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ABSTRACT
An alarming increase in the appearance of acyclovir resistance Herpes simplex virus (HSV) strains, has prompted the 
research community to actively search for new techniques for prevention and treatment of the disease. The targeted 
gene, ul15, is the most conserved gene in Herpesviridae family and the protein encoded by it is the large subunit 
for the terminase complex required for viral DNA encapsidation. The use of siRNA targeting ul15 gene product as 
a therapeutic agent for Herpesvirus infection is not explored. To design siRNA molecules that can target conserved 
areas of ul15 gene across the different HSV strains and test their antiHSV activity. n this study, siRNA molecules 
that can block ul15 expression have been designed to control HSV infection. The study has shown that the design 
of siRNA could be carried out using online web servers like siRNA Pred, siPred, and IDT, wherein the siRNA had 
the capacity to cause a 10 log reduction in viral load. The specificity, stability, and capacity to inhibit different viral 
strains were also tested in silico. The antiHSV activity of siRNA and siRNA in combination with acyclovir was 
verified using in vitro cytopathic effect inhibition (CPE) assay and real time-polymerase chain reaction. The online 
freeware provided two sequences of siRNA which were conserved across the different strains of HSV and have 
~78% inhibition efficiency. The in silico analysis also displayed the capacity of the siRNA molecules to bind the 
target mRNA spontaneously (−32.9 for siRNA1 and −17.9 kcal/mol for siRNA2). The in vitro CPE assay showed the 
antiviral activity at 50 nM for siRNA1 was ~50% and for siRNA2 was ~30%. The designed siRNA1 and 2 molecules 
reduced the viral gene expression to 1.7% and 2%, respectively. The synergistic activity of the siRNA and acyclovir 
was demonstrated at a concentration of 50 nM and 18 µM, respectively.  The study provides a way to reduce the dose 
of acyclovir required to control the infection, thus reducing its known side effects such as nausea, diarrhea, vomiting, 
and neurotoxicity. This combination may also help reduce the incidences of developing acyclovir resistance. 

INTRODUCTION
Herpes simplex viruses (HSV) is a pathogen that has 

given rise to concerns at a worldwide level. Approximately 
67% of people are affected with HSV 1 and 11.3% are affected 

with HSV 2 infection around the globe [1,2]. In the population 
aged between 0 to above 45 years, HSV-1 seroprevalence 
among male adults in India ranged from 78.5%–93.6% and 
among female adults from 75.5% to 97.8%, in 2016. The 
seroprevalence of HSV-2 was found to be between 3.2% to 
0.7% in males and 6.4% to 26.5% in females in India [3]. 
Herpes infection causes recurrent oral and genital ulcerations 
however some more serious and rare complications may 
include meningitis, encephalitis, neonatal infection, and 
keratitis [4]. HSV-2 infection is hugely responsible for the 
HIV epidemic [5]. 

Several drugs have been developed against these HSVs, 
like acyclovir and its analogues that act upon the viral DNA 
polymerase or thymidine kinase (TK) which are considered as 
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the gold standard drug against HSV. However, in addition to the 
low bioavailability of acyclovir, one of the major drawbacks is 
that the small molecule targets proteins with high variability due 
to the mutation of the gene sequences of DNA polymerase or 
TK [6–8]. The emergence of resistance also contributed to the 
mismanagement of the antiherpetic drugs [9]. The appearance 
of resistant varieties of viruses that are unresponsive to multiple 
drugs is another matter of concern [10]. The absence of any 
marketable vaccines for humans against the herpes viruses 
creates an urgent need to develop new techniques and identify 
new targets against HSV [11,12].

These concerns necessitate the need for novel targets 
and the use of advanced therapeutic technologies. The ul15 
gene is highly conserved across the Herpesviridae family and 
can therefore act as a viable target [8]. The protein encoded 
by ul15 gene is the large subunit for the terminase complex 
required for viral DNA encapsidation [13–15]. The importance 
of UL15 protein in viral DNA processing and packaging has 
been demonstrated by many research groups using null mutants 
and recombinant viruses. The conserved nature of the protein 
and its significance in the viral life cycle indicates that it can act 
as a good target in herpesvirus infection therapy [8,16]. 

