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bstract

The currently circulating H3N2 and H1N1 subtypes of influenza A virus cause a transient, febrile upper respiratory illness in most adults and
hildren (“seasonal influenza”), but infants, the elderly, immunodeficient and chronically ill persons may develop life-threatening primary viral
neumonia or complications such as bacterial pneumonia. By contrast, avian influenza viruses such as the H5N1 virus that recently emerged in
outheast Asia can cause severe disease when transferred from domestic poultry to previously healthy people (“avian influenza”). Most H5N1
atients present with fever, cough and shortness of breath that progress rapidly to adult respiratory distress syndrome. In seasonal influenza,
iral replication remains confined to the respiratory tract, but limited studies indicate that H5N1 infections are characterized by systemic viral
issemination, high cytokine levels and multiorgan failure. Gastrointestinal infection and encephalitis also occur. The licensed anti-influenza
rugs (the M2 ion channel blockers, amantadine and rimantadine, and the neuraminidase inhibitors, oseltamivir and zanamivir) are beneficial for
ncomplicated seasonal influenza, but appropriate dosing regimens for severe seasonal or H5N1 viral infections have not been defined. Treatment
ptions may be limited by the rapid emergence of drug-resistant viruses. Ribavirin has also been used to a limited extent to treat influenza.

his article reviews licensed drugs and treatments under development, including high-dose oseltamivir; parenterally administered neuraminidase

nhibitors, peramivir and zanamivir; dimeric forms of zanamivir; the RNA polymerase inhibitor T-705; a ribavirin prodrug, viramidine; polyvalent
nd monoclonal antibodies; and combination therapies.
ublished by Elsevier B.V.
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. Introduction: influenza viruses

Influenza viruses have a multipartite, negative-sense, single-
tranded RNA genome and a lipid envelope. They are divided
nto three genera, A, B and C within the family Orthomyxoviri-
ae, based on the antigenic properties of the viral nucleoprotein.
nfluenza B and C viruses principally infect humans, usually
ausing mild illness in children, and undergo only gradual anti-
enic variation (Wright and Webster, 2001). By contrast, the
nfluenza A viruses are maintained in a vast natural reservoir
n wild waterfowl and shorebirds, from which they emerge to
ause disease in domestic poultry, horses, pigs and humans.
heir ability to infect the human respiratory tract and the peri-
dic emergence of antigenically novel agents through genomic

eassortment enable the influenza A viruses to cause world-
ide epidemics with high morbidity and mortality (“pandemic

nfluenza”).

∗ Corresponding author. Tel.: +1 301 435 2292; fax: +1 301 402 1213.
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Individual isolates of influenza A virus are classified by
ubtype, based on the antigenic identity of two glycoproteins
mbedded in the virion’s lipid envelope, the hemagglutinin (HA)
nd the neuraminidase (NA) (Fig. 1). Studies of avian viruses
ave identified 16 antigenically distinct variants of HA and 9 of
A, leading to the existence of a large number of viral subtypes
ith different HA/NA pairs. Protective immunity resulting from
revious infection or vaccination is based principally on neutral-
zing antibodies against HA, and to a lesser extent on antibodies
o NA (Hayden and Palese, 2002).

The emergence of new pandemic subtypes of influenza A
irus occurs through two pathways. The first is for an avian
irus to infect and cause disease in a human (“avian influenza”)
nd evolve during the course of illness to become transmissi-
le from person to person. The second is made possible by the
ultipartite genome, which permits a circulating seasonal agent

o acquire new HA and NA genes through reassortment (“anti-

enic shift”), when a cell is co-infected by a seasonal virus and
ither an avian virus or one that has adapted to a mammalian
ost, such as pigs. Novel viruses emerged several times dur-
ng the 20th century. In 1918, an avian H1N1 virus acquired

mailto:jbeigel@niaid.nih.gov
dx.doi.org/10.1016/j.antiviral.2008.01.003
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Fig. 1. The influenza A virus replication cycle. The virion core contains eight RNA genome segments encapsidated by nucleoprotein (RNPs) and embedded together
with associated polymerase (P) molecules in a matrix of M1 proteins. After binding to sialic acid–galactose linked to a cell-surface glycoprotein or glycolipid, the
virion is taken up in an endocytic vesicle, where acidification triggers a conformational change that bring viral and endosomal membranes together. Acidification
also produces a flow of protons through the M2 ion channel into the interior of the virion, causing the RNPs to dissociate from the M1 matrix and be released into the
cytoplasm. They are then transported to the nucleus, where a viral polymerase complex performs transcription and genome replication. The resulting mRNAs move
to the cytoplasm and are translated, producing new RNP protein components that are transported back to the nucleus to associate with nascent genome segments.
The exit of new RNPs from the nucleus is aided by the viral NS2 (nuclear export protein, NEP). Meanwhile, nascent HA, NA and M2 molecules pass through the
Golgi apparatus and undergo glycosylation before moving to the cell membrane. HA is also cleaved to form two chains linked by a disulfide bond. Virion assembly
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ccurs as RNPs and M1 proteins associate with cytoplasmic tails of HA and N
alactose on the cell surface or on adjacent virions to prevent HA binding.

he capacity for efficient respiratory transmission, resulting in a
atastrophic pandemic. As the H1N1 virus continued to circu-
ate, the progressive accumulation of mutations in the H1 and
1 genes permitted antigenically “drifted” variants to return and

e-infect the same populations, causing recurrent outbreaks of
llness (“seasonal influenza”). In 1957, a new reassortant virus
ppeared in which the two surface glycoproteins of H1N1 were
eplaced by avian H2 and N2. A second reassortment event pro-
uced H3N2 influenza in 1968, after which the H2N2 virus soon
eased to circulate.

