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Highlights

¢ A novel TLR7 agonist (a pyrrolo[3,2-d]pyrimidine derivative, named TLR713) exhibits antiviral activity against PRV in vitro
and in vivo.

¢ TLR713 specifically inhibits PRV replication but does not affect viral attachment, entry, assembly or release.

¢ TLR713 shows low cytotoxicity and might be potential antiviral agents for being tested clinically.

Abstract

Innate immunity is the primary defense against viral infections, with Toll-like receptors (TLRs) playing a crucial role in this
process. This study aims to highlight the effectiveness of a pyrrolo[3,2-d]pyrimidine derivative (named TLR713), a potential
TLR7 agonist, in inhibiting pseudorabies virus (PRV) replication both in vitro and in vivo. Tests on PK-15 cells demonstrated
that TLR713 had no significant impact on cell viability, cell cycle progression, or apoptosis at concentrations of 0-3 pmol L™
TLR713 could promote the phosphorylation of IkBa, p38, and JNK through TLR7, and increase the expression of
inflammatory cytokines. In vitro, when cells were treated with TLR713, PRV proliferation was inhibited via TLR7 pathway.
Analysis of the viral life cycle indicated that TLR713 could inhibit the replication of PRV, but not affect viral attachment, entry,
assembly, or release. In vivo, TLR713 showed no side effects on mice at a concentration of 25 mg kg™". It improved the
survival rate of PRV-infected mice, reduced tissue viral load, and alleviated the inflammatory response. In summary, this
study highlights the potential of TLR713 as a novel TLR7 agonist capable of inhibiting PRV replication and may offer new
opportunities for developing antiviral therapies.
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1. Introduction

Immune responses are crucial in protecting humans and
animals against viral infections (Koerner et al. 2021). With
the immune system, pathogen-associated molecular patterns
(PAMPs) of fungi, bacteria, and viruses can be detected
by pattern recognition receptors (PRRs) to trigger innate
immune responses aimed at eliminating the threat (Xiao et al.
2014; Shao et al. 2020), including Toll-like receptors (TLRs)

(Jahanban-Esfahlan et al. 2019; Fernandes-Santos and
Azeredo 2022). TLRs which are widely expressed, recognize
pathogens, and serve as the initial defense line within the
innate immune system (Xun et al. 2021). As key innate
immune sensors, TLRs not only induce cytokine production
but also enhance capacities for phagocytosis, microbicidal
activity, and antigen presentation (Mentrup et al. 2022).
TLRs recognize various PAMPs containing nucleic acids,
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initiate signaling cascades, and provoke immune responses
(Naqvi et al. 2022). The TLR family is divided into two major
categories: surface TLRs and intracellular endosomal TLRs.
Surface TLRs, located on the plasma membrane, bind to
microbial ligands, whereas intracellular endosomal TLRs,
found on the endosomal membrane, are sensitive to DNA/
RNA from pathogens (Takeda and Akira 2004).

TLR7 is a member of the TLR family and is an endosomal
single-stranded RNA (ssRNA) sensor that initiates innate
immune responses during viral and bacterial infections (Yeh
et al. 2023). TLRY7 has two loading sites: a Guanosine-
loaded site and an ssRNA-loaded site (PDB code: 5GMF)
(Zhang et al. 2016). According to published reports, a TLR7
agonist typically binds near the Guanosine-loaded site to
perform its function (PDB code: 5GMF, 6IF5, 5ZSA, etc.).
Compounds such as R837 and R848 can bind to TLR7 near
the Guanosine-loaded site to activate TLR7. When TLR7 is
activated by compounds and/or ssRNA, it triggers a signaling
cascade (Vanwalscappel et al. 2018). TLR7-mediated
signaling primarily operates through the myeloid differentiation
primary-response protein 88 (MyD88)-dependent pathway.
The messengers in the signaling pathway activate various
transcription factors, including nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), Jun N-terminal
kinase (JNK) etc. (Das et al. 2017), which induces the
production of proinflammatory cytokines, chemokines, and
type | interferon (IFN) (Nishii et al. 2018). Many IFNs and
pro-inflammatory cytokines have been confirmed to have
direct antiviral effects, such as against the hepatitis B virus
(HBV) (Lucifora et al. 2018).

