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Abstract

In the advent of an influenza virus pandemic it is likely that the administration of antiviral
drugs will be an important first line of defence against the virus. The drugs currently in use are
effective against seasonal influenza virus infection, and some cases have been used in the
treatment of patients infected with the avian H5N1 influenza virus. However, it is becoming clear
that the emergence of drug-resistant viruses will potentially be a major problem in the future
efforts to control influenza virus infection. In addition, during a new pandemic, sufficient
quantities of these agents will need to be distributed to many different parts of the world, possibly
at short notice. In this review we provide an overview of some of the drugs that are currently
availablefor the treatmentand prevention of influenzavirusinfection. Inaddition, basic research
on influenzavirus is providing a much better understanding of the biology of the virus, which is
offering the possibility of new anti-influenza virus drugs. We therefore also review some new
antiviral strategies that are being reported in the scientific literature, which may form the basis

of the next generation of antiviral strategies during a future influenza virus pandemic.
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Introduction

Over the past 100 years there have been 3 major influenza
virus pandemics, which have among them claimed millions
of lives. In 1918 the first of these pandemics occurred
suddenly, and withoutwarning. The source of this pandemic
is likely to have been Kansas in the USA, but by the end of
1918the virus had spread across the globe. Two subsequent
major pandemics followed in 1957 and 1968, but these
were less severe than that experienced in 1918. However,
it is worth noting that during these latter pandemics there
was no adequate time to prepare suitable quantities of
vaccine against the respective pandemic virus strains.
There is currently an influenza virus pandemic among
birds, predominantly involving the highly pathogenic avian
influenza (HPAI) H5N1 virus. It is now known that this
virus can be directly transmitted to humans from birds,
resulting in a high mortality rate in infected individuals.
However, several other avian influenza virus strains have
been reported to infect humans (e.g. H7N7, H7N3, H7N2,
HIN2?), and although the most recent cases of transmission
have involved H5NL, it is by no means certain that a new
pandemic will be caused by H5N1. It is difficult to predict

with certainty what vaccine will be effective in a future
pandemic, and a similar scenario to that faced by people in
previous pandemics may arise. The use of drugs against
influenzavirus could therefore representafirst line defence
againstanew pandemic, allowing the control of the infection
until sufficient quantities of a suitable vaccine can be
produced. Inthis article we will discuss some of the current
drugs thatare available to prevent influenza virus infection,
and describe more recent developments that could make
the transition from “bench to bedside” in the near future.

The Current Anti-influenza Drugs

Amantadine is effective against all influenza A virus
types,>® and was originally approved in 1976 for the
treatment of influenza A virus infection. Several
formulations of amantadine are currently available on
prescription (e.g. Symmetrel®). It should be administered
as soon as possible after the onset of symptoms, and
continued for at least 2 days after the disappearance of
symptoms. A number of reports have suggested that
amantadine treatment is associated with several side effects,
including dizziness, insomnia, nervousness and nausea.*
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Rimantadine (Flumadine®) isalso available on prescription,
and although it is closely related to amantadine, it exhibits
fewer side effects in treated individuals.

In the final stage in the virus entry process, the virus
genomic segments must be released from the incoming
virus particle, to allow transport of the virus genome to the
cell nucleus,® and the virus encoded matrix-2 (M2) protein
plays an important role in this process. It exhibits an
essential ion channel activity that allows the transport of
hydrogen ions (H*) across the virus envelope into the
internalised virus particle.®” This increases acidity within
the virus particle causing the dissociation of the virus gene
segments from the internalised virus particle.2 Amantadine
binds to the transmembrane region of the M2 protein and
blocks the membrane pore,®*! thus preventing the uncoating
process.t? In HPAI viruses (e.g. H5 and H7), amantadine
also acts by inhibiting the final stages of influenza virus
maturation. In all influenza A viruses, the HA protein is
initially synthesised as an inactive precursor (HAO) that is
activated by proteolytic cleavage into 2 smaller protein
subunits, called HA1 and HA2.%3 In HPAI viruses, the HA
protein undergoes intracellular cleavage in the trans-Golgi
urea, and this activated intracellular form of the HA protein
can prematurely change into its fusogenic form in the more
acidic post-Golgi compartments. In these viruses, the M2
protein protects the HA protein by maintaining the pH in
these cell compartments close to neutral.*

Early studies demonstrated that drug-resistant viruses
were readily generated in tissue culture in the presence of
amantadine, and that these mutant viruses appeared to
grow as well as wild type viruses.*® These mutations gave
rise to specific amino acid changes in the transmembrane
region of the M2 protein that prevented amantadine
binding.>%° Several early studies showed thatadministering
amantadine to people resulted in the production of drug-
resistant viruses,'®® and more recent epidemiological
studies have demonstrated that amantadine-resistant
influenza virus strains are currently circulating in several
countries.?° Furthermore, in addition to human influenza
virus isolates, the emergence of amantadine resistance has
also been observed inavian influenza viruses.?! Since drug-
resistant mutants are readily generated in the presence of
amantadine, the drug is not recommended as a prophylactic
for seasonal influenza, suggesting that amantadine may be
of limited use in a future pandemic.

