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varicella-zoster virus in vitro
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Abstract

Background Varicella-zoster virus (VZV), a member of the a-herpesvirus family, is known for causing two distinct
diseases: chickenpox (varicella) during the primary infection and shingles (zoster) due to reactivation of the virus later
in life. Although there are vaccines available to prevent VZV infection, it is still not universally effective, and antiviral
treatments for VZV are limited and may come with significant side effects. Thus, development of novel therapeutics is
urgently needed.

Methods We identified a naturally occurring Alantolactone (ALT) that inhibited replication of recombinant VZV
in human diploid fibroblast (WI-38 cells) and Adult Retinal Pigment Epithelial cell line-19 (ARPE-19 cells) through
Western blotting, gPCR and plaque assays. Subsequently, we explored the mechanism underlying the anti-VZV
activity of ALT using time-of-addition experiments and transcriptomic analyses.

Results A screening model was established for anti-VZV compounds, and we screened ALT was with good anti-
VZV efficacy. Our findings revealed that ALT alleviated cytopathic changes, reduced viral titres, and inhibited the
expression of viral genes and proteins in WI-38 cells and ARPE-19 cells. Furthermore, our data showed that ALT
inhibited VZV infection in intracellular viral replication. Finally, multiple inflammatory pathways were involved in the
antiviral role of ALT, and IL-6 was one of the most critical hub genes.

Conclusion Together, our findings identify ALT as an anti-VZV agent that may prove useful in the treatment of VZV
replication.
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Introduction

Herpesviruses are ubiquitous, double-stranded DNA,
enveloped viruses that establish lifelong infections and
cause a range of diseases [1, 2]. Varicella-zoster virus
(VZV), also known as human a herpesvirus 3, is a highly
contagious, neurotropic virus. There are no animal reser-
voirs, and it naturally infects only humans with its main
targets being T lymphocytes, ganglia, and epithelial cells
[3]. The VZV virion structure is composed of four major
elements: core, nucleocapsid, tegument, and envelope.
The icosahedral nucleocapsid surrounds the core con-
taining a linear double-stranded DNA genome of 125 kb
encoding 71 open reading frames (ORF) [4, 5]. After
entry into the host cell through receptor-mediated fusion
or endocytosis, the nucleocapsid is transported into the
nucleus with the aid of tegument proteins, where sequen-
tial expression of immediate early (IE), early (E) and late
(L) lytic genes and viral DNA replication occur [4, 5]. IE
genes regulate the expression of early and late genes. The
E genes encode proteins for viral DNA replication while
L genes encode structural constituents of the virion,
including glycoproteins and nucleocapsid proteins [6, 7].

VZV is prevalent worldwide and estimated to infect
more than 95% of the global population [8]. Primary
infection of VZV causes a diffuse rash of varicella (chick-
enpox) after which latent infection is established in
the sensory nerve ganglia [3]. The latent period is vari-
able, and VZV is often reactivated to cause herpes zos-
ter when cell-mediated immunity declines due to aging
or immunosuppression [4, 9]. Herpes zoster is typically
characterized by co-occurrence of segmental rash and
segmental pain that lasts for more than three months,
which is known as postherpetic neuralgia (PHN) [10].
PHN is the most common complication of the disease
and is age-related [11, 12]. In addition, herpes zoster is
associated with various ophthalmic and neurological
complications [4, 9].

Current antiviral drugs for the therapy of VZV-associ-
ated diseases include acyclovir, valacyclovir, famciclovir/
penciclovir, and foscarnet that target viral DNA poly-
merase [6, 13—15]. These licensed drugs are used in com-
bination with corticosteroids for against inflammation
and narcotics for relieving from pain during treatment
of VZV infection [4]. Although these anti-VZV drugs are
highly effective, more concerted efforts to develop novel
therapeutic strategies for VZV-associated diseases are
necessary due to the emergence of drug resistance and
side effects of available antiviral agents [13, 16, 17].

