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Introduction: The search for effective inhibitors to multiple infectious agents
including influenza, smallpox and hemorrhagic fever viruses is an area of
active research as many of these agents pose dramatic health and economic
challenges to the human population. Many of these infectious agents are
not only endemic threats in different parts of the globe, but are also
considered to have the potential of being used as bioterrorism agents.
Areas covered: This review focuses on inhibitors that are currently in use in
the research community against specific emerging infectious agents and
those that have bioterrorism potential. The paper provides information about
the availability of FDA approved drugs, whenever applicable, and insights
into the specific aspect of the agent life cycle that is affected by drug
treatment, when known.

Expert opinion: The key message that is conveyed in this review is that a
combination of pathogen and host-based inhibitors may have to be used
for successful control of viral replication to limit the development of
drug resistance.
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1. Introduction

There are a plethora of bacterial and viral pathogens that are constantly emerging
and evolving for which we lack effective and approved therapeutics. Although
many of these infectious agents have come under scrutiny as bioterrorism agents,
these are also pathogens that cause natural infections and pandemics in various parts
of the globe (Table 1). This review is an attempt to provide a compilation of some
of the recently described therapeutics against influenza virus, smallpox virus and
hemorrhagic fever viruses.

2. Influenza

Influenza virus is a negative strand, 8-segmented, single-stranded RNA virus
belonging to the family orthomyxoviridae [1]. Evolution of new strains with pan-
demic potential due to antigenic drift or shift is entirely arbitrary which underscores
the urgent need for broad spectrum, high efficacy inhibitors that can work across
strain barriers. Current drugs against influenza include zanamivir (Relenza), oselta-
mivir (Tamiflu), amantadine and rimantadine (Figure 1). There are several candi-
date anti-influenza antivirals that are described in the literature and the review by
De Clercq provides a comprehensive picture of the newer developments [2].
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Article highlights.

« Influenza is a disease that has affected the human
population for many years and attempts to find an
effective therapeutic continue. The article highlights
the currently approved drugs for use as anti-influenza
therapeutics while also emphasizing the problem of
drug resistance.
Smallpox vaccinations have been discontinued due to its
status of being ‘eradicated’. This has created an entire
population of individuals who are susceptible to
infection should there be any reason for an exposure in
the future. The scientific community is addressing the
issue of novel therapeutics against smallpox. Drug
repositioning appears to be providing some solutions to
the problem.
Hemorrhagic fever viruses pose a great threat to the
population due to the lack of FDA approved drugs
against many of these viruses. Extensive research is
ongoing in this arena and multiple candidate
therapeutics against the different families of
hemorrhagic fever viruses has been indicated.
« The article considers the exciting possibility of

using host responses for the design of novel

therapeutics. Host response-based therapeutics

has been shown to be effective by many researchers

against influenza, smallpox and hemorrhagic fever

virus infections.

This box summarizes key points contained in the article.

2.1 lon channel blockers

Matrix 2 (M2) ion channels are found in the surface of the
virion. After host cell entry and uptake into endosomes, the
acidic pH of the endosome enables entry of H" ions into
the interior of the viral particle. This process is necessary for
viral uncoating and release of viral genetic material into the
host cytoplasm. lon channel inhibitors block the interior
channel thus preventing H* ion influx.

2.1.1 Amantadine and rimantadine

Amantadine was the first synthetic compound that was
demonstrated to inhibit influenza virus replication (3.
Amantadine and rimantadine are M2 ion channel blockers
and activity of both drugs in prophylaxis is similar with
70 - 90% efficacy, which could be higher in the presence of
previous antibodies. An important differendating factor
between the two is that they are metabolized differently. Pre-
scription of adamantine to those with renal insufficiency and
the elderly has to be done with care as the active metabolites
are retained within the body for much longer [4]. Rimantadine
is preferred if adamantanes have to be prescribed. The major
pitfall with adamantanes is the high emergence of drug
resistant variants and the variants are as ‘fit’ as the wild type
in their transmissibility. A specific change, S31N, was associ-
ated with > 98% of adamantine resistance observed in
H3N2 resistant variants isolated in recent years [2]. Derivatives
of amantadine and rimantadine exist and are effective against

H2N2 and H3N2. However, potency, safety and emergence
of resistance still need to be evaluated.

2.2 Neuraminidase inhibitors

Influenza neuraminidase (NA) is a surface glycoprotein (GP)
that is found on the viral envelope which cleaves sialic
acid residues that bridge the virus with the host. Cleavage of
this residue is essential for the newly formed virus to be
released from the host cell. Treatment with NA inhibitors
results in virions accumulating on the surface of the host
cell without being able to infect other cells and hence viral
spread is prevented. The first NA inhibitors were sialic
acid analogs, 2-deoxy-2,3-didehydro-N-acetylneuraminic acid
and 2-deoxy-2,3-dehydro-N-trifluoroacetylneuraminic acid,
which were the lead compounds for the development of
zanamivir and oseltamivir.

2.2.1 Oseltamivir

Oseltamivir is a potent selective inhibitor of NA (5.
Tumpey ez al. have reported that recombinant virus possess-
ing the 1918 NA is inhibited by oseltamivir in cultured cells
and in mice (6] and, therefore, may be effective against a ree-
merging 1918 or 1918-like virus. Oseltamivir is also regularly
used as a drug against seasonal influenza. When administered
early, it reduces the amount of shed virus, duration of
shedding and duration of symptoms/complications such as
bronchitis and sinusitis.

