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Abstract Despite 75 years of research into prevention and treatment of influenza,
the viruses that cause this disease continue to rank as some of the most important
pathogens afflicting humans today. Progress in development of therapeutics for
influenza has been slow for much of that time, but has accelerated in pace over the
last two decades. Two classes of antiviral medications are used in humans at
present, but each has limitations in scope and effectiveness of use. New strategies
involving these licensed agents, including alternate forms of delivery and
combination therapy with other drugs, are currently being explored. In addition,
several novel antiviral compounds are in various clinical phases of development.
Together with strategies designed to target the virus itself, new approaches
to interrupt host–pathogen interactions or modulate detrimental aspects of the
immune response have been proposed. Therapy for influenza will likely undergo
substantial changes in the decades to come, evolving with our knowledge of
pathogenesis as new approaches become viable and are validated clinically.
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1 Introduction

Influenza is a contagious respiratory illness caused by influenza viruses. Every year,
influenza epidemics cause numerous deaths and millions of hospitalizations. The
most frightening effects, however, are seen when new strains of the virus emerge
from different species causing worldwide outbreaks of infection. In April 2009 a
novel influenza virus of H1N1 subtype emerged from a swine reservoir, causing the
first pandemic in more than 40 years (Perez-Padilla et al. 2009). The clinical attack
rate was highest in children, and children and young adults of school age were the
main vectors of transmission (Nishiura et al. 2009). Surprisingly, however, much of
the severe disease from the new pandemic strain also occurred in school-age children
and young adults, groups that are typically spared by the most serious outcomes
during seasonal influenza (Reichert et al. 2010). Despite the unexpected emergence
of a pandemic H1N1 strain, significant concern remains over the potential of highly
pathogenic avian influenza viruses of the H5N1 subtype to emerge and achieve
similar worldwide spread (Webby and Webster 2003; McCullers 2008). Although
transmission of H5N1 influenza viruses from birds to humans is currently inefficient,
the capacity to infect humans and cause severe pneumonia with rapid progression to
acute respiratory distress syndrome and multi-organ failure (Beigel et al. 2005; bdel-
Ghafar et al. 2008) suggests a pandemic from one of these viruses might be much
more severe than that from the pandemic 2009 H1N1 strain.

Several antiviral compounds have been developed against influenza virus to
interfere with specific events in the replication cycle (McCullers 2005). Among these,
two classes of drugs are currently approved as antiviral agents by the food and drug
administration (FDA) of the United States. The adamantanes are inhibitors of viral
uncoating (amantadine, rimantadine), while the neuraminidase (NA) inhibitors
(zanamivir, oseltamivir) interfere with the viral budding process. While these drugs are
effective in reducing symptomatology from influenza, increasing evidence of resis-
tance to these conventional antiviral drugs and the narrow time window during which
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their administration is effective are driving an increased push for novel therapeutic
targets, drug combinations, or optimization of the existing antiviral regimens.

2 M2 Ion Channel Inhibitors

2.1 Pharmacokinetics and Clinical Use

The first clinically useful anti-influenza drugs were the adamantane derivatives,
amantadine (1-aminoadamantane hydrochloride; trade name Symmetrel) and its
methyl derivate rimantadine (a-methyl-1-adamantane-methylamine-hydrochlo-
ride; trade name Flumadine) (Fig. 1). The first report of the antiviral activity of
amantadine against influenza A viruses was published in 1964 (Davies et al. 1964).
Amantadine was initially approved in the United States in 1966, and rimantadine
in 1993. Pharmacokinetic studies carried out with healthy immunocompetent
adults demonstrated 85–95% oral bioavailability of amantadine and rimantadine
and systemic distribution of these drugs with the ability to cross the placenta and
the blood–brain barrier; distribution was seen into breast milk, saliva, tears, nasal
secretions, and cerebral spinal fluid (Aoki and Sitar 1988). Amantadine is rapidly
and almost completely absorbed from gastrointestinal tract with time to peak
plasma concentration 2–4 h and a plasma half-life of 17 h (range 10–25 h) (Endo
Pharmaceuticals 2007). More than 90% of amantadine is excreted unchanged in
urine by glomerular filtration and renal tubular secretion. Rimantadine is also

Fig. 1 Structures of antiviral agents active against influenza viruses. a Approved antiviral agents
for influenza. b Investigational agents for influenza
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rapidly absorbed after oral administration, with a time to peak plasma concen-
tration of 5–7 h in healthy adults and a plasma half-life of 25 h (range 13–65 h)
(Forest Pharmaceuticals 2010). Unlike amantadine, rimantadine is extensively
metabolized in the liver through hydroxylation such that less than 25% is excreted
unchanged in the urine. This may account for the lower incidence of central
nervous system- related side effects, such as insomnia and difficulty concentrating,
that are experienced with rimantadine, compared to amantadine (Dolin et al.
1982). The peak and steady-state concentrations are higher and the half-life of
adamantanes is prolonged in patients who are elderly or who have renal impair-
ment (Forest Pharmaceuticals 2010; Endo Pharmaceuticals 2007).