At the same time as the development of amantadine, the
efficacy of other drugs that were able to inhibit influenza
virus replication was examined. Ribavirin is a nucleoside
analogue that interferes with the duplication of either DNA
or RNA.222* Early studies showed that, in tissue culture,
ribavirin was effective against influenza A and B,%? and
some studies have suggested that it may be effective in the
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treatment of influenza virus. However, carefully controlled
clinical studies to study the efficacy of ribavirin in patients
infected with influenza virus have given inconsistent
results.?’ Although ribavirin is recommended for the
treatment of several virus infections, including respiratory
syncytial virus and hepatitis C virus,? it is currently not
approved by the Food and Drug Administration (USA) or
Health Protection Agency (UK) for the treatment of
influenza virus infection.

Partly as a result of the emergence of amantadine-
resistant influenza viruses, alternative antiviral strategies
have been developed. The sialidase activity in the virus
neuramindase (NA) protein plays a critical role in the
influenza virus replication cycle, and the design of NA
protein inhibitors is currently one of the most common
approaches in the development of anti-influenza virus
drugs. The NA protein was the first virus glycoprotein for
which ahigh resolution molecular structure was obtained.?
Subsequent functional and structural studies of the NA
protein have allowed several pharmaceutical companies to
produce NA inhibitors using a structure-based inhibitor
design. Zanamivir and oseltamivir are the 2 virus NA
inhibitors that are currently available for the prevention of
virus infection (see review?®). These drugs target the active
site of the NA protein, thus inhibiting its sialidase activity
that is essential for virus release (see review?). They are
effective both in vitro and in vivo, and are effective against
both influenza A and B viruses. Zanamivir was the first NA
inhibitor available, and it is currently marketed by
GlaxoSmithKline under the market name of Relenza®.
Oseltamivir, initially developed by Gilead Sciences, is
currently produced by Hoffman-La Roche under the market
name of Tamiflu®. These drugs, in particular oseltamivir,
are currently the primary drugs available for the prevention
of influenza virus infection. An injectable form of NA
inhibitor called peramivir has been developed by BioCryst
Pharmaceuticals Inc, and it is currently undergoing phase
Il clinical trials in the USA.

Although zanamivir and oseltamivir are similar in their
mode of action, the drugs have different biochemical
properties, which influence how they are administered.
Due to the poor bioavailability of zanamivir it must be
administered by inhalation,® and there have been several
reports of respiratory complications following the inhalation
of Relenza®3*3 The route of administration has been a
major reason for the limited use of zanamivir by the public.
In contrast, oseltamivir is administered orally as a pro-drug
ester, usually as oseltamivir carboxylate. Once administered,
the pro-drug is processed by human carboxyesterase into
its active form.® It is currently the drug of choice for the
prevention of influenzavirus infection, and asaconsequence
itis being stockpiled by organisations in many countries in
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anticipation of a pandemic.®® Although it has general
acceptance by the public, there have been a series of reports
regarding serious side effects that are associated with the
drug, which have included nausea and vomiting.*” In rare
cases, neurological side-effects have been reported that
have led to several deaths among teenagers,®3®and in some
countries warnings have been issued about administering
oseltamivir to this age group.*

Early studies on the effect of oseltamivir and zaminivir
on influenza virus replication in tissue culture showed a
variation in the degree of susceptibility of several virus
isolates,** and the degree of drug susceptibility for each
virus correlated with the affinity of its HA protein for sialic
acid.*? The prolonged passage of influenza virus in tissue
culture in the presence of these drugs led to the emergence
of drug-resistant mutants, which exhibited amino acid
changes in both the HA and NA proteins.***¢ The changes
in the HA protein reduced the affinity of the virus for its
sialicacid receptor, and presumably reduced its dependency
on the NA protein. There is no evidence of the emergence
of drug-resistant viruses in patients treated with zanamivir,
whichispresumably areflection of its low usage. However,
drug-resistant H3N2 and H1N1 viruses were isolated from
oseltamivir-treated children,*#” and the emergence of drug
resistance in patients infected with HSN1 has been reported
in Vietnam.*

Anti-influenza Drugs, the Future Perspective

The available evidence suggests that the current drugs
used to prevent influenza virus infection eventually give
rise to drug-resistant viruses. Furthermore, a pandemic will
potentially involve a greater part of the world’s population,
requiring the capacity to mass produce effective drugs on
aglobal scale. These are 2 major factors that are driving the
search for new antiviral strategies that are both efficacious
in preventing influenza virus infection, and that will be
cost-effective. There are many potential anti-influenza
virus strategies that are currently being described in the
literature that may become effective in the clinic, and here
we will examine some of these different approaches.

