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ABSTRACT African swine fever (ASF), an acute, severe, highly contagious disease
caused by African swine fever virus (ASFV) infection in domestic pigs and boars, has
a mortality rate of up to 100%. Because effective vaccines and treatments for ASF
are lacking, effective control of the spread of ASF remains a great challenge for the
pig industry. Host epigenetic regulation is essential for the viral gene transcription.
Bromodomain and extraterminal (BET) family proteins, including BRD2, BRD3, BRD4,
and BRDT, are epigenetic “readers” critical for gene transcription regulation. Among
these proteins, BRD4 recognizes acetylated histones via its two bromodomains (BD1
and BD2) and recruits transcription factors, thereby playing a pivotal role in tran-
scriptional regulation and chromatin remodeling during viral infection. However,
how BET/BRD4 regulates ASFV replication and gene transcription is unknown.
Here, we randomly selected 12 representative BET family inhibitors and compared
their effects on ASFV infection in pig primary alveolar macrophages (PAMs). These
were found to inhibit viral infection by interfering viral replication. The four most
effective inhibitors (ARV-825, ZL0580, I-BET-762, and PLX51107) were selected for
further antiviral activity analysis. These BET/BRD4 inhibitors dose dependently
decreased the ASFV titer, viral RNA transcription, and protein production in PAMs.
Collectively, we report novel function of BET/BRD4 inhibitors in inducing suppres-
sion of ASFV infection, providing insights into the role of BET/BRD4 in the epige-
netic regulation of ASFV and potential new strategies for ASF prevention and
control.

IMPORTANCE Due to the continuing spread of the ASFV in the world and the lack of
commercial vaccines, the development of improved control strategies, including anti-
viral drugs, is urgently needed. BRD4 is an important epigenetic factor and has been
commonly used for drug development for tumor treatment. Furthermore, the latest
research showed that BET/BRD4 inhibition could suppress replication of virus. In this
study, we first showed the inhibitory effect of agents targeting BET/BRD4 on ASFV
infection with no significant host cytotoxicity. Then, we found four BET/BRD4 inhibi-
tors that can inhibit ASFV replication, RNA transcription, and protein synthesis. Our
findings support the hypothesis that BET/BRD4 can be considered as attractive host
targets in antiviral drug discovery against ASFV.
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BET Inhibitors Suppress ASFV Infection

frican swine fever (ASF), a highly contagious viral disease in swine infected with

African swine fever virus (ASFV), exhibits a high mortality rate approaching 100%
and has severe economic consequences for affected countries (1). ASF is clinically char-
acterized by high fever, spotty skin, cyanosis, extensive bleeding of the internal organs,
and disturbance of the respiratory and nervous systems (2). ASF was first introduced to
Liaoning Province of China in August 2018, when genotype Il ASFV resulted in numer-
ous outbreaks within domestic pigs (http://www.oie.int/). These outbreaks resulted in
economic losses of several billion dollars to China’s pig breeding industry and national
economy, seriously affecting the lives of Chinese residents, national economic develop-
ment and the pig industry (3).

The ASFV genome is large and complex, and the mechanism by which replication is
regulated is unclear thus far. Although ASFV was discovered nearly a hundred years ago,
no commercial vaccines or cost-effective antiviral drugs are available to effectively prevent
ASF worldwide. ASFV, a tick-borne, double-stranded DNA virus and the only member of
the Asfarviridae family, genus Asfivirus, mainly infects myeloid lineage cells, especially
monocytes/macrophages and dendritic cells (4). The replication of ASFV primarily occurs
in the cytoplasm, but a transient nuclear progress occurs at the early stage (5-10).
However, the nuclear replication mechanism is not clear. ASFV encodes 150 to 167 pro-
teins (11), including at least 54 structural proteins and more than 100 nonstructural
proteins, which are involved in replication of the genome and assembly of the virion,
respectively, and also regulate host cell function and immune evasion (12).

Histone lysine acetylation is a key mechanism in chromatin processes and the regula-
tion of gene transcription (13). BET family proteins include BRD2, BRD3, BRD4, and BRDT,
which have important biological functions, such as their ability to mediate transcriptional
regulation and chromatin remodeling (14). BRD4 recruits positive transcriptional elonga-
tion factor (P-TEFb) complex, which plays an essential role in transcriptional regulation by
RNA polymerase Il (RNA Pol ll) in eukaryotes (15). BRD4 is one of the most important pro-
teins in the BET family, and contains two bromo-domains (BD1 and BD2). BRD4 is not only
a chromatin reader protein but also an epigenetic regulatory factor and transcription
cofactor closely related to gene transcription, the cell cycle, and apoptosis (16, 17).
Abnormal BRD4 protein expression can lead to the disordered expression of various genes
and thus affects the function of related genes. BRD4 also plays an important role in DNA
replication, transcription, and repair (18). Among host molecules, BRD4 can be used by
DNA viruses to regulate the transcription of viral genes during viral replication through
critical protein-protein interactions. BRD4 and its inhibitors have been widely studied as
potential antitumor therapies. The latest research showed that BRD4 inhibition activated
the cGAS-STING pathway of the antiviral innate immune response by leading to DNA dam-
age-dependent signaling and attenuated viral attachment of pseudorabies virus (suid
herpesvirus 1) (19). In addition, a BRD4 inhibitor was found to suppress human immunode-
ficiency virus (HIV) by inhibiting Tat transactivation and transcription elongation and by
inducing a repressive chromatin structure at the HIV promoter (20).

However, the potential effect of BET/BRD4 on ASFV replication and viral transcrip-
tion has not been evaluated. ASFV may alter the epigenetic status of host chromatin to
modulate cellular gene expression for its own benefit. Therefore, we focused on the
biological effects of representative BET/BRD4 inhibitors on the replication and tran-
scription of ASFV in vitro, and our results may open new avenues for the effective pre-
vention and control of ASF.

