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Abstract: The Hand, Foot and Mouth Disease (HFMD) is caused by Enterovirus 71 (EV-A71) and
Coxsackieviruses. Common HFMD symptoms are high fever (> 39°C), rashes, and ulcers but complications due
to virulent EV-A71 may arise leading to cardiopulmonary failure and death. The lack of vaccines and antiviral
drugs against EV-AT71 highlights the urgency of developing preventive and treatment agents. Recent studies have
reported the emergence of novel antiviral agents and vaccines that utilize microRNAs (miRNASs). They belong to
a class of small (19-24 nt) non coding RNA molecules. As miRNAs play a major role in the host regulatory
system, there is a huge opportunity for interplay between host miRNAs and EV-A71 expressions. A total of 42
out of 64 miRNAs were up-regulated in EV-AT71-infected cells. There was consistent up-regulation of miR-1246
gene expression that targeted the DLG3 gene which contributes to neurological pathogenesis. In contrast, miR-
30a that targets calcium channels for membrane transportation was down-regulated. This leads to repression of
EV-A71 replication. The impact of host miRNAs on immune activation, shutdown of host protein synthesis,
apoptosis, signal transduction and viral replication are discussed. miRNAs have been used in the construction of
live attenuated vaccines (LAV) such as the poliovirus LAV that has miRNA binding sites for let-7a or miR-124a.
The miRNA-bearing vaccine will not replicate in neuronal cells carrying the corresponding miRNA but could still
replicate in the gastrointestinal tract and hence remains to act as immunogens. As such, miRNAs are attractive
candidates to be developed as vaccines and antivirals.
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INTRODUCTION

The hand, foot, and mouth disease (HFMD) is generally manifested as a mild illness but fatal
neurological complications leading to cerebellar encephalitis, acute flaccid paralysis and aseptic meningitis have
been observed in infants and young children below 6 years of age (1). The EV-A71 virus was first isolated as the
etiological agent of HFMD from a young child in California, United States in 1969 (2). The virus is a member of
the human Enterovirus species A belonging to the Picornaviridae family (3). HFMD outbreaks caused by EV-
AT71 infection have been occurring periodically throughout the world. Since 1997, countries such as Taiwan,
Japan, Malaysia, Singapore and Vietnam had experienced cyclical epidemics which occurred every 2 or 3 years
(4). HFMD-caused by enteroviruses such as Enterovirus 71 (EV-A71), Coxsackie type A16 (CV-A16), CV-Al0,
CV-AG6 and other enteroviruses causing HFMD have led to over 7 million infections, including 2457 fatalities in
China from 2008 to 2012 (5).

With rising concern about the virulence of EV-AT1, there is an urgent need for a vaccine against EV-
AT71 to be produced that is approved by the United States Food and Drug Administration (FDA) or European
Medicines Agency (EMEA). Besides traditional approaches such as the EV-A71 inactivated vaccine which is at
the forefront of development, recent studies have reported the emergence of novel vaccines that utilize
microRNAs (miRNAs). Although the inactivated vaccine (V) is the safest vaccine as there will be no reversion
to wild type, efficacy was only at 80% against serious HFMD cases (6). Although the IV would be able to reduce
the number of mild HFMD cases, there would be 20% of the population that remain susceptible to severe HFMD
infection. Additionally, the IV only induces humoral immunity and lacks cellular immunity. With an 1V, there is
no viral replication and hence there is lower antigen content and less prolonged antigen persistence (7). As a result,
inactivated vaccines elicit weaker and shorter antibody responses and there is no long-term immune memory.
Hence, immunogenicity is not long-lasting and requires multiple boosters.

