
Influenza continues to be a serious health concern with year-
ly epidemics causing significant morbidity and mortality,
even in nations with the most advanced health care systems.
Attempts to control this disease through immunization have
been hampered by the rapidity with which the virus mutates
(Couch et al., 1996). Thus, there has been a long-standing
interest in the development of effective and safe antiviral
agents with which to treat infected individuals. To date,
amantadine and rimantadine are the only antiviral agents
approved for the prevention and treatment of influenza virus
infections. However, the effectiveness of these two related
compounds is limited by adverse side effects, their inability
to work against influenza B viruses (Hay et al., 1985) and by
the fact that resistant viruses that remain transmissible and
pathogenic emerge readily during clinical use (Hayden &
Couch, 1992; Monto & Arden, 1992).

Much of the effort to identify other suitable molecular
targets for antiviral intervention has focused on the
influenza virus neuraminidase (NA), one of two major gly-
coproteins located on the virus surface (Dowle & Howes,
1998; Meanwell & Krystal, 1996). This enzyme, which
cleaves terminal sialic acid residues from glycoconjugates, is
essential for virus replication and infectivity (Palese et al.,
1974; Palese & Compans, 1976; Klenk & Rott, 1988; Liu
et al., 1995). Early attempts to identify inhibitors of this
enzyme were reasonably successful, with the most potent
inhibitors able to inhibit enzyme activity and virus replica-
tion in the low micromolar range in vitro (Meindl et al.,
1974). However, these compounds were not specific, exhib-
ited comparable activity against other viral, bacterial and
mammalian NAs and they had no activity in animal mod-
els of influenza virus infection.

In the early nineties, the high-resolution crystal struc-
tures of sialic acid and the transition state analogue
Neu5Ac2en bound to influenza A and B virus NAs were
solved (Burmeister et al., 1992; Varghese et al., 1992; von
Itzstein et al., 1993). These structures provided an opportu-
nity to use a rational approach to design more potent
inhibitors of the influenza virus NAs. To date, this
approach has led to the development of several potent and
specific inhibitors of the influenza virus NA. Two of these,
oseltamivir (GS 4104) (Kim et al., 1997; Li et al., 1998) and
zanamivir (von Itzstein et al., 1993), are currently in the late
stages of clinical development for the treatment of influen-
za virus infection. In this article we will review the design
of NA inhibitors, as well as the in vivo activity of
oseltamivir (GS 4104) and zanamivir (GG167).

Neuraminidase crystal structures

A number of high-resolution crystal structures of influen-
za NA and its complex with various small molecule
inhibitors have been determined and are available from
Brookhaven Protein Databank. Analysis of these struc-
tures has revealed some common structural features among
all influenza NAs: (1) the NA active site contains some
well-formed, large and relatively rigid pockets; (2) all
residues making direct contact with the substrate are
strictly conserved and interact in a similar fashion with
both substrate and inhibitor molecules; and (3) unlike the
active site of most other enzymes, the NA active site con-
tains an unusually large number of polar or charged
residues, suggesting that electrostatic interactions might
play a critical role for any successful inhibitors. This is not
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unexpected because the NAs carbohydrate substrates are
quite polar. Indeed, as discussed later, electrostatic interac-
tions do play a significant role in the binding of NA
inhibitors reviewed here.

Complex structures of NA and sialic acid (Burmeister et
al., 1992; Varghese et al., 1992) and a number of inhibitors
(Varghese et al., 1998; Kim et al., 1997) reveal several com-
mon key interactions between NA and its inhibitors (Figure
1). The negatively charged carboxylate group of sialic acid
makes strong charge–charge interactions with a cluster of
positively charged side chains of the Arg triad (Arg 118, 292
and in particular 371) of NA and the N-acetyl group of sial-
ic acid, opposite to the carboxylate group, making both polar
and hydrophobic interactions with NA. These two interac-
tions help to anchor the scaffold of sialic acid, thus provid-
ing a structural frame for introducing additional interactions
that would lead to more potent inhibitors.

The NA active site can be further divided into three
major binding pockets based on the crystal structures
(Figures 1 and 2), which could be explored for improving
inhibitor binding. Pocket 1 is formed by Glu-276, Glu-
277, Arg-292 and Asn-294. This pocket interacts with the
glycerol moiety of sialic acid. As to be discussed later in this
review, even though this pocket contains three charged and
one highly polar residue, novel non-polar interactions have
been discovered in this pocket, which prove to be the key to
the binding of potent cyclohexene-based NA inhibitors
(Kim et al., 1997).

Close inspection of NA structures also reveals the pres-

ence of a well-formed hydrophobic pocket that is not uti-
lized by sialic acid for binding. This pocket (pocket 2) is
surrounded on one side by Ala-246, on the other side by
Ile-222 and an Arg-224 side-chain forms the bottom. All
three residues are highly conserved and could provide
hydrophobic interactions with potential inhibitors. Indeed,
the cyclohexene series of inhibitors do bind in this pocket
and form favorable hydrophobic interactions with the
residues present (Kim et al., 1997).

