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1. Introduction

Influenza virus is a negative stranded RNA
virus. It contains two surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA).
HA exists as a trimer and is responsible for
binding to the terminal sialic acid bound to recep-
tors on the surface of the target cell, leading to
attachment and subsequent penetration by the
virus into the cell. Influenza virus isolates from
different animals appear to have a preference for
specific receptor linkages. Equine and avian iso-
lates bind preferentially to the 2,3 galactose
structure, while human isolates bind preferentially
to the o2,6 galactose structure (Leigh et al., 1995).
A single amino acid mutation is sufficient to
change receptor specificity (Rogers and Paulson,
1983; Nobusawa and Nakajima, 1988; Martin et
al., 1998). Sequence analysis and alignment has
identified key residues conserved across all HA
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subtypes, which are involved in receptor binding
(Nobusawa et al., 1991). The sialic acid binding
site forms a groove across the top of the HA
surrounded by antibody binding sites (Weis et al.,
1988). Residues 134-138 form the right side of
the ligand binding site, and residues 224-228
form the left side. Other conserved residues ap-
pear to play a role in orienting several of the
surface atoms for binding to the sialic acid, these
include Tyr 98, Trp 153, His 183, Glu 190, Leu
194 and Tyr at 195 (Weis et al., 1988; Nobusawa
et al., 1991).

After replication of the virus, progeny virions
bud from the cell surface. NA is thought to be
responsible for cleavage of terminal sialic acid
moieties from receptors, to facilitate elution of
progeny virions from the infected cell. Since they
are also glycosylated, newly synthesized HA and
NA on virions may also contain sialic acid
residues on their oligosaccharide chains. Removal
of these terminal sugars is therefore also necessary
to prevent self-aggregation, due to the HA of one
virion binding to the sialic acids on an adjacent
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virion. NA may also play a role in enabling the
virus to penetrate the mucin layer in the respira-
tory tract.

Structural analysis of NA of influenza virus
(Varghese et al., 1983) revealed it was a tetramer,
and that there were several invariant residues in
both influenza A and B which formed part of the
active site. There are nine conserved residues
which contact the sialic acid, and there are a
further ten which provide substructure or a scaf-
fold, on which amino acids contacting the bound
sugar are supported (Burmeister et al., 1992; Var-
ghese et al., 1992). The conserved residues include
three arginines at positions 118, 292 and 371,
which interact with the carboxylate of the sugar.
Other important residues include the hydroxyl
groups of the glycerol side chain which are hydro-
gen bonded to Glu 276 and the 4-hydroxyl group
on the sugar is directed towards Glu 119 (Vargh-
ese et al., 1992). Based on the structure of NA in
complex with sialic acid (Varghese et al., 1992) a
program of inhibitor design was begun, based on
the earlier work of Meindl and Tuppy who first
synthesized the unsaturated sialic acid analog,
NeuS5Ac2en  (2-deoxy-2,3-didehydro-p-N-acetyl-
neuraminic acid or DANA) (Meindl and Tuppy,
1969). DANA is a weak inhibitor of NA enzyme
activity and demonstrates weak antiviral activity
in vitro, but not in vivo when administered in-
traperitoneally (Palese and Schulman, 1977). Two
new inhibitors were designed, substituted at the 4
position, 4-amino-Neu5Ac2en, and 4-guanidino-
Neu5Ac2en, zanamivir, (von Itzstein et al., 1993).
Zanamivir has a 100-fold higher affinity than the
4-amino-Neu5Ac2en, which in turn is around 100-
fold more effective than DANA. The 4-amino
group is predicted to form a strong salt bridge
with the acid group of Glu 119 and the 4-
guanidino group is predicted to interact not only
with Glu 119, but also with Glu 227 (von Itzstein
et al., 1993) accounting for the further increase in
its affinity. Zanamivir is not just an effective
inhibitor of the viral enzyme, but is a potent
inhibitor of virus replication in both cell culture
and animals (von Itzstein et al., 1993; Woods et
al., 1993). The inhibitor prevents release of
progeny virions from the infected cells, and in
vivo is only effective when applied at the site of

infection, either by inhalation or intranasal instil-
lation (von Itzstein et al., 1993; Hayden et al.,
1996, 1997) since orally administered drug is
rapidly cleared by the kidneys (Woods et al.,
1993). Zanamivir has now been approved for
general use in the USA, Europe, Australasia and
Japan.

