, 1 and 10 uM, respectively, for 1 h. Then, the compounds were removed and the
cells were infected with MAYV at an MOI of 1 (HDFs) or 10 (HeLa cells). After virus adsorption, the
MAPK inhibitors dissolved in fresh medium were added to the cells and incubated for 24 h. Viral
progeny production in cell supernatants from each experimental condition was quantified using
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plaque assay. Statistically significant differences were analyzed with the Mann-Whitney test: ****p <
0.0001 and ns: non-significant.

3.4 Decrease in MAYV replication in HDFs and HeLa cells treated with p38 inhibitor SB203580
is dose-dependent

To investigate whether the effect of the MAPK inhibitors on MAYV replication was
affected by the drug concentration, we performed a dose response experiment. HDFs or
HeLa cells were pre-treated with the MAPK inhibitors and then infected with MAYV as
previously indicated. Then, we quantified the viral titer production in the cell superna-
tants after 24 h of incubation with the inhibitors or DMSO as previously described. This
analysis revealed that treatment with the p38 inhibitor SB203580 led to a significant dose-
dependent decrease in viral titers in both cell lines tested (Figure 4A, D). On the other
hand, following treatment with the JNK and MEK inhibitors, SP600125 and U0126, respec-
tively, a dose-dependent decrease in viral replication was only observed in the HeLa cells
(Figure 4B, C, E, F). These results confirm that the p38 inhibitor SB203580 demonstrates
dose-dependent inhibition of MAYYV replication regardless of the cell type tested.

ns

*kkk

A *kkok B

=
@

L=
> 2
o o
=
o
=
o
:|=
w

- |

w
ml)
=
o
2,
o

J:’

[

108

104
102
o)

0@6

Viral titer Log, (PFU/mI)

2 2 3

Viral titer Logo (PFU/

333 3
o1

Viral titer Log,, (PFU/mI
3 3
:I *
*
[ k"
7 |.|

v

% J
s
0

04{9
0‘7
o

%,

—_
SB203580 (uM) SP600125 (uM) U0126 (uM)

i *kk Fokkk

D Fokok E F ——
}ﬂﬂﬂﬂ
102

102 ;
O N ©
SB203580 (uM) SP600125 (uM) U0126 (uM)

N -
o 2
[ o

L=
o 2
o) o

:|=
w
*
ml
= 3
V=) =
o o

=
o
S

102
o)
o*g

=

Viral titer Log,, (PFU/mI)
3 3
—H IC

Viral titer Log,o (PFU/ml)
=)
2
Viral titer Log,, (PFU/
3

°
0

T
Q(‘D

047&0
7
§
7

Figure 4. MAPK p38 inhibitor SB203580 reduces MAYYV titers in HDFs and HeLa cells in a dose-
dependent manner. HDFs (A, B, C) or HeLa (D, E, F) cells were pre-treated with increasing concen-
trations of SB203580, SP600125 or U0126 and then infected with MAYV as previously performed.
After 24 h of infection, MAYYV titers were measured in cell supernatants using plaque assay. Statisti-
cally significant differences were evaluated with the One-way ANOVA test: *p < 0.05; ***p < 0.001;
*#*p < 0.0001 and ns: non-significant.

3.5 SB203580 affects the expression of MAYV structural E1 protein in both HDFs and HeLa cells

Previous studies have revealed that inhibiting MAPK pathways can affect the ex-
pression of several viral proteins [28, 35, 36]. Thus, to explore a possible mechanism by
which MAPK inhibitors affect MAYV replication, we used immunoblot to evaluate the
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structural E1 protein levels in cell lysates from MAYV-infected HDFs or HeLa cells treated
with DMSO or the inhibitors SB203580, SP600125 or U0126 at different times post infection.
As shown in Figure 5, inhibiting p38 with SB203580 promoted a strong reduction in viral
E1 protein levels after 24 h of infection when compared to DMSO-treated cells in both of
the cell lines assessed (Figure 5A, B). In the case of SP600125, we observed a slight decrease
in E1 in both HDFs and HeLa cells after only 16 h of infection (Figure 5C, D). In contrast,
we did not observe any differences in E1 levels in the cells treated with U0126 (Figure 5E,
F). These results suggest that inhibiting p38 strongly disrupts the expression of MAYV’s
E1 protein independent of the cell type examined.
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Figure 5. SB203580 disturbs MAYV structural E1 protein expression in both HDFs and HeLa cells.
HDFs or HeLa cells were pre-treated with SB203580 (A), SP600125 (C) or U0126 (E) and then infected
with MAYV as previously indicated. At different times post infection, structural E1 viral protein
levels were evaluated using immunoblot. GAPDH protein was used as a loading control. MW: mo-
lecular weight. kDa: kilodaltons. (B, D, F) Densitometric analysis of E1 protein was performed using
Image] software and normalized with GAPDH protein. Data were analyzed with the Two-way
ANOVA test. Statistically significant differences are shown: *p < 0.05; **p < 0.01 and ns: non-signifi-
cant.