RESULTS

Cytotoxicity of BET inhibitors in PAMs. The inhibitors were used at nine different
concentrations ranging from 0.5 to 240 uM to evaluate cytotoxicity by using a CCK-8
assay. The results indicated that at least seven of the inhibitors did not cause a signifi-
cant increase in cell death, and the cell viability reached more than 60% when the con-
centrations of the inhibitors were up to 20 uM, but significant cytotoxic effects on the
primary alveolar macrophages (PAMs) were observed at concentrations from 40 to
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FIG 1 Cytotoxicity of BET/BRD4 inhibitors against PAMs. PAMs were treated with BET/BRD4 inhibitors at a range of concentrations from 0.5 to 240 uM for
24 h, and cell viability was evaluated using a CCK-8 kit.

240 pM. Cell viability was still more than 50% when the inhibitors INCB054329 and
CPI-203 were used at 80 wM. The inhibitors demonstrated potent cytotoxic effects on
PAMs at 10 uM (ARV-825 and AZD5153), 20 uM [PLX51107, PFI-1, RVX-208, ZL0580,
and (+)-JQ1], 40 uM (OTX051, MS436, and I-BET-762), and 80 uM (INCB054329 and
CPI-203) (Fig. 1). The organic solvent dimethyl sulfoxide (DMSO) had no cytotoxic effect
on PAMs (data not shown). Therefore, even though most of these BET inhibitors are
commercially available as research tools, some of them show a certain degree of cyto-
toxicity against PAMs at high concentrations; at these concentrations, the primary cells
are more sensitive to the inhibitors.

Effect of BET inhibitors on ASFV transcription in PAMs. To determine whether
the BET inhibitors could affect ASFV gene transcription by altering the functions of BET
proteins, a time-of-addition assay was conducted to evaluate the effects of 12 BET/
BRD4 inhibitors on specific step(s) of the ASFV life cycle. Cells were treated with the
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FIG 2 Effect of BET family inhibitors on ASFV gene transcription. The expression levels of CP204L and B646L mRNA from ASFV

pretreatment (A), cotreatment (B), and posttreatment (C) with the inhibitors were detected by

real-time PCR. Data were

normalized to data from the DMSO-treated samples. PAMs in 12-well plates were pretreated, cotreated or posttreated with
individual inhibitors or DMSO in relation to ASFV (MOI = 0.1) infection. The samples were collected at 24 hpi under pre- and
cotreatment conditions with the inhibitors. For the posttreatment samples, the cells were first infected with ASFV for 4 h,
followed by inhibitor treatment for 16 h, and then the samples were collected. The concentration of the BET/BRD4 inhibitors was
5 wM. Error bars show the SD of replicates qPCR experiments. All experiments were independently conducted at least three
times. Statistical significance is denoted by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

individual BET inhibitors at 5 uM, and the functional role of BET in BET inhibitor-
induced ASFV gene transcription was evaluated using real-time PCR. The relative
expression levels of CP204L (early), B646L (late), and GAPDH in cells treated with indi-
vidual BET inhibitors were measured and compared to those in the control (DMSO;
negative control [NC]) group. Pretreatment with the BET inhibitors potently suppressed
ASFV gene transcription in the cells (Fig. 2A). A significant inhibitory effect on transcrip-
tion of the CP204L gene, which is expressed early during the ASFV infection cycle, was
observed when the inhibitors were applied simultaneously with ASFV infection, but
the effect was less pronounced than that observed upon pretreatment (Fig. 2B).
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Moreover, neither CP204L nor B646L gene transcription was inhibited by BET inhibitor
posttreatment (Fig. 2C). Interestingly, pretreatment with PLX51107 and ZL0580 almost
completely inhibited ASFV gene transcription. Since accumulating evidence suggests
that BET/BRD4 plays an important role in regulating viral transcriptional (21-23) and
based on our results presented above, four representative inhibitors (PLX51107,
I-BET762, ZL0580, and ARV-825) with the greatest inhibitory effects under both pre-
treatment and cotreatment conditions were selected for further experiments. Among
these four inhibitors, the first two (PLX51107 and I-BET762) are broad-spectrum BET
family inhibitors, while the latter two (ZL0580 and ARV-825) are BRD4-specific inhibi-
tors. Collectively, these results suggest that BET/BRD4 inhibition results in decreased
ASFV gene transcription in ASFV infection, and the expression of ASFV CP204L and
B646L upon inhibitor treatment significantly differed from that in untreated cells
(DMSO-treated group) in vitro. Thus, further experiments were performed.

PLX51107, I-BET762, ZL0580, and ARV-825 inhibit viral infection in a time-de-
pendent manner. The structures of ARV-825, ZL0580, I-BET-762, and PLX51107 are
shown in Fig. 3A. The 50% cell cytotoxicity (CCs,) values, the concentrations of the four
inhibitors at which they caused 50% cell death, were calculated in PAMs. The CC,, val-
ues of ARV-825, ZL0580, I-BET-762, and PLX51107 were determined to be 10.11 uM
(95% confidence interval [CI] = 9.18 to 11.11), 253 uM (95% CI = 21.57 to 31.11),
35.86 uM (95% Cl = 25.38 to 86.79), and 19.37 uM (95% Cl = 15.91 to 24.68), respec-
tively (Fig. 3B). In antiviral experiments, to mitigate their cytotoxic effects, ARV-825,
ZL0580, PLX51107, and I-BET-762 were used at maximum concentrations of 1, 10, 5
and 10 uM, respectively, which were lower than the CCg, values. The duration over
which the four inhibitors inhibited the replication of ASFV was further evaluated. The
four inhibitors were added to PAM culture medium for 16 h prior to ASFV infection.
Samples were collected at 4, 12, 24, and 48 h after infection. The copy number of the
B646L gene was then detected by real-time PCR. The significant inhibitory effects of
four inhibitors on late expressed gene B646L were observed started at 12 h after ASFV
infection until 48 h postinfection (hpi) (Fig. 4). These results indicate that these four
inhibitors significantly inhibited the replication of ASFV for a long time.

