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We identified small-molecule enhancers of cellular stress granules
by observing molecular crowding of proteins and RNAs in a time-
dependent manner. Hit molecules sensitized the IRF3-mediated
antiviral mechanism in the presence of poly(l:C) and inhibited the
replication of SARS-CoV-2 by inducing stress granule formation.
Thus, modulating multimolecular crowding can be a promising
strategy against SARS-CoV-2.

The coronavirus disease 2019 (COVID-19) pandemic, caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has caused an unprecedented public health and economic
crisis around the world, resulting in over 218 million reported
cases of COVID-19 and 4.5 million deaths worldwide as of
August 2021."> Additionally, there are now more than 1000
confirmed variants of SARS-CoV-2 deposited in the viral gen-
ome sequence databases, and several variants, such as B.1.1.7.
(alpha) and B.1.617.2. (delta), identified in the UK and India,
respectively, have greater infectivity and severity to human
beings.>* New variants may even escape the immunity elicited
by vaccination and weaken the antiviral effects of conventional
drugs.”” Despite this situation, there are only a few vaccines
and SARS-CoV-2-targeted antiviral reagents available to date.
Therefore, effective therapeutics are in high demand to end this
pandemic, and a host-targeted antiviral strategy can be one of
the most efficient options.

Stress granules are cytosolic membraneless organelles
mainly composed of RNAs and proteins via multimolecular
crowding.® The formation of stress granules is induced by
cellular stress, such as viral infection, to reduce the burden of
translation, one of the most energy-consuming mechanisms in
eukaryotic cells.” Upon recognizing various types of stress, four
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kinds of eIF2a kinases can induce the phosphorylation of
elF2aq, resulting in the disruption of initiation codon recogni-
tion by the 48S pre-initiation complex, thereby inhibiting
cellular translation and minimizing cellular damage.® Concur-
rently, Ras GTPase-activating protein-binding protein 1
(G3BP1) captures polysome-released mRNAs and reversibly
nucleates hundreds of proteins and RNA molecules through
its RNA-binding domain and intrinsically disordered regions,
which mediates multiple macromolecular interactions.”*°
Under viral infection, cellular translation is arrested by the
phosphorylation of protein kinase R (PKR) via its recognition of
viral double-stranded RNA (dsRNA) produced in viral replica-
tion cycles (Fig. 1)."" Particularly, temporal suspension of
cellular translation in the host can directly inhibit the viral
replication because many viruses including coronaviruses uti-
lize host translational machinery to proliferate themselves
within the cell.'>"?

Stress granules are also the central hub for innate antiviral
immune responses. In the presence of viral stress, host antiviral
immune regulators, such as RIG-I and MDA5, are recruited and
assembled together with mRNAs and translation machinery pro-
teins to form the multimolecular condensate. This antiviral stress
granule can serve as a signaling platform to activate various antiviral
signaling pathways that converge to phosphorylate IFN-regulatory
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Fig. 1 The schematic figure of stress granule formation and its antiviral
function.
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factor 3 (IRF3), resulting in the induction of type I interferons and
interferon-stimulated genes (ISGs) (Fig. 1)."*'*"® Most viruses
including SARS-CoV-2 are known to alter multiple signaling path-
ways related to stress granule formation and subsequent type I
interferon and ISG responses,'®® indicating the importance of
stress granules in antiviral responses. Considering that type I
interferons have been used clinically as antiviral drugs for years
and have beneficial effects on COVID-19 patients," enhancing the
formation of stress granules using small molecules, thereby activat-
ing type I interferons, could be a novel strategy to treat viral diseases
including COVID-19.