Based on the efficacy of zanamivir, other neu-
raminidase inhibitors are also being developed.
GS4071, oseltamivir carboxylate, the active form
of the ethyl ester prodrug GS4104, oseltamivir
phosphate, is a potent carbocylic inhibitor with a
cyclohexene scaffolding (Li et al., 1998). In addi-
tion, oseltamivir contains a bulky lipophilic side
chain, a pentyl ether, at the 6-position, instead of
the glycerol group in zanamivir, and is orally
active when administered as the ethyl ester pro-
drug, oseltamivir phosphate, which undergoes ac-
tivation by hepatic esterases. It has been approved
for marketing in the USA and Sweden. Johnson
and Johnson are developing an orally active cy-
clopentane derivative from Biocryst Pharmaceuti-
cals (Bantia et al., 1999a,b) which has both the
guanidinium group as well as a bulky hydropho-
bic side chain in a position sterically correspond-
ing to the glycerol side chain in sialic acid.

However, as with any new anti-infective it is
important to establish whether resistance to these
new inhibitors arises readily. There have now
been several publications in this field, predomi-
nantly on the characterization of laboratory gen-
erated mutants, unexpectedly the mechanisms of
resistance are complex. As the drugs are now
available for clinical use the aim of this paper is to
review the current available data on resistance, to
provide some insight into the challenge faced in
trying to evaluate clinical isolates for possible
resistance.

2. Generation of mutants

Mutants have been generated in vitro in Madin
Darby Canine Kidney, MDCK cells by a combi-
nation of limit dilution passaging and plaque
purification under increasing concentrations of in-
hibitor (Blick et al., 1995; Staschke et al., 1995;
Gubareva et al., 1996a,b; McKimm-Breschkin et
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al., 1996a,b; Penn et al., 1996; Gubareva et al.,
1997; Tai et al., 1998; McKimm-Breschkin et al.,
1998; Barnett et al., 1999; Carr et al., 1999). In
each case, it has taken many passages before
resistant variants have been selected, unlike aman-
tadine in which resistant variants can be selected
after a single passage in vitro or directly from
amantadine-treated patients (Grambas et al.,
1992; Houck et al., 1995; Englund et al., 1998).

Mutations have arisen in the laboratory in pre-
viously conserved residues in NA in both struc-
tural (Staschke et al., 1995; Blick et al., 1995;
Gubareva et al., 1996a,b, 1997; Carr et al., 1999;
Barnett et al.,, 1999) and catalytic residues
(Gubareva et al., 1997; McKimm-Breschkin et al.,
1998; Tai et al., 1998).

However, the predominant mutations generated
in vitro map to the virus HA gene, in residues
proximal to those involved in receptor binding
(McKimm-Breschkin et al., 1996a,b; Blick et al.,
1998; McKimm-Breschkin et al., 1998). The
mechanism of resistance appears to be as a result
of a decrease in the affinity of binding of HA to
the cellular receptor, so that there is less depen-
dence on the activity of NA for elution of virus
from cells (McKimm-Breschkin et al., 1996a,b).
These results have highlighted the importance to
the virus of maintaining a balance between the
strength of HA binding to receptors, and the
efficiency of NA in removing them.

As yet there have been no resistant mutants
isolated from normal patients treated with
zanamivir. However, a drug resistant influenza B
virus was isolated from an immunocompromised
patient treated with zanamivir (Gubareva et al.,
1998). This virus initially acquired an HA muta-
tion near residues known to be involved in recep-
tor binding. After further treatment a double
mutant was isolated, with a mutation in NA, Arg
152 Lys. The Arg 152 is thought to play a struc-
tural role, but the mechanism of resistance is not
yet clear.

There have been three different mutants iso-
lated from patients treated with oseltamivir phos-
phate (oseltamivir pack insert). The -catalytic
mutation, Arg 292 Lys, seen in vitro (Gubareva et
al., 1997; McKimm-Breschkin et al., 1998; Tai et
al., 1998) has been isolated from four patients

(Covington et al., 1999). A second mutation of
Glu 119 Val isolated after in vitro selection with
oseltamivir, has also been isolated from one pa-
tient treated with oseltamivir phosphate (Coving-
ton et al., 1999). Information is not yet available
on the third mutant.