Natural compounds are valuable sources of drug devel-
opment. Certain plant-derived chemical compounds
have been determined to possess anti-VZV activity [14,
18-21]. Alantolactone (ALT) is a natural sesquiterpene
lactone isolated from Inula helenium and is known
to have many biological properties [22, 23], including
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anti-inflammatory [24-27], antitumor [28-30], antimi-
crobial [25, 31, 32], as well as neuroprotective activities
[33, 34]. In addition, this compound has been shown pre-
viously to inhibit herpes simplex virus 1 (HSV-1) [35],
indicating the antiviral activity of ALT. In this study, we
identified ALT as a candidate compound with anti-VZV
efficacy in vitro.

Materials and methods

Agent

All the tested compounds mentioned in the current study
were purchased from Shanghai Standard Technology
Co., Ltd. (Shanghai, China) and dissolved in dimethyl
sulfoxide (DMSO) for a stock solution of 10mM. Fos-
carnet (FOS) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM), foetal bovine serum (FBS), 100 x penicillin-
streptomycin solution, and 0.25% trypsin-EDTA were
purchased from Gibco-BRL Life Technologies (Grand
Island, NY, USA). DMEM/F12 was purchased from Cell-
Max (Beijing, China).

Cell culture and virus

Human diploid lung fibroblasts (WI-38) and human
retinal pigment epithelial (RPE) cells are two classi-
cal cell lines that can be infected by VZV [10, 36, 37].
Human diploid fibroblasts (W1I-38 cells) and Adult Reti-
nal Pigment Epithelial cell line-19 (ARPE-19 cells) were
obtained from the American Tissue Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in
DMEM containing 10% FBS and 100 U/ml of penicillin
and streptomycin solution.

In the current studies, a recombinant VZV was used
which was from the lab of Hua Zhu. This recombi-
nant VZV had an insertion of the GFP gene in the viral
genome [38]. Cell-free VZV was prepared by following a
previously published method [37, 39], with some modi-
fications. Briefly, ARPE-19 cells were infected with VZV
and when an extensive cytopathic effect was observed
(3—4 days), the cells were scraped in PBS-sucrose-gluta-
mate-serum (PSGC) buffer [37]. The cells and buffer were
homogenized with a Dounce homogenizer (Wheaton,
Millville, NJ) on ice for 3 min and treated with RNase A.
Cell-free VZV was aliquoted and stored in liquid nitro-
gen [39]. The final titer of the cell-free virus pool used in
this study was 2 x 10° pfu/ml.

VZV infection and compounds treatment

The cells were mock-infected or infected with VZV
(MOI=0.04) for 1 h at 37 °C. Then, the inoculum was
discarded, and the cells were washed and incubated with
fresh culture medium with 10% FBS in the absence or the
presence of compounds. FOS (100 pg/mL) was used as
a positive-drug control. 0.1% DMSO solution (V/V) was
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used as vehicle control. Cells were pretreated with tested
compounds or FOS 2 h before virus inoculation and cul-
tured for indicated time before harvest.

Preliminary screening of anti-VZV compounds

ARPE-19 cells were seeded at a density of 5x10%*cm?
in 96-well black clear bottom plates (Cellvis, Hangzhou,
Zhejiang). When the cell density reached 80%, ARPE-
19 cells were treated with tested compounds(10uM)
and infected with VZV(MOI=0.04) as described above.
Mock, DMSO + VZV, and FOS + VZV groups were set up
for each plate of screening compounds. Each group was
set up with three replicates. The fluorescence signal of
GFP was observed using a Zeiss microscope (Axio Vert.
A1l). The fluorescence intensity of GFP in 96-well black
clear bottom plates was detected at the indicated time
using the Tecan Spark™ (Swiss), with the excitation and
emission wavelengths set at 485 nm and 535 nm, respec-
tively. The exploration process for the conditions of the
above-mentioned screening model (including the final
concentration of DMSO, MOI, and dpi) was provided in
the supplementary materials (Figure S1). The inhibition
efficacy against VZV was calculated by mean fluores-
cence intensity, using the following equation:

