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ABSTRACT The COVID-19 pandemic poses a serious global health threat. The rapid
global spread of SARS-CoV-2 highlights an urgent need to develop effective thera-
peutics for blocking SARS-CoV-2 infection and spread. Stimulator of Interferon Genes
(STING) is a chief element in host antiviral defense pathways. In this study, we exam-
ined the impact of the STING signaling pathway on coronavirus infection using the
human coronavirus OC43 (HCoV-OC43) model. We found that HCoV-OC43 infection
did not stimulate the STING signaling pathway, but the activation of STING signaling
effectively inhibits HCoV-OC43 infection to a much greater extent than that of type I
interferons (IFNs). We also discovered that IRF3, the key STING downstream innate
immune effector, is essential for this anticoronavirus activity. In addition, we found
that the amidobenzimidazole (ABZI)-based human STING agonist diABZI robustly
blocks the infection of not only HCoV-OC43 but also SARS-CoV-2. Therefore, our study
identifies the STING signaling pathway as a potential therapeutic target that could be
exploited for developing broad-spectrum antiviral therapeutics against multiple coro-
navirus strains in order to face the challenge of future coronavirus outbreaks.

IMPORTANCE The highly infectious and lethal SARS-CoV-2 is posing an unprece-
dented threat to public health. Other coronaviruses are likely to jump from a nonhu-
man animal to humans in the future. Novel broad-spectrum antiviral therapeutics are
therefore needed to control known pathogenic coronaviruses such as SARS-CoV-2
and its newly mutated variants, as well as future coronavirus outbreaks. STING signal-
ing is a well-established host defense pathway, but its role in coronavirus infection
remains unclear. In the present study, we found that activation of the STING signal-
ing pathway robustly inhibits infection of HCoV-OC43 and SARS-CoV-2. These results
identified the STING pathway as a novel target for controlling the spread of known
pathogenic coronaviruses, as well as emerging coronavirus outbreaks.
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Coronaviruses (CoVs), belonging to the Coronaviridae family within the Nidovirales
order, have a broad host range from birds to mammals (1–4), but have not yet

been found in reptiles and amphibians. The seven strains of human CoVs identified to
date fall within two genera. The Alphacoronavirus genus includes HCoV-229E (5) and
HCoV-NL63 (6, 7), whereas the Betacoronavirus genus includes HCoV-OC43 (8), HCoV-
HKU1 (9), severe acute respiratory syndrome (SARS)-CoV (10, 11), Middle East respira-
tory syndrome (MERS)-CoV (12), and the newly discovered SARS-CoV-2 (13, 14).
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The novel coronavirus SARS-CoV-2 emerged in December 2019 and rapidly swept
across the globe, causing a severe respiratory illness, COVID-19, in millions of people
(15–20). SARS-CoV-2 has infected over 121 million people worldwide and has claimed
2.7 million lives in the last few months (16, 20). While SARS-CoV-2 infection poses an
unprecedented threat to public health, there are only very limited therapeutic options
for treating COVID-19 (17, 18). While three vaccines are being rolled out, the virus con-
tinues to evolve new variants that are not only more infectious but, in some cases, may
have the potential to escape current vaccines. In addition, these vaccines are not likely
to be effective against a new CoV. On the other hand, a drug can achieve much quicker
responses to new viruses until their specific vaccines can be developed. Therefore,
novel broad-spectrum antiviral therapeutics are needed to control future coronavirus
outbreaks.

Like all coronaviruses, SARS-CoV-2 is an enveloped virus, with a single-stranded, posi-
tive-sense RNA genome (18, 19, 21, 22). It shares 77.2% amino acid sequence identity
with SARS-CoV, which was responsible for the SARS epidemic in 2002 to 2003 (13).
SARS-CoV-2 is also closely related to MERS-CoV, the agent of Middle East Respiratory
Syndrome. SARS-CoV-2 is thought to have jumped from its animal hosts to humans and,
subsequently, developed person-to-person transmission, leading to a once-in-a-century
pandemic (19, 21, 23). Since SARS-CoV-2 is being introduced to humans for the first
time, much remains to be learned about its virology and pathogenic mechanisms (18).

Infection by RNA viruses produces double-stranded RNA (dsRNA) as an intermediate
in replication; the dsRNA is sensed by host RNA pattern recognition receptors (PRRs) to
stimulate a cascade of signaling pathways that induce transcription of type I/III interfer-
ons (IFNs) and other innate proinflammatory cytokines, as well as the oligoadenylate
synthetases (OAS)-RNase L and protein kinase R (PKR) pathways (24). IFNs can induce a
large number of downstream IFN-stimulated genes (ISGs) to mount an “antiviral state”
in the host cell to clear viral infection (23, 25–27). In addition, proinflammatory cyto-
kines and chemokines potentiate the adaptive immune response and recruit a variety
of immune cells to further combat virus infection and limit virus spread (23, 25).
However, SARS-CoV-2 and many other coronaviruses have evolved multiple mecha-
nisms to evade innate immune responses (15, 23, 25, 26, 28–38). For example, these
coronaviruses can encode proteins to target host antiviral pathways, including the IFN
signaling, OAS-RNase L, and PKR pathways (24). In addition, coronaviruses replicate
inside virus-induced cytosolic double-membrane vesicles (39), which protect the
dsRNA from recognition by cytosolic receptors. Furthermore, the viral genomic RNA,
with a 59 cap and 39 poly(A) sequence, functions as messenger RNA (mRNA) that is
translated into 16 nonstructural proteins by the host ribosome machinery to initiate
infection immediately after the viral genome reaches the cytoplasm (40). Together,
these tactics allow the virus to escape immune destruction and establish rapid and
unhindered viral replication in primary infected cells, producing large copy numbers of
the virus (23, 25, 26, 28–34). Some of these nonstructural proteins, as well as viral
accessory proteins, also serve to dampen the host innate immune response (2, 24).