3.6 Knockdown of p38a and p38p isoforms in HDFs with the PROTACs molecule NR-7h reduces
MAYV replication

Our previous results with SB203580 indicated that p38 kinase may play a key role in
MAYYV replication. In order to verify this hypothesis, we used a new experimental phar-
macological approach known as Proteolysis Targeting Chimeras (PROTACs) for the
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following experiments [37]. PROTACs have emerged as a promising therapeutical tool that
allow proteins to be targeted for degradation using a ubiquitin proteasome system-de-
pendent mechanism [37]. These small hetero-bifunctional molecules contain three vital
structural elements: a protein of interest ligand, an E3 ubiquitin ligase ligand and a linker
that joins these two components [38]. PROTACsSs function by recognizing a specific protein
substrate and recruiting an E3 ubiquitin ligase that promotes the polyubiquitination of the
protein of interest and its subsequent degradation in the proteasome [37, 38]. The p38
MAPK family includes four isoforms: p38a, p38(, p38y and p38d [39, 40]. While p38a and
P38 are ubiquitously expressed in most tissues, p38y and p380 have a restricted expres-
sion [40]. Recently, it has been reported that nanomolar concentrations of the PROTACs
compound NR-7h are able to induce the specific degradation of p38a and p38f isoforms,
thereby, blocking stress- and cytokine-induced downstream signaling by p38 [41]. With
this in mind, we tested the effect of NR-7h in our cell infection model. For this purpose, we
chose primary HDFs and treated them with increasing concentrations of NR-7h for 24 h;
then we evaluated the p38a and p38p levels using an antibody that recognizes both
isoforms. In this analysis, we found high levels of p38a/p38p in HDFs treated with DMSO
(Figure S3A). However, we did not detect p38 in the cells treated with NR-7h from con-
centrations as low as 50 nM (Figure S3A, B). In order to determine the time at which
p38a/p38p degradation occurs, we performed a kinetic experiment in which HDFs were
treated with NR-7h at 1 pM concentration at different intervals, and the p38 protein levels
were assessed. As shown in Figure S3 (panels C and D), after 2 h of NR-7h treatment, we
observed that more than 95 % of p38a/p38f had been degraded. These results indicate that
NR-7h quickly and effectively induces p38a/p38( degradation in HDFs. To gain insights
about the effects of NR-7h-induced p38a/p38(3 degradation on MAYYV replication, we pre-
treated HDFs with NR-7h or DMSO for 3 h and then infected the cells with MAYV in the
presence of NR-7h or DMSO. After 1 h of virus absorption, we removed the inoculum,
added NR-7h or DMSO in fresh medium and then incubated the samples for 24 h. After,
we analyzed the presence of MAYV antigens using immunofluorescence. In DMSO-
treated cells, we observed a high number of MAYV antigen-positive cells (Figure 6A). In
contrast, we found a clear reduction in MAYV antigen-positive cells in NR-7h-treated cells
(Figure 6A). To confirm the preceding results, we pre-treated HDFs with different concen-
trations of NR-7h and then infected the cells with MAYV as previously indicated. After 24
h of incubation, we collected the cell supernatants and quantified the viral particles pro-
duction using plaque assay. In this experiment, we observed a dose-dependent decrease
in MAYYV viral titers in the cells treated with NR-7h (Figure 6B). This NR-7h-induced de-
crease in MAYV viral titers did not appear to be associated with cell toxicity as revealed
by our cell viability analysis (Figure 6C). Given that inhibiting p38 with SB203580 dis-
rupted the expression of the MAYYV structural E1 protein, we wanted to explore the effect
of p38a/p38f3 degradation on viral E1 protein expression. Accordingly, we performed an
infection kinetics experiment in which HDFs were infected with MAYV and treated with
DMSO (control) or NR-7h as previously indicated; viral E1 protein levels were assessed
using immunoblot at different time points. This assay revealed that p38a/p38[3 knockdown
promoted a decrease in viral E1 protein levels at 24 hpi (Figure 6D, E). Together, these
findings confirm that p38 could play an important role in MAYV replication.
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Figure 6. Chemically-induced degradation of p38a and p38(3 isoforms using the PROTACs
compound NR-7h affects MAYV replication. (A) HDFs were pre-treated with DMSO or NR-7h at 1
uM for 3 h and then the cells were infected with MAYV as previously indicated. After 24 h of
infection, MAYV antigen-positive cells were analyzed using an immunofluorescence assay as
previously stated. Cell nuclei were stained with Dapi. Images were obtained with a confocal
microscope and analyzed with Image] software. Scale bar, 100 um. (B) HDFs were pre-treated with
increasing concentrations of NR-7h and then infected with MAYV as previously performed. After,
24 h of infection, viral progeny production in cell supernatants was assessed using plaque assay.
Viral titers were expressed as plaque-forming units per milliliter (PFU/ml). (C) HDFs were treated
with the indicated concentrations of NR-7h for 24 h and then cell viability was estimated as
previously performed. The dotted line on the graph indicates a cell viability of 80%. (D) HDFs were
pre-treated with NR-7h and then infected as stated above. At several time points, viral E1 or
p38a/p38p protein levels were analyzed using immunoblot. B-actin protein was used as a loading
control. MW: molecular weight. kDa: kilodaltons. (E) Intensity bands of viral E1 protein were
analyzed with Image] software and normalized with B-actin protein. Data were analyzed with the
One- or Two-way ANOVA test. Statistically significant differences are denoted: *p < 0.05; **p <0.01;
***p <0.001; **p < 0.0001 and ns: non-significant.

