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Abstract Epidemic influenza continues to be associated with significant morbidity in
the general population, and mortality in the elderly and other high risk patients.
Although the case fatality rate averages less than 0.01%, tens of thousands of
deaths occur each year. Control through immunisation programmes has not been
possible due to incomplete protective efficacy and antigenic variations that occur
frequently.

Currently available anti-influenza medications (amantadine and rimantadine)
have had limited success due to underutilisation, lack of activity against influenza
B, the rapid development of viral resistance to the drugs, and adverse effects. A
new class of antiviral agents designed to inhibit influenza neuraminidase, an
important surface glycoprotein, is currently under active development for use in
the prophylaxis and treatment of influenza A and B infections. Two of these
compounds, zanamivir (GG167) and GS4104 (the ethyl ester prodrug of GS4071)
have reached clinical trials.

Most studies of zanamivir have involved topical administration by inhalation
of dry powder aerosols and/or intranasal doses of aqueous solutions. These routes
rapidly provide high local concentrations at the sites of delivery. GS4104 is ad-
ministered orally, which allows for greater ease of administration, and probably
more uniform distribution of the parent compound GS4071 in the respiratory
tract. Both have shown potent inhibitory activity against influenza in animal
models and experimental human influenza with excellent tolerability profiles.
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Zanamivir treatment has been shown to reduce the severity and duration of nat-
urally occurring, uncomplicated influenza illness in adults. Clinical resistance to
these drugs has not been recognised as a significant problem to date, although
strains resistant to each agent have been produced in the laboratory. This class of
agents shows considerable promise as a novel approach to prophylaxis and treat-
ment of influenza infections. Ongoing studies should provide the data needed to
allow the addition of 1 or more of the neuraminidase inhibitors to the clinician’s
anti-influenza armamentarium.

1. Influenza Virus Neuraminidase

Neuraminidase, or sialidase, is a surface glyco-
protein that possesses enzymatic activity essential
for viral replication found in both influenza A and
B viruses. Approximately 100 molecules of this
mushroom-shaped glycoprotein tetramer are pres-
ent in each influenza virion. Related enzymes are
found in many other viruses, bacteria and mamma-
lian cells. The crystal structure of influenza neur-
aminidase was first determined in 1983 by Colman
and colleagues.[1] The influenza sialidase is a tetra-
mer of 4 identical subunits, each composed of six
4-stranded antiparallel β-pleated sheets. These
sheets are arranged somewhat like the blades of a
propeller with an axis of symmetry passing through
the centre of the subunit.[2] The enzyme’s active
site is located within a pocket on the surface of each
glycoprotein subunit that is lined by amino acids
which are conserved among all influenza A and B
neuraminidases characterised thus far.

This enzyme is responsible for catalysing the
cleavage of the α(2-6)- or α(2-3)-ketosidic linkage
that exists between a terminal sialic acid, N-acetyl
neuraminic acid and an adjacent sugar residue. The
breaking of this bond has several important effects
that facilitate spread of the virus in the respiratory
tract (table I). First, it allows for the release of virus
from infected cells. Second, it prevents the forma-
tion of viral aggregates after release from host
cells. Third, this enzyme, by cleaving the sialic
acids found in respiratory tract mucus, may prevent
viral inactivation and promote viral penetration
into respiratory epithelial cells.[3]

Influenza neuraminidase may also contribute to
viral pathogenicity. There may be potentiation of
the virulence of some viral strains by alteration of

carbohydrate moieties from the other surface gly-
coprotein, the haemagglutinin. In addition, influ-
enza neuraminidase has been shown to directly
activate latent transforming growth factor β (TGF-
β).[4] This may occur due to cleavage of the sialic
acid residues on the latency-associated peptide that
is noncovalently bound to the mature, or active,
molecule. Increased levels of the active cytokine in-
duce cellular apoptosis which suggests yet another
mechanism by which influenza virus neuramini-
dase may contribute to pathogenicity. Purified
neuraminidase has also been shown to promote
production of the proinflammatory cytokines like
interleukin-1 (IL-1) and tumour necrosis factor
(TNF) from macrophages.[5] Such cytokines could
contribute to the pathogenesis of symptoms and
of airway inflammation during influenza.

Immune-based inhibition of neuraminidase has
been an active area of influenza research. Anti-
bodies directed against neuraminidase have been
shown to correlate with protection against influ-
enza illness in vitro and in animal studies. This was
demonstrated directly in humans in 1972[6] when
volunteers were inoculated with wild-type influ-
enza A/Hong Kong/68 (H3N2). This virus had a

Table I.  Roles of influenza virus neuraminidase

Promotion of the release of virions from infected host cells

Prevention of the formation of viral aggregates after release from
host cells

Prevention of viral inactivation by respiratory mucus and possible
promotion of viral penetration into respiratory epithelial cells

Possible potentiation of pathogenicity by alteration of
carbohydrate moieties from haemagglutinin

Induction of cellular apoptosis by activating latent transforming
growth factor β
Induction of cytokine (interleukin-1, tumour necrosis factor)
elaboration
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haemagglutinin antigen that differed from recently
circulating H2N2 influenza subtype viruses, but
its neuraminidase antigen was similar. The cho-
sen individuals lacked antibody to the viral haem-
agglutinin but had varying levels of antineura-
minidase antibody. The severity of illness, duration
of viral shedding and maximum amount of virus
shed were inversely related to the level of serum
antineuraminidase antibody.

The results of this study were supported by an
independent study of 274 adults during the initial
natural outbreak of influenza A/Hong Kong/68
(H3N2) in Tecumseh, Michigan, US,[7] which
found that the proportion of individuals with respi-
ratory illness attributable to that pandemic influ-
enza strain decreased as the levels of pre-existing
specific antineuraminidase antibodies rose.

Immunisation with neuraminidase-based vac-
cines has conferred partial protection against both
experimental and naturally occurring influenza.
Thirty-nine human volunteers were randomised to
receive influenza B vaccine or vaccination with a
recombinant hybrid virus that contained an irrele-
vant equine influenza haemagglutinin antigen
(Heq1 or H7) and the neuraminidase antigen (N2)
derived from influenza A/Hong Kong/68 (H3N2).
The participants were later inoculated with wild
type H3N2 influenza A virus. Although there was
no difference between the groups in the frequency
of isolation of virus from the respiratory tract, there
were significant decreases in the number of partic-
ipants with illness and fever in the hybrid vaccine
group, and in viral titres in upper respiratory secre-
tions. As in the earlier studies, an inverse relation-
ship was seen between antineuraminidase antibod-
ies and the severity of response to infection.[8] In
another study, the protective efficacy of a neur-
aminidase-specific vaccine was found to be similar
to that of a conventional biphasic vaccine.[9]

Passive protection against influenza has been
investigated in animals by the administration of
antineuraminidase monoclonal antibodies. In 1
study monoclonal antibodies to epitopes of 4 anti-
genic regions in the neuraminidase molecule were
administered to chickens.[10] When later exposed

to influenza virus, protection was shown in those
animals receiving antibodies to 3 of the 4 antigenic
regions.