Although the virus polymerase is an obvious therapeutic
target, there is currently no high-resolution structural data
for the proteins that form the virus polymerase complex.
Thishashampered the development of polymerase inhibitors
using a structure-based approach. Although most of the
current focus is on the development of drugs which target
the activity of the NA protein, agents that target the HA are
also effective in the laboratory setting. These agents have
a great potential to be developed into antiviral drugs for the
treatment and prevention of influenza virus infection, and
the availability of several high-resolution HA structures
should facilitate their further development.*

There isalong history of the use of passive immunisation
to control virus infections (see review®®), and humanised
antibodies that exhibit neutralising activity are currently
being developed for the treatmentand prevention of several
viruses. Inat least 1 case, ahumanised monoclonal antibody
against the respiratory syncytial virus (RSV) fusion protein
(e.g. Synagis® from MedImmune) has been approved for
clinical use, and has been used for several years in the
prevention of RSV infection in hospitalised high-risk
patients.> Similarly, antibodies against the HA protein that
can neutralise virus infection (e.g. by blocking cell
attachment®?) can be potentially developed into an effective
influenza virus prophylactic. In mice challenged with
influenza A virus, neutralising antibodies to the HA
glycoproteinwas shown to be effective both asaprophylactic
and a therapeutic.> Several candidate antibodies against
H5N1 have been identified, and have found to be effective
in neutralising the virus infectivity in tissue culture and in
experimental animals. Recent studies found that equine
hyperimmune globulin F(ab’)2,** humanised mouse
monoclonal antibodies®® and human monoclonal antibodies
generated from the memory cells of recovered patients,>®
protected mice infected with H5N1. Although antibody
escape mutants represent a serious drawback, it is
envisaged that several differenthumanised antibodies given
incombination may facilitate their longer term effectiveness.
Although immunoprophylaxis using humanised antibodies
could be an option during a pandemic, the probable high
cost to mass produce them is an obstacle. An even more
serious obstacle in the advent of a sudden pandemic will be
the lag-time that may be required to produce sufficient
quantities of the humanised antibodies, particularly in the
advent of a new virus subtype for which neutralising
antibodies are not yet available.

Short interfering (si)RNAs are double-stranded RNA
duplexes that are able to inhibit the expression of specific
genes by inducing sequence-specific degradation of target
MRNA through the RNA interference (RNAI) pathway
(see review’®). RNAI as a generic antiviral strategy is
efficacious, both in vitro and in animal models, against
several viruses, including influenza A virus (see reviews*?),
siRNAs designed against conserved sequences in the
influenza A virus nucleoprotein, acidic polymerase and
matrix genes, are able to suppress virus replication in tissue
culture, and significantly reduced virus yields in tissue
culture, and in the lungs of infected mice.®>** The antiviral
effect was shown to be due to specific degradation of virus
MRNA and was effective against a broad spectrum of
different human and avian influenza subtypes.® There are
currently several biotechnology companies developing
RNAi-based drugs for clinical use. Alnylam
Pharmaceuticals (see http://www.alnylam.com for further
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details) have successfully completed phase I clinical trials
for siRNAs against the human RSV in mid-2007, showing
that administration of the siRNAs was well-tolerated and
safe. A Phase Il clinical trial is currently in progress to
determine the efficacy of the siRNA drug in volunteer
patients, and initial reports indicate that the drug
demonstrated “statistically significant antiviral activity”.%
Alnylam, incollaboration with Novartis, isalso conducting
preclinical trials for sSiRNAs against influenza virus. One
of the major advantages of RNAi-based therapeutics in a
pandemic influenza situation is that the design of specific
siRNAs only requires knowledge of the gene sequence,
and the siRNAs synthesis can be achieved within a short
period of time and at relatively low cost. However, there
have been reports that some antiviral SIRNA molecules can
exhibit off-target effects that inhibit the expression of some
host genes.%®¢” Therefore, before a sSiRNA approach can be
used in the clinical scenario, it will have to be carefully
evaluated to examine its specificity in silencing virus gene
expression.

One of the key challenges in RNAi-based therapeutics is
the issue of delivery to specific cells or tissues, especially
in the case of a systemic disease. Selective non-viral
methods of delivery include siRNAs coupled to
nanoparticles coated with receptor-targeting ligands,
antibody-fragments or aptamers.%-"°For long-term delivery
of RNAI-drugs, viral delivery methods using lentiviruses
and adenoviruses have been examined.”>"2 Reduced lung
titres and pulmonary pathology were observed in mice
infected with RSV when “naked” siRNAs or siRNAs
coupledto nanoparticles were administered intranasally.”™
Likewise for influenza, siRNAs delivered intranasally
could be effective both as prophylactic and therapeutic
agents.