Inhibitory effect of BET/BRD4 on ASFV infection of PAMs in a dose-dependent
manner. In an ASFV suppression model, PAMs were treated with four individual inhibi-
tors, and their potential dose-dependent antiviral activity against ASFV was evaluated.
We treated ASFV-infected PAMs with the individual inhibitors at increasing concentra-
tions from 0.1 to 10 uM, depending on the inhibitor. As shown in Fig. 5A, the viral
yields decreased significantly from 6 to 1.6 log HADs,/mL at a concentration of 1 uM
(ARV-825), 5 uM (PLX51107), or 10 uM (ZL0580 and I-BET-762) (P < 0.05 or 0.001). At
the gene transcription level, ZL0580 did not significantly suppress late ASFV B646L
mMRNA expression at concentrations lower than 2 wM. All four inhibitors clearly sup-
pressed the early expression of ASFV CP204L mRNA (P < 0.05, 0.01, or 0.001) (Fig. 5B).
Importantly, further analysis of protein expression levels revealed that viral p72 protein
expression levels were clearly suppressed in ASFV-infected PAMs treated with the four
inhibitors in a dose-dependent manner, especially upon treatment with 0.25 to 1 uM
ARV-825, which fully inhibited expression of the p72 protein (Fig. 5C). These results
indicated that the four BET/BRD4 inhibitors suppressed the ASFV titer, as well as mRNA
and protein synthesis during replication. Based on these results, maximum concentra-
tions of 1 wM (ARV-825), 10 M (ZL0580 and I-BET-762), and 5 wM (PLX51107) were
selected for further evaluation of the effects of the inhibitors against ASFV infection.

ZL0580, PLX51107, I-BET762, and ARV-825 suppress ASFV protein synthesis. To
further confirm the antiviral effects of ZL0580, PLX51107, I-BET762, and ARV-825, early
and late expression of the important viral structural proteins p30 and p72, respectively,
was analyzed by Western blot (WB) analysis (Fig. 6A). Immunoblot analysis showed
that in the presence of ZL0580, PLX51107, I-BET762, and ARV-825, the p30 and p72
protein levels in the PAMs were significantly reduced compared to those in DMSO-
treated cells, especially after treatment with ARV-825, and the expression levels of both
proteins were decreased by more than 50%. Similar results were observed when
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expression of the ASFV p30 protein was evaluated by immunofluorescence analysis
(Fig. 6B). Clear fluorescent signals were detected, and the fluorescence density was
higher in the DMSO-treated PAMs than in the inhibitor-treated PAMs. In contrast, the
fluorescence intensity was significantly decreased in the four inhibitor treatment
groups (Fig. 6B). The percentage of cells showing early expression of the p30 protein
was lower among cells treated with the BET inhibitors, as shown by flow cytometry
analysis. ARV-825 treatment (1 wM) led to the sharply loss of p30 expression in ASFV-
infected PAMs, with this effect followed by the effects of PLX51107, I-BET-762, and
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I-BET-762-10 uM
PLX51107-5 uM
ZL0580-10 yM

Copy number of p72 (X106)

4h 12h 24h 48h

FIG 4 Time-dependent effect of four inhibitors on PAMs. The four inhibitors act throughout the
whole ASFV infection cycle to decrease ASFV RNA levels. PAMs were treated with 1 uM ARV-825,
10 uM ZL0580, 10 uM I-BET-762, and 5 uM PLX51107 for 16 h prior to ASFV infection (MOI = 0.1).
The ASFV B646L gene copy numbers at 4, 12, 24, and 48 h postinfection were determined and
analyzed by qPCR. Data were normalized to data from DMSO-treated samples. Statistical significance
is denoted by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

ZL0580 treatment. Compared to the DMSO-treated group, which was used as a control,
the inhibitors had an at least 40% inhibitory effect (Fig. 6C). These results indicated
that BET/BRD4 inhibition affects early and late protein synthesis.

BET/BRD4 inhibitors suppress the ASFV RNA polymerase expression levels.
ASFV belongs to the nucleocytoplasmic large DNA virus family, the members of which uti-
lize quite complex RNA polymerases. Studies have shown that, unlike the 14 subunits
encoded by eukaryotic RNA Pol Il, ASFV encodes nine subunits that are homologous to eu-
karyotic RNA Pol Il subunits (24). BRD4 was proven to bind the positive transcription elon-
gation factor (P-TEFb) to form a complex that is subsequently recruited to RNA Pol Il of the
host, which then regulates the transcription of host or viral genes (21). Therefore, we fur-
ther analyzed the transcription levels of the nine subunits of ASFV RNA polymerase by
real-time PCR. The results showed that ZL0580, PLX51107, I-BET-762, and ARV-825 signifi-
cantly inhibited transcription of the ASFV RNA polymerase subunit genes compared to
their transcription in the DMSO control group, and ARV-825 and ZL0580 treatment had a
stronger inhibitory effect on gene transcription levels than treatment with the two other
inhibitors (Fig. 7A). We then selected ARV-825 and ZL0580 (BRD4-specific inhibitors) and
evaluated their suppressive effects on the pC315R and pH359L proteins, which are homo-
logs of TFIIB and RPB3 of the eukaryotic RNA Pol Il (25), and the p30 protein. WB analysis
revealed that ZL0580 and ARV-825-mediated inhibition of BET/BRD4 suppressed ASFV
pC315R, pH359L, and p30 protein expression (Fig. 7B).