The RNA interference (RNAi) strategy provides an 
exciting avenue to design highly specific antiviral agents. 
The siRNA revolution has provided a huge impetus to 
the field of therapeutics leading to the release of 7 FDA-
approved siRNA-based therapeutics [17]. The synthetic 
double-stranded (ds) siRNA is a 21-nucleotide long 
molecule that is introduced in the host cell. The biogenesis 
of the siRNA takes place in the cell cytoplasm. The Dicer 
complex cleaves the long ds RNA into shorter ds siRNA 
molecules. One of these strands in the ds siRNA molecule 
has the sequence complementarily with the target mRNA, 
while the other strand is called the passenger strand. The 
RNA-induced silencing complex (RISC) associates with the 
guide strand of the siRNA, while degrading the passenger 
strand. The mechanism of action of gene inhibition by the 
siRNA contributes to the specific binding of the guide strand 
with the target gene; the consequence of this binding is RNA 
degradation and loss of gene expression [18].

The advantage of using the siRNA technique over other 
techniques in the treatment of HSV 1 and 2 is that (1) there will 
be no off-target effects experienced due to the high specificity 
of the well-designed siRNA, (2) a very low concentration of 
siRNA for targeting specific genes at the transcriptional level 
(3) capacity to target undruggable targets [19]. 

Therefore, the current study provides an effective 
strategy for designing siRNA molecules using in silico tools 
and in vitro tools to validate the designed siRNAs. The study 
establishes the use of siRNA targeting ul15 gene product 
alone and in combination with low acyclovir concentration as 
a therapeutic agent for Herpesvirus infection. The problem of 
resistance occurs due to the development of small molecule 
drugs that target proteins produced by highly variable genes. 
The siRNA therapeutic that targets a conserved gene with low 
variability like ul15 will help in overcoming the problem of 
resistance and in targeting multiple strains of HSV. 

MATERIALS AND METHODS

In silico design and analysis of siRNA ul15 gene sequence 
retrieval

The UL15 coding gene sequences from the strains of 
HSV1 were retrieved from the BLAST output using the HSV1 
(NC_001806.2) gene sequence as a query. This allowed access 
to a complete compendium of the ul15 gene sequences across 
different strains. 

Homology analysis for conserved area
Multiple sequence alignment is required to be carried 

out for the different viral strains to determine the areas showing 
sequence conservation. MEGAX software (version 10.2.6) was 
used to carry out multiple sequence alignment of the ul15 gene 
to determine the conserved areas of the ul15 gene across the 
different strains of HSV1 [20].

Target site identification for siRNA designing
siRNAs were designed using the siPred [21], siRNA Pred 

[22] and IDT SciTools siRNA Design Tool [23]. Rules of Ui-Tei 
[24], Amarzguioui and Prydz [25], and Reynolds et al. [26] were 
applied to designing the siRNA. Inhibition efficiency was restricted 
to >70% and cross-reacting human transcripts were checked.

Off-target similarity search using BLAST
The selection of suitable siRNA was based on the 

results of the BLAST search which was performed against the 
human genome and transcriptome [27] to identify the possible 
off-target matches. 

Secondary structure prediction 
The GC content and self-complementarity were 

checked using OligoCalc [28] and MaxExpect program was 
used to determine the secondary structure of the siRNA [29]. 

Determining the interaction of target mRNA with siRNA 
DuplexFold program [30] of the RNA structure 

web server [29] was used to determine the thermodynamic 
interaction of the targeted mRNA strand and the siRNA guide 
strand. A stronger interaction between them is indicative of 
better efficacy of the designed siRNA. The interaction between 
the siRNA and target mRNA was further ascertained through 
the HDOCK webserver [31].

In vitro testing of designed siRNA

Cells and virus
The viral passage and antiviral screening were carried 

out using Vero cells (African green monkey kidney cells) in 
Dulbecco’s modified Eagle medium (DMEM) containing 10% 
fetal bovine serum (FBS) obtained from Gibco. The virus was 
passaged using a maintenance medium containing DMEM in 
1% FBS. HSV1 was maintained at −80OC until use.   