The high desirability of oseltamivir was due to the low
reports of resistant viruses until a few years ago. The resistant
viruses were ‘unfit’ and were not as infectious as the parental
version. Specific mutations associated with oseltamivir resis-
tance include E119K, R292K, H274Y and R152K (7.
E119K and R292K mutants can be easily explained by the
fact that oseltamivir makes contacts with arginine in position
292 and glutamic acid in position 119 (8]. The E119K mutant
is more worrisome as it retains growth and transmissibility of
the wild-type virus. The H274Y mutation has been observed
in H5N1 infected influenza patients [9] and in some cases
associated with death. However, of great concern is the
emergence of oseltamivir resistant versions of HINI in the
2007 - 2008 seasons [10]. Additionally, person to person
transmission of oseltamivir resistant versions of influenza A
and B viruses has also been documented [11]. H5N1 also
shows resistance to oseltamivir [12].

2.2.2 Zanamivir

Zanamivir is a second NA inhibitor that is an inhaled powder
and its effect is localized to the respiratory tract. Zanamivir
may be associated with side effects especially in the context
of pre-existing pulmonary disease [13]. There are reports of
resistance to zanamivir and the mutations associated with
resistance are E119G/A/D, R152K and R292K. Using
zanamivir as the lead compound, dimeric NA inhibitors
were synthesized that displayed good efficacies in in wvitro
and 77 vivo studies [14].
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Table 1. Characteristics of discussed viruses.

Narayanan, Bailey, Kashanchi & Kehn-Hall

Family Virus Vector/reservoir Disease Endemic region
Orthomyoviridae Influenza A Wild birds Flu
Influenza B Flu
Influenza C Flu
Poxviridae Variola None Smallpox Eradicated
Filoviradae Ebolavirus Unknown Ebola hemorrhagic fever Sub-Saharan Africa
Marburgvirus Unknown Marburg hemorrhagic fever Sub-Saharan Africa
Arenavirdae Lassa virus Rodents Lassa fever West Africa
Junin virus Rodents Argentine hemorrhagic fever South America
Machupo virus Rodents Bolivian hemorrhagic fever South America
Guanarito virus Rodents Venezuelan hemorrhagic fever South America
Sabia virus Rodents Hemorrhagic fever South America
Bunyaviradae Crimean Congo Ticks Crimean Congo hemorrhagic Africa, China, Middle East
hemorrhagic fever fever
virus
Hantavirus Rodents Hemorrhagic fever with Americas, Asia, and Europe
renal syndrome, human
pulmonary syndrome
Rift valley fever virus Mosquitoes Rift valley fever Sub-Saharan Africa, Egypt,

Saudi Arabia, Yemen
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Figure 1. Life cycle of influenza virus is indicated. Following docking and internalization in endosomes, pH alterations cause
release of viral RNA into the cytoplasm. Following transcription and translation, the viral RNP is assembled and the virus buds
out of the cell on sialidase cleavage. The point of action of the FDA approved M2 ion channel blockers and neuraminidase

inhibitors is specified.
M2: Matrix 2; RNP: Ribonucleoprotein.

2.2.3 Peramivir
Peramivir is one of several cytopentane derivatives that is also

considered an NA inhibitor [15). Peramivir is effective against
HINTI and H5NI in mice. However, its strong efficacy did

not extend to humans due to low bioavailability. The FDA
has authorized emergency administration of peramivir as an
investigational new drug (IND) for 2009 HIN1 hospitalized
adult and pediatric patients.
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2.3 Entry inhibitors

Hemagglutinin is an influenza virus membrane protein that
recognizes sialylglycoconjugate receptors on the host cell sur-
face. Sialic acid-containing lipids [16] and polymers [17] are
used as entry blockers. Dendritic sialic polymeric inhibitors
are effective against H3N2 and H2N2 in vitro 18). Sialyloligo-
saccharides containing poly I-glutamic acid backbones [19] and
sialyllactose-carrying polystyrene [20] are also effective inhibi-
tors of viral multiplication 7z vitro. Sialic acid-mimic peptides
have been developed as alternative inhibitors that are effective
against HIN1 and H3N2 in vitro [21). A recombinant fusion
protein containing the sialidase catalytic domain from Actino-
myces viscosus fused with a cell surface anchoring sequence
conferred broad spectrum protection against influenza in cell
culture and in animal models [22].

2.4 IFN (inducers)/NS1 inhibitors

NSI1 is an IFN antagonist [23] and is essential for efficient
viral replication. Natural mutations and deletions occurr-
ing in NS1 impair its anti-IFN activity and cause attenua-
tion of virus [24]. Hence, chemical inhibitors of NS1 or
IFN inducers could function in an antiviral capacity.
A screen for NS1 inhibitors using 2000 compounds from
the National Cancer Institute Diversity Set library identified
four compounds (NSC109834, NSC128164, NSC95676,
NSC125044) that inhibited influenza replication in cultured
cells 25. The manuscript demonstrated that NSC109834
and NSC128164 strongly affected viral protein synthesis
and hypothesizes that the decrease may be due to inhibition
of viral re-infection and spread. Their data support a signifi-
cant increase in IFN mRNA production in the presence of
the drugs and inhibition of NS1 function, which in turn con-
tributed to the low titers. Interestingly, they also demon-
strated that the effects are specific to influenza, as respiratory
syncytial virus (RSV) is not susceptible.

2.5 RNA polymerase inhibitors

Influenza viruses use a heterotrimeric viral polymerase com-
plex consisting of three subunits PB1, PB2 and PA for repli-
cation and transcription. The fact that the formation of this
heterotrimeric complex is essential and that PB1 is highly
conserved lend the polymerase structural association and
function as an attractive target for design of novel inhibitors.

T-705 or favipiravir is an IND that has been demonstrated
to have antiviral activity against influenza A, B and C viruses
in vitro and in vivo [26]. It affects viral RNA synthesis and is
effective against oseltamivir resistant and sensitive H5N1
pathogenic viruses as well as in a mouse model [27). T-705 is
also effective against a wide range of RNA viruses including
poliovirus, rhinovirus, RSV, West Nile Virus and arenaviruses
as is indicated in other sections of this review.