Inhibitive ef ficacy %
= [1 — (Meangesitvzv — Meanrock)
/(MeanDMSOJFVZV — ]V[ecmMOCk ) } X 100%

CCK-8 assay

The effect of compounds on cell viability was determined
by CCK-8 assays (Abclonal, Wuhan, China). Briefly,
cells were seeded in 96-well plates at a density of 5 x 10
cells/well and incubated at 37 °C. Subsequently, culture
medium containing different concentrations of com-
pounds was added and incubated for 4 days. At the pre-
determined time, 10puL of CCK-8 was added to each well.
After incubation for 0.5-1 h at 37 °C, the absorbance
was measured using the Tecan Spark™ (Swiss) at 450 nm
according to the standard protocol.

Table 1 Primers used for PCR

No. Gene Forward primer Reverse primer

1. ORF62  TCTCGACTGGCTGGGACTTG  CGCCGCACGCTCTCTTT

2. ORF68  TAATCAGGGCCGTGGTATC GGGGGTCTAATTC-
GAGTTCATCAA

3. ORF21  ACAAGGCAGTTTCATTCG GGTCACTCCCACTTG-
TATTCC

. GAPDH  CTGTTGCTGTAGCCAAATTCGT  ACCCACTCCTC-

5. IL-6 CACTGGTCTTTTGGAGTTTGAG CACCTTTGAC
GGACTTTTGTACT-
CATCTGCAC
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Plaque assay

Confluent ARPE-19 cell monolayers in twelve-well
plates were incubated with 100-fold serial dilutions of
VZV-infected cell suspension at 37 °C for 1 h. Then
after removal of the inoculum, cells were washed and
overlaid with Methylcellulose culture-medium(5% [wt/
vol] methylcellulose, 2% FBS, 1% PenStrep). After incu-
bation for 7 days, the cells were fixed with fixing solu-
tion and stained with 0.5% crystal violet. The number
of plaques was counted, and viral inhibition percentage
was calculated using the following formula: viral inhibi-
tion ratio (%) = [1-(number of plaques),;r/ (number of
plaques) onol] X100 [40]. The half-maximal inhibitory
concentration (IC50) was determined using Graphpad
Prism. Nonlinear regression analysis was conducted
within GraphPad Prism by selecting “Nonlinear regres-
sion (curve fit)” and applying the “log(inhibitor) vs.
response— Variable slope (four parameters)” model. Con-
straints were applied, with the “Bottom” parameter set to
0 and the “Top” parameter set to 100. The goodness-of-fit
was assessed using the coefficient of determination (R?),
with values exceeding 0.85 indicating a satisfactory fit.
The 95% confidence intervals (Cls) for the IC50 values
were calculated based on the standard error (SE) of the
fit. The datas were rounded to two decimal places.

Western blotting

The cell samples were prepared as described above and
lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors. Then, 50 pg of protein extract
was subjected to SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked in 5% nonfat
dry milk for 1 h at room temperature and then incubated
with primary antibodies overnight at 4 °C. The primary
antibodies were: anti-VZV IE62 antibody was purchased
from GeneTex (GTX64190, North America); anti-VZV
gE antibody was purchased from Abcam(AB272686,
Cambridge, England); anti-IL6 antibody was purchased
from Proteintech (21865-1-AP, North America); anti-
B-Actin antibody, anti-GAPDH antibody and second-
ary antibodies were purchased from Abclonal (Wuhan,
China). The membrane was washed three times in
TBST buffer and incubated with secondary antibodies
at room temperature for 1 h. Blots were developed using
enhanced chemiluminescence reagents.

