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Antiviral Strategies Against Human Coronaviruses
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Abstract: Since the mid 60’s the human coronaviruses (HCoV), represented by HCoV-OC43 and HCoV-229E, were generally
considered relatively harmless viruses. This status changed dramatically with the emergence of SARS-CoV in 2002/2003. The SARS-
CoV pandemic took 774 lives around the globe and infected more than 8000 people in 29 countries. SARS-CoV is believed to be of
zoonotic origin, transmitted from its natural reservoir in bats through several animal species (e.g., civet cats, raccoon dogs sold for human
consumption in markets in southern China). The epidemic was halted in 2003 by a highly effective global public health response, and
SARS-CoV is currently not circulating in humans. The outbreak of SARS-CoV and the danger of its re-introduction into the human
population, as well as the danger of the emergence of other zoonotic coronaviral infections triggered an intense survey for an efficient
treatment that resulted in the evaluation of several anticoronaviral compounds.

HCoV-NL63 and HCoV-HKU1 were identified shortly after the SARS-CoV outbreak. The 4 human coronaviruses HCoV-229E, HCoV-
0C43, HCoV-NL63 and HCoV-HKUI cause mild respiratory illnesses when compared to SARS, but these infections are involved in 10
— 20 % of hospitalizations of young children and immunocompromised adults with respiratory tract illness. Therefore, there is an urgent
need for a successful therapy to prevent disease induction or a vaccine to prevent new infections. This review summarizes the current

status of anticoronaviral strategies.
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CORONAVIRUSES

Coronaviruses, a genus of the Coronaviridae family, are
enveloped viruses with a plus-strand RNA genome. The genomic
RNA is 27-32 kb in size, capped and polyadenylated. Coronaviru-
ses have been identified in bats, mice, rats, chickens, turkeys,
swine, dogs, cats, rabbits, horses, cattle and humans and cause
highly prevalent diseases such as respiratory, enteric, cardiovas-
cular and neurological disorders. Originally, coronaviruses were
classified on the basis of antigenic cross-reactivity, and three
antigenic groups were recognized. When coronavirus genome
sequences began to accumulate, the original antigenic groups were
converted into genetic groups based on similarity of the nucleotide
sequences [1,2].

Clinical Manifestations

Coronaviruses received relatively little attention as human
pathogens, as they were considered to be common cold viruses.
Inoculation of HCoV-229E and HCoV-OC43 in healthy volunteers
revealed that infection with these viruses causes common cold, but
more severe lower respiratory tract infections (LRTI) were
observed in infants and immunocompromized persons [3-19].
Coryza occurs more often in patient with HCoV-229E infection,
while HCoV-OC43 positive patients frequently have sore throat
manifestations [18]. The SARS epidemic started in the Guandong
province of China in 2003. At first it was suggested that known
viruses were involved, but soon thereafter SARS-CoV was
identified as the responsible pathogen [20-22]. SARS-CoV
probably originated from a wild animal reservoir, most likely bats,
and was transmitted in a zoonotic event to humans via civet cats
that are traded as food in China [23]. The short but wide-spread
epidemic was terminated at the end of 2003 and has not returned
thereafter [24]. The last two viruses: HCoV-NL63 and HCoV-
HKU1 were identified in 2004 and 2005, respectively [25,26].
Infection by these viruses probably displays a spectrum of diseases
similar to HCoV-229E and HCoV-OC43 infection. A clear link
between HCoV-NL63 and respiratory diseases was established in a
prospective population-based study (PRI.DE) on LRTI in children
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less than three years of age in Germany [27,28]. Of the children
with HCoV-NL63 infection, 45% had laryngotracheitis (croup)
compared to only 6% in the control group. Multivariate analysis
demonstrated that the chance of croup is 6.6 times higher in HCoV-
NL63-positive children than in HCoV-NL63-negative children [9].
The respiratory symptoms accompanying an HCoV-HKUI1
infection are usually rhinorrhoea, fever, cough, febrile seizure and
wheezing, and disease manifestations like bronchiolitis and
pneumonia [14]. It has been suggested that HCoV-HKU1 might
also trigger gastrointestinal disease [16].

