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Abstract
Emerging viral diseases pose a unique risk to public health, and thus there is a need to develop
therapies. A current focus of funding agencies, and hence research, is the development of broad-
spectrum antivirals, and in particular, those targeting common cellular pathways. The scope of this
article is to review screening strategies and recent advances in this area, with a particular emphasis
on antivirals targeting the step of viral entry for emerging lipid-enveloped viruses such as Ebola
virus and SARS-coronavirus.
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Since the emergence of HIV in the early 1980s, it has been widely assumed that there would
be further pandemics of new and dangerous viral pathogens. The SARS-coronavirus (SARS-
CoV) and the Henipavirus genus of paramyxoviruses are two examples of such agents that
have arisen in the past 20 years. Fortunately, these and other emerging agents such as Ebola
virus (EBOV) and Marburg virus (MARV) have failed to demonstrate the transmissibility or
animal reservoirs required to become true pandemic threats. However, changes in the virus
through mutation or bioweaponization, exposure to new reservoirs through human
encroachment or alteration of human susceptibility through coinfections could rapidly
change that status. While the direct human and economic cost of these agents has been
significant, probably their greatest impact has been in creating public fear. This was most
dramatically demonstrated in the SARS outbreak at the beginning of the 21st century. It is
also reflected in the governmental responses to real or imagined biowarfare threats. Rapid
responses to new or changing pandemic threats would be greatly helped by the presence of
an arsenal of antiviral drugs, ideally with overlapping therapeutic indications that at least
offered the potential for treatment of newly arising agents. Few, if any, antivirals can claim
to be broad-spectrum, with interferon and ribavirin being the closest to that definition [1];
however, they have demonstrated marginal, if any, effectiveness against the majority of
emerging pathogens [2–6]. A number of novel broad-spectrum antiviral [7–9] or virucidal
[10] compounds and strategies have been suggested recently, but have yet to be proven.
Thus, new drugs, both broad-spectrum and pathogen-specific, are required to combat the
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threat posed by emerging viruses. In this review, the authors discuss a number of potential
avenues of research for meeting these challenges, as well as highlighting some exciting new
inhibitors of the various stages of entry for several emerging viruses.

Inhibitors of viral entry
The viral life cycle presents numerous potential targets for antiviral intervention, with viral
enzymes such as polymerases and proteases representing the canonical targets for
therapeutics. While once neglected, viral entry pathways also represent promising emerging
targets for antivirals. As with many antivirals, HIV has been the testing ground for a number
of these concepts. A handful of new drugs, both on the market and undergoing trials, target
different steps of viral entry [11]. Targets include attachment, coreceptor binding and virus–
cell fusion [12]. In addition, entry inhibitors could play a particularly exciting role as topical
microbicides to prevent virus transmission between individuals, for example, in sexual
transmission [13]. Inhibitors of viral entry are likely to provide a rational basis for antivirals,
particularly ones that can be used in prophylactic situations as they block at the very first
step of viral replication and have the potential to be less toxic because membrane
permeability may not be necessary, although in practice such properties are also probably
required for effective oral availability of a drug. However, the predominant reason that entry
inhibitors have begun to appear for emerging viruses may be due to the fact that many of
these pathogens require a high level of biocontainment. Thus, surrogate assays have been
developed for performing high-throughput screening (HTS) that include the use of
pseudotyping [14,15] and cell–cell fusion that focus on the entry process and require a lower
level of containment. Viral entry is often a multiple-step process that involves complicated
viral–host interactions that can serve as targets for inhibitors. Targets include the use of
common cellular components, such as lipids and lipid rafts, or cellular functionalities, such
as endocytosis. We will review the steps of entry and how each step may be a target for
inhibitors (Table 1), with particular reference to the potential for broad-spectrum inhibitors
capable of blocking members of multiple virus families.