Many RNA viruses replicate their virus genome via a
double-stranded RNA intermediate, referred to as a
replicative intermediate (RI). Such molecules are not
produced in the host cell, and their presence in mammalian
cells stimulates an antiviral response. This is mediated by
aToll-like receptor 3 (TLR3) which is able to recognise the
RI, resulting in the production of alpha/beta interferon
(IFN-0/B).™ Molecules have been synthesised that mimic
the structure of RIs, and these are being evaluated as
antiviral drugs. Studies using synthetic dSRNA molecules
composed of polyriboinosinic polyribocytidylic acid
(poly[l:C]) have been effective in countering influenza
virus infection.” It is envisaged that a similar method to
deliver these molecules as that described for siRNA could
be used. Although the data obtained in the laboratory looks
promising, it remains to be established if this approach will
be effective in preventing influenza virus infection in
human patients.
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Over the past 20 years there has been an increasing
knowledge on how the influenza virus is able to interact
with the host cell during virus replication, and in particular
the role that host cell factors play in the virus replication
cycle.”™ Although many current antiviral strategies focus
on drugs that inhibit activities associated with specific
virus proteins, it is perhaps worth mentioning drugs whose
antiviral activities may arise because they modify a host
cell activity that is essential for virus replication, which
may be beneficial in the treatment of acute virus infections.
The activity of these drugs will be more generic in nature,
and should potentially have a broad-spectrum antiviral
activity, and many of these potential drugs are currently
available for the treatment of other medical conditions. In
the final part of this review, 2 of these approaches will be
briefly discussed.

Chloroquine has been used for several years in the
treatment or prevention of malaria caused by Plasmodium
falciparum.® Although the appearance of drug-resistant
parasites has started to limit its use in malaria control,
chloroquine also inhibits bacterial and fungal growth (see
review®t), and its efficacy as an antiviral is currently being
evaluated. Treatment of cells with chloroquine elevates the
endosomal pH, and previous studies have demonstrated its
inhibitory effects on influenza virus replication.2# More
recent studies have re-examined its anti-influenza activity
in tissue culture, and the available data is encouraging,48
but it will need to be further evaluated to determine its
efficacy as an anti-influenza virus drug in humans.
Furthermore, chloroquine treatment can cause side-effects
in humans,®#” and the effects of taking this drug on a long-
term basis will have to be evaluated.

Work in several laboratories have shown that during
influenzavirusreplication specialised host-cell membranes
called lipid-rafts play an important role in the virus
maturation process.® Lipid-rafts are characterised by the
enrichmentof certain classes of lipid, including cholesterol,
that are important for their stability. Drugs that are
collectively referred to as statins are currently available for
the treatment of individuals with abnormally high cholesterol
levels in their blood. These drugs are also able to disrupt
lipid-raft membranes by removing membrane-bound
cholesterol, and in so doing are able to inhibit the assembly
process of influenza virus in tissue culture.®® The role that
lipid-rafts play during RSV replication has been
established®*2and recent studies have shown that lovastatin-
treated mice exposed to RSV did not show the symptoms
associated with RSV infection e.g. weight loss.*® This has
suggested that statins may be an effective drug in treating
virusinfection, including influenzavirus. In2 recentstudies,
it was observed that people taking statins were less likely
to develop severe complications that are associated with
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influenza virus infection,*® and the reason for this is
currently unclear. Although lipid-rafts play an important
role in the virus maturation process, they are also pivotal to
many cellular processes, including cell signalling pathways.
Some cytokine signalling pathways are associated with
lipid-rafts, and it is possible that statins may counter the
detrimental effects of virus infection that arise by excessive
cytokine production i.e. preventing a cytokine storm.
Although side-effects have been reported in individuals
receiving these drugs, the extent and type of side effect
reported is dependent on the type of statin involved.
However, given the reported immunomodulatory effects
of statins, the consequences of their long-term use during
an influenza pandemic will have to be carefully evaluated.

Conclusion

Since the last influenza virus pandemic, our knowledge
of how influenza virus interacts with its host has greatly
increased. This increase in knowledge has not only
facilitated our understanding of the biology of influenza
virus, but has opened up new avenues in the search for
antiviral strategies. It is clear that the development of new
antiviral strategies will not be a major limitation in
countering a new pandemic. However, it is likely that
during a pandemic people that live in many parts of the
world will not be able to afford the cost of drugs that are
expensive to produce. One of the major challenges inanew
pandemic will be the availability of anti-influenza virus
drugs that can be easily mass produced, and distributed to
all parts of the world. This challenge will require a
partnership between researchers, government bodies and
the pharmaceutical industry.

REFERENCES

1. Capua I, Alexander DJ. Animal and human health implications of avian
influenza infections. Biosci Rep 2007;27:359-72.

2. Davies WL, Grunert RR, Haff RF, Mcgahen JW, Neumayer EM,
Paulshock M, etal. Antiviral activity of 1-adamantanamine (amantadine).
Science 1964;144:862-3.