The innate immune response derived by TLR7 agonists
plays a crucial role in modulating viral infections. The use of
TLR agonists as antiviral agents has proven to be effective.
For instance, TLR1/2, TLR3, and TLR7/8 agonists can
inhibit the replication of HBV (Lucifora et al. 2018; Janovec
et al. 2020). In a woodchuck model of chronic hepatitis
B, administration of the TLR7 agonist GS-9620 led to a
significant reduction of woodchuck hepatitis virus in serum
(Menne et al. 2015). Imidazoquinolines, such as the TLR7/8
agonist R848 (resiquimod), have been used to treat genital
herpes simplex virus type 2 lesions and psoriasis (Mark et al.
2007; Gotovtseva et al. 2008). Moreover, R848 can also
strongly inhibit Zika virus replication (Savidis et al. 2016;
Vanwalscappel et al. 2018), indicating its potential as a
therapeutic agent.

Here, we investigated the antiviral effects of a newly
developed TLR7 agonist named TLR713, using pseudorabies
virus (PRV) as a model virus. TLR713 is a pyrrolo[3,2-d]
pyrimidine derivative synthesized in our laboratory (Song
et al. 2024). Through test in vitro, we determined that
TLR713 effectively inhibits PRV replication by activating
innate immunity through TLR7. We confirmed the safety
of TLR713 in mice and found that it can also effectively
reduce PRV proliferation in vivo. Overall, this study
confirmed that TLR713 inhibits PRV replication both
in vitro and in vivo and highlights its potential as a therapeutic
agent for viral infections.

2. Materials and methods
2.1. Cells, viruses, and plasmids

Porcine kidney epithelial PK-15 cells (CCL-33; ATCC, MD,
USA) were grown in monolayers at 37°C under 5% CO,
in DMEM (10566-016; Gibco, NY, USA) supplemented
with 10% FBS (10099141C; Gibco, MA, USA), 100 U mL™
penicillin, and 100 mg mL™" streptomycin sulfate (B540732;
Sangon, Shanghai, China). TLR7™" PK-15 cells were used
as previously described (Meng et al. 2022). Briefly, CRISPR-
Cas9 technology was used to generate TLR7™ PK-15
cells. PK-15 cells were infected with lentiviruse, selected
with puromycin (4 mg mL™), obtained by serial dilution, and
verified by Sanger sequencing and immunoblotting analysis.

The recombinant PRV-GFP strain, derived from the PRV
Hubei strain with TK gene replaced by a GFP expression
cassette, was kindly donated by Hanzhong Wang from
Wuhan Institute of Virology, Chinese Academy of Sciences.
The virulent PRV isolate QXX (PRV-QXX) was kindly donated
by Yongtao Li (Henan Agricultural University, China). Viral
titers were determined using the TCIDs, assay, which was
calculated via the Reed-Muench method.

2.2. Mice

Female 6- to 8-wk-old C57BL/6 mice were purchased from
the Center of Experimental Animals of Zhengzhou University,
China and maintained in a specific pathogen-free animal
facility.

2.3. Cell viability assay, cell cycle analysis, and apop-
tosis analysis

PK-15 cells were seeded into plates and cultured overnight. Next
day, the medium was changed with TLR713 (0—10 pmol L™),
and the cells were cultured for another 36 h. The cell viability
was evaluated by Cell Counting Kit-8 (CCK-8) assay. The
cell cycle was assessed with Pl staining in flow cytometry.
Apoptosis was assessed with Annexin V-FITC and PI staining
in flow cytometry.