DISCUSSION

ASF, the most serious exotic pig disease, is listed as a class | animal disease in China.
Since the first outbreak of ASF in Shenyang in August 2018 (26, 27), continuous infec-
tion has spread throughout the whole country, and ASF represents a serious threat for
the global swine industry and the environment with grave economic consequences for
stakeholders (28). The generation of vaccines can impede the global spread of ASF, in
addition to the implementation of other measures, such as rapid diagnosis and control
and eradication measures. However, commercialized vaccines for the prevention of
ASFV infection remain lacking. In addition to vaccine development, the development
of antiviral drugs is an important strategy to respond to ASF epidemics.

At present, the research and development of anti-ASFV drugs mainly focuses on two
categories: (i) inhibitors that directly act on the proteins encoded by AFSV to affect its repli-
cation and (i) inhibitors that act on host protein factors required for viral replication to
indirectly exert an anti-ASFV effect (29). Antiviral agents against ASFV currently include
interferon (30), antibiotics (31), nucleoside analogues (32), plant-derived products (33), and
other compounds that have been reported to inhibit ASFV replication (29). However, the
safety of action of these antiviral drugs has not been studied in depth. Therefore, the need
to identify new antiviral drugs for controlling ASFV is urgent.
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FIG 5 Dose-dependent effects of ARV-825, I-BET-762, PLX51107, and ZL0580 on ASFV replication. (A) ASFV yield in PAMs decreased significantly in a dose-
dependent manner with four inhibitor pretreatments. (B) ASFV CP204L and B646L mRNA levels were analyzed by RT qPCR. (C) The expression of p72 in the
presence of four inhibitors at several concentrations was evaluated by WB analysis. PAMs in 12-well plates were treated with individual inhibitors or DMSO
for 16 h prior to ASFV infection (MOl = 0.1). The samples were collected at 24 hpi. Data were normalized to data from DMSO-treated samples. Error bars

show the SD of replicate qPCR experiments. All experiments were independently conducted at least three times. Statistical significance is denoted by
asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

Similar to other viruses, the signs of host infection with ASFV depend on the interaction
between viruses and the host. BET family members include BRD2, BRD3, BRD4, and BRDT,
which are widely involved in regulating the expression of genes related to transcription,
DNA repair, immunity, metabolism, and signal transduction; these proteins accomplish this
by identifying acetylated histones or transcription factors via their two unique bromodo-
mains and have become promising targets for tumor therapy and viral infection (14, 19).
Small-molecule inhibitors of BET family proteins may provide a promising option for can-
cer treatment. To date, more than 10 BET inhibitors have entered clinical trials and have
mainly been used for the treatment of human diseases (15, 34). However, the effects of
currently available BET/BRD4 inhibitors on ASFV infection are unknown.

During viral infection, host epigenetic factors can be involved in epigenetic modifi-
cations that affect the transcription and expression of viral genes and host genes (35).
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FIG 6 Evaluation of the inhibitory activity of ARV-825, I-BET-762, PLX51107, and ZL0580 against ASFV protein synthesis. The expression of p30 and p72 in
the presence of the four inhibitors ARV-825 (1 wM), I-BET-762 (10 uM), PLX51107 (5 uM), and ZL0580 (10 ©M) was evaluated by WB analysis (A), confocal
microscopy (B), and flow cytometry (C). PAMs in 6-well plates were treated with inhibitors or DMSO 16 h prior to ASFV infection (MOl = 1). The samples
were collected at 24 hpi.

Therefore, the elucidation of potential target genes of BET proteins may help reveal
new functions of BET family members and provide new possibilities for clinical treat-
ment and the combined application of BET inhibitors. The antiviral activity of BET
inhibitors has been demonstrated against different viruses, including PRV (19), bovine
papillomavirus (23), human papillomavirus (HPV) (36), HIV (20), respiratory syncytial vi-
rus (RSV) (37), and Epstein-Barr virus (38). Previous studies have reported that BET
inhibitors suppress the infectivity of these related viruses by decreasing macrophage
and neutrophil infiltration into the airway, suppressing key inflammatory cytokines,
preventing the expression of viral immediate early proteins and/or effectively blocking
BET/BRD4 phosphorylation-specific functions in transcription factor recruitment.
Nevertheless, their antiviral effect on ASFV remains unknown.

Here, we evaluated for the first time the antiviral effect of 12 representative BET/
BRD4 inhibitors against ASFV infection in vitro (Fig. 2). After screening for their cytotox-
icity against PAMs by CCK-8 assay, four BET/BRD4 inhibitors were selected, and their
roles in ASFV gene and protein expression were further studied. The cytotoxic effects
of 12 BET/BRED4 inhibitors against PAMs were first evaluated by quantifying cell viabil-
ity with a CCK-8 assay. Our results demonstrated that most of these BET inhibitors
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FIG 7 Effect of inhibitors on the putative subunits of ASFV RNA polymerase. The expression of ASFV RNA polymerase subunits was significantly decreased
at the RNA level (A) and the protein level (B) with inhibitor treatment. PAMs in 12-well plates were treated with ZL0580 (10 M), I-BET-762 (10 uM),
PLX51107 (5 uM), ARV-825 (1 uM), or DMSO for 16 h prior to ASFV infection (MOl = 0.1), and the samples were collected at 24 hpi. The NP1450L, EP1242L,
H359L, D205R, C147L, D339L, CP8OR, C315R, and 1243L genes of ASFV were analyzed by qRT-PCR. The pC315R and pH359L proteins of ASFV were analyzed
by WB analysis. Error bars show the SD values of replicate qPCR experiments. All experiments were independently conducted at least three times.
Statistical significance is denoted by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

were less cytotoxic against PAMs at concentrations between 0.5 and 10 uM; therefore,
we used doses of =10 uM (ARV-825, 1 uM; PLX51107, 5 uM; I-BET-762 and ZL0580,
10 wM) for further experiments. We determined the CC,, values for the four selected
BET inhibitors to ensure their safety in PAMs (Fig. 3B). In general, primary cells are
more sensitive to compound cytotoxic effect than cell lines. However, in a previous
study, obvious cytotoxicity was observed when the cells were treated with BET/BRD4
inhibitors (JQ-1, OTX-015, and I-BET 151) at 30 uM in both PK15 and HEK293 cells,
while concentrations of 0 to 10 uM were minimally toxic in both cell lines (19), consist-
ent with our results obtained with PAMs. This suggests that these inhibitors are harm-
less at concentrations below 10 uM in both primary cells and cell lines.