2. Neuraminidase Inhibitors

Because of the importance of influenza neu-
raminidase in viral replication and pathogenesis,
interest has focused on the development of selec-
tive inhibitors, in particular sialic acid analogues,
of this enzyme. Unlike amantadine and rimantad-
ine, inhibition of neuraminidase could potentially
be effective for both influenza A and B virus infec-
tion. The first sialic acid analogue, 2-deoxy-2,3-
dehydro-N-acetyl neuraminic acid (DANA) (fig.
1), was described in 1969 by Meindl and Tuppy.[11]

DANA and its fluorinated derivative 2-deoxy-2,3-
dehydro-N-trifluoroacetylneuraminic acid (FANA)
were both able to inhibit neuraminidase enzyme
activity and influenza virus growth in vitro.

In a study evaluating the effectiveness of
DANA and 18 compounds derived from DANA,
the parent compound and its halogenated deriva-
tives were found to be the most active in neuramin-
idase inhibition assays against Vibrio cholerae and
4 viral neuraminidases (influenza A/Melbourne,
influenza A/Vienna, influenza B/Lee and a para-
influenza virus, Newcastle disease virus). Twelve
of the compounds were at least partly effective in
inhibiting neuraminidase activity. For each com-
pound the potency against influenza A and B
strains were comparable. FANA was the most
potent compound tested with 50% enzyme inhibi-
tion at a concentration of 5 µmol/L, whereas the
parent compound (DANA) showed 50% enzyme
inhibition at approximately 6-fold higher concen-
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H
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Fig. 1.  Molecular structure of 2-deoxy-2,3-dehydro-N-acetyl-
neuraminic acid (DANA).
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trations.[12] However, these compounds lacked
specificity and were as effective, or more effective
in inhibiting the bacterial sialidase as the viral
neuraminidases.

Significant advances were made following the
determination of the crystal structure of the en-
zyme in 1983[1] and of the co-crystal structure with
the natural substrate sialic acid.[13] Knowledge of
the structure has allowed molecular modelling to
design more potent and selective inhibitors of the
enzyme. Two of the compounds (zanamivir and
GS4104) are now in clinical trials to assess their
efficacy and tolerability in the prophylaxis and
treatment of influenza infection.

2.1 Zanamivir (GG167)

2.1.1 Structure
Zanamivir (molecular weight 332) is a neura-

minidase inhibitor derived from DANA that was
designed using computer-based molecular model-
ling of the complex formed between influenza
virus neuraminidase and sialic acid. This com-
pound also referred to as 4-guanidino-2,4-dideoxy-
2,3-dehydro-N-acetyl neuraminic acid or GG167
has a guanidino group at the 4 carbon position of
DANA (fig. 2). Potency and selectivity have been
shown to be much greater for this newer compound
than its predecessor. This is thought to result from
hydrogen bonding and electrostatic and van der
Waals interactions of the guanidino group with amino
acids in a previously unoccupied area within the
neuraminidase’s active site of influenza neuramin-
idase.[13] These interactions result in classical com-
petitive inhibition of the enzyme. Slow-binding

competitive inhibition of influenza A/Tokyo/3/67
N2 enzyme and other influenza A neuraminidases
has also been identified.[14] This is probably due to
expulsion of a structural water molecule from the
active site. Zanamivir is also a slow-binding inhib-
itor of influenza B virus.[15] Such inhibition has not
been demonstrated in other, noninfluenza neur-
aminidases. Extensive preclinical and clinical test-
ing of the anti-influenza activity of zanamivir has
provided encouraging results and phase III trials
are currently ongoing.

2.1.2 In Vitro Activity
Woods and colleagues[16] have provided the

most extensive data regarding the in vitro activity
of zanamivir. The 50% effective concentrations
(EC50) of zanamivir, 4-amino-Neu5Ac2en, DANA,
amantadine, rimantadine, and ribavirin were deter-
mined by plaque formation inhibition assays in
Madin Darby canine kidney (MDCK) cells with
both laboratory-passaged strains and clinical iso-
lates of influenza A and B viruses. Zanamivir con-
sistently had lower EC50 values than the other com-
pounds for both types of isolates, although the EC50

values had a much greater range for clinical isolates
(0.002 to 16 µmol/L) than for laboratory-passaged
isolates (0.004 to 0.014 µmol/L). However, when
the EC50 was determined by inhibition of purified
neuraminidase, zanamivir was shown to be a potent
inhibitor of the neuraminidases from all isolates.
The EC50 values (0.00064 to 0.0079 µmol/L) dif-
fered at most by a factor of 13, as compared with
up to 8000 for the EC50s determined by plaque re-
duction assay. In murine models of influenza (de-
scribed below) the in vivo susceptibility of viruses
correlates generally with enzyme inhibitory con-
centrations of zanamivir and not with activity in
MDCK plaque assays. The discrepancies between
in vitro sensitivities, and enzyme inhibition by
zanamivir suggests that some viruses are less de-
pendent from others on neuraminidase (NA) activ-
ity for growth in MDCK cells. Plaque assay studies
also showed that zanamivir was active (at concen-
trations of 0.002 to 1.5 µmol/L) against clinical
isolates resistant to amantadine and rimantadine.
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Fig. 2.  Molecular structure of zanamivir.
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Zanamivir has also been tested against the 9
neuraminidase subtypes of avian influenza A. Sig-
nificant inhibitory activity has been demonstrated
against these strains by plaque reduction assays
and by decreasing viral yield from monolayer cell
cultures.[17,18] Other studies have shown that
zanamivir is capable of inhibiting replication of
influenza A and B in explants of human respiratory
epithelium.[19] In such explants, concentrations of
<0.01 mg/L were capable of causing at least 1 log10

TCID50/ml (50% tissue culture infectious dose)
decrease in yield (90% reduction) compared with
controls for clinical influenza A isolates of the
H1N1 and H3N2 subtypes. Concentrations of 0.25
mg/L were necessary to achieve the same end-
point for an influenza B/Hong Kong/5/72 virus.

Studies have also evaluated the cytotoxicity and
selectivity of zanamivir. As compared with earlier
sialidase inhibitors, zanamivir exerts much less
inhibition of human and other noninfluenza siali-
dases. These are inhibited only at >106 higher con-
centrations compared with the influenza enzyme.
Even at concentrations of up to 10 mmol/L, no
cytotoxicity against human cells has been seen.
Similarly, no significant inhibitory activity was
observed against strains of herpes simplex virus
types 1 and 2, varicella-zoster virus, cytomegalo-
virus, rhinovirus types 2 and 14, or parainfluenza
virus types 2 and 3.[16]

2.1.3 Animal Studies

Pharmacokinetics and Tolerability
Pharmacokinetic studies of zanamivir have

shown the drug to be readily bioavailable after
nasal, intraperitoneal, and intravenous administra-
tion, but not after oral administration in mice.[20]

68% of the intraperitoneal dose was recovered
from the urine. This percentage decreased to 43%
for the intranasal route and further decreased to
only 3% for orally administered drug.