Determination of virus titer
Viral dilutions were prepared from 10−1 to 10−10 to 

determine the TCID50 (Tissue Culture Infectivity Dose50) for 
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Table 1. The siRNA sequences designed using the online freewares 
siRNA Pred, siPred, and IDT software.

siRNA sequence (sense 
strand)

siRNA sequence (antisense 
strand)

siRNA1 AAAGCCCAUAAUCGU-
CUGGTT

CCAGACGAUUAUGGGC-
UUUTT

siRNA2 AAGAUAAUGAAAUCGU-
CGCTT

GCGACGAUUUCAUU-
AUCUUTT

each virus. Each dilution (100 μl) was added to a column of 
the 96-well plate and the plate was observed microscopically. 
The dilution that showed cytopathic effect (CPE) in 50% of the 
wells was selected and used for further assays [32].

Cytotoxicity of designed siRNA
Acyclovir was procured from Cayman Chemical 

Company (Ann Arbor, MI) and siRNAs were procured from 
Sigma Aldrich (St. Louis, MO). Cytotoxicity of the siRNA 
molecules and siRNA in combination with acyclovir was 
analyzed. siRNA molecules were administered at 50 nM while 
acyclovir was administered at 18 µM. Acyclovir concentration 
is known to be non-cytotoxic to Vero cells at concentrations 
≤20 µM [33]. The designed siRNAs were transfected into Vero 
cells cultured in 96-well plates using X-tremeGENE (Roche) 
according to the manufacturers’ instructions. The viable cells 
were determined after 5 days by following the 2-(2,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 
assay. 100 μl of 0.2 g/ml MTT was added to the cells and the 
viable cells were determined by checking the formation of 
formazan crystals. The formazan crystals were dissolved in 
50 μl of DMSO and the absorbance was checked at 570 nm 
in a microplate reader (ELx800, BioTek Instruments, Inc., 
Winooski, VT) [34].

Antiviral activity
The antiviral activity of the siRNA and siRNA 

acyclovir combination was determined by infecting confluent 
monolayers of Vero cells (2 × 104 cells/well) in 96-well 
microtiter plates for 2 hours. Vero cells were infected with 
HSV1 at 10TCID50 for 2 hours. siRNA transfection was carried 
out on Vero cells post infection. The initial antiviral activity 
was analyzed at concentrations of 0.1, 0.5, 10, and 50. For the 
combination studies, acyclovir (18 µM) was administered with 
the siRNA treatment (50 nM) to the Vero cells and incubated 
at 37°C for 5 days in 5% CO2 incubator. The viable cells were 
determined after 5 days by following the same MTT assay 
mentioned above.

Analysis of ul15 gene expression using real time-polymerase 
chain reaction (RT-PCR)

A monolayer of Vero cells was cultured in a six-well 
microtitre plate which was infected for 2 hours with 10TCID50 
dose of HSV1. The siRNA and siRNA+acyclovir treatments 
were introduced to the Vero cells and complete RNA was 
extracted after 72 hours using TRIzol reagent (Invitrogen). 
The extracted total RNA was converted to cDNA using iScript 
cDNA Synthesis Kit (Bio-Rad). RT-PCR was conducted using 
TB green® Premix Ex Taq™ II (TII RnaseH Plus) (TaKaRa, 
Kusatsu-shi, Japan) in Applied Biosystems® QuantStudio® 
5 Real-Time PCR System (Thermo Fisher, Waltham, MA). 
The primers used for amplifying the ul15 gene were: Forward 
primer: 5’TTGTCGACGAGGCCAACTTT3’; Reverse primer: 
5’AAAGCTCGTACTGGCCTTCC3’; while the amplification 
of the housekeeping gene (Huel) was done using the primers: 
Forward primer: 5’TCAGACGACGAAGTCCCCATGAAG3’; 
Reverse primer: 5’TCCTTACGCAATTTTTTCTCTCTGGC3’ 
[35]. Duplicates of Ct values were averaged and normalized 

using the housekeeping genes. They were compared with the 
viral untreated samples using the Livak method of fold change 
in the target gene mRNA expression which was expressed as 
2–ΔΔCT [36].

Statistical analysis 
The experiments for each condition were repeated 

at least three times and the data is expressed as mean ± SD. 
ANOVA (one-way) followed by the Dunnett post hoc test was 
performed on the data.