As each new virus emerged and spread around the world,
nfluenza morbidity and mortality increased markedly, then
eclined as the human population acquired some degree of
mmunity and the agent underwent progressive antigenic drift
Wright and Webster, 2001). A seasonal variant of the H1N1
irus reappeared in 1977, apparently through an accidental lab-
ratory release, and it continues to circulate along with the
3N2 virus, both in humans and in pigs. Because an influenza

virus with a novel HA has not entered the human popula-

ion since 1968, the emergence of a new pandemic strain is
ikely. Such a virus might obtain its HA from an agent such
s the avian/swine reassortant H2N3 that has been detected in

d

b
a

ccessful release of new virus particles requires that NA cleave sialic acid from

he USA (Ma et al., 2008), or from any of several purely avian
trains that have infected humans during the past decade (see
elow).

At present, the most concerning scenario would be the pan-
emic spread of the highly virulent avian H5N1 virus that first
ppeared in Hong Kong in 1997, causing lethal primary viral
neumonia in 6 of 18 confirmed human infections (Chan, 2002;
o et al., 2001; Yuen et al., 1998). Although cases ceased once all

ocal poultry had been destroyed, the virus continued to spread
nd reassort among wild birds, and since 2003 it has re-emerged
s the cause of poultry outbreaks and sporadic cases of severe
uman illness in several southeast Asian countries (Beigel et al.,
005; Li et al., 2004), and has been carried by migratory birds
nd the transport of domestic poultry to Indonesia and across
sia to Africa and Europe. As of December 17, 2007, a total of
40 confirmed human cases had been reported in 13 countries,
ith 209 deaths (Shinya et al., 2005; WHO, 2007). Fortunately,
nly a few instances of person-to-person transmission have been

ocumented.

Vaccines are the principal defense against influenza, but
ecause it takes time to produce an antigenically appropriate
nd immunogenic product and deliver it to entire populations,
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ig. 2. Licensed antivirals that block the influenza A M2 ion channel: amanta-
ine (A); rimantadine (B) (Courtesy of Pieter Leyssen).
ntiviral drugs will be a principal countermeasure to reduce the
mpact of a new pandemic (Monto, 2006; Moscona, 2005a). The
urrent armamentarium of licensed anti-influenza medications
onsists of four drugs: two adamantanes, amantadine and riman-
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ig. 3. The structure of N-acetylneuraminic (sialic) acid (A) and antiviral drugs th
seltamivir (B); zanamivir (C); peramivir (D) (Courtesy of Pieter Leyssen).

ig. 4. Nucleoside analogues that interfere with influenza virus RNA polymerase fun
search 78 (2008) 91–102 93

adine (Fig. 2), and two NA inhibitors, the oral drug oseltamivir
Tamiflu®) and the inhaled medication zanamivir (Relenza®)
Fig. 3) (De Clercq, 2006). Because their licensure was obtained
ased on studies in healthy adults with uncomplicated seasonal
nfluenza, little is known about how these drugs should be used
o treat severe disease. In particular, only anecdotal information
s available on the treatment of fulminant H5N1 virus infections
ith oseltamivir. Therapy of severe influenza is made even more

hallenging by the rapid emergence of drug-resistant viruses,
specially during treatment with the adamantanes, and by the
ack of an approved parenteral medication that can be admin-

stered to patients incapable of swallowing or inhaling a drug.
he only other licensed drug with anti-influenza activity, rib-
virin (Virazole®), has been used to only a very limited extent
o treat severe infections (see below) (Fig. 4).

at compete with it for the active site of the influenza A or B neuraminidase:

ction: ribavirin (A); viramidine (B); T-705 (C) (Courtesy of Pieter Leyssen).
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. HA and NA

Influenza virions have two major surface glycoproteins: the
A, which binds to sialic acid covalently linked to the terminal
alactose of an oligosaccharide on a glycoprotein or glycolipid,
nd the NA, which cleaves sialic acid from galactose (Figs. 1
nd 3A). The presence of these two competing activities on the
irion surface appears to have come about because sialic acid
oupled to galactose is present not only on respiratory epithelial
ells, but on a variety of molecules in respiratory mucus and even
n oligosaccharide components of the HA itself. NA is therefore
eeded to minimize the binding of HA to “decoy” receptors, so
s to enable virions to reach their target cells and to depart from
hem at the end of the replication cycle. If NA is genetically
eleted from an influenza A virus, the initiation of infection is
rastically inhibited, and nascent virions clump together and are
nable to spread through a cell monolayer (Matrosovich et al.,
004; Wagner et al., 2002). Because HA and NA must work in
andem to achieve efficient infection, reassortant viruses with
ew combinations of these genes may not replicate efficiently.

Once an influenza A virus succeeds in crossing from its
eservoir host to another species, the binding specificity of the
irion HA appears to play a role in determining the outcome of
nfection. The HA of the currently circulating H3N2 and H1N1
iruses binds preferentially to sialic acid coupled with an �(2,6)
inkage to galactose, which is present on cell-surface glycopro-
eins throughout the human respiratory tract, helping to explain
hy seasonal influenza occasionally develops into primary viral
neumonia (Ibricevic et al., 2006; Nicholls et al., 2007). By con-
rast, avian viruses make use of �(2,3)-linked sialic acids, which
ntil the occurrence of viral pneumonia in patients in the 1997
ong Kong H5N1 outbreak were thought to be absent from
uman respiratory epithelium. Recent studies have shown that,
hile �(2,6)-linked sialic acids predominate from the nasal cav-

ties down to the bronchi, �(2,3)-linked sialic acids are present
n bronchiolar lining cells, type II pneumocytes and alveolar
acrophages, providing a possible explanation for the predomi-

ance of lower respiratory tract symptoms in H5N1 patients and
he rapid development of ARDS (Ibricevic et al., 2006; Shinya
t al., 2006; van Riel et al., 2006).