The live attenuated vaccine (LAV) is cheaper to produce, induces excellent immunogenicity and confers
live-long immunity. LAV is preferred over Vs as it can elicit both humoral and cellular immunity. There is an
increasing body of research which indicates that cellular and not humoral immunity determines the clinical
outcome of EV-A71 infections. In the most severe cases with pulmonary edema, blood samples showed lower
levels of cellular cytokines and interferons (TNF-a, IL-1B and IL-6), while there was no difference in the level of
neutralizing antibody (NtADb) titers between mild, severe and fatal cases (8). Many diseases such as measles,
mumps, influenza, rotavirus and rubella have safe and effective LAVS, testifying to the success and potential of

LAVs. With advances in molecular biology, novel approaches to LAV can be further developed which relied on



concepts such as altered replication fidelity, codon deoptimization and microRNA-controlled LAVS. Arita et al.
(2007) attempted to design a LAV against the EV-A71 BrCr strain (S1-3”) by incorporating 3 mutations in the 5’-
NTR (nt. 485, 486, 474), 2 mutations in the RARP (Tyr-73, Cys-363) and a single site mutation in the 3’-NTR (nt.
7409). Although the strain had reduced pathogenicity, cynomolgous monkeys inoculated with the S1-3” strain still
showed mild neurological manifestations and the virus was still isolated from the spinal cord (9). Hence, the plan
to use this strain as a LAV was discontinued.

1. DEVELOPMENT OF miRNA-BASED VACCINES

miRNAs are 19-24 nucleotides long, non-coding RNAs that can prevent translation of messenger RNA
(mRNA). The first miRNA, lin-4, was isolated from an unsegmented roundworm, Caenorhabditis elegans (C.
elegans) in 1993. After several years the second miRNA, let-7 was also discovered in C. elegans (10). Since its
first discovery, thousands of new miRNAs have been identified from a diverse range of organisms, including
humans (11). A number of viruses, predominantly from the large dsDNA virus family, have been found to express
their own miRNA, for example, herpesviruses and polyomaviruses (12). As miRNAs present in the human
genome are known to interact with viruses, recent advances in the molecular interplay between EV-A71 and
miRNAs will be reviewed.

The primary function of miRNA is RNA silencing and post-transcriptional regulation of gene expression.
miRNA is able to repress translation or induce mRNA degradation, depending on its sequence homology with the
targeted mRNA (11). Complete complementarity between miRNA and target mRNA would lead to cleavage and
degradation while mismatches would lead to suppression of translation. MicroRNAs are genomically encoded
and transcribed as a long precursor pri-miRNA. Drosha, a nuclear ribonuclease (RNAse) and DGCR8 (DiGeorge
Syndrome Critical Region) would then process the pri-miRNA to ~ 60 nucleotide (nt) hairpin intermediates (pre-
miRNA) which are transported to the cytoplasm (Fig. 1). The hairpin intermediate would thereby be trimmed by
a second RNAse I, Dicer to ~ 22 nt. prior to being loaded onto the RNA-induced silencing complex (RISC). This
would then lead to either mMRNA degradation or translational inhibition (13).

The biogenesis process is found in almost all organisms with the exception of RNA viruses. There is
little evidence for miRNA being produced by RNA viruses in contrast to DNA viruses (14). One of the reasons is
that the miRNA biogenesis machinery via Drosha is located in the nucleus, whereas the genomes of cytoplasmic
viruses are located the cytoplasm and are physically separated from Drosha and its cofactors. The processing of
miRNAs from RNA viral genomes in the cytoplasm would result in the cleavage of the genome during excision

of the miRNA, rendering it useless as a template for translation or replication.
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Fig. (1). Biogenesis of miRNA and miRNA based vaccine strategy.

Silencing of miRNA transcripts can be achieved in a tissue-specific manner through insertion of a miRNA target
sequence into a virus vector. In neuronal cells that express the miRNA, the viral RNA is cleaved and there is no
virus produced. In intestinal cells which do not express the miRNA, viral replication is restricted and an immune
response is elicited without the associated risk of disease. Adapted by permission from Macmillan Publishers Ltd:
[Nature Biotechnology] (13), copyright (2010).



The human genome has more than 1000 different miRNAs that are tissue specific, which can function
as post-transcriptional regulators, capable of repressing hundreds of genes and regulating many cellular processes
(15, 16). miRNAs are found to regulate functions such as cell proliferation, differentiation, homeostasis, immune
activation and apoptosis (12, 17-20). miRNAs have tissue-specific signatures and their expression profiles are
unique for every tissue. It was discovered that the small intestines of mice express higher amounts of miR-143
and miR-194 as compared to other tissues (21). Host-encoded miRNAs have also been found to participate in
complex host-virus interactions (22). New technologies are emerging on the utilization of miRNA target sites for
the inhibition of endogenous miRNA (23). This can be carried out through the insertion of a miRNA target
sequence into a genome sequence in a vector thereby, silencing a particular miRNA transcript.