RESULTS AND DISCUSSION

In silico design and analysis of siRNA 

Design of siRNA
The online freeware siRNA Pred, siPRED, and IDT 

software were used to design siRNA, and the sequences are 
generated as per the efficiency expected for these siRNA 
sequences against the target mRNA. The software generated 
multiple sequences as outcomes out of which two sequences 
were taken for further analysis. The selection of the two siRNA 
molecules was based on their high inhibition capacity and lack 
of cross-reacting species (Table 1). This selection was done 
also to satisfy the rules for siRNA design and conservation 
across HSV strains [24–26]. The selected siRNA1 was 
designed using siPred where it showed an inhibition efficacy 
of 78.94% and siRNA2 was selected by using the IDT software 
as it showed no cross-reacting transcripts indicating no off-
target effects. The off-target effect of the selected siRNA 
was further tested to check any unintentional matches with 
the human genome and transcriptome using the standalone 
BLAST package [27]. No significant similarity was observed 
and therefore, the sequences were used for further analysis. 
Therefore, the selected siRNA molecules are expected to have 
a silencing effect on the ul15 gene only, with no off-target 
effects on the host. 

Conservation of the selected siRNA sequences across different 
strains

The ul15 gene is known to be one of the most conserved 
genes in the Herpesvirus family [8]. However, to target multiple 
strains of the virus, it is important that the gene should be 
conserved. Therefore, the multiple sequence alignment was 
carried out for ul15 gene in HSV1 using in MEGAX software 
which showed high sequence conservation (Fig. 1). The area 
shown in the image depicts the zones that were eventually 
used for designing the siRNA. Therefore, the siRNA molecules 
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were designed to be highly specific to the viral target and to 
be capable of inhibiting the other strains of the virus. This is 
highly advantageous as it effectively overcomes the necessity 
of designing multiple therapeutics for the different strains 
belonging to the same virus family. 

GC content calculation and secondary structure formation
The GC content of the siRNA molecules was 

maintained between 30% to 60% since a low value causes 
poor and off-target binding, while a high value blocks the 
RISC complex and helicase from unzipping the siRNA duplex 
[37]. GC content analysis of the predicted siRNA1 was 43% 
and for siRNA2 was 33%. Here, recommended level of GC 
content is between 30%–64% [38]. The secondary structure 
for the siRNA was also analyzed using MaxExpect (Fig. 2). 
The free energy for the formation of secondary structures for 
the siRNA1 was 1.7 kcal/mol and for siRNA2 was 1.4 kcal/
mol. The positive and high values indicate no spontaneous 
secondary structure formation. Therefore, the designed siRNA 
molecules have an optimum value of GC content which will 
allow stable binding with RISC, with lower chances of off-
target effects.

Thermodynamics of target-guide strand interaction
Free energy of binding between the target and guide strand 

was calculated using DuplexFold (Fig. 3). The value was −32.9 for 
siRNA1 and the two binding patterns for siRNA2 with the target site 

had the binding energies of −17.9 and −17.4 kcal/mol. The structures 
were further visualized after docking in HNADOCK and the results 
are visible in Figure 4. The lower binding energies indicate a higher 
probability of binding of the siRNA with the target mRNA indicating 
the better probability of inhibition [39].

In vitro testing of designed siRNA

Cytotoxicity of the designed siRNA
Cytotoxicity of the siRNA was tested at 50 nM and 

at 18 µM for acyclovir as this is the concentration at which the 
subsequent assays will be carried out. It was observed that both 
the siRNA molecules did not display any cytotoxicity on Vero 
cells at 50nM (Fig. 5). The combination of siRNA (50 nM) with 
acyclovir at 18 µM was also found to be non-cytotoxic. Acyclovir 
has an IC50 value of 4 µM; therefore, the selected concentration 
was expected to have a slightly higher antiviral activity on the 
infected cells [40]. These concentrations of siRNA and acyclovir 
were further used for the antiviral activity assay. 

Antiviral activity of the designed siRNA
HSV1 viral load in the infected cells treated with 

specific siRNAs were reduced when compared to HSV1-
infected control cells. The screening of antiHSV effect of 
siRNA molecules was initially tested at 0.5, 10, and 50 nM. 
The 50 nM concentration shows close to 50% antiHSV activity 
for both siRNA molecules and therefore, this concentration 

(continued)
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was used for further testing of the siRNA molecules. The 
antiviral effects of the siRNA molecules (50 nM) were tested 
individually and in combination with acyclovir (18 µM). 

