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Abstract: New World alphaviruses including Venezuelan Equine Encephalitis Virus (VEEV) and
Eastern Equine Encephalitis Virus (EEEV) are mosquito-transmitted viruses that cause disease in
humans and equines. There are currently no FDA-approved therapeutics or vaccines to treat or
prevent exposure-associated encephalitic disease. The ubiquitin proteasome system (UPS)-associated
signaling events are known to play an important role in the establishment of a productive infection
for several acutely infectious viruses. The critical engagement of the UPS-associated signaling
mechanisms by many viruses as host–pathogen interaction hubs led us to hypothesize that small
molecule inhibitors that interfere with these signaling pathways will exert broad-spectrum inhibitory
activity against alphaviruses. We queried eight inhibitors of the UPS signaling pathway for antiviral
outcomes against VEEV. Three of the tested inhibitors, namely NSC697923 (NSC), bardoxolone methyl
(BARM) and omaveloxolone (OMA) demonstrated broad-spectrum antiviral activity against VEEV
and EEEV. Dose dependency and time of addition studies suggest that BARM and OMA exhibit
intracellular and post-entry viral inhibition. Cumulatively, our studies indicate that inhibitors of
the UPS-associated signaling pathways exert broad-spectrum antiviral outcomes in the context of
VEEV and EEEV infection, supporting their translational application as therapeutic candidates to
treat alphavirus infections.

Keywords: alphavirus; Venezuelan Equine Encephalitis Virus; Eastern Equine Encephalitis Virus;
ubiquitin proteasome system; ubiquitin signaling pathways; omaveloxolone; bardoxolone methyl;
antiviral; antiinflammatory; therapeutics

1. Introduction

New World encephalitic alphaviruses, including Venezuelan Equine Encephalitis Virus
(VEEV) and the closely related Eastern Equine Encephalitis Virus (EEEV), are classified as
re-emerging viruses and category B select agents by the National Institutes of Health (NIH)
and the Centers for Disease Control and Prevention (CDC). VEEV and EEEV belong to
the family of Togaviridae and are positive-strand RNA viruses [1–3]. Equine Encephalitis
disease occurs naturally in humans in many parts of the world annually due to transmission
by infected mosquitoes. Infections have been recorded for several decades in the Americas,
primarily associated with natural transmission by infected mosquito vectors [4–9]. VEEV
and EEEV are also highly stable and retain infectivity as aerosols, which greatly increases
the possibility of encephalitic disease in infected individuals. VEEV or EEEV exposures
due to deliberate aerosol dissemination pose encephalitis concerns because of their ability
to establish a quick infection in the central nervous system (CNS) through the olfactory
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neuron, by-passing the blood–brain barrier (BBB) [10–14]. The establishment of a robust
productive infection in the CNS triggers a strong inflammatory response that impacts the
integrity of the BBB and contributes to encephalitic disease [15–18]. There are currently no
FDA-approved small molecule therapeutic strategies to treat VEEV or EEEV exposures.

Host-based signaling mechanisms play critical roles in the establishment of a produc-
tive VEEV and EEEV infection in in vitro and in vivo models, thus opening up the possibil-
ity of host-based proteins as broad-spectrum targets for therapeutic intervention [19–24].
We previously demonstrated that the ubiquitin proteasome system (UPS) is important for
VEEV infection and inhibiting the UPS by small molecules elicits broad-spectrum antiviral
activity against alphaviruses [25]. The UPS is also a critical requirement for several other
acutely infectious viruses that possess epidemic/pandemic potential such as chikungunya
virus, dengue virus and influenza virus, thus identifying this pathway as a broadly relevant
target for epidemic/pandemic preparedness [25–34]. In addition to the UPS machinery
itself, many signaling pathways that involve ubiquitination of specific signaling molecules
have also been demonstrated to be viable targets for intervention against acutely infectious
viruses. Notable among such signaling pathways with essential ubiquitination steps are
the NFκB signaling pathway and the Nrf2 pathway, which are known to be targets for
host–virus interaction for many acute viruses [34–43]. We previously demonstrated that the
NFκB signaling pathways plays an important role in the establishment of a productive in-
fection for VEEV and EEEV [36]. The wealth of data that exist regarding the important roles
of the UPS, the NFκB and Nrf2 signaling pathways led us to hypothesize that inhibitors
that interfere with UPS-mediated signaling events will exert an inhibitory outcome in the
context of alphaviruses.

We tested our hypothesis using eight small molecules that are well documented in the
literature as inhibitors of NFκB and Nrf2 signaling events by interfering with ubiquitination
modification. Our data demonstrate that two inhibitors, omaveloxolone (OMA), and
bardoxolone methyl (BARM) exhibit potent, broad-spectrum inhibitory potential against
VEEV and EEEV in a cell-type-independent manner. Treatment of VEEV-TC83-infected
cells with OMA also resulted in the inhibition of several proinflammatory cytokines, thus
adding support to the utility of these small molecules as broad-spectrum inhibitors of New
World alphaviruses.

2. Materials and Methods
2.1. Cell Culture

Vero African Green Monkey kidney epithelial cells (ATCC, CCL-81) were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM, Quality Biological, 112-013, 101CS, Gaithers-
burg, MD, USA) supplemented with 5% heat-inactivated fetal bovine serum (FBS), 1% peni-
cillin and streptomycin (P/S) (Corning 30-003-CI, Corning, NY, USA), and 1% L-glutamine
(Corning, 25-005-CI, Corning NY, USA). Human microglial cells, HMC3 (CRL-3304, ATCC,
Manassas, VA, USA) and astroglial cells SVG-p12, (ATCC, CRL-8621) were cultured in
Eagle’s Minimum Essential Medium with 10% FBS and 1% P/S. Cells were plated per well
at a density of 1.5 × 105 for 12-well plates, 5.0 × 104 for 24-well plates. For 96-well plates,
HMC3 and SVG-p12 cells were plated at 100 µL at 1.0 × 104 or 200 µL at 2.0 × 104 per well,
and Vero cells were plated at 100 µL 5.0 × 104 cells per well. All cell lines were maintained
at 37 ◦C and 5% CO2 culture conditions.

2.2. Viruses and Viral Infection

Venezuelan Equine Encephalitis Virus (VEEV) TC83 strain was generated using a
genomic clone that was kindly provided by Dr. Frolov (University of Alabama at Birming-
ham). VEEV Trinidad Donkey (TrD) strain and EEEV FL93 strains were kindly provided by
Dr. Kehn-Hall (Virginia Polytechnic Institute and State University). All research activities
involving select agents that are included in the manuscript were conducted at George
Mason University’s Biomedical Research Laboratory with registration and compliance in
accordance with Federal Select Agent regulations.
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2.3. Inhibitors

The inhibitors that were utilized in this study were purchased from MedChemExpress
(Monmouth Junction, NJ, USA); BARM (bardoxolone methyl/RTA 402, Cat. HY-13324),
OMA (omaveloxolone/RTA 408, Cat. HY-12212), NSC (NSC697923, Cat. HY-13811), BAR
(bardoxolone, Cat. HY-14909), P00 (P005091, Cat. 87 HY-15667), YH1 (YH239-EE, Cat.
HY-12287), JHS (JHS-23, Cat. HY-13982), ML (ML-323, Cat. 88 HY-17543).

2.4. Drug Treatment and Plaque Assay

The treatment strategies for the small molecule inhibitors and the plaque assay method-
ology for quantification of virus infectious titer for VEEV and EEEV were carried out
following procedures that are well described in the literature [19–24]. Briefly, cells were
seeded at 1.0 × 104 in 96-well plate or 5.0 × 104 cells per well in 24-well plate. Following
24 h of culture at 37 ◦C and 5% CO2, cells were pre-treated for 1 h with inhibitors or the
DMSO control (0.1%). For purpose of consistency, a DMSO control was included for all
infections/treatment experiments at 0.1% unless stated otherwise [44–46]. Concentrations
for each inhibitor vary in each experiment unless stated otherwise. Cultured cells were
infected at a multiplicity of infection (MOI) of 0.1, unless stated otherwise, for 1 h with
VEEV-TC83, VEEV-TrD or EEEV FL93. Cells were washed with PBS after infection and the
inhibitor-containing media with the same concentrations as in pre-treatment were added
back to the cells after 1 h of infection. Culture supernatants were collected at different time
points (6 or 18 h post-infection) and analyzed by plaque assays.

For plaque assays, Vero cells were plated in 12-well plates at 1.5 × 105 cells per well.
Supernatant samples were diluted in DMEM from 101 to 108 and infection was carried out
for each dilution as described above. At 1 h post-infection, 1 mL of a 1:1 solution of 1%
agarose in distilled H2O with 2x Eagle’s Minimal Essential Medium was added to each
well. Plates were allowed to solidify at room temperature and subsequently transferred
to 37 ◦C, 5% CO2 culture condition for 48 h. At 48 h post-infection, plates were fixed with
10% formaldehyde overnight at room temperature. Approximately 24 h after fixation,
the agar plugs were discarded and fixed cells were stained with 1% crystal violet in 20%
methanol solution for 15 min. The plaques were counted for each plate and plaque forming
units/mL (PFU/mL) for each sample was determined. The mean and standard deviation
were determined using the average of 3 replicates for each sample.

2.5. Cell Viability Assay

Cell viability assay was performed on inhibitor-treated cells to quantify cytotoxicity
using CellTiterGlo Cell Luminescent Viability Assay according to manufacturer’s instruc-
tions (Promega, G7570, Madison, WI, USA). As readout, the ATP level in cells was detected
via luminescence, and percent viability was quantified relative to the DMSO control.