2.4, qRT-PCR

Total RNA was extracted using Trizol reagent (9108; TaKaRa,
Japan) and reverse transcribed with a PrimeScript RT
Reagent Kit (RR047A; TaKaRa). gRT-PCR was performed
in triplicate using SYBR Premix Ex Tag (RR820A; TaKaRa).
Data were normalized to B-actin. The relative changes were
calculated using the 27*°" method.

Quantification of the genome copy number of PRV was
performed as previously described (Wang et al. 2020).
Briefly, the PCR product of PRV-gH gene (187 bp) was cloned
into pGEM-T vector. A standard curve was prepared from
serial 10-fold dilutions of the plasmid for the quantification of
PRV genome copy number. The primers used for gqRT-PCR
analysis were described in Appendix A. Each assay was
performed in triplicate.

2.5. Immunoblotting analysis

Cells were lysed in RIPA buffer (P0013B, Beyotime, Biotech
Inc., Shanghai, China) supplemented with a protease and
phosphatase inhibitor cocktail (HY-KO010 and HY-K0022;



Yue Song et al. / Journal of Integrative Agriculture 2026, 25(2): 803813 805

MedChemExpress). Protein samples were separated
by SDS-PAGE and transferred to polypropylene fluoride
membranes (C3117; Millipore). After 30 min incubation
in 5% nonfat milk (A600669; Sangon Biotech, Shanghai,
China), the membrane was incubated with the primary
antibody overnight at 4°C, then incubated with the
appropriate HRP-conjugated secondary antibody for 1 h
at room temperature. The target proteins were detected
with Luminata Crescendo immunoblotting HRP substrate
(WBLURO0500; Millipore) on a GE Al600 imaging system (GE
Healthcare, Technologies Inc., Chicago, USA). Each assay
was performed in triplicate.

2.6. Immunofluorescence analysis

Cells grown on coverslips were fixed with 4% paraformal-
dehyde in PBS for 30 min at room temperature. Then cells
were nonpermeabilized or permeabilized with 0.2% Triton
X-100 for 20 min, blocked with PBS containing 10% FBS
for 1 h at room temperature, washed three times with PBS
and incubated with the PRV-gB antiserum for 1 h at room
temperature. Cells were then incubated with the appropriate
Alexa-Fluor-conjugated secondary antibodies for 1 h at room
temperature. The images were captured using a Zeiss LSM
800 confocal microscope (Oberkochen, Germany). Each
assay was performed in triplicate.

2.7. Viral attachment, entry, assembly and secretion
assay

Viral attachment assay Cells were incubated with PRV-
QXX with or without TLR713 (1 ymol L™) at 4°C for 1 h. After
three extensive washes with ice-cold PBS, viral attachment
assays were performed by immunofluorescence analyses
and TCIDs, analysis.

Viral entry assay Cells were incubated with PRV-QXX at 4°C
for 1 h. Cells were extensively washed three times with ice-
cold PBS, shifted to 37°C for 30 min with or without TLR713
(1 umol L™) to allow entry, washed with trypsin (1 mg mL™)
to remove any residual virions. Viral entry was detected by
immunofluorescence analyses and TCIDg, analysis.

Viral assembly assay Cells were infected with PRV-QXX
(MOI=0.1). The efficiency of viral assembly was determined
by comparing the infectious titers (TCIDs, mL™") with the total
PRV genome equivalents (GE).

Viral secretion assay Cells were infected with PRV-QXX
(MOI=0.1). The medium was replaced with or without TLR713
(1 umol L™ at 12 h after infection, and the supernatants and
cells were harvested at 24 h after the medium changed. The
infectivity of viral supernatants and cells were determined by
TCIDs, assay. Each assay was performed in triplicate.