High-throughput screening assays for entry inhibitors
The development of HTS assays to specifically search for inhibitors of viral entry has been
the biggest factor in the recent development of candidate antivirals targeting entry of
emerging viruses. The glycoproteins from emerging viruses have been used to pseudotype
onto retroviral, lentiviral or rhabdoviral pseudotyping systems [16–18]. The assays
incorporate the envelope glycoproteins of the test virus onto the core of a reporter virus such
as HIV, in such a manner that infection is directed in the same way as for the authentic
virus, but typically only a single round of infection occurs and infection can be detected
using an enzymatic or fluorescent readout. If multiple rounds of infection are desired, in
order to fully test the efficacy with which inhibitors block entry, target cells expressing the
relevant viral envelope can be used with rhabdovirus vectors to allow multiple rounds of
infection [15]. These methods can be relatively easily adapted to HTS in order to screen for
inhibitors of only the steps of viral entry mediated by the viral glycoprotein [15,19]. This
pseudotyping strategy is beginning to pay dividends for many emerging viruses in terms of
identifying inhibitors of viral entry. For example, this method was used to identify EI-1, a
small-molecule inhibitor of HCV entry that blocks somewhere between attachment and the
requirement for endosomal acidification [20].

The addition of a second (and potentially a third) pseudotype with a different reporter
system into the screen adds an extra dimension to this standard HTS [14]. This allows two or
more different envelopes to be screened at one time in an assay termed the dual envelope
pseudovirion assay. Not only does this save costs in terms of both labor and materials, but it
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also affords the possibility for each pseudotype to act as an internal control for the other if
specific inhibitors are the goal. Alternately, if broad-spectrum inhibitors are being sought
then deliberately divergent envelopes and pseudotype systems can be chosen in order to
identify inhibitors of multiple systems.

As an alternative to pseudotyping, cell–cell fusion assays driven by surface expression of the
glycoprotein [21] or specific fluorescent or enzymatic entry assays based on virus-like
particles [22] can be used to potentially reduce nonspecific hits directed against postentry
steps of the pseudotype infection cycle.

Viral attachment
Entry begins with relatively nonspecific interactions between the virus and attachment
factors on the cell surface, usually followed by engagement of more specific cellular
receptors. However, attachment factors may possibly be sufficient to direct some viruses,
such as the flavi- and alpha-viruses that have a strong requirement for acidic pH triggering
of their envelope proteins [23,24], to endosomes without engagement of more specific
receptors. Similarly, for EBOV, the endosome, rather than the cell surface, appears to be the
site of specific receptor engagement [25–27]. Thus, it may be that relatively nonspecific
attachment factors (that unlike receptors do not trigger changes in the viral glycoproteins)
are the main method of targeting for some viruses. For example, attachment factors, such as
calcium-dependent lectins, may help direct many viruses to important target organs and cell
types such as the liver, lungs and monocyte/macrophages via engagement of carbohydrate
moieties on viral glycoproteins [28–35]. The authors have also recently demonstrated that
like many other viruses [36,37], EBOV relies on interactions with the glycosaminoglycan
chains of proteoglycans for efficient initial contacts with cells [Salvador B & Simmons G,
Unpublished data].

Inhibitors of viral attachment
Interference of viral interactions with attachment factors would probably disrupt efficient
infection, and thus this step of entry represents a good target for inhibition. However, many
of these interactions are carbohydrate- (lectins) or charge-based (glycosaminoglycans
[GAGs]); therefore, inhibitors may be relatively non-specific and thus run the risk of
harmful off-target interactions. A number of molecules able to inhibit interactions through
GAGs have been identified, including using soluble polysaccharides such as heparin or the
potential microbicide carrageenan [38]. Small-molecule inhibitors of GAG interactions such
as surfen, as well as several peptide-based inhibitors, have also been identified [39–41].
While these antivirals are predominantly being suggested as topical microbicides, they could
act as a model for broad-spectrum antivirals against emerging viruses.

Cyanovirin-N (CV-N), a naturally occurring lectin, inhibits attachment of HIV by binding to
N-linked high-mannose oligosaccharides on the viral glycoprotein and is currently in
preclinical development as a topical microbicide [42]. Recently, CV-N was found to bind to
the EBOV viral surface glycoprotein (GP) and inhibits infectivity in both in vitro binding
assays and mouse models [43]. A likely mode of action involves simply binding to the same
high-mannose moieties as cell surface lectins and blocking viral interactions with cells by
steric hindrance [44]. Indeed, CV-N, and other soluble lectins such as griffithsin [45], are
active against several emerging viruses [46–48] including in vivo efficacy against influenza
[49].
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Receptor engagement
For many emerging viruses, the specific receptors are either unknown, or suggested
receptors are still controversial. However, there are notable exceptions. For example,
angiotensin-converting enzyme 2 (ACE2) is the functional receptor for SARS-CoV [50],
while ephrinB2 acts as the cellular receptor for Nipah virus (NiV) [51]. Recently, T-cell
immunoglobulin and mucin domain (TIM)-1 has been shown to function as a receptor for
EBOV on mucosal epithelia [52]. It is not yet clear whether TIM-1 functions as a true
receptor or an attachment factor, nor whether it is likely to play a major role in vivo due to
its restricted expression. However, as a possible target for antivirals, it may protect
important cellular targets and reduce pathogenesis. A more universal receptor for filoviruses
appears to be NPC1, a cholesterol transporter present in late endosomal membranes [25–27].
This unusual circumstance is the first recognized incidence of a specific receptor interaction
occurring within the cell, rather than at the plasma membrane.