Mutants have been tested for altered drug sen-
sitivity in either an enzyme inhibition assay or in
a plaque reduction assay (von Itzstein et al., 1993;
Bethell et al., 1999; McKimm-Breschkin et al.,
1999c). As the inhibitor prevents release of
progeny virions, the effect in a plaque assay is
initially to decrease the size of plaques, therefore,
some laboratories have used a decrease in plaque
size to determine drug sensitivity, (Blick et al.,
1995; McKimm-Breschkin et al., 1996a,b; Sa-
hasrabudhe et al., 1998) whilst others have used a
decrease in plaque number (Staschke et al., 1995;
Gubareva et al., 1996a; Penn et al., 1996). The
latter generally requires a significantly higher con-
centration of drug to achieve an ICs,. While this
assay has been used for characterization of labo-
ratory generated mutants of influenza, many clini-
cal isolates do not plaque well, hence the plaque
reduction assay is not universally applicable for
monitoring resistance of clinical specimens (Tis-
dale, 2000). Sensitivity in a TCIDs, assay may be
used for viruses which plaque poorly (McKimm-
Breschkin et al., 1999¢c). Data has now accumu-
lated from different laboratories using different
methods of characterization, which are reviewed
here to enable comparisons of properties.

3. Neuraminidase mutations
3.1. Mutations at Glutamic acid 119

Four different mutations at residue Glu 119
have been selected in several different strains of
both influenza A and B in vitro after passaging in
zanamivir (Blick et al., 1995; Staschke et al., 1995;
Gubareva et al., 1996a,b, 1997; Barnett et al.,
1999) and in vivo from a patient in an oseltamivir
phosphate treatment study (Carr et al., 1999).

Glu 119 Gly was isolated in the strain NWS/
G70C, a reassortant containing the HA of A/
NWS/33 and NA of A/Tern/Australia/G70C/75
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(HIN9), (Blick et al., 1995), A/Turkey/Minne-
sota/833/80 (A/Turkey/Minn, H4N2) (Gubareva
et al., 1996a,b, 1997), the B/HK/Lee strain, a
reassortant with the HA of B/HK/8/73 and NA of
B/Lee/40 (Staschke et al., 1995), and B/Beijing/1/
87 (B/Beijing) (Barnett et al., 1999). In enzyme
inhibition assays there was a decrease in binding
of zanamivir, but there was no significant effect
on binding 4-amino-Neu5Ac2en (Table 1). The
inhibitor no longer bound slowly, as seen in the
wild type (Blick et al., 1995; Gubareva et al.,
1996a,b; Bethell et al., 1999). Structural analysis
shows that the loss in affinity of the mutant
enzyme for zanamivir derives in part from the loss
of stabilizing interactions between the guanidino
moiety and the carboxylate residue at 119, and in
part from alterations to the solvent structure at
the active site. A water molecule occupies the
position where the carboxylate was in the gluta-
mate (Blick et al., 1995). While the carboxylate of
Glu 119 is involved in binding to the 4-guanidino
group in zanamivir (von Itzstein et al., 1993;
Varghese et al., 1995), it does not directly interact
with the amino group at the 4-position. Recently
it was reported that under certain assay condi-

Table 1

tions the A/Turkey/Minn Glu 119 Gly was not
resistant to the new Biocryst inhibitor, despite the
latter having a guanidinium group in a position
sterically corresponding to the 4-guanidino in
zanamivir (Gubareva et al., 1999). The solvent
structure may be different in this case, but deter-
mination of the structure of a Glu 119 Gly NA
with the Biocryst compound will lead to a better
understanding of the interactions involved.

A further two mutations Glu 119 Ala, and Glu
119 Asp were also described from in vitro passag-
ing of A/Turkey/Minn (Gubareva et al., 1996a,b).
In enzyme assays, these both exhibited resistance
to 4-amino-Neu5Ac2en (Table 1), suggesting that
they may also have altered binding to oseltamivir
carboxylate, which has an amino group at the
4-position. Consistent with this observation is the
recent report of a Glu 119 Val mutation leading
to oseltamivir resistance in the human strain A/
Wuhan/359/95 (H3N2). The structural conse-
quences of the other 119 mutations have not been
determined, but altered binding may be as a con-
sequence of the water molecule occupying the
position previously occupied by the carboxylate of
Glu 119 (Blick et al., 1995). The Asp, Val and Ala