The adamantanes have been shown to be efficacious in the treatment of influenza A
virus infection caused by different subtypes (H1N1, H2N2, and H3N2) but are inef-
fective against influenza B viruses (Table 1) (Wingfield et al. 1969; Doyle et al. 1998;
Van Voris et al. 1981; Hayden and Monto 1986). Defervescence, improvement in
symptoms, resolution of symptoms, and return to normal activity all occurred about
1 day earlier in treated subjects than in those receiving placebo. Although no studies of
sufficient size have been performed to convincingly address whether adamantanes
treatment prevents complications of influenza, animal data (McCullers 2004) and a
challenge trial in adult volunteers (Doyle et al. 1998) suggest that there is a lack of
effect. The adult therapeutic regimen of amantadine or rimantadine is 200 mg/day
either as a single dose or divided twice daily for 7 days, and for best therapeutic effect
should be administered within 48 h of onset of symptoms (Harper et al. 2009). Efficacy
in populations other than healthy adults or when administration is delayed beyond 48 h
has not been studied thoroughly. Prophylaxis of healthy adults during influenza out-
breaks showed 71–91% efficacy compared to placebo in preventing laboratory-con-
firmed influenza virus infection in two trials using amantadine (Monto et al. 1979;
Dolin et al. 1982), and 85% efficacy using rimantadine in a single trial (Dolin et al.
1982). Prophylactic administration at a dose of 100 mg/dose once daily can be used for
up to 6 weeks or until active immunity can be expected from immunization with
inactivated influenza A virus vaccine. A recent meta-analysis of published clinical data
concluded that the major effects of amantadine and rimantadine treatment were to
shorten the duration of fever by about 1 day in treated, infected individuals, and
prevent*60–70% of influenza cases when used as prophylaxis (Jefferson et al. 2010).

2.2 Mechanism of Action

Adamantanes (amantadine and rimantadine) possess two concentration-dependant
mechanisms of antiviral action (Pinto et al. 1992). At micromolar concentrations
(0.1–5 lM) adamantanes selectively inhibit two different steps in the replication
cycle in a strain-specific manner (Appleyard 1977). Prior to membrane fusion, the
low pH of the endosome activates the M2 channel to conduct protons across the
viral envelope, which results in the acidification of the viral interior. Adamantanes
block the ion channel activity of the M2 protein of influenza A virus, and viral
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replication is inhibited by the blockade of hydrogen ion flow into the virus
particle, principally at the stage of virus entry and uncoating (Wang et al. 1993).
Amantadine also acts at a late stage of replication by preventing virus release of
certain influenza strains that possess intracellularly cleavable hemagglutinin (HA),
in particular the H5 and H7 subtypes. This effect is proposed to result from
irreversible conversion of the HA to its low-pH conformation form within the
trans-Golgi network in the absence of M2 function (Grambas et al. 1992; Betakova
et al. 2005). When cells are incubated in vitro with adamantanes at concentrations
[0.1 mM, amantadine and rimantadine are concentrated in lysosomes, and the
acid-dependent activation of HA-mediated membrane fusion is inhibited through
an increase in the lysosomal pH (Gething et al. 1986; Steinhauer et al. 1996).
However, the clinical utility of this second effect is not known as it is not thought
to occur at deliverable drug concentrations.

2.3 Resistance

Rapid development of fully pathogenic and transmissible resistant variants after
amantadine or rimantadine treatment and their ineffectiveness against influenza B
virus infection are the main drawbacks of M2 blockers (Hayden 1996). The
markers of resistance to adamantanes are well established and include substitution
of one of five amino acids (positions 26, 27, 30, 31, and 34) within the trans-
membrane domain of M2 protein (Table 1); each change confers resistance to both
amantadine and rimantadine (Hay et al. 1986; Belshe et al. 1988; Pinto et al.
1992). Amantadine-resistant influenza A viruses are found among 30–80% of
isolates after only a few days of drug therapy in both immunocompetent and
immunocompromised patients (Shiraishi et al. 2003).

The incidence of naturally occurring amantadine-resistant variants has increased
dramatically since 2003, and these resistant influenza A (H1N1) and A (H3N2)
viruses spread widely and reached nearly 100% even in countries without substantial
amantadine use (Bright et al. 2006; Centers for Disease Control 2006). However, it is
important to note that the percentage of resistant variants varies in different countries
and among different influenza A virus subtypes. With the decrease in the use of
adamantanes over the last several years driven by these trends in susceptibility,
resistance to adamantanes in seasonal influenza A (H1N1) viruses from the United
States has returned to relatively low levels, 10.7 and 0.7% for the 2007–2008 and
2008–2009 seasons, respectively (Centers for Disease Control 2010). Conversely,
adamantane resistance in South East Asia has remained elevated (33–100%) since
2007 (Barr et al. 2008). Phylogenetically, the M genes of amantadine-sensitive and
amantadine-resistant influenza A (H1N1) viruses form two distinct clades: 2B and
2C, respectively (Deyde et al. 2007). Among recent seasonal influenza A (H1N1)
viruses, clade 2C viruses carry the S31N mutation in the M2 protein, the most
commonly detected amantadine resistance marker, while clade 2B viruses are pri-
marily amantadine sensitive. If amantadine resistance is detected in the primarily
amantadine-sensitive clade 2B viruses, it is usually linked with the development of
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resistance during amantadine treatment (Hayden 2006). The S31N mutation is also
present in current seasonal A (H3N2) viruses. Widespread circulation of amantadine
resistance has been prevalent in influenza A (H3N2) viruses during recent seasons
(33 and 100% for the 2007–2008 and 2008–2009 seasons, respectively) despite the
decrease in usage of the drug (Bright et al. 2005; Barr et al. 2007, 2008). However,
amantadine resistance in A (H3N2) viruses was acquired independently and may be
related to the collective effects of drug pressure, spontaneous mutations, or reas-
sortments in the viral genome (Deyde et al. 2009; Nelson et al. 2009). For this reason,
the United States Centers for Disease Control and Prevention (CDC) has discouraged
use of M2 inhibitors until the frequency of this phenotype has subsided (Centers for
Disease Control 2006).