qPCR
Cell Fast RNA Extraction Kit (ABclonal, Wuhan, China)
was used to isolate and purify the total RNA from
samples. cDNA was synthesized using Primescript RT
Master Mix (Transgen, Beijing, China) following the
manufacturer’s guidance. qPCR was conducted using
2 x Universal SYBR Green Fast qPCR Mix (ABclonal,
Wauhan, China). The gene primers used in this study are
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provided in Table 1. The qPCR procedure was as fol-
lows: 3 min at 95 °C for initial denaturation, 40 cycles of
5sat 95 °C and 30 s at 60 °C. Each group was assayed in
triplicates (n=3). The difference in viral gene expression
between the ALT treatment group and the virus infection
alone group was calculated using the 224 method.
First, the housekeeping gene GAPDH was used to nor-
malize the Ct values of all treatment and control samples,
i.e.,, ACt=Ct (sample) - Ct (GAPDH). Second, the Ct val-
ues of the ALT treatment groups were compared to those
of the control samples. AACt=ACt (sample) - ACt (con-
trol sample). The relative expression of the target gene is
represented by 2 AAC,

Time-of-addition experiments

ARPE-19 cells or WI-38 cells were infected with VZV
(MOI=0.04) for 1 h and treated with ALT (10uM) or
0.1%DMSO(V/V) at the indicated time. VZV infection
and ALT or DMSO treatment were terminated by dis-
carding the culture medium, followed by washing the
cells with PBS and replenishing the fresh medium. In pre
cell group, ALT or vehicle was pretreated with the cells
for 1 h. In pre virus group, ALT was incubated with the
VZV at 37 °C for 2 h before the drug-virus mixture was
added to the cells. In post-infection group, the cells were
infected with VZV for 1 h and then the viruses were dis-
carded, followed by washing its host cells with PBS and
replenishing fresh medium with ALT. The cell samples
of each group were collected at 72 hpi (hours post-infec-
tion) for qPCR assay.

Transcriptome RNA sequencing analysis

The WI-38 cells were mock-infected or infected with
VZV using a MOI of 0.04 and divided into 3 groups:
Mock, DMSO+VZV, ALT +VZV, with 3 replicates in
each group. Cellular samples were collected at 3 dpi and
total RNA was extracted using TRIzol Reagent (Invitro-
gen, USA). The quantity and purity of total RNA were
analyzed by Bioanalyzer 2100 and RNA 6000 Nano Kit
(Agilent, USA), and high-quality RNA samples with RIN
number > 7.0 were used to construct a sequencing library.
High-throughput sequencing was performed using an
[lumina Novaseq™ 6000 system (LC-Bio Technology
CO., Ltd., Hangzhou, China) with 150-bp paired-end
reads (PE150). Cutadapt and fastqc software (https://git
hub.com/OpenGene/fastp) was used to remove the reads
that contained adaptor contamination, low quality bases
and undetermined bases with default parameter. HISAT2
(https://ccb.jhu.edu/software/hisat2) was used to map
reads to the reference genome of Homo sapiens GRCh38.
The mapped reads of each sample were assembled using
StringTie (https://ccb.jhu.edu/software/stringtie) with
default parameters. Then, all transcriptomes from all
samples were merged to reconstruct a comprehensive
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transcriptome using gffcompare (https://github.com/g
pertea/gffcompare/). After the final transcriptome was
generated, StringTie and was used to estimate the expres-
sion levels of all transcripts. StringTie was used to per-
form expression level for mRNAs by calculating FPKM.
The differentially expressed mRNAs were selected with
fold change>2 or fold change<0.5 and with parametric
E-test comparing nested linear models (p value <0.05) by
R package DESeq2 (https://bioconductor.org/packages
/release/bioc/html/edgeR.html). Visual representations
was performed using the OmicStudio tools at https://w
ww.omicstudio.cn/tool. The sequencing data have been d
eposited in the GEO repository under accession number
GSE289362 to ensure compliance with standard practices
regarding data availability.