Inhibitors of receptor engagement
Antagonizing virus/receptor interactions is an obvious antiviral strategy, and has been
validated by maraviroc, a CCR5 receptor antagonist that has proved to be a successful HIV
inhibitor [11]. Pockets or grooves on viral glycoproteins required for receptor recognition
may be ideal for small molecules to specifically bind, although it may be difficult for small
molecules to inhibit large proteins coming together. Thus, peptides, antibodies or other
soluble protein therapeutics may provide a more likely route of direct receptor binding
antagonism. However, several small molecules capable of inhibiting such interactions have
been suggested. For example, emodin is a compound identified from Chinese medicinal
herbs in screens against SARS-CoV, which demonstrated the ability to inhibit the SARS-
CoV S protein from binding to ACE2 protein, as well as S-protein-mediated pseudovirus
infection in Vero E6 cells [53]. However, caution is required in terms of attributing the
mechanism until thorough studies have been completed. Initially reported to inhibit receptor
interactions, the HIV inhibitor BMS-378806 [54] may actually act through an indirect
mechanism by binding to the viral glycoprotein and preventing the subsequent
conformational changes required to both efficiently bind to the receptor and mediate
membrane fusion [55].

Although the CCR5 receptor antagonists are an obvious exception, it would be less ideal to
target the receptor itself for antagonism due to possible effects on the natural function of the
cellular protein. However, at least one molecule, a benzylpiperazine adamantane diamide-
derived compound, has been identified that targets NPC1 and can directly inhibit EBOV
interactions with this receptor and hence infection [26]. Assuming targeting NPC1 does not
result in excessive cellular toxicity, this may thus represent an exciting prospect for EBOV
treatment.

Endocytosis & macropinocytosis
For the majority of viruses, following initial attachment of virus to the cell surface, whether
through attachment factors or more specific receptor engagement, specific signaling and
trafficking events occur to deliver the virus to late endosomes. Typical routes of viral
internalization include clathrin-mediated endocytosis, caveolar (lipid raft)-mediated
endocytosis and macropinocytosis [56]. Often multiple mechanisms have been suggested for
a single virus. For example, although EBOV has been reported to enter through clathrin-
mediated endocytosis [57] or via caveoli [58], entry of filamentous particles into important
cell types such as macrophages is now thought to predominantly occur through
macropinocytosis [59,60], possibly via an atypical dynamin-2-dependent macropinocytic
pathway [61].
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Inhibitors of internalization
Targeting internalization has pros and cons as an antiviral strategy. It is likely that targeting
such an important cellular function will have toxic side effects. However, it is possible that
because multiple pathways exist in the cell, specific mechanisms can be blocked for short
treatment windows with minimal effects. This would allow treatment of acute infections
such as hemorrhagic fevers where death is the likely alternative. The upside to targeting
such a cellular function is the possibility of producing a broad-spectrum antiviral capable of
inhibiting a large number of emerging viruses dependent on the same mechanism for entry
into cells. Indeed, panels of compounds, such as chlorpromazine, are available for inhibiting
various pathways of internalization, and they function efficiently to block infection [62,63].
For example, studies of macropinocytosis using EBOV, as well as morphologically similar
virus-like particles showed that the inhibitors of macropinocytosis Pak1 and CtBP/BARS,
actin-depolymerizing agent cytochalasin D, Na+/H+ ion exchange inhibitor EIPA and the
PKC inhibitor staurosporine all reduced infection or entry [59,60]. Many of the compounds
have also been shown to target NiV entry [64], despite the virus being largely pH-
independent, suggesting the possibility that such a drug target may be broad-spectrum for at
least a subset of emerging viruses. However, such compounds, in their current formulations,
are unlikely to be useful antivirals, even though some already have other clinical uses. For
example, the concentrations of drugs such as chloroquine or chlorpromazine required to
have any clinical antiviral benefit against pH-dependent viruses, or other viruses requiring
internalization, is likely significantly higher than the plasma levels at which major side
effects would be noted. However, as examples for highlighting the potential for targeting
particular pathways for antiviral treatments, they should not be overlooked.

