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Abstract

Background Varicella zoster virus (VZV), which is a human restricted alpha-herpesvirus, causes varicella (chickenpox)
and zoster (shingles). The subsequent post-herpetic neuralgia (PHN) due to VZV infection is excruciating for most
patients. Thus, developing specific therapeutics against VZV infection is imperative. RNA interference (RNAI) repre-
sents an effective approach for alternative antiviral therapy. This study aimed to develop a novel anti-VZV therapeutics
based on RNAI.

Results In this study, we screened and found the open reading frame 7 (ORF7) of the VZV genome was an ideal
antiviral target based on RNAI. Therefore, a novel siRNA targeting ORF7 (si-ORF7) was designed to explore the poten-
tial of RNAI antiviral treatment strategy toward VZV. We used a bio-engineering approach to manufacture recombi-
nant siRNA agents with high yield in £ coli. Then, the efficacy of recombinant ORF7-siRNA (r/si-ORF7) in inhibiting
VZV infection both in cellular level and 3D human epidermal skin model was evaluated. The r/si-ORF7 was proved

to inhibit the VZV replication and reduce the virus copy numbers significantly in vitro. Furthermore, flexible nano-
liposomes were established to deliver r/si-ORF7 to 3D human epidermal skin model and found r/si-ORF7 also could
inhibit the VZV infection, thus maintaining normal skin morphology.

Conclusions Taken together, our results highlighted that transdermal administration of antiviral r/si-ORF7
was a promising therapeutic strategy for functional cure of VZV infection.
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Background

Varicella zoster virus (VZV), which has a linear double-
stranded DNA genome with 125 kb in length, is the
smallest member of all known human alpha-herpesvirus
family. Its genome is comprised of at least 71 open read-
ing frames (ORFs). Primary VZV infection causes vari-
cella which is a highly contagious rash illness, in young
children frequently, and establishes a long latency in
sensory nerve ganglia thus exerting a considerable bur-
den worldwide [1]. Upon declining immunity, VZV
reactivates from latency to cause zoster with severe pain
and PHN syndrome which can last for a month or even
longer thus severely impacting life quality of patients [2,
3]. Although VZV infection can be controlled by antivi-
ral medications, no effective therapy has been licensed
to treat complications of VZV neuronal infection, par-
ticularly PHN. Thus, more effective, and specific antivi-
ral drugs need to be developed urgently to provide better
protection for host’s physiological functions.

RNA interference (RNAI) is a critical mechanism for
organisms to defend against foreign pathogens [4-6].
Small interference RNAs (siRNAs), one of the major
executors of RNAi, can specifically downregulate cor-
responding target mRNAs, including a product of viral
infections. The specific siRNAs may be designed towards
key factors of the viral replication cycle thus preventing
the replication and spreading of the viruses. The rapid
growth of RNAi-based clinical trials for viral infections
has been witnessed in the past several years, for instance,
Epstein—Barr virus (EBV) [7], hepatitis B virus (HBV) [8,
9], human immunodeficiency virus (HIV) [10], SARS-
CoV [11], and the raging SARS-Cov-2 [12-14]. Hence,
siRNAs can serve as powerful weapons in the fight
against viral infection.

Recently, a novel hybrid tRNAS" scaffold express-
ing siRNAs by microbial fermentation was established,
which represents a promising approach to manufac-
ture natural siRNA molecules with high yield for siRNA
therapeutics developing in a cost-effective manner [15—
18]. All recombinant siRNAs were expressed at a high
level in Escherichia coli (E. coli) HST08 strain and puri-
fied to a high degree homogeneity by fast protein liquid

(See figure on next page.)
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chromatography (FPLC). Distinguished from chemically-
synthesized siRNA carrying extensive and various forms
of chemical modifications, bioengineered siRNAs are
produced and folded within living cells and comprised
of a minimal level of posttranscriptional modifications
that should better capture the structures, biological func-
tions, and safety profiles of cellular RNAs. Previous stud-
ies have proved the concept that recombinant siRNAs
are effective in the controlling of target gene expression
in vitro and in vivo [19-26].

VZV infection causes skin lesion. Reducing the
amounts of viral particles on the skin surface may allevi-
ate pain in patients. Although, siRNA therapeutics show
promise to cure skin lesion-induced VZV infection, the
outer layer of the skin, the stratum corneum, represents
the most resistible barrier to nucleic acids penetration
across the skin, which significantly limits the absorption
of siRNAs, and thus hampers the efficient delivery of
siRNA payloads. Recent advancements demonstrate the
power of flexible nano-liposomes for the delivery of small
molecule drugs, which penetrate deeper epidermis layers
through lipid lamellar areas of stratum corneum [27].

In our study, we aimed to develop a novel anti-VZV
therapeutics based on RNAi.

We screened and found ORF7 was an ideal target
among VZV genome for inhibiting virus replication.
Next, we produced recombinant ORF7-siRNA (r/si-
ORF?7) using E. coli system and established a 3D human
epidermal skin model to mimic the specific infection of
VZV in human. The flexible nano-liposomes were pre-
pared to delivery r/si-ORF7 to 3D human epidermal skin
model. We demonstrated that r/si-ORF7 could inhibit
VZV infection effectively. This study indicates that anti-
viral therapy based on RNAIi has great potential for VZV
treatment.