Statistical analysis

Statistical analyzes were performed using GraphPad
Prism 9 software (GraphPad Prism, San Diego, CA,
USA). All experiment results are represented as the
mean + standard deviation (SD) from at least three inde-
pendent experiments. Student’s t test or one-way analysis
of variance (ANOVA) were used for statistical analysis.
The difference was considered statistically significant
when P-value < 0.05.

Results
VZV replication is inhibited by ALT
In this study, 50 natural compounds (Table S1) were
tested and their inhibition efficacy against VZV was
calculated as mentioned in Materials and Methods.
As shown in Fig. 1A, ALT exhibited an optimal inhibi-
tion efficacy (over 50%), suggesting its potential as an
antagonist against VZV. Before evaluating the inhibiting
effect on VZV, the cytotoxicity of ALT was determined
in ARPE-19 cells and WI-38 cells using the CCK-8 assay
after 4 days of treatment. We observed that the half-max-
imal cytotoxicity concentration (CC50) of ALT treatment
was 24.27pM in ARPE-19 cells (Fig. 1C) and 25.61uM in
WI-38 cells (Fig. 1D), respectively. Concentrations used
in subsequent experiments were within safe limits.
Previously, obvious cytopathic effects (CPE) [36, 41]and
green fluorescent plaques [38] in VZV-infected cells were
observed. As shown in Fig. 1E, ARPE-19 cells infected
with VZV alone at an MOI of 0.04 displayed many green
fluorescent plaques and typical CPE characterized by
enlarged cells with increased granularity at 4dpi, while
pretreatment of the cells with 10puM ALT significantly
reduced the degree of CPE and the sizes of green fluores-
cent plaques. In addition to ARPE-19 cells, WI-38 cells
were also used as infected cells [39]. WI-38 cells infected
with VZV underwent corresponding changes, but the
typical CPE of WI-38 cells was characterized by rounded
or degenerated cells, usually in an elongated patch. These
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(See figure on previous page.)

Fig. 1 ALT inhibited VZV replication in vitro. (A) A primary screen of 50 natural compounds against VZV infection at T0uM. Arrow indicated that ALT with
optimal inhibition efficacy (86.6%) was selected. (B) Chemical structure of alantolactone. (C) and (D) Cell viability was measured in ARPE and WI-38 cells
after being treated with ALT for 4 days. Cells were treated with ALT at the indicated concentrations. Cell viability was analyzed by CCK-8 assays. The half-
maximal cytotoxicity concentration (CC50) was determined based on the results of the cell viability assay according to nonlinear trajectory analysis using
GraphPad Prism. (E) Effects of ALT on morphological changes with or without VZV infection. ARPE-19 and WI-38 cells were infected with VZV at an MOI of
0.04, and typical CPE and green fluorescent plaques were observed at 4 days post infection (dpi). In the ALT treatment group, cells were pretreated with
ALT at the indicated concentrations 1 h before VZV infection. (F) Plaque assays were performed according to materials and methods. (G) and (H) VZV virus
titers of each group were calculated. The experiments were duplicated at least three times. (I) and (J) The falf-maximal inhibitory concentration (IC50)
was determined based on the results of the Plaque assays according to nonlinear trajectory analysis using GraphPad Prism. P values were calculated with

one-way ANOVA. (*P<0.05, **P<0.01, ***P<0.001, ****P <0.0001)

results indicated that ALT could protect the morpho-
logical features of the ARPE-19 cells and WI-38 cells
infected with VZV and further suggested that ALT might
have anti-VZV activity, which is not cell type-specific. To
further verify the effect of ALT on VZV replication, the
plaque assay was employed. The number of plaques was
counted to determine the titers (pfu/ml) via the plaque
assay. ALT treatment induced a significant reduction in
plaque number, notably at 5uM and 10puM (Fig. 1F-H).
The half-maximal inhibitory concentrations (IC50) were
determined as 6.06pM (95% CI: 5.39, 6.80uM) for ARPE-
19 and 5.75uM (95% CI: 4.90, 6.74uM) for WI-38, respec-
tively (Figs. 1I-]). In conclusion, ALT could suppress VZV
infection in host W1I-38 cells and ARPE-19 cells.