3 NA Inhibitors

3.1 Pharmacokinetics and Clinical Use

Development of the NA inhibitors was a significant milestone in antiviral devel-
opment as this was the first example of synthesis of such a drug based on the
crystal structure of a target enzyme (von Itzstein et al. 1996; Kim et al. 1997; Babu
et al. 2000). The NA inhibitor zanamivir (4-guanidino-Neu5Ac2en, GG167, trade
name Relenza) was designed to be a competitive inhibitor of sialidases (Fig. 1). A
second NA inhibitor developed shortly after zanamivir, the prodrug oseltamivir
phosphate (oseltamivir) (ethyl[3R,4R,5S]-4-acetamido-5-amino-3-[1-ethylprop-
oxy]-1-cyclohexene-1-carboxylate, trade name Tamiflu), is rapidly cleaved into
the active oseltamivir carboxylate ([3R,4R,5S]-4-acetamido-5-amino-3-[1-ethyl-
propoxy]-1-cyclohexene-1-carboxylic acid) by esterases in the gastrointestinal
tract, liver, or blood (Gubareva et al. 2000; McClellan and Perry 2001). The NA
inhibitors were approved by FDA for the treatment and prevention of influenza in
1999. The oral bioavailability of zanamivir is\5%, which led to development of a
dry powder formulation for inhalation (5 mg zanamivir per 20 mg lactose) (Cass
et al. 1999). Systemic absorption was improved by this route, with about 15% total
bioavailability, a time to peak plasma concentration of 1–2 h, and a plasma half-
life of 3–5 h. More than 90% of absorbed zanamivir is excreted unchanged in the
urine (Cass et al. 1999). Oseltamivir carboxylate has oral bioavailability *80%,
peak plasma concentration is achieved 3–4 h after administration, and the plasma
half-life is 6–10 h (McClellan and Perry 2001). Oseltamivir is not thought to
distribute into the brain (Straumanis et al. 2002), although central nervous system
toxicity in juvenile rats with an immature blood-brain barrier has led to caution in
the use of this agent in children under 1 year of age (Kimberlin et al. 2010).
Oseltamivir carboxylate is eliminated primarily by renal excretion through a
combination of glomerular filtration and anionic renal tubular secretion (He et al.
1999). In general, adverse events after oral administration of oseltamivir are
considered to be mild and include nausea and vomiting. Inhalation of zanamivir is
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generally well tolerated but may cause bronchospasm in some patients with
underlying lung disease (Gubareva et al. 2000).

Both oseltamivir and zanamivir are effective in early treatment of influenza A
viruses in experimentally infected volunteers (Hayden et al. 1999b; Calfee et al.
1999), and were effective and well tolerated in adults treated for natural influenza
infection (Hayden et al. 1997; Treanor et al. 2000; Nicholson et al. 2000). Reduced
effectiveness for influenza B viruses as compared to influenza A viruses has been
reported for oseltamivir (Kawai et al. 2008), and, in general, only sparse data are
available from randomized trials of NA inhibitor effectiveness against influenza B
viruses. The therapeutic benefits of NA inhibitors have been reported to include
reductions of about 24 h in the time to alleviation of illness, resumption of usual
activities, and duration of fever, as well as decreases in illness severity, ancillary
medication use, viral titers, and the frequency of antibiotic prescriptions for lower
respiratory complications (Hayden et al. 1997; Nicholson et al. 2000; Treanor et al.
2000). Oseltamivir both decreases the incidence of secondary bacterial pneumonia
and reduces the severity of complications in an animal model (McCullers 2004).
Similar data are not available from a single, well-powered trial in humans, although
a meta-analysis of data from multiple trials including unpublished data suggests
these results can be extrapolated at least to healthy adults (Kaiser et al. 2003). In
children, however, oseltamivir was shown to reduce the occurrence of otitis media
by 44% compared to placebo (Whitley et al. 2001). Retrospective reviews of
insurance claims databases suggest that NA inhibitors reduce the risk of otitis media,
pneumonia, respiratory illnesses other than pneumonia, and hospitalization in both
adults and children (Gums et al. 2008; Piedra et al. 2009). Limited data are also
available on reduction of risk in adult diabetics, where fewer respiratory illnesses
and hospitalizations were noted using this methodology (Orzeck et al. 2007).

Both zanamivir and oseltamivir have been shown to be efficacious in preventing
laboratory-confirmed influenza in healthy adults during an outbreak of influenza
(Monto et al. 1999; Hayden et al. 1999a) and have demonstrated the ability to
interrupt household transmission (Welliver et al. 2001; Hayden et al. 2000, 2004).
Zanamivir is approved for the treatment of acute influenza in adults and in children
7 years and older with a recommended dosage of 10 mg twice daily for 5 days by
inhalation (Harper et al. 2009). Oseltamivir is indicated for the treatment of acute
influenza in patients aged [1 year, and is administered orally to adults at 75 mg
twice daily for 5 days starting within 2 days of symptom onset (Table 1). The
oseltamivir treatment dosage for children of age 1–12 is based on weight. Early
administration of oseltamivir increases the benefit seen in healthy adults relative to
treatment at 48 h (Aoki et al. 2003), but no randomized, controlled trials have been
conducted studying treatment outside of the first 48 h , so no data are available to
examine the effects of late treatment on prevention of complications. Indeed, since
persons with chronic illness, who might be more likely to benefit from late treatment
as viral control might be established later in such individuals, have typically been
excluded from antiviral studies this question is currently unanswered.

Zanamivir is approved for prophylaxis in adults and in children 5 years and
older, using a single daily 10 mg dose for 10 days for household prophylaxis and
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for 28 days for seasonal prophylaxis (Harper et al. 2009). Oseltamivir is also
approved for prophylaxis of influenza at a dosage of 75 mg per day for up to
6 weeks (Harper et al. 2009). Higher doses and longer durations of therapy with
oseltamivir (150 mg twice daily for 10 days) have been attempted anecdotally for
severe infections with H5N1 subtype viruses or in immunocompromised subjects
(Beigel et al. 2005; Le et al. 2005; Memoli et al. 2010), but no data from ran-
domized trials are available to assess the effectiveness of these measures. For
seasonal influenza, the usage of high dosages of oseltamivir (up to 450 mg twice
daily) have been addressed in a pilot manufacturer-sponsored study, showing dose-
linear pharmacokinetics and good tolerability (Dutkowski et al. 2010).