Although coronaviruses can evade host antiviral pathways, preactivation of these
pathways can inhibit coronavirus infection and replication to some degree (32, 41–43).
For example, early evidence demonstrated that type I/III IFN pretreatment could inhibit
SARS-CoV-2 infection, although the efficiencies vary across studies (25, 38, 44, 45). The
fact that IFNs are protective early after infection but later become pathological
suggests that eliciting an IFN response at the early stages of infection is critical for
blocking SARS-CoV-2 infection, spread, and associated pathogenesis. This notion is
supported by SARS-CoV studies showing that failure to elicit an early IFN response cor-
relates with the severity of disease (25). Recently, deficiency in IFN signaling pathways
has also been linked to severe COVID-19 (46, 47).

STING is a key mediator of a host antiviral defense pathway (48–50). The canonical
role of the STING pathway is to sense damaged DNA and infection by DNA viruses.
Recent studies showed that the STING pathway is also involved in sensing RNA virus
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infection (51). After activation by signals from its upstream nucleic acid sensors, STING
recruits TANK binding kinase 1 (TBK1) to phosphorylate itself. The STING-TBK1 complex
translocates through the Golgi complex to the perinuclear lysosomal compartments,
where it phosphorylates IRF3. Active STING can also stimulate IKK to phosphorylate
IκBaB, causing its degradation and NF-κB activation. Activated IRF3 and NF-κB can
then translocate into the nucleus to induce transcription of type I IFNs and other
inflammatory cytokines, establishing an antiviral state (48, 52, 53). As discussed above,
a timely activation of host IFNs and antiviral ISG production is needed to overcome
coronavirus immune evasion and inhibit viral infection. We therefore investigated the
impact of the STING signaling pathway on coronavirus infection.

In the current study, we discovered that activation of the STING innate immune
signaling pathway effectively blocks infection by human coronavirus OC43 (HCoV-
OC43) and SARS-CoV-2. We also demonstrated that transcription factor IRF3, the STING
downstream innate immune effector, is essential for this anticoronavirus activity.
Furthermore, we found that the human STING agonist diABZI (54) can robustly activate
human STING to block infection of both HCoV-OC43 and SARS-CoV-2. Therefore, our
study identifies the STING signaling pathway as an important therapeutic target that
could be specifically activated for hampering infection of SARS-CoV-2 and other
coronaviruses.

RESULTS
Activation of STING signaling effectively blocks human coronavirus infection.

Deficiency of type I IFN immunity has been linked to severe COVID-19 disease (46, 47).
Because the STING signaling pathway is important for inducing type I/III IFNs and a
large number of other antiviral proteins, we hypothesized that activating the STING
signaling pathway could inhibit coronavirus infection. To test this, we first examined
the antiviral activity of the STING signaling pathway against HCoV-OC43, which
belongs to the Betacoronavirus genus along with SARS-CoV-2, SARS-CoV, and MERS-
CoV. The human alveolar basal epithelial cell line A549, an established target cell type
for HCoV-OC43 infection, was used in this study. In our previous study, we found that
STING expression is significantly repressed in A549 cells (Fig. 1A) (55). We have recently
developed a method for reactivating STING immunity in STING-silenced cells (55). In a
proof-of-principle study, we constructed an adenoviral-associated vector (AAV) encod-
ing a human STING mutant S162A/G230I/Q266I (STINGAII) highly responsive to DMXAA
(5,6-dimethylxanthenone-4-acetic acid), a potent mouse STING agonist that does not
otherwise activate wild-type human STING (STINGWT) (56–59). We showed that dual
treatment of DMXAA and AAV-STINGAII induces robust induction of IFNs, ISGs, and
other cytokines specifically in STING-silenced cells, without affecting the function of
normal cells that express endogenous STINGWT (55). This method therefore provided
an effective approach to specifically activate STING in the target cells of interest. For
the current study, the STINGAII AAV virions were used to transduce A549 cells, while
STINGWT served as a negative control. At 2 days post AAV transduction, the cells were
treated with dimethyl sulfoxide (DMSO) or DMXAA to activate the STING signaling
pathway before HCoV-OC43 infection. By performing immunofluorescence (IF) double
staining for HCoV-OC43 nucleoprotein (N) protein and STING, we discovered that
HCoV-OC43 could efficiently infect DMSO-treated STINGAII or STINGWT cells, but
DMXAA-induced STINGAII activation effectively blocked OC43 infection (Fig. 1B).

In a parallel experiment, we also used type I IFNs to treat A549 cells before and dur-
ing HCoV-OC43 infection. We observed that IFN treatment did not show any significant
inhibitory effect on HCoV-OC43 infection (Fig. 1C). As a positive control for the IFN anti-
viral activity, we found that IFNs were able to inhibit the infection of a recombinant
Newcastle disease virus expressing green fluorescent protein (NDV-GFP) (Fig. 1D).

