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Abstract New therapeutic approaches are urgently needed for serious diseases, including cancer, cardiovascular

diseases, viral infections, and others. A recent direction in drug development is the utilization of nucleic acid-

based therapeuticmolecules, such as antisense oligonucleotides, ribozymes, short interferingRNA (siRNA),

and microRNA (miRNA). miRNAs are endogenous, short, non-coding RNA molecules. Some viruses

encode their own miRNAs, which play pivotal roles in viral replication and immune evasion strategies.

Conversely, viruses that do not encode miRNAs may manipulate host cell miRNAs for the benefits of their

replication.miRNAs have therefore become attractive tools for the study of viral pathogenesis. Lately, novel
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therapeutic strategies based onmiRNA technology for the treatment of viral diseases have been progressing

rapidly. Although this new generation of molecular therapy is promising, there are still several challenges to

face, such as targeting delivery to specific tissues, avoiding off-target effects of miRNAs, reducing the

toxicity of the drugs, and overcoming mutations and drug resistance. In this article, we review the current

knowledge of the role and therapeutic potential of miRNAs in viral diseases, and discuss the limitations of

these therapies, as well as strategies to overcome them to provide safe and effective clinical applications of

these new therapeutics.

1. Introduction

RNA interference (RNAi) is a system in living cells that re-

gulates the activation and silencing of gene expression. RNAi

governs the regulation of host cell genes, mainly through two

types of RNA molecules: small interfering RNA (siRNA) and

microRNA (miRNA).[1] siRNAs are a class of double-stranded

RNAmolecules, 20–25 nucleotides in length, whichplay different

roles in cellular biology. Experimental application or targeting of

siRNAs in various cell types and animal models has shown

promise for the potential treatment of diseases induced by viruses

such as hepatitis C, influenza, and HIV.[2-4] The suppression of

viral gene expression by siRNAs makes them very attractive for

antiviral therapy, and some siRNAs are already being used in

clinical trials.[5] However, siRNAs still have a long way to go

before being brought to market, because of their potential side

effects. One of the major concerns in using siRNAs as molecular

therapeutics is their induction of a strong immune response.

miRNAs, which were discovered in 1993,[6] are a group of

non-coding, single-stranded RNA molecules, ranging in size

from 19 to 25 nucleotides.[7] It is now believed that miRNAs

compose one percent of the total human genome. miRNAs are

widely expressed in various species, including viruses. The first

virally encoded miRNA was discovered in the Epstein Barr

virus (EBV) genome.[8] Now, there are more than 141 identified

miRNAs encoded by 15 viruses, with more expected to be

identified in the near future as a result of the improvement in

online prediction and validation tools.[9] Cellular miRNAs in

animals seem to be conserved, while virally encoded miRNAs

are highly variable even within the same group of viruses.[10]

This may be due to the high frequency of viral mutations rel-

ative to eukaryotes. miRNAs play an important role in regu-

lation of almost one-third of all known human mRNAs.[11]

Most miRNAs have a specific tissue expression profile. Their

unique expression pattern may explain their roles in different

biologic activities, such as cellular differentiation, environment

adaptation, oncogenesis, and host-pathogen interaction.[12]

The therapeutic potential of miRNAs was first realized with

the discovery that downregulation of miR-15 and miR-16 is

associated with development of B-cell leukemia.[13] Shortly

after that, the potential for treatment of several other cancers

was realized.[14] Scientists have aimed to control the expression

level of key genes via manipulation of cellular or viral miRNAs

to treat disease. These approaches include anti-miRNA oligo-

nucleotides (AMOs), peptide nucleic acids, and miRNA

sponges.[15] Initial experiments have obtained promising results

in controlling various viral infections.[16-18] In addition, it has

been found that restoring or over-expressing certain miRNAs

may also be beneficial for reverse pathologic conditions, espe-

cially in cancer treatments.[19]

The goal of this article is to review the recent progress in the

understanding of the roles of miRNAs in viral diseases, and to

discuss the potential of these molecules in serving as a ther-

apeutic target or as a useful therapeutic tool. We also specifi-

cally highlight the major obstacles faced bymiRNA technology

in both therapeutics and vaccine strategies.

2. Roles and Therapeutic Potential of MicroRNAs

(miRNAs) in Viral Infections

Viruses are obligate intracellular parasites. They lack the

essential machinery required for their replication. Thus, viruses

adopt several clever strategies to ensure the success of their

replication in a suitable host, one of which is manipulation of

the host miRNAs to modify the cellular environment for their

own benefit.[20] Some DNA viruses are capable of encoding

their own miRNAs to modulate both the viral and cellular

protein expression in order to provide a favorable environment

for viral replication.[12] Answering back, certain host miRNAs

alter the cell gene expression to defend the cells against the

viral infection by interfering with viral proteins or other cellular

factors as a type of immune response against these particular

viruses.[21] Therefore, the relationship between viruses and

miRNAs is complicated, to say the least. Since miRNAs play

essential roles in viral infections, they are considered to be

promising therapeutic targets in infectious diseases. Their endo-

genous nature, small size, and flexible function make miRNAs
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very good candidates, as they may trigger lower immunogenic

responses and have fewer side effects than siRNAs.[12,14] In view

of the current data regarding the roles of different viral and

cellular miRNAs in various viral replication cycles, we believe

that manipulation of these miRNAs will have a promis-

ing therapeutic role in infectious diseases.[12,14,22-25] Currently,

there are more than 700 miRNAs encoded by the human

genome alone.[12] We will discuss the roles and therapeutic

potential of cellular as well as viral miRNAs (if any) in the

pathogenesis and treatment of different viral diseases.