Results

Screening of highly specific and potent siRNAs against VZV
To select a highly potent and specific siRNA against VZV,
a systematic strategy was applied (Fig. 1A, upper). The
21 out of 71 ORFs of VZV were considered to be essen-
tial for viral replication according to literature analysis

Fig. 1 Screening of highly potent siRNAs against VZV. A Scheme of screening strategy. The selection criteria and sequence numbers remaining

at the ending of each stage were individually indicated. The lower part is the siRNA location in the VZV genome. B Representative fluorescent
images of VZV gE expression in ARPE-19 cells that were transfected with 40 nM of siRNAs 6 h before infection by VZV v-Oka at moi of 0.3

and incubated for 2 days. The same dose of the negative control RNA (NC) was also applied. Representative siRNAs were abbreviated as si-ORF7,
si-ORF9, and si-ORF68. gE was stained green and nuclei were labeled with DAPI (blue), scale bars =200 pum. C The relative fluorescence intensity

in B. Values are the mean +5.D. of triplicated treatments; *P < 0.05; ***P <0.001. D-F The inhibitory capability to target gene of siRNAs. ARPE-19 cells
were transfected with 40 nM of siRNA 6 h before infection by VZV v-Oka at moi of 0.3 and incubated for 2 days. The expression level of target gene

was detected by RT-gPCR; ***P < 0.001
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Fig. 1 (See legend on previous page.)

[28]. Next, 21 siRNA candidates targeting to these ORFs  including those coding envelope glycoprotein, tegu-
of VZV Oka vaccine strain (VZV v-Oka) genomes ment, DNA packaging, nucleocapsid, serine-threonine
(AB097932.1) were selected and synthesized chemically, kinase, transcription regulators (Fig. 1A, lower). The
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effectiveness of selected siRNA to protect ARPE-19 cell
against VZV infection was verified. The data showed that
13 out of 21 siRNA candidates could decrease VZV lev-
els as indicated by glycoprotein E (gE) expression (Addi-
tional file 1: Figure S1, marked by blue), which was a
late expression protein responsible for virus replication
and intercellular spread [29]. Furthermore, we found si-
ORF7, si-ORF9 and si-ORF68 had the strongest inhib-
iting capability to viral replication at a concentration of
40 nM among these 21 siRNAs (*P<0.05, ***P<0.001;
Fig. 1B, C, Additional file 1: Figures S1, 2). The mRNA
expression of ORF7, ORF9 and ORF68 decreased ~70%
(***P<0.001; Fig. 1D-F). Because ORF?7 is a critical tropic
factor required both for skin and neuronal infection of
VZV, interference of ORF7 by siRNA displayed potent
antiviral activity, so we selected si-ORF7 for further
study.

The process of r/si-ORF7 to mature si-ORF7

and the reduction of virus copy numbers by r/si-ORF7
Based on the gene sequence posted on National Center
of Biotechnology Information website, si-ORF7 was
designed to complement a highly conserved region with
no mutations among VZV v-Oka, VZV parental Oka
(p-Oka) and VZV Dumas (Fig. 2A, upper: the location of
ORF7 in the VZV genome map; lower: sequence align-
ment of si-ORF7 and ORF7). Subsequently, a novel hybrid
tRNAS® scaffold was employed to produce recombinant
ORF7-siRNA (r/si-ORF7, Fig. 2B and Additional file 1:
Figure S3) in E. coli system [19, 24], which was a cost-
effective way to obtain siRNA in large scale. To assess
the expression of r/si-ORF7 in bacteria, total RNAs were
extracted from HSTO8 E. coli after 16 h post-transforma-
tion with expression plasmid, and then subjected to RNA
electrophoresis. As shown in Fig. 2C, a 150 nt band in r/
si-ORF7 group and a smaller band in SSA (tRNAS® fused

(See figure on next page.)
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Sephadex aptamer, as negative control) group appeared,
indicating a successful expression of target recombinant
RNAs. After purifying by anion-exchange FPLC (Addi-
tional file 1: Figure S4), the purity of isolated r/si-ORF7
was confirmed by urea-PAGE analysis and showed a high
degree of homogeneity (>95%) (Fig. 2D).

QuantaSofts’ ddPCR was employed to accurately quan-
tify virus copy numbers. As shown in Figs. 2E, F and 10
nM r/si-ORF7 could reduce positive droplet population
above the threshold level compared to the same dose
of negative control SSA. Also, copy numbers of VZV
v-Oka decreased approximately 70% than SSA when r/
si-ORF7 was applied (***P<0.001; Fig. 2G). To deter-
mine whether mature si-ORF7 could be produced from
r/si-ORF7 in ARPE-19 cell, selective RT-qPCR and stem
loop RT-qPCR assays were conducted to determine the
levels of tRNA®®" scaffold, precursor of mature si-ORF7,
and mature si-ORF7 after 48 h transfection. The tRNA®**"
scaffold level was significantly increased after transfec-
tion (***P<0.001; Fig. 2H), and both the precursor and
mature si-ORF7 dramatically raised as high as 600 folds
(***P<0.001; Fig. 2I), and 8000-folds (***P<0.001; Fig. 2])
respectively compared to SSA, indicating a successful
transfection and processing of r/si-ORF7. We further
evaluated the biological activity of r/si-ORF7 on VZV
v-Oka. The results showed r/si-ORF7 could reduce ORF7
mRNA expression to approximately 70% (***P<0.001,
vs. SSA; Fig. 2K). Interestingly, the high level of mature
si-ORF7 persisted 4 days post-transfection (***P<0.001;
Fig. 2L). What’s more, the r/si-ORF7 displayed negligi-
ble cytotoxicity to ARPE-19 cells till 100 nM that was 10
folds higher than its working concentration (10 nM) used
in antiviral experiments (Fig. 2M). Thus, r/si-ORF7 sig-
nificantly inhibited VZV v-Oka copy numbers by silenc-
ing ORF7 gene.