We performed time-of-addition studies to investigate whether the BET/BRD4 inhibitors
have a primary antiviral effect on ASFV CN/SC/2019, a viral strain that replicates efficiently
in primary PAMs (Fig. 2). Early expression of the CP204L gene was significantly decreased
when the inhibitors were applied prior to (pretreatment) or simultaneously with virus
infection (P < 0.05), but the addition of inhibitors after ASFV infection (posttreatment) had
no statistically significant effect on gene transcription levels. This suggests that the tran-
scription of early viral genes is inhibited immediately by BET/BRD4 inhibitors when these
genes begin to be largely transcribed. Interestingly, B646L gene expression was also obvi-
ously inhibited under cotreatment with all 12 inhibitors, but 2 inhibitors had no significant
effect on B646L gene transcription. Earlier addition of the inhibitors had a more notable
inhibitory effect on ASFV, indicating that these 12 inhibitors act over the whole ASFV tran-
scription process. Remarkably, two BET inhibitors (I-BET-762 and PLX51107) and two BRD4-
specific inhibitors (ARV-825 and ZL0580) largely inhibited ASFV infection when applied in
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two ways (Fig. 2A and B). Furthermore, the duration of action of I-BET-762, PLX51107, ARV-
825 and ZL0580 was investigated in ASFV-infected cells for 4, 12, 24, and 48 h (Fig. 4). The
cells were treated with individual inhibitors for 16 h prior to ASFV infection, and B646L
gene copy number was then detected. The data indicated that four inhibitors suppressed
B646L gene replication in ASFV-infected cells from 12 hpi. For ZL0580, a stronger effect
was observed in cells infected with ASFV. In addition, the cells were treated by BRD4 inhib-
itors prior to infected with ASFV at different time points dependent on the infected stages
of its life cycle. Since B646L is a late expressed gene during infection cycle, we found that
the copy number of this gene was not significant difference in early infected time (4 hpi).
The results indicated that the inhibitors could suppress ASFV infection. In general, the in-
hibitory effects were time dependent. It is likely that BET/BRD4 inhibition induces cell cycle
arrest or different biological activities; thus, the effects of these inhibitors on ASFV infection
may vary by times being added to the culture.

Interestingly, some BET/BRD4 inhibitors do not affect PRV or PRRSV viral gene tran-
scription (19), and, other previous studies have demonstrated that BRD4 facilitates viral
infection through the regulation of HSV-1 and HSV-2 viral gene transcription and that,
through inhibiting BRD4, HSV-1 and HSV-2 viral infection, gene transcription, and pro-
tein synthesis were significantly suppressed in a dose-dependent manner (21). This
suggests that modulation of similar or same target proteins (e.g., BET protein family) or
pathways by different regulatory agents (different BET/BRD4 inhibitors) may induce
distinct functional outcomes in different viral infections. Epigenetic modifications in
the cell may be changed by altering activity of BET/BRD4 to further affect the transcrip-
tion and expression of both viral and host genes. Understanding the regulatory mecha-
nism of BET/BRD4 inhibitors and their roles in ASFV infection needs further studies.
Collectively, our results suggest that BET inhibitors have therapeutic potential for con-
trol of ASFV infection.