3.2 Mechanism of Action

The NA is second to HA as the most abundant protein on the viral surface, with
50–100 molecules per virion. Although the NA and HA surface glycoproteins of
influenza virus evolve and change continuously, conserved residues were identi-
fied through all influenza subtypes at the NA active site (Colman 1994). The NA
contains 19 residues at the active site that are conserved in all NA subtypes of
influenza viruses, including eight catalytic residues (R118, D151, R152, R224,
E276, R292, R371, and Y406; N2 numbering) that directly interact with the
substrate (sialic acid) and 11 framework residues for functional binding and
catalysis (E119, R156, W178, S179, D/N198, I222, E227, H274, E277, N294, and
E425) that support the catalytic residues (Colman et al. 1993). The NA inhibitors
were designed based on the knowledge of the three-dimensional structure of the
NA complex with sialic acid (von Itzstein et al. 1996).

The primary function of the NA enzyme in the life cycle of influenza viruses is
to cleave the a-ketosidic bond linking the terminal sialic acid residue from the
glycoconjugate, destroying the receptor association with the HA (Gubareva et al.
2000). In this manner the influenza viral NA removes sialic acid residues from the
surface of the infected cell and from mucins in the respiratory tract, facilitating the
release of newly synthesized virus particles and allowing the virus to spread
(Matrosovich et al. 2004). The cleavage of HA receptors by NA is also essential to
prevent attachment of new viruses to one another and to glycopeptides present on
the cell membrane (Colman 1994).

3.3 Resistance

Two mechanisms of resistance to NA inhibitors have been described. The first is
mutations within the NA enzyme catalytic site that disrupt a direct interaction with
the drug. The second is mutations in the HA that reduce affinity for its receptor,
thus compensating for the effect of the drug on NA activity (Gubareva et al. 2000).
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Thus, the molecular determinants of NA inhibitor resistance have been mapped not
only to NA but also to HA (Gubareva et al. 2000; McKimm-Breschkin 2000).
However, mutations at conserved NA residues are reported to be more clinically
relevant (McKimm-Breschkin 2002). NA mutations that confer NA inhibitor
resistance reduce sialidase activity and/or stability (Staschke et al. 1995; Tai et al.
1998), but the in vitro replication kinetics of these variants do not always reflect
the defective NA enzymatic activity. In some cases the replication efficiency of
such mutants may be comparable to that of the wild-type virus (Gubareva et al.
1997) or may be compromised (Ives et al. 2002; Tai et al. 1998) in cell culture.
The presence of HA mutations that mask the NA defect and the lack of an optimal
cell line may limit characterization of the NA inhibitor-resistant variants in vitro
(Matrosovich et al. 2003). Sequence analysis of clinically derived drug-resistant
viruses revealed that these NA mutations are NA subtype specific and differ with
the NA inhibitor used (Ferraris and Lina 2008). The most frequently observed
mutations for NA inhibitor-resistant variants for influenza A viruses of N1 NA
subtype are H275Y and N295S (N1 numbering); for influenza A viruses of N2 NA
subtype are R292K and E119V (N2 numbering), and for influenza B viruses are
R152 and D198 N. Initial studies found that NA inhibitor-resistant influenza
viruses were severely compromised in vitro and in animal models (Carr et al.
2002; Ives et al. 2002; Herlocher et al. 2002), and thus led to the idea that resistant
viruses were unlikely to have an impact on epidemic and pandemic influenza.
However, further studies showed that clinically derived H1N1 virus with H275Y
NA mutation (Herlocher et al. 2004) and reverse genetically derived H3N2 virus
with E119V NA mutation (Yen et al. 2005) possess similar biological fitness and
transmissibility as their drug-sensitive counterparts.

Prior to the 2007–2008 influenza season oseltamivir-resistant variants were
found in only a small proportion of patients (approximately 4–8% of children and
\1% of adults) after treatment with the NA inhibitor (Stilianakis et al. 2002).
However, rigorous detection techniques identified resistant mutants in 9 of 50
(18%) Japanese children during treatment with oseltamivir (Kiso et al. 2004). High
level of oseltamivir resistance among influenza H1N1 viruses was reported in
many European countries starting in the 2007–2008 influenza season. The emer-
gence and widespread of naturally occurring oseltamivir-resistant variants with
H275Y NA amino acid substitution among seasonal H1N1 influenza viruses of A/
Solomon Islands/3/06-lineage emphasized that drug-resistant viruses can be highly
fit and transmissible in humans (Lackenby et al. 2008; Dharan et al. 2009).

During the 2009 H1N1 influenza pandemic, almost all tested viruses remained
susceptible to oseltamivir and zanamivir. Oseltamivir-resistant variants with H275Y
NA mutation were isolated from individuals receiving prophylaxis (Baz et al. 2009)
and from immunocompromised patients (Centers for Disease Control 2009)
under drug selection pressure. Oseltamivir-resistant variants also have been isolated
from untreated patients (Leung et al. 2009; Zonis et al. 2010) and from a few com-
munity clusters (Le et al. 2010). Two cases of suspected nosocomial transmission
between immunocompromised patients have been reported, although it is uncertain
whether the mutants came from secondary transmission or arose spontaneously
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(Gulland 2009). The reasons for the relative paucity of resistant strains and the lack
of widespread transmission are not yet clear. However, experimental evidence
suggests that the oseltamivir-resistant H275Y mutant of the pandemic 2009 H1N1
virus retained efficient transmission through direct contact in a ferret model, but
respiratory droplet transmission was decreased as compared to an oseltamivir-
sensitive virus (Duan et al. 2010). This suggests that transmission efficiency of the
mutants may be decreased, limiting spread between humans.