Genome Structure

The coronaviral genome encompasses 27 - 32 kb and contains
at least seven open reading frames (ORF) and untranslated regions
at the 5” and 3’ ends. The two large 5’ terminal ORFs la and lab
encode non-structural proteins that are required for viral replication.
The remaining ORF’s in the 3’ part of the genome encode the four
structural proteins spike (S), envelope (E), membrane (M) and
nucleocapsid (N) for group I coronaviruses and an additional
haemaglutinin esterase (HE) protein for group II coronaviruses.
Between the structural protein genes several accessory ORF’s are
located. The position and order of these ORF’s varies between
species [25]. Recent studies have shown that some of the accessory
proteins of SARS-CoV are structural proteins that are incorporated
in the virion [29-31].

Replication Cycle

Coronavirus infection starts with the recognition of a specific
receptor on the host cell surface by the coronaviral S protein,
followed by internalization of the virion core either by direct fusion
of the viral membrane with the plasma membrane or via
endocytosis [32,33]. Viral RNA is released into the cytoplasm and
“cap-dependent” initiation of translation results in the immediate
expression of viral proteins and subsequent RNA replication [34].
Full-length genomic RNA and a nested set of subgenomic mRNAs
(sg mRNA) are generated in the membrane-associated replication
centers (double membrane vesicles, DMV’s) [35]. These sg
mRNAs are functional templates for translation of structural
proteins. Full-length viral RNA which is bound to the N protein is
encapsidated in newly assembled virion particles that are released
from the host cell via exocytosis or apoptosis.
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ANTIVIRAL AGENTS TARGETING DIFFERENT STEPS
OF THE VIRAL REPLICATION CYCLE

Cell Entry

The coronavirus S protein is a 180 — 200 kDa type I membrane
glycoprotein, incorporated in a virion as a surface protein. The S
protein is composed of a short C-terminal tail inside the virion, a
single transmembrane domain, and a rod - like domain (S2) with a
globular “head” (S1). The main function of the S protein is binding
to the cellular receptor by the receptor binding site (RBS) on the S1
domain, resulting in fusion with the cellular membrane. Group II
coronavirus S proteins contain a furin cleavage site between S1 and
S2, and cleavage of the S protein is critical to reach an active
conformation [36,37]. The receptor specificity varies between
species, especially for group II viruses: MHV uses CEACAM-1
[38], HCoV-OC43 and BCoV use O-acetylated sialic acid [39] and
SARS-CoV uses angiotensin converting enzyme 2 (ACE2) [40].
Before the discovery of HCoV-NL63, it was generally thought that
all group I coronaviruses use CD13 (also known as aminopeptidase
N) as receptor, because all representatives (HCoV-229E, porcine,
feline and canine coronaviruses) engage this molecule for cell entry
[41-44]. However, HCoV-NL63 does not use CD13, but ACE2 as
receptor [45].

After binding of S to the receptor enveloped viruses employ
two different strategies to enter their target cells. One involves
fusion of viral / cellular membrances on the cell surface while the
second strategy uses endocytosis and subsequent acidification of
the environment, which is needed directly or indirectly (by pH
dependent activation of endosomal proteinases) for virion / cell
fusion.

Inhibition of Cell Attachment

The S protein of coronaviruses is highly glycosylated. This
carbohydrate shield may be used as a target for compounds
specifically binding to sugar moieties, e.g. lectins, thus coating the
protein and blocking the interaction with the receptor. Plant lectins
are known to inhibit the infection of viruses that contain a
glycosylated envelope such as human immunodeficiency virus type
1, cytomegalovirus and human T-cell leukemia virus type I [46-48].
The mannose-specific plant lectins derived from Galanthus nivalis
(Common Snowdrop), Hippeastrum hybrid (Amaryllis) and Allium
porrum (leek) inhibit replication of SARS-CoV and feline
coronavirus [49,50]. These lectins indeed block the S - receptor
interaction as inhibition is observed at a very early stage of
replication [49].

A more specific inhibitory approach is provided by specific
monoclonal or polyclonal antibodies directed to the RBS of the S
protein or the domain of the cellular receptor that is recognized by
the S protein. Several reports describe RBS - specific antibodies
that efficiently inhibit receptor binding [51-55]. These antibodies
can be generated by immunization of laboratory animals with
proteins [51-53,56] or complete viruses [54,57] and subsequent
purification of specific antibodies. Alternatively, in vitro generation
of human antibodies is possible based on antibody phage display
library screening [58-60]. The CR304 human monoclonal antibody
(mAb) and 80R mAb immunoglobulin IgG1 are potent SARS-CoV-
RBS binders that block the S — ACE2 interaction [51,60]. These
mADbs can limit SARS-CoV infection below the detection levels in
an in vivo mouse and ferret model [60-62]. A broader protection is
provided by polyclonal antibodies, as the possible selection of viral
escape mutants is less likely [63,64].