Effect of neuraminidase mutations at Glutamic acid 119 on sensitivity to different inhibitors in an enzyme inhibition assay®

Virus Fold decrease in sensitivity
Mutation DANA 4-Amino-neu5Ac2en Zanamivir Oseltamivir carboxylate
NWS/G70C® Glu 119 Gly 10 250
rec G70C¢ Glu 119 Gly - - 1000 —
Glu 119 Ala - - 340 -
A/Turkey/Minn¢ Glu 119 Gly 10 3 700 -
Glu 119 Ala 7 35 600 -
Gly 119 Asp 20 200 2500 -
B/HK/Lee® Glu 119 Gly Resist 500 -
B/Beijing/87 * - - - 33 -
A/Wuhan/95# Glu 119 Val - - — 20

2 All assays based on 2'-(4-methylumbelliferyl)-o-D-N-acetyl neuraminic acid, (MUNANA) as substrate, except e, which used a

fetuin based assay.
® (Blick et al., 1995).
¢ Recombinant G70C NA (Goto et al., 1997).
d Gubareva et al. (1996a,b, 1997).
¢ Staschke et al. (1995).
f Barnett et al. (1999).
g Carr et al. (1999).
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are all larger amino acids than Gly, and they may
not as readily accommodate the water molecule.
This may result in displacement of the 4-amino
substituted inhibitors, resulting in greater resis-
tance with increasing size of the substituted amino
acid.

In plaque assays (Table 2) the magnitude of
resistance is at least one-tenth of that observed in
an enzyme inhibition assay. The sensitivity in a
plaque assay is also complicated as if there is a
concomitant HA mutation, NA and HA muta-
tions can act synergistically (Blick et al., 1998). To
determine the role of Glu 119 Ala the A/Turkey/
Minn virus containing both NA and HA muta-
tions was reassorted into another wild type virus,
the A/NWS/1/33 (HIN1) strain (Gubareva et al.,
1997) to produce an NWS/Turkey (HIN2) reas-
sortant. However, while the reassortant with only
the NA mutation still appeared to be 1000-fold
resistant, the combination of the wild type NWS
HA and the Turkey NA gave ‘natural’ resistance
of 50-fold compared to the A/Turkey/Minn wild
type (Table 2). Hence the resistance due to the
Glu 119 Ala compared to the reassortant wild
type was only 20-fold. Thus, to determine the role

Table 2

of individual mutations it is critical to compare
the reassortants to the homologous wild type
pairing of HA and NA. Alternatively one can
reassort back into the original parental wild type,
so that HA and NA are still matched (Blick et al.,
1998; McKimm-Breschkin et al., 1998).

Mutations at Glu 119 have an adverse effect on
the stability of the enzyme (McKimm-Breschkin
et al., 1996¢; Colacino et al., 1997; Sahasrabudhe
et al., 1998). While the specific activity for the Glu
119 Gly NA is the same as wild type NA
(McKimm-Breschkin et al., 1996¢) the protein is
more unstable. This initially led to the wrong
conclusion that the Glu 119 Gly enzyme had a
lower specific activity based on activity per total
protein which contained significant amounts of
inactivated NA (Table 3) (Staschke et al., 1995).
Use of a conformational specific monoclonal or
polyclonal anti-NA antibody should be used to
determine the amount of native protein for more
accurate determinations of specific activity
(McKimm-Breschkin et al., 1996¢c, 1999¢. Also,
care should be exercised in handling viruses which
may have an unstable NA.

Fold decrease in sensitivity of different Glutamic acid 119 neuraminidase mutants to zanamivir in plaque assay, based on reduction

in plaque size

Virus Mutation Fold decrease in sensitivity to zanamivir
NA HA
NWS/G70C? Glu 119 Gly 10
A/Turkey/Minn® Glu 119 Ala HA1 Tyr 234 Leu 10 000¢
HA2 Ala 35 Thr
Lys 68 Arg
NWS/Turkey Wt. 504
Glu 119 Ala 1000°
Glu 119 Ala 20f
B/HK/Lee® Glu 119 Gly Asn 145 Ser 100¢
Asn 150 Ser

4 Blick et al. (1998).
® Gubareva et al. (1996a, 1997).
¢ Resistance due to both NA and HA mutations.

d Natural resistance due to reassorting of wild type Turkey NA and NWS HA, compared to the A/Turkey/Minn parent.