Brown et al. (2006) incorporated miR-142-3p binding sites into their lentiviral vector and discovered
that expression from hepatocyte specific promoters was suppressed in hematopoietic lineages. This expression
profile was not repressed in non-hematopoietic lineages in immunocompetent mice (24). This meant that gene
expression of the integrated miRNA target sequence was controlled by cellular miRNAs in target tissues. In
addition, Kelly and colleagues (2008) demonstrated that insertion of a muscle-specific miRNA target sites (miR-
133 and miR-206) into the 3°-NTR of CVA-21 repressed expression of lethal myositis in tumor bearing mice. It
was observed that there was lethal myotropism in viruses that had a disrupted miRNA target sequence (25). A
later study (2010), reported that the picornaviral life cycle could be disrupted by miRNAs even at very late stages
after infection, albeit at very high levels of viral copy number. In fact, the life cycle could be interrupted at multiple
levels, including catalytic degradation of the viral genome, suppression of uncapped IRES-dependent mRNA
translation, and interference with viral encapsidation (26). The virus would not be able to replicate in cells
expressing the corresponding miRNA and would thereby display an attenuated phenotype (27).

In another study, inclusion of hepatocyte-specific mMiRNA target sequences for miR-122 at the 3'-NTR
of the adenovirus genome showed an 80-fold decrease in hepatic expression of adenovirus after intravenous
delivery to mice (28). Perez et al. (2009) demonstrated that by incorporation of miRNA target sites into the open
reading frame of the Influenza A viruses, they could produce attenuated HIN1 and H5N1 viruses. These
attenuated viruses led to a 2-log reduction of mortality and a diverse antibody response in mice (29). Lee and
coworkers (2010) inserted the hepatocyte specific miR-122 into the 3’-NTR of the dengue virus and found that
liver infection was effectively suppressed (30). These studies corroborate intensive research that cellular miRNAs

can effectively inhibit pathogenic viral replication and provide an additional layer of biosafety.



An ideal attenuated virus vaccine should be one that does not replicate in tissues that it can cause disease
and yet at the same time, replicate actively in other tissues to elicit a complete and long-lasting immune reaction.
For example, the Sabin poliovirus replicates normally in many tissues but does not replicate in neuronal cells
where it is able to cause lytic infection. Using the miRNA-based approach, Barnes and coworkers (2008) inserted
miRNA binding sites for let-7a or miR-124a into the poliovirus genome and showed that there was restricted viral
replication in the nervous system of a murine model. Although the degree of attenuation of neurovirulence
exceeded 5 orders of magnitude, these engineered miRNA-bearing viruses were still able to replicate in non-
neuronal tissues and elicit high neutralizing antibody titers (103-10°) after a single intraperitoneal injection in mice
(26). These studies were consistent with previous reports that mice vaccinated with miRNA vaccines were able
to elicit comparable neutralizing antibody titers as the Sabin type 1 poliovirus vaccine strain and were protected
from the wild type virus (31). This meant that these vaccine candidates could stimulate a strong protective
immunity without the adverse risk of causing paralysis.

Nevertheless, this strategy has its drawbacks as it was discovered that the let-7a bearing poliovirus did
not replicate well in most tissues. This would then elicit a weaker immune response and the vaccine strain may
have low immunogenic properties. In addition, although the miR-124a virus could not replicate in neuronal tissue,
it was able to grow extensively in other tissues. However, this allows the virus to accumulate escape mutations
that could prevent degradation of the viral genome. This also increases the potential for the miR-124a bearing
virus to revert to the wild type poliovirus. It was also reported that several mice had low titers of mutated miR-
124a virus in their spinal cords. Therefore, it is essential to find ways to control the mutability of miRNA-based
vaccines. One such method would be to incorporate a combination of miRNA target sequences into the viral
genome to minimize escape from replication-silencing activity, increase cell selectivity and eliminate potential
for cytopathic side effects (26). In addition, high fidelity imposed by a mutation can be engineered into viruses
containing multiple miRNA target sequences. This would also serve to increase the genetic stability of the
engineered virus and minimize the risk of reversion of the miRNA-bearing mutant to the wild type. These
strategies can pave the way for the development of safe and effective vaccines to target viral diseases that do not
yet have vaccines for prevention.