Glu-119, Asp-151, Arg-152, Trp-178, Ser-179, Ile-222
and Glu-227 of NA form pocket 3 and interact with both
the C-4 hydroxyl and N-acetyl groups of sialic acid. This
pocket is very large, becomes deeply buried upon inhibitor
binding and is not fully utilized by sialic acid (Figures 1 and
2). In particular, there is a cluster of negatively charged
residues (Glu-119, Glu-227 and Asp-151) near the C-4
hydroxyl group that could be further explored for possible
charge–charge interactions. As will be described later,
introducing such interactions does help to improve
inhibitor binding significantly.

Drug design of neuraminidase inhibitors

The high-resolution crystallographic structure of sialic acid
complexed with NA revealed that sialic acid binds the
enzyme in a considerably deformed conformation owing to
the strong ionic interactions of the carboxylic acid moiety
in sialic acid with three arginines, 118, 292 and 371, in the
active site. The binding mode is very similar to that found

Figure 1. Key interactions between NA active site residues (only side chains are shown) and sialic acid

Atoms are coloured as follows:  red for oxygen: blue for nitrogen;  green for NA carbon and brown for sialic acid carbon. Dashes indicate
polar (red) and hydrophobic (black) interactions.
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in the X-ray crystal structure of Neu5Ac2en (4) bound to
NA. In this case, the double bond of 4 constrains the pyra-
nose ring into a planar structure around the ring oxygen.
On the basis of this structural information and biochemi-
cal mechanistic studies, it has been proposed that the cat-
alytic mechanism for the cleavage of sialic acid from
glycoconjugate (1) by NA proceeds via the carbonium
cation transition state 2. Taking into consideration that
transition state 2 forms the rather flat oxonium cation, sev-
eral transition state mimics have been devised including the
dihydropyrane, benzene and cyclohexene scaffolds (Figure
3).

Sialic acid-based neuraminidase inhibitors

As described above, influenza NA cleaves terminal sialic
acid from glycoconjugates to produce free sialic acid (3),

which itself is a weak NA inhibitor with an IC50 in the low
mM range. The first lead compound in sialic acid-based
NA inhibitors was the dehydro analogue of 3 (compound
4) with a Ki of 4 µM when tested against influenza NA
(Figure 4) (Holzer et al., 1993). However, compound 4 was
a non-selective NA inhibitor, and did not exhibit in vivo
efficacy in animals infected with influenza virus. Recently,
based on the X-ray crystal structure of 4 complexed with
NA, rationally designed NA inhibitors 5 and 6 were pre-
pared (Taylor & von Itzstein, 1994; von Itzstein et al.,
1993). In comparison to 4, both 5 and 6 are more potent
NA inhibitors with Ki values of 10-8 M and 10-10 M, respec-
tively. X-ray crystal structures revealed that the amino
group in 5 and the guanidino group in 6 both form a strong
salt bridge with Glu-119 in the NA active site. The guani-
dino group also adds a strong charge–charge interaction
with Glu-227 (Taylor & von Itzstein, 1994). Consistent
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Figure 2. Complex structure of NA (shown in surface representation) and sialic acid (in stick representation)

Arg triads are highlighted in blue, pocket 1 residues in brown, pocket 2 residues in cyan and pocket 3 in yellow.
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with its potent activity in vitro, 6 (zanamivir) also exhibit-
ed potent antiviral activity against a variety of influenza A
and B virus strains in the cell culture assay and exhibited in
vivo efficacy in influenza virus-infected animal models via
intranasal application (von Itzstein et al., 1993). Zanamivir
is currently being evaluated in human clinical trials, and has
shown efficacy in Phase III studies in both prophylaxis and
treatment of influenza virus infection. However, poor oral
bioavailability and rapid excretion precluded zanamivir as a
potential oral agent against influenza infection. Therefore,
zanamivir has been administered by either intranasal or
inhaled routes in clinical trials.

The importance of the glycerol side chain in 5 has been
demonstrated by the decreased NA inhibitory activity of
analogues with truncated glycerol side chains (compounds
11 and 12) (Bamford et al., 1995). The terminal diol of the
glycerol side chain interacts with Glu-276 in a bidentate
mode and contributes considerable binding to NA.

CU Kim et al.
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Figure 4. After the first lead compound in sialic acid-
based NA inhibitors, the dehydro analogues of 3
(compound 4) were discovered, the other com-
pounds were designed rationally 

Figure 3. The catalytic mechanism of the cleavage of sialic acid from 1 and the transition states including the
three transition state mimics

  

  

 
    
      

  

  

  

  
 

  

  

  

  

 

    
      

 

 

    
    

  

  

    
      

  

   
 

  

  

    
      

  
 

    

    
      

   

    

 

 

    
      

 
 

 
 

 
  

 

 

 
 

 

 
 

 

           

  

   

                  

                              
                               

 

                    

         

     

             
        

       

        

           
        

 

  

   

           

    

  

 



However, replacement of the glycerol side chain with more
lipophilic amides (compounds 13 and 14) led to very
potent NA inhibitors (Sollis et al., 1996). Interestingly, this
class of compounds exhibited more potent influenza A NA
inhibitory activity compared to that of influenza B. The
detailed X-ray crystallographic analysis of 13 bound to NA
illustrates a different binding mode of compound 13
against influenza A virus NA versus influenza B virus NA
(Taylor et al., 1998). The large alkyl amide appears to be a
less suitable fit in the influenza B virus NA activity site
because of its smaller and more rigid active site pocket
compared to that of the influenza A virus NA.