3.7 Losmapimod, a p38 inhibitor under clinical evaluation, decreases MAYYV replication in HDFs

Since p38 has been implicated in different pathologies, including inflammatory dis-
eases, neurological disorders and cancer, pharmaceutical companies have developed di-
verse small inhibitory molecules targeting this kinase [39, 40, 42, 43]. Among them, Los-
mapimod is a highly selective and potent inhibitor against p38a and p38f isoforms that
has been evaluated in different clinical trials and shown to be well tolerated and safe [44-
46]. Therefore, we wanted to investigate the potential antiviral activity of Losmapimod
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with MAYV. For this, we pre-treated HDFs with Losmapimod or DMSO, infected the cells
as previously performed and assessed the number of MAYV antigen-positive cells using
an immunofluorescence assay. As shown in Figure 7, we observed a reduction in MAYV
antigen-positive cells with Losmapimod treatment compared to DMSO-treated cells (Fig-
ure 7A). To determine the impact of this drug on viral progeny production, we pre-treated
HDFs with increasing concentrations of Losmapimod, infected the cells as previously in-
dicated and incubated them with Losmapimod or DMSO for 24 h. After, we collected the
cell supernatants and quantified the viral progeny production as previously performed. In
this experiment, we found that Losmapimod-treated cells showed a concentration-de-
pendent decrease in MAYV titers (Figure 7B), and this effect was not due to cell toxicity of
the inhibitor (Figure 7C). Finally, we analyzed E1 protein levels in HDFs treated with
DMSO or Losmapimod at different time points after infection. This analysis revealed that
Losmapimod induces a reduction in viral E1 protein expression. These results confirm that
p38 plays a relevant role on MAYV replication and also suggest that this kinase could rep-
resent a pharmacological target to control MAYV infection.
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Figure 7. Losmapimod treatment of HDFs reduces MAYYV replication in a dose-dependent manner.
(A) HDFs grown on glass coverslips were pre-treated with Losmapimod at a concentration of 10
uM or DMSO for 1h. After, cells were infected with MAYV and incubated with DMSO or Losmapi-
mod in fresh medium for 24 h. Then, MAYV antigen-positive cells were evaluated as previously
stated. Cell nuclei were stained with Dapi. Images were captured with a confocal microscope and
examined with Image]J software. Scale bar, 100 um. (B) HDFs were pre-treated with Losmapimod
at the indicated concentrations and then infected as previously stated. Viral progeny production in
cell supernatants collected at 24 hpi was analyzed using plaque assay. Viral titers were expressed
as plaque-forming units per milliliter (PFU/ml). (C) HDFs were treated with the indicated concen-
trations of Losmapimod and after 24 h of incubation, cell viability was assessed as previously indi-
cated. The dotted line on the graph indicates a cell viability of 80%. (D) Viral E1 protein levels were
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analyzed in Losmapimod-treated and untreated HDFs using immunoblot. GAPDH protein was
used as a loading control. (E) Densitometric analysis of E1 viral protein was performed with Image]
software and normalized with GAPDH protein. Data were analyzed with the One- or Two-way
ANOVA test, and the statistically significant differences are shown: *p < 0.05; ***p < 0.001; ***p <
0.0001 and ns: non-significant.