I-BET-762 inhibits BET proteins by occupying the acetyl-lysine-binding pocket of
BET proteins, inhibiting the binding of BET proteins to acetylated histones, and thereby
prevents the formation of chromatin complexes responsible for the expression of key
inflammatory genes in activated macrophages and primary human monocytes (39).
PLX51107 is a novel, structurally distinct BET inhibitor. In a group of cultured cells,
treatment with PLX51107 for a short period (4 h) led to a sharp decrease in c-Myc levels
but did not immediately cause an apoptotic response. After prolonged treatment time
(continuous culture for 16 h or longer), PLX51107 induced apoptosis. Proteolysis tar-
geting chimeric (PROTAC) molecules are a novel family of compounds with the ability
to bind their target proteins and recruit a ubiquitin ligase, which promotes degrada-
tion of the targeted protein (40). ARV-825 is a PROTAC compound and BRD4 protein
degrader that can recruit BRD4 to the E3 ubiquitin ligase cereblon to induce rapid,
effective, and continuous degradation of the BRD4 protein, continuously lowering
c-Myc levels (41, 42). Compared to other BRD4 inhibitors, ARV-825 treatment caused
more significant changes in ¢-MYC levels and downstream cell proliferation and apo-
ptosis induction (41). In our study, the dose-dependent inhibitory effects of ARV-825
were not as remarkable as those of ZL0580, PLX51107, or I-BET762. ARV-825 signifi-
cantly inhibited ASFV CP204L and B646L mRNA and protein levels compared to those
upon application of the other inhibitors at a lower concentration. To date, there have
been no reports with respect to the effects of above three BET/BRD4 inhibitors on viral
infection. ZL0580 is a BRD4-specific inhibitor that was designed by analyzing the crystal
structures of available BRD4 modulators with the BRD4 BD1 domain (15). It displayed
potent BRD4-binding activity with an ICs, of 163 nM against the BRD4 BD1 domain
with 6.6-fold selectivity over the BRD4 BD2 domain. ZL0580 is a novel, BRD4-selective,
small-molecule modulator that was reported to suppress both induced and basal HIV
transcription and blocks viral reactivation events in human T cells and several latently
infected myeloid cell lines. ZL0580 induces HIV suppression by inhibiting Tat-mediated
transcription elongation and inducing a repressive chromatin structure at the HIV pro-
moter (20, 43).
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In our study, different assays (HAD, real-time PCR and WB analysis) showed that
four inhibitors significantly inhibited ASFV infection in PAMs in a dose-dependent man-
ner. A cumulative suppressive effect on ASFV infection was observed, suggesting that
the BRD4 inhibitors specifically act on BRD4 to reduce ASFV infection (Fig. 5 and 6).
After characterizing these four inhibitors, we speculate that BET/BRD4 is helpful for
ASFV infection, and the virus may take advantage of BET/BRD4 that is released from
chromatin to the viral genome to promote viral replication and gene transcription.
ASFV encodes approximately 20 genes that are involved in the transcription and modi-
fication of its mRNA (24). Our results indicated that the transcript levels of nine related
genes of ASFV were significantly decreased after treatment with the four individual
BET/BRD4 inhibitors (Fig. 7). ASFV carries a set of enzymes similar to eukaryotic RNA
Pol Il, and their homology with RNA Pol Il is higher than that with other nuclear or
cytoplasmic large DNA molecules (28). Interestingly, ZL0580, PLX51107, I-BET762, and
ARV-825 inhibit the nine subunits of ASFV RNA polymerase, which suggests that
710580, PLX51107, I-BET762, and ARV-825 exert their antiviral effects by altering ASFV
transcription.

In summary, previous studies showed that the host nucleus is required for replication
of ASFV, but the mechanism was not defined (5, 6). Since ASFV has itself RNA Pol II, host
RNA Pol Il is not required for ASFV gene transcription (44). However, even though the
ASFV gene transcription predominantly occurred in cytoplasmic according to the descrip-
tion of earlier published studies (24), the roles of BET/BRD4 (which are located in nucleus)
on ASFV replication remain unknown. The regulatory mechanisms and the role of epige-
netic BET/BRD4 in ASFV infection need to be further investigated. This study provides mul-
tiple lines of evidence to support that the downregulation of early and late ASFV gene
expression is associated with inhibition of BET/BRD4 activation and thus has a suppressive
effect on ASFV infection. Extensive study of the role of BET/BRD4 in ASFV replication will
be helpful to unravel the interactions between this virus and host cells and provide
insights into the development of new approaches for the control of ASFV infection.

MATERIALS AND METHODS

Biosafety statement and facility. All experiments carried out with live ASFV were performed in a
biosafety level-3 (BSL-3) laboratory at the Lanzhou Veterinary Research Institute (LVRI), Chinese
Academy of Agriculture and Sciences, and were accredited by the China National Accreditation Service
for Conformity Assessment and approved by the Ministry of Agriculture and Rural Affairs. In the labora-
tory, to reduce any potential risk, all protocols were strictly followed, and all activities were monitored
by the professional staff at LVRI and randomly inspected by local and central governmental authorities
without advance notice.

Cells culture and ASFV. Primary alveolar macrophages (PAMs) were isolated from 50- to 60-day-old
specific-pathogen-free pigs and stored at the African Swine Fever Regional Laboratory (Lanzhou). The PAMs
were cultured in RPMI 1640 medium (Thermo Scientific, USA) with L-glutamine and 25 mM HEPES (Gibco)
supplemented with 10% fetal bovine serum (Gibco, Australia), 100 IU/mL penicillin, and 100 wg/mL strepto-
mycin (Gibco/Life Technologies) at 37°C under 5% CO,. The ASFV strain used in this study (CN/SC/2019) was
provided by the African Swine Fever Regional Laboratory (Lanzhou).

Antibodies and reagents. For WB analysis, anti-p30, -p72, anti-pC315R, and anti-pH359L rabbit sera
were raised against recombinant ASFV p30, p72 pC315R, and pH359L proteins and deposited at the
African Swine Fever Regional Laboratory (Lanzhou), LVRI, of the Chinese Academy of Agricultural
Sciences. Anti-CD2v mouse sera were kindly provided by Liguo Zhang from Institute of Biophysics,
Chinese Academy of Sciences. Anti-B-actin (13E5) rabbit monoclonal antibody (catalog no. 4970) and
anti-GAPDH (14C10) rabbit monoclonal antibody (catalog no. 2118) were purchased from Cell Signaling
Technology. Anti-B-tubulin rabbit polyclonal antibody (catalog no. 10094-1-AP) and horseradish peroxi-
dase (HRP)-conjugated AffiniPure goat anti-rabbit IgG(H+L) (catalog no. SA00001-2) were purchased
from ProteinTech Group. Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG secondary
antibody (catalog no. F0382) was purchased from Sigma-Aldrich. A Cell Counting Kit-8 (CCK-8; catalog
no. K1018-30) was purchased from APEXBIO (USA). TRIzol reagent (catalog no. 15596018), DAPI (4',6'-
diamidino-2-phenylindole; catalog no. 62248), octadecyl rhodamine B (R18, catalog no. 0246), and radio-
immunoprecipitation assay (RIPA) lysis and extraction buffers (catalog no. 89901) were purchased from
Thermo Fisher Scientific. Filters (0.22-um pore size) were purchased from Millipore.