Benzoic acid-based neuraminidase
inhibitors

Recently, benzoic acid analogues that closely mimic sialic
acid analogues have been reported (Tedrzejas et al., 1995;
Chand et al., 1997). The approach of using the benzene ring
as a template was based on the observation that in
Neu5Ac2en (4)–NA crystal structure, all substituents
attached to the dihydropyrane ring are positioned in an
equatorial orientation (Bossart-Whitaker et al., 1993).
Therefore, replacement of the dihydropyrane ring with the
benzene ring was predicted to generate minimal disturbance
for the overall binding mode. However, the zanamivir ana-
logue with the benzene template (compound 16) did not
exhibit NA inhibitory activity (Williams et al., 1995)
(Figure 5). Interestingly, the benzoic acid analogue 15 with-
out the glycerol side chain showed similar NA inhibitory
activity comparable to that of Neu5Ac2en (4). The X-ray
crystal structure of 15 bound to NA revealed that the guani-
dino group in 15 oriented into the glycerol binding pocket

(Tedrzejas et al., 1995). Addition of another guanidino
group (compound 17) resulted in much reduced NA
inhibitory activity. Clearly, the phenyl ring template had
limited ability of attaining the right orientation for all sub-
stituents for the optimal binding to the NA active site.

Inhibitor design based on a cyclohexene
ring

As described above, zanamivir is administered via the
inhaled route because of its poor oral bioavailability. In the
search for orally active NA inhibitors, a new approach
based on the cyclohexene scaffold was investigated (Kim et
al., 1997, 1998). The double bond of the cyclohexene ring
was considered as an isostere of the flat oxonium cation
shown in the transition state 2 (Figure 3), keeping the con-
formational change to a minimum. The cyclohexene ring
could be expected to be chemically and enzymatically sta-
ble. This carbocyclic system also allowed easier chemical
manipulation of side chains attached to the cyclohexene
ring for optimizing the biological activity. Crystallographic
studies of sialic acid and its analogues bound to NA
revealed that the C-7 hydroxyl of the glycerol side chain
does not interact with any amino acids of the NA active site
(Colman, 1994). Therefore, in the design of the carbocyclic
NA inhibitors, the C-7 hydroxy methylene was replaced
with the oxygen atom linker. The choice of the oxygen
atom was based on the synthetic practicality to generate a
variety of R groups, as shown in structure 18 (Table 1). Two
terminal hydroxyls of a glycerol side chain in the sialic acid
crystal structure bound to NA to form a bidentate interac-
tion with Glu-276. However, it is also noted that the C-8
of the glycerol side chain makes hydrophobic contacts with
the hydrocarbon chain of Arg-224 (Colman, 1994).
Therefore, optimization of this hydrophobic interaction
was systematically investigated. In designing orally active
drugs, we feel that balancing lipophilicity and water solu-
bility is as critical as the size of the drug molecules for oral
absorption from the intestinal tract (Lipinski et al., 1997).
Since the carbocyclic structure 18 already possesses highly
polar functional groups (C-1-carboxylate, C-4-acetamido
and C-5-amino groups) for the optimal NA activity, it was
crucial to increase lipophilicity of the molecule by adding
the alkyl group (R in 18) for oral bioavailability. As shown
in Table 1, the length, size of branching and geometry of
the alkyl group in 18 profoundly influenced the NA activ-
ity. The over 20-fold increase in the NA activity of the n-
propyl analogue 22 compared to that of the methyl
analogue 20 implicated a significant hydrophobic interac-
tion of the propyl group in the glycerol portion of the NA
binding pocket. Further extension of the alkyl chain
beyond the n-propyl length did not improve the influneza
A activity, but greatly reduced influenza B activity.

Neuraminidase inhibitors as anti-influenza virus agents
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Figure 5. Benzoic acid-based NA inhibitors and their
IC50 values
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Branching at the β-carbon of the n-propyl group led to the
significant increase in the NA activity, as demonstrated by
the 3-pentyl analogue 8 (GS 4071). This result strongly
suggested that there may be two hydrophobic pockets ori-
ented in two different directions for the binding of the R
group in 18.