Fig. 2 Bioengineered 1/si-ORF7 was processed to mature si-ORF7 and reduced virus copy numbers. A A genome map for three different VZV strains.
TR, terminal repeat long; IR, internal repeat long; U, unique long, IRs, terminal repeat short; Us, unique short. A highly conserved region of the VZV
ORF7 was target by si-ORF7. The target site and sequence for si-ORF7 recognition on ORF7 gene was shown below the map (si-ORF7 sequence

is shown in red and the viral sequence in black). B Schematic illustration of the novel hybrid tRNA*®" scaffold used to produce r/si-ORF7. The location
of mature si-ORF7 sequence was shown in red. C Urea-PAGE analysis of total bacterial RNAs showed that chimeric r/si-ORF7 was heterogeneously
expressed in E. coli using a novel hybrid tRNA®® scaffold. Total RNAs isolated from untransformed HSTO08 (blank) E. coli were used as control. r/
si-ORF7 and SSA were expressed at much higher levels marked by red arrow. D Urea-PAGE analyses of the collected fractions eluted at 24.5 min,
which confirmed the purity of isolated r/si-ORF7. E-G Virus copy numbers were detected by dPCR. ARPE-19 cells were transfected with 10 nM of r/
si-ORF7 6 h before infection by VZV v-Oka at moi of 0.3 and incubated for 2 days. Positive droplets were showed in both r/si-ORF7 (E) and SSA (F)

2 days post-infection by QutantaSoftsddPCR fluorescence readouts. G the copy numbers of VZV vOka (ORF68 was selected to detect). Values are
the mean +S.D. of triplicated treatments; ***P<0.001 relative to SSA. H-K The process of r/si-ORF7 to mature si-ORF7. ARPE-19 cells were transfected
with 10 nM of r/si-ORF7 6 h before infection by VZV v-Oka at moi of 0.3 and incubated for 2 days. The level of tRNA scaffold (H), precursor of mature
si-ORF7 (1), mature si-ORF7 (J), and ORF7 mRNA expression level (K) were detected 48 h post-transfection. Values are the mean+S.D. of triplicated
treatments; ***P<0.001 vs. SSA. I ARPE-19 cells were transfected with 10 nM of r/si-ORF7. Mature si-ORF7 expression was detected by stem

loop-RT gPCR at 1, 2, 3, and 4 days post-transfection. Values are the mean +S.D. of triplicated treatments; ***P<0.001 vs. SSA. M ARPE-19 cells were
transfected with 10 nM to 100 nM 1/si-ORF7. CCK8 assay was undertaken to measure the cell viability of r/si-ORF7 on ARPE-19 cells
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The inhibition of VZV v-Oka and r-Oka replication by r/ were selected to further verify the inhibition of r/si-ORF7
si-ORF7 in vitro to viral replication. Immunofluorescence (IF) and West-

VZV v-Oka and VZV recombinant Oka (r-Oka) strains  ern blot assays (gE was selected as a marker to indicate
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intracellular virus level) both showed that 10 nM r/si-
ORF7 could reduce VZV v-Oka level in ARPE-19 cell
than the same dose of control significantly (**P<0.01;
Fig. 3A, B). To further assess antiviral activities of r/
si-ORF7 on r-Oka strains (a GFP and luciferase double
labeled virus), the GFP expression and activity of lucif-
erase was monitored from 1 to 4 days post-infection
(d.p.i). The data showed r/si-ORF7 could suppress r-Oka
strain replication and cell to cell spread (Fig. 3C). The
fluorescent clusters were significantly less in r/si-ORF7
transfected cells than that of SSA, which was more obvi-
ous on 3 and 4 d.p.i (**P<0.01, Fig. 3C, D). The consistent
tendency was also observed in luciferase activity deter-
mination (***P<0.001; Fig. 3E). Therefore, the r/si-ORF7
reduced intracellular VZV level effectively.

Preparation and characterization of flexible
nano-liposomes

To achieve the transdermal delivery of r/si-ORF7, flexible
nano-liposomes was adopted [30]. The preparation pro-
cedures of this liposomes were shown in Fig. 4A. Com-
pared to spherical nanoparticles, fusiform nanoparticles
are more conducive to the penetration of skin tissue,
hence enhancing the efficiency of drug transdermal deliv-
ery. The size of flexible nano-liposomes with/without
loading r/si-ORF7 were 95.57 and 194.6 nm respectively
(Fig. 4B upper). And, the zeta potential of the nano-
liposomes was 57.0 mV and —52.9 mV before and after
combining r/si-ORF?7, respectively (Fig. 4B lower). Trans-
mission electron microscope (TEM) analyses revealed
that the flexible nano-liposomes with/without loading
r/si-ORF7 showed irregular shape (Fig. 4C). Compared
to spherical nanoparticles, flexible nano-liposomes are
more conducive to the penetration of skin tissue owing
to their superior deformability, thereby enhancing the
efficiency of drug transdermal delivery. We then detected
the HaCaT cell’s uptake of flexible nano-liposomes car-
ried RNA that was tagged by FAM (5-Carboxyfluo-
rescein, a florescent dye) at different time points. The
florescent imaging revealed a significant increase of
intracellular florescent intensity in 5 h (Fig. 4D), the
stem-loop RT-qPCR also indicated a dramatic raise of
mature si-ORF7 level after 48 h transfection (**P<0.01;
Fig. 4E), which confirmed that flexible nano-liposomes
could delivery r/si-ORF7 successfully into the cells. The
cytotoxicity to ARPE-19 cells of flexible nano-liposomes
also were not observed by CCK8 assay (Additional file 1:
Figure S5).