2.8. TCID;, assay

TCID4, assay was performed to quantify the viral titers.
Briefly, PK-15 cells grown in a 96-well plate were infected with
10-fold dilutions of PRV-QXX, incubated at 37°C for a further
3-5 d, followed by observing the cytopathic effect of each
well under a light microscope. The TCID4, was calculated
using the Reed-Muench method. Each assay was performed
in triplicate.

2.9. Mice experiments

Female 6- to 8-wk-old C57BL/6 mice were purchased from
the Center of Experimental Animal of Zhengzhou University
(Zhengzhou, China) and maintained in a specific-pathogen-
free animal facility. Sacrifice was performed with isoflurane
narcosis.

2.10. Statistical analysis

Data are representative of at least three independent
experiments for quantitative analyses. All statistical analyses
were performed with a two-tailed Student’s t-test. Significant
differences relative to the corresponding controls were
accepted at P<0.05.

3. Results

3.1. Effects of TLR713 on cell viability, cell cycle and
apoptosis

The structure of TLR713 is shown in Fig. 1-A. TLR713 was
synthesized through three-step chemical reactions using
2,4-dichloro-5H-pyrrolo[3,2-d]pyrimidine, 1-(chloromethyl)-
2-methoxybenzene, and t-butyl (4-aminobutyl)carbamate
as materials (Song et al. 2024). To analyze the effects of
TLR713 on cell viability, cell cycle, and apoptosis, PK-15
cells were cultured with different concentrations of TLR713
(0-10 pmol L™). Cell viability was measured using CCK-
8 assay. The results indicated that TLR713 at a relatively
high concentration (10 pmol L™") could significantly inhibit cell
viability (Fig. 1-B). Further analysis showed that the CC;,
(median cytotoxic concentration) value of TLR713 on PK-15
cells was 19.886 umol L™ (Fig. 1-C). The effect of TLR713 on
the cell cycle was also analyzed. TLR713 used on PK-15 cells
at concentrations of 0-3 ymol L™ resulted in normal cell cycle
progression, while at a concentration of 10 pmol L™, it resulted
in cell-cycle arrest in the G1 phase (Fig. 1-D). Additionally,
treatment with TLR713 at concentrations of 0-3 pmol L™
for 36 h had no effect on cell apoptosis in PK-15 cells.
However, when PK-15 cells were treated with TLR713 at a
concentration of 10 pymol L™, the percentage of apoptotic
cells increased significantly (Fig. 1-E). Overall, these findings
suggest that treatment with TLR713 at concentrations of
0-3 pmol L™ for 36 h has minimal harmful effects on PK-15
cells.

3.2. TLR713 is a TLR7 agonist

Initially, we assumed TLR7 was the intended target when
TLR713 was synthesized. To determine whether TLR713 is a
TLRY agonist, TLR7™" PK-15 cells were treated with TLR713.
Treatment with TLR713 in PK-15 cells greatly increased the
expression of interleukin and tumor necrosis factor at the
mRNA level, and the mRNA expression levels of downstream
interferon and interferon-stimulated genes were also
significantly enhanced. However, this phenomenon was not
observed in TLR7” PK-15 cells (Fig. 2-A). Immunoblotting
analyses confirmed the knockout of the TLR7 gene in TLR7™~
PK-15 cells (Fig. 2-B). In TLR7” PK-15 cells, TLR713 could
not phosphorylate IkBa, p38, and JNK in the TLR7 signaling
pathway, whereas the phosphorylation of these molecules
was enhanced over time in TLR7"" PK-15 cells (Fig. 2-B).
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Fig. 1 Effects of TLR713 on cell viability, cell cycle and apoptosis. A, chemical structure of TLR713. B and D, PK-15 cells were
treated with TLR713 (0—10 umol L") for 36 h. Cell viability was assessed with CCK-8 assay (B) and cell cycle was assessed with Pl
staining in flow cytometry (D). C, CC, curves of TLR713 on PK-15 cells. E, PK-15 cells were treated with TLR713 (0-10 umol L) for
36 h. Apoptosis was assessed with Annexin V-FITC and Pl staining in flow cytometry, quantification of the percentage of apoptosis cells
was shown in E. CC,, half-maximal cytotoxic concentration. Data are mean+SD (n=3). ™, P<0.001.