A novel fusion peptide (a PB1 derived peptide of influenza
A with a single influenza B specific amino-acid substitution)
that can bind to both influenza A and B PBI1 subunit
(PB1; _ 55A1sy) has been shown to inhibit HIN1 and

HS5NI1 viral spread by blocking polymerase activity in cell
culture [28].

Three siRNAs targeting the polymerase A gene (ps-PA496,
ps-PA1116 and ps-PA1473) of H5N1 can effectively inhibit
viral replication in cell culture [29].

Influenza is dependent on the host mRNAs for obtaining
the 5" cap structures for its own messages. A series of meso-
ionic heterocycles with 5,6-fused ring systems analogous to
the N(7m)G component of mRNA cap structures were
synthesized and examined for the ability to inhibit the cap-
binding activity of the RNA polymerase complex [30]. None
of the compounds tested were able to inhibit binding and
endonucleolytic cleavage of a synthetic radiolabeled capped
mRNA in wvitro. However, compounds analogous to the
mesoionic N(7m)G component of mRNA cap structures
offer promise as potential inhibitors of the polymerase.
Similar to cap analogs, compounds called 4-substituted
2,4-dioxobutanoic acids were able to inhibit cap-dependent
endonuclease activity of the polymerase complex and inhibit
viral replication in cell culture and animal models [31]. This
was demonstrated more than a decade ago and to our knowl-
edge, no publications about these compounds have been seen
in the recent years raising the question if these compounds
should be revisited.

2.6 Host-based inhibitors

2.6.1 Ribavarin

Ribavarin has long been recognized for its broad spectrum
antiviral properties and lack of resistant mutants. Ribavarin
has a range of effects in the host cell including targeting the
host cell inosine-5’-monophosphate dehydrogenase (IMP
dehydrogenase) enzyme, acting as a nucleoside mimic and
influencing mRNA translation. Ribavarin is effective against
human and avian influenza viruses [32]. A triple combination
of ribavarin, oseltamivir and amantadine was demonstrated
to be highly synergistic in inhibition of influenza viruses
(HIN1, H3N2 and H5N1) and has a 2- to 13-fold greater
inhibitory effect than any double combinations in cell culture
studies 33]. Viramidine, a 3-carboxamidine derivative of riba-
varin, is effective against HIN1, H3N2 and H5N1 viruses

in vitro and in mice [32].

2.6.2 Signal transduction inhibitors

A recent focus for the development of antivirals against highly
mutable viruses such as influenza is on cellular factors that
influence viral replication. Intracellular signaling cascades
and their associated inhibitors are promising candidates. Inhi-
bition of the mitogenic Raf/MEK/ERK kinase cascade and
blocking the activation of NF-«B impair influenza viral pro-
duction 7 vitro and in vivo (34. As proof of concept,
U0126, a MEK inhibitor, reduced viral titers in the lungs of
infected mice. Similarly, inhibition of NF-xB in cell culture
using BAY11-7085, BAY11-7082 or Ly294002 was effective
in increasing resistance to influenza virus infection [35].

Acetylsalicylic acid (ASA), also known as aspirin, is an
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effective and selective inhibitor of IKK2, the NF-xB activat-
ing kinase. Treatment of cells with ASA blocked replication
of influenza viruses including H5N1 35]. Greatly encouraging
is the fact that when ASA was administered in aerosol form, it
was protective in mice, reducing viral titers in the lung and
promoting survival [35].

2.6.3 mAbs

Recent reports demonstrate the in vitro and in vivo efficacy of
using mAbs (A06) against isolates of the 2009 HINT influ-
enza virus [36. AO6 was capable of neutralizing H5N1, sea-
sonal HIN1 and 2009 Swine influenza with similar potency
in vitro, and could be used to treat infected mice highlighting
the potential of mAbs as therapeutics. Another example of a
mAD used as a therapeutic in case of influenza is MAb 9F4,
which was shown to be efficacious against influenza in murine
models (37]. While we have listed only a couple of examples,
this is a promising strategy that is currently being explored
as an effective treatment option against influenza.

3. Smallpox

Variola major, the causative agent of smallpox belongs to the
poxviridae family. The successful vaccination program carried
out by the WHO had eradicated smallpox by the 1980s. Since
then, vaccinations have been stopped and this has created a
large population of humans who are vulnerable to infections
by poxviruses. The recent outbreak of monkeypox in the US
in 2003 underscores the serious threat. Also, smallpox is con-
sidered a biothreat agent as it can be transmitted in an aerosol
form which has initiated a search for therapeutics against
smallpox and monkeypox infections.

3.1 Viral DNA synthesis inhibitors

Inhibitors that interfere with poxvirus DNA synthesis are
nucleoside analogs that include IMP dehydrogenase inhibi-
tors, S-adenosylhomocysteine (SAH) hydrolase inhibitors,
orotidine 5’-monophosphate (OMP) decarboxylase/CTP syn-
thetase inhibitors, thymidylate synthase inhibitors and acyclic
nucleoside phosphonates [38].

Ribavarin, a broad spectrum antimicrobial that has
been discussed in other parts of this review, is also an
inhibitor of poxviruses. Ribavarin efficacy as a topical in vac-
cinia virus-induced keratitis has been demonstrated in rab-
bits [39]. There are structurally related analogs with similar
antiviral activity and the most promising of these is EICAR
(5-ethynyl-1-p-ribofuranosylimidazole-4-carboxamide) [40].