2.1 Human Polyomaviruses (HPyVs)

Human polyomaviruses (HPyVs) are a group of oncogenic,

circular, non-enveloped, double-stranded DNA (dsDNA) vi-

ruses.[26] Five polyomaviruses have been found to infect hu-

mans. Of particular interest are two strains of these viruses,

named (according to the initials of the first affected patients)

BK virus (BKV) and James Canyon virus (JCV).[27] The res-

ervoir species for human infection is the rhesus macaque.

Humans have also acquired simian virus 40 (SV40) infection

from contaminated poliovirus vaccines, and recent studies have

reported horizontal transmission between people.[28] HPyVs

induce a wide range of tumors affecting almost all body organs

(including the brain, bones, colon, pancreas, stomach, and

urogenital tract), as well as lymphomas and leukemia.[28,29] The

viral genome of SV40 encodes five proteins; two large T anti-

gen (LT), one small T antigen (st-Ag), and three that encode

the capsid proteins (Vp1, Vp2 and Vp3). HPyVs are able to

encode viral miRNAs for their own benefit. Both BKV and

JCV encode the samemiRNA, namedmiR-J1. It is upregulated

in the brain in progressive multifocal leukoencephalopathy

syndrome, suggesting a major role in this particular disease.[30]

SV40 encodes miRNAs called v-miRNAs during the late

stages of infection.[31] They are complementary to the viral

mRNAs produced at the early stage of viral infection.[31] These

v-miRNAs slow down the expression of the viral T-antigen

genes and lower the level of interferon (IFN)-g produced by

cytotoxic T lymphocytes, thus reducing the influx of inflam-

matory cells and facilitating evasion of the immune response.[31]

2.2 Human Papillomaviruses (HPVs)

Human papillomaviruses (HPVs) are also oncogenic vi-

ruses.[32] They are usually associated with different forms of

both benign and malignant tumors, especially those affecting

the skin and the genital tract.[32] These viruses are usually clas-

sified, on the basis of their virulence, into either low- or high-

pathogenic variants.[26] Only a few HPV strains can produce

miRNAs during their replication.[33] For example, HPV-31

encodes viral miRNAs at a very early stage of the infection, but

these miRNAs are usually degraded once latent infection takes

place.[34] In another independent study, both HPV-31 and

HPV-18 were found to encode viral miRNAs, but they are not

involved in cell transformation or cancer development.[33]

It is well known that host miR-34a is involved in inhibition

of abnormal cell growth in tumors.[35] miR-34a inhibits cell

cycle progression at the G2 phase and subsequently induces

apoptosis.[36] Studies have reported success using the tumor

suppressor complex (mRNA-cellular miRNA-34a), which tar-

gets downstream genes of tumor protein p53 (TP53). miR-34a

is usually downregulated during HPV infection in primary

keratinocytes.[36] Thus, restoration of the normal expression

level of this miRNA is a potential strategy for therapeutic in-

tervention.[36]

2.3 Adenoviruses

Adenoviruses are a group of non-enveloped dsDNA viruses.

Over 50 serotypes have been identified in different clinical

diseases, such as respiratory, gastrointestinal, urogenital, and

eye diseases.[36]Adenovirus usually encodes several small non-

coding RNA molecules called virus-associated RNAs, such as

VA1 and VA2.[37] They facilitate immune evasion by inhibiting

dsRNA-induced protein kinase R (PKR), which blocks IFN-a
activity.[38] One study reported that adenovirus VA1-RNA in-

terferes with the biogenesis of host miRNAs and the function of

siRNA/shRNA (short hairpin RNA), through inhibition of the

nuclear transport of the pre-miRNAs and the shRNAs and

direct inhibitory action of Dicer.[37] Usually, a small part of the

VA1 RNA is subjected to processing by Dicer, and this results

in generation of miRNA. Use of anti-miRNA antisense in-

hibitors (20-O-methyl AMO) to downregulate this miRNA re-

sulted in inhibition of virus production.[39]

2.4 Herpesviruses

Herpesviruses are a group of enveloped dsDNA viruses,

classified into three subfamilies (a, b, and g). They are char-

acterized by induction of latent infections in their target

hosts.[40] These virus-encoded miRNAs play important roles in

the establishment of latent infection, as well as the pathogenesis

of virally induced diseases. According to the most recent

studies, herpesviruses utilize their encoded miRNAs in a wide

range of biologic functions, such as inhibition of apoptosis, im-

mune evasion, control of cellular proliferation, and regulation
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of viral replication.[41-43] In the following section, we will dis-

cuss herpesvirus-encoded miRNAs.