Collectively, these data indicate that TLR713 is a TLR7
agonist.

3.3. TLR713 inhibits PRV proliferation through TLR7
pathway in vitro

To assess the inhibitory effects of TLR713 on PRV
proliferation, a recombinant PRV-GFP strain expressing the
GFP reporter was used. Fluorescent microscopy revealed
a significant decrease in the GFP signal when cells were
treated with TLR713, indicating that TLR713 suppresses
PRV-GFP replication (Fig. 3-A and B). To further validate
the anti-PRV effect of TLR713, we evaluated its antiviral
effects against the PRV-QXX strain. Firstly, viral titration
assays showed that TLR713 caused a decrease in PRV-QXX
progeny virus production (Fig. 3-C). Then, we used qRT-
PCR to analyze the PRV-gB gene expression level and found
that TLR713 treatment dramatically downregulated PRV-gB
mRNA transcript in PK-15 cells (Fig. 3-D). Additionally, PRV-
gB protein expression was also significantly reduced when
PK-15 cells were treated with TLR713 (Fig. 3-E). Overall,
these results provide evidence that TLR713 can effectively
inhibit PRV proliferation in PK-15 cells.

To determine whether TLR713 inhibits PRV proliferation
via TLR7, TLR7™~ PK-15 cells were used. Both TLR7™" and
TLR7"" PK-15 cells were treated with TLR713 and then
infected with PRV-GFP and PRV-QXX. The analyses of flow
cytometry (Fig. 3-F), TCIDs, (Fig. 3-G) and the expression
of PRV-gB (Fig. 3-H) showed that TLR713 inhibited PRV
proliferation via TLR7. Taken together, these results suggest
that TLR713 exerts its anti-PRV effect through the TLR7
pathway.

3.4. TLR713 restricts PRV replication

We next investigated the effect of TLR713 on the PRV life
cycle. PK-15 cells were treated with TLR713 and infected
with PRV at 4°C for 1 h, were then cultured at 37°C for 24 h
without TLR713. The viral titer was measured by TCIDg,
assay (Fig. 4-A). There were no significant differences in viral
attachment with or without TLR713. Immunofluorescence
assays also showed similar results (Fig. 4-B). To investigate
the impact of TLR713 on PRV entry, PK-15 cells were
incubated with PRV-QXX on ice for 1 h, shifted to 37°C

for 30 min with or without TLR713, then cultured at 37°C
for 24 h without TLR713. Viral titer was measured using
the TCID;, assay. As shown in Fig. 4-C, there were no
significant changes in viral entry into PK-15 cells with or
without TLR713. Immunofluorescence assays confirmed
these results (Fig. 4-D). Additionally, we examined whether
TLR713 influenced viral replication. After PRV entry into PK-
15 cells, the cells were cultured with TLR713 for another
24 h. Virus proliferation was detected by a virus titer assay
(Fig. 4-E), and the expression of the PRV-gB protein was
detected by immunoblotting analysis (Fig. 4-F). These
results indicated that TLR713 inhibited PRV replication. We
also analyzed the effect of TLR713 on viral assembly and
release. The results showed that TLR713 had no impact on
PRV assembly, as determined by comparing infectious titers
with PRV genome equivalents (Fig. 4-G). TLR713 treatment
did not alter the infectivity of intracellular and extracellular
PRV, suggesting that TLR713 had no effect on viral release
(Fig. 4-H). Collectively, these results indicate that TLR7 acts
on the replication stage of the PRV life cycle.