The activity of r/si-ORF7 against VZV in 3D human
epidermal skin model

Since VZV is restricted to replication in human, we
developed a biological model system to study antiviral
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activity of r/si-ORF7 (Fig. 5A, B). The examination of
fixed and sectioned artificial skin tissue by microscope
indicated good differentiation of the epidermal layers
after submerged culture and air-liquid interface culture.
All the expected cell types (stratum corneum; stratum
granulosum; stratum spinosum; stratum basale) were
visible in the sectioned and stained tissues (Fig. 5C), sug-
gesting 3D human epidermal skin model was established
successfully. Then, r/si-ORF7 was delivered by the flexible
nano-liposomes to 3D human epidermal skin model. The
activity of r/si-ORF7 against both VZV v-Oka (Fig. 6A—
C) and r-Oka (Fig. 6D-F) was detected. As shown in
Fig. 6A, B, r/si-ORF7 could prevent the lesions of epi-
dermal, which showed that vacuolation increase lead to
thickening of the stratum corneum and the appearance
of syncytia in the basal layer (marked by blue and black
arrow respectively) treated with SSA as indicating by
H&E staining. IF assay also showed the consistent result,
the florescence of gE was reduced greatly (**P<0.01;
Fig. 6C). Similarly, r/si-ORF7 could also inhibit the VZV
r-Oka infection and protect epidermal skin structure
from VZV r-Oka damage (**P<0.01; Fig. 6D-F). Thus, r/
si-ORF7 had potent capability to reduce VZV infection in
3D human epidermal skin model.

Discussion

VZV is a widespread human alpha-herpesvirus that
cause two distinct diseases, varicella and zoster, respec-
tively. Currently, there is no specific antiviral drugs under
clinical. The absence of effective and specific therapies
has posed a major threat to public health. In this study,
we screened the ideal anti-VZV target based on RNAIi
mechanism and found that transdermal administration
of antiviral r/si-ORF7 could inhibit VZV infection, which
suggested that r/si-ORF7 was a promising candidate for
functional cure VZV infection. Our study firstly revealed
the feasibility to develop anti-VZV siRNA drugs based on
RNAi mechanism.

Emerging evidences indicate that RNAi is an important
mechanism for resisting viral infection by silencing the
specific viral gene. The application of siRNA therapeu-
tics for viral infection is widely used in clinical trials. In
this study, we screened the ideal siRNA targets against
VZV infection among 21 ORFs according to literature
analysis [28] and found ORF7 was critical for VZV rep-
lication thus had potential to serve as target of anti-VZV
siRNA (Fig. 1). Our result was consistent with the pre-
viously study demonstrated that virus with ORF7 dele-
tion mutant (ORF 7D) had a growth defect in skin organ
culture (SOC) [28]. Subsequently, ORF7 was identified
that have a severe growth defect in dorsal root ganglia
(DRG) tissue ex- vivo/in vivo [31]. Moreover, ORF7 affect
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Fig. 4 Preparation and characterization of flexible nano-liposomes. A Scheme of flexible nano-liposomes’ preparation. B Particle size distribution
and zeta potential of flexible nano-liposomes and flexible nano-liposomes@ r/si-ORF7. C TEM image of flexible nano-liposomes (left) and flexible
nano-liposomes@ r/si-ORF7 (right) complexes marked by red arrow. Scale bar =500 nm. D HaCaT cellular uptake of RNA™M-delivered by flexible

nano-liposomes after transfection at 0, 1, 5 h as observed under fluorescence microscope (Scale bar =50 pm). RN

AFAM

was labled green and nuclei

were labeled with Hoechst (blue). E The delivery efficiency of 1/si-ORF7 with flexible nano-liposomes. The expression level of mature si-ORF7

was detected by RT-gPCR 48 h post-transfection
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(See figure on next page.)

Fig. 6 Activity of r/si-ORF7 against VZV in 3D human epidermal skin model. A-C 3D human epidermal skin model was transfected with 10

nM of SSA (A) or r/si-ORF7 (B) delivered by flexible nano-liposomes 6 h before infection by VZV v-Oka at moi of 0.3 and incubated for 2 days.
Examination of fixed and sectioned artificial skin tissue by H&E, and VZV gE expression was observed using a fluorescence microscope (C). gE

was stained red and nuclei were labeled with DAPI (blue). Vacuolation and syncytium were marked by blue and black arrow respectively. Values
are the mean £ S.D. of triplicated treatments; **P < 0.01 vs. SSA; Scale bar =20 um. D-F 3D human epidermal skin model was transfected with 10
nM of SSA (D) or 1/si-ORF7 (E) delivered by flexible nano-liposomes 6 h before infection by VZV v-Oka at moi of 0.3 and incubated for 2 days.
Examination of fixed and sectioned artificial skin tissue by H&E, and VZV gE expression was observed using a fluorescence microscope (F). gE

was stained red and nuclei were labeled with DAPI (blue). Vacuolation and syncytium were marked by blue and black arrow respectively. Values are
the mean +S.D. of triplicated treatments; **P<0.01 vs. SSA; Scale bar =20 um
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secondary envelopment and cell-to-cell spread of VZV  played a role in its trans-Golgi network localization dur-
in differentiated neuronal cells in vitro [32, 33]. Recently,  ing infection [34]. According to the above studies, ORF7
wang et al. revealed ORF7 interacted with ORF53, which
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may be an attractive target for developing novel siRNA
therapies against VZV infection.