4. Discussion

MAYYV is an emerging but poorly characterized arbovirus with increasing activity in
the Latin American region [9]. Despite its potential to cause an epidemic, there are no
approved vaccines or antiviral compounds to combat this pathogen [1]. As a result, it is
imperative to find molecules with anti-MAYV activity. MAYYV, like other viruses, must
manipulate an array of the host’s cellular process in order to successfully replicate [20-22].
Therefore, a reasonable strategy for discovering possible treatments, consists of identify-
ing key cellular factors or pathways required for MAYYV replication. The MAPKSs p38, JNK
and ERK1/2 are enzymes that regulate essential cell functions, and have emerged as cru-
cial cellular factors implicated in different stages of the viral cycle. Moreover, various au-
thors have proposed that inhibiting these enzymes could represent a therapeutic antiviral
approach [23, 28, 35, 47].

In this study, we analyzed the impact of inhibiting the p38, JNK and ERK1/2 MAPK
pathways on MAYYV replication using two cell models of infection, primary HDFs or HeLa
cells. Previously, we have shown the utility of HeLa cells as a MAYV infection model to
identify potential antiviral drugs [22, 48]. However, we did not know if HDFs were sus-
ceptible to this virus. For this reason, we first performed an infection kinetics experiment
with these cells; at different time points we evaluated various parameters, among them,
cytopathic effects, the presence of MAYV proteins in infected cells and the viral progeny
production in cell supernatants. Our results demonstrate that HDFs are highly susceptible
to MAYV infection. Moreover, MAYYV is able to elicit the expression of specific interferon-
stimulated genes, pro-inflammatory cytokines, chemokines and transcription factors
genes implicated in the immune response. Additional research groups have demonstrated
that other arboviruses, including Chikungunya virus, West Nile virus and Zika virus, are
also capable to infecting HDFs and similarly induce an antiviral state in these cells [49,
50].

Having demonstrated that HDFs are a feasible model for MAYV infection, we de-
cided to study the effect of the MAPK inhibitors SB203580, SP600125 and U0126 on MAYV
replication. Our results indicate that the p38 inhibitor SB203580 promotes a significant
dose-dependent reduction in MAYV titers in both HDFs and HeLa cells. On the other
hand, the inhibition of the JNK or ERK1/2 pathways with SP600125 or U0126, respectively,
only appear to slightly affect MAYV replication in HeLa cells. Importantly, the observed
effects of MAPK inhibitors on MAYYV replication did not appear to result from virucidal
activity by these compounds. Previous reports have shown that p38 inhibition affects the
replication of viruses from different families, among them, enterovirus 71, hepatitis C vi-
rus, influenza virus, Chikungunya virus and SARS-CoV-2 [27, 35, 51-53].