HCoV-OC43 infection did not stimulate the STING signaling pathway but
DMXAA activation of STING effectively inhibits HCoV-OC43 infection. To rule out
the possibility that the AAV vector contributes to the inhibitory effect on HCoV-OC43
infection, we constructed A549 cells stably expressing either STINGWT or STINGAII. In
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order to more directly compare the effects of IFN treatment and STING pathway activa-
tion on HCoV-OC43 infection, we treated A549 cells with phosphate-buffered saline
(PBS), IFNs, DMSO, or DMXAA side by side (Fig. 2A and B). Similar to earlier observations,
HCoV-OC43 was able to productively infect the stable cells treated by PBS or DMSO
(Fig. 2A and B). As visualized by Western blotting of the HCoV-OC43 N protein,
extended treatment with IFNs slightly inhibited HCoV-OC43 infection in both stable cell
lines (Fig. 2B). However, when A549 cells stably expressing STINGAII were treated with
DMXAA, we observed robust inhibition of HCoV-OC43 infection (Fig. 2A and B). On the
other hand, DMXAA treatment of STINGWT stable cells did not affect HCoV-OC43 infec-
tion (Fig. 2A and B). We also found that, while DMXAA treatment did not introduce any
significant cytotoxicity in A549 cells (Fig. 2C), it did trigger marked STING phosphoryla-
tion and activation, as indicated by the slow-migrating STING band specifically
observed in the cells treated with both STINGAII and DMXAA (Fig. 2B, lane 12). Notably,
HCoV-OC43 infection itself did not cause the STING activation as was observed with
DMXAA treatment (Fig. 2B, compare lanes 2 to 6 and 8 to 11 with lane 12). The dual
STINGAII and DMXAA treatment also induced robust IRF3 degradation, although the
underlying mechanism remains to be examined. Together, our data suggest that, while
HCoV-OC43 infection does not activate the STING pathway, DMXAA-induced activation
of STING signaling can robustly suppress HCoV-OC43 infection.

IRF3, a STING downstream effector, is essential for blocking human coronavirus
infection. The fact that STING activation effectively blocks HCoV-OC43 infection sug-
gests the induction of antiviral activity by IFNs and IFN-stimulated genes (ISGs) down-
stream of STING can be exploited as a novel strategy to counteract immune escape by

FIG 1 DMXAA activation of AAV-encoded human STINGAII inhibits HCoV-OC43 infection. (A) STING is silenced in A549 cells.
Whole-cell lysates harvested from A549 and primary human dermal fibroblasts (HDFs) were immunoblotted using the indicated
antibodies. GAPDH was used as a loading control. (B) AAV virions encoding STINGWT or STINGAII were used to infect A549 cells. At
2 days postinfection, the cells were treated with DMSO or DMXAA for 3 h and then washed with PBS prior to HCoV-OC43
infection. At 24 h postinfection, cells were immunostained with antibodies against the HCoV-OC43 N protein (OC43 N) and STING
and counterstained with DAPI. (C and D) Treatment with IFNs does not significantly inhibit HCoV-OC43 infection but does inhibit
NDV-GFP infection in A549 cells. (C) A549 cells were treated with PBS or IFNs for 3 h. The cells were washed with PBS prior to
HCoV-OC43 infection. In one of the groups, the infected cells were treated with IFNs for an additional 23 h. At 24 h postinfection,
cells were immunostained as in (B). (D) A549 cells were treated with PBS or IFNs for 3 h. The cells were washed with PBS prior to
NDV-GFP infection. The IFN treatment was continued for an additional 23 h. At 24 h postinfection, cells were stained with Hoechst
33342. Bar: 50mm.
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coronaviruses. A clear understanding of STING’s downstream effectors will allow us to
design strategies to precisely activate these molecules in a tissue-specific and timely
manner to inhibit coronavirus infection. After STING is activated by its ligand, such as
cGAMP or DMXAA, it recruits TBK1 to activate both IRF3 and NF-κB, which translocate
into the nucleus to induce transcription of IFNs and other inflammatory cytokines
(48, 52, 53, 60–62). These molecules are secreted from the cell and act in both auto-
crine and paracrine fashions to activate downstream signaling that elicits ISG expres-
sion and the antiviral response (63–65). We therefore applied a CRISPR knockout (KO)
approach to determine which downstream effector(s) of the STING signaling pathway
are essential for its anticoronavirus activity. To this end, we established CRISPR KO of
TBK1, IRF3, and the NF-κB subunit p65 in A549 cells stably expressing STINGAII (Fig. 3A).