A somewhat more specific target for intervention may be the signaling events required in
order to trigger internalization and trafficking to the correct cellular destination. The
phosphoinositide-3 kinase (PI3K) cell signaling pathway plays a very important regulatory
role for multiple cellular activities including cell growth, migration, survival and vesicular
trafficking. Recently, this pathway has been implicated in regulating cellular entry for
EBOV virus [60,62]. Inhibitors of PI3K (LY294002 and wortmannin) block EBOV viral
entry in a dose-dependent manner. The results again suggest that such pathways could be a
target for drug intervention, if toxicity issues can be managed. This is a particularly good
avenue of research given that such PI3K inhibitors are already being pursued, given the role
this pathway plays in tumor growth.

Glycoprotein activation
Once in late endosomes or lysosomes, EBOV GP is sequentially proteolytically cleaved by
the acid-dependent cysteine proteases cathepsin B and, to a lesser extent, L (CatB and CatL,
respectively), to remove the heavily glycosylated N-terminus of GP and expose the receptor
binding domains [2,65–68]. These cleavage events probably destabilize the prefusion
complex of GP, allowing the sequential conformational changes required in GP to occur and
hence membrane fusion to proceed [2,65]. EBOV (Zaire ebolavirus) together with the
related species Tai Forest ebolavirus and Bundibugyo ebolavirus, are strongly dependent on
CatB. Conversely, the Sudan and Reston species, as well as MARV, are not dependent on
CatB, but rather have a requirement for as yet unidentified proteases [68]. At least four
coronaviruses, including SARS-CoV, share similar entry pathways with EBOV, although for
these viruses it is CatL that is predominantly required for entry into cell lines [69–72]. In the
case of SARS-CoV, several soluble and membrane-bound proteases can substitute for CatL,
particularly in airway cells [73–77]. CatL also plays an important role in processing the
envelope glycoproteins of NiV and Hendra viruses. In this instance, proteolysis occurs
during recycling of the proteins from the cell surface in the infected producer cells, rather
than during viral entry [78–80].
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Inhibition of glycoprotein activation
For filo-, henipa- and, to a lesser extent, coronaviruses, general inhibitors of cysteine
proteases, or more specific CatB or CatL inhibitors, have proven to be highly effective at
blocking infection in vitro due to the viruses’ dependence on these proteases for
glycoprotein activation. For example, one of our previous studies identified MDL28170
(also known as calpain inhibitor III, or Z-Val-Phe-CHO) as an efficient inhibitor of CatL
and SARS-CoV entry inhibitor in cell lines [69], and another study identified a small-
molecule oxocarbazate (CID23631927) as a CatL inhibitor that blocked SARS-CoV and
EBOV pseudovirus entry in human cells [81]. The fact that this inhibitor efficiently blocks
EBOV, despite being over 700-fold more potent against CatL compared to CatB in vitro,
highlights a common theme that many of these inhibitors are less specific in cellular assays.
This may actually be advantageous, given the width of protease specificities demonstrated
by EBOV [68], as CatB and CatL inhibitors can still inhibit all species of EBOV, but not
MARV [82]. As with all inhibitors, escape mutants can be generated, and in the case of
CatB-inhibitor resistant EBOV envelopes, the virus is no longer dependent on CatB or CatL,
but still requires an unidentified endosomal protease activity, possibly the same activity
utilized by MARV [2].

The fact that cathepsin inhibitors appear to lack specificity also opens up the possibility that
because these compounds are protease inhibitors, some may act as dual-action antivirals and
are able to target both viral entry and viral maturation. Indeed, the authors have identified a
class of dipeptidyl epoxyketone molecules (Table 2) able to both target coronavirus entry
[14] and inhibit the SARS-CoV-encoded protease, 3Clpro[83].