¢ Resistance compared to the A/Turkey/Minn parent.

fResistance compared to homologous reassortant NWS/Turkey parent.

& Staschke et al. (1995).
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Table 3

Properties of the neuraminidase of different Glutamic acid 119 mutants

Virus Mutation Reported specific activity Stability
NWS/G70C* Glu 119 Gly  Wt. Unstable
NWS/G70C® Glu 119 Gly 5% Unstable
rec G70C¢ Glu 119 Gly  30% Low specific activity probably due to instability

A/Turkey/Minn®  Glu 119 Gly  46%
Glu 119 Asp 3%
Glu 119 Ala  23%

B/HK /Lee® Glu 119 Gly  0.6%

Unstable to high temp, and low pH
Unstable to high temp and low pH
Unstable to high temp and low pH
Unstable

4 McKimm-Breschkin et al. (1996¢).

b Staschke et al. (1995), based on total protein, including inactive

¢ Goto et al. (1997).
d Gubareva et al. (1997).

Whilst Glu 119 Asp would seem to be the most
conservative mutation, it has the greatest effect on
both drug resistance as discussed above, (Table 1)
as well as on specific activity (Table 3) (Gubareva
et al., 1997). All 119 mutations in the A/Turkey/
Minn virus lead to altered thermal and pH stabil-
ity. The effect of the Glu 119 Val mutation on
stability has not been published, but it is reported
to bind substrate with a two-fold greater affinity
(Carr et al., 1999), which would be consistent with
valine producing a more stable molecule than
glycine.

Growth of the Glu 119 Gly NWS/G70C virus is
compromised in cell culture, producing smaller
plaques than wild type (Blick et al., 1998), and
showing a slight delay in growth kinetics, al-
though eventually reaching the same titers as wild
type virus (Staschke et al., 1995). Instability of the
NA may compromise growth, as mutant plaques
can be rescued by the presence of exogenous
Clostridium NA in the overlay (Blick et al., 1998).
Although the A/Turkey/Minn and B/HK/Lee mu-
tants also exhibited lower apparent enzyme activi-
ties their growth in cell culture was reported to be
comparable to wild type virus (Staschke et al.,
1995; Gubareva et al., 1997). However, each of
these mutants had a concomitant HA mutation,
which have been shown to rescue poor growth
due to low NA activity (McKimm-Breschkin et
al., 1998), hence no conclusions can be drawn
regarding the sole effect of the NA mutation on
growth in these viruses.

NA.

3.2. Mutation at Arginine 292 to Lysine

Sialic acid, zanamivir and 4-amino-Neu5Ac2en
contain a glycerol side chain at the 6 position of
the sugar ring, while other inhibitors contain a
bulkier more hydrophobic group such as a car-
boxamide (Taylor et al., 1998; Smith et al., 1998,
1999), or the pentyl ether in oseltamivir carboxy-
late (Kim et al., 1998). A small change in the
active site of the NA occurs to enable these
inhibitors to be accommodated. Glu 276 changes
its position to form a salt link with Arg 224, and
thereby creates the necessary hydrophobic pocket
for the binding of the bulkier substituents. Passag-
ing of the NWS/G70C virus in the 6-carboxamide
derivative of zanamivir generated a series of mu-
tants with various HA mutations, but an Arg 292
Lys NA mutation was also selected (McKimm-
Breschkin et al., 1998). The same NA mutation
was generated after passaging A/Victoria/3/75 (A/
Vic/75 H3N2) in oseltamivir carboxylate in vitro
Tai et al. 1998) and from patients treated with
oseltamivir phosphate (Covington et al., 1999).
Passaging of the A/Turkey/Minn virus in
zanamivir also generated the same mutant
(Gubareva et al., 1997).