Although the nature and distribution of sialic acid–galactose
inkages in the respiratory tract helps to explain some aspects
f severe seasonal and avian influenza, it is clear that they are
ot the sole determinant of the course of infection. Thus, it has
een shown that H5N1 viruses are able to replicate in explants of
uman upper respiratory tract tissues and that seasonal viruses
an cause fatal infection in knockout mice lacking detectable
(2,6)-linked sialic acid and infect cells from which sialic acid
as been enzymatically removed (Glaser et al., 2007; Nicholls
t al., 2007; Stray et al., 2000).

. Severe seasonal influenza
As pandemic viruses continue to circulate and undergo slow
ntigenic drift, they can return to infect the same populations,
ausing a generally mild illness in healthy children and adults
haracterized by fever, malaise, nasal congestion, sneezing and

w
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ther upper respiratory symptoms that resolve within a few days
ithout specific therapy. Young children experiencing their first
out of influenza tend to shed virus longer than persons who are
einfected by the same viral subtype, but they generally suffer
o ill effects (Sato et al., 2005). However, seasonal viruses can
lso cause severe disease in very young infants, elderly people
nd those with immunodeficiency, cardiopulmonary disease or
ther chronic illnesses; in the United States, influenza A virus
nfections are responsible for nearly 40,000 deaths every year.

Severe seasonal influenza can occur when viral infection
preads from the upper to the lower respiratory tract to pro-
uce primary influenza pneumonia, characterized by respiratory
istress, hypoxemia, hypotension and bilateral interstitial infil-
rates (Wright and Webster, 2001). Bacterial pneumonia can also
evelop, either simultaneously with or following influenza virus
nfection. Limited studies have shown that while patients with
ncomplicated influenza stop shedding virus in nasopharyngeal
ecretions by the third day of illness, virus can often be detected
–7 days or longer after symptom onset in more severely ill hos-
italized patients (Ison et al., 2003; Leekha et al., 2007; McGeer
t al., 2007; Nicholson et al., 2000; Treanor et al., 2000). Pro-
onged viral shedding despite antiviral therapy is common in
mmunocompromised persons, especially transplant recipients
Ison et al., 2006). Drug-resistant viruses often emerge in this
etting.

. Avian influenza

Most avian influenza subtypes cause only mild infections, or
o illness at all, in humans (Beare and Webster, 1991). When
n H7N7 virus caused an outbreak among poultry workers in
he Netherlands in 2003, 349 people developed conjunctivitis,
0 had an influenza-like illness, but one died from primary viral
neumonia (Fouchier et al., 2004; Koopmans et al., 2004). An
9N2 virus has caused an illness indistinguishable from sea-

onal influenza in a number of children in Hong Kong (Peiris et
l., 1999; Butt et al., 2005) and an H7N3 virus caused conjunc-
ivitis and mild respiratory tract illness in two confirmed cases
n Canada (Tweed et al., 2004).

The H5N1 virus that has emerged in Southeast Asia is much
ore virulent than other avian influenza A viruses, and has

n unusually broad host range, causing lethal disease in many
pecies of wild and domestic birds and in small and large felines,
odents and primates. The virus recovered in Hong Kong in 1997
as more pathogenic for mice than other H5 subtype viruses

Dybing et al., 2000), and isolates recovered since 2003 have
een even more virulent for mice and ferrets, capable with-
ut prior adaptation of causing severe pulmonary disease and
preading outside the respiratory tract to infect multiple organs,
ncluding the brain (Govorkova et al., 2007; Maines et al., 2005).

Although mild cases have been identified, most patients
ith H5N1 virus infections in Southeast Asia and Turkey have
eveloped severe pulmonary disease. Patients typically present

ith fever, cough and difficulty breathing; primary viral pneu-
onia develops quickly, with pulmonary infiltrates on chest
-ray (Beigel et al., 2005; Buchy et al., 2007; De Jong et

l., 2005a, 2006; Oner et al., 2006; To et al., 2001; Yuen et
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l., 1998). Ventilatory support is usually required within 48 h
f hospital admission. Limited patient studies indicate that, in
ontrast to seasonal influenza, signs of lower respiratory tract
nvolvement are more prominent than upper respiratory tract
ymptoms, and viral titers are higher in pharyngeal than nasal
ecretions (De Jong et al., 2006). The illness progresses rapidly
o acute respiratory distress syndrome (ARDS) and multiorgan
ailure, in a pattern reminiscent of severe acute respiratory syn-
rome (SARS) (Ng et al., 2006). Diarrhea is also common,
nd a few patients have presented with only severe diarrhea
nd/or neurologic changes that progressed rapidly to lethal
ncephalitis, with pulmonary disease either developing late or
bsent (Apisarnthanarak et al., 2004; De Jong et al., 2005a).
linical laboratory and pathologic findings include leukopenia,
arked lymphopenia with low T-cell counts, thrombocytopenia,

emophagocytosis, hepatic central lobular necrosis and acute
enal tubular necrosis.

As noted, the rapid development of primary viral pneumo-
ia in H5N1 infections may reflect the ability of the viral HA
o bind to �(2,3)-linked sialic acid on human bronchioloalve-
lar cells, including type II pneumocytes. Because the latter
ells give rise to new squamous type I pneumocytes following
ost types of lung injury, their loss through viral infection could

ead to ARDS. Severe illness may also reflect more intense and
idespread viral replication than occurs in seasonal influenza.
number of other factors may also contribute to the height-

ned virulence of the H5N1 virus, including greater suppression
f host type I interferon responses by the NS1 protein (Garcia-
astre, 2006), more efficient function of the RNA polymerase
Salomon et al., 2006) and altered activity of the PB1-F2 protein
Conenello et al., 2007). Enhanced viral replication is reflected in
igh titers of virus in nasopharyngeal or pharyngeal secretions
nd the presence of viral RNA in the spleen, small and large
ntestines and cerebrospinal fluid and in the blood of fatal cases,
s detected by PCR (Buchy et al., 2007; De Jong et al., 2005a,
006; Uiprasertkul et al., 2005). In the series of patients studied
y De Jong et al., extensive viral replication was accompanied
y high levels of cytokines and chemokines (IP-10, MCP-1, IL-
, IL-6 and IL-10) in the plasma (2006). Titers were proportional
o the pharyngeal viral load, and were highest in fatal cases.