4 Changes in Antiviral Policy During 2009
H1N1 Pandemic

The emergence of a novel pandemic strain in 2009 presented several dilemmas
regarding the use of antiviral medications for influenza. First, the two licensed classes
of drugs, the M2 ion channel inhibitors and NA inhibitors, were only approved for use
with acute, uncomplicated influenza within the first 48 h of illness. The major effects
of traditional antiviral therapy are symptom reduction (Hayden et al. 1997; Treanor
et al. 2000), and earlier treatment is more likely to have beneficial effects (Aoki et al.
2003). During the pandemic, it became apparent that clinical use extended beyond
acute, uncomplicated influenza to include severely ill patients with complex, pro-
longed infections, with treatment often starting beyond the 48 h window (Memoli
et al. 2010; Harter et al. 2010). As discussed above, there are limited data on the use of
antiviral drugs in hospitalized patients or on the effectiveness of such compounds at
preventing complications of influenza. Treatment of such critically ill patients
highlighted a second issue that no approved drugs could be given by the intravenous
route, which is required in severely ill persons. And finally, resistance complicated
management. The pandemic 2009 H1N1 strain was resistant to the adamantanes, but
susceptible to the NA inhibitors. Seasonal H1N1 viruses circulating during the
2008–2009 season showed the opposite pattern, susceptibility to adamantanes but
resistance to NA inhibitors. Thus, without the ability to not only diagnose but also
serotype viruses in the community, the choice of antiviral for empiric therapy was
unclear. Furthermore, resistance to NA inhibitors was noted to develop in select
circumstances such as prolonged treatment of immunocompromised patients
(Memoli et al. 2010), threatening to make all approved agents useless.

In response to these concerns, public health authorities made a number of changes
to antiviral policy during the 2009–2010 influenza season. In April 2009, the
Department of Health and Human Services (DHHS) issued an Emergency Use
Authorization (EUA) for oseltamivir, allowing it to be used in children under 1 year
of age, and in patients who were symptomatic for more than 48 h, and hospitalized or
severely ill patients. A similar EUA was issued for zanamivir, allowing its use in
hospitalized patients and in those after 48 h of onset of symptoms. In addition, an
intravenous formulation of zanamivir was made available by the company that
produces it on a compassionate use basis for patients whose medical conditions did
not allow to use oral or inhaled drugs (Harter et al. 2010). In November 2009, another
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EUA was issued for a third, unlicensed NA inhibitor, peramivir (Birnkrant and Cox
2009). Based on an expedited review at FDA, peramivir was thought likely to be
effective for treatment of influenza, and was authorized for intravenous adminis-
tration in hospitalized patients with pandemic H1N1 infection. Since oseltamivir-
resistant viruses are typically also resistant to peramivir (Moscona 2009; Memoli
et al. 2010), only zanamivir could be used for pandemic H1N1 strains which
developed oseltamivir resistance during treatment. In June 2010, the EUAs for
oseltamivir, zanamivir, and peramivir were terminated by DHHS upon expiration of
the declared emergency related to the 2009 pandemic.

Since patients will continue to have severe disease and complications from
influenza, further research is necessary to justify permanent approval for these
indications using either existing or novel antiviral compounds. In particular,
research is needed on prevention of complications such as bacterial superinfec-
tions, viral pneumonia, and cardiac events. Patient populations at highest risk of
developing complications and requiring hospitalization, including asthmatics,
persons with heart disease, infants, and the elderly, should be targeted in these
trials. Hopefully data from use outside of the normal indications will become
available from the experience during the 2009 H1N1 influenza pandemic.

5 Combination Therapy

The segmented genome of influenza viruses, allowing reassortment between viruses,
and a high mutation rate based on infidelity of the viral polymerase are factors in the
emergence of resistance to any single antiviral drug therapy. Resistance may be less
of a problem when combination treatment regimens are employed against an
infectious agent. This strategy has already proven effective in the management of
human immunodeficiency virus (HIV)-infected individuals, where multiple drug
combinations of highly active anti-retroviral therapy (HAART) have revolutionized
treatment (Raboud et al. 2002; Kuritzkes and Walker 2007). The combined appli-
cation of antiviral drugs that target multiple distinct functions of the virus possess
different modes of action, pharmacokinetics, tolerance profiles, and resistance pat-
terns and make it a logical therapeutic option. The existence of effective antiviral
agents for influenza combination therapy may not only potentiate antiviral activity
and result in synergistic or additive effects, but may also enhance clinical outcomes
by allowing reductions of the doses of individual drugs. The major benefit of dose
reduction in this scenario is a reduction in dose-related drug toxicity and side effects.

A sufficient body of information is now available on the advantages of double
and triple drug combinations on influenza virus infection in cell culture and mouse
models. Initial studies included evaluation of adamantanes (amantadine and
rimantadine) and the synthetic nucleoside ribavirin. Ribavirin, a broad-spectrum
antiviral agent, inhibits influenza A and B virus infection in vitro and in animal
models (De Clerq 2006; Smee et al. 2006; Sidwell et al. 2005). In MDCK cells,
rimantadine combined with ribavirin showed additive and synergistic effects
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against the replication of influenza A viruses (Hayden et al. 1984; Stein et al.
1987). Combinations that paired rimantadine with an NA inhibitor (zanamivir,
oseltamivir carboxylate, or peramivir) reduced extracellular H1N1 and H3N2
influenza virus yields in MDCK cells more efficiently than any of the drugs alone
(Govorkova et al. 2004). Recent studies have shown highly synergistic activity of a
triple combination antiviral drug (TCAD) regimen (oseltamivir carboxylate,
amantadine, and ribavirin) against both seasonal viruses and the novel H1N1
pandemic strain in vitro (Nguyen et al. 2009, 2010). The synergy of the TCAD
regimen was significantly greater than that of any double combination tested,
including a combination comprising two NA inhibitors at concentrations achiev-
able in human plasma (Nguyen et al. 2009). Ribavirin is clinically available in
many countries because of its therapeutic activity against hepatitis C virus (Hu
et al. 2010). However, it has not been officially approved for use against influenza
in the United States, and its approved use is limited in the countries where it is
licensed due to a relatively small therapeutic index, induction of hemolytic anemia
at high doses, high toxicity, and potential teratogenic effects (De Clerq 2006).