SAH hydrolase is an enzyme that breaks down SAH into
adenosine and homocysteine. The enzymatic activity is an
essential component in the metabolic pathways of sulfur-
containing amino acids and, so, inhibitors are expected to
be useful as antimicrobials [38]. Some of the SAH inhibitors
that have antiviral activity against vaccinia virus in cell
culture include dihydroypropyl adenine [41], carbocyclic
3-deaza-adenosine [42] and neplanocins A and C [43].

Narayanan, Bailey, Kashanchi & Kehn-Hall

Both OMP decarboxylase and CTP synthetase inhibitors
affect RNA synthesis by preventing conversion of OMP to
UMP and UTP to CTP, respectively. Pyrazofurin is the pro-
totype OMP decarboxylase inhibitor that inhibits vaccinia
virus without apparently toxicity to the host cell [38].
Carbodine, cyclopentyl cytosine (C-Cyd) and cyclopentenyl
cytosine (Ce-Cyd) are examples of CTP synthetase inhibitors.

5-substituted deoxyuridines have been recognized as strong
antiviral agents [38]. Many of these compounds, particularly
thymidylate synthase inhibitors, are also known for their anti-
tumor activity [44]. They exert their antiviral and antitumor
function by interfering with the step that converts deoxy
UMP to deoxy TMP.

Adenine arabinoside A (Ara-A) is a nucleoside analog that
targets viral DNA synthesis [45]. By competing with dATPD,
Ara-A exerts a negative effect on the viral DNA polymerase.

Cidofovir or CDV-Vistide (an acyclic nucleoside phospho-
nate) is the only antiviral that is currently FDA approved for
use against orthopoxviruses [46]. It is also licensed for treatment
of retinitis caused by cytomegalovirus (CMV) 471 in AIDS
patients. It was recently demonstrated that cidofovir inhibited
genome encapsidation and affected morphogenesis in vaccinia
infection [48]. In vivo efficacy was demonstrated in mice by
showing lowered viral replication in different organs and by
preventing vaccinia induced death. However, there are two
main problems associated with the use of cidofovir. First, there
is strong renal toxicity associated with the drug and second,
there is low oral bioavailability. The recently developed hexade-
cyloxypropyl ester of cidofovir (CMX001) shows improved
oral bioavailability and displays activity against a number of
viruses that encode their own DNA polymerase [49,50].

3.2 Viral maturation inhibitors

The search for antivirals against poxviruses began when it was
demonstrated > 50 years ago that thiosemicarbazones that
were used as anti-tuberculosis agents were active against vaccinia
virus infections. The thiosemicarbazone derivative methisazone
was effective in smallpox prophylaxis (51]. The mechanism
of action is thought to be interference with viral maturation
downstream of viral protein synthesis from late viral mRNAs.

Rifampin is another anti-tuberculosis drug that is effective
in curbing vaccinia multiplication. Rifampin is thought to
block virus assembly by interacting with a 65 kDa polypeptide
that is a product of the D13 gene [521. However, the drug
needed to be administered at high concentrations, which did
not bode well for clinical use.

Mitoxantrone is an antineoplastic drug which inhibits
DNA replication and DNA-dependent RNA synthesis. It
also functions as a topoisomerase II poison and causes
double-stranded DNA breaks (53]. It is a synthetic anthraqui-
none derivative that is used for treatment of acute myeloid
leukemia [54], prostate cancer [55] and MS [56]. It was found
to inhibit vaccinia replication at a step subsequent to viral
early gene expression by a mechanism involving a late stage
block to virus assembly [57]. Even though the drug did not
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perform well in animal models, the strong inhibitory effect in
cell culture warrants further studies.

3.3 Egress inhibitors

Tecovirimat, also called ST-246 [46,58,591, is an inhibitor of
orthopoxvirus egress from infected cells by targeting viral
p37 protein orthologs (Figure 2). The drug is to be adminis-
tered orally. It is an inhibitor of the core protein cysteine pro-
teinase encoded by the poxvirus I7L gene. It blocks the ability
of the virus to spread to neighboring cells and hence prevents
disease. ST-246 has been shown to be effective in small ani-
mal and non-human primate studies. A Phase II clinical trial
is currently in progress [59].

3.4 Host-based inhibitors

3.4.1 Gleevec (STI-571)

Poxvirus cell associated enveloped virions (CEVs) use abl and
stc family tyrosine kinases for actin mobility. Release of CEV
from the host cell requires abl family tyrosine kinases and is
blocked by STI-571 or gleevec (imatinib mesylate (Figure 2)),
an abl family kinase inhibitor used to treat chronic myeloid
leukemia in humans [60]. Reduced infectivity in the presence
of gleevec was demonstrated in cell culture and a mouse
model [61]. Of great interest is the fact that gleevec is only
one of three kinase inhibitors that has been cleared by the
FDA for use in humans as a cancer drug.

3.4.2 Cl-1033

EGF-like growth factors carried by poxviruses play important
roles in viral pathogenesis. Smallpox growth factor has an
EGF-like domain that targets ErbB-1 kinases and induces
tyrosine phosphorylation of host substrates, facilitating viral
replication. CI-1033 is a 4-anilinoquinazoline with strong
specificity to ErbB kinases that has been used as an anticancer
therapeutic [62). CI-1033 had a prominent effect on comet
formation in vaccinia infected cells. Reduction in comet size
indicates a delay in formation of extracellular enveloped virus
(EEV) and net reduction in EEV numbers. This suggests the
interference of CI-1033 in viral morphogenesis is a way for
preventing viral egress and spreading to neighboring cells
(Figure 2). While this was effectively demonstrated iz vitro,
in animals the drug was most effective when used in
conjunction with the anti-L1R mAb (e3].