The apparent ability of recent H5N1 isolates to induce
ore intense inflammatory responses than seasonal influenza

iruses is mirrored by findings in the laboratory. Primary human
acrophages infected with a 1997 Hong Kong virus produced

ignificantly more TNF-� and interferon-� than cells infected
ith H3N2 or H1N1 seasonal viruses; the response profile
as similar to that induced by lipopolysaccharide (Cheung

t al., 2002; Seo et al., 2002). Recent H5N1 isolates also
nduced much stronger secretion of IP-10, IFN-�, IL-6 and
ANTES than an H1N1 virus in primary human bronchial
pithelial cells and type II pneumocytes (Chan et al., 2005).
owever, studies in knockout mice have given contradictory

esults, either showing that the absence of a TNF-� or IL-

response does not reduce mortality (Salomon et al., 2007)

r that animals lacking a functional TNF-� receptor suffer
milder illness (Szretter et al., 2007). In any case, there is

o evidence that the intense inflammatory response seen in

i
m
p
p

search 78 (2008) 91–102 95

5N1 cases should be regarded as the cause of illness, because
lucocorticoid treatment did not improve the outcome of infec-
ion in mice and has not altered the course of fatal illness in
umans (Arabi et al., 2007; Carter, 2007; Salomon et al., 2007).
lthough it has been suggested that the intense inflammatory

esponse seen in H5N1 influenza constitutes a form of immune
ysregulation or “cytokine storm” (Osterholm, 2005), it may
imply be a consequence of severe and extensive viral infec-
ion.

. Targets for antiviral therapy

.1. Binding to target cells

.1.1. Antibody therapies
Treatment with anti-influenza virus antibodies could poten-

ially be of benefit in severe influenza, by preventing the
inding of virions to target cells (Fig. 1, Step 1) and marking
nfected cells for destruction by complement or T cells, but no
mmunoglobulin product is in clinical use. The most extensive
ffort to assess such therapies took place during the 1918 pan-
emic, when severely ill patients were sometimes treated with
hole blood, plasma or serum from convalescing survivors. In 8
ublished reports reviewed by Luke et al., the overall case fatal-
ty rate was 16% among 336 patients who received convalescent
lood products, while 37% of 1219 untreated patients died (Luke
t al., 2006). Distinct improvement in the patients’ condition was
ften noted following therapy. Along the same line, B. Zhou et
l. (2007) and H. Zhou et al. (2007) recently reported the prompt
ecovery of a severely ill H5N1 patient treated with plasma from
convalescent survivor.

More definitive evidence of antibody efficacy has been
btained in laboratory animals. Ramisse et al. (1998) demon-
trated that normal human immunoglobulin (IVIG) contains
ufficient anti-influenza antibodies to protect mice from lethal
neumonia when inoculated intranasally up to 8 h after infec-
ion with an H3N2 virus (1998). F(ab′)2 fragments were equally
ctive, indicating that protection was based on neutralization,
ather than on Fc-receptor-bearing cells or complement. More
ecently, Lu et al. (2006) showed that a single injection of
urified F(ab′)2 fragments derived from immunoglobulin of
yperimmunized horses protected mice against a lethal H5N1
irus challenge. A murine monoclonal antibody (mab) targeting
conserved site on the HA of H1 and H2 viruses protected mice
gainst both agents (Okuno et al., 1994), and mabs to H1, given
ither intact or as Fab fragments, prevented lethal H1N1 infec-
ion in SCID mice (Mozdzanowska et al., 2003; Palladino et
l., 1995). Humanized mabs also prevented death when given to
ice up to 3 days after an otherwise lethal H5N1 virus challenge

Hanson et al., 2006). Similarly, fully human mabs developed
sing immortalized B cells from Vietnamese H5N1 survivors
rotected mice when administered up to 72 h after H5N1 virus
hallenge (Simmons et al., 2007). Although HA is the most

mportant target of the antibody response, pooled serum from
ice immunized against the NA of a seasonal H1N1 virus cross-

rotected mice against an H5N1 virus, suggesting that persons
reviously infected with an H1N1 virus will be partially resis-
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ant to H5N1 (Gillim-Ross and Subbarao, 2007; Sandbulte et
l., 2007).

Although artificially generated antibodies appear to have
herapeutic potential, pooled human immunoglobulin from con-
alescent patients or vaccinees may prove more efficacious
n the setting of severe illness and may be more readily
pproved for human use. An effort has therefore been initiated
o develop a polyclonal immunoglobulin against avian influenza
or intravenous administration through plasmapheresis of vac-
ine recipients (www.clinicaltrials.gov: NCT00383071).

.1.2. Other approaches
Other mechanisms now under development for blocking the

inding of the virion HA to sialic acid on target cells include the
opical delivery of a recombinant sialidase to remove sialic acid
Malakhov et al., 2006) and treatment with a naturally occurring
yanobacterial lectin, cyanovirin, that binds to high-mannose
ligosaccharides on the virion HA (O’Keefe et al., 2003).