FIG 2 DMXAA activation of stably expressed human STINGAII impedes HCoV-OC43 infection. (A) A549 cells stably expressing STINGWT or STINGAII were
treated with PBS, IFNs, DMSO, or DMXAA for 3 h. The cells were washed with PBS prior to HCoV-OC43 infection. In one of the groups, the infected cells
were treated with IFNs for an additional 23 h. At 24 h postinfection, cells were fixed and immunostained with antibodies against the HCoV-OC43 N protein
(OC43 N) and STING and counterstained with DAPI. Bar: 50mm. (B) Whole-cell lysates harvested from the cells treated as in (A) were immunoblotted using
the indicated antibodies. GAPDH was used as a loading control. (C) DMXAA does not show significant cytotoxicity in A549 cells. A549 cells stably
expressing STINGWT or STINGAII were treated with the indicated doses of DMSO or DMXAA (stock concentration: 10mg/ml) for 3 h. The cells were washed
with PBS and fed with fresh culture medium. At 27 h posttreatment, cell viability was measured using the CellTiter-GLO 3D cell viability assay.
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These cell lines, as well as A549/STINGAII cells stably expressing a guide RNA (sgRNA)
targeting firefly luciferase (sgLuc), were treated with DMSO or DMXAA before exposure
to HCoV-OC43. We then performed IF double staining and Western blotting for the
HCoV-OC43 N protein and STING to determine if CRISPR KO of TBK1, IRF3, and/or p65
ablates the STINGAII/DMXAA antiviral effect (Fig. 3B and C). From these studies, we

FIG 3 The STING-IRF3 signaling axis is critical for blocking HCoV-OC43 infection. (A) CRISPR/Cas9-mediated
knockout of p65, IRF3, and TBK1 in A549 cells. A549 cells stably expressing human STINGAII were treated with
LentiCRISPR v2 constructs encoding gRNAs targeting the indicated immune effector genes. Whole-cell lysates
of A549 parental and the CRIPSR KO cells were immunoblotted using the indicated antibodies to validate the
gene KO effect. GAPDH was used as a loading control. (B) A549 cells stably expressing STINGAII and a guide
RNA targeting firefly luciferase (sgLuc), IRF3 (sgIRF3), TBK1 (sgTBK1), or p65 (sgp65) were treated with DMSO or
DMXAA for 3 h. The cells were washed with PBS prior to HCoV-OC43 infection. At 24 h postinfection, cells were
immunostained with antibodies against the HCoV-OC43 N protein (OC43 N) and STING and counterstained
with DAPI. Bar: 50mm. (C) Whole-cell lysates extracted from the cells treated as in (B) were immunoblotted
using the indicated antibodies. GAPDH was used as a loading control.

Liu et al. Journal of Virology

June 2021 Volume 95 Issue 12 e00490-21 jvi.asm.org 6

https://jvi.asm.org


observed that DMXAA treatment induced a slow-migrating band in the STING blot,
which disappeared in TBK1 KO cells, suggesting that this band represents the phos-
phorylated/activated form of STING (Fig. 3C). This notion was confirmed by immuno-
blotting using an antibody recognizing the phosphorylated STINGSer366 (Fig. 3C). The
phosphorylated STING band is also absent in the p65 KO cells, likely because these
cells grew poorly and much less STING is expressed in these cells, making it difficult
to detect the shifted STING band (Fig. 3C). More importantly, we found that IRF3 KO
significantly suppressed STINGAII/DMXAA-induced antiviral activity, allowing the cells
to be infected by HCoV-OC43 to a similar level as observed in the DMSO-treated
cells (Fig. 3B and C). In contrast, TBK1 KO and p65 KO cells showed much less effect on
STINGAII/DMXAA-induced antiviral activity against HCoV-OC43 (Fig. 3B and C). This
study therefore identified IRF3 as the STING downstream effector that plays the most
important role in blocking HCoV-OC43 infection.

Human STING agonist diABZI effectively inhibits HCoV-OC43 infection.We next
examined whether activating the STING pathway could be explored as a therapeutic
approach to block HCoV-OC43 infection. While the STINGAII/DMXAA approach is effec-
tive in blocking HCoV-OC43 infection, it is not ideal for use as an antiviral because it
requires the expression of the exogenous STINGAII molecule. We therefore tested the
idea of using STING agonists that can directly activate the endogenous human STING.
2939-Cyclic GMP-AMP (cGAMP) is the natural ligand of human STING; however, it cannot
efficiently enter cells. Therefore, we tested two nonnucleotidyl small molecule human
STING agonists: amidobenzimidazole (ABZI)-based STING agonist (diABZI) (54) and
CAY10748 (66). To rule out off-target effects, we treated A549 cells with each of the
human STING agonists and assessed the cell proliferation rate (Fig. 4A). We found that
diABZI did not affect the proliferation of A549 cells even at a concentration of 1mM, but
the same concentration of CAY10748 significantly suppressed A549 cell proliferation
(Fig. 4A). This is likely due to an off-target effect because there is nearly no STING
expressed in A549 cells (Fig. 1A and C). We therefore chose diABZI for the subsequent
studies. By testing various concentrations of diABZI, we found that 100nM diABZI mini-
mally inhibited the proliferation of STINGWT stable cells without affecting the STINGAII

stable cells (Fig. 4B). Therefore, this concentration of diABZI was used to treat A549 cells
stably expressing STINGWT prior to HCoV-OC43 infection. Compared to DMSO treatment,
diABZI treatment nearly completely inhibited HCoV-OC43 infection (Fig. 4C and D).
We then used ex vivo cultured human lung explants, which constitute a cell culture sys-
tem that more closely resembles the physiological environment of the human lung, to
confirm the findings. We found that while HCoV-OC43 can infect the cells present in the
lung tissue slices incubated with DMSO (Fig. 5), treatment with STING agonist diABZI
almost completely blocked HCoV-OC43 infection (Fig. 5).