3. Cochran KW, Maassab HF, Tsunoda A, Berlin BS. Studies on the
antiviral activity of amantadine hydrochloride. Ann N Y Acad Sci
1965;130:432-9.

4. Centre for Disease Control and Prevention. Antiviral drugs: summary of
side effects, November 2006. Available at: http://www.cdc.gov/flu/
protect/antiviral/sideeffects.ntm. Accessed 10 March 2008.

5. Yoshimura A, Ohnishi S. Uncoating of influenza virus in endosomes. J
Virol 1984;51:497-504.

6. Pinto LH, Holsinger LJ, Lamb RA. Influenza virus M2 protein has ion
channel activity. Cell 1992;69:517-28.

7. Schroeder C, Ford CM, Wharton SA, Hay AJ. Functional reconstitution
in lipid vesicles of influenza virus M2 protein expressed by baculovirus:
evidence for proton transfer activity. J Gen Virol 1994;75:3477-84.

8. Wharton SA, Belshe RB, Skehel JJ, Hay AJ. Role of virion M2 protein
in influenza virus uncoating: specific reduction in the rate of membrane
fusion between virus and liposomes by amantadine. J Gen Virol
1994;75:945-8.

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Hay AJ, Wolstenholme AJ, Skehel JJ, Smith MH. The molecular basis of
the specific anti-influenza action of amantadine. EMBO J 1985;4:
3021-4.

Sugrue RJ, Hay AJ. Structural characteristics of the M2 protein of
influenza A viruses: evidence that it forms a tetrameric channel. Virology
1991;180:617-24.

Wang C, Takeuchi K, Pinto LH, Lamb RA. lon channel activity of
influenza A virus M2 protein: characterization of the amantadine block.
J Virol 1993;67:5585-94.

Kato N, Eggers HJ. Inhibition of uncoating of fowl plague virus by I-
adamantanamine hydrochloride. Virology 1969;37:632-41.

Skehel JJ, Waterfield MD. Studies on the primary structure of the
influenza virus hemagglutinin. Proc Natl Acad Sci U S A 1975;72:
93-7.

Sugrue RJ, Bahadur G, Zambon MC, HallSmith M, Douglas AR, Hay
AJ. Specific structural alteration of the influenza haemagglutinin by
amantadine. EMBO J 1990;9:3469-76.

Oxford JS, Logan IS, Potter CW. In vivo selection of an influenza A2
strain resistant to amantadine. Nature 1970;226:82-3.

Heider H, Adamczyk B, Presber HW, Schroeder C, Feldblum R, Indulen
MK. Occurrence of amantadine- and rimantadine-resistant influenza A
virus strains during the 1980 epidemic. Acta Virol 1981;25:395-400.
Pemberton RM, Jennings R, Potter CW, Oxford JS. Amantadine resistance
in clinical influenza A (H3N2) and (H1N1) virus isolates. J Antimicrob
Chemother 1986;18 Suppl B:135-40.

Belshe RB, Burk B, Newman F, Cerruti RL, Sim IS. Resistance of
influenza A virus to amantadine and rimantadine: results of one decade
of surveillance. J Infect Dis 1989;159:430-5.

Mast EE, Harmon MW, Gravenstein S, Wu SP, Arden NH, Circo R, et
al. Emergence and possible transmission of amantadine-resistant viruses
during nursing home outbreaks of influenza A (H3N2). Am J Epidemiol
1991;134:988-97.

Deyde VM, Xu X, Bright RA, Shaw M, Smith CB, Zhang Y, et al.
Surveillance of resistance to adamantanes among influenza A(H3N2)
and A(H1IN1) viruses isolated worldwide. J Infect Dis 2007;196:
249-57.

Wainright PO, Perdue ML, Brugh M, Beard CW. Amantadine resistance
among hemagglutinin subtype 5 strains of avian influenza virus. Avian
Dis 1991;35:31-9.

Crotty S, Maag D, Arnold JJ, Zhong W, Lau JY, Hong Z, etal. The broad-
spectrum antiviral ribonucleoside ribavirin is an RNA virus mutagen.
Nat Med 2000;6:1375-9. Erratum in: Nat Med 2001;7:255.

Crotty S, Cameron CE, Andino R. RNA virus error catastrophe: direct
molecular test by using ribavirin. Proc Natl Acad Sci U S A 2001;98:6895-
900.

Graci JD, Cameron CE. Mechanisms of action of ribavirin against
distinct viruses. Rev Med Virol 2006;16:37-48.

Durr FE, Lindh HF. Efficacy of ribavirin against influenza virus in tissue
culture and in mice. Ann N'Y Acad Sci 1975;255:366-71.