.2. Uptake into cells

.2.1. Blockade of the M2 ion channel
The adamantanes, amantadine and rimantadine, exert their

ntiviral activity by blocking the M2 ion channel, preventing
irion uncoating and the release of genome segments into the
ytoplasm (Fig. 1, Step 2). Historically, they have been used
lmost exclusively to prevent infection or to reduce the duration
f uncomplicated seasonal influenza; their benefit in treating
evere disease has not been defined. The adamantanes are inex-
ensive and highly stable in storage, but treatment is frequently
omplicated by gastrointestinal and central nervous system side-
ffects. Their use has also been significantly restricted by the
apid emergence of drug-resistant viruses that retain full viru-
ence and transmissibility (Hayden, 2006).

Although most community isolates of H1N1 influenza virus
re still sensitive to the adamantanes, resistance of H3N2 viruses
as increased rapidly, so that 61% of isolates from Asia and 92%
rom the United States in 2006 were drug-resistant (Bright et al.,
005, 2006). This change has been attributed to the availability
f over-the-counter amantadine (Hayden, 2006), the licensure of
emantine, an amantadine derivative used to treat Alzheimer’s

isease (Shah, 2006), and the use of amantadine to prevent H9
iral infections on poultry farms in China (Cyranoski, 2005).
esistance is also widespread in the recently emerged Asian
5N1 viruses, with only 20% of poultry-derived isolates in
hina, and none of those in Thailand, sensitive to the drugs

Buranathai et al., 2007; Cheung et al., 2006; He et al., 2008).
he WHO therefore recommends that amantadine or rimanta-
ine not be used to prevent or treat H5N1 infections unless the
nfecting virus is known or likely to be sensitive (Schunemann
t al., 2007).

.3. Transcription and genome replication
.3.1. Ribavirin
Ribavirin (Virazole®) is a guanosine analogue that is licensed

or the treatment of hepatitis C in combination with interferon-�

i
a
g
a

search 78 (2008) 91–102

nd for aerosol therapy of respiratory syncytial virus infections
n infants (Fig. 4A). The compound acts both indirectly, by low-
ring intracellular GTP levels through the inhibition of inosine
′-monophosphate dehydrogenase, and directly, by interfering
ith transcription and genome replication (Fig. 1, Step 4).
ecause of its multiple mechanisms of action, ribavirin is able

o inhibit a broad range of RNA and DNA viruses, and resistant
iruses are rarely observed (see Leyssen et al., 2008).

Ribavirin is less active against the influenza viruses than
he adamantanes or NA inhibitors. In an early evaluation, a
nce-daily oral dose of 1 g of ribavirin begun after the onset
f symptoms had no effect on the course of illness, but bene-
ts were observed when the dosage was quadrupled (Smith et
l., 1980; Stein et al., 1987). Aerosolized ribavirin also reduced
he duration of fever in young children with influenza, but
ometimes caused bronchospasm (Knight and Gilbert, 1987;
odriguez et al., 1994). In contrast to the licensed anti-influenza
rugs, ribavirin is available in intravenous form. When deliv-
red in that manner, ribavirin eliminated virus from two patients
nd produced improvement in a third with severe influenza or
arainfluenza virus infection (Hayden et al., 1996). However, the
rug’s clinical utility may be limited by the risk of hemolytic ane-
ia, and its teratogenic properties proscribe its use in pregnant
omen.

.3.2. Viramidine
Viramidine, a prodrug of ribavirin, has similar activity against

easonal and H5N1 influenza A viruses, but is less toxic (Fig. 4B)
Sidwell et al., 2005). Interestingly, efficacy against a lethal
1N1 virus was demonstrated in mice when the drug was admin-

stered in their drinking water. Perhaps because viramidine has
ess inhibitory effect on cellular DNA synthesis than ribavirin, it
as produced a significantly lower incidence of hemolytic ane-
ia (Gish, 2006). The drug is now in Phase 3 trials for the

reatment of hepatitis C.

.3.3. T-705
The pyrazine derivative T-705 (6-fluoro-3-hydroxy-2-

yrazinecarboxamide) is a broad-spectrum inhibitor of RNA
iruses, including influenza A, B and C, that is now in Phase
testing (Fig. 4C) (Furuta et al., 2002, 2005; Gowen et al.,
007). On entering the cell, the compound is initially converted
o its monophosphate by phosphoribosyl transferase, then to
ts triphosphate by cellular kinase, in which form it appears
o inhibit the RNA-dependent RNA polymerase (Furuta et al.,
005). In contrast to ribavirin, T-705 does not interfere with
ellular DNA or RNA synthesis and has little effect on IMP
ehydrogenase. It was highly active in vitro against a panel of
easonal and H5N1 influenza viruses, including amantadine-
nd oseltamivir-resistant agents (Sidwell et al., 2007). High
oses caused no cytotoxicity, and repeated virus passage in the
resence of the drug did not result in resistance.

Though somewhat less active than oseltamivir against

nfluenza viruses in vitro, T-705 was more protective in vivo. In
lethal model of H1N1 virus infection in mice, 200 mg/kg/day
iven orally beginning 1 or 13 h after infection prevented death
nd reduced lung viral titers below the limit of detection, while

http://www.clinicaltrials.gov/
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reatment begun at 25 h gave 71% survival (Furuta et al., 2002;
akahashi et al., 2003). In a mouse model of lethal H5N1

nfection, once-daily treatment prevented death even when ini-
iated at 96 h postinfection, when the animals were already
ll (Sidwell et al., 2007). Single large doses were nontoxic
nd highly protective, consistent with a long intracellular half-
ife.

.3.4. Other approaches
Antisense DNA oligomers and short, interfering RNA

siRNA) molecules that target sequences in influenza virus
RNA have shown efficacy in murine and avian models of

evere influenza (Ge et al., 2004, 2006; Tompkins et al., 2004;
u et al., 2008; H. Zhou et al., 2007). Providing that methods

an be developed to deliver them efficiently to infected cells,
heir ability to block the translation of viral mRNA (Fig. 1, Step
) would potentially give such sequence-based therapies a valu-
ble role in the treatment of human disease. These approaches
re discussed in an accompanying article by Spurgers et al. (this
ssue).