4. Hemorrhagic fever viruses

Hemorrhagic fever viruses (HFV) are a group of diverse
viruses that have the ability to cause viral hemorrhagic fever
(VHF). VHEF is caused by multiple viral families, including
filoviruses, arenaviruses, bunyaviruses and flaviviruses [64].
The majority of HFV are considered to pose serious risk as
biological weapons and have, therefore, been classified as
Category A agents [64]. Here, we limit our discussion to the
filoviruses (Figure 3), arenaviruses (Figure 4) and bunyaviruses
(Figure 5).

4.1 Filoviruses

Ebolavirus (EBOV) and marburgvirus (MARV) were identi-
fied during deadly outbreaks of hemorrhagic fever in
1976 and 1967, respectively [65]. Filoviruses are negative-
stranded RNA viruses of 18 - 19 kb in size. There are several
vaccine candidates in development for filoviruses which show
promising results in non-human primates (65], including
virus-like particle vaccines, replication-defective adenovirus
serotype 5, Venezuelan equine encephalitis virus (VEEV)
replicon vaccine and a recombinant vesicular stomatitis virus
vaccine [66]. As there are no FDA approved vaccines or
antivirals, the scientific community is focusing heavily of the
identification of novel antivirals for treatment.

4.1.1 Entry inhibitors

The entry process of filoviruses is still an evolving field of
research, but there are some similarities between filovirus
and HIV entry. Cyanovirin-N (CV-N) is a cyanobacterial lec-
tin that has demonstrated antiviral activity against numerous
enveloped viruses, including HIV and EBOV (67]. CV-N rec-
ognizes N-linked high-mannose oligosaccharides, Man-8 and
Man-9. Zaire EBOV GP and MARV GP-pseudotyped
viruses can be inhibited by treatment with CV-N [68]. Treat-
ment with CV-N in tissue culture resulted in inhibition of
cytopathic effects and mice infected with EBOV displayed
delayed time to death [69]. In addition, CV-N binds to
GP1 and GP2 with similar affinity as it binds to HIV
gpl20 [69]. While the filovirus receptor(s) is currently
unknown, CV-N may prevent interactions between the viral
GPs and the cellular receptors inhibiting viral entry and
fusion. The crystal structure of the trimeric EBOV GP in
complex with neutralizing antibody fragment has recently
been described [70,71] and should provide important informa-
tion to aid in rational antibody and small molecule
compound design for entry inhibition.

4.1.2 Transcription inhibitors

The RNA-dependent RNA polymerase L is the main driving
factor for filovirus transcription. To date, there are no known
EBOV L polymerase inhibitors described in the literature.
The nucleocapsid protein NP and the IFN antagonist
VP35 are also critical for filovirus transcription [65]. In addi-
tion, VP30 is an essential EBOV-specific transcription factor
that must form oligomers to allow EBOV transcription [72].
Hartlieb ez al. identified a 25-mer peptide (E30pep) that
binds to VP30, preventing its oligomerization, resulting in
inhibition of viral replication in tissue culture [72]. These novel
results are the first demonstration of inhibiting EBOV
replication through targeting the replication complex.

4.1.3 Oligonucleotide antivirals

In the filovirus field there has been a push for the use of
oligonucleotides, siRNAs and nucleic acid analogs, phosphor-
odiamidate morpholino oligomers (PMOs), as antiviral
therapeutics [73). Warfield ez 4/ utilized antisense PMOs
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Figure 2. The complex life cycle of smallpox virus is depicted. After docking on the host cell surface, the virus releases its core
into the cytoplasm. The gene expression pattern follows an early, intermediate and late gene expression time line after which
the viral particles are assembled. The complex particle assembly culminates in the enveloped extracellular virion being
released from the infected cell. Points of action by the morphogenesis inhibitors are specified.

targeting VP24, VP35 and L for the treatment of EBOV
infection [74]. Mice treated with PMOs either pre- or post-
EBOV exposure were 100% protected when a combination
of all three PMOs were utilized. Treatment with VP24 or
VP35 PMOs alone also provided nearly complete protection,
whereas the L PMO treatment resulted in only 30% survival.
Combination of all three viral PMOs protected 75% of rhesus
macaques from a lethal EBOV challenge. To further enhance
PMOs, arginine-rich peptides can be conjugated to the back-
bone, allowing greater uptake into the cells, and are referred
to as p-PMOs. A VP35 p-PMO has been shown to be effec-
tive both pre- and post-infection in a lethal EBOV mouse
model [75]. P-PMOs that had two to four positive charges
on the backbone demonstrated enhanced activity 7z vitro as
well as in mice infected with EBOV [76]. In addition, PMO-
plus molecules have been developed, which contain piperazine
linkages within the PMO backbone [76]. A 2010 study indi-
cated that both pre- and post-exposure treatment with a
combination of VP35 and VP24 PMOp/us molecules (desig-
nated AVI-6002) resulted in substantial protection from Zaire
EBOV challenge in both mice (greater than 90%) and guinea-
pigs (83%) [77). In addition, treatment initated 30 - 60 min
post-exposure results in > 60% protection in rhesus maca-
ques [77). A combination of NP and VP24 PMOplus mole-
cules for Lake Victoria MARV (designated AVI-6003)

demonstrated 100% protection of cynomolgus monkeys [77].

Based on these results, IND applications for both
AVI-6002 and AVI-6003 have been submitted to the
FDA (771.

siRNAs are a related strategy that have shown promise for
both EBOV and MARYV infections. siRNAs against MARV
NP, VP35 and VP30 decreased the levels of viral proteins
and viral release [78]. Likewise, Groseth et /. screened Zaire
EBOV siRNA candidates through the use of a minigenome
system and found siRNA targeting NP (ZNP1) to be
the most effective at reducing viral titers in wvitro [79].
Collectively, these studies indicated that oligonucleotide-
based therapies are a viable option for the treatment of
filovirus infection.