Given that stress granules are reversible and dynamic orga-
nelles, a time-dependent observation of stress granules in live
cells could be informative. Thus, we utilized U20S human
osteosarcoma epithelial cells stably expressing the green fluor-
escent protein (GFP) tagged G3BP1, the marker protein of stress
granules, for screening a drug-like small-molecule library. By
simply counting cytoplasmic G3BP1 puncta without fixation in
live cells, hit compounds at different time points can be
discovered in a high-throughput manner. To confirm that the
assay system can monitor the dynamics of stress granules in a
96-well plate format, we monitored GFP-G3BP1-expressed U20S
cells upon treatment with two well-known stress granule
enhancers, sodium arsenite®® and thapsigargin,®’ at various
concentrations and clearly observed a dose-dependent induc-
tion of stress granules (Fig. S1, ESI). We observed that the
number of stress granules was maximized at 2 h after treatment
of both enhancers and gradually reduced afterward. In sodium
arsenite-treated cells, the time for maximal stress granules was
postponed as its concentration decreases, which is consistent
with previous reports.*’

Since candidate compounds should be able to induce stress
granule formation in virus-infected cells, we used polyinosi-
nic:polycytidylic acid (poly(I:C)), a synthetic dSRNA analogue, to
mimic virus-infected cells. Poly(I:C) is known to induce stress
granule formation and activate the innate antiviral response
upon recognition of viral dsSRNA by PKR.?* Indeed, the transfec-
tion of poly(I:C) to human airway epithelial cells, Calu-3,
activates the PKR-eIF20-IRF3 pathway and arrests global trans-
lation, confirmed by immunoblot analysis (Fig. S2a, ESIT).
Immunofluorescence detection of G3BP1 also revealed that
poly(I:C) transfection can time-dependently increase the num-
ber of stress granules in both Calu-3- and G3BP1-GFP-
expressing U20S cells, indicating that poly(I:C) is an appro-
priate viral dsRNA mimic (Fig. S2b and S3, ESI{).

Subsequently, we applied the time-course monitoring sys-
tem of cellular stress granules to discover small-molecule
enhancers of the stress granule formation in virus-infected
cells from a 464 member representative set of privileged
substructure-based  diversity-oriented  synthesis  (pDOS)
library.>® Briefly, we transfected U20S reporter cells with
poly(I:C), treated them with individual compounds, and per-
formed image-based monitoring of changes in cellular stress
granules at 5 different time points (Fig. 2a). Compounds that
enhanced the total count of stress granules per cell by > 3-fold
of standard deviations over negative controls were selected as
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Fig. 2 (a) Screening result of the time-course stress granule monitoring
system. After transfection of G3BP1-GFP-expressed U20S cells with
1.25 pg mL~* poly(l:C), 10 uM compounds were treated. (b) Core structure
of hit candidates and the chemical structure of optimized hit. (c) Immuno-
fluorescence assay upon treatment of CO1 in Calu-3 cells. (d) Poly(l:C)-
dependent induction of stress granule formation of CO1 in Calu-3 cell.
2.5 ug mL™* poly(l:C) was treated. Data represent mean + SD from two
independent biological replicates.

hit compounds. Using our image-based time-course assay, we
identified two classes of compounds as stress granule enhan-
cers: benzopyranylpyrazole-cored compounds (Fig. 2b) and a
tamoxifen derivative (Fig. S4, ESIT). Particularly, we observed
different onset times for maximal stress granules in the case of
several hit compounds, showing significant stress granule
enhancement only after 3 h, which may not be detected without
our time-course monitoring approach.