Only few studies have tested monoclonal and polyclonal anti-
bodies against the other human coronaviruses. Inhibition of HCoV-
229E infection can be achieved in vitro by polyclonal antibodies
directed to complete virus or the RBS, and also a monoclonal
antibody directed to the HCoV-229E receptor, aminopeptidase N,
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inhibits HCoV-229E replication [65]. HCoV-NL63 can be neutra-
lized by pooled immunoglobulins (IVIG) [63].

Small-molecular-weight inhibitors interacting with the viral
receptor provide another therapeutic option, e.g. N-(2-aminoethyl)-
1 aziridine-ethanamine (NAAE), which binds to the ACE2 protein
[66].

Another approach to influence coronavirus entry is to induce
downregulation of the receptor on the cell surface. Treatment of
Vero E6 cells with interleukin 4 and interferon y decreases the
expression of ACE2 at the transcriptional level, thus limiting the
susceptibility of the cells to SARS-CoV infection [67]. Although
these results were presented only for SARS-CoV, it might be
expected that HCoV-NL63 infection will also be restricted since
this virus uses the same receptor. The clinical consequences of such
a treatment are currently not known. ACE2 together with ACE are
involved in regulation of the renin—angiotensin system and have an
important role in maintaining blood pressure homeostasis, as well
as fluid and salt balance [68-70]. Moreover, ACE2 is involved in
protection against lung damage [71,72], and decreasing ACE2
levels or inactivating ACE2 as part of a SARS treatment can
therefore have serious adverse effects.

Inhibition of Virus — Cell Fusion

A second step of coronavirus cell entry is the virion fusion with
the host cell membrane and release of the virion core with the RNA
genome into the cytoplasm. Depending on the virus species, the
fusion can occur directly on the cell surface or may require
internalization into the endosome [37]. Treatment with inhibitors of
vacuolar acidification like ammonium chloride, chloroquine (an
anti malaric drug, approved for use in humans) or bafilomycin A,
demonstrated that HCoV-229E and SARS-CoV require the
endosomal pathway for entry [33,73]. HCoV-NL63 may engage a
different route for entry since vacuolar acidification inhibitors have
only limited influence [73,74]. Thus, inhibition of the fusion
process with chloroquine has limitations and may be applied only
for some coronaviruses [33,63,73].

The S proteins of coronaviruses exhibit a characteristic mem-
brane fusion mechanism that is driven by conformational changes in
the S protein, involving rearrangement and interaction of heptad
repeat regions (HR1 and HR2) located in the S2 domain.
Association of the HR1 and HR2 domains into a 6-helix bundle
triggers membrane fusion. Characteristic for group I viruses is the
insertion of 14 additional amino acid in both HR regions, when
compared to group II viruses [75]. Several reports showed that
treatment with synthetic peptides corresponding to the HR1 and
HR2 regions results in profound inhibition of SARS-CoV
replication [76-78]. For non-SARS human coronaviruses such a
study was performed only for HCoV-NL63 and a clear inhibition
was observed in vitro with a synthetic HR2 peptide, illustrating that
group I coronaviruses use the same fusion mechanism as group II
viruses [63]. Such an antiviral approach is not a novelty, as it was
presented for several other viruses, including the T20 peptide that
has been approved as anti — HIV-1 drug [79]. Besides inhibition by
HR — derived peptides, the association between HR1 and HR2 can
also be blocked by HR - specific antibodies [80-83].

Furthermore, Sainz et al. developed peptide fusion inhibitors
based on non-HR regions of S2. Five regions within the SARS-CoV
S2 subunit with a high propensity to interact with the lipid interface
of membranes were identified and peptides analogous to these
regions are effective inhibitors of SARS-CoV [84].

Coronaviral Transcription

Coronavirus replication is a complex, not yet fully understood
process [85,86]. The 5' end of coronavirus genomic RNA contains
the untranslated leader sequence that ends with the Transcription
Regulation Sequence (TRS) element. These sequence elements are
also present upstream of each ORF (body TRSs). During trans-
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cription the RNA-dependent RNA-polymerase (RdRp) has been
proposed to pause once one of the body TRS is copied during
minus strand synthesis. Subsequent strand transfer to the leader
TRS adds a common leader sequence to each minus strand sg
mRNA [87]. This discontinuous transcription mechanism is based
on base-pairing of the nascent minus strand copy RNA with the
plus strand leader TRS [88-91].