The crystal structure of 8 (GS 4071) complexed with
NA (Figure 6) (Kim et al., 1997) indicates that this series
of inhibitors adopts a binding mode similar to that of sial-
ic acid because the carboxylate and N-acetyl moieties of
inhibitors interact with NA in a fashion similar to that
with sialic acid. Such interactions anchor the scaffold in
the NA active site. Replacing the C-4 hydroxyl group with
a positively charged amino group further strengthens the
binding by introducing additional electrostatic interactions
with the negatively charged residues in pocket 3. However,
the crystal structure does reveal hydrophobic interactions
not previously observed between NA and sialic acid. One
branch of the 3-pentyl side chain of 8 make several
favourable contacts with residues Ile-222, Arg-224 and
Ala-246, resulting in a significant increase in binding
affinity (Figure 6). This is not unexpected because
hydrophobic interactions tend to be the driving force for
inhibitor binding.

A truly surprising discovery from this structure is the
ability of the other branch of the 3-pentyl group of 8 to
bind in an apparently highly polar pocket 1. Such a bind-

Figure 6. Neuraminidase Glu-276 side chain can adopt alternative conformations upon binding of sialic acid or
GS4071

Atoms are coloured as follows: blue for nitrogen; red for oxygen; brown for carbon in sialic acid complex and green for carbon in GS4071
complex.

IC50 (nM)

R Influenza A Influenza B

19 H- 6300 -
20 CH3- 3700 -
21 CH3CH2- 2000 5-
22 CH3(CH2)2- 180 -
23 CH3(CH2)3- 300 215
24 CH3(CH2)5- 150 1450
8 (CH3CH2)2CH 1 3

(GS4071)
25 1 4

26 (S) 0.3 70

27 (R) 12 35

28 1 21500

6 (Zanamivir) 1 3
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Table 1. Activity of carbocyclic influenza virus NA
inhibitors 

The C-7 hydroxy methylene was replaced with the oxygen atom
linker.The generation of a variety of R groups was based on  
synthetic practicality.

GS4071
Ile-222

Glu-276

Ala-246

Arg-224

Sialic acid



ing mode becomes possible because the Glu-276 side chain
can adopt two different conformations, depending upon
the nature of the inhibitor moiety bound in pocket 1
(Figure 6) (Kim et al., 1997). Upon the binding of sialic
acid, the Glu-276 side chain adopts a conformation that is
facilitated by a bidentate H-bonding interaction with the
hydropilic glycerol moiety of sialic acid. However, on the
binding of 8, the Glu-276 side chain moves away from the
middle of pocket 1 and adopts an alternative conformation,
which is stabilized by a strong charge–charge interaction

with the nearby Arg-224 side chain. Such a conformation-
al change effectively makes pocket 1 larger and creates a
much less polar environment, making it possible for this
pocket to accommodate the hydrophobic moiety of an
inhibitor molecule.

Interestingly, extension of one of the alkyl chains in 8
(compound 25) did not influence the ability to inhibit
influenza A and B virus NAs (Kim et al., 1998). Two
diastereomers with the terminal phenyl ring (compounds
26 and 27) exhibited potent influenza A virus NA inhibito-
ry activity, but the influenza B virus activities of 26 and 27
were significantly reduced compared to that of GS 4071
(8). As expected, the crystal structure of 26 shows that the
larger phenethyl chain binds in pocket 2, whereas the
smaller ethyl group occupies pocket 1 (Figure 7) (Kim et
al., 1998).

The cyclohexyl analogue 28 retained the potent influen-
za A virus NA activity, but the influenza B NA activity was
reduced over 1000-fold. This result suggests that the bind-
ing affinity of inhibitors to influenza B virus NA may be
influenced significantly by increasing steric bulkiness of the
structure 18.

As mentioned above, the oxygen linker atom at the C3

position was chosen based on practical synthetic considera-
tion. For structure–activity relationship (SAR) studies, the

Neuraminidase inhibitors as anti-influenza virus agents
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Figure 7. Complex structure of neuraminidase and 26

Atoms are coloured as follows: red for oxygen; blue for nitrogen; green for NA carbon and brown for compound 26 carbon.

    
       

     

   

                           

            

              

            

              

Figure 8. Structure of the n-propyl analogues 
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n-propyl analogues with different linker atoms (compounds
30–32) (Figure 8) were prepared (Lew et al., 1997). They
exhibited similar NA inhibitory activity to the oxygen coun-
terpart 22 (Lew et al., 1997). This result confirms that these
linker atoms may not be part of the inhibitor interaction
with the NA active site. In the series of the sialic acid-based
inhibitors, the conversion of the C-4 amino group in 5 to
the guanidino functionality (6, zanamivir) imparted a 100-
fold increased potency in NA inhibitory activity (von
Itzstein et al., 1993). However, as shown in Figure 9, the
guanidino analogue of GS 4071 (compound 34) had only
modestly improved NA inhibitory activity, implying that
the SAR of the amino versus the guanidino groups may not
be extrapolated from one series to another. As shown in
Figure 9, the carbocyclic series is over 100-fold more active
than the corresponding dihydropyrane analogues in the case
of X = OH (33 versus 4) and NH2 (8 versus 5). The most
important result derived from this comparison is that the 3-
pentyl group in the carbocyclic series imparts considerable
binding energy through the network of the hydrophobic
interaction.