Further, preclinical data from animal models have confirmed the benefits of
combination chemotherapy for influenza virus infection (Govorkova and Webster
2010). Combinations of the NA inhibitor peramivir and ribavirin significantly
increased survival of mice lethally challenged with influenza A/NWS/33 (H1N1)
virus (Smee et al. 2002). A synergistic interaction was reported when rimantadine
and oseltamivir were given to mice infected with lethal dose of the 1968 H3N2
pandemic strain (Galabov et al. 2006). Oseltamivir-ribavirin combinations were
synergistic against an influenza B virus infection in mice (Smee et al. 2006).
Importantly, drug combinations were demonstrated to be efficacious against highly
pathogenic H5N1 influenza viruses in vivo (Leneva et al. 2000; Ilyushina et al.
2007, 2008). In a mouse model, oseltamivir combined with amantadine or
rimantadine was more effective than monotherapy with oseltamivir in preventing
the death of mice infected with H5N1 or H9N2 viruses (Leneva et al. 2000).
Combinations of amantadine and oseltamivir produced an additive benefit: sur-
vival was 30% with oseltamivir alone, 60% with amantadine alone, and 90%
with combination treatment as tested against recombinant amantadine-sensitive
A/Vietnam/1203/04 (H5N1) influenza virus (Ilyushina et al. 2007). However,
combination therapy was no better than oseltamivir alone against the recombinant
amantadine-resistant A/Vietnam/1203/04 (H5N1) influenza virus in this study. An
oseltamivir and ribavirin combination therapy showed principally additive efficacy
against both clade 1 and clade 2 highly pathogenic H5N1 influenza viruses in a
mouse model, although the results were dependent on the H5N1 influenza strain.
Higher doses were required to protect mice against A/Turkey/15/06 virus than
against A/Vietnam/1203/04 virus (Ilyushina et al. 2008).

Until recently, clinical trials that address the benefits of drug combinations have
been limited. The major reason for this lack of clinical study is the high level of
resistance to the amantadine among seasonal influenza strains, which had limited
the available options using approved agents. A prospective, controlled, trial of oral
rimantadine and nebulized zanamivir therapy in seriously ill adults hospitalized
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with lower respiratory tract manifestations of influenza was conducted during two
influenza seasons (January 1998–April 1999) prior to widespread amantadine
resistance (Ison et al. 2003). Patients treated with combinations of the drugs
demonstrated a trend toward fewer days of virus shedding and were less likely to
have a severe cough. Moreover, no resistant variants were found in the group
receiving combination therapy, while 2 of 11 patients in the rimantadine mono-
therapy group had resistant virus (Ison et al. 2003). In a randomized, crossover
study (n = 17) it was shown that pharmacokinetics of amantadine (100 mg orally
twice daily) were not affected by co-administration of oseltamivir (75 mg orally
twice daily), and there was no evidence for an increase in frequency or severity of
adverse events when amantadine and oseltamivir were used in combination
(Morrison et al. 2007). Given the paucity of clinical data, it is important to now
initiate clinical trials specifically designed to evaluate issues regarding combina-
tion chemotherapy for influenza. The planning of such studies should include
clinical and virological evaluations with determination of influenza virus loads in
the patient, the molecular and biological characterization of viruses for resistance
and fitness, and pharmacokinetic data to evaluate safety and toxicity.

6 Investigational Agents for Influenza

6.1 Parenteral NA Inhibitors

In addition to further study of existing antivirals, there is an intense need for new
antiviral compounds (Hayden 2009). No new influenza antiviral drugs have been
approved since 1999 in the United States and none currently have an indication for
treatment of severe disease. New formulations of conventional anti-influenza drugs
and novel antiviral agents that target either viral proteins or host defense mech-
anisms are currently at various stages of development (Table 2). Parenteral
administration of the NA inhibitors zanamivir (intravenous, IV) and peramivir
(IV and intramuscular) is being evaluated in preclinical studies and clinical trials
for the treatment of seasonal influenza A infection and were selectively used
during the recent 2009 H1N1 pandemic as described above (Harter et al. 2010;
Birnkrant and Cox 2009; Memoli et al. 2010). In Japan, parenteral peramivir was
licensed under the trade name Rapiacta� in 2010 (Clinical Trials.gov 2010).

6.2 Long-Acting NA Inhibitor

The long-acting inhaled NA inhibitor laninamivir (R-125489 = laninamivir and
CS-8958 = laninamivir octanoate or the laninamivir prodrug) is a novel, promising
drug for the control of influenza (Fig. 1) (Honda et al. 2009; Koyama et al. 2009).
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Laninamivir is a multimeric zanamivir compound that potently inhibited the NA
activities of various influenza A and B viruses, including subtypes N1 to N9 and
oseltamivir-resistant viruses (Yamashita et al. 2009), as well as the pandemic 2009
H1N1 virus (Itoh et al. 2009). An attractive feature of this compound is the
prolonged retention in the lungs which allows once weekly administration and has
shown efficacy superior to that of zanamivir and oseltamivir in mouse models of
infection with influenza viruses, including seasonal, pandemic 2009 H1N1, and
highly pathogenic H5N1 viruses (Koyama et al. 2009; Kubo et al. 2010; Kiso et al.
2010a). Phase 1 clinical trials have been completed in Japan, and no adverse
events related to laninamivir octanoate were observed. The drug is slowly elimi-
nated from the body, lasting up to 144 h after administration with a half-life
of about 3 days, suggesting that a single inhalation of laninamivir octanoate
can act as a long-acting NA inhibitor in humans (Ishizuka et al. 2010). A double-
blind, randomized controlled trial demonstrated that the drug was effective and
well tolerated in children with seasonal oseltamivir-resistant influenza A (H1N1)
virus infection and effective for treatment of disease caused by oseltamivir-
resistant influenza viruses (Sugaya and Ohashi 2010).