In an attempt to explore a possible mechanism by which MAPK inhibitors disrupt
MAYYV replication, we analyzed the expression of structural E1 protein in HDFs or HeLa
cells treated with these compounds. Our data reveal that the p38 inhibitor SB203580 re-
sults in a robust attenuation of viral E1 protein expression in both the cell lines tested.
Conversely, we only observed a slight reduction in viral E1 protein expression following
inhibition of the JNK or ERK1/2 pathways, suggesting again that p38 may have an im-
portant function in MAYV replication. These findings are in agreement with prior studies
which show that blocking p38 activity can reduce the expression of several viral proteins
[27, 52, 54].

In order to further prove p38’s importance in the MAYYV replication process, we per-
formed a p38a and p38 isoforms knockdown experiment in HDFs infected with MAYV
using a new class of molecules known as PROTRACs. The PROTACs technology allows
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any protein to be targeted for degradation through an ubiquitin-proteasome system-de-
pendent mechanism [38]. Recently, Donoghue and collaborators demonstrated that the
PROTACs compound NR-7h is able to induce p38a and p38f isoforms degradation, thus
blocking downstream p38 signaling [41]. Similarly, our data reveal that knockdown of the
p38a and p38p isoforms in NR-7h-treated HDFs promotes a dose-dependent decline in
MAYYV antigen-positive cells and viral titers. Moreover, we observed a fall in viral E1 pro-
tein expression, confirming that p38 could play an important role in MAYV replication.
Previous work has shown that PROTACs compounds, which directly targeting several
viral proteins, may be an antiviral therapeutic strategy [55, 56].

Given the prominent role of p38 kinase in controlling a plethora of cellular processes,
its dysregulation has been associated with numerous pathologies [40]. Thus, the pharma-
ceutical industry has developed diverse inhibitory molecules targeting this kinase [39].
Among them, Losmapimod is a potent p38a and p38(3 isoforms inhibitor that has been
evaluated in different clinical trials and shown to be well tolerated and safe [44, 45]. In
order to validate our previous findings, we treated HDFs with Losmapidmod and then
evaluated the impact on MAYYV replication. Our results indicate again that p38 inhibition
with this drug affects MAYV replication in a dose-dependent manner. In addition, we
observed a reduction in viral E1 protein expression, suggesting that p38 might be to a
therapeutical target to control MAYYV infection. Zhang and collaborators showed that Los-
mapimod is able to inhibit Lassa virus entry, although through a mechanism not involv-
ing p38 inhibition [57]. In another study, Losmapimod was shown to disrupt SARS-CoV-
2 replication in a model of primary alveolar epithelial cells, suggesting that p38 is a po-
tential target for COVID-19 treatment [58]. In fact, Losmapimod is currently being tested
in a clinical trial with COVID-19 affected patients [40].

Though our in vitro analyses point to p38 kinase as a probable cellular target to treat
MAYYV infection, these findings should be corroborated in exhaustive animal studies to
determine the feasibility of using p38 inhibitors as antiviral drugs. Nevertheless, based on
our results, we propose that p38 kinase plays a key role in MAYV replication and high-
light this MAPK as a therapeutical target candidate to combat MAYV infection.

Supplementary Materials: Table S1: List of primers used in this study. Figure S1: MAYV induces a
strong time-dependent cytopathic effect in primary HDFs. Figure S2: MAPK inhibitors SB203580,
SP600125 and U0126 show no virucidal activity against MAYV. Figure S3: Knockdown of p38a and
P38 isoforms using the PROTACs compound NR-7h in HDFs.

Author Contributions: Conceptualization, J.G.-S.; methodology, M.S., Y.Y.L.-G,, D.C. and ].G.-S.;
validation, M.S. and ].G.-S.; formal analysis, M.S. and ].G.-S.; investigation, M.S., Y.Y.L.-G., D.C. and
J.G.-S.; resources, J.G.-S.; data curation, M.S. and J.G.-S.; writing—original draft preparation, J.G.-S.;
writing—review and editing, M.S., Y.Y.L.-G., D. C. and ]J.G.-S; visualization, M.S. and ]J.G.-S.; su-
pervision, J.G.-S.; project administration, J.G.-S.; funding acquisition, J.G.-S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Ministerio de Economia y Finanzas de Panama (MEF), grant
number 19911.012 (J.G.-S.). M.S. was supported by a Master of Science fellowship from Secretaria
Nacional de Ciencia, Tecnologia e Innovacién de Panama (SENACYT) and Universidad de Panama.
J.G.-S. was partially supported by Sistema Nacional de Investigacién (SNI from SENACYT).