3.5. TLR713 does not produce adverse side effects
in vivo

To assess the antiviral effect of TLR713 in vivo, we first
evaluated the toxicity of TLR713 on mice (Fig. 5-A). The
administration of TLR713 at various doses did not affect the
growth or external appearance of the mice, as demonstrated
by consistent body weight (Fig. 5-B) and observation. None
of the mice receiving TLR713 experienced mortality due to
TLR713 exposure. Liver toxicity was assessed by measuring
serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels. As shown in Fig. 5-C
and D, normal serum ALT and AST levels were observed
after 4 consecutive weeks of TLR713 treatment at doses
of 5 or 35 mg kg™', suggesting a lack of significant liver
damage. Additionally, macroscopic analysis revealed no
histomorphological changes resulting from TLR713 treatment.
To investigate the potential toxicity to major organs, H&E
staining was utilized, and the results indicated no observable
abnormalities or organ damage in any of the experimental
groups (Fig. 5-E). These results provide direct evidence that
TLR713 exhibits negligible tissue toxicity.
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3.6. TLR713 protects mice against PRV infection

Lastly, the antiviral effects of TLR713 against PRV in vivo were
investigated (Fig. 6-A). We administered TLR713 in two doses
at a concentration of 5 mg kg™ via subcutaneous injection on
d3 and6 before the PRV-QXX challenge (1x10° TCIDs, per
mouse, the median lethal dose). The results showed that
TLR713 effectively protected mice from PRV-QXX infection.
Upon challenge with 1x10° TCIDs, of PRV-QXX, the expected
mortality was observed, with half of the mice dying within 5
days post-infection. In comparison, mice injected with TLR713
exhibited a 75% survival rate during the 7 d observation
period (Fig. 6-B). We also examined PRV proliferation in the
brain and lung tissues of the infected mice (Fig. 6-C and D).
Furthermore, we investigated tissue lesions and inflammatory
infiltration in major organs using H&E staining. The mice
injected with TLR713 displayed fewer tissue lesions and
reduced inflammatory infiltration (Fig. 6-G). gRT-PCR assays
revealed lower mRNA level of IL-6 and IFN-B in tissues of
mice injected with TLR713 compared to those without TLR713

mm TLR7"
IL-6 IL-12

T

Fig. 2 TLR713 is a TLR7 agonist. A, TLR7"T PK-15 cells
and TLR77- PK-15 cells were treated with TLR713 (1 umol
L") for 0—6 h. The mRNA levels of IL-1B, IL-6, IL-12, TNF-a,
IFN-B, and ISG-15 were assessed by gRT-PCR analysis. B,
TLR7YT PK-15 cells and TLR7-- PK-15 cells were treated with
TLR713 (1 ymol L") for 0—6 h. The expression levels of IkBa,
p-IkBa, p38, p-p38, JNK, p-JNK and TLR7 were assessed by
immunoblotting analysis. Data are mean+SD (n=3) ", P<0.01;
™, P<0.001; NS, no significance.

treatment (Fig. 6-E and F). Overall, our results demonstrate
that TLR713 can inhibit PRV infection in vivo.

4. Discussion

TLRY represents a promising target for the design and
development of immunomodulators serving as antiviral and
anticancer agents, as well as vaccine adjuvants. In recent
years, a variety of compounds targeting TLR7 have been
developed and confirmed to be useful for antiviral therapy,
immune enhancement (Kanneganti et al. 2006; Tomai
et al. 2007; Wang et al. 2020), and cancer prevention and
treatment (Cheadle et al. 2017; Wang et al. 2021). For
example, the imidazoquinoline analog R837 has been
employed as an immune response modulating drug to treat
viral infections (Miller et al. 1999). Isatoribine (ANA-245)
has demonstrated potential in reducing viral load in hepatitis
C patients (Fletcher et al. 2006). GS-9620 is another TLR7
agonist capable of suppressing the HBV in animal models of
chronic infection (Bam et al. 2017). However, TLR7 agonists
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(A\). Viral replication was analyzed by fluorescence microscopy (B). Viral titers were assessed by TCID, assay (C). D, PK-15 cells were
treated as in C. mRNA level of PRV-gB gene was assessed by qRT-PCR analysis. E, PK-15 cells were treated as in C. Expression
of PRV-gB was assessed by immunoblotting analysis. F and G, TLR7WT PK-15 cells and TLR7-- PK-15 cells were infected with PRV-
GFP (MOI=0.1), and treated with or without TLR713 (1 ymol L") for 36 h. GFP-positive cells were analyzed by flow cytometry (F). Viral