2.6. RNA Extraction and qRT-PCR Assay

The analysis of viral RNA by qRT-PCR was performed following methodologies
that are published for VEEV and EEEV [19–24]. Briefly, cells were lysed with TriZol LS
(ThermoFisher, Waltham, MA, USA), and total RNA was isolated from cells with the
Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA, USA) according to the manu-
facturer’s protocol. The intracellular viral RNA quantification was performed using the
RNA UltraSenseTM One-step Quantitative RT-PCR System (Applied Biosystems, Waltham,
MA, USA). The experiments were performed according to a standardized protocol using
20 µL of master mix using Verso 1-step RT-qPCR Mix with ROX (Fischer Science, Hamp-
tom, NH, USA) and 5 µL of sample RNA, using VEEV-TC83 positive-strand Probe (5′-
TGTTGGAAGGAAGATAAACGGCTACGC-3′), forward primer (5′-TCTGACAAGACGTT
CCCAATCA-3′) and reverse primer (5′-GAATAACTTCCCTCCGACCACA-3′). The sam-
ples were heated at 50 ◦C for 20 min, 95 ◦C for 15 min, followed by 40 cycles of 95 ◦C (15 s)
and 60 ◦C (60 s). The standard curve was determined using serial dilutions of isolated VEEV-
TC83 RNA. RNA genomic copies were determined relative to a standard curve containing
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known amount of viral RNA. Intracellular RNA data were determined per 10,000 cells,
while the extracellular RNA data were determined based on supernatant volume.

2.7. Negative Strand RT-qPCR

HMC3 cells were plated in a 12-well plate at a density of 1.5 × 105 cells per well and
maintained at a 37 ◦C and 5% CO2 culture conditions overnight. Cells were pre-treated with
inhibitors OMA, BARM or DMSO control for 1 h, followed by infection with VEEV-TC83 at
an Moi 0.1 for 1 h. Inhibitor-conditioning medium was added back after viral overlay was re-
moved and cells were kept at 37 ◦C and 5% CO2 culture conditions. Six hours post-infection,
supernatants and intracellular RNA were collected and stored at −80 ◦C. Viral intracellular
RNA was extracted as previously described. cDNA was generated using a specific primer to
negative-strand RNA for VEEV TC-83, which contained a T7 promoter sequence attached at
the 5′ end (T7-TC83-Neg 5′-GCGTAATACGACTCACTATATCCGTCAGCTCTCTCGCAGG-
3′). A high-capacity cDNA reverse transcription kit (4368814, ThermoFisher, Waltham,
MA, USA) was used to generated the negative-strand cDNA per the manufacturer’s in-
structions. For qPCR of negative-strand viral RNA, forward primer specific to the T7
promoter sequence (5′-GCGTAATACGACTCACTATA-3′) and reverse primer specific to
VEEV TC-83 (5′-CAGGTACTAGGTTTATGCGC-3′) were utilized. qPCR for detection of
viral negative strand used thermal cycling conditions adapted from PowerUp SYBR Green
(A25742, ThermoFisher Scientific, Waltham, MA, USA) per the manufacturer’s instructions:
1 cycle at 50 ◦C for 2 min, 1 cycle at 95 ◦C for 2 min, 40 cycles at 95 ◦C for 15 s, 60 ◦C for 15 s
and 72 ◦C for 1 min using StepOnePlus™ Real Time PCR system (ThermoFisher Scientific,
Waltham, MA, USA). The ∆∆Ct method was used to determine the fold change compared
to the DSMO average.

2.8. Luciferase and Bradford Protein Assay

HMC3 or SVGp12 cells were plated in 96-well plate at a density of 1.0 × 104 cells per
well and pre-treated for 1 h with selected inhibitors and DMSO control, then infected for
one hour with VEEV-TC83, and then post-treated with the same inhibitors, DMSO control
or cell culture media. At 18 hpi, supernatants were collected and cellular lysates were
obtained using 1X Passive Lysis Buffer (E1941, Promega, Madison, WI, USA), and Nano-
Glo Luciferase Assay System (N1130, Promega, Madison, WI, USA) was used to measure
the luciferase activity per the manufacturer’s instructions. Aliquots of the lysates were
mixed with Bradford Reagent (5000006, Bio-Rad, Hercules, CA, USA) per manufacturer’s
instructions. A standard curve for total protein was established using bovine serum
albumin (BSA, BP1600, FisherSci, Hamptom, NH, USA) diluted in Passive Lysis Buffer at
concentrations of 1, 2.5, 5, 10, 20 µg/µL. Mock-infected cells were used to establish the limit
of detection for the luciferase assays. Luminescence and absorbance were measured using
a GloMax Promega plate reader (Promega, Madison, WI, USA). Intracellular luciferase was
normalized to total µg of protein.

2.9. Proinflammatory Cytokine Quantification Assay

HMC3 cells were plated in 24-well plate at a density of 5.0 × 104 cells per well and
pre-treated for 1 h with selected inhibitors, DMSO control or cell culture medium. After
1 h, inhibitors were removed and cells were infected for 1 h with VEEV-TC83. Medium by
itself, or with inhibitors or DMSO was added back to the cells after infection. Supernatants
were collected at 6 and 18 h post-infection and stored at −80. The collected supernatants
from the two timepoints were assayed with MSD V-PLEX Proinflammatory Panel Human
Kit (Cat. K15049D-2) as duplicates for 10 cytokines: IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8,
IL-10, IL-12p70, IL-13 and TNF-α. The assay was performed following the manufacturer’s
protocol and read using MESO QuickPlex SQ 120 (MesoScale Discovery, Gaithersburg,
MD, USA).
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2.10. Statistics

All quantifications were performed by incorporating data obtained from triplicate
samples unless indicated otherwise. Error bars in all figures indicate standard deviations.
Plaque assay, qRT-PCR and ELISA data calculations were performed using Microsoft Excel.
Graphs and p-values were designed and calculated on GraphPad Prism version 9.2.0 for
Windows 10 or 9.4.0 for MacOS. Significance values are indicated using One-way ANOVA
with Dunnett’s post-test using asterisks as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
or using unpaired two-tailed t-test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results
3.1. Inhibitors of UPS-Mediated Signaling Events Decrease VEEV-TC83 Load in Vero Cells

Eight candidate inhibitors that target UPS-mediated signaling events, with an empha-
sis on NFkB signaling and Nrf2 signaling, were chosen to analyze their potential inhibitory
effects on alphavirus multiplication using Venezuelan Equine Encephalitis Virus (VEEV)
TC-83, the test pathogen (Table 1). As the first step, the cytotoxicity of these compounds
was assessed in Vero cells and 50% cytotoxic concentration (CC50) values were determined
for each inhibitor, and DMSO (0.1%) was included as the vehicle control (Figure 1A). The
cells were incubated for 24 h with media containing increasing concentrations of each
inhibitor and cell viability quantified by CellTiterGlo assay. The CC50 values for BARM
(2.4 µM), OMA (3.5 µM), NSC (5.4 µM), BAR (11.6 µM), YH1 (24.7 µM), P00 (25.5 µM), JSH
(27.9 µM) and ML (31.2 µM) were determined. To assess the inhibitory potential of each
inhibitor, Vero cells were pre-treated with the inhibitor at 1 µM (BARM, OMA, NSC) or
2 µM (BAR, JSH, P00, YH1, ML) for 1 h, after which the cells were infected with VEEV-TC83
(multiplicity of infection (MOI): 0.1) for 1 h at 37 ◦C. After 1 h to permit infection, the virus
overlay was replaced with the inhibitor-containing media and cells were maintained at
37 ◦C for 18 h. The culture supernatants were collected at 18 h post-infection and viral
load quantified by plaque assay (Figure 1B). The data demonstrate that all the chosen in-
hibitors exerted an inhibitory effect, albeit to varying degrees, with BARM, BAR and OMA
demonstrating a >2 log decrease as compared to the DMSO control. NSC, P00, ML, JHS and
YH1 demonstrated a >1 log reduction in the TC-83 titer as compared to the DMSO control.
Collectively, our initial assessment of the chosen inhibitors in Vero cells add support to
the significance of UPS-mediated signaling events for the establishment of a productive
VEEV infection.

Table 1. Inhibitors of UPS-mediated signaling pathways.

Name of Inhibitor Abbreviation Mechanisms and Targets References

Bardoxolone methyl BARM NFkB inhibitor, Nrf2 activator [41–43,47]
Bardoxolone BAR IKK inhibitor, Nrf2 activator [41–43,47]

Omaveloxolone OMA NFkB inhibitor, Nrf2 activator [48,49]
NSC697923 NSC NFkB inhibitor [50–52]
YH239-EE YH1 NFkB inhibitor, Nrf2 activator [53]

P005091 P00 Ubiquitin-specific
protease 7 inhibitor [54]

JSH-23 JSH NFkB pathway p65
translocation inhibitor [55,56]

ML-323 ML UPS1-UAF1 deubiquitinase
complex inhibitor [49,57]
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Figure 1. Inhibitors of UPS-mediated signaling events decrease Venezuelan Equine Encephalitis
Virus (VEEV) TC83 infectious titer in Vero cells. (A) Vero cells were pre-treated with the inhibitor as
indicated at increasing concentrations, toxicity was quantified at 24 h post-treatment using Cell Titer
Glo and luciferase values reported as percent viability relative to the DMSO control. (B) Cells were
treated with either 1 or 2 µM concentrations of each inhibitor for 1 h, after which they were infected
with VEEV-TC83 (MOI: 0.1). Post-infection, the cells were treated with the inhibitor-containing media
or media with DMSO and incubated at 37 ◦C, 5% CO2 for 18 h, after which infectious titer in the
supernatants was quantified by plaque assay. Statistical analysis was performed using One-way
ANOVA with Dunnett’s post-test. **** p < 0.0001.