To improve the potency of initial hits, we performed a structure—
activity relationship (SAR) study of benzopyranylpyrazole-cored
compounds having novel core structures with better activities
compared to tamoxifen derivatives. Through a systematic combi-
nation of substituted benzopyranyl B-keto aldehydes with various
arylhydrazines, we synthesized over 100 analogues in a parallel
process (Scheme S1, ESIT)** and performed an image-based time-
course evaluation of these analogues in a 96-well plate format.
Several compounds consistently showed the induction of stress
granule formation after 3 h, which is consistent with those from
our initial screening. As shown in Fig. S5 (ESIt), the benzopyranyl-
pyrazoles containing para-CF;-phenyl substituents were the key
elements for the enhancement of cellular stress granules in the
presence of poly(I:C), and analogues (C01-C11) containing various
substituents with amide, urea, thiourea, and sulfonamide linkages
at the R; position generally showed good to moderate stress granule
enhancement activities. Most analogues with different substituents
at the R, position did not show any activities at 5 pM concentration,
and analogues containing the trifluoromethyl group at either the
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ortho or the meta position did not induce the stress granule
formation (Fig. S6, ESL¥ NI, NJ, and NK12). The modification of
the secondary amine group of piperazine at the R, position failed to
enhance the stress granules and significantly decreased their solu-
bility (Fig. 2b and Fig. S6, ESL} NIO1-NI11). Based on our SAR
studies, we concluded that C01-C04 effectively enhance the cellular
stress granules in the presence of poly(I:C), which led us to conduct
further evaluation. To examine whether compounds induce stress
granule formation in lung epithelial cells where SARS-CoV-2 causes
atypical respiratory failure,” we performed an immune-fluorescence
assay for G3BP1 in Calu-3 human epithelial cells. C01, C02 and C04
increased the total number of stress granules, whereas C03 weakly
induced stress granule formation (Fig. 2c and d and Fig. S7, ESIt). In
a tetrazolium-based viability assay with Calu-3 cells (Fig. S8, ESIt),
C04 showed a more cytotoxic effect (CCso = 37.5 pM) compared to
C01-C03 (CCso > 60 uM). C01 and CO02 also induced stress granule
assembly in Vero kidney epithelial cells from the African green
monkey, especially in poly(I:C)-transfected cells, commonly used for
COVID-19 antiviral experiments (Fig. S9a, ESIT). In particular, C01
showed more specific induction of stress granule formation than
C02 in both Calu-3 and Vero cells (Fig. S9b, ESIt). Based on these
observations, we selected compound CO01 for subsequent biological
studies.

Having found that C01 can facilitate the formation of
cellular stress granules under poly(I:C)-treated conditions, we
then investigated the compound effects on the innate antiviral
responses. The C01-only treatment showed a marginal impact
on the PKR-eIF20-IRF3 signaling pathway in Calu-3 cells, but
Co01 significantly activated this antiviral pathway in a dose-
dependent manner and induced translation arrest, confirmed
by the puromycin experiment, in the presence of poly(I:C),
which mimics the viral infection (Fig. 3a). However, the nega-
tive analogue NIO2, without enhancing the stress granule
formation, did not activate antiviral responses. We then exam-
ined whether the antiviral efficacies of C01 were influenced by
the quantity of treated dsRNA, and observed that CO1-based
antiviral responses were positively correlated with the concen-
tration of treated poly(I:C) confirmed by western blotting of the
PKR-eIF20-IRF3 signaling pathway, indicating that C01 specifi-
cally upregulates innate antiviral responses in the presence of
external dsRNA (Fig. 3b). Next, we performed a quantitative
real-time PCR (qRT-PCR) to examine whether CO1 treatment
induced the cellular production of type I interferons and ISG56.
As shown in Fig. 3c and d, CO01 increased the cellular levels of
IFNB1 and ISG56 in poly(I:C)-treated Calu-3 cells; however,
both mRNA levels were not significantly changed in the
absence of poly(I:C) or upon treatment of NI02, which is
consistent with our previous image-based observations of stress
granule formation. Therefore, we concluded that C01 inhibits
viral replication by enhancing the formation of cellular stress
granules and subsequent innate antiviral immune responses.