2.4.1 Herpes Simplex Virus (HSV)-1

One of the most important genes encoded by herpes simplex

virus (HSV) is called the latency-associated transcript

(LAT).[44] This gene does not encode proteins but may be in-

volved in the production of miRNAs or in cell survival after

viral infection.[44] There has been debate around the origin of

miR-LAT as to whether it is a virus-encoded or cell-encoded

miRNA.[41] This miRNA is believed to act by downregulating

transforming growth factor (TGF)-b and SMAD3. TGF-b
plays an important role in cell proliferation and induction of

apoptosis. SMAD3 is a signaling pathway mediator, which is

triggered by the action of TGF-b.[41] HSV-1miR-LAT-ICP34.5

has been recently discovered during HSV-1 infection.[45] Ac-

cording to bioinformatic analysis, the HSV-1 genome encodes

24miRNAs, eight of whichwere found to be conserved between

both HSV1 and HSV-2, and thus are believed to be func-

tional.[46] Six of these miRNAs are upregulated in the trigemi-

nal ganglia of mice infected with HSV-1. These miRNAs are

encoded by LAT (table I).[46] In addition, quantitative reverse

transcription PCR showed that both miR-1 and miR-6 were

highly expressed in Vero cells infected with HSV-1 – as high as

1200 and 300 copies, respectively – whereas the other four

miRNAs showed downregulation, with only 40 copies per in-

fected cell.[55] The miRNA expression profile during HSV-1

infection revealed that several miRNAs among the eight can-

didates mentioned earlier were upregulated. Those miRNAs

were believed to play major roles in induction of the latent

phase of viral infection. This assumption was based on com-

parison between the miRNA expression profiles of the latent

and active infections. For example, miR-H2 was found to be

upregulated in latent infection to a level of 63 000 copies/cell,
compared with less than 40 copies/cell during active in-

fection.[56] Furthermore, miRNA-2 inhibits the production of

the infected cell polypeptide (ICP)-0 protein, which is respon-

sible for triggering the active phase of HSV infection. Another

upregulated miRNA, miR-6, is responsible for downregula-

tion of ICP4, which is responsible for the increased expression

level of many HSV genes during the active phase of HSV-1

infection.[55,56]

Table I. Overview of selected microRNAs (miRNAs) involved in the pathogenesis of viral diseases

Virus miRNA Origin Targets and mode of action Reference

HSV-1 miR-LAT Viral Anti-apoptotic action, plays a role in viral latency 41

KSHV miR-K1 Viral Kaposin gene regulation 47

HCMV miRUL23 Viral Immunomodulation 48

MDV miR-1-8 Viral Downregulation of RLORF8 and chicken T-cell neoplasia 49

EBV miR-BART2 Viral BALF5 transcription modification 33

SV40 miR-S1 Viral Downregulation of early gene expression 31

JCV miR-J1 Viral Downregulation of early gene expression 30

BKV miR-B1 Viral Downregulation of early gene expression 50

HIV miR-N367 Viral Downregulation of LTR transcription 51

miR-H1 Suppression of Nef function

miR-TAR Suppression of HIV-1 virulence

HCV miR-122 Cellular Enhances HCV replication 52

HCV miR-21 Cellular Downregulation of PTEN tumor suppressor gene

Influenza miR-507 Cellular PB2, adapts influenza AI to mammalian species 22

Influenza miR-136 Cellular HA, adapts influenza AI to mammalian species 22

PFV-1 miR-32 Cellular Prevents accumulation of PFV-1 in human cells 53

HPV miR-203 Cellular Downregulation of p63 54

BKV=BK virus; EBV=Epstein-Barr virus; HCMV= human cytomegalovirus; HCV= hepatitis C virus; HIV= human immunodeficiency virus; HPV= human

papillomavirus;HSV= herpes simplex virus; JCV= JamesCanyon virus;KSHV=Kaposi’s sarcoma virus;MDV=Marek’s disease virus;PFV= prototype foamy

virus; SV40= simian virus 40.
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2.4.2 Human Cytomegalovirus (HCMV)

Human cytomegalovirus (HCMV) is a herpesviruses af-

fecting humans, and can result in acute or latent infections.[57]

The form of infection largely depends on the immune status of

the affected host.[57] It can be fatal in immune-compromised

patients, such as those with AIDS or recent organ transplants.[57]

It may also be responsible for birth defects and congenital ab-

normalities in pregnant women.[21] As with other herpesviruses,

there is evidence supporting the presence of miRNAs that

modulate viral pathogenesis in different tissues.[21] Specifically,

HCMV has been recently reported to encode 15 miRNAs.[21]