6.3 Polymerase Inhibitor

Another promising anti-influenza agent which is at advanced stages of develop-
ment is a substituted pyrazine compound, T-705 (Fig. 1, 6-fluoro-3-hydroxy-2-
pyrazinecarboxamide, favipiravir) (Furuta et al. 2002). T-705 inhibits an early to
middle stage of viral replication but not the adsorption or release stage. T-705 is
converted to the ribofuranosyltriphosphate derivative by host enzymes, and this
metabolite selectively inhibits the influenza viral RNA-dependent RNA poly-
merase in a dose-dependent manner. Interestingly, this compound did not inhibit
host DNA and RNA synthesis and only weekly inhibits inosine 50-monophosphate
dehydrogenase (IMPDH) activity (Furuta et al. 2005). T-705 showed a more
favorable therapeutic index than did ribavirin in preclinical tests of toxicity in
mammalian cells (Furuta et al. 2005). The potent antiviral activity of T-705 in
vitro was demonstrated against seasonal influenza A (H1N1, H2N2, and H3N2), B
and C viruses (Furuta et al. 2002), influenza A (H5N1) viruses (Sidwell et al. 2007;
Kiso et al. 2010b), as well as an oseltamivir-resistant virus (Furuta et al. 2002;
Sleeman et al. 2010). Oral treatment with T-705 at the dose of 30 mg/kg/day or
more prevented death, inhibited lung consolidation, and reduced lung virus titers in
a BALB/c mouse model under lethal challenge with H5N1 and H3N2 subtype
viruses (Furuta et al. 2002; Sidwell et al. 2007; Kiso et al. 2010b). In a compar-
ative experiment with oseltamivir, using mice infected with a high challenge dose
of influenza A/PR/8/34 (H1N1) virus, T-705 completely prevented death, and
the survival rate was significantly higher than in oseltamivir-treated animals
(Takahashi et al. 2003). The results of studies of delayed initiation of treatment
using influenza A and B viruses showed a marked reduction in mortality even
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when treatment with T-705 was initiated from 60 to 96 h post virus inoculation.
The benefits of using oseltamivir and T-705 in combination to treat H1N1, H3N2,
and H5N1 influenza virus infection were recently demonstrated in a mouse model
(Smee et al. 2010). Initial unpublished data on human pharmacology are
encouraging with regard to oral absorption and tolerability, and Phase 2 efficacy
studies of favipiravir have been conducted in Japan (Furuta et al. 2009).

6.4 HA Inhibitor

Another potential anti-influenza agent is Cyanovirin-N (CV-N), a carbohydrate-
binding protein that inhibits viral entry into cells by specifically binding to high
mannose oligosaccharides on the surface glycoproteins of enveloped viruses
(O’Keefe et al. 2003). CV-N is a 101 amino acid protein derived from the cya-
nobacterium Nostoc ellipsosporum and was originally discovered as an inhibitor of
HIV, but was later found to inhibit other enveloped viruses such as influenza and
Ebola (Boyd et al. 1997; O’Keefe et al. 2003; Barrientos et al. 2003). CV-N
showed antiviral activity against a range of influenza A and B viruses in vitro and
in mice and ferrets (Smee et al. 2007, 2008). However, the efficacy was strain-
specific and depends on the composition of glycosylation sites on the HA. Loss of
these glycosylation sites due to mutation of the HA leads to decreases in CV-N
binding and antiviral activity (O’Keefe et al. 2003; Smee et al. 2007). A high
mannose oligosaccharide at a conserved residue N94 (H3 numbering, corresponds
to position 87 in H1 subtype) of the HA1 subunit of HA is the primary target of
CV-N, and substitutions at this position by itself confer CV-N resistance. Muta-
tion(s) that affects the receptor binding site for the HA1 may also reduce efficacy
of CV-N against influenza viruses (Smee et al. 2007). Clinical studies in humans
have not been reported.

6.5 Sialic Acid Receptor Inhibitor

Targeting the host cell components required for viral infection is a novel antiviral
approach which can theoretically lead to lack or low rates of emergence of drug-
resistant variants. Sialic acid (SA)-containing receptors on the surface of suscep-
tible cells are required for infection by influenza viruses. The interaction between
HA glycoprotein of influenza virus and SA receptors is essential for initial stages
of virus replication, suggesting that targeting this interaction as an therapeutic
approach would have some promise. DAS181 (Fludase�) is a recombinant fusion
protein containing a sialidase catalytic domain and a respiratory epithelium-
anchoring domain [amphiregulin (AR) tag], which can be mass produced in
Escherichia coli (Malakhov et al. 2006). The sialidase activity of DAS181 can
cleave SAa2,6- and SAa2,3-linked cellular receptors, which are preferentially
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recognized by human and avian influenza strains, respectively. Because it is
host-directed toward the SA acid receptors on airway epithelium, it can also
prevent the binding of other respiratory viruses that also utilize these receptors
(e.g. parainfluenza) (Moscona et al. 2010). DAS181 potently inhibits infection by
seasonal influenza A and B viruses, pandemic 2009 H1N1 viruses, NA inhibitor-
resistant influenza viruses, as well as the potentially pandemic H5N1 influenza
viruses in MDCK cells, mice, and ferrets (Belser et al. 2007; Triana-Baltzer et al.
2009a, b). In vitro removal of receptors by DAS181 leads to a prolonged antiviral
effect, although it is not clear whether this effect will translate into a less-frequent
dosing regimen in the clinic. Long-term DAS181 exposure to numerous cell lines
and human primary cells does not cause cytotoxicity. The resistance potential of
this compound requires further investigations. Preliminary data indicated that
DAS181-resistant variants could be generated and mild resistance was developed
in two out of six strains tested following up to 30 passages in MDCK cells.
DAS181-resistant viruses exhibited an attenuated phenotype in vitro and in mice,
and still could be inhibited by the higher concentrations of compound (Moss et al.
2010). Phase 1 clinical studies of DAS181 have been completed, but data on safety
are not yet publically available.