The siRNA 1 and 2 showed the capacity to control HSV1 
infection at 50 nM by showing percent antiviral activity of 
50% and 25%, respectively. The synergistic activity of siRNA 

Figure 1. The gene sequences encoding UL15 protein from different strains of HSV1 was aligned using MEGAX. Multiple sequence alignment of HSV1 UL15 gene 
sequences was done to analyse conserved areas and to determine areas that are suitable for siRNA design. (A) siRNA 1 and (B) siRNA 2 was designed using the 
highlighted area. 

Figure 2. The secondary structures for two designed siRNA predicted using MaxExpect webserver. (A) siRNA1; (B) siRNA2. The energy required for the secondary 
structure formation is indicative of the potential of siRNA strand folding. The higher the energy value, the lower the probability of folding.
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Figure 4. HNADOCK results for docking between (A) siRNA1; and (B) siRNA2 with their respective target mRNA. The image depicts the stable formation of the 
double helical structure between the two designed siRNA strands over the targeted zone in the mRNA sequence. 

and acyclovir was observed (Fig. 6) when the siRNA 1 and 
siRNA2 at a concentration of 50 nM were co-administered 
with acyclovir at 18 µM. 

The results show the higher activity of siRNA 1 as 
compared to siRNA2, at the same concentration. This may be 
attributed to the sequence complementarity at the seed regions 
of the targeted gene [41]. The seed region for siRNA 1 has 
complete complementarity with the target whereas siRNA 2 
has few mismatches with the seed region. These mismatches 
were incorporated to account for siRNA design guidelines 
and off-target effects. However, there should be a balance 

established between the guidelines to be followed and the 
antiviral effect, as seen in the results of the current study.

Analysis of ul15 gene expression using RT-PCR
The results of RT-PCR analysis are depicted in 

Figure 7. There was a significant reduction in viral gene 
expression when compared with the untreated viral control. 
The fold change analysis revealed that siRNA1 reduced the 
ul15 gene expression to 1.7%, while siRNA2 reduced the gene 
expression to 2%. On combination with acyclovir (18 µM), 
viral gene expression reduced to 0.1% for siRNA1 and 0.6% 
for siRNA2. The acyclovir treatment was able to limit the 

Figure 3. The probability of siRNA and target mRNA site binding predicted using Duplexfold webserver.  (A) siRNA1; (B) and (c) siRNA2. The low energy values 
indicate the high binding probability between the target mRNA and the designed siRNA.
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Figure 6. Antiviral activity of siRNA and acyclovir as anti-HSV1 agent. (A) siRNAs 1 and 2 were administered at a range of concentrations to determine the IC50. 
(B) The concentration of 50 nM was selected for siRNA antiviral activity while the acyclovir concentration was set at 25 µM as a standard for comparison. Percentage 
antiviral activity is representative of the results of three independent experiments and expressed as the means ± SDs. For the siRNA and acyclovir combinations, 
statistical significance was determined by one-way ANOVA, with Dunnett’s multiple comparison test compared to the acyclovir-treated samples. (p < 0.05 given as 
***). Data were plotted using Graph Pad Prism software version 8.0.2.  

gene expression to 0.8% at 18 µM. Therefore, the synergistic 
activity of siRNA molecules with acyclovir was demonstrated 
as a reduction in viral gene expression which was enhanced 
by adding the acyclovir in combination with siRNA as a 
treatment strategy.

CONCLUSION
The current study provides a novel approach towards 

the development of antiHSV therapeutics. It highlights the 
use of the gold standard drugs like acyclovir in combination 
therapy to demonstrate a synergistic effect with RNAi agents. 
These gold standard drugs and the related nucleoside analogues 
have been in use since decades, however the emergence of 
resistant strains necessitates the evolution of new therapeutic 
approaches. In present study ul15 gene was targeted using 
siRNA approach has not been explored earlier. The results of 

RT-PCR demonstrated that the siRNA molecules designed in 
the current study had the capacity to reduce the u115 gene 
expression to ~2%. The study also demonstrated the capacity 
of designed siRNA molecules to reduce the infectivity of 
the HSV1 via the CPE assay post treatment. The advantage 
of targeting ul15 gene lies in the potential to target different 
strains of HSV1 due to the non-variable nature of the target 
gene.
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