In contrast, the bioavailability of intranasally
administered zanamivir was found to be only 7.8%
in a ferret model.[21] Peak serum concentrations
were highest after intravenous doses followed in
descending order by intraperitoneal, intranasal and
oral doses. However, systemic doses are rapidly

cleared by the renal route with no significant
metabolism.

Zanamivir has been evaluated for toxicity in
several animal species using both intranasal and
inhalational administration as well as intravenous
administration to maximise systemic exposure to
the drug.[22] These studies revealed no toxicities or
adverse events of clinical significance.

Efficacy
Zanamivir administered intranasally to mice

infected with influenza A/Singapore/1/57(H2N2)
was 100-fold more potent in inhibiting viral repli-
cation than amantadine and 1000 times more po-
tent than ribavirin given by the same route.[2] The
intranasal dose shown to decrease viral replication
to 10% of controls (untreated, inoculated mice)
was 0.027 mg/kg twice daily.

Efficacy of intranasal zanamivir given prophy-
lactically to mice prior to inoculation with influ-
enza A/Singapore/1/57 has also been evaluated
using the end-points of viral titres in lung homog-
enates, lung consolidation and mortality.[20] With
doses of 0.01 mg/kg, significant reductions were
seen in mortality and lung consolidation. At the 0.4
mg/kg dose, significant effects were seen in all 3
end-points. Importantly, there was no rebound of
virus replication after the treatment period (days 1
to 3) ended. In mice inoculated with influenza
B/Victoria/102/85 doses as low as 0.4 mg/kg were
able to significantly decrease lung viral titres. The
dose required to decrease viral titres to 10% of con-
trols (EDAUC10) was 0.085 mg/kg/ dose. Zanamivir
was shown to be 753 times more active than ribavirin
given by the same route.

Similar studies of intranasal zanamivir in fer-
rets have used nasal wash viral titres, and the oc-
currence of pyrexia as primary end-points.[21]

When the animals were treated with intranasal zan-
amivir at doses as low as 0.05 mg/kg/dose, begin-
ning 1 day prior to inoculation with influenza A/
Singapore/1/57 and continuing for 5 days after in-
fection, significant decreases were seen in viral ti-
tres and development of pyrexia. Similar outcomes
occurred in animals treated with intranasal riba-
virin at 12.5 mg/kg/dose, but no significant de-
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creases were found in the group receiving amant-
adine at 6.25 mg/kg/dose. For influenza A/ Missis-
sippi/ 1/85(H3N2), doses of 0.06 mg/kg of
zanamivir and 12.5 mg/kg of ribavirin produced
significant reductions in viral titres and pyrexia. In
influenza B/Victoria/102/85 infection, doses as
low as 0.75 mg/kg of zanamivir and 50 mg/kg of
ribavirin were able to produce similar results.
Thus, zanamivir was 100 to 1000 times more po-
tent than ribavirin and amantadine in ferrets exper-
imentally infected with human strains of influenza
A and B viruses. No decrease in serum antibody
response to the infecting strains occurred.

A study of the prophylactic efficacy of intra-
tracheal zanamivir in chickens inoculated intra-
tracheally with 1 of 3 highly pathogenic avian
influenza viruses [the reassortant SD1 (H7N7)]
the reassortant SD17(H7N1) and A/Duck/Ireland/
83(H5N8)] failed to show any protective activ-
ity.[23] The degree of pyrexia and death rate were
unaffected by administration of zanamivir in doses
of 1 to 1.5 mg/kg twice daily. There was a delay in
the onset of pyrexia and death in the animals inoc-
ulated with the H7N1 virus. Virus recovered from
the dead birds was no more resistant to zanamivir
than the viruses used to inoculate the animals. It is
possible that the failure was due to only partial in-
hibition of virus in the trachea and/or differences
in distribution patterns of intratracheally adminis-
tered drug and virus. Escape of virions from the
respiratory tract to areas with insufficient concen-
trations of the inhibitor probably lead to dissemi-
nation of virus to other visceral sites.

A second avian study of the prophylactic effi-
cacy of zanamivir using intranasally administered
drug showed partial protection against infection
by an H7N7 virus (influenza A/Chick/Vic/1/85)
but no protection against the other highly virulent
strains containing N1, N2 or N3 neuraminidase
tested at doses of up to 1 mg/kg.[18]

The therapeutic efficacy of zanamivir has also
been shown in animal models in which administra-
tion of the drug was delayed until after inocula-
tion. In mice, intranasal doses of 12.5 mg/kg, but
not doses of 0.4 mg/kg, begun 3 hours after inocu-

lation produced significantly decreased viral titres
[area under the concentration-time curve (AUC)
<0.005% of controls].[19] In the abovementioned
ferret model, effectiveness was seen even when the
first dose (5 × EDAUC10) was delayed until 24 hours
after inoculation.

Early studies showed no significant antiviral
activity after oral administration as assessed by
lung homogenate viral titres.[20] It has been hypoth-
esised that intranasally administered zanamivir has
been more effective due to the extracellular site of
action of the neuraminidase enzyme. Newer data,
however, have shown some beneficial effects of
orally administered zanamivir. In mice given oral
zanamivir beginning 4 hours before inoculation
with influenza A/NWS/33 (H1N1), an increase in
the mean number of days to death and improve-
ments in oxygen saturation were seen in the groups
receiving dosages of at least 1 mg/kg/day. The
group receiving 10 mg/kg/day also experienced a
significant decrease in mortality.[24] The reasons
for the discrepancies in the reported activity of oral
zanamivir are unclear and it remains to be deter-
mined whether oral zanamivir is active against
other strains or in other animal models.

2.1.4 Human studies

Pharmacokinetics and Tolerability
Human pharmacokinetic and safety studies of

zanamivir have obtained results similar to those in
the animal models described above. In the human
trials of zanamivir to date, the drug has been well
tolerated with the incidence of adverse events
comparable to that of placebo. The pharmacokinet-
ics of zanamivir were studied following single and
multiple doses of the drug given by intravenous,
intranasal and inhaled routes of administration.[25]

The kinetics were found to be linear for each route.
In volunteers given 16mg doses by 1 of the 3 routes,
maximum serum concentrations were highest in
those receiving zanamivir intravenously (Cmax =
1275 µg/L), followed by the inhalation group (Cmax

= 136 µg/L) and, finally, by the intranasal group
(Cmax = 4.2 µg/L). The terminal phase half-life was
longer when the drug was administered by the top-
ical routes (intravenous t1⁄2 = 1.7 hours, inhaled t1⁄2
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= 2.9 hours, intranasal t1⁄2 = 3.4 hours) which was
felt to be related to slow or complex absorption
rather than an alteration in the elimination phase.
The absolute bioavailabilities, determined by uri-
nary excretion data, of intranasal and inhaled
zanamivir were approximately 10 and 20%, respec-
tively. 90% of the intravenously administered drug
was excreted unchanged in the urine. The drug was
well tolerated in all groups with no reported serious
adverse events.