Human STING agonist diABZI also blocks SARS-CoV-2 infection. SARS-CoV-2 has
evolved strategies to repress the expression of types I and III IFNs and proinflammatory
cytokines/chemokines in infected human lung tissues (15, 25, 35). On the other hand,
we have demonstrated that activation of STING signaling induces the expression of
IFNs and other ISGs/cytokines (55) and that STING activation effectively blocks HCoV-
OC43 infection (Fig. 1 and 5). Because SARS-CoV-2, like HCoV-OC43, belongs to the
Betacoronavirus genus, our findings suggest that the STING activation approach could
be applied to reignite the host antiviral innate immune response against SARS-CoV-2
infection and spread. We therefore examined the effect of STING activation on SARS-
CoV-2 infectibility.

Since A549 cells do not express angiotensin-converting enzyme 2 (ACE2), the cellu-
lar receptor for SARS-CoV (Fig. 6A), we used A549 cells stably expressing ACE2 (A549/
ACE2) for the SARS-CoV-2 infection experiments (24). These cells were treated with a
lentiviral vector to establish stable expression of STINGWT and then cells were treated
with DMSO, diABZI, and IFNs. IF staining of the SARS-CoV-2 N protein and STING
showed that SARS-CoV-2 could actively infect the A549/ACE2/STINGWT stable cells
treated with DMSO, but diABZI treatment markedly reduced the percentage of cells
infected by SARS-CoV-2 (Fig. 6B). This finding was confirmed by Western blotting,
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which showed there was no detectable SARS-CoV-2 N protein in diABZI-treated sam-
ples (Fig. 6C). IFN treatment also impeded SARS-CoV-2 infection, although to a lesser
extent compared to diABZI (Fig. 6B and C).

To validate the finding in a more physiological setting, we examined the impact of
STING activation on SARS-CoV-2 infection in human lung tissue slices cultured ex vivo.
Compared to OC43, SARS-CoV-2 showed much lower infectivity in the lung slices
(Fig. 7). This is likely because the SARS-CoV-N antibody is not as sensitive as the one
recognizing the HCoV-OC43 N protein. In addition, for reasons we do not completely
understand, SARS-CoV-2 N-positive cells were often observed near the edges of the tis-
sue slices. Nonetheless, treatment with STING agonist diABZI also significantly inhibited
SARS-CoV-2 infection in the ex vivo lung tissue slices (Fig. 7, compare rows 4 to 6 with
rows 1 to 3). Therefore, these data mirror our earlier findings from the HCoV-OC43
studies and suggest the human STING agonist diABZI is a potential drug for blocking
infection of human coronaviruses, including HCoV-OC43 and SARS-CoV-2.

DISCUSSION

Abundant evidence suggests that SARS-CoV-2 and many other coronaviruses have
evolved complex molecular mechanisms to suppress host innate immune responses
and escape immune eradication (15, 23, 25, 26, 28–39). A lack of an effective antiviral

FIG 4 Treatment with STING agonist diABZI effectively blocks HCoV-OC43 infection. (A and B) Human STING agonist diABZI is much less toxic than another
human STING agonist CAY10748. (A) A549 cells were treated with DMSO or increasing doses of diABZI or CAY10748. At 72 h posttreatment, cell viability
was measured using the CellTiter-GLO 3D cell viability assay. (B) A549 cells stably expressing STINGWT or STINGAII were treated with DMSO or increasing
doses of diABZI for 3 h. The cells were washed with PBS and fed with fresh culture medium. At 27 h posttreatment, cell viability was measured using the
CellTiter-GLO 3D cell viability assay. (C) A549 cells stably expressing STINGWT were treated with DMSO or diABZI for 3 h. The cells were washed with PBS
before infection with HCoV-OC43. At 24 h postinfection, cells were immunostained with antibodies against HCoV-OC43 N protein (OC43 N) and STING and
counterstained with DAPI. Bar: 50mm. (D) Whole-cell lysates of the cells treated as in (C) were immunoblotted using the indicated antibodies. GAPDH was
used as a loading control.
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innate immune response during the early phase of infection allows the virus to estab-
lish rapid and robust replication in primary infected cells (23, 25, 26, 28–34). However,
unbridled viral replication could eventually incite a delayed massive innate inflamma-
tory activation response that can overstimulate pathogenic immune cells to cause life-
threatening tissue damage and multiorgan failure (17, 23, 25, 26, 67). Therefore, stimu-
lation of host IFNs and antiviral ISG production during the early phase of viral infection
is needed to circumvent the immune evasion mechanism of coronaviruses and inhibit
viral infection.

In this current study, we first demonstrated that activating STING signaling by
DMXAA and STINGAII dual treatment effectively blocks HCoV-OC43 infection (Fig. 1,
Fig. 2). We found that CRISPR KO of the STING downstream effector IRF3 almost com-
pletely abolished STING/DMXAA antiviral activity, whereas p65 KO and TBK1 KO only
mildly affected the ability of STINGAII/DMXAA to block HCoV-OC43 infection (Fig. 3). This
study thus identified IRF3 as a key mediator for blocking HCoV-OC43 infection after
STING activation. While the majority of the STING/DMXAA antiviral activity is mediated
by IRF3, a small part of this activity is also dependent on NF-κB. TBK1 KO did not com-
pletely ablate STING/DMXAA antiviral activity, suggesting that other kinase(s) may be
involved. IKK« , a kinase that has been shown to act redundantly with TBK1 to elicit
STING-induced NF-κB activation (68), is actively expressed in A549 cells (Fig. 1A, Fig. 3C),
suggesting that it may contribute to the TBK1-independent STING antiviral activity.