Arg 292 is one of three highly conserved argin-
ines that form part of the catalytic triad of the
NA active site (Varghese et al., 1992). Not sur-
prisingly the mutant enzymes all exhibited lower
specific  activity, ~20% for NWS/G70C
(McKimm-Breschkin et al., 1998), less than 10%
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Table 4
Effect of Arginine 292 Lysine mutation on neuraminidase sensitivity in a MUNANA based enzyme inhibition assay

Virus Fold-reduction in enzyme sensitivity

DANA 4-Amino-Neu5Ac2en Zanamivir Oseltamivir carboxylate
NWS/G70C* 20 33 55 6500
A/Turkey/Minn® 2 4 10
A/Vic/75¢ 30 24 30 000

@ McKimm-Breschkin et al. (1998).
® Gubareva et al. (1997).
¢ Tai et al. (1998).

Table 5
Drug sensitivity of Arginine 292 Lysine neuraminidase mutants in plaque reduction assay* and effect of concomitant hemagglutinin
mutations®
Virus Mutation Fold decrease in drug sensitivity
HA NA Zanamivir Oseltamivir carboxylate
NWS/G70C® Asn 199 Ser - 30 100
Asn 199 Ser Arg 292 Lys 100 >30 000
Arg 292 Lys® 3¢ >300¢
A/Turkey/Minn® Tyr 234 Leu Arg 292 Lys 1000 -
Thr 267 Lys
Asp 304 Asn - - -
Lys 68 Argha? -
Arg 292 Lys 2 -
A/Vic/75 Ala 28 Thr 7 7
Arg 124 MetHA2 - -
Ala 28 Thr Arg 292 Lys 60 3000
Arg 124 MetHA2 - - -
Arg 292 Lys® 8¢ 400°¢

4 Resistance based on reduction in plaque size for NWS/G70C and A/Turkey/Minn, plaque number for A/Vic/75.

® McKimm-Breschkin et al. (1998).

¢ Relative resistance for NA Arg 292 Lys mutants has been inferred from the difference between the HA mutants and the HA/Arg

292 Lys double mutants.
4 Gubareva et al. (1997).
¢ Gubareva et al. (1996a), Gubareva et al. 1996b).
fTai et al. (1998).

for A/Vic/75 (Taiet al., 1998), but somewhat higher
at 44% for A/Turkey/Minn (Gubareva et al., 1998).
In contrast to the Glul19 mutations, the NA itself
was stable, but the A/Turkey/Minn virus exhibited
instability at low pH (Gubareva et al., 1997). It also
demonstrated a shift in pH optimum from pH 5.9
to pH 5.3 (Gubareva et al., 1997).

This mutation had a differential effect on the
relative resistance to each of the inhibitors, both in
enzyme assays (Table 4), and in cell culture (Table
5), demonstrating minimal resistance to zanamivir
and greater resistance to the compounds with the
hydrophobic side chains (McKimm-Breschkin et
al., 1998; Tai et al., 1998).
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The A/Turkey/Minn HA*Arg 292 Lys (three
mutations in HA1 and 1 in HA2)(Gubareva et al.,
1996b) virus was 1000-fold less sensitive to
zanamivir in cell culture, and when it was reas-
sorted with the A/NWS/33 wild type, an NWS
HA/Arg 292 Lys NA reassortant was generated,
which was 100-fold less sensitive to zanamivir
(Gubareva et al., 1997). However reassorting of
the two parental viruses also generated a virus
which was 50-fold less sensitive to zanamivir.
Hence the Arg 292 Lys mutation actually only
gave a two-fold resistance, when compared to the
homologous reassortant background. In light of
the minimal resistance to zanamivir it is interest-
ing that the Arg 292 Lys mutant arose in the
A/Turkey/Minn virus passaged in zanamivir.

Virus carrying only the Arg 292 Lys NA muta-
tion produced both smaller plaques and lower
yields of virus when kinetics of replication was
analyzed (McKimm-Breschkin et al., 1998).
Plaques were too small to determine drug sensitiv-
ity either by reduction in plaque size or number,
hence drug sensitivity had to be determined by a
yield reduction assay. This approach may also be
necessary for poorly plaquing human isolates. The
growth defect could be rescued by the presence of
exogenous Clostridium NA, and also by concomi-
tant HA mutations (McKimm-Breschkin et al.,
1998). Decreasing the affinity for the receptor
would compensate for the low NA activity, and
thus allow the virus to elute.

There was no decrease observed in replication
of the A/Turkey/Minn mutants in cell culture or
embryonated eggs. However, the virus used had
concomitant HA mutations, which could have
rescued the poor growth.