titers were assessed by TCID, assay (G). H, TLR7"T PK-15 cells and TLR7-- PK-15 were treated as in G. Expression of PRV-gB was

assessed by immunoblotting analysis. hpi, hours post infection. Data are meantSD (n=3).

are small molecules characterized by rapid metabolism
and narrow therapeutic windows, leading to inefficient and
inconsistent results thus far (Hu et al. 2020).

In this study, we aimed to generate a novel TLR7 agonist
that could be used as an antiviral agent. We synthesized
a pyrrolo[3,2-d]pyrimidine derivative, TLR713, as a TLR7
agonist. Structural observations of known TLR7 agonists
reveal several common aspects. Firstly, they all contain
a polycyclic core scaffold, with at least a heteroaromatic
ring. Secondly, a nitrogen hydrogen bond acceptor and
an adjacent unsubstituted NH, hydrogen bond donor are
contained in the core structure. Thirdly, a hydrophobic tail,
has typically four carbon atoms and is connected to an
oxygen or nitrogen atom which is positioned four bonds away

”, P<0.01; ™, P<0.001; NS, no significance.

from the aryl group (McGowan et al. 2017). The structure of
TLR713 fits these criteria perfectly, indicating that TLR713
has great potential as a TLR7 agonist.

TLRY7 signaling activation induces the expression of
cytokines (such as TNF-a and IL-6) and type | interferon. A
TLR7 agonist can effectively induce IL-6 production from
monocytes (Song et al. 2021), and can lead to increased
secretion of TNFa and IL-18 (Coleman et al. 2017).
The TLR7 agonist 852A stimulates pDCs to secrete an
abundance of type | IFN inhibiting the proliferation of tumor
cells (Inglefield et al. 2008). TLR713 showed potent TLR7
activity in TLR7"" cells compared to TLR7™" cells because we
observed significant activity in inducing the expression of NF-
kB-associated genes (e.g., IL-6, IL-12) and ISG-15in TLR7""
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Fig. 4 TLR713 restricts PRV replication. A, PK-15 were incubated with PRV-QXX (MOI=0.1) with TLR713 (0—3 umol L") for 1 h on ice,
cultured for another 24 h. Viral titers were assessed by TCID,, assay. B, PK-15 were incubated with PRV-QXX (MOI=10) with TLR713
(0-3 pmol L") for 1 h on ice, stained with antibodies against PRV-gB. Infected cells were highlighted by white dotted lines. C, PK-15
cells were incubated with PRV-QXX (MOI=0.1) for 1 h at 37°C, incubated with TLR713 (0—3 pmol L") at 37°C for 30 min to allow entry,
washed with trypsin (1 mg mL™"), cultured for another 24 h. Viral titers were assessed by TCID, assay. D, PK-15 cells were incubated with
PRV-QXX (MOI=10) for 1 h at 37°C, incubated with TLR713 (0-3 pmol L") at 37°C for 30 min, stained with antibodies against PRV-gB.
Infected cells were highlighted by white dotted lines. E, PK-15 cells were incubated with PRV-QXX (MOI=0.1) for 1 h at 37°C, cultured
with TLR713 (0-3 pmol L") at 37°C for 24 h. Viral titers were assessed by TCID, assay. F, PK-15 cells were infected with PRV-QXX
as in E. Expression of PRV-gB were assessed by immunoblotting analysis. G, efficiency of viral assembly was determined by the ratio
of the virus titer to the total PRV genome. Copy numbers of the PRV genome were assayed by gqRT-PCR. H, efficiency of viral secretion
was determined by the ratio of intra- and extracellular infectivity relative to total infectivity. PK-15 cells were infected with PRV-QXX as in
E. Infectivity of viral in supernatants and cells were determined by TCID, assay. Data are meantSD (n=4) *, P<0.01; ™, P<0.001; NS,
no significance.
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Fig. 5 TLR713 does not produce adverse side effects in vivo. A, 8-wk-old female C57BL/6 mice (n=6 per group) were injected S.C.
(subcutaneous) weekly with TLR713 (0-25 mg kg™') 4 times. At d 22, terminal blood samples and tissues were harvested. B, averaged
weights of the mice in each group. C and D, at d 22, terminal blood samples were collected and the activity of serum ALT and AST was
measured. E, at d 22, tissues were harvested for H&E stain. ALT, alanine aminotransferase; AST, aspartate aminotransferase. Data