The importance of the double bond position in the car-
bocyclic series was investigated in detail. In the GS 4071
series (Figure 10), the olefinic isomer 35 exhibited signif-
icantly reduced NA inhibitory activity, especially against
influenza B virus (Williams MA, Lew W & Kim CU,
unpublished results). The crystal structures of two isomers,
8 and 35, provided no clear clue on the binding mode dif-
ference to NA. Further SAR information was provided by
the diene analogue 36 and the saturated analogue 37.
Much reduced NA inhibitory activity of these analogues
strongly suggested that structure 8 is the best transition
state mimic among the olefinic analogues. The fact that
the cyclohexane analogue 37 displayed significantly
reduced NA inhibition to the parent compound 8 rein-

forced the validity of the transition state mimic in the
enzyme inhibitor design.

Although GS 4071 was designed with the intent of
developing an orally active influenza NA inhibitor, phar-
macokinetic experiments revealed that the orally bioavail-
ability of GS 4071 in rats was only approximately 5%,
which is similar to that of zanamivir (Ryan et al., 1994; Li
et al., 1998). However, the bioavailability of GS 4071 fol-
lowing oral administration of GS 4104, the ethyl ester pro-
drug of GS 4071, was found to be more than fivefold
higher than that of the parent compound in rats.
Importantly, oral administration of GS 4104 also effec-
tively delivers GS 4071 to respiratory secretions
(Eisenberg et al., 1997). A high bioavailability of GS 4071
following oral administration of GS 4104 was also found
in mice (approximately 30%) and dogs (approximately
70%) (Li et al., 1998) and in humans (approximately 80%)
(H Wiltshire, personal communication). A similar
approach of generating the ester of zanamivir did not
increase its bioavailability following oral administration
(Li et al., 1998).

Resistance to neuraminidase inhibitors

Several groups have isolated influenza variants with
decreased susceptibility to NA inhibitors following serial
passage of virus in cell culture in the presence of inhibitor

CU Kim et al.
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Figure 9. Comparative activity of carbocyclic versus
dihydropyran-based neuraminidase inhibitors

   

 

    
      

 

 

 

        

   

    
      

    
      

    
      

    

    

   

   

   

                                            

                                               

                                            

                                                       

    

Figure 10. Comparative activity of carbocyclic versus
dihydropyran-based neuraminidase inhibitors
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(Blick et al., 1995; Staschke et al., 1995; Gubareva et al.,
1996, 1997; McKimm-Breschkin et al., 1996a, 1998; Tai,
1998). Genotypic analysis of these variants has indicated
that mutations in the haemagglutinin (HA) as well as the
NA gene can cause reduced susceptibility to NA inhibitors
in antiviral assays, with the HA mutants being easier to
generate.

Neuraminidase mutants
As described above, most of the interactions between
zanamivir or GS 4071 and conserved residues in the NA
enzyme active site are similar to those for the natural sub-
strate. However, both compounds also rely on interactions
with conserved residues that differ from the interactions
with the natural substrate. In the case of zanamivir, the C-
4 guanidino group of the inhibitor interacts strongly with
the conserved Glu-119 and Glu-227 residues in the
enzyme active site, which do not interact with the natural
substrate (von Itzstein et al., 1993). In the case of GS 4071,
it is the reorientation of the conserved Glu-276 that nor-
mally interacts with hydroxyl groups on the glycerol side
chain of the natural substrate, which differs from the bind-
ing of the natural substrate (Kim et al., 1997). Not surpris-
ingly, mutations in the NA enzyme active site that confer
decreased sensitivity to each of the NA inhibitors involve
residues that contribute to the binding interactions, which
differ from those of the natural substrate.

In the case of zanamivir, the most commonly identified
NA mutation involves a Gly substitution for the conserved
Glu-119 residue. This mutation results in a 100-fold
decrease in sensitivity to zanamivir at the enzyme level
(Staschke et al., 1995; McKimm-Breschkin et al., 1996a),
with little or no change in sensitivity to GS 4071 (Hayden
& Rollins, 1997). Comparison of the wild-type and mutant
enzymes indicates that this mutation does not change the
affinity for the substrate or the activity of the enzyme
(McKimm-Breschkin et al., 1996a). It does, however, cause
the enzyme tetramer to become unstable (McKimm-
Breschkin et al., 1996b; Colacino et al., 1997) and results in
lower apparent enzymatic activity when assayed in vitro
(Staschke et al., 1995). Mutations of Glu-227, which also
interact with the guanidino side chain of zanamivir have
not been reported, presumably because mutations to this
conserved residue severely compromise enzyme activity
(Goto et al., 1997).