2. mMiRNA ANTIVIRAL AGENTS

miRNAs can either stimulate or suppress viral gene expression. A well-known example of a miRNA that

is highly abundant and expressed in the liver is miR-122. This miRNA encourages hepatitis C viral (HCV)

replication by promoting viral RNA stability. This was caused by the binding of host miR-122 to two closely



spaced target sites (S1 and S2) in association with protein argonaute-2 (Ago2) in the 5’-NTR of the HCV genome,
thereby forming an oligomeric miR-122-HCV complex. This binding masks the 5” terminal sequences from Xrnl
degradation and promotes viral RNA stability. The miR-122 also enhances the association of small-unit ribosomes
with viral RNA at the early initiation stage and stimulates translation of the HCV genome (32-33).

It is a well-known fact that viruses are recognized by host cell receptors and the host would elicit the
endosomal toll-like receptor (TLR) signaling to produce Type I Interferons (IFNs) which serve as the earliest host
response against viral infections (34-37). The IFNs would then activate downstream interferon-stimulating genes,
T cell proliferation and IFN-)A production (38). Studies have reported that Type 1 IFN production is inhibited by
EV-AT71 infection (39, 40). Interestingly, using miRNA prediction programs and 3’-UTR targeting site assays, Li
et al (2012) found that the miR-548 family increased EV-A71 and vesicular stomatitis virus (VSV) infection by
binding to the 3'-UTR of IFN-LA1, thereby down regulating expression of IFN-A1. When IFN-A1 inhibitors were
added, this significantly suppressed the replication of EV-A71 through the up regulation of IFN-A1. Their studies
suggested that miR-548 regulates host antiviral response via direct targeting of miR-548 inhibitors (41).

Lui and co-workers (2014) also demonstrated that EV-A71 utilized host miRNAs such as miR-548 to
enhance the cellular microenvironment for viral replication. The miR-548 is involved in interferon (IFN) signaling
pathway during viral infection. EV-A71 altered host miRNAs such as miR-548 to manipulate host antiviral
responses. Up-regulation of miR-548 was found to down regulate various antiviral signaling pathways such as
Toll-like receptor, Nod-like receptor, RIG-1-like receptor and Type 1 interferon signaling. They were able to
investigate the role of an essential cofactor for miRNA biogenesis, a double-stranded-RNA-binding protein
(DGCR8) that processes pri-miRNA to functional miRNAs. This was corroborated when the knock-down of
DGCRS8 gene resulted in the inability of EV-AT71 to replicate in its host through the disruption of miRNA
biogenesis. This is shown in the decrease in RNA expression levels of EV-A71 in miRNA-depleted RKO, HT29
and RD cells. EV-AT71 was unable to establish infection in miRNA-depleted cells and this would mean that EV-
AT71 uses host microRNAs to mediate the immune system such that it enhances viral survival during infection
(42).

Ho et al. (2011) showed that EV-A71 up-regulated miR-141 expression which contributed to the shutoff
of host protein translation by targeting the translation initiation factor elF4E. Knockdown of miR-141 reduced
viral propagation and silencing of elF4E completely reversed the inhibitory effect of anti-miRNA oligonucleotides
against miR-141 on viral propagation. They also discovered that a transcription factor, early growth response

protein 1 (EGR1) was partly responsible for miR-141 induction in response to Enterovirus infection (43). In