Themost commonly expressed three miRNAs during the active

phase of HCMV infection are miR-UL23-5p, miR-UL23-3p,

and miR-US24,[48] which target different cellular proteins, such

as transcription factors (HFN3 and TGIF2), receptors (CD206

receptors for interleukin-18), and other proteins involved

in signal transduction pathways, such as RAB2L.[48] HCMV

is able to induce the latent phase of infection by a cunning

immune-evasion strategy through the action of miR-UL112,

which targets several cellular proteins such as major histo-

compatibility complex (MHC) class I associated proteins,

especially the MHC class I-related chain B (MICB).[58,59] miR-

UL112-1 also regulates early viral protein expression, such as

immediate early protein (IE)-72. IE72 is a key mediator in the

shift from the latent to the active phase of viral infection, be-

cause it suppresses IE1.[58,59] Thus, if the HCMV infection is

synchronized with overexpression of the miR-UL112, the IE1

protein expression level is greatly reduced, which mediates the

latent phase of infection.[43] It is also thought that miR-UL112-1

targets another viral protein called UL114.[58] Downregulation

of UL114 protein, using miR-UL112-1, results in inhibition of

viral DNA replication and subsequently triggers the latent

phase of infection, making the virus able to evade the host

immune system.[34] Exploitation of this mechanism is being

considered as a potential therapeutic strategy.[21]

2.4.3 Epstein-Barr Virus (EBV)

EBV is another oncogenic virus affecting humans. It is

usually associated with induction of latent infection in more

than 95% of affected patients.[60] In most cases, benign tumors

develop; in some cases, however, malignant tumors may also

develop, such as Hodgkin’s lymphoma, T-cell lymphoma, na-

sopharyngeal carcinoma, and gastric tumor.[61] During the

active phase of EBV infection, more than 100 genes are usually

expressed, whereas only 11 of them are expressed during latent

infection.[21] It has been recently reported that EBV encodes

more than 20 miRNAs.[33] These miRNAs are divided into two

groups: one group is encoded from the intronic regions of a

gene called BART, which is expressed at high levels in epithelial

cells, but at lower levels in B cells, in the latent phase of infec-

tion; the other group is encoded from the untranslated region

of a gene called BHRF1, a viral BCL2 homolog that prevents

apoptosis.[8] Although the functions of most EBV-encoded

miRNAs have not been completely identified, it has been found

that miRNA-BART2 targets BALF5 mRNA, a viral DNA

polymerase, and miRNA-BART2 induces cleavage in the 30

untranslated region (UTR) of BALF5, resulting in inhibition of

the lytic viral infection (figure 1 and table I).[63] According

to bioinformatic prediction data, EBV miRNA-BART5 is be-

lieved to target PUMA, a modulator of apoptosis in the BCL2

protein group regulated by TP53.[64] In some cases, PUMA can

also induce apoptosis through the TP53-independent pathway.

Therefore, targeting PUMA with EBV miR-BART5 results in

suppression of its action in apoptosis.[64]

Other EBV-encoded miRNAs target the IFNg-inducible
chemokine CXCL11.[65]Without CXCL11, EBV is able to evade

the host immune response and subsequently enhance EBV

replication.[65] The same group performed bioinformatic ana-

lysis and showed that CXCL11 contains a target sequence for

miR-BHRF1-3 at its 30UTR sequence. Targeting CXCL11 us-

ing this viral encodedmiRNAwill have an immunomodulatory

effect on the viral-induced tumor.[65] Therefore, it is believed

that targeting BHRF1-3 could be a good therapeutic approach

for viral EBV-induced tumors.[65]

2.4.4 Kaposi’s Sarcoma Virus (KSHV)

KSHV is one of the gamma-herpes viruses groups and is

usually associatedwithKaposi’s sarcoma infection, fromwhich

it acquired its name.[47] Like other herpesviruses, KSHV usu-

ally induces latent infections.[47] KSHV encodes several mi-

RNA candidates from the genomic region spanning 4 kilobases

between ORF12 and ORF71.[66] KSHV-encoded miRNAs

target important genes involved in cell proliferation, modu-

lation of the host immune system, apoptosis, and angiogenesis.

For example, miR-K5 targets the mRNA of the BCL2 (pro-

survival gene) interacting protein called BCLAF1.[62] This leads

to reactivation of the KSHV lytic infection.[62] Thus KSHV-

encoded miRNAs play an important role in the virus/host
interactions, and silencing of those miRNAs using different

approaches, particularly the AMO, is therefore a promising

therapeutic strategy against such virus infection (figure 1).[62]

2.4.5 Marek’s Disease Virus (MDV)

Marek’s disease virus (MDV) is one of the alpha herpesvi-

ruses, characterized by rapid production of T-cell lymphomas

in chickens.[67] The viral genome encodes several miRNAs,
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which are mainly encoded from the oncogenes, especially Meq

and LAT.[68] The miRNAs of this virus are highly expressed in

MDV-transformed cells, suggesting an essential role in MDV

oncogenesis. However, their target genes have not been well

identified.[68,69] It is known that several host cell miRNAs –

such asmiR-17,miR-92,miR-21, and let-7i – are involved in the

cancer development induced by MDV in chickens.[68] They are

most often upregulated in an MSB-1 (MDV-transformed

CD4+ T-cell line derived from a spleen lymphoma induced by

the BC-1 strain of MDV-1) library after MDV infection.[69]