Oxford JS. Inhibition of the replication of influenza A and B viruses by
a nucleoside analogue (ribavirin). J Gen Virol 1975;28:409-14.
Rodriguez WJ, Hall CB, Welliver R, Simoes EA, Ryan ME, Stutman H,
et al. Efficacy and safety of aerosolized ribavirin in young children
hospitalized with influenza: a double-blind, multicenter, placebo-
controlled trial. J Pediatr 1994;125:129-35.

De Clercq E. Antiviral drugs in current clinical use. J Clin Virol
2004;30:115-33.

Colman PM, Laver WG, Varghese JN, Baker AT, Tulloch PA, Air GM,
et al. Three-dimensional structure of a complex of anti-body with
influenza virus neuraminidase. Nature 1987;326:358-63.

Von ltzstein, M. The War against influenza:discovery and development
of sialidase inhibitors. Nat Rev Drug Discov 2007;6:
967-74.

Hsieh HP, Hsu JT. Strategies of development of antiviral agents directed
against influenza virus replication. Curr Pharm Des 2007;13:3531-42.

Annals Academy of Medicine



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Miller JL. Inhaled zanamivir approved for influenza treatment. Am J
Health Syst Pharm 1999;56:1696.

Loughlin JE, Alfredson TD, Ajene AN, Cole JA, Cook SE, Rosenberg
DM, et al. Risk for respiratory events in a cohort of patients receiving
inhaled zanamivir: a retrospective study. Clin Ther 2002;24:1786-99.
Williamson JC, Pegram PS. Neuraminidase inhibitors in patients with
underlying airways disease. Am J Respir Med 2002;1:85-90.

Reece PA. Neuraminidase inhibitor resistance in influenza viruses. J
Med Virol 2007;79:1577-86.

Ward P, Small I, Smith J, Suter P, Dutkowski R. Oseltamivir (Tamiflu)
and its potential for use in the event of an influenza pandemic. J
Antimicrob Chemother 2005;55SupplS1,i5-i21.

Fuyuno I. Tamifluside effects come under scrutiny. Nature 2007;446:358-
9.

Maxwell SR. Tamiflu and neuropsychiatric disturbance in adolescents.
BMJ 2007;334:1232-3.

McCurry J. Tatsuo Kurokawa: keeping watch on drug safety in Japan.
Lancet 2007;369:1339.

FDA, 2005, Pediatric Safety Update for Tamiflu, Pediatric Advisory
Committee Meeting. November 18, 2005.

Woods JM, Bethell RC, Coates JA, Healy N, Hiscox SA, Pearson BA, et
al. 4-Guanidino-2,4-dideoxy-2,3-dehydro-N-acetylneuraminic acid is a
highly effective inhibitor both of the sialidase (neuraminidase) and of
growth of a wide range of influenza A and B viruses in vitro. Antimicrob
Agents Chemother 1993;37:1473-9.

Martin J, Wharton SA, Lin YP, Takemoto DK, Skehel JJ, Wiley DC, et
al. Studies of the binding properties of influenza hemagglutinin receptor-
site mutants. Virology 1998;241:101-11.

McKimm-BreschkinJL. Resistance of influenza viruses to neuraminidase
inhibitors — a review. Antiviral Res 2000;47:1-17.

Bantia S, Ananth SL, Horn LL, Parker CD, Gulati U, Chand P, et al.
Generation and characterization of a mutant of influenza A virus selected
with the neuraminidase inhibitor RWJ-270201. Antiviral Res
2000;46:A60.

Gubareva LV, Nedyalkova MS, Novikov DV, Murti KG, Hoffmann E,
Hayden FG. A release-competent influenza A virus mutant lacking the
coding capacity for the neuraminidase active site. J Gen Virol
2002;83:2683-92.

Molla A, Kati W, Carrick R, Steffy K, Shi Y, Montgomery D, et al. In
vitro selection and characterization of influenza A (A/N9) virus variants
resistant to a novel neuraminidase inhibitor, A-315675. J Virol
2002;76:5380-6.

Kiso M, Mitamura K, Sakai-Tagawa Y, Shiraishi K, Kawakami C,
Kimura K, et al. Resistant influenza A viruses in children treated with
oseltamivir: descriptive study. Lancet 2004;364:759-65.

de Jong MD, Tran TT, Truong HK, Vo MH, Smith GJ, Nguyen VC, et
al. Oseltamivir resistance during treatment of influenza A (H5N1)
infection. N Engl J Med 2005;353:2667-72.

Wilson 1A, Skehel JJ, Wiley DC. Structure of the haemagglutinin
membrane glycoprotein of influenza virus at 3 A resolution. Nature
1981;289:366-73.

Sawyer LA. Antibodies for the prevention and treatment of viral diseases.
Antiviral Res 2000;47:57-77.

The Impact-RSV Study Group, American Academy of Pediatrics,
Committee on Infectious Diseases and Committee on Fetusand Newborn.
Prevention of respiratory syncytial virus infections: indications for the
use of palivizumab and update on the use of RSV-IGIV. Pediatrics
1998;102:1211-6.