3.2. UPS-Mediated Signaling Inhibitors Demonstrate Inhibition of VEEV-TC83 in Human
Astroglial (SVG-p12) and Microglial (HMC3) Cells

VEEV and EEEV are known to infect cells of the CNS that contribute to the encephalitic
phenotype in infected individuals. Thus, we determined if the inhibitors that demonstrated
successful antiviral outcomes in Vero cells were also able to elicit robust inhibition of VEEV
in human-derived cells of the CNS, specifically, astroglial (SVG-p12) and microglial (HMC3)
cells. OMA, BARM, NSC, YH1 and P00 were selected for further testing in HMC3 and
SVG-p12 cells. The cells were independently treated with OMA (0.1 µM), BARM (0.1 µM),
NSC (0.5 µM), YH1 (0.5 µM), P00 (1 µM) and DMSO (0.1%) for 24 h and cytotoxicity
assessed by CellTiterGlo assay (Figure 2A). The data demonstrate that >90% cell viability
can be observed in all cases at selected concentrations. CC50 data for all five inhibitors in
HMC3 and SVG-p12 cell types are included as supplemental data (Figure S1). The antiviral
potential of these inhibitors in the two cell types was next assessed by preincubating the
cells with inhibitor-containing media for 1 h, infection by VEEV-TC83 for 1 h and post-
treatment of infected cells with inhibitors. DMSO was maintained as the vehicle-alone
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control. At 18 h post-infection, cell culture supernatants were collected and viral titers were
quantified by plaque assay (Figure 2B,C).
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Figure 2. Inhibitors of UPS-mediated signaling inhibit VEEV-TC83 in infected microglial (HMC3)
and astroglial (SVG-p12) cells. (A) HMC3 and SVG-p12 cells were plated in 96-well format plates
and treated with inhibitors at the indicated concentrations. DMSO-treated cells were maintained as
vehicle-alone controls. Treated cells were maintained at 37 ◦C, 5% CO2 for 24 h, and cell viability
was quantified by Cell Titer Glo assay. (B) Schematic of infection. (C) HMC3 and SVG-p12 cells
were pre-treated for 1 h with inhibitors or DMSO, followed by an infection with VEEV-TC83 for
1 h. Inhibitor-containing medium was added back to the cells after removal of the viral overlay and
cells were incubated at 37 ◦C, 5% CO2. Eighteen hours post-infection, supernatants were collected
and assessed by plaque assay for viral load. Infectious virus titers are reported as plaque-forming
units (PFU)/mL. Statistical analysis was performed using One-way ANOVA with Dunnett’s post-test.
* p < 0.05, ** p < 0.01.

A fraction of the supernatant was used for RNA isolation to quantify extracellular
viral RNA levels. The cells were then lysed and total RNA obtained to quantify the impact
of the inhibitors on intracellular viral RNA levels (Figure 3A,B). In HMC3 cells, all five of
the selected inhibitors decreased infectious virus titer when compared to the vehicle-alone
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control, while in SVG-p12 cells, only OMA and NSC demonstrated statistically significant
inhibition (Figure 2C).
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Figure 3. UPS-mediated signaling inhibitors decrease viral RNA in the VEEV-TC83-infected culture
supernatants and in infected HMC3 and SVG-p12 cells. HMC3 cells and SVG-p12 cells were seeded
in a 96-well plate at a density of 10,000 cells per well. Cells were pre-treated for 1 h with inhibitors
or DMSO, followed by an infection with VEEV-TC83 for 1 h. Inhibitor-containing media or the
corresponding DMSO control media were added back to cells post-infection and cells were incubated
at 37 ◦C, 5% CO2. Eighteen hours post-infection, supernatants were collected and RNA was isolated
for qRT-PCR analysis. Cells were lysed and intracellular RNA was isolated. The viral genomic copy
number for VEEV-TC83 in the extracted RNA was quantified by qRT-PCR for (A) intracellular RNA
and (B) extracellular (supernatant) viral RNA quantification. Statistical analysis was performed using
One-way ANOVA with Dunnett’s post-test. * p < 0.05, ** p < 0.01.

The viral RNA levels in the cell culture supernatants and infected cells were quantified
by qRT-PCR to ascertain the effect of the inhibitors on the extracellular and intracellular
viral RNA levels, respectively. In the context of HMC3 cells, OMA treatment reduced
the intracellular viral RNA level by >1 log, while NSC, BARM, YH1 and P00 treatment
reduced the intracellular viral RNA by approximately 1 log (Figure 3A). In the context of
SVG-p12 cells, OMA demonstrated a >4 log decrease and NSC showed a >3 log decrease
in intracellular viral RNA, while BARM, YH1 and P00 did not demonstrate a statistically
significant decrease. Quantification of extracellular viral RNA in HMC3 cells showed a
uniform decrease of >1 log for all inhibitors (Figure 3B), agreeing with the trend seen with
intracellular viral RNA. In the SVG-p12 cells, while OMA consistently reduced extracel-
lular viral RNA by >3 logs (Figure 3B), trending similar to the intracellular viral RNA
(Figure 3A), the extracellular viral RNA reduction by NSC was less significant as compared
to the intracellular RNA. Cumulatively, the studies in CNS-relevant cell types, namely the
astroglial and microglial cells, demonstrate that OMA demonstrated consistent inhibition
of VEEV-TC83 in a cell-type-independent manner with reduction observed at the level of
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infectious titer and viral RNA. BARM and NSC continue to show promise as inhibitors of
VEEV-TC83 in these cell lines, albeit at less robust levels than OMA. Additionally, CC50

and effective concentration at 50% percent (EC50) further confirmed OMA, BARM and NSC
as being effective inhibitors (Figure S2).

3.3. UPS Signaling Inhibitors Decrease VEEV-TC83 in a Dose-Dependent Manner

OMA, BARM and NSC were selected to further assess dose dependency of their
inhibitory outcomes using HMC3 cells as the cell type of choice. Viral inhibition was
queried under three different treatment conditions as shown in the schematic (Figure 4A),
namely pre-treatment only, pre- and post-treatment and post-treatment only. Under each
condition, the inhibitors were tested at increasing concentrations (0.1 µM, 0.5 µM and
1.0 µM) while still staying within the cytotoxic concentration that resulted in >90% survival
(Figure S1). Although all three inhibitors showed a dose-dependent reduction in viral
infectious titer in pre- and post-treatment, and in post-treatment-only strategies (Figure 4B),
OMA and BARM showed a significant reduction in infectious titer compared to NSC. At
0.1 µM concentration, the three inhibitors showed a ~1 log reduction in the pre- and post-
treatment condition. OMA and BARM showed a >5 log reduction at the 1 µM concentration
in the pre- and post-treatment condition. When the same groups are compared at the
highest concentration tested (1.0 µM), OMA consistently exerted strong inhibition, while
BARM showed less inhibition in the post-treatment condition. The pre-treatment-only
condition did not result in a robust reduction in viral load (<1 log) although statistical
significance could be observed. Interestingly, when the post-treatment-only condition at
the lowest concentration (0.1 µM) for the three compounds was compared to the pre- and
post-treatment condition, the former resulted in more inhibition but with lower statistical
significance. Overall, OMA and BARM demonstrated clear dose dependency in HMC3
cells, with the pre- and post-treatment strategy eliciting strong, statistically significant
inhibition of infectious titers at MOIs of 0.1 and 1 (Figure S3).

The dose dependency of these inhibitors was also assessed at the level of intracellular
and extracellular viral RNA by qRT-PCR in HMC3 cells. This analysis was restricted to
only the pre- and post-treatment and the post-treatment-alone strategies (Figure 5A). The
concentrations of OMA, BARM and NSC were maintained the same as described above
for infectious viral titers. The analysis of intracellular RNA revealed that at the highest
concentration tested (1 µM), the decrease in viral RNA in OMA, BARM and NSC treatments
were highly comparable, producing a >3 log drop for OMA and BARM and a ~1 log drop
for NSC (Figure 5B). At the lowest concentration tested (0.1 µM), there was no robust
inhibitory effect noted for any of the inhibitors. At the mid-level concentration (0.5 µM),
OMA and BARM elicited a >2 log inhibition, which was statistically significant. The
overall trend for these three inhibitors, at these three concentrations, was fairly comparable
when the extracellular viral RNA was quantified (Figure 5C). The lowest concentrations
of the three compounds did not show robust inhibition, while very strong inhibition
(>4 log) was seen for OMA and BARM in both conditions. Overall, the assessment of the
dose dependency of the three inhibitors at the infectious titer (Figure 4) and viral RNA
levels (Figure 5) indicate that pre- and post-treatment with OMA and BARM produce a
clear, dose-dependent decrease in VEEV-TC83 infectious titer and viral RNA in HMC3
cells. Additionally, OMA and BARM at 1 µM concentration show a statistically significant
reduction in viral negative-strand RNA levels in VEEV-TC83-infected HMC3 cells at 6 h
post-infection (Figure 5D).
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Figure 4. OMA, BARM and NSC demonstrated dose-dependent decrease in infectious titers of
VEEV-TC83 when inhibitors were provided pre- and post-infection. (A) Schematic of infection and
inhibitor treatment strategies; (B) HMC3 cells were treated with the treatment methods as indicated
at increasing concentrations of OMA, BARM and NSC. Infection was performed with VEEV-TC83 for
1 h, after which the media with or without inhibitors or DMSO was added back to cells. Supernatants
were obtained at 18 h post-infection and infectious titer quantified by plaque assay. Statistical analysis
was performed using One-way ANOVA with Dunnett’s post-test. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

3.4. OMA, BARM and NSC Exhibit Differential Inhibitory Impact on Proinflammatory Cytokines
in VEEV-TC83-Infected HMC3 Cells