contrast, Zheng and co-workers (2013) discovered that EV-AT71 infection up-regulates expression of cellular miR-
296-5p. The copy number of miR-296-5p in RD cells increased from 400 to 970 within 12 hours post infection
(hpi), while in SK-N-SH cells, it ranged from 2,500 to 9,000 during EV-A71 infection. In addition, they also
showed that the up-regulation of hsa-miR-296-5p inhibited EV-A71 infection as proven by the reduction in viral
titer and EV-A71 RNA levels for hsa-miR-296-5p infected cells. Consistent with previous studies, VP1 protein
levels were also found to decrease in hsa-miR-296-5p-transfected cells at 6 and 12 hpi based on VP1
immunoblotting. In contrast, inhibition of miR-296-5p facilitated EV-A71 pathogenesis as shown by significant
increases in viral titer and RNA copy number after 8 hpi when cells were transfected with miR-296-5p inhibitors.
Western blots indicated that the amounts of VP1 protein increased in miR-296-5p inhibitor-transfected cells at 6
hpi and 12 hpi. It was postulated that overexpression of miR-296-5p suppressed EV-A71 replication by targeting
two potential miR-296-5p targets (nt. 2115 to 2135 and nt. 2896 to 2920) located in the EV-A71 genome of the
BrCr prototype strain. They also demonstrated the introduction of synonymous mutations into the viral genome
impaired the viral inhibitory effects of miR-296-5p (44). This shows that miR-296-5p suppresses EV-A71 gene
expression by targeting the viral genome.

Cellular miRNA can also suppress viral infection as shown by Wen et al (2013) that expression of miR-
23b suppressed EV-AT1 replication through the down-regulation of Viral Protein 1 (VP1). Their results showed
that up-regulation of miR-23b targeted the 3’-NTR of EV-AT71 genome and hence, down-regulated VP1 protein.
Western blot analysis and viral titers for miR-23b mimics in EV-AT71 infected cells were significantly lower as
compared to cells infected with EV-A71 only (45). Cui and colleagues (2010) performed a deep sequencing
approach to identify miRNAs involved in host response to EV-AT71 infection. They demonstrated that 42 out of
64 miRNAs were up-regulated in EV-A71-infected human epidermoid carcinoma cells (Hep2). They discovered
that there was consistent up-regulation of miR-1246 and miR-1237 gene expressions. In addition, miR-619, miR-
1268, miR-1273, miR-1290, miR-1178 and miR-1302-8 were up-regulated in EV-AT71 infected cells. In contrast,
miR-30a and miR-222 were down-regulated (22). Table 1 summarizes the miRNAs that are involved in EV-A71
infection.

In addition, EV-AT71 has been found to up-regulate the expression of let-7b in neuronal SH-SY5Y cells.
Let-7b induces apoptosis of EV-AT71-infected cells by repressing cyclin D1 (CCND1), a vital element in apoptosis.
Suppression of CCND1 leads to higher rate of apoptosis in infected cells. Hence, inhibition of let-7b by 2°-O-
Methyl-RNA restored CCND1 expression, prevented occurrence of apoptosis and reduced replication of EV-A71

in SH-SY5Y cells (46). In a separate study, miR-1246 which was up-regulated in response to EV-A71 infection



was found to suppress expression of the disc-large homolog 3 (DLG3), which led to impairment of the
neurological system. Reduction of DLG3 expression by miR-1246 could lead to meningitis and encephalitis which
are symptomatic of severe EV-AT71 infection. Hence, miR-1246 is postulated to play a role in neurological
pathogenesis by the regulation of DLG3 expression (47).

The miRNAs can be silenced by using modified anti-miRNA oligonucleotides (AMOs), also known as
“antagomirs” (48-52). They contain oligonucleotides complementary to their target sequence and can form a
duplex with the target miRNA, thereby inhibiting the expression of the miRNA. Such an approach was first
developed by Boutla and co-workers (54) whereby different antagomirs successfully inhibited miRNA in cell
culture (50-52, 54), flies (51, 53, 55) and mice (56-58) This could be attributed to the design of the
oligonucleotides that had locked nucleic acids (LNA), with nuclease resistance and cholesteryl functionality at
the 3’ end for enhanced cellular uptake (59, 60). The key requirements for antagomiRs are that they must be cell
permeable, not rapidly excreted and stable in vivo (61). However, they all require transfection agents which maybe
cytotoxic in humans, to mediate entry into cells. Hence, to overcome this problem, the chemically modified
oligonucleotides should be conjugated to cholesterol to facilitate cellular uptake. Another example of chemical
modification includes the 2’-O-methyl-group (OMe)-modified oligonucleotides and locked nucleic acid (LNA)-
modified oligonucleotides, in which the 2’-O-oxygen is bridged to the 4’-position through a methylene linker to
form a rigid bicycle, locked into a C3’-endo (RNA) sugar conformation (62).