BET/BRD4 chemical inhibitors. Apabetalone (RVX-208; BET inhibitor, $7295), ARV-825 (BRD4 spe-
cific inhibitor, $8297), AZD-5153 6-hydroxy-2-naphthoic acid (BET/BRD4 inhibitor, S8344), CPI-203 (BET
inhibitor, S7304), Molibresib (I-BET-762; BET inhibitor, S7189), (+)-JQ1 (BET inhibitor, S7110), INCB054329
(BET inhibitor, $8753), MS436 (BET inhibitor, S7305), Birabresib (OTX015; BET inhibitor, S7360), PLX51107
(@ new BET inhibitor, $8739), and PFI-1 (PF-6405761; BRD2/BRD4 inhibitor, S1216) were purchased from
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TABLE 1 BET/BRD4 chemical inhibitors used in this study

Microbiology Spectrum

Inhibitor Functions Reference(s)
Apabetalone (RVX-208) An effective BET bromodomain inhibitor, acts on BD2. 46
ARV-825 Recruit BRD4 to E3 ubiquitin ligase cereblon to induce rapid, effective, and 41
continuous degradation of BRD4.
AZD5153 BET/BRD4 bromodomain BD2 inhibitor, inhibits the target gene expression 47
of nuclear receptor binding SET domain protein 3 (NSD3).
CPI-203 Potent BET bromodomain inhibitor. 48
Molibresib (I-BET-762) A highly selective inhibitor of BET family. 49
INCB-054329 A BET family bromodomain inhibitor. 50
(+)-JQ1 BET bromodomain inhibitor, (+)-JQ1 inhibits cell proliferation by inducing 51
autophagy; (+)-JQ1 can inhibit the target gene expression of nuclear
receptor binding SET domain protein 3 (NSD3).
MS436 A BET bromodomain inhibitor. 52
Birabresib (OTX015) Specifically binds to BRD2/3/4, inhibit the target gene expression of nuclear 53
receptor binding SET domain protein 3 (NSD3).
PLX51107 A novel BET inhibitor. Among non-BET proteins, PLX51107 only has a 54
significant interaction with the bromine region of CBP and EP300 (p300).
PFI-1 (PF-6405761) A highly selective BET inhibitor that acts on BRD4 and BRD2. 55
ZL0580 ZL0580 is selectively bound to the BRD4 BD1 domain that induced 20, 45

epigenetic suppression of HIV via BRD4.

Selleck.cn, and ZL0580 (a BRD4-specific inhibitor) was prepared as previously described (20, 45). The
structures and functions of these inhibitors are shown in Fig. 3A, Text S1 in the supplemental material
(see also Selleck.cn [https://www.selleck.cn]), and Table 1 (20, 41, 46-55).

Cytotoxicity assay. The cytotoxicity of 12 representative inhibitors in PAMs was evaluated by using
a CCK-8 kit. Briefly, PAMs (2 x 10° cells per well) in 96-well cell culture plates were treated with the inhib-
itors at increasing concentrations (from 0.5 to 240 uM). The experiments included three replicates, and a
blank and DMSO control were also included. The treated cells were incubated for 24 h at 37°Cin 5% CO,
and, after incubation, 10 uL of CCK-8 reagent was added to each well, followed by incubation at 37°C
for 1 to 4 h. The absorbance at 450 nm was measured using a microplate reader. The viability of the
PAMs was calculated according to the following formula: cell viability (%) = [(OD;\pibitor = ODpjand/
(ODontror = ODpjanyd] % 100.

Virus HAD,, assay. PAMs were seeded in 96-well plates and cultured overnight at 37°C under 5%
CO,. The cells were then pretreated with DMSO, PLX51107, ARV-825, ZL0580, and |-BET-762 for 16 h;
then, 10-fold serial dilutions (10° to 10~ '?) of virus were inoculated into each well (with eight replicates
for each dilution), with pig erythrocytes (1:1,000) added to each well at the same time. The ASFV was
quantified by the formation of characteristic rosettes formed through hemadsorption (HAD) of erythro-
cytes around the infected cells. HAD activity was observed for 7 consecutive days after inoculation, and
the 50% HAD dose (HAD,,) was calculated using the Reed and Muench method (56).

Time-of-addition assay. PAMs in 12-well plates (2 x 10° cells/well) were seeded for ASFV infection.
In the pretreatment assay, PAMs were treated with 12 individual BET/BRD4 inhibitors for 16 h before
infection with ASFV CN/SC/2019 (MOI = 0.1). In the cotreatment assay, PAMs were exposed to 12 individ-
ual BET/BRD4 inhibitors at the same time that the ASFV was added to the plates. The plates were then
incubated at 37°C under 5% CO, for 24 h. In the posttreatment assay, cells were infected with ASFV, and
the inhibitors were then added 4 h after infection. The plates were then incubated at 37°C under 5%
CO, for 16 h. DMSO-treated cells when then infected with ASFV for different assays in individual wells.
The viruses were collected, titrated by HAD assay, and quantified by real-time PCR and WB analysis.

Quantification of cell-associated ASFV DNA or mRNA. To quantify ASFV DNA or mRNA in ASFV-
infected PAMs, total DNA or RNA was extracted from different PAM samples using a standard protocol
with the QlIAamp DNA blood kit (Qiagen, USA) according to the manufacturer’s instructions or TRIzol rea-
gent (Life Technologies), followed by chloroform extraction and precipitation with isopropyl alcohol and
ethanol. cDNA was synthesized from the RNA using a PrimeScript RT reagent kit with gDNA Eraser
(TaKaRa Bio, Inc., Shiga, Japan) according to the manufacturer’s instructions. Gene expression in cDNA
samples was measured by one-step qRT-PCR using a OneStep PrimeScript RT-PCR kit (Perfect Real Time)
according to the manufacturer’s specifications (TaKaRa, Dalian, China). Quantitative real-time PCR was
performed on the CFX Connect real-time PCR detection system (Bio-Rad). The sequences of primers and
probes specific for the B646L gene were obtained according to the OlE-recommended sequence
described in King et al. (57). Primer and probe sequences specific for other genes were designed in this
study (Table 2). All samples were run and analyzed in duplicate. The B646L gene was amplified from
DNA, and the copy number was calculated according to the description by King et al. (56). The RNA
expression of each target gene in the PAMs was normalized to GAPDH expression and then calculated
using the 27247 method.