Polymerase Inhibitors

All coronaviruses encode their own RdRp. The RdRp gene is
located partially in the 1a ORF and mostly in the 1b ORF [92]. The
enzymatic activity of the RdRp protein and membrane-associated
RdRp activity was demonstrated [93,94]. The polymerase is the
most conserved protein among coronaviral species, providing a
convenient target for broad anti-coronaviral drugs. Unfortunately,
no RdRp specific inhibitors have been developed according to our
knowledge.

In silico molecular docking studies to identify potential inhi-
bitors have been performed for the aurintricarboxylic acid (ATA)
and RdRp protein, showing a possible interaction [95]. In vitro
experiments with ATA indeed showed inhibition of SARS-CoV
and HCoV-NL63, but in vitro studies with the purified enzyme
have not been performed [63,96]. Nucleoside analogues that might
be considered as RdRp inhibitors are described below.

Nucleoside Analogues

As mentioned above, the coronaviral positive-strand RNA is
copied by the viral RdRp via a negative-strand intermediate.
Nucleoside analogues can inhibit virus replication by interference
with various processes, e.g. they can be incorporated in the new
strand and cause chain termination [97] or decrease the processivity
and fidelity of transcription, resulting in an “error catastrophy” [98].
Furthermore, several pyrimidine ribonucleoside analogs can also
act as antimetabolites, inhibiting UMP synthase and thereby
interfering with the UTP metabolism [99]. Nucleoside analogues
are known for their inhibition of several types of viruses, including
HIV, pestivirus, hepacivirus, flaviviruses, hepatitis C virus and
West Nile virus [100-105]. Only a few nucleoside inhibitors can in
fact inhibit the replication of coronaviruses. The most promising
drug candidates are [-D-N4-hydroxycytidine [106] and 6-
azauridine [63,107] that can inhibit SARS-CoV and HCoV-NL63
replication in vitro.

Ribavirin, a purine analogue, was incorporated in clinical
practice during the SARS-CoV outbreak because of its broad
antiviral activity against numerous RNA viruses. However, the anti-
coronaviral activity of this compound is rather poor [98,108,109].
In vitro inhibition of SARS-CoV indicated that the ICsq value is
relatively high, whereas no inhibitory action was observed on
HCoV-NL63 [63,107,110,111]. Also experimental therapy of
SARS patients with this compound showed no positive effect [109].
Another widely known compound, the imidazole nucleoside analo-
gue mizoribine [112-118], exhibits only marginal anti - coronavirus
activity [111].

Helicase Inhibitors

The coronaviral helicase domain is enzymatically active and
efficiently unwinds ds DNA and ds RNA [119,120]. The helicase
domain is encoded in ORF1b by the nsp13 gene, which is located
downstream of the RdRp gene. Coronaviral helicase shares
sequence similarity with the superfamily 1 helicases. This enzyme
family is common among viruses, being encoded by e.g.
alphaviruses, rubiviruses, hepatitis E viruses and arteriviruses
[121,122]. Biochemical and genetic data suggest a role of these
proteins in diverse aspects of viral replication: transcription, RNA
stability, cell-to-cell movement and virus biogenesis [123-129].
Adamantane-derived bananins are potent inhibitors of SARS-CoV
helicase activity and replication. Six bananin derivatives have been
tested in an ATPase assay: bananin, iodobananin, adeninobananin,
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vanillinbananin, eubananin, and ansabananin. Iodobananin and
vanillinbananin appeared to be the most effective SARS-CoV
helicase inhibitors. Unfortunately, only bananin was tested against
SARS-CoV replication in vitro and exhibited a reasonable
inhibitory potency in the micromolar range [130].