Preliminary investigation of antiviral mode of action
During the lytic cycle of infection, VZV lytic genes are
expressed in a sequential cascade composed of immedi-
ate early (IE), early (E), and late (L) genes [4, 5]. To test
the effects of ALT on VZV lytic gene expression, we
performed RT-qPCR and Western blotting to assess the
expression of viral genes and proteins. ARPE-19 cells and
WI-38 cells were infected with VZV at an MOI of 0.04,
pretreated with DMSO, FOS or ALT. First, the relative
transcript levels of ORF62 encoding IE62 (IE), ORF21 (E)
and ORF68 encoding glycoprotein E (gE) (L) were ana-
lyzed via qRT-PCR at 3 dpi. Compared with the VZV-
alone group, the transcript levels of the ORF62, ORF21
and ORF68 were reduced after treatment with ALT both
in ARPE-19 cells and WI-38 cells (Fig. 2A and B). The
results were consistent with the expression levels of IE62
and gE proteins. Compared with the VZV-alone group,
the expression levels of the IE62 and gE proteins were
reduced rapidly after treatment with ALT in a concentra-
tion-dependent manner (Fig. 2C-H).

The observed decrease in gene and protein expres-
sion during the lytic cycle of infection was probably the
result of viral infection or replication defects. To expand
our knowledge regarding the mode of action of ALT, we
performed time-of-addition experiments schematically
shown in Fig. 3A. As demonstrated, when media con-
taining DMSO or ALT was premixed with cell-free VZV
and incubated at 37°C before VZV infection, there was
no significant inhibitory effect on expression of ORF62

compared with the DMSO +VZV group (Fig. 3B). How-
ever, when ALT was only pretreated with ARPE-19 cells
before VZV infection, ORF62 expression was reduced
(Fig. 3B). This implied that ALT may not interact directly
with VZV, but rather on cells. In addition, a significant
inhibitory effect was observed when ALT was added to
the cells only post-infection (Fig. 3B). The outcome on
WI-38 cells is similar to the effect seen in ARPE-19 cells
(Fig. 3C). These results suggested that ALT inhibited
VZV infection in intracellular viral replication.

ALT had a significant inhibitory effect on VZV-induced
inflammatory response

To illustrate host cell response to VZV infection and
ALT treatment, we used RNA-sequencing in VZV Mock
group and VZV treated with DMSO or ALT group to
outline their gene expression patterns. The Venn diagram
showed that there were 3657 differentially expressed
genes (DEGs) between the ALT + VZV and DMSO + VZV
groups, 2570 DEGs between the DMSO + VZV and Mock
groups, and 1257 genes that overlapped (Fig. 4A). KEGG
enrichment analysis of the overlapped DEGs showed
that multiple inflammatory pathways, such as the PI3K-
Akt signaling pathway and cytokine-cytokine receptor
interaction, were significantly enriched (Fig. 4B). Subse-
quently, interleukin 6 (IL-6) was identified as a hub gene
in PPI networks by targeting overlapped genes in these
pathways (Fig. 4C). IL-6 is the most typical cytokine asso-
ciated with inflammation. It plays an important role in
host defense by regulating immune and inflammatory
responses [42, 43]. qPCR and Western blotting results
showed that, compared with the DMSO+VZV group
at 3dpi, the ALT +VZV group had considerably lower
IL-6 expression at both transcription and protein levels
(Fig. 4D-E), which was consistent with the RNA-sequenc-
ing results. These findings suggested that ALT had a sig-
nificant inhibitory effect on VZV-induced inflammatory
response.