6.6 Other Candidates

Advances in understanding the mechanisms of influenza virus replication have
revealed a number of potential drug targets (Fig. 2). Small interfering RNAs
(siRNAs) can be designed to target viral RNA without engaging host RNA, and

Fig. 2 A multidrug approach to the management of influenza. HA, hemagglutinin; IFN, interferon;
LANI, long-acting neuraminidase inhibitor; NA, neuraminidase; siRNA, small interfering RNA.
Reprinted from (White et al. 2009) under the terms of the Creative Commons Attributions License
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therefore can be highly specific, highly effective, have low toxicity, and can be
easy to make and formulate (Alvarez et al. 2009). Clinical, proof-of-concept has
been shown for an RNA-interference agent targeted against respiratory syncytial
virus (DeVincenzo et al. 2010). To this point, only pre-clinical data using RNA
inhibitor based therapies are available for influenza (Kumar et al. 2010).

Antibody therapies are another strategy that has been proposed for treatment or
prevention of influenza. This includes intravenous immune globulin (IVIG)
preparations, which are used clinically for a variety of purposes, hyperimmune
sera from recovered or vaccinated individuals, and specific monoclonal antibody
therapies (Bearman et al. 2010; Luke et al. 2010; Martinez et al. 2009). Mouse
model data using all three approaches suggest efficacy for primary influenza
infections (Marinescu et al. 2009; Ramisse et al. 1998; Krause et al. 2010;
Kashyap et al. 2010). Limited clinical data in humans support this approach
conceptually, primarily from uncontrolled studies of treatment of pandemic
influenza or H5N1 virus-infected patients (Luke et al. 2006; Kong and Zhou 2006;
Zhou et al. 2007).

The strategy of immunomodulation to broadly reduce the inflammatory response
during severe influenza virus infections (Fig. 2) has also been proposed (Fedson
2009), but is currently not supported by clinical data in humans. Systemic steroids
were frequently used as a clinical therapeutic during the 2009 H1N1 pandemic
(Falagas et al. 2010). In some published studies more than 50% of severely ill
patients were treated with corticosteroids (Kumar et al. 2009). However, no clinical
benefit of steroids has thus far been shown for ARDS or specifically for influenza
(Steinberg et al. 2006; Napolitano et al. 2010). Alternative candidates targeting
specific anti-inflammatory pathways have also been put forward (Fedson 2008),
including drugs such as statins, which inhibit a cholesterol biosynthesis pathway
enzyme (Liu et al. 2009), agonists of peroxisome proliferator-activated receptors
including fibrates and thiozolidinediones (Budd et al. 2007; Aldridge, Jr. et al.
2009), cyclooxygenase pathway inhibitors (Zheng et al. 2008), and antioxidants
such as N-acetyl-L-cysteine (Geiler et al. 2010). Each has shown some efficacy in
mouse models (Budd et al. 2007; Zheng et al. 2008; Aldridge, Jr. et al. 2009; Geiler
et al. 2010). Out of this group of candidates, statins are the only agents that have
been studied in humans thus far. To this point, however, cohort studies of persons
prescribed statins for their cholesterol-lowering properties have shown no obvious
clinical benefit against influenza morbidity (Kwong et al. 2009; Fleming et al.
2010). Further, clinical investigation of these agents and their potential to act in
combination with traditional antiviral agents needs to be explored.

7 Conclusions

Several issues have limited the effectiveness of the currently available antiviral
drugs against influenza. First, unlike antibiotics, which can eliminate or greatly
reduce pathogen burden, existing influenza antiviral drugs serve only to halt
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progression of disease by preventing new host cells from being infected. If this
intervention is administered early enough in the clinical course, it may alter
the tempo of infection, allowing normal immune clearance mechanisms to gain
the upper hand. Thus, the major effects of treatment are symptom reduction and a
more rapid recovery, not immediate clinical cure. Second, the currently licensed
antivirals are all oral medications and, until the recent 2009 pandemic, were
authorized only for use in mild to moderate influenza. Critically ill patients with
either H5N1 or pandemic 2009 H1N1 infections have been difficult to treat until
the recent availability of intravenous peramivir and zanamivir. Third, resistance
has been a clinically significant issue for the adamantanes for years, limiting their
utility. To combat these issues, more research on existing antivirals and further
investigation of novel compounds and strategies are needed. Combination therapy
has been explored both with existing, licensed, antivirals as well as with agents not
currently approved for use against influenza. Novel agents targeting important
viral proteins or host-pathogen interactions are at various stages of development.
And finally, novel immunomodulatory strategies targeting the virus-mediated
effects or host responses are in development and clinical testing. The future of
influenza control likely involves improved means to prevent infection, coupled
with combined strategies to both slow the virus as well as mitigate the immuno-
pathologic consequences of infection when it occurs. A coalescence of divergent
paths of research to meet these goals is needed if the urgent public health threat of
seasonal and pandemic influenza is to be met.
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