OMA, BARM and NSC are known to modulate the NFκB signaling cascade, which is
an important modulator of proinflammatory cytokine expression. Therefore, the impact
of OMA, BARM and NSC treatment on proinflammatory cytokine levels in the context of
the pre- and post-infection treatment of infected HMC3 cells was analyzed by multiplexed
ELISA. The supernatants from cells treated with the inhibitors or with the vehicle-alone
control were obtained at 6 h and 18 h post-infection and quantified for the levels of
10 inflammatory cytokines (IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13
and TNF-α) using the V-PLEX proinflammatory human cytokine array (Mesoscale). At 6 h
post-infection, OMA- and NSC-treated cells had an inhibitory effect on IL-1β, IL-6 and IL-8,
while BARM inhibited IL-6 and IL-8 levels (Figure 6A). There was no significant change
in IFNγ levels with any of the inhibitors. Similarly, at 18 h post-infection, OMA had an
inhibitory effect on IL-1β, IL -6 and IL-8. BARM showed a more inhibitory effect compared
to the control at 18 h post-infection with IL-6 and IL-8 but not for IL-1β (Figure 6B). At
18 h post-infection, NSC exerted inhibitory activity only on IL-6 (Figure 6B). The 6 and 18 h
supernatant samples were also evaluated by plaque assay to measure the corresponding
viral load at those time points (Figure 6C) and, as expected, the viral load was lower at
the 18 h time point in the inhibitor-treated samples. The inhibitory activities of the three
compounds on the other proinflammatory cytokines are included in the supplemental
data (Figure S4). Overall, at the early and the later time points tested, OMA exerted an
inhibitory effect on three major proinflammatory cytokines, IL-1β, IL-6, IL-8, and BARM
demonstrated an inhibitory effect against IL-6 and IL-8 in VEEV-TC83-infected HMC3 cells.
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Figure 5. OMA, BARM and NSC showed a dose-dependent decrease in VEEV-TC83 RNA when
inhibitor was present pre- and post-infection. (A) HMC3 cells were treated with the inhibitor either
pre- and post-infection or post-infection only at different concentrations as indicated. Following
infection for 1 h, the viral overlay was replaced with media containing the inhibitors. Viral RNA
from culture supernatants and cells were collected at 18 h post-infection. (B) Intracellular viral RNA
load and (C) extracellular viral RNA levels were analyzed by qRT-PCR and data reported as genomic
copies per cell (intracellular) or per mL (extracellular). (D) Quantitative analysis of negative-strand
RNA was performed with OMA and BARM. Statistical analysis determined using One-way ANOVA
with Dunnett’s post-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 6. Effect of OMA, BARM and NSC treatment on expression of proinflammatory cytokines in
the supernatants of VEEV-TC83-infected HMC3 cells. HMC3 cells were seeded in a 96-well plate
format at a cell density of 10,000 cells per well. Cells were pre-treated for 1 h with inhibitors or
DMSO, followed by an infection with VEEV-TC83. Following the infection, cells were treated again
with the inhibitors or with DMSO. Culture supernatants were collected at 6 and 18 h post-infection
(A,B), which were used for assessment of proinflammatory cytokine levels using MSD V-PLEX
Proinflammatory Human Kit. Using this kit, 10 cytokines were quantified, namely IFN-γ, IL-1β,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13 and TNF-α. The results were reported as pg/mL for each
cytokine at each timepoint. (C) The same culture supernatants that were used for the proinflammatory
cytokine quantification were also used to quantify infectious viral titer by plaque assay to establish
infectivity correlates for each time point and each inhibitor. Statistical analysis was carried out using
t-test * p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. OMA, BARM and NSC Exert Broad-Spectrum Viral Inhibitory Activity against Virulent
Strains of VEEV and EEEV in HMC3 Cells

The inhibitory potential of the three inhibitors against virulent strains of VEEV (VEEV-
TrD) and Eastern Equine Encephalitis Virus (EEEV-FL93) were analyzed in HMC3 cells
(Figure 7). The cells were pre- and post-infection treated with the inhibitors at 0.5 µM
concentration and the effect on infectious viral titer was quantified at 18 h post-infection.
With VEEV-TrD, a >2 log inhibition was observed with all three inhibitors, while EEEV,
BARM and OMA exhibited a much stronger inhibition (>3 logs) than NSC, which exerted
an inhibition of ~2 logs. Viral load analysis of VEEV-TrD with the three inhibitors at 1 µM
concentration showed a >3 log reduction of both extracellular and intracellular RNA. Dose
dependency of these inhibitors was also noted in the context of VEEV and EEEV infections
(Figure 7A,C). Cumulatively, the data support the potential of these inhibitors to exert a
broad-spectrum antiviral activity against virulent strains of New World alphaviruses.
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Figure 7. OMA, BARM and NSC demonstrate broad-spectrum inhibition of virulent strains of
VEEV and EEEV. HMC3 cells were seeded in a 96-well plate and pre-treated for 1 h with inhibitors
(0.5 µM) or DMSO, followed by an infection with VEEV-TrD or EEEV FL93 (MOI: 0.1). After infection,
the cells were post-treated with the inhibitors or with DMSO-containing medium. (A,C) Culture
supernatants were collected at 18 h post-infection and assessed by plaque assay. (B) RNA was isolated
from VEEV-TrD-infected HMC3 cells for qRT-PCR analysis. Cells were lysed for intracellular RNA
isolation and supernatant was collected for extracellular RNA. The viral genomic copy number for
VEEV-TrD in the extracted RNA was quantified by qRT-PCR for intracellular RNA and extracellular
(supernatant) viral RNA quantification, data reported as genomic copies per cell (intracellular) or per
µL (extracellular). Infectious titer for each virus is reported as plaque-forming units (PFU) per mL.
Limit of detection (L.O.D) is included for panel A. Statistical analysis determined using One-way
ANOVA with Dunnett’s post-test. * p < 0.05, ** p < 0.01.

4. Discussion

VEEV and EEEV are New World alphaviruses that are transmitted by mosquito
vectors and contribute to disease in humans in the Americas. These viruses are highly
stable and infectious as aerosols, in which case the encephalitic outcomes are prominent in
the infected individuals, leading to higher rates of mortality than the natural transmission
by mosquitoes. FDA-approved therapeutic strategies are not available to treat VEEV or
EEEV infection.

Host-based inhibitors offer important advantages over virus-targeted inhibitors by
decreasing the potential for the development of resistance and having a higher probability
to exert broad-spectrum inhibitory outcomes in the context of closely related viruses. In
this effort, we focused on a small selection of inhibitors that are known to influence the
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UPS-mediated signaling events in human host cells. Ubiquitination is an important post-
translational modification that is mediated by the ubiquitin proteasome system, which
includes enzymatic activities of several ubiquitin transferases and deubiquitinases [58]. Tar-
geted protein degradation by the proteasome is also an important method for cell regulation
that is dependent on the activity of the proteasome and the ubiquitination/deubiquitination
enzymes. This is a multi-step process that is primarily carried out by E1 activating enzymes,
E2 conjugating enzymes and E3 ubiquitin ligases, which ultimately leads to the proteasomal
degradation of the ubiquitinated target by the 26S proteasome [58–61]. UPS is responsible
for the degradation of targeted substrates (e.g., misfolded/unfolded proteins) and also
functions to regulate many fundamental cellular processes such as stress response, signal
transduction and transcriptional activation [58–62]. Many viral proteins are also regulated
by differential ubiquitination and deubiquitination, thus suggesting that the associated
enzymatic machinery can be targeted therapeutically to achieve virus inhibition. This has
been documented for several viral proteins such as the NS1, NS3 and NS4B proteins of
dengue virus [63]. The NS3 protease of dengue virus has been shown to interact with the
E3 ligase, TRIM 69. Targeting the E3 ligase Cullin 2 exerts an inhibitory effect on dengue
virus, adding support to the potential of these enzymes to be targeted to achieve viral
inhibitory outcomes [64]. The Ebola virus protein VP35 is known to be ubiquitinated, which
is required for the regulation of viral transcription and assembly [65]. The ubiquitination
of VP40 has been demonstrated to be important for filovirus budding and egress [65–68].
In the context of New World alphaviruses, it has been demonstrated that inhibition of the
proteasome function using the FDA-approved small molecule, bortezomib, exerted robust
viral inhibitory activity against VEEV, by potentially impacting the ubiquitination status
of the capsid protein [25]. Viral proteins also differentially regulate the availability and
functionality of the UPS enzymatic machinery as evidenced in the context of chikungunya
virus where the nsP2 protease downregulates an E2 conjugating enzyme [69]. Needless to
say, there is a growing body of evidence in the literature that the UPS and the associated
enzymatic machineries play critical roles in the establishment of productive infections in
the context of several acutely infectious, enveloped RNA viruses, thus identifying them as
valuable targets for therapeutic intervention.

Several host signaling pathways also include modification of critical signaling proteins
to achieve their intended cell response outcomes [70,71]. The NFκB signaling cascade is
a central mediator of multiple host response events including cell growth, multiplication
and apoptosis [70–75]. NFκB signaling requires the nuclear translocation of p65, which
is restricted in the cytoplasm in non-stimulated conditions by IκBα [75]. Upon activation
of the NFκB cascade, IκBα is phosphorylated by IKKβ kinase, and ubiquitinated on K48,
which targets IκBα for degradation. This targeted degradation of IκBα is required for
the nuclear translocation of p65, which acts to regulate the transcription of key response
genes [75]. The NFκB cascade has been shown to play an important role in New World
alphavirus infections because inhibition of the IKKβ kinase by small molecule inhibitors
exerted a broad-spectrum inhibitory activity against VEEV and EEEV [36,73]. It has also
been demonstrated that IKKβ kinase can phosphorylate the VEEV non-structural protein
3 (nsP3) and this phosphorylation event is also important for infection [76]. While the
role of the phosphorylation by the NFκB signaling cascade has been shown, the impact of
modulating the ubiquitination status of the NFκB signaling cascade on alphavirus infections
has not been looked into. The data included in this manuscript demonstrate that modulation
of the ubiquitination-dependent signaling aspect of the NFκB cascade can also exert a broad-
spectrum inhibitory effect against alphaviruses. This step, however, is downstream of IKKβ

activation and hence, from a mechanistic perspective, is likely to involve alternate host
and/or viral targets than those demonstrated earlier such as the VEEV nsP3 protein. It
is more likely that the ubiquitination/deubiquitination machinery that is likely targeted
by the highly effective small molecules OMA, BARM and NSC are critical enablers for
the establishment of productive alphavirus infection. However, the data included in this
study also demonstrate inhibition of proinflammatory cytokines in the context of inhibitor
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treatment, which is likely to be directly related to the inhibition of the nuclear translocation
of p65 and the lack of activation of gene expression of proinflammatory genes such as IL-1β,
IL-6 and IL-8.