A second NA mutation, in which a Lys is substituted for
the conserved Arg at residue 292 (R292K), has also been
identified in influenza virus following in vitro passage in
the presence of zanamivir (Gubareva et al., 1997).
However, this mutation only causes a minor (approximate-
ly 10-fold) change in sensitivity to zanamivir (Gubareva et
al., 1997; McKimm-Breschkin et al., 1998; Tai et al., 1998)
owing to alterations in the interaction with the carboxylate

of the inhibitor (Varghese et al., 1998). Since the interac-
tion between Arg-292 and the carboxylate of the substrate
is also important, this mutation causes a reduction in the
activity of the enzyme (Gubareva et al., 1997; McKimm-
Breschkin et al., 1998; Tai et al., 1998).

The same R292K NA mutation has also been identified
in influenza A virus passaged in vitro in the presence of GS
4071 (Tai et al., 1998). In contrast with what is observed
with zanamivir, this mutation causes a 5000–30000-fold
reduction in sensitivity to GS 4071 (McKimm-Breschkin
et al., 1998; Tai et al., 1998). The large effect of this muta-
tion on the affinity for GS 4071 is due to its ability to block
the reorientation of Glu-276 that is necessary to form the
hydrophobic pocket to accommodate the inhibitor
(Varghese et al., 1998; Tai et al., 1998).

Although viruses containing mutant NAs with
decreased sensitivity to zanamivir and GS 4071 have been
isolated following passage in vitro, mutants have not been
reported following passage of virus in mice under condi-
tions that would be expected to cause resistance to amanta-
dine (von Itzstein et al., 1993; Mendel & Sidwell, 1998).
This is likely because alteration to Glu-119 or Arg-292 of
NA compromise the ability of the virus to replicate in mice.
Gubareva and co-workers have shown that reassortant
virus containing NA with mutations to Glu-119 or Arg-
292 are fourfold or 600-fold less infectious, respectively,
than the wild-type virus in mice (Gubareva et al., 1997).
Similar results have been obtained using a different R292K
NA mutant, although this mutant was more than 10000-
fold less infectious than the wild-type virus from which it
was derived (Tai et al., 1998). Thus NA mutants, although
they can be generated in vitro, are likely to be compromised
in the natural setting.

Haemagglutinin mutants
Influenza virus variants containing mutations in the sialic
acid binding site of the HA have been isolated following
passage in vitro in the presence of NA inhibitors. These
mutations cause reduced affinity for the cellular receptors
(McKimm-Breschkin et al., 1996a; Sahasrabudhe et al.,
1996), making the viruses less dependent on NA activity to
release from cells after infection. Consequently, these vari-
ants exhibit a large decrease in susceptibility to all NA
inhibitors in antiviral assays. In addition to decreased sus-
ceptibility to the NA inhibitors, several of these mutants
have been reported to have a drug-dependent phenotype in
which the variants grow better in the presence of inhibitor
than in its absence (McKimm-Breschkin et al., 1996a;
Sahasrabudhe et al., 1996). The drug-dependent phenotype
is thought to occur because of the interdependence of the
HA and NA functions during the infection process, such
that in the presence of normal NA function a virus with a
weakly binding HA would exhibit reduced ability to infect
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cells. Thus, in the presence of sufficient inhibitor to block
NA function, the mutant would more effectively infect cells
and replicate.

Although HA mutations can be readily selected in vitro,
the in vivo consequence of this type of mutation is not
clear. Penn and co-workers have investigated the zanamivir
responsiveness in mice of an influenza A/Singapore/2/57
(H2N2) variant containing an HA mutation that confers a
>1000-fold decrease in susceptibility to zanamivir in cul-
ture. The results of this study indicate that the variant
replicated well in the mice and exhibited a normal response
to zanamivir treatment even though the virus did not revert
to the wild-type genotype (Penn et al., 1996). Thus, this
particular mutation, which causes reduced affinity for the
receptor present on MDCK cells, does not appear to affect
its affinity for the receptors present in the mouse respirato-
ry tract.

Although this mutant does not exhibit a change in sen-
sitivity to zanamivir in vivo, Gubareva and co-workers have
recently identified a zanamivir-resistant clinical isolate
containing an HA mutation that causes reduced affinity for
the type of cellular receptors present in the human respira-
tory tract (Gubareva et al., 1998). However, it is important
to note that this mutant was isolated from a severely
immunocompromised bone marrow transplant recipient
with a persistent viral infection. It is unclear whether such
a mutant could develop in an individual with a normal
immune system capable of curtailing virus replication in a
reasonable amount of time.

In vivo activity of neuraminidase inhibitors

Animal studies
The only NA inhibitors for which animal studies of effica-
cy have been reported are GS 4071 and zanamivir. Because
of its poor oral bioavailability, animal studies of the in vivo
activity of zanamivir have used topical administration of
the compound to the respiratory tract using intranasal
drops. The efficacy of GS 4071 in animal models has
largely been conducted using oral administration of the
prodrug GS 4104.