This makes for an ideal model for the study of miRNAs. Com-

parative analysis of miRNA expression profiles during MDV

infection, using microarray analysis, may enable identifica-

tion of specific miRNAs involved in neoplastic transforma-

tion when compared with non-infected cells. This may become

a useful diagnostic approach through examination of miRNA

signatures profiles.[70] This is supported by a recent report

showing an association between downregulation of the host

cellular miR-155 expression and upregulation of MDV-

encoded miRNAs (M2-5P, M12-3P, M5-3P, M4-5P, M3-5P,

M11-5P, M2-3P, M4-3P, and M3-3P), a potential marker for

MDV-induced tumor formation.[69] Subsequent identification

of the putative target of these miRNAs will lead to a better

understanding of the molecular mechanism of MDV-induced

tumorigeneses.[69]

2.5 Human Immunodeficiency Virus (HIV)

The human immunodeficiency virus (HIV) genome encodes

several important genes, such as Nef, Vef, Tat, and Vpu.[71]

Bioinformatic analysis suggests that the HIV genome encodes

five pre-miRNAs, which are processed into ten mature mi-

RNAs, but their definite functions are still not well identified.[72]

The HIVNef gene is located at the 30 end of the HIV genome

and is highly expressed in early viral infection.[73] It has been

shown to downregulate the expression levels of CD4, CD28,

and MHC class I molecules.[73] HIV Nef encodes miR-N367,

which has a unique function at both the transcriptional and

translational levels, rather than at the post-transcriptional

level.[51,74] The mechanism of action of miR-N367 is believed to

be suppression of HIV promoter activity; however, further

studies are required to explain the exact mechanism of such an

action.[51] Several studies reported that downregulation of the

Nef gene results in inhibition of HIV replication.[51,74] This may

lead to production of low-pathogenic strains of HIV or may

favor latent HIV infection.[74] Targeting of these viral miRNAs

using different approaches, especially AMO treatment, could

potentially have a therapeutic effect on HIV.[2]

G

5′
G

C
C C U

U C

A A C C U C

C
C

A
G

G

U

A U
G

U C U A

C
C

U U U C A
G

C
A

U
C

C
U

A

G

A

U

miR-K5 targeting BCLAF1
(mfe: −23.6 kcal/mol)

a

U

C
G

G
A

C
C

U
A

A
G

G
U

G
G

C A

G
U

G
A

A

U

U
U

C
A

C
GA

C
C

A
C

U
C

U
A

G
G

U
C

C
CU

5′

miR-UL112 targeting MICB
(mfe: −39.0 kcal/mol)

c

miR-BART2 targeting BALF5
(mfe: −30.3 kcal/mol)

b
C

G
U

U
C

C
C C C U

U A C
G U C

GA
CGU

UU
ACCCA

G
G

A
A

C
CU

U U U

A A A

U A U

AAUA

5′

Fig. 1. Secondary structures of viral microRNAs (miRNAs [black sequences])

hybridizing with corresponding targets of host genes (blue sequences). The

viral miRNA sequence and the 30 untranslated region (UTR) sequence of the

targeted host and viral genes were obtained from the referenced articles or

from the National Center for Biotechnology Information (NCBI) website and

then submitted to the RNAhybrid software program (http://bibiserv.techfak.

uni-bielefeld.de/rnahybrid/). The predicted secondary structure for the hybridiza-

tion between viral miRNAs and their targets are generated by the RNAhybrid

program. (a) miR-K5 encoded by Kaposi’s sarcoma-associated herpesvirus

(KSHV), targeting host gene BCLAF1 (BCL2-associated transcription factor

1).[62] (b) miR-BART2 encoded by EBV, targeting the viral DNA polymerase

gene BALF5.[63] (c) miR-UL112 encoded by herpesviruses, targeting host

gene MICB (MHC class I-related chain B).[59] mfe=minimum free energy.
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2.6 Hepatitis C Virus (HCV)