Weis W, Brown JH, Cusack S, Paulson JC, Skehel JJ, Wiley DC.
Structure of the influenza virus haemagglutinin complexed with its
receptor, sialic acid. Nature 1988;333:426-31.

Mozdzanowska K, Furchner M, Washko G, Mozdzanowski J, Gerhard
W. A pulmonary influenza virus infection in SCID mice can be cured by
treatment with hemagglutinin-specific antibodies that display very low
virus-neutralizing activity in vitro. J Virol 1997;71:

June 2008, Vol. 37 No. 6

Pandemic Influenza Virus: Antiviral Drugs—Richard J Sugrue et al

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.
73.

74.

523

4347-55.

LuJ,GuoZ,Pan X, WangG, Zhang D, Li Y, etal. Passive immunotherapy
forinfluenza A H5N1 virus infection with equine hyperimmune globulin
F(ab’)2 in mice. Respir Res 2006;7:43.

Hanson BJ, Boon AC, Lim AP, Webb A, Ooi EE, Webby RJ. Passive
immunoprophylaxis and therapy with humanized monoclonal antibody
specific forinfluenza A H5 hemagglutinininmice. Respir Res 2006;7:126.
Simmons CP, Bernasconi NL, Suguitan AL, Mills K, Ward JM, Chau
NV, et al. Prophylactic and therapeutic efficacy of human monoclonal
antibodies against HSN1 influenza. PLoS Med 2007;4:e178.

Zhao X, Liu E, Chen FP, Sullender WM. In vitro and in vivo fitness of
respiratory syncytial virus monoclonal antibody escape mutants. J Virol
2006;80:11651-7.

Sontheimer EJ. Assembly and function of RNA silencing complexes.
Nat Rev Mol Cell Biol 2005;6:127-38.

Van Rij RP, Andino R. The silent treatment: RNA.I as a defense against
virus infection in mammals. Trends Biotechnol 2006;24:
186-93.

Bumcrot D, Manoharan M, Koteliansky V, SahDWY. RNAi therapeutics:
apotential new class of pharmaceutical drugs. Nat Chem Biol 2006;2:711-
9.

Ge Q, McManus MT, Nguyen T, Shen CH, Sharp PA, Eisen HN, et al.
RNA interference of influenza virus production by directly targeting
mRNA for degradation and indirectly inhibiting all viral RNA
transcription. Proc Natl Acad Sci U S A 2003;100:2718-23.

GeQ, FilipL, Bai A, Nguyen T, Eisen HN, Chen J. Inhibition of influenza
virus production in virus-infected mice by RNA interference. Proc Natl
Acad Sci U S A 2004;101:8676-81.

Tompkins SM, Lo CY, Tumpey TM, Epstein SL. Protection against
lethal influenza virus challenge by RNA interference in vivo. Proc Natl
Acad Sci U S A 2004;101:8682-6.

Zhou H, Jin M, Yu Z, Xu X, Peng Y, Wu H, et al. Effective small
interfering RNAs targeting matrix and nucleocapsid protein gene inhibit
influenza A virusreplicationincellsand mice. Antiviral Res 2007;76:186-
93.

DeVincenzo J. Development of a human experimental infection model
of respiratory syncytial virus (RSV) and evaluation of an RNA Interference
(RNAI) therapeutic for safety and antiviral efficiacy in man. Presented
atthe International Symposium on Respiratory Viral Infections; February
28 to March 2, 2008.

Birmingham A, Anderson EM, Reynolds A, llsley-Tyree D, Leake D,
Fedorov Y, et al. 3 UTR seed matches, but not overall identity, are
associated with RNAIi off-targets. Nat Methods 2006;3:
199-204. Erratum in: Nat Methods 2007;4:533.

Jackson AL, Burchard J, Schelter J, Chau BN, Cleary M, Lim L, et al.
Widespread siRNA ‘off-target’ transcript silencing mediated by seed
region sequence complementarity. RNA 2006;12:1179-87.

Song E, Zhu P, Lee SK, Chowdhury D, Kussman S, Dykxhoorn DM, et
al. Antibody mediated in vivo delivery of small interfering RNAs via cell-
surface receptors. Nat Biotechnol 2005;23:709-17.

Chu TC, Twu KY, Ellington AD, Levy M. Aptamer mediated siRNA
delivery. Nucleic Acids Res 2006;34:e37.

McNamara JO, Andrechek ER, Wang Y, Viles KD, Rempel RE, Gilboa
E, et al. Cell type-specific delivery of siRNAs with aptamer-siRNA
chimeras. Nat Biotechnol 2006;24:1005-15.

Morris KV, Rossi JJ. Lentiviral-mediated delivery of siRNAs forantiviral
therapy. Gene Ther 2006;13:553-8.