Discussion

Varicella-zoster virus infection causes severe disease
in immunocompromised individuals, especially those
with impaired cell-mediated immune responses. VZV
infection can develop into disseminated disease, such
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Total RNA was isolated at 3 dpi and subjected to gPCR analysis with the primers specific to VZV ORF62, ORF21, and ORF68. Relative RNA expression was
normalized to GAPDH in each sample, as described in Materials and methods. The VZV alone group was used as control. (C) Expression levels of IE62
and gE in the VZV-infected ARPE-19 cells with or without ALT treatment. ARPE-19 cells were pretreated with ALT (5uM, 10uM) for 2 h before (-1 h) VZV
inoculation (MOI of 0.04). Protein expression intensity was analyzed using western blotting at 4 dpi. GAPDH was used as the loading control. Represen-
tative images were acquired from three different independent experiments. (D) Quantitative analysis of the protein levels of IE62 and gE from three
independent experiments. The treatment performed on WI-38 cells was the same as C and D in ARPE-19 cells. The VZV alone group was used as control.
(E) Expression levels of IE62 and gE in the VZV-infected WI-38 cells with or without ALT treatment. WI-38 cells were pretreated with ALT (5uM, 10uM) for
2 h before (-1 h) VZV inoculation (MOI of 0.04). Protein expression intensity was analyzed using western blotting at 4 dpi. GAPDH was used as the loading
control. Representative images were acquired from three different independent experiments. (F) Quantitative analysis of the protein levels of IE62 and
gE from three independent experiments. The VZV alone group was used as control. P values were calculated with one-way ANOVA. (*P<0.05, **P<0.01,
**¥P< 0,001, ****P<0.0001)
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three times. P values were calculated with Student’s t-test. (**P<0.01, ***P <0.001, ****P < 0.0001, ns means no significance)

as widespread skin lesions, pneumonia, hepatitis, or
encephalitis [6]. Owing to side effects and emergence
of resistant VZV strains, limited antiviral drugs are cur-
rently available to VZV-associated diseases [13]. Many
extracts of natural products have been proven to have
antiviral activities [7, 44, 45]. In this study, we found that
alantolactone(ALT) possesses optimal anti-VZV proper-
ties, which were further confirmed and explored.

Here, GFP was used as a labelling tool for VZV infec-
tion, and the infection status was verified by observ-
ing green fluorescent plaques. GFP fluorescence
intensity correlates with the extent of viral infection, as
the intensity and number of fluorescent plaques reflect

the number of infected cells and the level of viral replica-
tion. Therefore, the fluorescence intensity of GFP can be
used to assess viral viability qualitatively or semi-quanti-
tatively. Based on this property, we established a prelimi-
nary screening model for anti-VZV compounds (Figure
S1), which we utilize to rapidly and easily screen for ALT
(Fig. 1A). Although ALT has not been shown to be anti-
VZV, it has been shown to be anti-HSV-1 [35], suggesting
that this screening model might be meaningful in screen-
ing for broad-spectrum anti-herpesvirus drugs.

Human retinal pigment epithelial (RPE) cells or human
diploid lung fibroblasts (WI-38) are the most often used
cell lines that VZV can infect [10, 36, 37, 39, 46]. In
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one-way ANOVA. (****P<0.0001, ns means no significance)

contrast to other cell lines, VZV infection of RPE cells is
suitable for obtaining high-titer and cryostable cell-free
wild-type VZV stocks that could be used in subsequent
plaque inhibition and antiviral susceptibility assays. VZV
retinitis (VZVR) is a clinically distinct necrotizing retini-
tis syndrome caused by VZV that occurs often in immu-
nocompromised patients [47]. RPE cells are susceptible to
productive VZV infection and may therefore allow future
in vitro investigations on the molecular mechanisms of
VZV-induced retinitis [36]. Our screening method using
ARPE-19 cells to prepare cell-free VZV was suitable for

antiviral susceptibility assays and might be instructive in
exploring VZVR therapy.