Glycoprotein conformational changes & membrane fusion
Probably the best target for intervention in the multistep process of viral entry for enveloped
viruses is the step of activation and triggering of the viral glycoprotein, required to mediate
membrane fusion. Regardless of the viral system, the viral glycoprotein has to undergo
significant conformational rearrangements in order to drive the process of fusing the viral
and cellular membranes. This leaves it open to inhibition at several stages, both by small
molecules and peptide and antibody-based therapies. Receptor engagement or the low pH
environment of late endosomes/lysosomes are the predominant triggers of conformational
changes in viral glycoproteins [84–87].

Viral glycoproteins from the filo-, henipa- and corona-viruses resemble canonical viral
glycoproteins from HIV and influenza (termed class I viruses for their fusion machinery) in
that they exist as trimers of heterodimers consisting of surface and transmembrane (TM)
subunits. The trimers are held in a so-called metastable state, primed for fusion, but
requiring activation energy to trigger conformational changes leading to the final, or
postfusion, conformational state [86]. Triggers include receptor binding or acidic pH.
Initially, conformational changes expose a highly hydrophobic fusion peptide that is able to
insert itself into target membrane. Subsequently, the TM subunit folds back on itself,
allowing two α-helical regions within the subunit (termed heptad repeats [HR]1 and 2) to
interact with each other. HR1 and HR2 from each glycoprotein in the trimer come together
to form a six-helix bundle. It is the formation of this stable structure that drives fusion of the
two membranes [86,87].

Alternately, the class II viruses such as alpha- and flavi-viruses utilize a different
mechanism in order to mediate membrane fusion, although the ultimate structures look
somewhat similar in that they form hairpins [88]. The glycoproteins driving membrane
fusion are packed in a much more highly ordered, icosahedral structure on the virion
surface, with each present as a homodimer in the case of the flaviviruses [85]. Acidic pH

Zhou and Simmons Page 6

Expert Rev Anti Infect Ther. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



then triggers rearrangements leading to the formation of a homotrimer and the resulting
exposure of the fusion peptide, which then inserts into the target membrane. The
glycoprotein then folds back on itself to form a hairpin and draw the membranes together,
although in this case a six-helix bundle is not formed.

Membrane fusion inhibitors
Several steps along the cascade of events leading to membrane fusion are appealing targets
for antiviral intervention, particularly the prevention of conformational changes within the
glycoprotein. For example, as described for the HIV entry inhibitor BMS-378806 [55],
allosteric inhibitors that trap a metastable protein in an inactive state would be excellent lead
candidates for drugs [89]. Further downstream of the initial conformational changes are the
HR interactions, the inhibition of which would prevent the final conformational changes
leading to membrane fusion from occurring. Indeed, the prototypical viral fusion inhibitor is
enfuvirtide, a peptide corresponding to the HR2 domain from HIV, which efficiently inhibits
infection by preventing completion of six-helix bundle formation [11,90]. Similarly,
synthetic peptides derived from the HRs result in inhibition of the membrane fusion step
during viral entry of a number of emerging viruses including the Henipaviruses, filoviruses
and SARS-CoV [91–93]. As many of these viruses undergo the conformational changes
required to expose HRs in endosomes, methods of directing the peptides to internal
compartments, including fusing them to targeting domains such as HIV Tat, greatly enhance
their potency [91]. Conjugating cholesterol to influenza hemagglutinin-derived peptides
successfully targeted the peptide to the endosomal site of viral fusion [94]. Similarly, in the
case of NiV, adding cholesterol to HR2 peptides targets them to the lipid raft microdomains
utilized by this virus for entry [93].

A benzodiazepine derivative was identified as an entry inhibitor for EBOV and MARV from
a HTS of a compound library, utilizing HIV/EBOV-GP pseudotyped viruses [95].
Computational and mutational studies using the EBOV-GP crystal structure [96] suggested a
hydrophobic pocket close to the interface between the surface subunits (termed GP1) and
TM (GP2) subunits as a potential site for this compound to bind [95]. Similarly, a novel
group of small molecules, related to 3,5-disubstituted isoxazoles, were identified using a
pseudotyping screening strategy. These compounds also showed selective inhibition of
EBOV and MARV-GP-mediated infection of human cells [97]. The mechanism of
inhibition for both families of anti-EBOV compounds is not yet fully elucidated, but it is
possible that these molecules prevent conformational changes or membrane fusion.