The deposition pattern of zanamivir following
inhalation of the drug by 2 inhalation devices was
evaluated.[26] This was accomplished by adminis-
tering zanamivir that had been radiolabelled with
technetium followed by gamma scintigraphy of the
lungs and oropharynx. It was found that both upper
and lower respiratory tract mucosa were exposed
to the drug, with 7 to 21% of the administered dose
reaching the lungs and 70 to 90% depositing in
the oropharynx. For that proportion of zanamivir
reaching the pulmonary airways, deposition was
fairly uniform throughout the lungs. Again, no se-
rious adverse events were reported and only 2 ad-
verse events (both headache) were considered to
be related to the drug. No significant end-organ
toxicity has been recognised with topical zanami-
vir. One tolerance study found no deterioration in
clinical status or pulmonary function in asthmatic
participants receiving inhalations of zanamivir.

Efficacy in Experimental Human Influenza
The first human efficacy trials assessed the

activity and tolerability of intranasal zanamivir in
the prevention and treatment of experimental influ-
enza A/Texas/91(H1N1). In such studies the virus
inoculation is given intranasally to susceptible
healthy adults as determined by haemagglutination
inhibition antibody testing. Nasal drops and sprays
of various zanamivir concentrations were initiated
either before or after virus exposure. When used
for prophylaxis beginning 4 hours before viral in-
oculation, the drug was found to have protective
efficacies of 96% against viral shedding and 82%
against infection documented by serology and/or
shedding and 95% against febrile illness.[27] Both
nasal spray and drop forms of administration were

able to significantly decrease overall symptom
scores, paracetamol (acetaminophen) use, cough,
upper respiratory tract symptoms and nasal mucus
weight. The nasal drops were somewhat more ef-
fective than the sprays in reducing viral shedding
and preventing infection although the reductions
seen for both forms were significant. When given
as early therapy, beginning at either 26 or 32 hours
after inoculation, there was a reduction in viral
shedding, viral titre AUC values and peak viral
titres. The overall efficacy in the prevention of
febrile illness was 84%. There were 40 to 65% re-
ductions observed in total symptom scores, fre-
quency of cough, nasal mucus weight and paracet-
amol use. When the initial dose was delayed until
50 hours after inoculation, there was a rapid reduc-
tion in viral titres, and the duration of viral shed-
ding decreased by an average of 1 day. However,
there was no significant change in symptom scores.
In these studies, administration of twice daily dos-
ages was equivalent in efficacy to that of 6 times
daily dosages. These studies also found that early
treatment with zanamivir significantly reduced the
otological manifestations of experimental influ-
enza with over 2-fold reductions in the frequencies
of ear complaints and middle ear pressure abnor-
malities.[28]

The prophylactic efficacy of intranasal zanami-
vir has also been evaluated against experimental
influenza B infection. This study involved 34 vol-
unteers who were randomly assigned to 1 of 4 treat-
ment groups: intranasal zanamivir 3.2mg twice
daily, intranasal zanamivir 6.4mg twice daily, intra-
nasal zanamivir 6.4mg once daily, and placebo.
Administration was begun 4 hours prior to inocu-
lation with influenza B/Yamagata/88 and contin-
ued for 5 days. The protective efficacy of the com-
bined zanamivir groups was 60% against viral
shedding and 32% against laboratory-documented
infection. There tended to be a higher protective
efficacy when zanamivir was administered twice
daily than once daily. Symptom scores were also
lower in the zanamivir groups, significantly so for
the group receiving the higher twice daily dose of
the drug.[29] However, due to the small number of
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study participants, this could not be definitively
determined and further studies of once daily ad-
ministration for prevention are in progress.

Efficacy in Naturally Occurring Human Influenza
Several trials using topically applied zanamivir

have been completed in naturally occurring influ-
enza infection. Because naturally occurring disease
frequently affects the lower respiratory tract, whereas
experimental influenza infrequently causes lower
tract disease, inhalation of zanamivir by dry pow-
der aerosol was used in these studies.

In a randomised double-blind, placebo-controlled
multicentre trial, intranasal (6.4mg) plus inhaled
(10mg) zanamivir was compared with inhaled
zanamivir (10mg) alone, and with placebo, in treat-
ing acute, uncomplicated influenza in previously
healthy individuals.[30] Each of the 3 groups self-
administered the treatments twice daily for 5 days.

Only 63% of the enrolled participants with an
influenza-like illness had laboratory-confirmed in-
fluenza (56% influenza A, 44% influenza B). Among
the 262 people with confirmed influenza, there was
an overall decrease in median time to alleviation of
major influenza symptoms of 1 day (4 days versus
5 days in controls) for the treatment groups although
this was statistically significant only for the group
receiving both inhaled and intranasal zanamivir.

In those who had fever at the time of enrollment
or who were treated within 30 hours of symptom
onset, there was a 3-day reduction in the time to
alleviation of all major symptoms (4 days versus 7
days) in both zanamivir groups. Zanamivir treat-
ment was also associated with more rapid return to
normal activities.

In all of the enrolled patients, the treatments were
well tolerated and no differences in the frequency
of adverse events were observed between zanami-
vir and placebo groups. No differences were seen
in the development of antibody responses to the
infection among groups. Clinical benefit was ob-
served in both influenza A and B virus infected
individuals. Reductions in nasal wash viral titres
were found in those receiving zanamivir by intra-
nasal spray but not by inhalation alone. Whether
such reductions in respiratory tract viral titres and

symptoms would be associated with reductions in
transmission of virus to contacts remains to be
determined.

In another study of natural infection, 116 Japan-
ese patients with an influenza-like illness of less
than 36 hours duration were randomised to receive
1 of the 3 treatment regimens described above. Of
the 116 patients, 73 had laboratory-documented in-
fluenza infections (34 influenza A, 39 influenza B).
There was a significant decrease in the time until
all major symptoms were alleviated in both of the
zanamivir groups as compared with the control
group. The study drug was well tolerated and no
significant adverse events occurred.[31]

More recently, a multicentre trial compared the
efficacy of combined intranasal and inhaled zan-
amivir given 2 or 4 times daily to placebo in acute
influenza. In addition to providing symptom relief,
this study found that zanamivir treatment de-
creased sleep disturbance, time confined to bed,
additional healthcare contacts and interference
with the ability to work and participate in leisure
activities.[32]

Such results highlight the value of early anti-
viral therapy in acute influenza with respect to
improving functional recovery and other health
outcomes. Zanamivir has also been tested for pre-
venting influenza-like illness and isolation of in-
fluenza virus from the patients in a nursing home
prophylaxis study.[33] However, this was an open
trial with low event rates and the prophylactic
activity of zanamivir remains to be established in
natural influenza.