.4. Assembly and exit of nascent virions

Because NA activity is required for nascent influenza virions
o exit the infected cell and prevent them from clumping to each
ther, analogues of sialic acid that block the enzyme are effective
ntiviral drugs (Fig. 1, Step 7; Fig. 3). The amino acids that
ake up the active site are highly conserved across the nine

nown NA subtypes. The structure of the H5N1 NA and potential
pproaches to designing new drugs are discussed in detail by
ussell et al. (2006).

.4.1. Oseltamivir
In multiple controlled trials in healthy adults, a 5-day course

f twice-daily doses of 75 mg of oseltamivir shortened the
ourse of laboratory-confirmed seasonal influenza to a modest
xtent, reduced nasal viral titers and lowered the incidence of
ower respiratory tract complications requiring antibiotic treat-

ent (Kaiser et al., 2003; Nicholson et al., 2000; Treanor et
l., 2000; Cooper et al., 2003; Jefferson et al., 2006). Treat-
ent was more effective the earlier it was begun in the disease

ourse. A recent study found that the same regimen significantly
educed mortality in elderly or chronically ill patients hospi-
alized with laboratory-confirmed influenza, even if treatment
as begun more than 48 h after symptom onset (McGeer et al.,
007).

Studies in laboratory animals indicate that the regimen of
seltamivir that was developed to treat uncomplicated seasonal
nfluenza is inadequate for H5N1 infections. Although a dose
f 1 mg/kg/day for 5 days was sufficient to prevent death in
ice infected with a 1997 Hong Kong virus, 10 mg/kg/day

or 8 days was needed against a 2004 virus from Viet Nam
Govorkova et al., 2001; Yen et al., 2005b). In ferrets infected

ith the same isolate, 5 mg/kg/day started 4 h after inocula-

ion prevented death, but 25 mg/kg was required if therapy
as delayed until 24 h postchallenge (Govorkova et al., 2007).
ecent WHO guidelines recommended that the standard reg-

u
s
h
i

search 78 (2008) 91–102 97

men of oseltamivir be used to treat patients with confirmed
r strongly suspected H5N1 infections (Schunemann et al.,
007; World Health Organization, 2006). However, the report
lso noted that severely ill patients might benefit from higher
oses (300 mg/day) and/or a 7–10-day course of therapy, but
hat prospective studies would be required to establish ben-
fit. A multi-center study was initiated in Asia and the US
n June 2007 to compare standard vs. high-dose regimens of
seltamivir (150 mg/day vs. 300 mg/day for adults with nor-
al renal function) for 5 days or 10 days of therapy for

evere seasonal and avian influenza (clinicaltrials.gov identifier:
CT00298233).
Resistance to NA inhibitors develops less commonly than to

he adamantanes. Depending on the specific mutation, a virus
ay become resistant to oseltamivir, but remain sensitive to

anamivir (Gubareva et al., 2001; Moscona, 2005a,b; Moscona,
008). The first step in the development of resistance is often
mutation in HA that reduces its affinity for sialic acid. Prob-

bly because a proper balance of HA/NA activity is required
or the maximally efficient spread of virus among respiratory
pithelial cells, resistant viruses that arise during the course of
rug treatment usually replicate to lower levels in vitro and have
diminished ability to cause disease and be transmitted among

errets (Carr et al., 2002; Herlocher et al., 2002, 2004; Zürcher et
l., 2006). However, when reverse genetics methods were used
o introduce certain resistance mutations into H5N1 viruses, the
gents retained their replication capacity and virulence (Yen et
l., 2005a,b, 2006, 2007).

Reports of viruses resistant to oseltamivir were rare until
ecently, when two studies in Japan found that almost 20% of
hildren treated with the drug shed resistant viruses (Kiso et al.,
004). Subtherapeutic dosing may have played a role, as simi-
ar resistance was not seen in US children treated with doses
djusted for weight (Moscona, 2005a). Oseltamivir-resistant
5N1 viruses have also been recovered from a few patients in
outheast Asia. Virus recovered from a girl who was treated first
ith a prophylactic, then with a therapeutic dose of oseltamivir

nd survived infection showed a resistant subpopulation, while
iruses recovered from two other patients who died despite the
arly initiation of oseltamivir therapy showed a critical muta-
ion in the NA active site (De Jong et al., 2005a,b; Le et
l., 2005). H5N1 viruses with the H274Y substitution in NA
hat emerge during oseltamivir treatment retain full suscepti-
ility to zanamivir (De Jong et al., 2005b; Gubareva et al.,
001).

.4.2. Aerosolized zanamivir
Because NA acts outside of virus-infected cells, it can

e inhibited by a topically administered drug. Aerosolized
anamivir (Relenza®) is effective in reducing the impact of sea-
onal influenza in previously healthy adults, when started before
r soon after the onset of symptoms (Hayden et al., 1997). How-
ver, the drug is much less useful for severely ill patients who are

nable to inhale it, or whose pulmonary infections are inacces-
ible to topical therapy (Medeiros et al., 2007). No experience
as been reported in using zanamivir to prevent or treat H5N1
nfections.
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.4.3. Intravenous zanamivir
Because it is active against a broad range of influenza A

iruses and drug resistance is rare, intravenous zanamivir is
eing evaluated as a potential therapy for severe influenza.
o far its efficacy has only been formally tested against
ncomplicated seasonal influenza. Even though the drug’s
-h plasma half-life is shorter than that of oseltamivir or
eramivir, twice-daily infusions beginning 4 h before intranasal
1N1 virus challenge produced significant reductions in fever,
pper respiratory tract illness and viral shedding in volun-
eers (Calfee et al., 1999; Kaiser et al., 2003). A Phase I
rial comparing the pharmacokinetics and interactions of oral
seltamivir and intravenous zanamivir is under development
www.clinicaltrials.gov: NCT00540501).