The Nrf2 signaling pathway is well documented as playing important innate immune
roles in cells including protective responses against oxidative stress and inflammation.
VEEV infection has been shown to result in an increase in reactive oxygen species leading to
mitochondrial damage and oxidative stress [77,78]. The Nrf2 signaling pathway is a target
for multiple viruses including dengue virus [79,80], SARS-CoV-2 [81], hepatitis viruses [82],
influenza virus [38] and Ebola virus [39–42], thus suggesting that this pathway can be
targeted by therapeutic candidates to achieve a decrease in viral and/or inflammatory
loads. Small molecule inhibitors that target the Nrf2 signaling pathway such as coumarin
have been shown to exert an inhibitory effect in the context of alphavirus infections,
specifically chikungunya virus [83]. The data included in this manuscript support the
idea that the activation of Nrf2 signaling by small molecules can have broad-spectrum
inhibitory outcomes against alphaviruses and also elicit protective outcomes by decreasing
proinflammatory cytokine levels.

Of high significance in the context of encephalitic alphaviruses is the damage to the
blood–brain barrier (BBB), and inflammation has been heavily implicated in BBB disruption.
For a therapeutic candidate to be effective in an encephalitic disease state, the ability to
reduce viral and inflammatory load will be an important requirement. Modulating Nrf2
levels at the BBB in the context of proinflammatory states such as diabetes and intracere-
bral hemorrhage has been shown to have positive outcomes [84,85], thus presenting the
attractive possibility of OMA and BARM functioning in the protection of BBB integrity and
decreasing the inflammatory load across the BBB during alphavirus infections.

5. Conclusions

Cumulatively, the data presented in this manuscript add support to the importance of
UPS-mediated signaling events in the establishment of a productive infection by New World
alphaviruses in cells of the CNS. The modulation of ubiquitination events in the NFκB
and Nrf2 signaling pathways by small molecule inhibitors exert broad-spectrum inhibition
of New World alphaviruses. It remains an attractive possibility that alphavirus proteins
may be ubiquitinated/deubiquitinated by the same enzymatic machinery that results
in ubiquitination modifications of host target proteins in the NFκB and Nrf2 signaling
cascades, and hence, these small molecules may also have conserved viral targets.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15030655/s1, Figure S1: Cell Viability of Selected 5 Inhibitors in
Human Microglilal (HMC3) and Astroglial (SVG-p12) cells; Figure S2: Inhibitors of UPS-mediated
signaling pathway inhibit VEEV-TC83 in Infected Human Microglilal (HMC3) and Astroglial (SVG-
p12) cells; Figure S3: OMA, BARM, and NSC demonstrate inhibition of VEEV-TC83 infectious titer at
Moi 1; Figure S4: Effect of OMA, BARM, and NSC treatment on expression.

Author Contributions: Conceptualization, N.A.B., I.V.O., B.M. and A.N.; methodology, N.A.B., B.M.,
M.D.B., C.A., K.H.R., F.A. and A.N.; formal analysis, N.A.B., B.M., M.D.B., F.A. and A.N., and they
performed the experiments; N.A.B. and M.D.B. conducted the bioinformatics analyses; N.A.B., B.M.
and M.D.B. completed data curation and assembly; writing—review and editing, N.A.B., M.D.B., H.B.
and A.N.; project administration, A.N.; funding acquisition, A.N. All authors have read and agreed
to the published version of the manuscript.

Funding: The research was supported by a grant awarded by the Defense Threat Reduction Agency
for A.N. (HDTRA11810040).

Informed Consent Statement: Not Applicable.

Acknowledgments: The authors would like to thank all members of the Narayanan laboratory
and the GMU Biomedical Research Laboratory for helpful contributions throughout the study with
execution of the experiments and manuscript review.

https://www.mdpi.com/article/10.3390/v15030655/s1
https://www.mdpi.com/article/10.3390/v15030655/s1


Viruses 2023, 15, 655 16 of 19

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

References
1. Azar, S.R.; Campos, R.K.; Bergren, N.A.; Camargos, V.N.; Rossi, S.L. Epidemic Alphaviruses: Ecology, Emergence and Outbreaks.

Microorganisms 2020, 8, 1167. [CrossRef] [PubMed]
2. Zacks, M.A.; Paessler, S. Encephalitic alphaviruses. Vet. Microbiol. 2010, 140, 281–286. [CrossRef] [PubMed]
3. Weaver, S.C.; Ferro, C.; Barrera, R.; Boshell, J.; Navarro, J.C. Venezuelan equine encephalitis. Annu. Rev. Entomol. 2004, 49, 141–174.

[CrossRef] [PubMed]
4. Forrester, N.L.; Wertheim, J.O.; Dugan, V.G.; Auguste, A.J.; Lin, D.; Adams, A.P.; Chen, R.; Gorchakov, R.; Leal, G.; Estrada-Franco,

J.G.; et al. Evolution and spread of Venezuelan equine encephalitis complex alphavirus in the Americas. PLoS Negl. Trop. Dis.
2017, 11, e0005693. [CrossRef] [PubMed]

5. Guzmán-Terán, C.; Calderón-Rangel, A.; Rodriguez-Morales, A.; Mattar, S. Venezuelan equine encephalitis virus: The problem is
not over for tropical America. Ann. Clin. Microbiol. Antimicrob. 2020, 19, 19. [CrossRef] [PubMed]

6. Guerrero-Arguero, I.; Tellez-Freitas, C.M.; Weber, K.S.; Berges, B.K.; Robison, R.A.; Pickett, B.E. Alphaviruses: Host pathogenesis,
immune response, and vaccine & treatment updates. J. Gen. Virol. 2021, 102, 001644. [CrossRef]

7. Corrin, T.; Ackford, R.; Mascarenhas, M.; Greig, J.; Waddell, L.A. Eastern Equine Encephalitis Virus: A Scoping Review of the
Global Evidence. Vector Borne Zoonotic Dis. 2021, 21, 305–320. [CrossRef]

8. Lindsey, N.P.; Staples, J.E.; Fischer, M. Eastern Equine Encephalitis Virus in the United States, 2003–2016. Am. J. Trop. Med. Hyg.
2018, 98, 1472–1477. [CrossRef]

9. Armstrong, P.M.; Andreadis, T.G. Ecology and Epidemiology of Eastern Equine Encephalitis Virus in the Northeastern United
States: An Historical Perspective. J. Med. Entomol. 2022, 59, 1–13. [CrossRef]

10. Schäfer, A.; Brooke, C.B.; Whitmore, A.C.; Johnston, R.E. The role of the blood-brain barrier during Venezuelan equine encephalitis
virus infection. J. Virol. 2011, 85, 10682–10690. [CrossRef]

11. Hollidge, B.S.; Cohen, C.A.; Akuoku Frimpong, J.; Badger, C.V.; Dye, J.M.; Schmaljohn, C.S. Toll-like receptor 4 mediates
blood-brain barrier permeability and disease in C3H mice during Venezuelan equine encephalitis virus infection. Virulence 2021,
12, 430–443. [CrossRef]

12. Bocan, T.M.; Stafford, R.G.; Brown, J.L.; Akuoku Frimpong, J.; Basuli, F.; Hollidge, B.S.; Zhang, X.; Raju, N.; Swenson, R.E.; Smith,
D.R. Characterization of Brain Inflammation, Apoptosis, Hypoxia, Blood-Brain Barrier Integrity and Metabolism in Venezuelan
Equine Encephalitis Virus (VEEV TC-83) Exposed Mice by In Vivo Positron Emission Tomography Imaging. Viruses 2019, 11,
1052. [CrossRef]

13. Cain, M.D.; Salimi, H.; Gong, Y.; Yang, L.; Hamilton, S.L.; Heffernan, J.R.; Hou, J.; Miller, M.J.; Klein, R.S. Virus entry and
replication in the brain precedes blood-brain barrier disruption during intranasal alphavirus infection. J. Neuroimmunol. 2017, 308,
118–130. [CrossRef] [PubMed]

14. Phillips, A.T.; Rico, A.B.; Stauft, C.B.; Hammond, S.L.; Aboellail, T.A.; Tjalkens, R.B.; Olson, K.E. Entry Sites of Venezuelan and
Western Equine Encephalitis Viruses in the Mouse Central Nervous System following Peripheral Infection. J. Virol. 2016, 90,
5785–5796. [CrossRef]

15. Sharma, A.; Bhomia, M.; Honnold, S.P.; Maheshwari, R.K. Role of adhesion molecules and inflammation in Venezuelan equine
encephalitis virus infected mouse brain. Virol. J. 2011, 8, 197. [CrossRef]

16. Sharma, A.; Bhattacharya, B.; Puri, R.K.; Maheshwari, R.K. Venezuelan equine encephalitis virus infection causes modulation of
inflammatory and immune response genes in mouse brain. BMC Genom. 2008, 9, 289. [CrossRef]

17. Gupta, P.; Sharma, A.; Han, J.; Yang, A.; Bhomia, M.; Knollmann-Ritschel, B.; Puri, R.K.; Maheshwari, R.K. Differential host gene
responses from infection with neurovirulent and partially-neurovirulent strains of Venezuelan equine encephalitis virus. BMC
Infect. Dis. 2017, 17, 309. [CrossRef] [PubMed]

18. Sharma, A.; Knollmann-Ritschel, B. Current Understanding of the Molecular Basis of Venezuelan Equine Encephalitis Virus
Pathogenesis and Vaccine Development. Viruses 2019, 11, 164. [CrossRef] [PubMed]

19. Barrera, M.D.; Callahan, V.; Akhrymuk, I.; Bhalla, N.; Zhou, W.; Campbell, C.; Narayanan, A.; Kehn-Hall, K. Proteomic Discovery
of VEEV E2-Host Partner Interactions Identifies GRP78 Inhibitor HA15 as a Potential Therapeutic for Alphavirus Infections.
Pathogens 2021, 10, 283. [CrossRef]

20. Carey, B.D.; Bakovic, A.; Callahan, V.; Narayanan, A.; Kehn-Hall, K. New World alphavirus protein interactomes from a
therapeutic perspective. Antiviral. Res. 2019, 163, 125–139. [CrossRef]