Currently, chemically engineered siRNA reagents have
been utilized for plenty of studies. Recently a novel hybrid
tRNAS® scaffold technology to produce highly-structure,
stable natural siRNA reagents with minimal posttran-
scriptional modifications was established (Fig. 2B) [18].
Thus, we used this bio-engineering approach to manu-
facture recombinant siRNA agents with high yield in E.
coli and found that r/si-ORF7 could reduce VZV copy
numbers significantly, and was selectively processed to
mature si-ORF7 in human ARPE-19 cells, which con-
sequently modulated target gene expression (Fig. 2).
Further studies verified r/si-ORF7 could inhibit VZV
v-Oka and r-Oka replication without affecting cell via-
bility (Fig. 3). The results indicated that bio-engineering
recombinant siRNA are biologically active to regulate the
target gene expression, in line with the previous findings
on the control of target gene expression by recombinant
RNA. Furthermore, we blasted the si-ORF7 sequence
compared with Standard databases by the National
Center of Biotechnology Information website and found
si-ORF7 could bind to Solanum pinnatisectum, Solanum
pinnatisectum, and VZV, which indicated that mature si-
ORF7 could avoid off-target effects.

Transdermal drug delivery system is a noninvasive
method that can avoid the liver first pass effect and pre-
vent gastrointestinal irritation. Topical delivery of siRNAs
could be a key to curing skin disease. The application of
siRNA therapy for skin disease is highly restricted to the
unique barrier properties of human skin, which signifi-
cantly limits the absorption of siRNAs, and thus hampers
the efficient delivery of nucleic acid payloads. Although
recent advancements demonstrate the power of non-
viral vector, such as lipid-based nanoparticles (LNP),
polymeric nanoparticles, and physical delivery method,
such as microneedles, for the delivery of the gene ther-
apy materials to the skin, it remains a great challenge due
to low delivery efficiency for non-viral vector or small
cover surface areas for physical methods [30]. To achieve
the transdermal delivery of r/si-ORF7, flexible nano-
liposomes was adopted. we prepared and characterized
flexible nano-liposomes to delivery r/si-ORF7 (Fig. 4A,
B), and confirmed that flexible nano-liposomes could
delivery r/si-ORF7 successfully into the cells (Fig. 4 C, D).

VZV is renowned for its very low titer when grown in
cultured cells and cell-associated nature because newly
formed virions were degraded in late endosomal before
exocytosis, producing a large number of noninfectious
virions in the supernatant [35-37]. VZV is also remark-
ably hosting specific which naturally occurring reservoir
is in humans, which leads to the absence of suitable ani-
mal models and hinders the antiviral drugs development
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[38, 39]. To overcome this limitation, skin organ culture
(SOC) or human tissue xenografts in mice with severe
combined immunodeficiency (SCID), have been devel-
oped to evaluate VZV infection in different human cells
in vivo [39-41]. However, human tissues are expensive,
hard to obtain, and are often complicated to generate.
To overcome this problem, we established 3D human
epidermal skin tissue which was similar to human skin
tissue and comprised of four parts: stratum corneum,
stratum granulosum, stratum spinosum, and stratum
basale (Fig. 5). We then evaluated that the activity of r/
si-ORF7 against both VZV v-Oka and r-Oka. As shown
in Fig. 6, r/si-ORF7 could inhibit the VZV infection, and
protect epidermal skin structure from VZV damage com-
pared with SSA. Hence, r/si-ORF7 had potent capability
to reduce VZV infection in 3D human epidermal skin
model. The results suggest that r/si-ORF7 could inhibit
VZV infection in vitro. VZV infection can lead to abun-
dant fusion and syncytium formation, which was an irre-
versible process [42]. Hence, it remains a challenge for
antivirals to address the cytotoxicity of VZV on the cell
line and human organoids after infection.

Conclusions

Overall, the current findings identify the ORF7 was a
promising therapeutic target and found that r/si-ORF7,
produced by a novel hybrid tRNA®**" scaffold and deliv-
ered by flexible nano-liposomes, could inhibit VZV
infection effectively in cellular and 3D human epider-
mal model. These results suggest that r/si-ORF7 can be
a potential therapeutic candidate to treat VZV infection
uesd in clinic. In the future, the continued development
novel model systems are necessary to evaluate the antivi-
ral efficacy of r/si-ORF7.