Currently, there are more than 170 million people affected

by hepatitis C virus (HCV) infection worldwide.[75] Drug resis-

tance is one of the major hindrances in treating such viral infec-

tion.[76] HCV induces different forms of tumors in humans and

is one of the major causes of liver diseases all over the world,

resulting in hepatocellular carcinoma and, finally, complete

liver failure.[77] It has been recently reported that host cellular

miRNA-122 has two recognition sites in the 50UTRof theHCV

genome, resulting in upregulation of HCV infection.[78] Further

investigation showed that interaction betweenmiRNA-122 and

the viral genome causes accumulation of viral RNA in the liver

tissues (table I). Furthermore, the level of viral RNA in the liver

tissues is usually controlled by miR-122 binding sites.[78] Inter-

estingly,HCV infection alsomodulates cellularmiRNA expres-

sion profiles. Following HCV infection, three miRNAs (miR-122,

miR-100, andmiR-10a) are upregulated,while other twomiRNAs

(miR-198 and miR-145) are downregulated.[78] Ura et al.[52]

found that cyclin G1 acts as a putative target for miR-122. Use

of a primate model targeting miR-122 with specific antagonists

resulted in a reduction in the level of HCV replication in the

affected livers, demonstrating the promise of this strategy.[79] In

addition, a recent study demonstrated the therapeutic potential

of silencing miR-122 in chronic HCV viral infection in primate

models, whereby chimpanzees that were positive for HCV infec-

tion were treated with a specific LNA-modified oligonucleotide

(SPC3649).[79] These LNA-oligomers targeted the complement

sequence of miR-122 and resulted in a decrease in the duration

of the viremia following acute HCV infection. There were no

reports of any side effects or any viral resistance observed after

the treatment.[79] This approach provided long-lasting effects in

the HCV-infected animals, as well as great improvement in the

liver pathology.[79] More clinical trials are needed to further

confirm the promising results of this newmolecular therapeutic

approach.[78]

2.7 Hepatitis B Virus (HBV)

Hepatitis B virus (HBV) belongs to the genus Orthohe-

padnavirus in the family of Hepadnaviridae. HBV infection

progresses into cirrhosis and hepatocellular carcinoma in most

cases.[80] It is believed that HBV encodes miRNAs that regulate

their own gene expression.[81] According to bioinformatic pre-

dictions, HBV encodes only one miRNA. However, several

studies have failed to identify any cellular genes regulated by

this virus-encoded miRNA, implying alternative gene expres-

sion mechanisms.[81,82] According to the miRNA expression

profiles of several patients suffering from cirrhosis due to HBV

infection, the host Hsa-miRNA-615-3p is usually upregulated.

In recent clinical studies, Ura et al.[52] studied the role of dif-

ferent miRNAs in the pathogenesis of both HBV and HCV in

the context of development of hepatocellular carcinoma in in-

fected liver tissues.[52] In this study, the differential expression

levels of 188 miRNAs from 12 HBV and 18 HCV patients were

tested using qRT-PCR. According to this study, 19 miRNA

candidates were highly expressed in both HBV and HCV infec-

tions, and 31miRNAs served asmarkers for the severity of liver

damage. It is known that HBV infection triggers pathways as-

sociated with DNA damage, recombination, and signal trans-

duction pathways – whereas HCV infection usually triggers an

immune response, antigen presentation, cell cycle progression,

proteosome activation, and lipid metabolism. Therefore, the

overall conclusion was that certain miRNAs may act as im-

portant mediators in the pathogenesis of both HBV and HCV

infections.[52] These studies have paved the way to a new era in

molecular antiviral therapy through modulation of the expres-

sion levels of those key miRNAs. There is now a new antiviral

therapy for controlling HBV infection, using artificial mi-

RNAs. This approach has revealed a dramatic reduction in

HBV protein expression levels and a remarkable reduction in

viral DNA replication in vitro.[83-85]

2.8 Severe Acute Respiratory Syndrome Virus (SARS)

Severe acute respiratory syndrome coronavirus (SARS-

CoV) is a single-stranded RNA virus, which belongs to the

family Coronaviridae. Although several trials have been per-

formed to treat this pathogen using conventional drugs such

as ribavirin, antibiotics, anti-inflammatory steroids, and dif-

ferent kinds of immune stimulators, these approaches still lack

viral specificity. SARS-CoV infection in bronchioalveolar stem

cells (BASCs) is a prime example of how miRNA modulates

the virus-host interaction. SARS-CoV is unable to replicate in

well differentiated cells, so it has to control BASC cellular

differentiation in order to establish a successful viral infec-

tion.[86] This virus usually hijacks cellular miRNAs such as

miR-17*, miR-574-5p, and miR-214 for the benefits of its rep-

lication and immune evasion. The nucleocapsid and spike glyco-

proteins downregulate the expression levels of miR-223 and

miR-98, respectively. This action enables the virus to hinder

BASC cellular differentiation and the production of inflam-

matory chemokines, creating an environment that is optimal

for virus replication. Restoration of the levels of miR-223 and

miR-98 poses a potential novel approach in treating SARS-

CoV infection.[86]
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2.9 Influenza Virus

The influenza A outbreak of 2009 provided a warning about

the urgent need for new alternative molecular therapeutic ap-

proaches for both the treatment and prophylaxis of such viral

infections.Molecular therapyusingmiRNAtechnologymayoffer

a new therapeutic approach to cope with the continuous changes

in virus strains every year. Recent bioinformatics tools have paved

the way for the discovery of new miRNAs and their target se-

quences for the design of nucleic acid-based therapeutics. For

example, there are two human-encoded miRNAs that have po-

tential binding sites within both the viral polymerase (PB2) and

hemagglutinin (HA) genes (miR-507 and miR-136, respectively)

[table I].[22] The target sequences of these two miRNAs are highly

conserved among different influenza virus strains. The HA pro-

tein is involved in the attachment of the virus to its receptors, and

the PB2 protein is an essential component in the ribonucleopro-

tein complex, needed for RNA transcription and replication.