4.1.4 Host-based inhibitors

As stated above, SAH hydrolase is a cellular enzyme that
catalyzes the hydrolysis of SAH to adenosine and homo-
cysteine. A number of nucleoside analog inhibitors of SAH
hydrolase inhibit EBOV replication, including carbocyclic
3-deazaadenosine and 3-deazaneplancin A [80-82]. A dramatic
induction of IFN-o production was observed in EBOV
infected mice treated with 3-deazaneplancin A, suggesting
that IFN stimulation contributes to the observed protec-
tion (83). While this class of compounds is able to inhibit
EBOV infection in a lethal mouse model, limitations include
toxicity issues and lack of post-infection efficacy.
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There has been an intense effort to identify novel
antivirals  through  high-throughput screening (HTS).
FGI-103 (2-(2-(5-(amino(imino)methyl)-1-benzofuran-2-yl)
vinyl)-1H-benzimidazole-5-carboximidamide) is a small mol-
ecule compound that was selected through in vifro screening
of a GFP-expressing Zaire EBOV [84]. Further testing of
FGI-103 indicated that it also inhibits wild-type Zaire
EBOV, Sudan EBOV, MARV Ci67 and MARV Ravn.
Treatment with FGI-103 24 h post-infection resulted in
completed protection of mice against both EBOV- and
MARV-induced death. While the mechanism of FGI-103
is not established, treatment resulted in delayed pro-
inflammatory cytokine responses and decreased viral titers in
the kidney, liver and spleen. Likewise, FGI-104 was identified
through a screen aimed at identifying host-based inhibi-
tors [85]. Importantly, FGI-104 demonstrated broad spectrum
activity against HCV, HBV, HIV, EBOV, VEEV, Cowpox
virus and porcine reproductive and respiratory syndrome virus
infection #n vitro. In vive studies indicated that FGI-104
prevents lethality from EBOV. TSG-101 has been suggested
as the molecular target of FGI-104, but studies are underway
to confirm this hypothesis. Finally, a third antiviral, FGI-106,
was identified through HTS. FGI-106 displayed broad

spectrum activity with the ability to inhibit EBOV, Rift
valley fever virus (RVFV) and dengue 8s]. [n wvivo,
FGI-106 has shown great promise, protecting mice from
lethal EBOV infection.

Through a proteomic and RNAI approach, Spurgers ez al.
have recently identified host proteins that are specifically
incorporated in EBOV and MARYV virions [87]. The identified
proteins fell into eight different categories, PI3K pathway,
integrin signaling pathway, cell structure and motility, small
GTPase, annexin, protein targeting and localization, stress
response and chaperone proteins. siRNA-mediated knock-
down of heat-shock 70 kDa protein 5 (HSPAS5), ribosomal
protein L18 (RPL18), ribosomal protein L5 (RPL5) and
ubiquitin C (UBC) significantly inhibited EBOV replication
without inducing cellular toxicity. HSPA5, RPL18 and
UBC knockdown had a similar effecc on MARYV replication,
while RPL5 resulted in an increase in MARV replication.
These results suggest that inhibition of the host proteins can
efficiently inhibit filovirus replication.

4.2 Arenaviruses
The family Arenaviridae contains 25 viruses, which can be
subdivided into two major groups, the New World and the
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Old World arenaviruses [8s]. Of these, Junin (JUNV),
Machupo, Guanarito, Sabia, Lujo, Chapare and Lassa viruses
(LASV) can cause hemorrhagic fever [8s-90]. Arenaviruses are
enveloped viruses with a bi-segmented negative ssRNA
genome. There are no FDA approved vaccines or treatment
options for arenaviruses. However, Candid #1 is a live atten-
uated vaccine against JUNV that was developed at USAM-
RIID (91}, which has proven to be safe and effective in
protecting agricultural workers during a Phase III clinical trial
in South America [92). Candid #1 is also an IND vaccine in
the US [93]. Other therapeutic options for JUNV and other
arenaviruses include transfusion of immune plasma and riba-
virin. However, ribavirin is only partially effective and is asso-
ciated with negative side effects [94). Here, we discuss novel
therapies that show potential for arenavirus treatment.

4.2.1 Z inhibitors
The Z protein is the main driving force for arenavirus budding.
The Z protein is myristoylated at glycine position 2 [95] and this
post-translation modification has become a target for antiviral
design. N-myristoyl transferase (NMT) catalyzes the addition
of myristate to N-terminal glycines. NMT inhibitors have
been demonstrated to inhibit LASV and JUNV [9697]. More
recently, the zinc finger reactive compound NSC20625 has
been shown to induce unfolding and oligomerization of Z as
well as disrupt the interaction of Z protein with PML [98-100].
The aromatic disulfides NSC4492 and NSC71033 and the
thiuram disulfide NSC14560 have antiviral activity against
JUNV and two other arenaviruses [i01]. It has been sug-
gested that the viral inhibition is due to the loss of membrane
localization of the Z protein.

siRNA-based antivirals targeting the Z protein have also been
tested. Four Z-specific siRNAs (Z1- to Z4-siRNAs) were tested
and Z2-siRNA, which targets nucleotides 179 - 197 of the
Z gene, proved most effective [102]. Z2-siRNA displayed
92.8% JUNV yield reduction in plaque assays and a 91%
reduction in expression of Z-EGFP fusion protein [102]. These

results highlight the feasibility of Z inhibitor-based therapies.