Grimm D, Kay MA. Therapeutic short hairpin RNA expression in the
liver: viral targets and vectors. Gene Ther 2006;13:563-75.

Bitko V, Musiyenko A, Shulyayeva O, Barik S. Inhibition of respiratory
viruses by nasally administered siRNA. Nat Med 2005; 11:50-5.
Zhang W, Yang H, Kong X, Mohapatra S, San Juan-Vergara H,
Hellermann G, et al. Inhibition of respiratory syncytial virus infection
with intranasal siRNA nanoparticles targeting the viral NS1 gene. Nat
Med 2005;11:56-62.



524

75.

76.

7.

78.

79.

80.

81

82.

83.

84.

85.

Pandemic Influenza Virus: Antiviral Drugs—Richard J Sugrue et al

Kawai T, Akira S. Antiviral signaling through pattern recognition
receptors. J Biochem 2007;141:137-45.

Wong JP, Yang H, Nagata L, Kende M, Levy H, Schnell G, et al.
Liposome-mediated immunotherapy against respiratory influenza virus
infection using double-stranded RNA poly ICLC. Vaccine 1999;17:1788-
95.

Saravolac EG, Sabuda D, Crist C, Blasetti K, Schnell G, Yang H, et al.
Immunoprophylactic strategies against respiratory influenza virus
infection. Vaccine 2001;19:2227-32.

Fornek JL, Korth MJ, Katze MG. Use of functional genomics to
understand influenza-host interactions. Adv Virus Res 2007;70:
81-100.

Nencioni L, Sgarbanti R, De Chiara G, Garaci E, Palamara AT. Influenza
virus and redox mediated cell signaling: acomplex network of virus/host
interaction. New Microbiol 2007;30:367-75.

Centers for Disease Control and Prevention. Treatment for Malaria,
Guidelines for clinicians, March 2006. Available at: http://www.cdc.gov/
malaria/diagnosis_treatment/clinicians2.htm. Accessed 1 March 2008.
Rolain JM, Colson P, Raoult D. Recycling of chloroquine and its
hydroxyl analogue to face bacterial, fungal and viral infections in the
21st century. Int J Antimicrob Agents 2007;30:297-308.

Miller DK, Lenard J. Antihistaminics, local anesthetics, and other
amines as antiviral agents. Proc Natl Acad Sci U S A 1981;78:
3605-9.

Shibata M, Aoki H, Tsurumi T, Sugiura Y, Nishiyama Y, Suzuki S, et
al. Mechanism of uncoating of influenza B virus in MDCK cells: action
of chloroquine. J Gen Virol 1983;64:1149-56.

Ooi EE, Chew JS, Loh JP, Chua RC. In vitro inhibition of human
influenza A virus replication by chloroquine. Virol J 2006;3:39.

Di Trani L, Savarino A, Campitelli L, Norelli S, Puzelli S, D’Ostilio D,
et al. Different pH requirements are associated with divergent inhibitory

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

effects of chloroquine on human and avian influenza A viruses. Virol J
2007;4:39.

AlKadi Ho. Antimalarial drug toxicity: a review. Chemotherapy
2007;53:385-91.

Chattopadhyay R, Mahahan B, Kumar S. Assessment of safety of the
major antimalarial drugs. Expert Opin Drug Saf 2007;6:505-21.
TakedaM, Leser GP, Russell CJ, Lamb RA. Influenzavirus hemagglutinin
concentrates in lipid raft microdomains for efficient viral fusion. Proc
Natl Acad Sci U S A 2003;100:14610-7.

Carrasco M, Amorim MJ, Digard P. Lipid raft-dependent targeting of the
influenza A virus nucleoprotein to the apical plasma membrane. Traffic
2004;5:979-92.

Barman S, Nayak DP. Lipid raft disruption by cholesterol depletion
enhances influenza A virus budding from MDCK cells. J Virol
2007;81:12169-78.

Brown G, Rixon HW, Sugrue RJ. Respiratory syncytial virus assembly
occurs in GM1-rich regions of the host cell membrane and alters the
cellular distribution of tyrosine phosphorylated caveolin-1. J Gen Virol
2002;83:1841-50.

Brown G, Jeffree CE, McDonald T, Rixon HW, Aitken JD, Sugrue RJ.
Analysis of the interaction between respiratory syncytial virus and lipid-
rafts in Hep2 cells during infection. Virology 2004;327:
175-85.

Gower TL, Graham BS. Antiviral activity of lovastatin against respiratory
syncytial virus in vivo and in vitro. Antimicrob Agents Chemother
2001;45:1231-7.

Hak E, Hoes J. Statins and outcomes in patients with pneumonia:
appreciating bias and precision in study. BMJ 2006;333:1124.
Schlienger RG, Fedson DS, Jick S, Jick H, Meier CR. Statins and the risk
of pneumonia: a population-based, nested case-control study.
Pharmacotherapy 2006;27:325-32.

Annals Academy of Medicine