We also discovered that treatment with IFNs had very little effect on HCoV-OC43
infection, but could moderately repress SARS-CoV-2 infection (Fig. 2, Fig. 6). In contrast,
the human STING agonist diABZI could almost completely block the infection of HCoV-
OC43 and SARS-CoV-2 both in vitro and ex vivo (Fig. 4, Fig. 7). Therefore, compared to
type I IFN pretreatment, temporary stimulation of the STING signaling pathway has
demonstrated a much greater potential in blocking coronavirus infection. The fact that

FIG 5 Human STING agonist diABZI can efficiently block HCoV-OC43 infection in human lung tissue
slices. Human lung tissue slices were pretreated with DMSO or 1mM human STING agonist diABZI for
3 h in 200ml keratinocyte serum-free medium. The slices were treated with HCoV-OC43 virions diluted
in 1ml keratinocyte serum-free medium at 0.5 � 10e6 PFU/ml. The slices were incubated at 33°C in
5% CO2. At 6 days postinfection, slices were immunostained using the antibody against the HCoV-
OC43 N protein (OC43 N) and counterstained with DAPI. OC43 N1 bright red dots in the tissues are
infected cells. Bar: 50mm.
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diABZI can act directly on endogenous human STING to inhibit HCoV-OC43 and SARS-
CoV-2 replication makes it a great therapeutic candidate for impeding the infection of
currently known and future emerging coronaviruses.

Our finding that STING activation effectively blocks HCoV-OC43 and SARS-CoV-2
infection suggests that inducing STING downstream IFN- and ISG-mediated antiviral
activity can be exploited as a novel strategy to counteract the immune escape mecha-
nism of coronaviruses. However, IFNs and cytokines are protective early in infection
but destructive at the later stage of infection (17, 23, 25, 26, 32, 38, 41–47, 67).
Therefore, it is important to maintain a delicate balance between antiviral and inflam-
matory innate immune programs in order to successfully control coronavirus infection
without causing inflammatory damage. Although IRF3 is essential for STING down-
stream antiviral activity (Fig. 3), it is almost completely depleted after STING is acti-
vated by either DMXAA or diABZI (Fig. 2, Fig. 4, Fig. 6). A similar observation was made
in a previous study, in which STING activation by cyclic dinucleotides also led to IRF3
suppression (69). While the mechanism underlying this phenomenon remains to be
investigated, these findings reveal an intrinsic negative-feedback control mechanism

FIG 6 Human STING agonist diABZI can efficiently block SARS-CoV-2 infection. (A) Introducing ACE2
stable expression in A549 cells. Whole-cell lysates harvested from A549 parental or ACE2 stable cells
were immunoblotted using the indicated antibodies. GAPDH was used as a loading control. (B) A549/
ACE2 cells stably expressing STINGWT were incubated with DMSO or diABZI for 3 h before treatment
with SARS-CoV-2. At 24 h postinfection, cells were immunostained with antibodies against SARS-CoV-
2 N protein (SARS-CoV-2 N) and STING and counterstained with DAPI. Bar: 50mm. (C) Whole-cell
lysates of the cells treated as in (B) were immunoblotted using the indicated antibodies. GAPDH was
used as a loading control.
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of the STING signaling pathway. Our data showed that treating the cells with STING
agonists for 3 h was sufficient to cause almost complete inhibition of HCoV-OC43 and
SARS-CoV-2 infection. The subsequent shutdown of IRF3 ensures that the activation of
STING by its agonists is temporary and does not cause prolonged stimulation of the
inflammatory antiviral response. This mechanism therefore affords an opportunity for
using STING agonists to achieve disease-stage-specific activation of IFNs, ISGs, and/or
cytokines for maximizing anticoronavirus innate immunity while minimizing inflamma-
tory damages.

Taken together, our findings suggest that stimulating STING and downstream
innate immune signaling can be exploited as a novel strategy to activate an early and
effective host innate immune response for blocking coronavirus infection. Our study
also unveils the possibility of applying diABZI as a potential drug for treating infection
of HCoV-OC43 and SARS-CoV-2.

In the last two decades, three novel betacoronaviruses, SARS-CoV, MERS-CoV, and
SARS-CoV-2, have crossed the species barrier and spilled over to humans to cause
highly fatal outbreaks (23). Bats alone harbor more than 400 coronaviruses. Therefore,
the spillover is likely to happen again in the future. What we learn from human betacor-
onaviruses HCoV-OC43 and SARS-CoV-2 will have general implication for developing
innovative broad-spectrum antiviral therapeutics against multiple coronavirus strains,
allowing us to face the challenge of future coronavirus outbreaks.

MATERIALS ANDMETHODS
Cell culture. Vero E6, HEK293T, A549, A549ACE2, and primary human dermal fibroblasts (HDF) (70)

were grown in Dulbecco’s modified Eagle medium (DMEM) (Gibco, 11965084) supplemented with 10%
fetal calf serum (FCS) (HyClone, SH30071.03) at 37°C in humidified air containing 5% CO2.