Nevertheless, this strategy is not without controversy as there has been some concern about frequent viral
mutations, particularly for RNA viruses that may impede the usage of such therapeutic miRNAs. Viruses have
been known to mutate to escape suppression by cellular miRNAs. However, miRNAs work by imperfect
complementarity and hence, this would pose an advantage to prevent mutational escape (63). There have been
some suggestions on the degree of mutations that are tolerable for miRNA binding. Grimson et al. (2007)
demonstrated features that are vital for posttranscriptional repression and that would be the degree of AU-richness
around target sites, target site location relative to the stop codon and preferential base pairing to nt 13-16 of the
miRNA. Importantly, for target recognition would be the ~7-nt sites that match the binding region of the miRNA
(64).

The usage of antagomirs has successfully been carried out against EV-A71 and HCV. Better antivirals can be
produced with a greater understanding of cell signaling pathways and the effect of antagomirs in viral inhibition.
It is known that EV-AT71 inhibits induction of downstream IFN-stimulated genes (65). It is also unfortunate for

the failure to use IFN for treatment of EV-AT71 infection. In a typical virus-host interaction, the virus would be
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recognized by host pattern-recognition receptors and activate endosomal toll-like receptor (TLR) signaling to
produce type | IFNs. The resulting IFNs would then promote the proliferation of memory T cells, stimulate [FNy
production and activate natural Killer cells. The two key elements in TLR signaling and IFN production are the
Interleukin-1 receptor-associated kinase 1 (IRAK1) and TNF receptor-associated factor 6 (TRAF6). Ho and
colleagues (2014) showed that EV-A71 infection suppressed TRAF6 and IRAK1 by the up-regulation of miR-
146a (Fig. 2). EV-AT71 infected cells showed suppressed protein expression of IRAK1 and TRAF6 most
significantly at 8 and 12 hpi. It was also demonstrated that induction of miR-146a and suppression of IRAK1 and
TRAF6 were dose dependent in Rhabdomyosarcoma (RD) and mouse embryonic fibroblast (MEF) cells.
Conversely, when the protein expression levels of IRAK1 and TRAF6 were restored remarkably, viral replication
was inhibited and virus-infected neonatal mice survived EV-A71 lethal infection using miR-146a antagomirs.
Intraperitoneal injection of the antagomiR-146a (1.2 mg kg—1) at 1 h before virus infection significantly improved
the survival rates (56-80%) as compared with the PBS and antagomiR negative control groups (22 and 25%,

respectively) (66).
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Table 1. miRNAs up-regulation and down-regulation in EV-A71 infection.

MiRNAs Up- Target Genes Functions
regulation/
Down-
regulation?
miR-1246 + DLG3 Contribution to neurological
pathogenesis
miR-141 + elF4E Enhancement of EV-AT71 propagation
miR-296-5p + EV-A71VP3and VP1-coding Repression of viral replication
region
miR-370 + SOSland GADD45p Enhancement of EV-AT71-induced cell
apoptosis
miR-27a - EGFR Repression of viral replication
miR-146a + IRAK1 and TRAF6 Enhancement of viral pathogenesis
miR-548 + IFN-A1 Enhancement of replication of EV-
A71 and VSV
miR-636, MiR-1226, + Ribosomal protein S6 kinase ~ Up-regulates kinases and
miR-421, miR-140 phosphatases
miR-1178, miR-140 + Transforming growth factor, Up-regulates cell signaling,
alpha extracellular communication
miR-1254,miR-320c + Cyclin-dependent kinase 6 Up-regulates cell cycles

miR-627, miR-21

miR-1180,miR-582
miR-545, miR-30a

miR-26a, miR-27

miR-26a, miR-545

Calcium channel, voltage
dependent, L type, alpha IC
subunit
BCL2-antagonist/killer 1