21. Yao, Z.; Zanini, F.; Kumar, S.; Karim, M.; Saul, S.; Bhalla, N.; Panpradist, N.; Muniz, A.; Narayanan, A.; Quake, S.R.; et al. The
transcriptional landscape of Venezuelan equine encephalitis virus (TC-83) infection. PLoS Negl. Trop. Dis. 2021, 15, e0009306.
[CrossRef] [PubMed]

22. Bakovic, A.; Bhalla, N.; Alem, F.; Campbell, C.; Zhou, W.; Narayanan, A. Inhibitors of Venezuelan Equine Encephalitis Virus
Identified Based on Host Interaction Partners of Viral Non-Structural Protein 3. Viruses 2021, 13, 1533. [CrossRef] [PubMed]

23. Risner, K.; Ahmed, A.; Bakovic, A.; Kortchak, S.; Bhalla, N.; Narayanan, A. Efficacy of FDA-Approved Anti-Inflammatory Drugs
Against Venezuelan Equine Encephalitis Virus Infection. Viruses 2019, 11, 1151. [CrossRef]

http://doi.org/10.3390/microorganisms8081167
http://www.ncbi.nlm.nih.gov/pubmed/32752150
http://doi.org/10.1016/j.vetmic.2009.08.023
http://www.ncbi.nlm.nih.gov/pubmed/19775836
http://doi.org/10.1146/annurev.ento.49.061802.123422
http://www.ncbi.nlm.nih.gov/pubmed/14651460
http://doi.org/10.1371/journal.pntd.0005693
http://www.ncbi.nlm.nih.gov/pubmed/28771475
http://doi.org/10.1186/s12941-020-00360-4
http://www.ncbi.nlm.nih.gov/pubmed/32429942
http://doi.org/10.1099/jgv.0.001644
http://doi.org/10.1089/vbz.2020.2671
http://doi.org/10.4269/ajtmh.17-0927
http://doi.org/10.1093/jme/tjab077
http://doi.org/10.1128/JVI.05032-11
http://doi.org/10.1080/21505594.2020.1870834
http://doi.org/10.3390/v11111052
http://doi.org/10.1016/j.jneuroim.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28501330
http://doi.org/10.1128/JVI.03219-15
http://doi.org/10.1186/1743-422X-8-197
http://doi.org/10.1186/1471-2164-9-289
http://doi.org/10.1186/s12879-017-2355-3
http://www.ncbi.nlm.nih.gov/pubmed/28446152
http://doi.org/10.3390/v11020164
http://www.ncbi.nlm.nih.gov/pubmed/30781656
http://doi.org/10.3390/pathogens10030283
http://doi.org/10.1016/j.antiviral.2019.01.015
http://doi.org/10.1371/journal.pntd.0009306
http://www.ncbi.nlm.nih.gov/pubmed/33788849
http://doi.org/10.3390/v13081533
http://www.ncbi.nlm.nih.gov/pubmed/34452398
http://doi.org/10.3390/v11121151


Viruses 2023, 15, 655 17 of 19

24. Lundberg, L.; Brahms, A.; Hooper, I.; Carey, B.; Lin, S.C.; Dahal, B.; Narayanan, A.; Kehn-Hall, K. Repurposed FDA-Approved
drug sorafenib reduces replication of Venezuelan equine encephalitis virus and other alphaviruses. Antiviral. Res. 2018, 157,
57–67. [CrossRef]

25. Amaya, M.; Keck, F.; Lindquist, M.; Voss, K.; Scavone, L.; Kehn-Hall, K.; Roberts, B.; Bailey, C.; Schmaljohn, C.; Narayanan, A.
The ubiquitin proteasome system plays a role in venezuelan equine encephalitis virus infection. PLoS ONE 2015, 10, e0124792.
[CrossRef]

26. Fernandez-Garcia, M.D.; Meertens, L.; Bonazzi, M.; Cossart, P.; Arenzana-Seisdedos, F.; Amara, A. Appraising the roles of CBLL1
and the ubiquitin/proteasome system for flavivirus entry and replication. J. Virol. 2011, 85, 2980–2989. [CrossRef]

27. Byk, L.A.; Iglesias, N.G.; De Maio, F.A.; Gebhard, L.G.; Rossi, M.; Gamarnik, A.V. Dengue Virus Genome Uncoating Requires
Ubiquitination. mBio 2016, 7, e00804-16. [CrossRef]

28. Nag, D.K.; Finley, D. A small-molecule inhibitor of deubiquitinating enzyme USP14 inhibits Dengue virus replication. Virus Res.
2012, 165, 103–106. [CrossRef] [PubMed]

29. Zu, S.; Li, C.; Li, L.; Deng, Y.-Q.; Chen, X.; Luo, D.; Ye, Q.; Huang, Y.-J.; Li, X.-F.; Zhang, R.-R.; et al. TRIM22 suppresses Zika virus
replication by targeting NS1 and NS3 for proteasomal degradation. Cell Biosci. 2022, 12, 139. [CrossRef]

30. Karpe, Y.A.; Pingale, K.D.; Kanade, G.D. Activities of proteasome and m-calpain are essential for Chikungunya virus replication.
Virus Genes 2016, 52, 716–721. [CrossRef]

31. Lee, H.-R.; Lee, M.K.; Kim, C.W.; Kim, M. TRIM Proteins and Their Roles in the Influenza Virus Life Cycle. Microorganisms 2020,
8, 1424. [CrossRef]

32. Biquand, E.; Poirson, J.; Karim, M.; Declercq, M.; Malausse, N.; Cassonnet, P.; Barbezange, C.; Straub, M.L.; Jones, L.; Munier,
S.; et al. Comparative Profiling of Ubiquitin Proteasome System Interplay with Influenza A Virus PB2 Polymerase Protein
Recapitulating Virus Evolution in Humans. mSphere 2017, 2, e00330-17. [CrossRef]

33. Widjaja, I.; de Vries, E.; Tscherne, D.M.; García-Sastre, A.; Rottier, P.J.; de Haan, C.A. Inhibition of the ubiquitin-proteasome
system affects influenza A virus infection at a postfusion step. J. Virol. 2010, 84, 9625–9631. [CrossRef]

34. Park, E.S.; Dezhbord, M.; Lee, A.R.; Kim, K.H. The Roles of Ubiquitination in Pathogenesis of Influenza Virus Infection. Int. J.
Mol. Sci. 2022, 23, 4593. [CrossRef] [PubMed]

35. Joyce, M.A.; Berry-Wynne, K.M.; Dos Santos, T.; Addison, W.R.; McFarlane, N.; Hobman, T.; Tyrrell, D.L. HCV and flaviviruses
hijack cellular mechanisms for nuclear STAT2 degradation: Up-regulation of PDLIM2 suppresses the innate immune response.
PLoS Pathog. 2019, 15, e1007949. [CrossRef] [PubMed]

36. Amaya, M.; Voss, K.; Sampey, G.; Senina, S.; de la Fuente, C.; Mueller, C.; Calvert, V.; Kehn-Hall, K.; Carpenter, C.; Kashanchi, F.;
et al. The Role of IKKβ in Venezuelan Equine Encephalitis Virus Infection. PLoS ONE 2014, 9, e86745. [CrossRef] [PubMed]

37. Nenasheva, V.V.; Kovaleva, G.V.; Uryvaev, L.V.; Ionova, K.S.; Dedova, A.V.; Vorkunova, G.K.; Chernyshenko, S.V.; Khaidarova,
N.V.; Tarantul, V.Z. Enhanced expression of trim14 gene suppressed Sindbis virus reproduction and modulated the transcription
of a large number of genes of innate immunity. Immunol. Res. 2015, 62, 255–262. [CrossRef] [PubMed]

38. Bergmann, S.; Elbahesh, H. Targeting the proviral host kinase, FAK, limits influenza a virus pathogenesis and NFkB-regulated
pro-inflammatory responses. Virology 2019, 534, 54–63. [CrossRef] [PubMed]

39. Ramanan, P.; Edwards, M.R.; Shabman, R.S.; Leung, D.W.; Endlich-Frazier, A.C.; Borek, D.M.; Otwinowski, Z.; Liu, G.; Huh, J.;
Basler, C.F.; et al. Structural basis for Marburg virus VP35-mediated immune evasion mechanisms. Proc. Natl. Acad. Sci. USA
2012, 109, 20661–20666. [CrossRef] [PubMed]

40. Edwards, M.R.; Basler, C.F. Marburg Virus VP24 Protein Relieves Suppression of the NF-κB Pathway Through Interaction With
Kelch-like ECH-Associated Protein 1. J. Infect. Dis. 2015, 212 (Suppl. S2), S154–S159. [CrossRef] [PubMed]

41. Edwards, M.R.; Johnson, B.; Mire, C.E.; Xu, W.; Shabman, R.S.; Speller, L.N.; Leung, D.W.; Geisbert, T.W.; Amarasinghe, G.K.;
Basler, C.F. The Marburg virus VP24 protein interacts with Keap1 to activate the cytoprotective antioxidant response pathway.
Cell Rep. 2014, 6, 1017–1025. [CrossRef] [PubMed]

42. Chien, J.Y.; Chou, Y.Y.; Ciou, J.W.; Liu, F.Y.; Huang, S.P. The Effects of Two Nrf2 Activators, Bardoxolone Methyl and Omavelox-
olone, on Retinal Ganglion Cell Survival during Ischemic Optic Neuropathy. Antioxidants 2021, 10, 1466. [CrossRef] [PubMed]

43. Abed, D.A.; Goldstein, M.; Albanyan, H.; Jin, H.; Hu, L. Discovery of direct inhibitors of Keap1-Nrf2 protein-protein interaction
as potential therapeutic and preventive agents. Acta Pharm. Sin. B 2015, 5, 285–299. [CrossRef] [PubMed]