4.2.2 GP2 inhibitors

The hemorrhagic fever causing arenaviruses must be studied at
BSL-4; thus, often times, a related model virus is chosen for ini-
tial studies. Tacaribe virus is a BSL-2 arenavirus that can be used
as a model for New World arenaviruses, such as JUNV. HTS of
40,000 small molecule compounds against Tacaribe virus iden-
tified ST-294 as a lead compound for drug development [103].
ST-294 was also capable of inhibiting JUNV, Machupo and
Guanarito as well as protecting against Tacaribe in a mouse
challenge model. Additional studies have indicated that
ST-294 interferes with the GP precursor (GPC)-mediated
membrane fusion [104]. Another small molecule compound,
ST-193, which is a benzimidazole derivative, was also identified
through a HTS assay for arenavirus entry inhibitors [105].
ST-193 can inhibit a broad range of arenaviruses including

LASV, JUNV, Machupo and Guanarito and has been suggested

Narayanan, Bailey, Kashanchi & Kehn-Hall

to have a similar mechanism of action as ST-294 [104,105]. Both
ST-294 and ST-193 prevented pH-mediated dissociation of the
G1-receptor binding subunit from GPC, which is critical for
fusion to occur. The inhibition of viral fusion is a promising
strategy; however, the efficacy of these inhibitors 77 vive has
yet to be demonstrated.

4.2.3 Host-based inhibitors

T-705 is a novel pyrazine derivative that has been shown to
successfully treat numerous RNA virus infections including
arenaviruses (Tacaribe, JUNV and Pichinde virus (PICV)),
without the toxicity observed with ribavirin [106]. T-705 has
been discussed earlier in this review in relation to influenza.
T-705 was efficacious 7 vivo in the PICV hamster infection
model of arenaviral hemorrhagic fever [1071. Recently,
Gowen ¢t al. have tested T-705 in the late stages of PICV
infection, which is critical for the
use of T-705. When treatment was initiated 4 or 5 days
post-infection, 95% of the infected hamsters survived,
day 6 showed only 50%
survival [107]. Surprisingly, there was no added benefit of
combination ribavirin and T-705 therapy. Collectively, these
studies indicate that T-705 is a strong candidate for

successful clinical

but hamsters treated at

arenaviral therapy.

The GPC must be processed via the cellular proprotein
convertase site 1 protease (SI1P), also referred to as subtili-
sin-kexin-isozyme 1. To target this critical step for antiviral
therapy, Rojek er al. used a peptide-based S1P inhibitor,
decanoyl (dec)-RRLL-chloromethylketone (CMK). They
found that dec-RRLL-CMK was able to block LCMV viral
production and spread [108]. Treatment in combination with
ribavirin resulted in more potent inhibition.

PI3K/AKT signaling is altered in many viral infections [109].
JUNV infection also results in induction of this signal-
ing pathway, potentially through viral internalization [110].
Importantly, treatment of JUNV infected cells with the
PI3K inhibitor, Ly294002, decreased viral protein synthesis
and viral tters. Interestingly, in LY294002 treated cells,
transferring  cell-receptor recycling is blocked, suggesting
reduced viral binding to the cell surface as a possible mecha-
nism of action [110]. Along these same lines, treatment of the
PICV infected cells with the tyrosine kinase inhibitor genis-
tein inhibited infection [111]. PICV infection results in phos-
phorylation of the transcription factors ATF-2 and CREB,
which can both be inhibited following treatment with genis-
tein. Overall, these results indicate that tyrosine kinase activity
is needed for arenavirus infection, but the particular kinase
responsible has yet to be identified.

4.3 Bunyaviruses

Bunyaviridae is a large family of viruses, containing 5 genera
and > 300 species. Within the Bunyaviridae family, RVFV,
Crimean Congo hemorrhagic fever virus (CCHFV) and Han-
taviruses can cause hemorrhagic fever. The main focus of
research for CCHFV has been on the use and efficacy of
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ribavirin [112]. Disappointingly, one recent study indicated
that treatment with ribavirin did not make any significant
contribution to patient outcome [113]. Due to limited studies
on additional antivirals for the treatment of CCHF, only
RVFV and Hantaviruses are discussed below.

4.3.1 Rift valley fever virus

RVEFV is a zoonotic virus that infects a number of wild and
domestic animals and humans. Rift valley fever is a rapidly
emerging disease that could have implications for the US
population. There are two IND vaccines currenty for
RVEFV. One is a formalin-inactivated vaccine and the other
is a live attenuated vaccine, MP-12, which is made available
to at-risk laboratory workers and troops [114-116].

4.3.1.1 Entry inhibitors

LJ0O1 is a novel broad spectrum inhibitor that is able to inter-
calate into viral membranes, but not cellular membranes [117].
It has no effect on non-enveloped viruses, but has been shown
to inhibit influenza A, filoviruses, poxviruses, arenaviruses,
bunyaviruses, paramyxoviruses, flaviviruses and HIV. 1J001

is a rhodanine derivative that can irreversibly inhibit viral
entry after viral binding but before virus—cell fusion.

4.3.1.2 Host-based inhibitors
Viral infection stimulates the IFN response, which many
viruses have evolved mechanisms to evade. RVFV encodes
an IFN antagonist, NSs, which potently and rapidly inhibits
IFN stimulation through altering transcription and chromatin
remodeling factors [118]. Based on this known virulence factor,
studies have been performed to test the effect of IFN treat-
ment. IFN alfacon-1 (trade name Infergen®, Three Rivers
Pharmaceuticals, Cranberry Township, PA, USA) was tested
in both cell culture models of Punta Toro virus (PTV) and
RVEV infection. Results indicated that pretreatment of cells
with IFN alfacon-1 reduced viral titers [119]. Importantly,
when IFN alfacon-1 was tested in a PTV hamster model,
complete protection to a lethal challenge was observed at up
to 36 h post-infection.

Like many of the RNA viruses discussed, T-705 is also a
promising antiviral for RVFV infection. T-705 was shown
to be efficacious in treating PTV infection in both mouse
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and hamster models, allowing a higher percent survival than
treatment with ribavirin alone [106]. More recently, a related
pyrazine, T-1106, was tested for its antiviral activity against
PTV and found to be a promising therapeutic both in
in vitro and in vivo model systems [120].