Small Interfering RNA and Antisense Phosphorodiamidate
Morpholino Oligomers

RNA interference (RNAI) is a mechanism for sequence-specific
mRNA degradation by dsRNA molecules. Long dsRNA molecules
are recognized and cleaved into short 21-24 nt fragments by an
endogenous DICER enzyme with RNase III activity. The resulting
small interfering (si) RNA molecules are incorporated into the
RNA-induced silencing complex (RISC), which degrades mRNA
molecules with perfect sequence complementarity to the siRNA.
Antiviral RNAi can be induced by synthetic siRNA that is
incorporated directly into RISC [131]. Several groups developed
effective siRNA’s, against different regions of a coronavirus
genome, including the 5’ leader genome sequence [132,133], TRS
region [133], nspl gene [134], nspl2 gene [135], RdRp gene
[136,137], S gene [63,135,138-140], E [140,141], M [140,141], N
gene [140-143] and 3° UTR [133]. The effectiveness of siRNAs
against respiratory tract diseases in a therapeutic setting was
demonstrated recently by the intranasal administration of siRNA
targeting respiratory syncytial virus, parainfluenzavirus, and SARS-
CoV, with or without transfection reagents, in mouse and monkey
models (9, 39, 59). An inhaled siRNA coctail in low doses may
offer a fast, potent, and easily administered antiviral tool to control
coronaviral infection in humans. Although the field is moving fast,
to date no RNAL1 therapy is approved for use in humans [144-146].

A similar approach, targeting directly the viral RNA, employs
antisense phosphorodiamidate morpholino oligomers (PMO). While
RNAI is based on degradation of the viral RNA, PMO’s bind to
complementary sequences and form a steric block [147]. PMO’s
that efficiently inhibit SARS-CoV replication in vitro target the
ORF 1la initiation codon, ORF 1la/lb pseudoknot structure, TRS,
S2M motif, 3'-UTR pseudoknot structure, and 3' UTR [148].

Agents Targeting Translation and Protein Processing

During replication of coronaviruses, several structural and non-
structural proteins are produced. Translation of coronaviral proteins
is a rather difficult target for therapy, as it employs a cellular
mechanism [149]. In contrast, a therapeutic window is presented by
the post-translational processing of the la / 1ab polyprotein, which
is performed exclusively by viral proteinases. This proteolytic
processing is a key regulatory mechanism in the expression of the
replicative proteins. Three proteinases are encoded by the N-
terminal part of the 1a/lab polyprotein. Two papain-like proteinase
domains (PL1P™ and PL2°™) are encoded by the nsp3 gene and
process 3 cleavage sites, including an autoproteolytic release [150].
The second proteinase of HCoV-NL63 is named chymotrypsin-like
proteinase or “main proteinase” (MP™) to stress its dominant
function. MP™ is encoded by nsp5 and recognizes 11 cleavage sites
in the 1ab polyprotein.

Main Proteinase Inhibitors

The coronaviral MP™ displays very low amino acid variability
between coronavirus species and is therefore a convenient target for
broad range inhibitors. Several studies have described potent
inhibition of the MP™® enzyme by different compounds [151-177].
As the crystal structure is solved for SARS-CoV MP® [178], the
most popular method for de novo identification of inhibitors is
computer-based docking of existing drugs and compounds,
followed by an in vitro MP™ activity assay [151-154]. Furthermore,
there are several computational methods that allow an efficient in
silico structure — based screening. Despite the power of these
methods, only a few agents identified this way were able to inhibit
SARS-CoV MP™ in the micromolar range [151,155,179].
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Agents inhibiting MP™ are either peptide-based inhibitors or
small non-peptide compounds, both binding (reversibly or ire-
versibly) to the catalytic site of MP™ and thus inhibiting its activity.
Unfortunately, most studies have focused exclusively on SARS-
CoV, while these proteinase inhibitors may have the capacity to
inhibit all coronaviruses. As an exception, a broad approach was
presented by Yang er al, who described several MP™ inhibitors
targeting all group I and I human coronaviruses [156].

Papain — Like Proteinase Inhibitors

The papain-like proteinase (PLP™) consists of two domains:
PL1P® and PL2P®, of which in most cases both have catalytic
activity except for SARS-CoV and IBV, which lack the PL1P®
[119,180-187]. PLP™s cut between two small amino acids with short
uncharged side chains [188-191].

Coronaviral PLP™ is a multi-functional protein with catalytic
domains that mediate different enzymatic activities. The PLP®
protein is a more difficult target for antiviral agents because of its
high variability. One study describes that zinc ion and its conjugates
can act as inhibitors of the SARS-CoV Cys-His catalytic dyad
activity. No such assays have been performed for other corona-
viruses [192].