.4.4. Multimeric forms of zanamivir
Efforts to develop “second generation” NA inhibitors have

xplored the activity of chemically modified or multimeric
orms of the licensed compounds. Ether derivatives of zanamivir
howed increased potency in vitro, improved oral availability
nd greater efficacy in mice (Honda et al., 2002; Masuda et
l., 2003). Dimeric forms of zanamivir are particularly promis-
ng variants that can act in a manner similar to antibodies to
ross-link influenza virions. Dimers in which the linking group
as 14–18 atoms in length were 100–1000-fold more potent

n vitro than the monomeric drug (Macdonald et al., 2004,
005). The in vivo half-life of such constructs is also greatly
ncreased. Administered intranasally, dimeric zanamivir had a
esidence time in rat lung exceeding 1 week, and a single dose
revented death in mice when given 7 days before virus chal-
enge.

.4.5. Peramivir
The synthesis of a new NA inhibitor, peramivir (RWJ-

70201), through structure-based drug design was reported by
abu et al. (2000). The drug inhibits all nine NA subtypes and

s at least as active as oseltamivir and zanamivir against H5N1
iruses in vitro (Govorkova et al., 2001) Peramivir offers the
dvantage of a markedly longer half-life of binding to the NA
ctive site, permitting less frequent dosing (Bantia et al., 2006;
ubareva et al., 2001). Whereas the dissociation half-life of

anamivir and oseltamivir from an N9 enzyme was 1.25 h, that
f peramivir exceeded 1 day. A single intramuscular injection
4 or 48 h postinfection was completely protective in mice chal-
enged with a lethal dose of an H1N1 or H3N2 virus (Bantia et
l., 2006).

Although oral and intranasal administrations were protective
n mice and ferrets (Chand et al., 2005; Sweet et al., 2002),
eramivir has low oral bioavailability in humans. Thus, the
rug was well tolerated when given by mouth to human vol-
nteers infected with influenza A or B virus, but reduction of
ymptoms failed to achieve statistical significance (Bantia et al.,
006). Subsequent development has therefore focused on par-

nteral administration. A Phase I trial of intravenous peramivir
howed that the drug had a 22-h half-life in the plasma and
as well tolerated (Beigel et al., 2007). A Phase II study is
ow under way to evaluate single-dose intramuscular peramivir

A

i

search 78 (2008) 91–102

or uncomplicated seasonal influenza (www.clinicaltrials.gov:
CT00419263), and a second randomized controlled trial will

ompare the efficacy of 5 days of intravenous peramivir to the
urrent approved regimen of oral oseltamivir for severe influenza
www.clinicaltrials.gov: NCT00453999).

.5. Combination therapy

Treatment with a combination of antiviral drugs with different
echanisms of action could potentially improve the outcome of

evere influenza through additive (or possibly synergistic) sup-
ression of viral replication, and might also reduce the required
ose for each drug, limiting toxicity and the emergence of drug-
esistant mutants (Tsiodras et al., 2007). Efforts to model this
pproach in vitro and in vivo have employed combinations of
damantanes and NA inhibitors. Thus, the passage of H1N1,
3N2 and H5N1 viruses in the presence of amantadine or
seltamivir resulted in the acquisition of drug resistance, but
hen the procedures were repeated in the presence of both drugs,
o changes were detected (Ilyushina et al., 2006). When riman-
adine was tested in combination with zanamivir, oseltamivir
r peramivir, all three combinations showed synergistic activity
gainst H3N2 and H1N1 isolates (Govorkova et al., 2004). In
ice infected with an H5N1 virus sensitive to both oseltamivir

nd amantadine, combination therapy produced an additive ben-
fit: oseltamivir alone gave 30% and amantadine alone gave 60%
urvival, but combination treatment increased the rate to 90%
Ilyushina et al., 2007). Combination therapy also significantly
ecreased viral titers in the lungs and prevented spread to the
rain.

In the only reported study in humans, treatment of severe sea-
onal influenza with rimantadine plus zanamivir was suggestive
f virologic benefit, compared to rimantadine alone (Ison et al.,
003). Given the range of new anti-influenza therapies that are
ow under development, a much greater variety of combina-
ional approaches may soon be available for testing.

. Conclusion

The existence of a vast reservoir of influenza A viruses in
ild waterfowl and shorebirds and the ability of these agents to

ump species barriers means that they cannot be eradicated and
ill always pose a threat to the health of humans and domestic

nimals. Currently available antiviral therapies were developed
ith the aim of reducing the impact of seasonal influenza, rather

han to treat life-threatening disease, but the emergence of the
irulent H5N1 virus has forced the world to take another look
t influenza and begin to approach it with the seriousness it
eserves. New and better antiviral therapies are needed, both to
eal with the next pandemic and to reduce the toll of illness and
eath produced every year by seasonal influenza. Fortunately,
urrent efforts show promise of achieving this goal.
cknowledgments
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Zürcher, T., Yates, P.J., Daly, J., Sahasrabudhe, A., Walters, M., Dash, L., Tis-
02 J. Beigel, M. Bray / Antivi

activities of T-705 and oseltamivir against influenza virus. Antivir. Chem.
Chemother. 14, 235–241.

o, K.F., Chan, P.K., Chan, K.F., Lee, W.K., Lam, W.Y., Wong, K.F., Tang,
N.L., Tsang, D.N., Sung, R.Y., Buckley, T.A., Tam, J.S., Cheng, A.F., 2001.
Pathology of fatal human infection associated with avian influenza A H5N1
virus. J. Med. Virol. 63, 242–246.

ompkins, S.M., Lo, C.Y., Tumpey, T.M., Epstein, S.L., 2004. Protection against
lethal influenza virus challenge by RNA interference in vivo. Proc. Natl.
Acad. Sci. U.S.A. 101 (23), 8682–8686.