44. Bell, T.M.; Espina, V.; Lundberg, L.; Pinkham, C.; Brahms, A.; Carey, B.D.; Lin, S.C.; Dahal, B.; Woodson, C.; de la Fuente, C.; et al.
Combination Kinase Inhibitor Treatment Suppresses Rift Valley Fever Virus Replication. Viruses 2018, 10, 191. [CrossRef]

45. Lundberg, L.; Pinkham, C.; de la Fuente, C.; Brahms, A.; Shafagati, N.; Wagstaff, K.M.; Jans, D.A.; Tamir, S.; Kehn-Hall, K.
Selective Inhibitor of Nuclear Export (SINE) Compounds Alter New World Alphavirus Capsid Localization and Reduce Viral
Replication in Mammalian Cells. PLOS Negl. Trop. Dis. 2016, 10, e0005122. [CrossRef]

46. Thomas, D.R.; Lundberg, L.; Pinkham, C.; Shechter, S.; DeBono, A.; Baell, J.; Wagstaff, K.M.; Hick, C.A.; Kehn-Hall, K.; Jans, D.A.
Identification of novel antivirals inhibiting recognition of Venezuelan equine encephalitis virus capsid protein by the Importin
α/β1 heterodimer through high-throughput screening. Antivir. Res. 2018, 151, 8–19. [CrossRef]

47. Song, M.K.; Lee, J.H.; Ryoo, I.G.; Lee, S.H.; Ku, S.K.; Kwak, M.K. Bardoxolone ameliorates TGF-β1-associated renal fibrosis
through Nrf2/Smad7 elevation. Free Radic. Biol. Med. 2019, 138, 33–42. [CrossRef]

http://doi.org/10.1016/j.antiviral.2018.07.005
http://doi.org/10.1371/journal.pone.0124792
http://doi.org/10.1128/JVI.02483-10
http://doi.org/10.1128/mBio.00804-16
http://doi.org/10.1016/j.virusres.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22306365
http://doi.org/10.1186/s13578-022-00872-w
http://doi.org/10.1007/s11262-016-1355-5
http://doi.org/10.3390/microorganisms8091424
http://doi.org/10.1128/mSphere.00330-17
http://doi.org/10.1128/JVI.01048-10
http://doi.org/10.3390/ijms23094593
http://www.ncbi.nlm.nih.gov/pubmed/35562987
http://doi.org/10.1371/journal.ppat.1007949
http://www.ncbi.nlm.nih.gov/pubmed/31374104
http://doi.org/10.1371/journal.pone.0086745
http://www.ncbi.nlm.nih.gov/pubmed/24586253
http://doi.org/10.1007/s12026-015-8653-1
http://www.ncbi.nlm.nih.gov/pubmed/25948474
http://doi.org/10.1016/j.virol.2019.05.020
http://www.ncbi.nlm.nih.gov/pubmed/31176924
http://doi.org/10.1073/pnas.1213559109
http://www.ncbi.nlm.nih.gov/pubmed/23185024
http://doi.org/10.1093/infdis/jiv050
http://www.ncbi.nlm.nih.gov/pubmed/25926686
http://doi.org/10.1016/j.celrep.2014.01.043
http://www.ncbi.nlm.nih.gov/pubmed/24630991
http://doi.org/10.3390/antiox10091466
http://www.ncbi.nlm.nih.gov/pubmed/34573098
http://doi.org/10.1016/j.apsb.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26579458
http://doi.org/10.3390/v10040191
http://doi.org/10.1371/journal.pntd.0005122
http://doi.org/10.1016/j.antiviral.2018.01.007
http://doi.org/10.1016/j.freeradbiomed.2019.04.033


Viruses 2023, 15, 655 18 of 19

48. Jiang, Z.; Qi, G.; Lu, W.; Wang, H.; Li, D.; Chen, W.; Ding, L.; Yang, X.; Yuan, H.; Zeng, Q. Omaveloxolone inhibits IL-1β-induced
chondrocyte apoptosis through the Nrf2/ARE and NF-κB signalling pathways in vitro and attenuates osteoarthritis in vivo.
Front. Pharmacol. 2022, 13, 952950. [CrossRef]

49. Liang, Q.; Dexheimer, T.S.; Zhang, P.; Rosenthal, A.S.; Villamil, M.A.; You, C.; Zhang, Q.; Chen, J.; Ott, C.A.; Sun, H.; et al. A
selective USP1-UAF1 inhibitor links deubiquitination to DNA damage responses. Nat. Chem. Biol. 2014, 10, 298–304. [CrossRef]

50. Cheng, J.; Fan, Y.H.; Xu, X.; Zhang, H.; Dou, J.; Tang, Y.; Zhong, X.; Rojas, Y.; Yu, Y.; Zhao, Y.; et al. A small-molecule inhibitor of
UBE2N induces neuroblastoma cell death via activation of p53 and JNK pathways. Cell Death Dis. 2014, 5, e1079. [CrossRef]

51. Cao, D.Y.; Zhang, Z.H.; Li, R.Z.; Shi, X.K.; Xi, R.Y.; Zhang, G.L.; Li, F.; Wang, F. A small molecule inhibitor of caspase-1 inhibits NLRP3
inflammasome activation and pyroptosis to alleviate gouty inflammation. Immunol. Lett. 2022, 244, 28–39. [CrossRef] [PubMed]

52. Hodge, C.D.; Edwards, R.A.; Markin, C.J.; McDonald, D.; Pulvino, M.; Huen, M.S.; Zhao, J.; Spyracopoulos, L.; Hendzel, M.J.;
Glover, J.N. Covalent Inhibition of Ubc13 Affects Ubiquitin Signaling and Reveals Active Site Elements Important for Targeting.
ACS Chem. Biol. 2015, 10, 1718–1728. [CrossRef] [PubMed]

53. Huang, Y.; Wolf, S.; Beck, B.; Köhler, L.M.; Khoury, K.; Popowicz, G.M.; Goda, S.K.; Subklewe, M.; Twarda, A.; Holak, T.A.; et al.
Discovery of highly potent p53-MDM2 antagonists and structural basis for anti-acute myeloid leukemia activities. ACS Chem.
Biol. 2014, 9, 802–811. [CrossRef] [PubMed]

54. Nicholson, B.; Suresh Kumar, K.G. The multifaceted roles of USP7: New therapeutic opportunities. Cell Biochem. Biophys. 2011, 60,
61–68. [CrossRef]

55. Chen, X.; Liu, G.; Yuan, Y.; Wu, G.; Wang, S.; Yuan, L. NEK7 interacts with NLRP3 to modulate the pyroptosis in inflammatory
bowel disease via NF-κB signaling. Cell Death Dis. 2019, 10, 906. [CrossRef]

56. Li, X.; Bao, C.; Ma, Z.; Xu, B.; Ying, X.; Liu, X.; Zhang, X. Perfluorooctanoic acid stimulates ovarian cancer cell migration, invasion
via ERK/NF-κB/MMP-2/-9 pathway. Toxicol. Lett. 2018, 294, 44–50. [CrossRef] [PubMed]

57. Sun, Y.; Sha, B.; Huang, W.; Li, M.; Zhao, S.; Zhang, Y.; Yan, J.; Li, Z.; Tang, J.; Duan, P.; et al. ML323, a USP1 inhibitor triggers cell
cycle arrest, apoptosis and autophagy in esophageal squamous cell carcinoma cells. Apoptosis 2022, 27, 545–560. [CrossRef]

58. Park, J.; Cho, J.; Song, E.J. Ubiquitin-proteasome system (UPS) as a target for anticancer treatment. Arch Pharm. Res. 2020, 43,
1144–1161. [CrossRef]

59. Yuan, T.; Yan, F.; Ying, M.; Cao, J.; He, Q.; Zhu, H.; Yang, B. Inhibition of Ubiquitin-Specific Proteases as a Novel Anticancer
Therapeutic Strategy. Front. Pharmacol. 2018, 9, 1080. [CrossRef]

60. D’Arcy, P.; Wang, X.; Linder, S. Deubiquitinase inhibition as a cancer therapeutic strategy. Pharmacol. Ther. 2015, 147, 32–54.
[CrossRef]

61. Eldridge, A.G.; O’Brien, T. Therapeutic strategies within the ubiquitin proteasome system. Cell Death Differ. 2010, 17, 4–13.
[CrossRef] [PubMed]

62. Li, Y.; Li, S.; Wu, H. Ubiquitination-Proteasome System (UPS) and Autophagy Two Main Protein Degradation Machineries in
Response to Cell Stress. Cells 2022, 11, 851. [CrossRef] [PubMed]

63. Giraldo, M.I.; Vargas-Cuartas, O.; Gallego-Gomez, J.C.; Shi, P.Y.; Padilla-Sanabria, L.; Castaño-Osorio, J.C.; Rajsbaum, R. K48-
linked polyubiquitination of dengue virus NS1 protein inhibits its interaction with the viral partner NS4B. Virus Res. 2018, 246,
1–11. [CrossRef]

64. Hao, J.; Li, J.; Zhang, Z.; Yang, Y.; Zhou, Q.; Wu, T.; Chen, T.; Wu, Z.; Zhang, P.; Cui, J.; et al. NLRC5 restricts dengue virus
infection by promoting the autophagic degradation of viral NS3 through E3 ligase CUL2 (cullin 2). Autophagy 2022. [CrossRef]

65. van Tol, S.; Kalveram, B.; Ilinykh, P.A.; Ronk, A.; Huang, K.; Aguilera-Aguirre, L.; Bharaj, P.; Hage, A.; Atkins, C.; Giraldo,
M.I.; et al. Ubiquitination of Ebola virus VP35 at lysine 309 regulates viral transcription and assembly. PLOS Pathog. 2022, 18,
e1010532. [CrossRef]

66. Shepley-McTaggart, A.; Schwoerer, M.P.; Sagum, C.A.; Bedford, M.T.; Jaladanki, C.K.; Fan, H.; Cassel, J.; Harty, R.N. Ubiquitin
Ligase SMURF2 Interacts with Filovirus VP40 and Promotes Egress of VP40 VLPs. Viruses 2021, 13, 288. [CrossRef] [PubMed]