Detailed structural analysis revealed three main
mechanisms of resistance (Varghese et al., 1998).
There is altered binding of the triol group and the
carboxylate group on the sugar, which would
affect substrate binding as well as all sialic acid
analogs, correlating with reduced enzyme activity,
as well as altered drug sensitivity. This would
correlate with a similar decrease in binding to
DANA, 4-amino-Neu5Ac2en and zanamivir. The
lysine at 292 stabilizes the Glu 276 from moving
to accommodate the bulkier hydrophobic groups,
resulting in decreased binding of both the 6-car-

boxamide, and oseltamivir carboxylate. When the
6-carboxamide inhibitor binds the movement does
occur, but at a significant energy penalty, result-
ing in a greater decrease in binding compared to
the compounds with the triol group. The energy
penalty is too great to accommodate the pentyl
ether in oseltamivir carboxylate, hence a further
order of magnitude decrease in binding is ob-
served (Varghese et al., 1998).

Based on these results it has been suggested
that the more removed the inhibitor is from the
structure of the natural substrate the more likely
the virus is able to mutate to maintain substrate
binding, but decrease inhibitor binding (Varghese
et al., 1998). Hence a minimalist approach to drug
design would be less likely to generate viable
mutants.

3.3. Mutation at Argl52 to Lys

An immunocompromised child suffering from
and influenza B infection with a B/Beijing/184/93-
like virus, was treated with zanamivir, after un-
successful ribavirin therapy. After 8 days of
zanamivir treatment a virus with a mutation in
HA, Thr 198 Ile was obtained (Thr 189 H3 num-
bering) (Gubareva et al., 1998). This mutation
abolished glycosylation on Asn 187, near the re-
ceptor binding site (Nobusawa et al., 1991). The
virus also exhibited altered reactivity to poly-
clonal monospecific serum, presumably due to the
loss of the carbohydrate side chain. While this
mutation decreased the affinity for the terminally
linked 2,6 sialic acids found on human cells,
which would produce resistance in vivo, it in-
creased the binding for terminal 2,3 sialic acids,
the predominant linkage on MDCK cells. This
was demonstrated by binding to MDCK cell
membranes, erythrocytes from different species
with different linkage specificities and sialy-
loligosaccharides (Gubareva et al., 1998). Due to
the increase in affinity for «2,3 linked sialic acids,
in a plaque assay in MDCK cells the virus actu-
ally appeared more sensitive to zanamivir
(Gubareva et al., 1998).

By 12 days post-treatment a virus with an
additional mutation, Arg 152 Lys in the NA was
isolated. Arg 152 is conserved in all influenza A
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and B viruses and forms a hydrogen bond to the
acetamide of sialic acid bound in the active site
(Burmeister et al., 1992). Expression of Arg 152
Lys in an SV40 recombinant system had previ-
ously shown that protein was expressed, but had
no detectable activity (Lentz et al., 1987). These
observations correlate with the very low enzyme
activity in the mutant, 3—5% of the parent. The
enzyme was about 1000-fold less sensitive to
zanamivir. However, in MDCK, Vero and pri-
mary rhesus monkey kidney cells, the combina-
tion of a stronger HA and weak NA would make
it difficult for the virus to elute, hence the isolate
appeared more sensitive. Such a mutant would
obviously be missed if the current cell culture
assays were the sole means of screening potential
isolates. Thus although resistance arising from
both HA and NA mutations may be clinically
important they could be missed in cell culture
based assays.

3.4. Hemagglutinin mutations

Unexpectedly, the majority of mutants isolated
after in vitro passaging in any of NA inhibitors
have mutations in HA (Staschke et al., 1995; Penn
et al., 1996; Gubareva et al., 1996a,b; McKimm-
Breschkin et al., 1996a,b; Gubareva et al., 1997;
Blick et al.,, 1998; McKimm-Breschkin et al.,
1998; Barnett et al., 1999). Furthermore, it was
subsequently demonstrated that in cell culture
based assays the effects of two HA or an HA and
NA mutation could be synergistic (Blick et al.,
1998; McKimm-Breschkin et al., 1998). To date,
one clinical isolate from a zanamivir treated im-
munocompromised child has also demonstrated
an HA mutation with altered binding properties
(Gubareva et al., 1998). Although HA mutations
have also been found in isolates from patients
treated with oseltamivir phosphate, none as yet
have been shown to be related to drug treatment,
or altered drug sensitivity (Covington et al.,
1999).