These studies have clearly established that top-
ical administration of zanamivir to the respiratory
tract is associated with more rapid resolution of
illness and functional recovery in acute influenza
in ambulatory adults. Whether therapy can reduce
the risk of influenza associated complication re-
mains to be determined. Further studies in high
risk patients are planned and a placebo-controlled
study of nebulised zanamivir for treating severe
influenza in patients hospitalised with lower respi-
ratory tract disease is being undertaken by the
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Collaborative Antiviral Study Group of the US
National Institutes of Health.

2.2 GS4071/GS4104

One of the limitations seen thus far with zan-
amivir is its lack of oral bioavailability (estimated
as <5% in humans). Attempts have been made to
produce newer neuraminidase inhibitors that are
more readily absorbed by the gastrointestinal tract.
The greatest success has been seen with the devel-
opment of a group of hydrophobic, carbocyclic,
transition-state analogue inhibitors of neuramini-
dase.[34] The most promising compound in this
group is (3R, 4R, 5S)-4-acetamido-5-amino-3-(1-
ethylpropoxy)-1-cyclohexane-1-carboxylic acid,
also known as GS4071 (fig. 3). Its ethyl ester pro-
drug, currently designated GS4104 (fig. 4), pro-
vides excellent bioavailability of the parent com-
pound following oral administration.

2.2.1 Structure
GS4071 (molecular weight 284) lacks the gly-

cerol and guanidino groups found in zanamivir.
Affinity for the enzyme is preserved because of the
strong hydrophobic interactions that occur be-
tween the lipophilic 3-pentyloxy side chain of the
compound and a hydrophobic pocket within the
active site of the enzyme.[34] Thus, potential bio-
availability is increased by the removal of 2 polar
groups and affinity is maintained by formation of
interactions within the active site of influenza
neuraminidase.

2.2.2 In Vitro Activity
In general, GS4071 has an in vitro anti-influenza

spectrum and potency comparable to that of zan-

amivir against the neuraminidase activity and virus
replication of influenza A and B viruses. In an assay
comparing GS4071 and zanamivir by their abilities
to inhibit plaque formation by recent clinical iso-
lates in MDCK cells, both agents had similar 50%
effective inhibitory concentrations (EC50). The
median EC50 was <0.1 mg/L for the 18 influenza
A (H3N2) strains, >10 mg/L for 8 influenza A
(H1N1) strains and 0.1 mg/L for the 10 influenza
B strains tested for both compounds.[35]

Other cell culture studies have found EC50 con-
centrations ranging from 0.7 to 150 nmol/L against
various strains of influenza A and B viruses.[36]

Concentrations of 0.2 to 2.0 nmol/L are inhibi-
tory for neuraminidase enzymatic activity.[36] The
ability of GS4071 to inhibit the cytopathic effect
of influenza A/WS/33 (H1N1), A/Victoria/3/75
(H3N2), A/Shangdong/09/93(H3N2), and influ-
enza B/Hong Kong/5/72 has also been evaluated in
cell culture. Inhibition was seen in all tested strains
with 50% inhibitory concentrations ranging from
0.2 to 26 µmol/L.[24]

GS4071 appears to be several times more active
against H3N2 subtype viruses in cell culture and
in enzyme inhibition assays than zanamivir.[34] No
cytotoxicity or inhibition of sialidases from other
sources including human liver was seen with con-
centrations as high as 1 mmol/L, the highest con-
centration tested.[24]

2.2.3 Animal Studies

Pharmacokinetics and Tolerability
Animal studies have been used to establish

the pharmacokinetics of GS4071 and GS4104.
GS4071 administered intravenously to mice, rats,
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Fig. 3.  Molecular structure of GS4071 (molecular weight 284.4).
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Fig. 4.  Molecular structure of GS4104.
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dogs and monkeys had a plasma half-life of 1.6 to
1.8 hours.[37] Oral doses in rats and marmosets
were found to have less than 5% bioavailabilty.
Orally administered GS4104, however, provided
bioavailabilities of GS4071 ranging between 30
and 73% among different species (mice, rats, dogs
and monkeys) and the majority of the prodrug that
was absorbed was hydrolysed to the active form
(GS4071) in all species.[37]

Another study using carbon-14 labelled GS4104
administered orally to rats found 24% recovery of
the drug in urine after 24 hours and 61% in the
faeces.[38] In a study of rats given a single 10 mg/kg
oral dose of GS4104, the peak plasma concen-
tration of GS4071 was 0.52 mg/L and this was sus-
tained for approximately 6 hours. This concentra-
tion is 10 to 1000 times higher than the 50%
inhibitory concentrations of GS4071 in cell cul-
ture.[37]

Animal studies have also found that GS4104
given by the oral route is delivered to the respira-
tory tract, including the extracellular surface of the
respiratory epithelium, a site important in influ-
enza infection. In rats given oral GS4104 in doses
of 30 mg/kg, drug concentrations in the lung ex-
ceeded those of plasma by 2 times at 6 hours. By
24 hours, this had increased to a 30-fold difference.
When bronchoalveolar lavage was performed in
rats following a 30 mg/kg oral dose of GS4104,
maximum bronchoalveolar lavage (BAL) fluid
concentrations of GS4071 (5.8 mg/L) were similar
to those of plasma. However, the drug’s half-life in
the BAL fluid (3.2 hours) was longer than that seen
in plasma.[39]

The toxicity of repetitive administration of
GS4104 has been evaluated in rats and marmo-
sets.[40] The drug demonstrated a wide safety mar-
gin and was well tolerated except for gastrointesti-
nal irritation at doses markedly higher than those
used clinically. It was neither teratogenic, nor af-
fected fertility in either sex.

Efficacy
The efficacy of these drugs has been demon-

strated with various doses of GS4071 and GS4104
by oral and intranasal administration.[24,36] Mice

inoculated with influenza A/NWS/33 (H1N1) had
significantly lower mortality than placebo when
treated with oral doses of GS4104 as low as 1
mg/kg/day beginning 4 hours before exposure to
virus. Other influenza strains, such as influenza
A/Victoria/3/75 (H3N2), required doses of up to 10
mg/kg/day to achieve a similar protective effect.
The mean number of days until death and oxygen
saturation were significantly increased in mice re-
ceiving the lowest dosage tested (0.1 mg/kg/day).
In comparison, animals receiving oral GS4071 re-
quired doses of 1 mg/kg/day to see beneficial ef-
fects and doses of 10 mg/kg/day to achieve a sig-
nificant decrease in mortality. In an additional arm
of the study, the length of time that initiation of
therapy with GS4104 could be delayed and still
produce a significant antiviral effect was assessed.
In mice given an 85% lethal dose of influenza
A/NWS/33 (H1N1), delay of GS4104 10
mg/kg/day as late as 60 hours after inoculation pro-
tected against mortality and decreases in oxygen
saturation. When the virus inoculum was increased
by 100 times, a significant decrease in mortality
was still seen when treatment was initiated as late
as 36 hours after viral challenge.