ANTIVIRAL AGENTS WITH UNSPECIFIED MODE OF
ACTION

Steroids

Proinflammatory cytokines released by stimulated macrophages
in the alveoli play a prominent role in SARS pathogenesis, resulting
in cytokine dysregulation [193,194]. During the SARS-CoV out-
break in 2003 several patients received anti-inflammatory corti-
costeroids that may reduce the damaging effect of the local
inflammatory response [195]. Steroids inhibit cytokine, chemokine
and adhesion molecule production and antagonize the action of
proinflammatory cytokines by interfering with the Jak-STAT
intracellular signalling pathways. In several studies early use of
high-dose steroids (methylprednisolone) resulted in improvement of
clinical symptoms, decreased incidence of acute respiratory distress
syndrome and mortality [196-198]. However, other studies show
lack of direct effect of steroid treatment in SARS patients
[194,199,200]. It is also worth mentioning that immunosupression
caused by steroid treatment may increase the danger of secondary
infections, in fact occasionally increasing the mortality in SARS
patients [201].

Interferons

Interferons (IFN) play a key role in the antiviral defense by
activation of the innate immune system in response to the presence
of dsRNA. There are several hundreds of genes transcriptionally
regulated by IFNs in response to viral invasion. Additionally, type I
IFNs (a and B) upregulate surface expression of MHC class I and 11
molecules, enhancing the presentation of viral antigens [202-204].

The employment of exogenous IFN as an antiviral agent has
been described for animal coronaviruses [205-208] and the first
study on human coronaviruses appeared already in 1983 [209]. An
antiviral effect of recombinant human leukocyte IFN-o was
observed in healthy volunteers challenged with HCoV-229E. The
percentage of individuals that developed respiratory illness was
significantly lower for the group treated with IFN (5.7%) compared
to the control group (37.0%). Another study presented the
inhibitory effect of IFN-a delivered intranasally. The majority of
the placebo recipients (73%) developed a cold, whereas only 41%
of interferon recipients developed disease [210]. The same effect of
type I IFNs has been observed for SARS-CoV both in vitro and in
vivo [110,211-214], but type II IFN (IFN-y) is a poor inhibitor of
SARS-CoV replication [215]. Although IFN-y by itself appeared to
have little inhibitory effect, it acted synergistically in combination
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with IFN B [216,217]. A similar synergistic effect was observed
during treatment with IFN-f and ribavirin [218,219].

Still, the in vivo data is limited. Prophylactic treatment of
SARS-CoV infected macaques with pegylated IFN-a significantly
reduced viral replication, excretion and pulmonary damage, but
post-infection treatment yielded only intermediate protection.
Moreover, treatment with IFN-o during the SARS-CoV outbreak
showed no benefit [196].

Nitric Oxide

Nitric oxide (NO) is an important cell-to-cell signalling mole-
cule and is involved in a wide range of biological processes [220].
It also plays a key role in the host defence against bacteria,
protozoa, and tumour cells. Antiviral activity of NO has been
described for several viruses [221-224], but the antiviral mechanism
is not known. Several NO donors (DETA NONOate, SNAP) can
inhibit SARS-CoV, but not HCoV-NL63 [63,107,225]. It has been
suggested that IFN-y activity against SARS-CoV is partially due to
its stimulatory effects on inducible NO synthase (iNOS) expression
[226]. Clinical trials in Beijing during the SARS-CoV epidemic
suggested that inhalation of NO gas may improve the patient’s
outcome [227].

Calpain Inhibitors

Calpains are mammalian intracellular calcium-dependent cys-
tein proteinases [228]. Calpain plays a regulatory role in membrane
and cytoskeletal remodeling, including mitosis and apoptosis
regulation [229]. It was demonstrated that two commercially
available calpain inhibitors (calpain inhibitor III and VI) inhibit
SARS-CoV replication in cell culture [106], but they failed to
inhibit HCoV-NL63 replication [63].

Herbs

Several compounds of herbal origin have strong anti-coro-
naviral activity. Glycyrrhizin is a bioactive compound isolated from
the ligorice root [230]. It exhibits anti-tumoural, anti-inflammatory
and antiviral properties [231-236]. The mechanism of glycyrrhizin's
activity against SARS-CoV [107,219] is unclear as the compound
affects many cellular signalling pathways [237-240]. One possible
mode of action includes stimulation of iINOS expression and
subsequent increase of the NO concentration in treated cells [241].
The advantage of glycyrrhizin treatment is that it has been approved
as an intravenous drug and it is commercially available as SNMC
(Stronger Neo-Minophagen C). [242]. Glycyrrhizin is inactive
against HCoV-NL63 [63].