New World arenaviruses, such as Junín, utilize transferrin receptor 1 [98] as a receptor and
fuse with the aid of acid pH within endosomes. A number of related compounds have been
identified that bind to a pocket on the viral glycoprotein of arenaviruses [99–101]. These
compounds have a spectrum of inhibition, with some able to broadly inhibit all arenaviruses,
while others are more specific. The fact that the inhibitors share a binding site also suggests
a common mode of action, although the exact nature of this is not fully elucidated [102].
However, like other small-molecule entry inhibitors targeting viral glycoproteins [55], it
appears that the underlying mechanism of inhibition may be preventing conformational
changes critical for glycoprotein transition from the metastable state into an activated one
[100].

Somewhat similarly to EBOV utilizing the cholesterol transporter NPC1 in late endosomes,
dengue requires a lipid specific to endosomes (bis[monoacylglycero]phosphate) for efficient
membrane fusion [103]. This dependence is unlikely to be unique to dengue [104] and may
represent an excellent target for broad-spectrum and targeted drug design.
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A good example of a promising broad-spectrum antiviral compound targeting entry of
enveloped viruses is a small molecule termed LJ001 [105]. An aryl methyldiene rhodanine
derivative, LJ001, was identified during a HTS for anti-NiV entry using vesicular stomatitis
virus-based pseudoviruses. The compound subsequently proved to effectively inhibit viral
entry of numerous enveloped viruses including influenza, HIV, filo-, pox-, arena-, bunya-,
paramyxo- and flavi-viruses. LJ001 specifically intercalates into viral lipid membranes and
probably inhibits viral entry at a step after virus binding, possibly by affecting the rigidity
and curvature of lipid membranes and thus preventing efficient virus–cellular membrane
fusion. This type of inhibitor represents some of the unexpected targets revealed by large
batch HTS assays using pseudotype viruses, and exemplified how new compounds can be
identified with similar mechanisms of action to older drugs. Arbidol (Arb) is a small indole-
derivative first marketed in Russia in the 1990s as an influenza treatment [106]. Russian
clinical trials are reported to demonstrate a reduction of the length of symptoms in
influenza-infected patients [107], although efficacy studies in animals failed to demonstrate
any reduction in influenza lung titers or lung consolidation [108]. In addition to influenza A
and B, Arb is active in vitro against a number of other enveloped and nonenveloped
respiratory viruses [108], as well as HCV [109]. Although various modes of action have
been ascribed to Arb, such as immune modulation [110] and binding to influenza
hemagglutinin [111], it appears the most likely mechanism of inhibition is through the
ability of Arb to integrate into membranes via interactions with the polar head groups of
phospholipids [112]. Like LJ001, the broad-spectrum activity of Arb can be explained by the
ability to perturb membrane fluidity and flexibility.

Expert commentary & five-year view
Historically, many emerging viruses have been neglected in terms of research, partly due to
a lack of funding, but also because of difficulties in obtaining reagents and safety concerns
in handling potentially biohazardous samples. However, as many emerging viruses have at
least the theoretical potential to be bioweaponized, research on such viruses has profited
from governmental investment in biodefense over the last 10 years. While this is
controversial [113], and clearly has directed funding away from areas that have a more
obvious medical need in the here-and-now, there is no denying that huge strides have been
made in understanding what were previously under-researched pathogens. Thus, the outlook
over the next 5 years for new antiviral therapies targeting emerging viruses is exciting. In
particular, in vivo efficacy studies are being initiated for many of the lead compounds
identified over the last few years. In the United States, the latest round of funding for the
regional centers of excellence for biodefense and emerging infectious diseases is rapidly
approaching and it may be that much of the money invested in this area will begin to
dissipate, with a more focused approach replacing the somewhat haphazard, unselective
attitude to funding over the last 10 years. However, this should not dissuade investigators
with novel ideas for screening drug targets or promising antivirals from applying for
funding. More research in particular is warranted for the less popular viruses such as Lassa
and chikungunya viruses that have been relatively neglected, but actually infect large
numbers of individuals every year, in favor of viruses that grab the public imagination, but
are unlikely to ever be a threat – terrorist, or otherwise.