Next, we investigated the antiviral effects of C01-C04 against
SARS-CoV-2. Briefly, Calu-3 and Vero cells were infected with
SARS-CoV-2 at multiplicity of infection (MOI) values of 0.2 and
0.0125, respectively. Then, the cells were treated with various
concentrations of compounds. At 24 h post viral infection,
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Fig. 3 (a) Poly(l:C)-specific dose-dependent activation of the antiviral
response. 2.5 ug mL™ poly(l:C) was treated. (b) Poly(l:C)-dependent
activation of the antiviral response. gPCR quantification of (c) IFNB1 and
(d) ISG56. Calu-3 cells were used. Data represent mean + SD from at least
two independent biological replicates. *p <0.05 (Student's t test).

immunofluorescence detection of the SARS-CoV-2 N protein
and host cell nucleus was performed to quantitatively measure
the inhibition of viral infection as well as cell viability. We
observed that C01-C04 showed dose-dependent inhibition of
SARS-CoV-2 replication (Fig. 4a and Fig. S10, ESI¥). In particu-
lar, C01 showed the highest selective index (S.1.), the ratio of
CCsg to ICs, in Calu-3 cells (Table S1, ESIt). On the other hand,
the negative analogue NIO2 failed to inhibit the replication of
SARS-CoV-2 in both Calu-3 and Vero cells. To elucidate the
inhibitory mechanism of the compounds, we performed an
immunofluorescence assay to G3BP1 for SARS-CoV-2-infected
cells. SARS-CoV-2 infection triggered weak stress granule for-
mation in Vero cells, and sodium arsenite-induced stress
granule formation was inhibited by SARS-CoV-2 (Fig. S11, ESI).
In contrast, the C01 and C02 treatments, but not the NI0O2
treatment, induce stress granule formation in the virus-infected
cells, indicating that the stress granules induced by C01 and
C02 activate innate immune responses against foreign viral
dsRNA and block the viral translation (Fig. 4b and Fig. S12,
ESIt). To specify the effective window of treatment con-
centration, which is limited by its cytotoxicity at high con-
centrations, we conducted a drug combination assay. In
the presence of lopinavir (LPV), an antiviral reagent targeting
viral proteases,'® C01 showed significantly enhanced antiviral
activity (ICso from 7.64 to <0.78 uM) and selective index (from
2.09 to >17.91) against SARS-CoV-2 in Vero cells, whereas
NIO2 did not (Fig. 4c and Fig. S13, ESIf). These results
suggested that the drug combination of our stress granule

This journal is © The Royal Society of Chemistry 2021
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(a) Dose-response curves of CO1 against SARS-CoV-2 in Calu-3 and Vero cells. (b) Co-immunofluorescence assay of CO1 and NI02 (negative

control) using viral N protein and G3BP1 antibodies in Vero cells. (c) Drug combination assay via co-treatment of C01 with lopinavir in Vero cells. See the
ESIt for details. Data represent mean £ SD from two independent biological replicates.

enhancers and other antiviral reagents with different modes of
action can be a novel strategy for treating viral diseases includ-
ing COVID-19.

In summary, we discovered small-molecule stress granule
enhancers by monitoring the time-course formation of cellular
stress granules, cytoplasmic aggregates by multimolecular
crowding of proteins and RNAs. To the best of our knowledge,
this is the first dynamic screening of small molecules for stress
granule regulators only in the presence of dsRNA and its
potential application for antiviral disease treatment. We con-
firmed that our benzopyranylpyrazole-based hit compounds
activated innate antiviral immune responses and increased
the expression of type I interferons and ISGs in a dsRNA-
dependent manner in various epithelial cells. Hit compounds
also increased the quantity of stress granules in SARS-CoV-2-
infected cells and inhibited the viral replication of SARS-CoV-2.
A drug combination strategy with the FDA-approved drug,
lopinavir, enhanced the antiviral effects of our hit compounds
against SARS-CoV-2. Our host immune-targeted strategy
harnessing the role of antiviral stress granules might overcome
the evolution and mutation of SARS-CoV-2 variants, which render
the existing vaccines and virus-targeting drugs ineffective.
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