Methods

Cells, antibodies, and reagents

Human retinal pigment epithelial ARPE-19 cells (CL-
0026) and Human immortalized keratinocytes HaCaT
cells (CL-0090) were purchased from Procell Life Sci-
ence &Technology (Co., Ltd,), and 0.1% penicilin-Dul-
becco’s modified Eagle’s medium (DMEM, Corning) with
10% fetal bovine serum (BI) and 0.1% penicillin-strep-
tomycin-gentamycin solution (Solarbio) at 37°C with
5% CO,. Human primary keratinocytes were purchased
from Guangdong (China) Biocell Biotech Co. Ltd., and
0.1% penicilin-KcGrowth medium (PY3011) with 0.1%
penicillin-streptomycin-gentamycin solution (Solarbio)
at 37°C with 5% CO,. KcGrowth medium (PY3011) and
EpiGrowth medium (PY3021) also were purchased from
Guangdong (China) Biocell Biotech Co. Ltd. A mono-
clonal mouse antibody against VZV gE was purchased
from Abcam (ab272686). Secondary goat anti-mouse IgG
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was from Sangon (Shanghai, China). The Monoclonal
mouse GAPDH antibody was purchased from Protein-
tech (Wuhan, China). Infrared dye- labeled anti-mouse
antibody was purchased from LI-COR Biosciences (Lin-
coln, NE, USA). All chemistry siRNA were purchased
from GenePharma (Shanghai, China) and the sequence
were listed in Additional file 1: Table S1. Cholesterol,
1,2-dioleoyl-3-trimethylammonium-propane  chloride
salt (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethan-
olamine (DOPE) were purchased from J&K CHEMICA
(Beijing, China).

Production of recombinant siRNA

Recombinant ORF7-siRNA (r/si-ORF7) and negative
control RNA as abbreviated as SSA were conducted as
previously described [21, 24, 25]. Briefly, the r/si-ORF7
expression plasmid was constructed by using a novel
hybrid tRNASer scaffold (Fig. 1B and Additional file 1:
Figure S3) and overexpressed in E. coli (HSTO08). Total
RNA of E.coli was extracted and purified by fast protein
liquid chromatography (FPLC). The purity of r/si-ORF7
was checked by denaturing 8% urea PAGE. The whole
manufacture process was performed by RQCON Biologi-
cal Technology Co., Ltd.(X{’an, China).

VZV propagation

VZV Oka vaccine strain (VZV v-Oka) and recombi-
nant Oka (r-Oka) carrying both green fluorescent pro-
tein (GFP) and luciferase reporter genes were gifted by
Tong Cheng professor (Xiamen University) and Hua Zhu
professor (Rutgers University) respectively [28, 43, 44].
ARPE-19 cells were infected with VZV v-Oka or r-Oka
at a multiplicity of infection (moi) of 0.3. The viruses
were propagated in harvested when the cytopathic effect
(CPE) reaching >80%.VZV-infected ARPE-19 cells were
frozen in FBS with 10% DMSO, stored in liquid nitro-
gen (LN,). To better mimic VZV cell to cell transmission
character in vitro and in vivo, VZV-infected ARPE-19
cells (CPE > 80%) were selected to infect normal ARPE-19
Cells in the next all experiments.

Western blot

ARPE-19 cells were seeded in 6-well plate at a density
of 2x10° cells per well and incubated overnight. The
cells were then transfected with 40 nM chemical siRNA
or 10 nM r/si-ORF7 with lipofectamine 2000 reagent as
described in the manufacture protocol. Complexes were
removed after 6 h transfection and cells were infected
VZV v-Oka at an moi of 0.3. This moi was chosen to
ensure a higher infection level of ARPE-19 cells at har-
vest timepoint (48 h post infection, 48 hpi). After 48
hpi. Cells were collected and then lysed with RIPA Lysis
Buffer and 100xprotease inhibitors cocktail (TargetMol,
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C0001). 30 pg aliquot of each cell lysate was electro-
phoresed through a 10% polyacrylamide gel and trans-
ferred to a 0.22 um PVDF membrane (Millipore). The
membrane was incubated with the primary antibodies
against VZV gE and GAPDH, followed by secondary
antibodies labeled with infrared dye. The Membrane was
visualized using the Odyssey Infrared Imaging System
(LI-COR Bioscience).

Immunofluorescence (IF) assays

As described above transfection and infection protocol.
After 48 hpi, cells were washed twice with DPBS and
fixed with 4% paraformaldehyde (PFA) for 15 min at
room temperature followed by 0.5% Triton X-100 perme-
abilization for 10 min and 5% BSA blocking for 30 min at
room temperature. VZV gE monoclonal mouse antibody
and a secondary goat anti-mouse IgG were used to detect
the VZV gE protein. 4/,6-Diamidino-2-phenylindole
(DAPI, 1 pg/mL) was used to stain the cell nuclei, the
plate was observed using a BX60 fluorescence micro-
scope (Olympus, Tokyo, Japan). The intensity of fluores-
cence was calculated by the Image] software.