Microscopic observation and plaque assay showed that
ALT inhibited the production of VZV progeny virions
in a dose-dependent manner at the indicated concentra-
tions (Fig. 1). Further data showed that ALT reduced the
expression of VZV lytic genes across multiple temporal
cascades (Fig. 2), with consistent effects observed in both
ARPE-19 and WI-38 host cells. The VZV gene is known
to be expressed in three temporal cascades, designated
the immediately early (IE), early(E), and late (L) stages
[4, 5]. Among the three phases, IE62 protein, encoded by
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ORF62, is an important transcriptional activator of IE,
E and L genes [5, 6]; ORF21 is a member of early genes
[48], encoding a 115-kd protein located in the nucleo-
capsid [49]. ORF68 is a member of the class of late genes,
encoding the glycoprotein E (gE) [48, 50]. Both ORF21
and ORF68 (encoding gE protein) are necessary for VZV
replication [50-52]. Their coordinated downregulation
suggested ALT interferes with fundamental processes in
the viral life cycle. While VZV gene expression is orga-
nized into three temporal cascades, the observed tran-
scriptional suppression likely reflects broader inhibition
of viral replication rather than direct transcriptional
regulation.

The temporal pattern of ALT’s antiviral activity pro-
vides insight into potential mechanisms of action. The
VZV life cycle consists of the steps of attachment, fusion
and uncoating, transcription and replication, budding
assembly and envelope acquisition, and release [5]. The
significant inhibitory effect of ALT when pretreated
cells and added post-infection might indicate that ALT
affected different stages during the viral infection cycle
(Fig. 3B-C). ALT inhibited the pre-cell group but not the
pre-virus group (Fig. 3B-C), indicating that ALT inhibits
VZV infection in intracellular viral replication. The anti-
viral effect of ALT was perhaps more through interac-
tions with cellular components.

To further determine how ALT alleviating VZV infec-
tion in vivo, we carried out RNA-sequencing, which
showed that ALT regulated multiple inflammatory path-
ways. Analysis of the PPI network identified the inflam-
matory cytokine IL6 as a hub gene that might play a
central role in the inflammatory response after VZV
infection. We found that ALT reduced the VZV-induced
elevation of IL6 in the following qPCR and western blot-
ting assay (Fig. 4D-E). IL-6 is a pleiotropic cytokine that is
produced in various immune and tissue cells and acts on
multiple target cells, thereby promoting both innate and
adaptive immune responses at different stages. It can also
serve as a marker for the activation of cytokine cascade
reactions, reflecting the degree of host inflammatory
response [53—56]. Like many viral pathogens, VZV infec-
tion is characterized by local inflammatory reactions,
which are obvious at the sites of replication in the skin,
and proinflammatory cytokines are present in the periph-
eral blood of infected subjects [57-59]. Patients with HZ
(Herpes Zoster) who develop PHN (Postherpetic Neural-
gia) have significantly higher levels of IL-6 than those who
do not develop PHN, suggesting that the high expression
of IL-6 following VZV infection may be associated with
the severity of the inflammatory response, which in turn
leads to the severity of irreversible nerve damage [59]. In
vitro studies had shown that after infection with VZV in
human brain vascular adventitial fibroblasts (HBVAFs),
human perineural cells (HPNCs), human brain vascular

Page 10 of 12

smooth muscle cells (HBVSMCs), and human fetal lung
fibroblasts (HFLs), the transcription and expression lev-
els of IL-6 were significantly increased, which led to skin
cell stress responses and enhanced the loss of barrier
integrity of vascular and perineural cells, facilitating the
spread of the virus [60-62]. Varicella and herpes zoster
lesions are the direct result of two factors, the destruc-
tion of tissue by the virus and the inflammation result-
ing from the host immune-system responses. ALT can
inhibit the increase in IL-6 induced by VZV, likely due to
its suppression of VZV replication. However, other stud-
ies have found that ALT itself possesses anti-inflamma-
tory properties [63—65]. The topical application of ALT
could be an ideal agent to treat both aspects of VZV
cutaneous infections.
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