The presence of human miRNAs that target conserved regions

of influenza RNA suggests that the human genome has evolved to

use this as adefensemechanismagainst infection.This supports the

argument that targeting viral genes with miRNAs may be an ef-

fective strategy. This may also suggest that it is a futile attempt,

since we have the miRNAs and yet still succumb to influenza

infections. A recent study has been conducted to determine mi-

RNA expression profiles after avian influenza virus (AIV) infec-

tion in chickens. This study showed changes in the cellularmiRNA

profile in response to the AIV infection, suggesting that the mi-

RNAs play a role in the host-pathogen interaction during AIV

infection.[87] Specifically, there were alterations in themiRNApro-

files ofmiR-146, which had been previously reported to play a role

in immune-related signal pathways in mammals.[87]

One recent study utilized miRNA technology in the devel-

opment of influenza virus vaccines, whereby a new influenza A

virus vaccine was developed using miRNA-based gene silenc-

ing. The method involves introducing an miRNA sequence of

non-avian origin, known as amiRNA-responsive element (MRE),

into the viral nucleoprotein gene, resulting in construction of

new reassortant H1N1 and H5N1 viruses. With this strategy,

the degree of the viral attenuation is controlled by the expres-

sion level of mir-124, which targets the introduced MRE se-

quence. This novel strategy offered a very good vaccine that

was species specific, offering a high level of protection.[4] The

nascent viruses were attenuated for mice, while they still pro-

pagated well in embryonated chicken eggs and were able to

generate high levels of neutralizing antibodies in animals. This

novel approach for influenza vaccine development may be used

in combination with the currently available vaccine in order to

increase both the safety and the efficacy of influenza virus va-

ccines in the near future.[4]

2.10 Coxsackievirus

Coxsackievirus, especially coxsackievirus B3 (CVB3), is the

most common pathogen of human myocarditis. Anti-CVB3

drug development has been recently focused on a nucleic acid-

based strategy. Our laboratory first reported the successful in-

hibition (>92%) of CVB3 replication inHeLa cells by transfection

of siRNAs targeting viral protease 2A RNA. We also found that

the antiviral effect was disrupted by mutations in the central

strand region, andmismatch was tolerated near the 30 end but not
near the 50 end of the siRNA;[88] furthermore, the siRNA effect

was mediated by the antisense strand to the viral genome, rather

than the sense strand complimentary to the viral negative-strand

of the replicating intermediate. This finding was further con-

formed by another report.[89] When applied systemically to mice,

siRNA targeting 2A had a significant protective effect if applied

6 and 14 hours after infection, including reduced viral replication

and tissue injury, as well as an increased survival rate.[90]

Recently, we tested a packaging RNA (pRNA) vector (a

component of the bacterial phage nano-motor) for targeted

delivery of siRNAs. Through conjugation of a folate ligand to

the pRNA vector, we specifically delivered the siRNAs tar-

geting CVB3 2A to HeLa cells and HL-1 cardiomyocytes that

expressed folate receptors.[91] In addition to the transfection of

mature siRNAs, overexpression of shRNAs was also effective

against CVB3 3D RNA polymerase and structural protein

VP1, both in cells and in mice, where viral pancreatitis was sig-

nificantly reduced.[92] Schubert et al.[89] used the SiDEx double

expression vector to simultaneously transfect two siRNA se-

quences targeting the CVB3 3DRNApolymerase sequence in a

green fluorescent protein (GFP) reporter construct. This dou-

ble expression of both siRNAs successfully suppressed reporter

expression despite the intentional introduction of an artificial

point mutation (simulating an escape mutation or a miRNA

target) that caused a mismatch with one of the two siRNAs.

3. Limitations of the Therapeutic Potential of miRNAs

As we have discussed above, there have been some promising

results supporting the development of miRNAs for the treatment

of several viral infections, and some of these miRNA-based drugs

have reached the clinical trial stage. Despite this great progress,

their clinical applications are still hampered by several challenges.