RNA isolation and reverse transcription quantitative
real-time PCR (RT-qPCR)

As described above transfection and infection proto-
col. After 48 hpi, total RNA was isolated with TRIzol™
Reagent (Invitrogen) according to the manufacturer’s
instructions. Reverse-transcription quantitative real-
time PCR system (RT-qPCR) analysis was conducted on
a CFX96 Touch Real-time PCR system (Bio-Rad). Quan-
tification of tRNA scaffold, r/si-ORF7 precursor, and
mature si-ORF7 mRNA expression level were performed
with a 2-step RT-qPCR system (Yesen, China) using
gene-selective primers, and stem-loop RT-qPCR analysis
of mature si-ORF7 with the 1st strand cDNA synthesis
kit (Yesea, China). The thermal cycling protocol was as
follows: 95°C for 2 min followed by 39 cycles consisting
of 95°C for 2 s, 60°C for 30 s. The relative expression was
calculated using the formula 272CT \where was the differ-
ence in C value between the analyte (tRNA scaffold, r/si-
OREF7 precursor or mature si-ORF7). GAPDH was used
as internal control for the assessment of mRNA level and
tRNA scaffold, r/si-ORF7 precursor were normalized to
18 S, and mature si-ORF7 were normalized to U6. Cells
were treated in triplicate and assayed separately. The
comparative threshold cycle (C;) method with formula
272CT was used to calculate the relative gene expression.
All primers were listed in Additional file 1: Table S2.

Digital PCR (dPCR)
QX200 Droplet Digital PCR (ddPCR) system (Bio-
Rad, USA) was used to determine VZV copy numbers
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decrease triggered by r/si-ORF7. RNA Samples were
similarly made as above RT-PCR process. The ddPCR
reaction mixture consisted of 10 uL. ddPCR 2XSuper-
mix, 0.7 pL forward primer; 0.7 pL reverse primer;
0.6 uL specific probe (10 pM), 1 uL ¢cDNA (0.5 ng/pL),
and nuclease-free H,O in a final volume of 20 pL. VZV
ORF68 -specific primers and probe were purchased by
Tsingke Biotechnology Co., Ltd. The entire reaction
mixture was placed in the QX200 Droplet Generator
(Bio-Rad). After processing, the droplets generated
from each sample were transferred to a 96-well PCR
plate (Bio-Rad) and heat-sealed with PX1™ PCR Plate
Sealer (Bio-Rad) using a thermal profile of beginning: 1
cycle of 95°C for 1 min, followed by 40 cycles of 95°C
for 15 s and 60°C for 30 s, and ending at 4°C. After
amplification, the plate was loaded on the QX200 Drop-
let Reader (Bio-Rad) and the droplets from each well
of the plate were read automatically. Positive droplets,
containing amplification products, were partitioned
from negative droplets by applying a fluorescence
amplitude threshold in QuantaSoft™ analysis software
(Bio-Rad). Quantification of the target molecules were
presented as the number of copies per pL of the PCR
mix. The r/si-ORF7 and SSA were tested in three bio-
logical replicates. All primers were listed in Additional
file 1: Table S3.

Luciferase assay

ARPE-19 cells were seeded in 12-well plate at a den-
sity of 1x10° cells per well and incubated overnight.
The cells were then transfected with 10 nM r/si-ORF7
and SSA with lipofectamine 2000 reagent accord-
ing to the manufacturer’s instructions. 6 h later, dis-
carded medium and VZV r-Oka infected normal
ARPE-19 (moi=0.3). From 1 to 4 dpi, the 12-plate
were observed using a BX60 fluorescence microscope
(Olympus, Tokyo, Japan) and then detected the activ-
ity of luciferase. Luciferase signal intensity according
to Dual-luciferase® Reporter Assay System (Promega)
according to the manufacturer’s instructions with
GLOMA (Promega).

Cell viability assay

The cytotoxicity of r/si-ORF7 on human ARPE-19 cell
was determined by CCK8 assay kit (Biosharp, China).
Briefly, ARPE-19 cells were seeded in 96-well plate at a
density of 1x10* cells per well and incubated overnight.
The cells were then transfected with 0 nM to 100 nM r/
si-ORF7. After 48 h, CCKS8 solution was then added to
each well and incubated for 4 h. The effect of r/si-ORF7
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on cells was measured by absorbance at 450 nm using a
spectrophotometer (Synergy HT, Bio-Tek, USA).

The cytotoxicity of flexible nano-liposomes to ARPE19
cells. The ARPE-19 cells were seed in 96-well plate and
incubated overnight. 400 ng flexible nano-liposomes
(The working concentration of flexible nano-liposomes
used in 96-well plate) were added into cells 6 h and then
refreshed by 10% DMEM medium. After 48 h, the effect
of flexible nano-liposomes on cells was measured as
above described.

Preparation and characterization of flexible
nano-liposomes

Flexible nano-liposomes were prepared as previously
described. Briefly, moderate DOTAP, DOPE and Cho-
lesterol were dissolved in a mixture solution of with
chloroform and methanol. Then, the organic solvents
were removed by evaporation for 1 h in 40°C condi-
tions and the thin-film were vacuum drying for 1 h,
and stored in —20°C overnight. The obtained thin-film
was then hydrated with RNAase free water to get flex-
ible nano-liposomes. In order to obtain uniformly dis-
tributed liposomes, the above mixture was extruded
through 0.22 pm polycarbonate membranes for 3 times.
Polyplexes were prepared using 2 pg of r/si-ORF7 in
a total volume of 1 mL of DEPC water. The hydrody-
namic diameter and zeta potential of the nanocom-
plexes was measured using a Nano-ZS analyzer (Nano
ZS/ZEN3600, Malvern Panalytical, UK) operating at
25°C.