In mice infected with influenza A or B virus, intranasal
administration of zanamivir could inhibit virus replication,
lung consolidation and mortality. In mice infected with
influenza A/Singapore/1/57 (H2N2) virus, intranasal
zanamivir was found to be 100-fold and 1000-fold more
potent an inhibitor of virus replication than amantadine or
ribavirin, respectively, administered via the same route (von
Itzstein et al., 1993). When administered prior to inocula-
tion with influenza A virus, twice daily intranasal doses of
0.1 mg/kg of zanamivir were sufficient to cause a signifi-
cant reduction in lung consolidation and mortality (Ryan et
al., 1994). Twice daily doses of 0.4 mg/kg of zanamivir to

mice infected with influenza A or B viruses were sufficient
to cause a significant reduction in lung virus titres as well
(Ryan et al., 1994). A higher dose of zanamivir was
required to achieve reductions in virus titres if treatment
was initiated 3 h after inoculation (Ryan et al., 1994). In
one study (Sidwell et al., 1998), the relative potencies of GS
4071 and zanamivir were compared following intranasal
administration. In this study, GS 4071 was found to be
approximately 10-fold more potent than zanamivir at pro-
tecting mice against the lethal effect of infection with
influenza A NWS/33 (H1N1) virus, with a minimal effec-
tive dose of 0.01 mg/kg/day for GS 4071.

Oral administration of GS 4104 has also been shown to
provide protection against the lethal effects of influenza A
and B virus infection in mice (Sidwell et al., 1998; Mendel
et al., 1998). In mice infected with an influenza A/H1N1
virus, a 1 mg/kg/day dose of GS 4104 administered for 5
days beginning 4 h prior to infection was sufficient to pro-
vide significant reduction in mortality. Increases in survival
time and arterial oxygen saturation levels were observed in
mice given a 0.1 mg/kg/day dose of GS 4104. Tenfold
higher oral doses of GS 4071 and zanamivir were required
to achieve comparable results for each of the end points
tested. Higher oral doses of GS 4104 were required to pro-
vide significant protection against mortality in mice infect-
ed with influenza A/H3N2 virus (1 to 10 mg/kg/day) or
influenza B virus (3.2 mg/kg/day).

In an experiment designed to determine the effect of
delaying treatment with oral GS 4104 until after infection,
a 10 mg/kg/day dosage of GS 4104 was administered for 5
days. Commencement as late as 60 h after infection was
able to protect the mice from death following infection
with sufficient influenza A/NWS/33 (H1N1) virus to kill
85% of untreated animals. Using a 10-fold higher inoculum
of this virus, treatment could be delayed for up to 36 h after
infection.

GS 4104 and zanamivir have also been tested for effica-
cy using the ferret model of influenza virus infection.
Ferrets infected with influenza virus develop a disease state
of limited duration composed of symptoms such as fever
and lethargy that are similar to those seen in humans. Thus
ferrets provide a useful experimental animal model in
which to measure symptomatic as well as virological
responses to treatment with the NA inhibitors.

Intranasal administration of 0.04–0.75 mg/kg zanamivir
twice daily for 5 days, beginning 1 day prior to infection,
caused significant reductions in the febrile response and the
total amount of virus shed from the nasal cavity of animals
infected with influenza A or B virus (Ryan et al., 1995). For
each of the viruses tested, zanamivir was approximately
100-fold more potent than ribavirin. In this model, delay-
ing treatment with zanamivir until as much as 24 h after
infection did not eliminate its therapeutic effect and
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zanamivir did not inhibit the immune response to the
infection (Ryan et al., 1995).

Twice daily oral administration of GS 4104 for 5 days
beginning 4 h after infection was also found to be effective
in the ferret influenza model (Mendel et al., 1998). A 5 and
25 mg/kg/dose treatment with GS 4104 was sufficient to
reduce the febrile response by 58% and 93%, respectively, in
ferrets infected with a high dose of an influenza A/H3N2
virus. Both doses prevented the infected animals from
becoming lethargic and from developing nasal signs
(sneezing, runny nose, mouth breathing) and significantly
reduced the immune response at the site of infection. Both
doses of GS 4104 reduced peak virus titres detected in
nasal wash samples, but did not reduce the overall amount
of virus shed from the nasal cavity during the course of the
infection (Mendel et al., 1998).

Previous studies had demonstrated that after oral dosing
of the prodrug to rats, GS 4071 levels in the bronchoalve-
olar lining fluid reached maximum concentrations similar
to that in plasma, and showed longer persistence
(Eisenberg et al., 1997). This result indicated that oral
administration of GS 4104 effectively delivers active drug
to the respiratory tract in animals. A similar conclusion was
reached based on the results of a study in which ferrets were
given an oral dose of [14C]GS 4104. Whole-body autora-
diography of these animals demonstrated systemic expo-
sure to the label, with good penetration to the various sites
of viral replication, including the middle ear and nasal
mucosa, as well as the lower respiratory tract. In light of
these results and the demonstration that reasonable plasma
levels of GS 4071 were achieved in ferrets given oral GS
4104 (Li et al., 1998), the apparent inability of GS 4104
treatment to cause a more pronounced antiviral effect in
the ferrets was surprising.