reanor, J.J., Hayden, F.G., Vrooman, P.S., Barbarash, R., Bettis, R., Riff, D.,
Singh, S., Kinnersley, N., Ward, P., Mills, R.G., 2000. Efficacy and safety
of the oral neuraminidase inhibitor oseltamivir in treating acute influenza: a
randomized controlled trial. US Oral Neuraminidase Study Group. JAMA
283, 1016–1024.

siodras, S., Mooney, J.D., Hatzakis, A., 2007. Role of combination antiviral
therapy in pandemic influenza. BMJ 334, 293–294.

weed, S.A., Skowronski, D.M., David, S.T., Larder, A., Petric, M., Lees, W.,
Li, Y., Katz, J., Krajden, M., Tellier, R., Halpert, C., Hirst, M., Astell, C.,
Lawrence, D., Mak, A., 2004. Human illness from avian influenza H7N3,
British Columbia. Emerg. Infect. Dis. 10, 2196–2199.

iprasertkul, M., Puthavathana, P., Sangsiriwut, K., Pooruk, P., Srisook, K.,
Peiris, M., Nicholls, J.M., Chokephaibulkit, K., Vanprapar, N., Auewarakul,
P., 2005. Influenza A H5N1 replication sites in humans. Emerg. Infect. Dis.
11, 1036–1041.

an Riel, D., Munster, V.J., de Wit, E., Rimmelzwaan, G.F., Fouchier, R.A.,
Osterhaus, A.D., Kuiken, T., 2006. H5N1 virus attachment to lower respira-
tory tract. Science 312, 399.

agner, R., Matrosovich, M., Klenk, H.D., 2002. Functional balance between
haemagglutinin and neuraminidase in influenza virus infections. Rev. Med.
Virol. 12, 159–166.

orld Health Organization, 2006. Advice on use of oseltamivir.
orld Health Organization, 2007. Cumulative number of confirmed human
cases of avian influenza A/(H5N1) reported to WHO, vol. 2007, no. August
15.

right, P.F., Webster, R.G., 2001. Orthomyxoviruses. In: Knipe, D.M., How-
ley, P.M. (Eds.), Fields Virology, fourth ed. Lippincott Williams & Wilkins,
Philadelphia, pp. 1533–1579.
search 78 (2008) 91–102

u, Y., Zhang, G., Li, Y., Jin, Y., Dale, R., Sun, L.Q., Wang, M., 2008. Inhibi-
tion of highly pathogenic avian H5N1 influenza virus replication by RNA
oligonucleotides targeting NS1 gene. Biochem. Biophys. Res. Commun. 365
(2), 369–374.

en, H.L., Herlocher, L.M., Hoffmann, E., Matrosovich, M.N., Monto, A.S.,
Webster, R.G., Govorkova, E.A., 2005a. Neuraminidase inhibitor-resistant
influenza viruses may differ substantially in fitness and transmissibility.
Antimicrob. Agents Chemother. 49, 4075–4084.

en, H.L., Hoffmann, E., Taylor, G., Scholtissek, C., Monto, A.S., Webster, R.G.,
Govorkova, E.A., 2006. Importance of neuraminidase active-site residues
to the neuraminidase inhibitor resistance of influenza viruses. J. Virol. 80,
8787–8795.

en, H.L., Ilyushina, N.A., Salomon, R., Hoffmann, E., Webster, R.G.,
Govorkova, E.A., 2007. Neuraminidase inhibitor-resistant recombinant
A/Vietnam/1203/04 (H5N1) influenza viruses retain their replication effi-
ciency and pathogenicity in vitro and in vivo. J. Virol. 81, 12418–
12426.

en, H.L., Monto, A.S., Webster, R.G., Govorkova, E.A., 2005b. Virulence may
determine the necessary duration and dosage of oseltamivir treatment for
highly pathogenic A/Vietnam/1203/04 influenza virus in mice. J. Infect.
Dis. 192, 665–672.

uen, K.Y., Chan, P.K., Peiris, M., Tsang, D.N., Que, T.L., Shortridge, K.F.,
Cheung, P.T., To, W.K., Ho, E.T., Sung, R., Cheng, A.F., 1998. Clinical
features and rapid viral diagnosis of human disease associated with avian
influenza A H5N1 virus. Lancet 351, 467–471.

hou, B., Zhong, N., Guan, Y., 2007. Treatment with convalescent plasma for
influenza A (H5N1) infection. N. Engl. J. Med. 357, 1450–1451.

hou, H., Jin, M., Yu, Z., Xu, X., Peng, Y., Wu, H., Liu, J., Liu, H., Cao,
S., Chen, H., 2007. Effective small interfering RNAs targeting matrix and
nucleocapsid protein gene inhibit influenza A virus replication in cells and
mice. Antivir. Res. 76 (2), 186–193.
dale, M., McKimm-Breschkin, J.L., 2006. Mutations conferring zanamivir
resistance in human influenza virus N2 neuraminidases compromise virus
fitness and are not stably maintained in vitro. J. Antimicrob. Chemother. 58,
723–732.


	Current and future antiviral therapy of severe seasonal and avian influenza
	Introduction: influenza viruses
	HA and NA
	Severe seasonal influenza
	Avian influenza
	Targets for antiviral therapy
	Binding to target cells
	Antibody therapies
	Other approaches

	Uptake into cells
	Blockade of the M2 ion channel

	Transcription and genome replication
	Ribavirin
	Viramidine
	T-705
	Other approaches

	Assembly and exit of nascent virions
	Oseltamivir
	Aerosolized zanamivir
	Intravenous zanamivir
	Multimeric forms of zanamivir
	Peramivir

	Combination therapy

	Conclusion
	Acknowledgments
	References