Most antiviral drugs typically target a single virus. This makes it expensive and virtually
impossible to stockpile antivirals able to treat all possible emerging viruses and potential
weaponized biothreats. Another drawback of the high specificity of traditional antivirals is
that the virus can rapidly adapt and develop drug resistance due to accumulating mutations.
However, the few current broad-spectrum antivirals are less prone to developing drug
resistance, but have side effects, limited potency and are expensive for widespread use.
Therefore, one of the important goals in antiviral therapy has become the identification of
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broad-spectrum antivirals. In all of these regards, targeting viral entry for the discovery of
novel small molecules is a valid exercise. Safe and rapid HTS assays exist. The use of
multiple envelope screening assays to identify broad-spectrum inhibitors is an intriguing
idea, and with new luciferase reporter genes, up to three unrelated envelopes at one time
could be included in a single well. Alternately, if specific cellular functions have been
identified as being utilized by subgroups of viruses, that particular target can be specifically
screened for antivirals. For example, following the identification of cathepsins as important
factors in the entry of corona-, filo-, paramyxo- and retro-viruses, we and others screened
specific libraries of cathepsin and other protease inhibitors for antivirals [14,81]. Both
cellular and viral targets can be pursued, as can both specific and broad-spectrum inhibitors.
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Key issues

• Changes in the virus through mutation, exposure to new reservoirs through
human encroachment, alteration of human susceptibility through coinfections
and the increase in world travel are all risk factors for potential new viral
pandemics to arise.

• There is a great need to develop antivirals to fight diverse emerging virus
diseases, as well as serve potential biodefense needs.

• Currently, most antiviral drugs typically target a single virus, with few options
for the majority of emerging viruses, and the few broad-spectrum antivirals
available have limited potency, often with side effects.

• In this article, we have reviewed recent advances in antivirals targeting viral
entry for emerging viruses such as Ebola virus and SARS-coronavirus, and
discussed potential broad-spectrum antiviral strategies.
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Table 1

Summary of studies on antivirals targeting viral entry.

Entry steps Viruses Inhibitors Targeting Ref.

Attachment EBOV and HIV Cyanovirin-N Carbohydrate molecules on the GP [43]

Multiple viruses Heparin and carrageenan Heparin sulfate [38]

Endocytosis Multiple pH-dependent viruses Chlorpromazine, sucrose
and bafilomycin A1

Clathrin-mediated endocytosis [56]

Macropinocytosis EBOV and NiV Pak1, CtBP/BARS, EIPA,
cytochalasin D, PKC
inhibitor and siRNAs

Macropinocytosis [59,60,64]

Signaling EBOV PI3K inhibitors LY294002
and wortmannin, Akt
inhibitor and Rac1 inhibitor

PI3K-Akt/Rac1 signaling pathway [60,62]

Activation and fusion Multiple class I viruses Fusion peptides derived
from the heptad repeats

Membrane fusion [91,92]

Filo- and corona-viruses Cathepsin B inhibitors and
cathepsin L inhibitors

Endosomal cysteine proteases
cathepsin B/L

[65,68,69,81]

EBOV Benzylpiperazine
adamantane diamide
derivatives

Targeting endosomal membrane
protein NPC1 by interfering with
binding of cathepsin-cleaved GP to
NPC1

[26]

Multiple-enveloped viruses Aryl methyldiene
rhodanine derivative,
LJ001

Intercalates into viral lipid
membranes and inhibits membrane
flexibility

[105]

EBOV: Ebola virus; GP: Glycoprotein; NiV: Nipah virus; NPC1: Niemann-Pick C1.
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Table 2

WRR182, WRR183 and derivatives.

Compounds Structure IC50 (nM)† IC90 (nM)‡

WRR182 0.09 ± 0.01 2.97 ± 1.12

WRR183 32.84 ± 3.52 715.07 ± 1.34

WRR495 3.36 ± 1.06 54.31 ± 1.99

CA-074§ >1000 >1000

Z-Phe-Phe-FMK§ 4.47 ± 1.05 156.22 ± 4.20

Assays were performed in triplicate and the values are representative of three or more independent experiments.

†
IC50 and

‡
IC90 concentration of the compound that produced 50 and 90% decrease in SARS-coronavirus pseudotyped virus infection in 293T-ACE2 cells,

respectively.

§
CA-074 is a commercially available CatB inhibitor and Z-Phe-Phe-FMK is a commercially available CatL inhibitor.
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