Acknowledgments: We thank Scott Weaver (WRCEVA, UTMB, USA) for providing antibodies and
the Mayaro strain; Carmen Rivas for providing the HeLa cells. Rodolfo Contreras and Nicanor
Obaldia for their support with laboratory facilities; and Jorge Ceballos for his help and access to the
confocal microscope at Smithsonian Tropical Research Institute in Panama.

Conflicts of Interest: The authors declare no conflict of interest.


https://doi.org/10.20944/preprints202104.0670.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2021 d0i:10.20944/preprints202104.0670.v1

15 of 17

References

1. Acosta-Ampudia, Y., et al., Mayaro: an emerging viral threat? Emerg Microbes Infect, 2018. 7(1): p. 163.

2. Figueiredo, M.L. and L.T. Figueiredo, Emerging alphaviruses in the Americas: Chikungunya and Mayaro. Rev Soc Bras Med Trop,
2014. 47(6): p. 677-83.

3. Anderson, C.R,, et al., Mayaro virus: a new human disease agent. II. Isolation from blood of patients in Trinidad, BW.I. Am ] Trop
Med Hyg, 1957. 6(6): p. 1012-6.

4. Saatkamp, C.J., et al., Mayaro virus detection in the western region of Para state, Brazil. Rev Soc Bras Med Trop, 2021. 54: p. e0055.

5. Lima, W.G,, et al., Rate of exposure to Mayaro virus (MAYV) in Brazil between 1955 and 2018: a systematic review and meta-analysis.
Arch Virol, 2021. 166(2): p. 347-361.

6. Perez, ].G., et al., Serologic Evidence of Zoonotic Alphaviruses in Humans from an Indigenous Community in the Peruvian Amazon.
Am ] Trop Med Hyg, 2019. 101(6): p. 1212-1218.

7. Aguilar-Luis, M.A,, et al., A silent public health threat: emergence of Mayaro virus and co-infection with Dengue in Peru. BMC Res
Notes, 2021. 14(1): p. 29.

8. Hoze, N, et al., Reconstructing Mayaro virus circulation in French Guiana shows frequent spillovers. Nat Commun, 2020. 11(1): p.
2842.

9. Ganjian, N. and A. Riviere-Cinnamond, Mayaro virus in Latin America and the Caribbean. Rev Panam Salud Publica, 2020. 44:
p- el4.

10. Blohm, G.M,, et al., Isolation of Mayaro Virus from a Venezuelan Patient with Febrile Illness, Arthralgias, and Rash: Further Evidence
of Regional Strain Circulation and Possible Long-Term Endemicity. Am ] Trop Med Hyg, 2019. 101(6): p. 1219-1225.

11. Lednicky, J., et al., Mayaro Virus in Child with Acute Febrile Illness, Haiti, 2015. Emerg Infect Dis, 2016. 22(11): p. 2000-2002.

12. Blohm, G,, et al., Mayaro as a Caribbean traveler: Evidence for multiple introductions and transmission of the virus into Haiti. Int J
Infect Dis, 2019. 87: p. 151-153.

13. Carrera, J.P., et al., Endemic and Epidemic Human Alphavirus Infections in Eastern Panama: An Analysis of Population-Based Cross-
Sectional Surveys. Am ] Trop Med Hyg, 2020. 103(6): p. 2429-2437.

14. Gonzalez-Escobar, G., et al., Mayaro virus detection in patients from rural and urban areas in Trinidad and Tobago during the
Chikungunya and Zika virus outbreaks. Pathog Glob Health, 2021: p. 1-9.

15. Azar, SR, et al., Epidemic Alphaviruses: Ecology, Emergence and Outbreaks. Microorganisms, 2020. 8(8).

16. Long, K.C,, et al., Experimental transmission of Mayaro virus by Aedes aegypti. Am ] Trop Med Hyg, 2011. 85(4): p. 750-7.

17. Pereira, T.N., et al., Vector competence of Aedes aegypti, Aedes albopictus, and Culex quinquefasciatus mosquitoes for Mayaro virus.
PLoS Negl Trop Dis, 2020. 14(4): p. e0007518.