Compounds and reagents. DMXAA (Sigma, D5817, CAS no. 117570-53-3) was purchased from
Sigma. Human STING agonist 3 diABZI (Cayman chemical, 28054, CAS no. 2138299-34-8) and CAY10748

FIG 7 Human STING agonist diABZI can efficiently block SARS-CoV-2 infection in human lung tissue
slices. Human lung tissue slices were pretreated with DMSO or 1mM human STING agonist diABZI for
3 h in 200ml keratinocyte serum-free medium. The slices were then treated with SARS-CoV-2 virions
diluted in 1ml keratinocyte serum-free medium at 10e6 PFU/ml. The slices were incubated at 37°C in
5% CO2. After 10 days, slices were immunostained using an antibody against the SARS-CoV-2 N
protein (SARS-CoV-2 N) and counterstained with DAPI. SARS-CoV-2 N1 bright red dots in the tissues
represent infected cells. Bar: 50mm.
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(Cayman chemical, 30022, CAS no. 2412902-55-5) were purchased from Cayman Chemical. Human IFN
Alpha Hybrid (Universal Type I IFN, PBL, 11200-2) was purchased from PBL Assay Science.

Recombinant plasmid construction. Adenoviral-associated vector (AAV) production was performed
as previously described (55). sgRNAs targeting firefly luciferase (sgLuc), IRF3 (sgIRF3) (71), TBK1 (sgTBK1),
and p65 (sgp65) were cloned into the LentiCRISPR-v2 plasmid (addgene, number 52961). The sequence
information for sgRNAs is listed in Table 1.

Generation of A549 stable cell lines. To generate A549 cells stably expressing STINGWT or STINGAII,
lentivirus was produced by transfecting pLenti-MCPyVEP-STINGWT-IRES-Puro and pLenti-MCPyVEP-
STINGAII-IRES-Puro plasmids into HEK293T cells together with psPAX2 and pMD2.G using Lipofectamine
2000 (Invitrogen). A549 cells were transduced with the purified lentiviruses supplemented with polybrene.
Starting on day 2 after transduction, cells were selected using 5mg/ml puromycin for at least 7 days.

To generate A549 cells stably expressing STINGAII and either sgLuc, sgIRF3, sgTBK1, or sgP65, the plas-
mid pLenti-MCPyVEP-STINGAII-IRES-Zeocin, pLenti-CRISPR-sgLuc, pLenti-CRISPR-sgIRF3, pLenti-CRISPR-
sgTBK1, or pLenti-CRISPR-sgp65 was transfected into HEK293T cells together with psPAX2 and pMD2.G
using Lipofectamine 2000 (Invitrogen). A549 cells were cotransduced with pLenti-MCPyVEP-STINGAII-IRES-
Zeocin lentivirus and either pLenti-CRISPR-sgLuc, pLenti-CRISPR-sgIRF3, pLenti-CRISPR-sgTBK1, or pLenti-
CRISPR-sgP65 lentivirus supplemented with polybrene. Starting on day 2 after transduction, cells were
selected using 10mg/ml puromycin for 3 weeks and then maintained in culture medium containing
100mg/ml zeocin.

Cell proliferation assay. A549 parental cells or A549 stably expressing STINGWT or STINGAII were
seeded at a density of 5,000 cells in 100ml of medium per well in a 96-well plate. The cells were incu-
bated in humidified air containing 5% CO2 with or without drug using the amount of time as indicated
in the figure legends. Cell viability was measured using CellTiter-Glo 3D (Promega) following the manu-
facturer’s instructions.

Western blot analysis. The protein samples were resolved on SDS-PAGE gels, transferred onto
polyvinylidene difluoride (PVDF) membranes, and immunoblotted using specific primary antibodies as
indicated in the figure legends. The primary antibodies used in this study includes anticoronavirus OC43
nucleoprotein protein (OC43 N) (72) (1:4,000, MAB9012, Millipore), anti-SARS-CoV-2 nucleoprotein
(SARS-CoV-2 N) (1:4,000, GTX635712, GenTex), anti-STING (1:1,000, 13647S, Cell Signaling Technology),
anti-phospho-STING (Ser366) (1:1,000, 50907S, Cell Signaling Technology), anti- IKK« (1:1,000, 3416S,
Cell Signaling Technology), anti-GAPDH (1:2,000, 5174S, Cell Signaling Technology), anti-p65 (1:1,000,
sc-8008, Santa Cruz Biotechnology), anti-TBK1 (1:1,000, 3013S, Cell Signaling Technology), anti-ACE2
(1:1,000, 21115-1-AP, Proteintech), and anti-IRF3 (1:250, sc-33641, Santa Cruz Biotechnology). The
secondary antibodies used were horseradish peroxidase (HRP)-linked anti-rabbit IgG (1:3,000, 7074S, Cell
Signaling Technology) and HRP-linked anti-mouse IgG (1:3,000, 7076S, Cell Signaling Technology).
Western blots were developed using Western Lightning ECL solution (PerkinElmer) and the images were
captured using a Fuji imaging system.

Adenoviral-associated vector production. Adenoviral-associated vector (AAV) production was
performed as previously described (55). HEK293T cells were cultured in 100-mm dishes. The cells were
transfected with 5mg of serotype packaging plasmid, 10mg of pAdDeltaF6 helper plasmid (University of
Pennsylvania Vector Core), and 5mg of pscAAV carrying the construct of interest. The cell lysates were
prepared with three successive freeze-thaw cycles (280°C/37°C). The cell lysates were then purified
using OptiPrep centrifugation at 300,000 � g for 3.5 h at 16°C. Pure gradient fractions were
concentrated and desalted using an Amicon Ultra-15 centrifugal concentrator.