Polyplexes were prepared using 2 ug of r/si-ORF7 in a
total volume of 1 mL of DEPC water. The hydrodynamic
diameter and zeta potential of the nanocomplexes
was measured using a Nano-ZS analyzer (Nano ZS/
ZEN3600, Malvern Panalytical, UK) operating at 25 °C.
The morphologies of the complexes were observed
by transmission electron microscopy (TEM, Hitachi
HT7800 system, Japan) and images were obtained at an
acceleration voltage of 80.0 kV following phosphotung-
stic acid staining.

Cellular uptake

The RNA labeled with FAM was used to observe the
cellular uptake behavious by using the fluorescence
microscope. HaCaT cells were seeded in a 12-well
plate at a density of 1x 10° cells per well and incubated
overnight. The ratio weight of liposomes and RNAM
polyplexes were prepared at 5:1 Stocks of liposomes
and RNAFAM were diluted to in Opti-MEM"™ medium
(Thermo Fisher Scientific) to research the desired con-
centration. An equal volume of liposome was added to
a defined amount of r/si-ORF7 solution and incubated
for 20 min. Then the polyplexes were added into cells
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in each well. Then the cells were stained with a certain
concentration of Hoechst for 3 min. Finally, the fluores-
cence uptake of cells was observed at different time.

The delivery efficiency of r/si-ORF7 with flexible
nano-liposomes

HaCaT cells were seeded in a 12-well plate at a density
of 1x10° cells per well and incubated overnight. The
cells were then transfected with 10 nM r/si-ORF7 with
flexible nano-liposomes as described above. After 48 h,
total RNA was isolated with TRIzol™ Reagent and the
expression level of mature si-ORF7 was detected by
stem loop RT-qPCR.

Preparation 3D human epidermal skin tissue model and r/
si-ORF7 activity against VZV

Human primary Keratinocytes were seeded into the cul-
ture inserts (BIOFIL, 0.4 pm) with a density of 2x10°
per tissue, followed by submerged cultured in KcGrowth
medium for 24 h. The inserts were then elevated to the
air-liquid interface with differentiation medium (Epi-
Growth). Following 12 days of air-liquid interface culture,
examination of fixed and sectioned artificial skin tissue by
H&E and observed by microscope. On the 12th day, the
3D human epidermal skin tissue then transfected with
10 nM r/si-ORF7 and SSA with flexible nano-liposomes.
6 h later, discarded medium and infected VZV v-Oka or
r-Oka (moi=0.3). After 48 hpi, examination of fixed and
sectioned artificial skin tissue by H&E or IF and observed
by microscope.

Statistical analysis

The statistical analyses of the data were performed with
GraphPad Prism version 7.0 software (GraphPad Soft-
ware, Inc., La Jolla, CA, United States), and Student’s
t-test was used. The data was presented as mean + stand-
ard deviation (SD). P<0.05 was considered statistically
significant for all comparisons.

Abbreviations

CPE Cytopathic effect

DAPI 4’6-Diamidino-2-phenylindole

DEPC Diethylpyrocarbonate

DMEM Dulbecco’s modified Eagle’s medium

DOPE 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine

dp.i Days post-infection

ddPCR Droplet Digital PCR

DOTAP 1,2-Dioleoyl-3-trimethylammonium-propane chloride salt
DRG Dorsal root ganglia

EBV Epstein—Barr virus

E. coli Escherichia coli

FPLC Fast protein liquid chromatography

gk Glycoprotein E
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GFP Green fluorescent protein

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HBV Hepatitis B virus

HIV Human immunodeficiency virus

IF Immunofluorescence

LNP Lipid-based nanoparticles

mRNAs Messenger RNAs

moi Multiplicity of infection

ORF7 Open reading frame 7

PHN Post-herpetic neuralgia

RNAi RNA interference

RT-gPCR Real-time quantitative polymerase chain reaction
r-Oka Recombinant Oka

ser Serine

siRNAs Small interference RNAs

SARS-Cov Severe-Acute-Respiratory-Syndrome Coronavirus
SARS-Cov-2  Severe-Acute-Respiratory-Syndrome Coronavirus-2
SOC Skin organ culture

SCID Severe combined immunodeficiency

tRNA Transfer RNA

TEM Transmission electron microscope

vzv Varicella Zoster Virus

VZV v-Oka VZV Oka vaccine strain
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Additional file 1: Figure S1. The gE expression level in ARPE-19 cells
infected with VZV-vOka at moi = 0.3 at 2 d.p.i after treatment with chemi-
cally synthesized siRNAs at 6 h post-transfection. Figure S2. Representa-
tive fluorescent images of VZV gE expression in ARPE-19 cells infected
with VZV-vOka at moi = 0.3 at 2 d.p.i after treatment with chemically
synthesized siRNAs at 6 h post-transfection. gE was stained green and
nuclei were labeled with DAPI (blue), scale bars = 200 um. Figure S3. The
secondary structure of bioengineered r/si-ORF7 predicted by CentroidFold
(http://www.ncrna.org/centroidfold). Figure S4. Representative FPLC
traces during the purification of r/si-ORF7. Figure S5. The cytotoxicity

of flexible nano-liposomes to ARPE19 cells. ARPE-19 cells wereseeded in
96-well plate overnight and then incubated with 400 ng flexible nano-
liposomes 6 h (The working concentration of flexible nano-liposomes
used in 96-well plate). CCK8 assay was undertaken to measure the cell
viability of flexible nano-liposomes on ARPE-19 cells. Table S1. Chemically
synthesized siRNA sequences. Table S2. RT-gPCR primer.Table S3. Digital
PCR primer.
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