Western blotting analysis. PAMs were seeded in 6-well plates overnight and treated with ZL0580,
|-BET-76, PLX51107, ARV-825, or DMSO 16 h prior to inoculation, followed by infection with the ASFV
CN/SC/2019 strain (MOI = 1) for 48 h. The cells were harvested, washed, and then lysed in RIPA lysis and
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TABLE 2 Primers and probes used in this study

Target Primer (R and F) and probe sequences (5'-3")¢
CP204L F: GAGGAGACGGAATCCTCAGC

R: GCAAGCATATACAGCTTGGAGT

FAM-ACCTCCGATGAGGGCTCTTGCT-TAMRA
B646L F: CTGCTCATGGTATCAATCTTATCGA

R: GATACCACAAGATCRGCCGT

FAM-CCAGGAGCGAGATCCCGCCA-TAMRA
NP1450L F: GGCTGGAGGTAGGAGACATC

R: CCTATGCTGCTTCGTTCGAG

FAM-CGTCACTGGCGACGTCGCGT-TAMRA
EP1242L F: GAAACCACGGTTGGTCTAGC

R: TGAAGATGGCCGCATCAAAG

FAM-CAACGGCCAGACCGGCGAGT-TAMRA
H359L F: AGGATTCCACGGACCTGTTT

R: TTTAAGCTTAGGGCCTGCCA

FAM-CCGCAGAGCAAATACCAGTGTCTCGT-TAMRA
D205R F: ATCCCTACCACCTGTTCTGC

R: TGACGCGCTAATTTGCATGA

FAM-ACTCCTGCGCCTCCTCCTGAGT-TAMRA
CP8OR F: TATTGGAACCTACGCGGCAA

R: AATGAGTGCGACAACACACC

FAM-TTGCGGCAATGTTCCGCCCA-TAMRA
C315R F: GGATCTTCTGCGCTCCCTAT

R: CGCCGATGTTCTTCTCATCC

FAM-ACAAATCCACCAAGAACTGCAGGAGGA-TAMRA
D339L F: AATATGGAAAGGGCCCAAGG

R: AACCCTAGGCTGCTGTTCTT

FAM-TGTCGCGGCTTAAGCCTTGCA-TAMRA
C147L F: TCATGGATGACCTCGTGGAG

R: ACGATCTCGTCCTTGTCCTC

FAM-ACTCCTCCTCACTGTCGACGAGGT-TAMRA
1243L F: CGTTGTGGGACGATCAATCA

R: ACGTCATGCTACCAATTGCC

FAM-TCACCAACAACAGGATAACGATGCCCT-TAMRA
GAPDH F: TGGAAAGGCCATCACCATCT

R: ATGGTCGTGAAGACACCAGT

FAM-CCAGGAGCGAGATCCCGCCA-TAMRA

R, reverse; F, forward.

extraction buffers supplemented with a protease inhibitor cocktail and 1 mM phenylmethylsulfonyl fluo-
ride by rotation at room temperature for 1 h. The total protein concentration was measured by using a
microplate BCA protein assay kit (Pierce; Thermo Fisher Scientific). Proteins were separated on an SDS-
PAGE gel and then transferred to a nitrocellulose membrane (Merck Millipore, ISEQ00010), which was
incubated with individual protein-specific primary antibodies at 4°C overnight on a shaker. The mem-
brane was then incubated with HRP-linked secondary antibodies for 1 h at room temperature. The reac-
tion was detected with Immobilon Western HRP substrate (B1911-100ML; Sigma). The corresponding
grayscale value for each expressed protein band was analyzed using ImageJ software.

Confocal microscopy and flow cytometry. Native ASFV P30 or P72 was identified in infected PAMs
by using an indirect fluorescent antibody test. Briefly, PAMs seeded in a 2-cm laser confocal dish were
pretreated with ZL0580 (10 uM), I-BET-762 (2 wM), PLX51107 (5 wM), ARV-825 (0.5 wM), or DMSO for 16
h. After treatment, the cells were infected with the ASFV CN/SC/2019 strain (MOI = 1) for 24 h and then
washed twice with cold phosphate-buffered saline (PBS). The cells were fixed in a buffer containing 4%
paraformaldehyde and 10 mM piperazine-N,N’-bis(2-ethanesulfonic acid) in PBS at pH 6.4 for 10 min.
After one wash and incubation with specific anti-ASFV P30 or P72 sera (1:100) diluted in blocking buffer
without Triton X-100 at 4°C overnight, the cells were stained with FITC-conjugated goat anti-rabbit IgG
secondary antibody for 1 h at room temperature. Cells were acquired using confocal microscopy (Leica,
TCS SP8) or the BD Accuri C6 Plus instrument, and the data were analyzed using the program FlowJo
v10.6.2.

Statistical analysis. Statistical analyses of all data were performed using Prism 8.0 (GraphPad
Software, Inc.). Statistical comparisons between groups were performed using paired or nonpaired t
tests. Two-tailed P values were determined, and a P value of <0.05 was considered to indicate statistical
significance (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). The quantitative data in all figures
are expressed as the means * the standard deviations (SD; indicated by the error bars). The CC,, was
calculated by a linear regression analysis of dose-response curves generated from the obtained data.
The 95% Cls for CC,, values were calculated using IBM SPSS Statistics v19.0.
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