Other studies have found that dosages of 10
mg/kg/day provided protection against A/NWS/
33(H1N1), A/Victoria3/75(H3N2) and B/Hong-
Kong/5/72 lethal infections of mice.[36] Intranasal
doses of GS4071 were compared directly with zan-
amivir given beginning 4 hours after inoculation
with influenza A/NWS/33 (H1N1) and continuing
for 5 days.[24] GS4071 was found to improve sur-
vival and the mean number of days until death with
dosages as low as 0.01 mg/kg/day, while zanamivir
required 10-fold higher doses to achieve compara-
ble results. Both drugs were able to prevent de-
creases in oxygen saturation at doses of 0.01 mg/
kg/day. Other experimental murine studies found
greater antiviral activity with intranasal zanamivir
than GS4071 in A/Singapore/1/57 (H2N2) infec-
tion.[41]

In experimentally infected ferrets, oral GS4104
in doses of 5 mg/kg and 25 mg/kg beginning 2
hours after inoculation with an influenza A/En-
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gland/939/69 (H3N2) virus decreased the febrile
response to infection. In the animals receiving the
higher dose of GS4104, no fever was documented,
and peak viral titres in nasal lavage were decreased
by 8-fold compared with those of controls. The
number of inflammatory cells in the upper respira-
tory tract was decreased 10-fold by this treatment
regimen.[36] Another ferret study found that oral
doses of 50 mg/kg but not 5 mg/kg twice daily
reduced viral titres over 10-fold and protected
against febrile responses following influenza A/
Mississippi/1/85(H3N2) infection.[41]

2.2.4 Human studies

Pharmacokinetics and Tolerability
The pharmacokinetics and tolerability of GS4104

have been evaluated in human volunteers.[42] Sin-
gle oral doses ranging from 20 to 1000mg were
given to fasting male participants and plasma con-
centrations of the prodrug and the active drug were
determined at specific intervals after administra-
tion. The plasma concentrations of GS4104 peaked
early (0.5 to 3.5 hours) while a later peak was ob-
served for GS4071 (2.5 to 6 hours). Mean peak
concentrations of GS4071 ranged from 77.1 µg/L
(±15.8) for the 20mg dose to 4490 µg/L (±2130)
for the 1000mg dose. Peak concentrations of the
prodrug were 15 to 30% of those of the active drug.
Both maximum concentrations and plasma con-
centration-time curves of GS4071 increased in a
dose-dependent fashion. GS4071 demonstrated a
longer terminal half-life than GS4104 with approx-
imately 35% of the maximum concentration re-
maining at 12 hours after the dose. When the
200mg dose was given following a standardised
meal, a 1- to 1.5-hour delay in reaching maximum
concentration occurred for each compound. No
other effects on the pharmacokinetics were observed
and the overall drug exposure was slightly higher
in those ingesting drug with food. When doses
ranging from 50 to 500mg were given twice daily
for 6 days, a small increase in exposure to GS4071,
but not to GS4104, occurred over time. Mean pre-
dose concentrations of up to 1280 µg/L were seen
on day 3 in the group receiving 500mg twice daily.

In this study, GS4104 was well tolerated with
no serious adverse events reported. The most fre-
quently reported adverse event was headache. Mild
to moderate nausea was most frequently reported
by the group receiving higher doses of the drug and
this was seen mainly in association with the first
dose. Otherwise, there was no relationship be-
tween the number of adverse events and the dose
of GS4104.

Efficacy in Experimental Human Influenza
In a placebo-controlled double-blind trial, 80

susceptible adults were inoculated with influenza
A/Texas/91 (H1N1) and assigned to 1 of 5 treat-
ment groups.[43] Treatment groups were: GS4104
20mg orally twice daily, 100mg orally twice daily,
200mg orally twice daily, 200mg orally once a day,
or placebo. All treatments were started 28 hours
after inoculation and were continued for 5 days.
Significant decreases were seen in the combined
GS4101 groups in the duration of viral shedding,
the amount of virus shed (viral titre area under the
curve) and in duration of symptoms as compared
with the placebo group. No obvious differences in
antiviral or clinical benefits were observed among
the GS4104 groups. The study drug was generally
well tolerated and no serious adverse effects were
recognised. The only reported adverse effect was
transient nausea of mild to moderate nature, espe-
cially at higher doses taken in the fasted state. A
parallel prevention study found that doses of 100mg
once or twice daily protected against viral recovery
from the upper respiratory tract and against infec-
tion-associated illness. Phase III studies of the
therapeutic and prophylactic activity of oral
GS4104 in natural influenza are in progress.

3. Resistance to
Neuraminidase Inhibitors

A concern for the neuraminidase inhibitors, as
for other antimicrobial agents, is the potential for
the development of in vivo resistance to their anti-
viral activity. To date, two different mechanisms of
resistance have been recognised from the study of
viral strains passaged in cell culture in the presence
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of the compounds. These involve mutations in the
viral haemagglutinin or neuraminidase.

Although this issue is far from settled, initial
reports suggest that the frequency of resistance
emergence is low during clinical use of zanami-
vir.[44] In uncomplicated influenza in adults, nasal
wash samples obtained before and after treatment
with zanamivir showed no evidence of develop-
ment of resistance to the drug as determined phe-
notypically by plaque inhibition and neuramini-
dase inhibition assays.[44] Furthermore, the finding
that the neuraminidase variants have altered enzy-
matic activity and reduced replication capacity
suggests that they are biologically less fit.

3.1 Zanamivir

Influenza strains with resistance to zanamivir
have been selected by in vitro passage (table II).
Following passage of a recombined H1N9 (NWS/

G70C) influenza virus in MDCK cells in the pres-
ence of either 4-amino-Neu5Ac2en or zanamivir, 3
variants were found that were able to grow despite
the presence of the inhibitor.[45] These variants had
sensitivities to the neuraminidase inhibitor that
were 100 to 1000 times less than those of the wild-
type virus as determined by plaque inhibition as-
say. Neuraminidase enzyme inhibition testing,
though, found no difference between the variant
viruses and the zanamivir-sensitive parent virus. In
all 3 variants, mutations were found in conserved
regions of the haemagglutinin gene and these coded
for amino acid substitutions in areas associated with
the haemagglutinin receptor-binding site. These
findings suggest that 1 mechanism for resistance is
due to a decrease in the affinity of the haem-
agglutinin for the cellular receptor, which allows
virus to elute from infected cells without the need
for significant neuraminidase activity.