There are several other examples of plant-derived compounds
that can inhibit coronavirus replication. Baicalin is a flavonoid
compound derived from Scutellaria baicalensis that inhibits SARS-
CoV in vitro [219]. Escin, active against SARS-CoV but not
HCoV-NL63, is an approved drug derived from the horse chestnut
tree [63,157]. Reserpine, a naturally occurring alkaloid produced by
several members of the Rauwolfia genus, also inhibits SARS-CoV
replication [157]. Several other plant compounds have been
mentioned in other sections e.g. quercetine, isatin and mannose
binding lectins, illustrating the potency of this natural reservoir.

Antibiotics

Glycopeptide antibiotics are commonly used for treatment of
bacterial infections. They alter the cell wall characteristics and
interfere with DNA and RNA synthesis. But these compounds can
also inhibit several animal and human viruses by inhibiting virus
replication or interfering with proper glycosylation of viral proteins,
e.g. bleomycin for Rauscher murine leukemia virus [243],
tunicamycin for herpex simplex virus [244] and teicoplanin, DA40
and DMDA40, vancomycin, eremomycin and their derivatives for
HIV-1 and HIV-2 [245,246]. Two compounds — eremomycin and
vancomycin - also display anti SARS-CoV activity [247].
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Another antibiotic, actinomycin D, the first antibiotic shown to
have anti-cancer activity, can inhibit replication of HCoV-229
[248]. However, the high cytotoxicity of the compound limits its
usability as an anticoronaviral drug. Valinomycin, a cyclodode-
cadepsipeptide antibiotic that is a natural product of Streptomyces
[249], possesses antifungal, insecticidal-nematocidal, and antibac-
terial activities. It was recently demonstrated to exhibit in vitro anti
SARS-CoV activity [157,250]. No inhibitory effect of actinomycin
D or valinomycin was observed for HCoV-NL63 [63].

6. FUTURE DIRECTIONS

The outbreak of SARS-CoV in 2003 brought the coronaviruses
back in the spotlight. The sudden appearance of SARS-CoV and the
subsequent SARS epidemic met us unprepared. The current status
of the anticoronaviral drugs has improved, but the majority of
studies focus exclusively on compounds that target SARS-CoV.
Realizing that many undiscovered coronaviruses may reside in
animal reservoirs, this approach seems too restricted, leaving us
unprepared for a future strike by another coronavirus species.
Broadly active anticoronaviral compounds should be designed to
quickly respond to new zoonotic epidemics of pathogenic
coronaviruses. The antivirals should be potent, but some toxicity
may be allowed.

Future studies on anticoronavirals should also focus on a
preventive therapy for known coronaviral pathogens and quick-
response drugs with specificity and broad activity. The major
requirement for these drugs is lack of toxicity or side effects,
considering the fact that these infections are relatively mild and
very common. Of special interest are the natural compounds used
for several years in folk medicine (e.g. leek, lucretia, garlic extracts,
Chinese herbs). Unfortunately, there is no coherent study on
activity of these compounds against different coronaviruses.
Another option is the development of a broad siRNA cocktail
against variety of respiratory viruses delivered by inhalation.

ABBREVIATIONS

ACE2 = Angiotensin converting enzyme 2

ATA = Aurintricarboxylic acid

DMV = Double membrane vesicle

E = Envelope protein/gene

HE = Haemaglutinin esterase protein/gene
HCoV = Human coronavirus

HR = Heptad repeat

IFN = Interferon

iNOS = Inducible NO synthase

IVIG = Intravenous immunoglobulins

LRTI = Lower respiratory tract infection

M = Membrane protein/gene

mAb = Monoclonal antibody

MPe = Main proteinase

N = Nucleocapsid protein/gene

NAAE = N-(2-aminoethyl)-1 aziridine-ethanamine
NO = Nitric oxide

ORF = Open reading frame

PLy = Papain-like proteinase domains
PMO = Phosphorodiamidate morpholino oligomers
RBS = Receptor binding site

RdRp = RNA-dependent RNA-polymerase
RISC = RNA-induced silencing complex
RNAi = RNA interference
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S = Spike protein/gene

SARS-CoV = Severe acute respiratory syndrome coronavirus

sgmRNA = Subgenomic mRNA

siRNA = Small interfering RNA

TRS = Transcription Regulation Sequence
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