18. Esposito, D.L.A. and B. Fonseca, Will Mayaro virus be responsible for the next outbreak of an arthropod-borne virus in Brazil? Braz
J Infect Dis, 2017. 21(5): p. 540-544.

19. Rodriguez-Morales, A.]., et al., Mayaro, Oropouche and Venezuelan Equine Encephalitis viruses: Following in the footsteps of Zika?
Travel Med Infect Dis, 2017. 15: p. 72-73.

20. Barroso, M.M., et al., Mayaro virus infection cycle relies on casein kinase 2 activity. Biochem Biophys Res Commun, 2002. 296(5):
p. 1334-9.

21. El-Bacha, T., et al., Mayaro virus infection alters glucose metabolism in cultured cells through activation of the enzyme 6-phosphofructo
1-kinase. Mol Cell Biochem, 2004. 266(1-2): p. 191-8.

22. Llamas-Gonzalez, Y.Y., et al., A Functional Ubiquitin-Proteasome System is Required for Efficient Replication of New World Mayaro
and Una Alphaviruses. Viruses, 2019. 11(4).

23. Keating, J.A. and R. Striker, Phosphorylation events during viral infections provide potential therapeutic targets. Rev Med Virol,

2012. 22(3): p. 166-81.


https://doi.org/10.20944/preprints202104.0670.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2021 d0i:10.20944/preprints202104.0670.v1

16 of 17

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

Keck, F., et al., Phosphorylation of Single Stranded RNA Virus Proteins and Potential for Novel Therapeutic Strategies. Viruses, 2015.
7(10): p. 5257-73.

Plotnikov, A., et al., The MAPK cascades: signaling components, nuclear roles and mechanisms of nuclear translocation. Biochim
Biophys Acta, 2011. 1813(9): p. 1619-33.

Rahaus, M., N. Desloges, and M.H. Wolff, Replication of varicella-zoster virus is influenced by the levels of INK/SAPK and
p38/MAPK activation. ] Gen Virol, 2004. 85(Pt 12): p. 3529-3540.

Cheng, Y., et al., Virus-induced p38 MAPK activation facilitates viral infection. Theranostics, 2020. 10(26): p. 12223-12240.

Voss, K., et al., Inhibition of host extracellular signal-regulated kinase (ERK) activation decreases new world alphavirus multiplication
in infected cells. Virology, 2014. 468-470: p. 490-503.

Brunetti, J.E., et al., Role of the ERK1/2 Signaling Pathway in the Replication of Junin and Tacaribe Viruses. Viruses, 2018. 10(4).
Powers, A.M.,, et al., Genetic relationships among Mayaro and Una viruses suggest distinct patterns of transmission. Am ] Trop
Med Hyg, 2006. 75(3): p. 461-9.

Livak, K.J. and T.D. Schmittgen, Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods, 2001. 25(4): p. 402-8.

Cuenda, A., etal., SB 203580 is a specific inhibitor of a MAP kinase homologue which is stimulated by cellular stresses and interleukin-
1. FEBS Lett, 1995. 364(2): p. 229-33.

Bennett, B.L., et al., SP600125, an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proc Natl Acad Sci U S A, 2001. 98(24): p.
13681-6.

Favata, M.F,, et al., Identification of a novel inhibitor of mitogen-activated protein kinase kinase. ] Biol Chem, 1998. 273(29): p.
18623-32.

Zhang, Z., et al., PD169316, a specific p38 inhibitor, shows antiviral activity against Enterovirus71. Virology, 2017. 508: p. 150-
158.

Jeon, J.H., Y.J. Lee, and C. Lee, Porcine deltacoronavirus activates the Raff MEK/ERK pathway to promote its replication. Virus Res,
2020. 283: p. 197961.

Cromm, P.M. and C.M. Crews, Targeted Protein Degradation: from Chemical Biology to Drug Discovery. Cell Chem Biol, 2017.
24(9): p. 1181-1190.

Sun, X., et al., PROTACs: great opportunities for academia and industry. Signal Transduct Target Ther, 2019. 4: p. 64.
Coulthard, L.R,, et al., p38(MAPK): stress responses from molecular mechanisms to therapeutics. Trends Mol Med, 2009. 15(8): p.
369-79.