In the following section, we briefly discuss the current obstacles or

limitations facing miRNAs-based antiviral therapy.
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3.1 Immune Responses to Viral Vectors

One of the major limitations for the use of miRNA-based

antiviral therapy is the production of transgene-specific im-

munity.[93] Delivery of miRNAs using viral vectors usually re-

sults in the development of immune response against the viral

vector. Basically, the delivery vector will stimulate an innate

immune response in the forms of cytotoxic T-lymphocytes, hu-

moral neutralizing antibody against their viral capsid proteins,

and cytokine-mediated inflammatory responses in vivo.[93,94]

Direct correlation between the immune response to the adeno-

virus capsid protein and the concentration of the viral vector

has been reported; this interaction is usually associated with

undesirable side effects in the host, especially if the construct

moves from the target tissue into the blood circulation.[95]

3.2 Lack of Targeted miRNA Delivery Systems

The targeted delivery of siRNA, miRNA, and other nucleic

acid-based therapies is another major concern of using these

molecular therapeutic approaches. In contrast to the great prog-

ress in local administration of both siRNA- and miRNA-based

therapies in the eyes, lung, and vagina, systemic delivery to

target organs such as the liver, heart, and intestine is still un-

dergoing optimization.[96,97] It is interesting to note that some

studies have shown success in administering siRNAs via the

intracerebral route; however, the risk is that foreign nucleic acid

may be delivered to the central nervous system.[93]

3.3 Lackof EstablishedmiRNA StandardAnalysis Techniques

Several laboratory techniques – such as real-time PCR,micro-

array analysis, Luminex bead arrays, Northern blotting, in situ

hybridization, formalin fixation, and paraffin embedding – are

currently in use in miRNA detection and quantification. How-

ever, all of these techniques still require further optimization.[98-100]

Once they are optimized, a clear choice for sensitivity and speci-

ficity will emerge, and this approach will allow early and sensi-

tive detection ofmiRNAexpression in different disease syndromes.

This will have a great impact on the early tracking of serious

viral diseases.[101]

3.4 Off-Target Effects and Unidentified Targets of miRNAs

The off-target effects of siRNAs were one of the major

concerns in earlier studies using both siRNA and shRNA

technologies in gene therapy. As a new generation of molecular

gene therapy, miRNAswould be expected to have a high degree

of specificity for their targets. However, since miRNA action is

based on imperfect base pairing with the target sequence in

most circumstances, the specificity will be lower than that of

siRNA. This prediction has been confirmed by recent clinical

trials, followed up by microarray analysis, which revealed

possible off-target effects of miRNAs.[102] Another follow-up

study by Birmingham et al.,[103] using the combination of bio-

informatics andmicroarray analysis, found that using either the

siRNA or the miRNA could result in off-target silencing. In

addition, in vivo studies have revealed that one miRNA may

target several genes at the same time, and the targets are not

clearly identified. This suggests diverse modes of action of a

given single miRNA. On the other hand, one gene may be

regulated by several miRNAs,[104] indicating that the mode of

action is more complicated than expected. Since drug therapies

must precisely target the virus in question and nothing else, a

large undertaking is needed to gather all possible information

regarding all targets of each miRNA that is being considered

for drug development.[104,105]

3.5 Mutations and Resistance

Although the currently used viral vectors inmiRNAdelivery

are non-pathogenic, there is always the possibility of mutations

within those viral vectors. These mutations may not only result

in abnormal gene expression of the viral miRNA construct but

may also cause possible insertion of vectors into the human

genome, increasing the risk of cancer.[23] Moreover, the targeted

viruses (especially the RNA viruses) are prone to mutation,

which may drive drug resistance. There are currently two

possible approaches to conquer these issues: one is the targeting

of cellular factors that are essential for virus replication or use

of more than one miRNA for the same target gene; the other

possible solution is the targeting of several conserved regions of

the viral genome by different siRNAs or miRNAs.

4. Concluding Remarks and Future Prospects

Viruses are among the most common causes of human

diseases. Because of the unique biologic properties of viruses,

there is no effective and specific antiviral therapy available so

far. Several vaccines and antiviral drugs have shown a limited

degree of efficacy for prophylaxis and treatment of some viral

infections. However, high mutation rates enable viral diseases

to emerge and re-emerge frequently. Thus, new strategies for

drug and vaccine development must be devised to fight the

threat of viral diseases to human health. Recent advances in the

understanding of miRNA structure, function, and particularly
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their associationwith themolecular pathogenesis of a variety of

complex diseases, have served as a theoretical basis for drug

development. On the one hand, as key factors for viral repli-

cation and latency, miRNAs are ideal targets for inhibition. In

this regard, construction of mRNAs that contain multiple

tandem binding sites of a given miRNA may be useful to pro-

duce decoys or ‘miRNA sponges’ to inhibit the function of a

specific miRNA. In addition, chemically synthesized antisense

RNA oligomers (‘antagomirs’) targeting a miRNA of interest

could be also be a promising approach to inhibit miRNA ac-

tivity. On the other hand, miRNA expression vectors can be

used to overexpress specific miRNAs to achieve a long-term

effect of reversing the imbalance of miRNA expression caused

by infection. Further, introduction of pre-miRNAmimetics for

transient replacement is another option for investigation.

In summary, although there are many limitations at present,

we believe that with the rapid progress in miRNA research,

these small molecules will become an invaluable target and a

useful tool for basic research and drug development. It is ex-

pected that an miRNA-based antiviral therapy will become

available for clinical application in the near future.
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