67. Han, Z.; Sagum, C.A.; Takizawa, F.; Ruthel, G.; Berry, C.T.; Kong, J.; Sunyer, J.O.; Freedman, B.D.; Bedford, M.T.; Sidhu, S.S.; et al.
Ubiquitin Ligase WWP1 Interacts with Ebola Virus VP40 To Regulate Egress. J. Virol. 2017, 91, e00812-17. [CrossRef]

68. Harty, R.N.; Brown, M.E.; Wang, G.; Huibregtse, J.; Hayes, F.P. A PPxY motif within the VP40 protein of Ebola virus interacts
physically and functionally with a ubiquitin ligase: Implications for filovirus budding. Proc. Natl. Acad. Sci. USA 2000, 97,
13871–13876. [CrossRef]

69. Ramphan, S.; Khongwichit, S.; Saisawang, C.; Kovanich, D.; Ketterman, A.J.; Ubol, S.; Auewarakul, P.; Roytrakul, S.; Smith, D.R.;
Kuadkitkan, A. Ubiquitin-Conjugating Enzyme E2 L3 is Downregulated by the Chikungunya Virus nsP2 Protease. Proteomics.
Clin. Appl. 2018, 12, e1700020. [CrossRef]

70. Sun, S.C. Non-canonical NF-κB signaling pathway. Cell Res. 2011, 21, 71–85. [CrossRef]
71. Vallabhapurapu, S.; Karin, M. Regulation and function of NF-kappaB transcription factors in the immune system. Annu. Rev.

Immunol. 2009, 27, 693–733. [CrossRef]
72. Santoro, M.G.; Rossi, A.; Amici, C. NF-κB and virus infection: Who controls whom. EMBO J. 2003, 22, 2552–2560. [CrossRef]

[PubMed]
73. Yeh, J.X.; Park, E.; Schultz, K.L.W.; Griffin, D.E. NF-κB Activation Promotes Alphavirus Replication in Mature Neurons. J. Virol.

2019, 93, e01071-19. [CrossRef] [PubMed]

http://doi.org/10.3389/fphar.2022.952950
http://doi.org/10.1038/nchembio.1455
http://doi.org/10.1038/cddis.2014.54
http://doi.org/10.1016/j.imlet.2022.03.003
http://www.ncbi.nlm.nih.gov/pubmed/35288207
http://doi.org/10.1021/acschembio.5b00222
http://www.ncbi.nlm.nih.gov/pubmed/25909880
http://doi.org/10.1021/cb400728e
http://www.ncbi.nlm.nih.gov/pubmed/24405416
http://doi.org/10.1007/s12013-011-9185-5
http://doi.org/10.1038/s41419-019-2157-1
http://doi.org/10.1016/j.toxlet.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29753068
http://doi.org/10.1007/s10495-022-01736-x
http://doi.org/10.1007/s12272-020-01281-8
http://doi.org/10.3389/fphar.2018.01080
http://doi.org/10.1016/j.pharmthera.2014.11.002
http://doi.org/10.1038/cdd.2009.82
http://www.ncbi.nlm.nih.gov/pubmed/19557013
http://doi.org/10.3390/cells11050851
http://www.ncbi.nlm.nih.gov/pubmed/35269473
http://doi.org/10.1016/j.virusres.2017.12.013
http://doi.org/10.1080/15548627.2022.2126614
http://doi.org/10.1371/journal.ppat.1010532
http://doi.org/10.3390/v13020288
http://www.ncbi.nlm.nih.gov/pubmed/33673144
http://doi.org/10.1128/JVI.00812-17
http://doi.org/10.1073/pnas.250277297
http://doi.org/10.1002/prca.201700020
http://doi.org/10.1038/cr.2010.177
http://doi.org/10.1146/annurev.immunol.021908.132641
http://doi.org/10.1093/emboj/cdg267
http://www.ncbi.nlm.nih.gov/pubmed/12773372
http://doi.org/10.1128/JVI.01071-19
http://www.ncbi.nlm.nih.gov/pubmed/31554691


Viruses 2023, 15, 655 19 of 19

74. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-κB signaling in inflammation. Signal. Transduct. Target Ther. 2017, 2, 17023. [CrossRef]
[PubMed]

75. Giridharan, S.; Srinivasan, M. Mechanisms of NF-κB p65 and strategies for therapeutic manipulation. J. Inflamm. Res. 2018, 11,
407–419. [CrossRef] [PubMed]

76. Bakovic, A.; Bhalla, N.; Kortchak, S.; Sun, C.; Zhou, W.; Ahmed, A.; Risner, K.; Klimstra, W.B.; Narayanan, A. Venezuelan Equine
Encephalitis Virus nsP3 Phosphorylation Can Be Mediated by IKKβ Kinase Activity and Abrogation of Phosphorylation Inhibits
Negative-Strand Synthesis. Viruses 2020, 12, 1021. [CrossRef]

77. Keck, F.; Khan, D.; Roberts, B.; Agrawal, N.; Bhalla, N.; Narayanan, A. Mitochondrial-Directed Antioxidant Reduces Microglial-
Induced Inflammation in Murine In Vitro Model of TC-83 Infection. Viruses 2018, 10, 606. [CrossRef] [PubMed]

78. Keck, F.; Brooks-Faulconer, T.; Lark, T.; Ravishankar, P.; Bailey, C.; Salvador-Morales, C.; Narayanan, A. Altered mitochondrial
dynamics as a consequence of Venezuelan Equine encephalitis virus infection. Virulence 2017, 8, 1849–1866. [CrossRef]

79. Zevini, A.; Ferrari, M.; Olagnier, D.; Hiscott, J. Dengue virus infection and Nrf2 regulation of oxidative stress. Curr. Opin. Virol.
2020, 43, 35–40. [CrossRef]

80. Ferrari, M.; Zevini, A.; Palermo, E.; Muscolini, M.; Alexandridi, M.; Etna, M.P.; Coccia, E.M.; Fernandez-Sesma, A.; Coyne, C.;
Zhang, D.D.; et al. Dengue Virus Targets Nrf2 for NS2B3-Mediated Degradation Leading to Enhanced Oxidative Stress and Viral
Replication. J. Virol. 2020, 94, e01551-20. [CrossRef]

81. Olagnier, D.; Farahani, E.; Thyrsted, J.; Blay-Cadanet, J.; Herengt, A.; Idorn, M.; Hait, A.; Hernaez, B.; Knudsen, A.; Iversen,
M.B.; et al. SARS-CoV2-mediated suppression of NRF2-signaling reveals potent antiviral and anti-inflammatory activity of
4-octyl-itaconate and dimethyl fumarate. Nat. Commun. 2020, 11, 4938. [CrossRef]

82. Bender, D.; Hildt, E. Effect of Hepatitis Viruses on the Nrf2/Keap1-Signaling Pathway and Its Impact on Viral Replication and
Pathogenesis. Int. J. Mol. Sci. 2019, 20, 4659. [CrossRef] [PubMed]

83. Mishra, S.; Pandey, A.; Manvati, S. Coumarin: An emerging antiviral agent. Heliyon 2020, 6, e03217. [CrossRef] [PubMed]
84. Sajja, R.K.; Prasad, S.; Tang, S.; Kaisar, M.A.; Cucullo, L. Blood-brain barrier disruption in diabetic mice is linked to Nrf2 signaling

deficits: Role of ABCB10? Neurosci. Lett. 2017, 653, 152–158. [CrossRef] [PubMed]
85. Xi, Z.; Chen, X.; Xu, C.; Wang, B.; Zhong, Z.; Sun, Q.; Sun, Y.; Bian, L. Protocatechuic acid attenuates brain edema and blood-brain

barrier disruption after intracerebral hemorrhage in mice by promoting Nrf2/HO-1 pathway. Neuroreport 2020, 31, 1274–1282.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/sigtrans.2017.23
http://www.ncbi.nlm.nih.gov/pubmed/29158945
http://doi.org/10.2147/JIR.S140188
http://www.ncbi.nlm.nih.gov/pubmed/30464573
http://doi.org/10.3390/v12091021
http://doi.org/10.3390/v10110606
http://www.ncbi.nlm.nih.gov/pubmed/30400156
http://doi.org/10.1080/21505594.2016.1276690
http://doi.org/10.1016/j.coviro.2020.07.015
http://doi.org/10.1128/JVI.01551-20
http://doi.org/10.1038/s41467-020-18764-3
http://doi.org/10.3390/ijms20184659
http://www.ncbi.nlm.nih.gov/pubmed/31546975
http://doi.org/10.1016/j.heliyon.2020.e03217
http://www.ncbi.nlm.nih.gov/pubmed/32042967
http://doi.org/10.1016/j.neulet.2017.05.059
http://www.ncbi.nlm.nih.gov/pubmed/28572033
http://doi.org/10.1097/WNR.0000000000001542

	Introduction 
	Materials and Methods 
	Cell Culture 
	Viruses and Viral Infection 
	Inhibitors 
	Drug Treatment and Plaque Assay 
	Cell Viability Assay 
	RNA Extraction and qRT-PCR Assay 
	Negative Strand RT-qPCR 
	Luciferase and Bradford Protein Assay 
	Proinflammatory Cytokine Quantification Assay 
	Statistics 

	Results 
	Inhibitors of UPS-Mediated Signaling Events Decrease VEEV-TC83 Load in Vero Cells 
	UPS-Mediated Signaling Inhibitors Demonstrate Inhibition of VEEV-TC83 in Human Astroglial (SVG-p12) and Microglial (HMC3) Cells 
	UPS Signaling Inhibitors Decrease VEEV-TC83 in a Dose-Dependent Manner 
	OMA, BARM and NSC Exhibit Differential Inhibitory Impact on Proinflammatory Cytokines in VEEV-TC83-Infected HMC3 Cells 
	OMA, BARM and NSC Exert Broad-Spectrum Viral Inhibitory Activity against Virulent Strains of VEEV and EEEV in HMC3 Cells 

	Discussion 
	Conclusions 
	References