Table II.  Mutations in influenza virus haemagglutinin (HA) and neuraminidase (NA) conferring resistance to neuraminidase inhibitors

Reference Virus Mutation detected Drug to which resistance
was demonstrated

Method by which resistance was
demonstrated

McKimm-Breschkin
et al.[45]

A/NWS/G70c (H1N9) HA: Thr155Ala, Arg229Ile,
Arg229Ser, Val223Ile

Zanamivir,
4-amino-Neu5Ac2en

Plaque inhibition assay (not
demonstrated in NA inhibition
assays)

McKimm-Breschkin
et al.[46]

A/NWS/G70c (H1N9) HA: Thr155, Val223, Arg229 Zanamivir,
4-amino-Neu5Ac2en

Plaque inhibition assay, liquid
culture, HA-elution assay

Penn et al.[47] A/Singapore/1/57
(H2N2)

HA: Gly135 Asp Zanamivir Plaque inhibition assay, tissue
culture (not demonstrated in NA
inhibition assays or in vivo)

Blick et al.[48] A/NWS/G70c (H1N9) NA: Glu119 Gly Zanamivir,
4-amino-Neu5Ac2en

Plaque inhibition assay, NA
inhibition assay (for zanamivir
only)

Staschke et al.[49] A/NWS/G70c (H1N9) NA: Glu119 Gly Zanamivir Plaque inhibition assay, NA
inhibition assay

Staschke et al.[49] B/HK/8/73 NA: Glu117 Gly
HA: Asp145 Ser, Asp150 Ser

Zanamivir Plaque inhibition assay, NA
inhibition assay

Gubareva et al.[50] A/Turkey/Minnesota/83
3/80 (H4N2)

NA: Glu119 Ala, Glu119 Asp,
Glu119 Gly,
HA2: Gly75 Glu

Zanamivir Plaque inhibition assay, NA
inhibition assay

Gubareva et al.[51];
Gubareva et al.[52]

A/Turkey/Minnesota/83
3/80 (H4N2)

NA: Arg292 Lys
HA1: Trp235 Leu,
Thr280 Lys,
Asp318 Asn
HA2: Ala35 Thr,
Lys68 Arg

Zanamivir Plaque inhibition assay, NA
inhibition assay

McKimm-Breschkin
et al.[53]

A/NWS/G70c (H1N9) NA: Arg292 Lys,
HA: 3 residues in or around
receptor binding site

Zanamivir,
4-amino-Neu5Ac2en,
6-carboxamide,  GS4071

NA inhibition assay, cell culture
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In a follow-up study of these same viral vari-
ants,[54] the variants were found to have a lower
adsorption efficacy in MDCK cells than the parent
viruses. When the variants were repassaged in the
absence of zanamivir, reversion to the wild-type
phenotype occurred and adsorption kinetics returned
to those of the wild-type virus. This also suggests
that the drug-resistance in these passaged strains
was attributable to the mutated haemagglutinin that
possessed reduced affinity for the cellular receptor.
Other studies have confirmed these findings and
provided more detailed information regarding the
haemagglutinin mutations. One such study produced
a resistant strain of A NWS/G70C with changes in
conserved amino acids (Thr155, Val223, Arg229) found
in areas associated with haemagglutinin receptor
binding.[46] In general, haemagglutinin mutations
appear to confer cross-resistance to all current
neuraminidase inhibitors in cell culture.

Another study utilised influenza A/Singapore/
1/57 (H2N2) passaged through MDCK cells to pro-
duce virus with reduced sensitivity to zanamivir.
In this study, the resulting virus was >1000 times
less sensitive to inhibition by zanamivir as shown
by plaque inhibition assay, but there was no de-
crease in the sensitivity to inhibition by zanamivir
when determined by neuraminidase inhibition as-
say. When the variant influenza strain was admin-
istered as a challenge to mice, there was no de-
crease in the in vivo sensitivity to inhibition of viral
replication by zanamivir as compared with chal-
lenge with the parent virus (ED90 of 0.007 mg/kg
vs 0.027 mg/kg).[47] The observation that this
haemagglutinin variant retained in vivo suscepti-
bility to zanamivir suggests that they are not likely
to be of clinical importance. However, in vivo sus-
ceptibility needs to be determined for a broader
range of such variants.

Additional in vitro studies have determined that
mutations in the neuraminidase gene can also pro-
duce strains resistant to zanamivir.[48,49] Resistant
strains of influenza A/NWS-G70C(H1N9) and
B/Hong Kong/8/73 were produced by passaging in
the presence of zanamivir. Sequence analysis
found glycine for glutamate substitutions in both

viruses in a location beneath the active site of the
neuraminidase enzyme (position 119 in influenza
A, 117 in influenza B). These glutamate residues
have been absolutely conserved in all known influ-
enza neuraminidases and are thought to participate
in the interaction between the neuraminidase and
the guanidino group of zanamivir. No differences
were found in the mutant influenza A virus haem-
agglutinin as compared to its parent virus. In the
influenza B variant, 2 asparagine to serine muta-
tions were identified at positions 145 and 150 of
the haemagglutinin. These mutations could possi-
bly result in a decrease in the affinity of the haem-
agglutinin for its cellular receptor by changing the
site of attachment of a critical glycosyl group.

Other studies, in which influenza A/Turkey/
Minnesota/833/80 (H4N2) was passaged in the
presence of zanamivir, have produced resistant
variants with substitutions of alanine, aspartate, or
glycine for glutamate at position 119 of the neur-
aminidase.[50] Such mutants have reduced infectiv-
ity in mice[31] but can cause febrile responses in
ferrets. An independent study using the same par-
ent virus yielded a resistant strain with lysine sub-
stituted for the arginine invariantly located at po-
sition 292.[51] This is 1 of 3 arginines that form a
pocket within the neuraminidase active site where
the substrate is bound. This binding induces a con-
formational change in the substrate which is felt
to be important for catalysis. These variants were
less resistant to zanamivir than the glutamate 119
mutants by neuraminidase inhibition testing. Im-
portantly, they were also found to have decreased
infectivity in mice (approximately 500-fold com-
pared with wild type), which indicates reduced vi-
ral fitness. The possible frequency and importance
of neuraminidase variants during the clinical use
of zanamivir is yet to be determined. It is possible
that higher local drug concentrations may retard
the development of resistance to neuraminadase
inhibitors, especially if such variants are less rep-
lication competent in vivo.