Immunofluorescent staining. Cells were fixed with 3% paraformaldehyde in phosphate-buffered
saline (PBS) for 20min. IF staining was performed as described previously (73). The following primary
antibodies were used: anticoronavirus OC43 N protein (1:2,000, MAB9012, Millipore), anti-SARS-CoV-2
nucleoprotein (1:2,000, GTX635712, GenTex), and anti-STING (1:500, 19851-1-AP, Proteintech). The sec-
ondary antibodies used were Alexa Fluor 594 goat anti-mouse IgG (Thermo Fisher Scientific) and Alexa
Fluor 488 goat anti-rabbit IgG (Thermo Fisher Scientific). All IF images were collected using an inverted
fluorescence microscope (IX81; Olympus) connected to a high-resolution charge-coupled-device camera
(FAST1394; QImaging). Images were analyzed and presented using SlideBook (version 5.0) software
(Intelligent Imaging Innovations, Inc.). The scale bars were added using ImageJ software.

HCoV-OC43 infection. HCoV-OC43 was purchased from ATCC and amplified in Vero E6 cells. A549
cells were treated with PBS, 500 units/ml of human IFN Alpha Hybrid universal type I IFN (PBL, 11200-2),
AAV virions, DMSO, 10mg/ml DMXAA, or 100 nM human STING agonists, as described in the figure
legends. The cells were washed once with PBS and then treated with HCoV-OC43 virions (10e6 PFU/ml)
diluted in serum-free DMEM serum-free (at an MOI of 1) for 1 h at 33°C. The cells were then overlaid with
DMEM containing 2% FBS and cultured at 33°C for one more day.

TABLE 1 DNA oligonucleotides used in this study

Purpose Primer name Sequence
Target gene Luciferase (sgLuc) CTTCGAAATGTCCGTTCGGT

IRF3 (sgIRF3) GAGGTGACAGCCTTCTACCG
TBK1 (sgTBK1) AAGGATGTTTGCAAGAACA
p65 (sgp65) GGAAGATCTCATCCCCACC
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Plaque assay. Confluent Vero E6 cells cultured in 6-well plates were treated with 200ml of DMEM
containing a serial 10-fold dilution of HCoV-OC43 stock for 1 h at 33°C. Inoculum was overlaid with
DMEM plus 0.7% agarose and incubated for 7 days at 33°C. Cells were fixed with 4% paraformaldehyde
and stained with 1% crystal violet before plaque counting (24).

SARS-CoV-2 infection. SARS-CoV-2 (USA-WA1/2020 strain) was obtained from BEI and propagated
in Vero E6 cells. A549ACE2 cells stably expressing STINGWT were treated with IFNs, DMSO, or human STING
agonist diABZI, as described in the figure legends. The cells were treated with SARS-CoV-2 virions diluted
in serum-free DMEM (at an MOI of 5) for 1 h at 37°C. The cells were then overlaid with DMEM containing
2% FBS and cultured at 37°C for one more day.

NDV-GFP infection. Newcastle disease virus (NDV)-GFP was obtained from Luis Martinez-Sobrido
(University of Rochester School of Medicine). A549 cells were treated with PBS or 500 units/ml of human
IFN Alpha Hybrid universal type I IFN (PBL, 11200-2). The cells were washed once with PBS and then
treated with NDV-GFP virions (diluted in serum-free DMEM) at an MOI of 5 for 1 h at room temperature.
The cells were then overlaid with DMEM containing 2% FBS and cultured at 37°C for one more day.

HCoV-OC43 and SARS-CoV-2 infection of ex vivo cultured human lung slices. Normal human
lung tissues were obtained from the Penn-CHOP Lung Biology Institute (LBI) at the University of
Pennsylvania. Following our previous skin tissue ex vivo culture protocol (70), the tissues were cut into
700-mm-thick slices using a McIlwain tissue chopper. About 12 tissue slices were frozen in 90% FBS and
10% DMSO in each vial in liquid nitrogen for further experiments.

The slices were thawed and washed in PBS twice and then transferred to 200ml keratinocyte serum-
free medium (Gibco, catalog number 17005042) with 1% penicillin-streptomycin. The slices were treated
with DMSO or 1mM human STING agonist diABZI for 3 h. For HCoV-OC43 infection, the slices were
treated with HCoV-OC43 virions diluted in 1ml keratinocyte serum-free medium at 0.5 � 10e6 PFU/ml.
The slices were incubated at 33°C in 5% CO2. At 6 days postinfection, slices were immunostained using
an antibody against the OC43 N protein (OC43 N) and counterstained with DAPI (49,6-diamidino-2-
phenylindole). For SARS-CoV-2 infection, the slices were treated with SARS-CoV-2 virions diluted in 1ml
keratinocyte serum-free medium at 10e6 PFU/ml. The slices were incubated at 37°C in 5% CO2. At 10
days postinfection, slices were immunostained using an antibody against the SARS-CoV-2 N protein
(SARS-CoV-2 N) and counterstained with DAPI.
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