Canovas, B. and A.R. Nebreda, Diversity and versatility of p38 kinase signalling in health and disease. Nat Rev Mol Cell Biol,
2021.

Donoghue, C,, et al., Optimal linker length for small molecule PROTACs that selectively target p38alpha and p38beta for degradation.
Eur ] Med Chem, 2020. 201: p. 112451.

Kumar, S., . Boehm, and J.C. Lee, p38 MAP kinases: key signalling molecules as therapeutic targets for inflammatory diseases. Nat
Rev Drug Discov, 2003. 2(9): p. 717-26.

Lee, J.K. and N.J. Kim, Recent Advances in the Inhibition of p38 MAPK as a Potential Strategy for the Treatment of Alzheimer’s
Disease. Molecules, 2017. 22(8).

Ino, H., et al., Safety, tolerability, pharmacokinetics, and pharmacodynamics of losmapimod in healthy Japanese volunteers. Clin
Pharmacol Drug Dev, 2015. 4(4): p. 262-9.

O'Donoghue, M.L., et al., Effect of Losmapimod on Cardiovascular Outcomes in Patients Hospitalized With Acute Myocardial
Infarction: A Randomized Clinical Trial. JAMA, 2016. 315(15): p. 1591-9.


https://doi.org/10.20944/preprints202104.0670.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2021 d0i:10.20944/preprints202104.0670.v1

17 of 17

46.

47.

48.

49.

50.
51.

52.
53.

54.

55.

56.

57.
58.

Fisk, M., et al., The p38 mitogen activated protein kinase inhibitor losmapimod in chronic obstructive pulmonary disease patients with
systemic inflammation, stratified by fibrinogen: A randomised double-blind placebo-controlled trial. PLoS One, 2018. 13(3): p.
€0194197.

Grimes, ].M. and K.V. Grimes, p38 MAPK inhibition: A promising therapeutic approach for COVID-19. ] Mol Cell Cardiol, 2020.
144: p. 63-65.

Campos, D,, et al., Broad Antiviral Activity of Ginkgolic Acid against Chikungunya, Mayaro, Una, and Zika Viruses. Viruses, 2020.
12(4).

Ekchariyawat, P., et al., Inflammasome signaling pathways exert antiviral effect against Chikungunya virus in human dermal
fibroblasts. Infect Genet Evol, 2015. 32: p. 401-8.

Hamel, R., et al., Biology of Zika Virus Infection in Human Skin Cells. ] Virol, 2015. 89(17): p. 8880-96.

Nayak, T.K,, et al., P38 and JNK Mitogen-Activated Protein Kinases Interact With Chikungunya Virus Non-structural Protein-2 and
Regulate TNF Induction During Viral Infection in Macrophages. Front Immunol, 2019. 10: p. 786.

Bouhaddou, M., et al., The Global Phosphorylation Landscape of SARS-CoV-2 Infection. Cell, 2020. 182(3): p. 685-712 e19.
Borgeling, Y., et al., Inhibition of p38 mitogen-activated protein kinase impairs influenza virus-induced primary and secondary host
gene responses and protects mice from lethal H5N1 infection. ] Biol Chem, 2014. 289(1): p. 13-27.

Peng, H., et al., Activation of JNK1/2 and p38 MAPK signaling pathways promotes enterovirus 71 infection in immature dendritic
cells. BMC Microbiol, 2014. 14: p. 147.

Montrose, K. and G.W. Krissansen, Design of a PROTAC that antagonizes and destroys the cancer-forming X-protein of the hepatitis
B virus. Biochem Biophys Res Commun, 2014. 453(4): p. 735-40.

de Wispelaere, M., et al., Small molecule degraders of the hepatitis C virus protease reduce susceptibility to resistance mutations. Nat
Commun, 2019. 10(1): p. 3468.

Zhang, X., et al., Identification of a clinical compound losmapimod that blocks Lassa virus entry. Antiviral Res, 2019. 167: p. 68-77.
Hekman, R-M,, et al., Actionable Cytopathogenic Host Responses of Human Alveolar Type 2 Cells to SARS-CoV-2. Mol Cell, 2020.
80(6): p. 1104-1122 €9.


https://doi.org/10.20944/preprints202104.0670.v1