The first clinical isolates demonstrating resis-
tance emergence in vivo were recovered from an
immunocompromised child who had persistent
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viral shedding while receiving 2 weeks of nebul-
ised zanamivir therapy for severe influenza B
pneumonia.[55] After 8 days an isolate was recov-
ered which possessed a haemagglutinin mutation
(Thr 198 Lys) conferring altered antigenicity and
reduced binding to Sia ∝(2-6)-containing receptors
on human cells due to altered glycosylation near
the receptor binding site. After 12 days a dual mu-
tant also possessed a catalytic site change in neur-
aminidase (Arg 152 Lys) was recovered. This mu-
tant showed a 1000-fold reduction in enzyme
inhibition by zanamivir but also reduced enzymatic
activity (3 to 5%) and poor replication in vivo in
ferrets. It appears that the haemagglutinin mutation
complemented the loss of neuraminidase inhibition
by zanamivir to reduce viral dependence on neur-
aminidase function.

3.2 GS4071

Because of fewer studies, much less has been
reported about the development of resistance to
GS4071 by influenza viruses as compared with re-
sistance to zanamivir. In general, variants which
are resistant to zanamivir on the basis of haem-
agglutinin variants show cross-resistance to GS4071.
In contrast, GS4071 retains antiviral activity against
zanamivir-resistant variants with Glu119 Gly muta-
tions, presumably because GS4071 does not pos-
sess a guanidino moiety that interacts with this
amino acid. An initial study, however, suggests that
resistance to this agent can also occur due to muta-
tions of viral haemagglutinin and neuraminidase.[53]

Resistant strains of A/NWS/G70C were produced
after passage in the presence of 6-carboxamide, a
newer neuraminidase inhibitor. Three haemagglu-
tinin mutations were identified which were felt to
be able to alter the affinity of the haemagglutinin
for its cellular receptor. The neuraminidase muta-
tions involved substitution of lysine for arginine in
position 292 which disrupts the 3 arginine pocket
important in substrate catalysis. This is one of the
same mutations selected in vitro by zanamivir.[51]

When tested against a panel of neuraminidase
inhibitors (zanamivir, 4-amino-Neu5Ac2en, 6-
carboxamide and GS4071) by enzymatic assays and

in cell culture, each variant was resistant to all in-
hibitors with the greatest degree of resistance being
to GS4071 (approximate 10 000-fold decrease in
susceptibility). This is probably related to the lack
of formation of a necessary hydrophobic pocket
within the active site due to the altered amino acid
sequence of the neuraminidase enzyme. This mu-
tation was associated with an 80% decrease in rel-
ative enzymatic activity compared with the parent
neuraminidase and this variant replicated and
spread less efficiently in cell culture.

4. Other Neuraminidase Inhibitors

Due to the obvious importance of influenza
virus neuraminidase in pathogenicity, and the early
successes seen with neuraminidase inhibitors thus
far, it is not surprising that further work is ongoing
to find or design neuraminidase inhibitors with
greater potency, more favourable pharmacological
properties and other beneficial aspects in compar-
ison with those described above. Using computer
modelling and knowledge of the crystal structure
of influenza neuraminidases, regions of the NA
active site that are important in substrate binding
have been identified.[56] This work has been able to
accurately predict the binding regions for the car-
boxylate, acetamido and glycerol groups of DANA.
It was also suggested that addition of an amino
group at the C4 position of DANA would enhance
inhibitor binding to the NA active site, as would
replacement of the carboxylate with a phosphonate.
This latter prediction was demonstrated by White et
al.[57] who created a phosphonate analogue of
DANA. The α anomer of this molecule (ePANA)
showed 100-fold greater inhibition of the neur-
aminidase of influenza A (N2) than sialic acid, a
weak inhibitor of influenza neuraminidase and 10-
fold greater inhibition of the N9 neuraminidase.
The crystal structure of this inhibitor-neuramini-
dase complex showed no distortion of the active
site. It is postulated that the increased inhibitory
activity of this new compound is due to strong elec-
trostatic interactions between its phosphonate
group and the arginine pocket of the NA active site
and/or to a lower distortion energy requirement.
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The substitution of the chemically simpler
benzene ring of 4-N-acetyl aminobenzoic acids for
the dihydropyran ring of DANA has also produced
compounds with neuraminidase inhibitory activ-
ity.[58] The most potent inhibitor produced [as de-
termined by in vitro inhibition of influenza A/
Tokyo/67 (N2) and influenza B/Memphis/3/89]
was 3-guanidinobenzoic acid (EC50 = 10 µmol/L).
X-ray crystallography showed that this inhibitor
occupied the glycerol-binding subsite as opposed
to the guanidino-binding subsite of the neuramini-
dase active site. The symmetry of this compound
prevents structural constraints and thus allows for
binding at either the glycerol- or quanidium-binding
site. The observation that binding preferentially
occurs in the glycerol-binding site suggests that
this is a more energetically favourable interaction.
This feature may be useful in the development of
clinically useful influenza virus neuraminidase in-
hibitors, but potency will need to be greatly en-
hanced.

Other agents under investigation as potential
influenza virus neuraminidase inhibitors include
the 9-amino- and 9-N-acyl-5-trifluoroacetyl methyl
V-ketosides and their 2,3- didehydro analogues.[59]

One of these compounds, of the 2,3-didehydro
type, had an IC50 (concentration which inhibits
50% of strains) of >7.8 µmol/L when inhibition
testing of the influenza A/PR/8/34 (H1N1) neur-
aminidase was performed. The substitution of the
triol group of zanamivir with a hydrophobic group
linked by a carboxamide at the C6 position has
produced an additional group of neuraminidase in-
hibitors.[60] Other mechanism-based inhibitors with
modest potency have been described.[61] The inves-
tigation of the anti-influenza and neuraminidase
inhibitory activity of some naturally occurring
compounds has also produced some interesting re-
sults. The plant flavonoids isoscutellarein and iso-
scutellarein-8-methyl ether (F36) derived from the
leaves and roots of Scutellaria baicalensis, re-
spectively, have shown inhibitory activity against
influenza[62] and specifically against influenza vi-
rus neuraminidase[63] without significant toxicity
in mice.

5. Conclusions

Neuraminidase plays a critical role in the patho-
genesis of influenza virus infections. Interference
with the activity of this enzyme by the sialic acid
analogues zanamivir and GS4104 has been shown
to provide significant antiviral effects. Decreases
have been seen in both clinical and laboratory
markers associated with influenza infection. These
agents appear to offer the benefit of activity against
both influenza A and B viruses with minimal ad-
verse effects.

The data available at this time suggest that the
neuraminidase inhibitors may soon fill a large
void in the current anti-influenza armamentarium.
However, several questions remain to be answered.
Studies are ongoing to assess the efficacy of sys-
temically administered zanamivir, because one of
its current major limitations is its topical form of
administration which may be poorly accepted by
some patients, particularly young children and
noncooperative elderly individuals. The results of
studies of GS4104 in naturally occurring influenza
infections are awaited to determine if the initial
successes seen in vitro, in animal models and in
experimental human influenza will be confirmed.
Another hurdle is the development of formulations
that can be used in paediatric populations. The po-
tential for development of viral resistance to the
neuraminidase inhibitors and its clinical and epi-
demiological significance will require continued
investigation.
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