4.3.2 Hantaviruses

Hantaviruses can be divided into Old and New World
Hantaviruses. Old World Hantaviruses are the causative
agent of hemorrhagic fever with renal syndrome (HFRS)
and New World Hantaviruses cause human pulmonary
syndrome [121].

There are limited studies on therapeutics against Hantavi-
ruses. However, one particular area of focus has been on pre-
venting Hantavirus entry through targeting the integrin
receptor. Antibodies against B3 integrin and its ligand, vitro-
nectin, were able to prevent NY-1 and Sin Nombre infection,
but not Prospect Hill infection [122]. Instead, Prospect Hill
virus infection was inhibited by fibronectin and B1-specific
antibodies. To take advantage of the importance of B3 integ-
rin for Sin Nombre entry, Larson ez al. developed a cyclic
nonapeptide, cyclo-[CPFVKTQLC], which inhibited Sin
Nombre virus entry [123]. This inhibition was comparable to
inhibition displayed by ReoPro, a humanized mAb against

the B3 subunit. ReoPro is an FDA approved antithrombotic,
making it a perfect candidate for treatment of human pulmo-
nary syndrome through drug repositioning. This peptide has
been further refined for optimal viral inhibition and the
resulting peptide is cyclo-[CPFVC] [124].

For HFRS, two antibody therapies show promise. One is a
murine mAb against Hantaan virus (designated AHM) that
has recently undergone a Phase I clinical trial [125]. The trial
showed that AHM had a relatively long bioavailability and
was well tolerated in volunteers as evidenced by no severe
adverse effects. The second antibody, scFv3G1, which targets
Hantaan virus GP binds to Hantaan GP and is internalized in
Hantaan virus infected cells [126]. While scFv3G1 is clearly at a
much more preliminary stage of development, it shows
potential for treatment of Hantaan virus infection.

5. Conclusion

Continuing and unpredictable onslaughts by multiple emerg-
ing pathogens pose serious economic and health burden all
over the globe. Additionally, the threat of engineered bioter-
rorism agents highlights our extreme unpreparedness to deal
with a manmade or a natural outbreak. Long-term use of
many antivirals has led to emergence of drug resistance in
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many instances. Renewed efforts have focused on understand-
ing the pathogens and their relationship with the host to high-
light pathogen vulnerabilities that can be exploited. This
review only takes into consideration a handful of examples.
The pathogen list is much longer and growing thus bringing
into stark focus the immediate need for some broad

spectrum antimicrobials.

6. Expert opinion

For many years, antimicrobials have centered on targeting
the pathogen for inhibition of synthesis, activity or egress
of the pathogen. The repeated lesson from many highly
mutable viruses such as influenza and HIV is that viruses
find a way around the inhibitor. A second consideration is
that the pathology is also a result of host response gone
awry. Many host responses are set in motion early in the
infectious process that trigger a domino effect with multiple
cascades feeding into one another. Researchers have now
recognized and acknowledged the host response as being
an important component that requires attention. An
apparent advantage in controlling adverse host responses
is the ability to ‘buy the host more time’ to stabilize
the host before the administered antiviral can control
viral multiplication.

Viruses are dependent on the host for successful replica-
tion. Many viruses, with some exceptions such as the
smallpox virus, have limited genomes and hijack host com-
ponents to complete their life cycle and it is this depen-
dence that can be exploited. As has been shown for many
pathogens, inhibitors to multiple key signal transduction
components have proven to be effective in inhibiting viral
multiplication and infectivity. Utilizing the host machinery
to design drugs against viruses has two main advantages.
First, it is virtually impossible for the virus to evolve drug
resistance. Second, as many of these pathways intercept at
multiple nodes and have common components as upstream
activators and downstream targets broad spectrum inhibi-
tors can be developed. However, it should not be forgotten
that targeting conserved host pathways may prove to be
deleterious to the host itself. This necessitates stringent
toxicity control studies before a host target can be thera-
peutically utilized. The concept of combinatorial therapy

is also gaining much attention these days. Combinatorial
therapy has to be looked at beyond targeting multiple com-
ponents of the virus at once. In the case of influenza, com-
binations of oseltamivir, peramivir and ribavarin effectively
targeted multiple components of the viral life cycle while
also placing a check on the host. An important consider-
ation during development of combinatorial therapies, how-
ever, is that obtaining regulatory approval for usage of the
product can be more difficult and expensive as multiple cri-
teria for all the components in the combinatorial strategy
have to be satisfied.

‘Drug repositioning’ is a catch phrase that would appeal to
drug makers, the public and the scientific community. Repo-
sitioned drugs are those that have been designed, FDA
approved and are in the market for a completely unrelated dis-
ease, but work effectively as antivirals. Now, many drugs that
are in the market for treatment of cancerous conditions are
tested for their ability to function as antimicrobials. This is
a useful avenue to pursue not only because we minimize
time and effort in designing additional drugs, but we also
bypass the expenses involved in optimization, clinical trials,
FDA approvals and so on. Current tools utilized to identify
candidates that can be repositioned, however, utilize mathe-
matical models, computerized prediction tools and such
methods that often make certain assumptions and may
exclude relevant information. Such efforts often focus on the
obvious benefit, but attention should also be focused on the
risk-side of the equation such as adverse effect profile for
the repositioned candidates.

There are many tools available to conquer these pathogens.
The pathogen-host interaction is an ever-evolving dance
where for every push there is a counter push. Newer technol-
ogies that are constantly emerging provide greater sensitivity
in detection and avenues for development of potent drugs.
The same technologies also reveal how far behind the scien-
tific community is in their ability to effectively inhibit many
infectious agents.
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