are meanSD (n=5).

cells.

of TLR713 on the PRYV lifecycle. The results indicated that

We used PRV to evaluate the antiviral activity of TLR713. TLR713 did not directly kill the virus (data not shown), nor did
The results demonstrated that TLR713 can inhibit PRV it affect the entry, attachment, assembly, of secretion stages
replication via TLR7. To explore the mechanism by which of the lifecycle. However, TLR713 did impact the replication
TLR713 inhibits PRV replication, we investigated the effect process of PRV. The release of inflammatory cytokines, such
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507

1x103 TCID,,) through nasal intubation drip. Ond 7 postinfection, the survival

mice were sacrificed, and tissues were collected. B, survival rate of mice after infected with PRV-QXX was recorded daily. C, relative mRNA
level of PRV-gB gene in brain and lung were detected by qRT-PCR analysis. D, expression of PRV-gB in brain and lung were assessed
by immunoblotting analysis. E and F, relative mRNA levels of /L-6 and IFN-G gene in brain, lung, and spleen were detected by gqRT-PCR

analysis. G, representative micrographs of H&E stained sections. LD

as IL-1B and IL-6, is critical for controlling PRV replication
(Ye et al. 2021; Zhou et al. 2023). To determine whether
cytokines induced by TLR713 inhibited PRV replication,
supernatants from PK-15 and 3D4/21 cells stimulated with
TLR713 were collected and added to PK-15 cells infected

50°

the median lethal dose. Data are mean+SD (n=4) ™, P<0.001.

with PRV. The results showed that PRV-GFP infection in
PK-15 cells was significantly inhibited when treated with
supernatants from TLR713-treated PK-15 and 3D4/21 cells
(data not shown).

Normally, TLR7 agonists exert an antiviral effect by
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activating innate immunity and inducing the release of
cytokines. Loxoribine, a guanosine ribonucleoside analogue,
activates TLR7. This compound exhibits antiviral activity by
activating NK and B cells to induce multiple cytokines (Gosu
et al. 2012). Isatoribine and GS-9620 also exhibit antiviral
activity by inducing multiple cytokines (Thomas et al. 2007;
Enosi Tuipulotu et al. 2018). The types of these cytokines
include, but are not limited to, interleukins, IFNs, and ISGs.
These cytokines may be one reason why TLR713 exerts its
antiviral effect. Further research is needed to explore the key
steps by which TLR713 inhibits PRV infection, which could
provide valuable insights for the development of antiviral
agents.

5. Conclusion

In this study, we report on a pyrrolo[3,2-d]pyrimidine
derivative that exhibits anti-PRV effects both in vitro and in
vivo. Specifically, it inhibits PRV replication but does not affect
viral attachment, entry, assembly or release by targeting
TLRY.
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