Muscle  RAS
homolog

oncogene

Down-regulates membrane
transporters

Down-regulates apoptosis

Down-regulates oncogenes

2 (+) denotes up-regulation of the miRNA upon EV-AT71 infection. (-) denotes down-regulation of the miRNA

upon EV-AT71 infection.
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Many pharmaceutical companies are interested in initiating clinical trials to produce safe and effective
antivirals using miRNA biology. For example, Mirna Therapeutics, Inc. (USA) is currently conducting a
multicenter, dose-escalation study for clinical trial phase I, to investigate the safety, pharmacokinetics and
pharmacodynamics of the miR-34 mimic, MRX34, in patients with primary or advanced liver cancer. The primary
objectives of the clinical trial are to establish the maximum tolerated dose and the recommended Phase 2 dose for
future clinical trials (67). The antagomirs against miR-122 to target HCV have also been tested in chimpanzees
and results have been very promising. This anti-miR-122 molecule is the first miRNA-targeting treatment to enter
human clinical trials in the fight against HCV (Miravirsen, Santaris Pharma AJS) (68). However, there is a
possibility that this anti-miR-122 may interfere with hepatocyte metabolism. Hence, there is a need to search for
other liver-specific miRNAs that may play a vital role in HCV-host interactions.

An interesting and alternative method to interfere with miRNA function would be the use of
octaguanidium-conjugated vivo-morpholino oligonucleotides (vivo-MOs). They are single stranded (ss) DNA
antisense agents that prevent translation of viral RNA by steric blocking of complementary RNA sequences and
can even inhibit pri-mRNA or pre-miRNA. Tan et al. (2014) discovered that vivo-MOs targeting the IRES region
of the EV-A71 genome showed significant viral plaque reductions and decreased viral RNA copy number. The
vivo-MO-2 demonstrated antiviral activities against PV and CV-A16. However, an EV-A71 mutant that was
resistant to vivo-MO-1 arose after eight passages in the presence of increasing concentrations of vivo-MO-1. The
mutant contained a single substitution from Thymine to Cytosine at nt. 533 (69). Hence, additional studies need
to be performed to examine the resistance of potential antivirals against EV-A71. In another study, Kloosterman
et al. (2007) used vivo-MOs targeting miR-375 to cause defects in the morphology of pancreatic islet cells of
zebrafish. The vivo-MOs could block miRNA maturation at the Drosha or Dicer cleavage steps, and thereby
inhibit the activity of the mature miRNA (70). The usage of vivo-MOs holds great potential in unravelling miRNA
function in the development of human and mammalian genes. Many research teams are also very interested to
sequence the entire “miRNome” and understand the role played by different miRNAs in the pathogenesis of viral
diseases. Indeed, anti-miRNAs have a promising potential to be developed into novel anti-viral agents to treat

patients infected with EV-A71.
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Fig. (2). EV-A71 infection up-regulates miR-146a, which suppresses expression of IRAK1 and TRAF6.
This inhibits production of type | IFN and virus escapes host immune attacks. Neutralization of virus-induced
miR-146a by antagomirs can block this signaling cascade, resulting in reduction of viral pathogenicity and
mortality. Adapted by permission from Macmillan Publishers Ltd: [Nature Communications] (66), copyright

(2014).

13



14

CONCLUSION

Recent studies have shown the importance of miRNAs in Enterovirus-related pathogenesis and hence, miRNAs
provide an opportunity for the design of novel therapeutic and preventive strategies against viral infections [71].
It is interesting to note that a patent covering miRNA-based antiviral agents such as Miravirsen has been filed
(WO 2013068348 Al) is currently undergoing clinical trial phase 3 (NCT 01200420). This miRNA antiviral agent
elicits a prolonged dose-dependent decrease in in HCV RNA levels without evidence of viral resistance [72]. As
there is currently no FDA-approved antiviral for EV-AT71, antivirals that target host miRNA could be designed to
prevent up-regulation of miRNAs that enhance virulence of EV-AT71. In addition, the miRNA-based vaccine
provides an interesting mechanism for controlling viral replication in specific tissues and yet it can still elicit a
strong immunological response. There have been patents filed on miRNA-based vaccines such as the LAV against
Influenza Virus (EP 2403527 A2) and Herpes Virus (EP 2303334 Al). If a miRNA-based vaccine or antiviral
candidate for EV-AT71 is developed, evaluation of cross-genotype protection, toxicity, pharmacokinetics and drug
delivery studies will need to be conducted.
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