A possible explanation for the inability of GS 4104 to
significantly reduce the total amount of virus shedding in
nasal wash samples from this experiment is because the
animals were inoculated with a large dose of virus (106 egg
infectious doses per animal). For comparison, despite the
size difference, 10-fold less virus (105 TCID50 per subject)
has been used to experimentally infect human volunteers
with influenza A/Texas/36/91 (H1N1) virus (Hayden et
al., 1998b). In support of this hypothesis, significant reduc-
tions in both peak nasal virus titres and total amount of
virus shedding have been detected for both the 5 and 25
mg/kg doses of GS 4104 in ferrets infected with a lower
dose of influenza A virus (Mendel & Roberts, 1998).

Clinical studies
Both oral GS 4104 and intranasal zanamivir are in the late
stages of clinical development and have been tested for effi-
cacy in humans using blinded, placebo-controlled trials. In

prophylaxis models, both oral GS 4104 (Hayden FG et al.,
1998c) and intranasal zanamivir (Hayden et al., 1998b)
were able to prevent experimental influenza virus infection
in healthy volunteers when treatment began prior to a virus
challenge. Both compounds  also significantly reduced the
amount of virus shedding, symptom severity and symptom
duration when treatment was initiated a day after infection
with influenza virus in healthy volunteers (Hayden et al.,
1998b; Hayden FG, Lobo M, Treanor JJ, Miller M & Mills
RG; Efficacy and tolerability of oral GS 4104 for early
treatment of experimental influenza in humans. 11th
Interscience Conference of Antimicrobial Agents and
Chemotherapy, 28 September–1 October 1997; Toronto,
Ontario, Canada, Late Breaker Session). Importantly, oral
administration of GS 4104 also reduced the levels of
inflammatory mediators (cytokines and chemokines) pro-
duced in response to the experimental viral infection when
treatment was initiated a day after infection (Hayden FG,
Fritz RS, Lobo M, Kinnersley N, Mills RG & Straus SE;
Effects of the oral neuraminidase inhibitor GS 4104 on
cytokine responses during experimental human influenza A
virus infection. 11th Conference on Antiviral Research, 5–11
April 1998, San Diego, California, USA, Late Breaker
Session).

GS 4104 and zanamivir  have also demonstrated effica-
cy in the treatment (Hayden et al., 1997; Silagy CA,
Campion CJ & Keene O; The efficacy and safety of
Zanamivir in the treatment of influenza in otherwise
healthy and “high risk” individuals. 38th Interscience
Conference of Antimicrobial Agents and Chemotherapy,
24–27 September 1998, San Diego, California, USA,
Abstract H-56); Aoki F, Osershaus A, Rimmelzwaan G,
Kinnersley N & Ward P; Oral GS 4104 successfully
reduces duration and severity of naturally acquired
influenza. 38th Interscience Conference of Antimicrobial
Agents and Chemotherapy, San Diego, California, USA,
24–27 September 1998, Abstract pp. 24–27; Hayden et al.,
1998c) and prevention (Monto AS, Robinson DP,
Herlocher L, Hinson JM, Elliott M & Keene O; Efficacy
and safety of Zanamivir in prevention of influenza among
healthy adults. 38th Interscience Conference of Antimicrobial
Agents and Chemotherapy, 24–27 September 1998, San
Diego, California, USA, Late Breaker Session; Hayden et
al., 1998a) of naturally acquired influenza virus infection.
In these multicentre trials, both compounds reduced the
duration and severity of clinical symptoms when a 5 day
treatment regimen was started after the onset of influenza
symptoms. An important finding from these studies is that
oral GS 4104 treatment caused a reduction in the inci-
dence of secondary complications due to influenza infec-
tion even though this study was carried out in otherwise
healthy volunteers. Zanamivir treatment caused a reduc-
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tion in the incidence of secondary complications in
patients considered to be at high risk of developing com-
plications (Silagy CA, Campion CJ & Keene O; The effi-
cacy and safety of Zanamivir in the treatment of influenza
in otherwise healthy and “high risk” individuals. 38th
Interscience Conference of Antimicrobial Agents and
Chemotherapy, 24–27 September 1998, San Diego,
California, USA, Abstract H-56). In separate studies, the
two compounds were 67–84% effective at preventing
influenza virus infection during trial periods in which sus-
ceptible subjects took once or twice daily oral doses of 75
mg GS 4104 for 6 weeks or once daily doses of 10 mg
zanamivir by inhalation for 4 weeks.

Conclusion

At present, there are no effective anti-influenza virus agents
available for the treatment and prevention of human
influenza infection. Influenza virus NA has proved to be a
valid target for the development of anti-influenza virus
drugs, as demonstrated by efficacy of zanamivir and GS
4104 in human clinical trials. Although it remains to be
further investigated, the resistance development from treat-
ment with NA inhibitors appears to not be clinically sig-
nificant. Thus, in the future, it is likely that influenza NA
inhibitors being developed as inhaled or oral agents will
find wide use for the treatment and prophylaxis of human
influenza virus infection.
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