Sequence analysis revealed changes in residues
in the vicinity of the receptor binding site
(Nobusawa et al., 1991) which could alter the
affinity of HA for the receptor. A decrease in
affinity would allow release of virus from infected

cells, without the need for significant NA activity.
Electron micrographs of infected MDCK cells
show the wild type A/Turkey/Minn virus aggre-
gated at the cell surface in the presence of
zanamivir (Gubareva et al., 1996a). The double
HA/NA mutant was not aggregated. Surprisingly
the HA mutant was also aggregated, which did
not support the hypothesis of the low affinity HA
allowing virus release. However, while the concen-
tration of zanamivir used to treat the infected cells
was the ICs, for the double mutant, it was 100-
fold higher than the ICs, for the HA mutant.
Hence as it was inhibited in the plaque assay, one
would also expect to see inhibition of virus release
by electron microscopy. However, at lower drug
concentrations, which would still cause aggrega-
tion of the wild type, one would expect to see
normal budding of the HA mutant virus.

However, if the decrease in HA affinity is too
great, this has a deleterious effect on the fitness of
the virus. Such viruses have difficulty in adsorbing
to cells, before the NA cleaves off the target
receptors, and therefore infect cells more effi-
ciently if the NA is inhibited by drug. These
mutants exhibit a drug dependent phenotype
(Gubareva et al., 1996a; McKimm-Breschkin et
al., 1996a,b; Barnett et al., 1999). Levels of resis-
tance vary from ten to greater than 10 000-fold.
The mutants showing the greatest resistance tend
to be drug dependent. HA mutants are cross-resis-
tant to all classes of neuraminidase inhibitors,
since the effect of the lower affinity is independent
of how the NA is inhibited (McKimm-Breschkin
et al.,, 1996a,b). Some mutations can also intro-
duce carbohydrate side chains (Staschke et al.,
1995; Blick et al., 1998), others result in the loss
of carbohydrate residues (Staschke et al., 1995;
McKimm-Breschkin et al., 1998), both of which
can alter receptor binding through steric effects.
As observed with the Glu 119 NA mutations,
mutations in HA can also be deleterious, render-
ing it more unstable (McKimm-Breschkin et al.,
1996c¢).

There do not seem to be any particular hot
spots for mutations, many different regions can
apparently have an effect on receptor binding,
including the stalk region, HA2, and the second
potential ligand binding site (Table 6). It is not
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known yet whether the decrease in binding is due
to an alteration in affinity and/or specificity of the
target receptor. Assays for demonstrating a de-
crease in affinity for cellular receptors include HA
elution, where the virus elutes more readily from
red blood cells due to the weakly binding HA
(McKimm-Breschkin et al., 1996a,b; Bantia et al.,
1998; Bethell et al., 1999; McKimm-Breschkin et
al., 1999¢c), binding to erythrocytes modified to
contain predominantly «2,3, or 2,6 sialic acid
linkages (Gubareva et al., 1998), kinetics of ad-
sorption to MDCK cells, measured by immu-
nofluorescence of infected cells by nucleoprotein
staining 5—-6 h post-infection (Sahasrabudhe et
al., 1996; Blick et al., 1998; McKimm-Breschkin
et al., 1999c), numbers of plaques adsorbed at
various time points (McKimm-Breschkin et al.,
1998), or binding to MDCK membrane extracts
(Gubareva et al., 1998). Binding to sialyloligosac-
charides has also been used, however due to dif-
ferent steric effects they may not always reflect
cell binding experiments (Gubareva et al., 1998).

HA mutations can rescue the poor growth of a
mutant virus with low NA activity (Blick et al.,
1998; McKimm-Breschkin et al., 1998), thus
masking any growth defect, but increasing resis-
tance. However, an HA mutation can also mask
resistance due to an NA mutation (Gubareva et
al., 1998) when assayed in a heterologous system.
A human isolate with a mutation in HA had
decreased affinity for a2,6 linked sialic acid recep-
tors, which would confer resistance in humans,
but when assayed in MDCK cells, the predomi-
nant receptor is an «2,3 linked sialic acid, the HA
mutation actually increased the affinity of binding
to these receptors. When there was a concomitant
NA mutation, generating resistance in the enzyme
assay, resistance in MDCK cells was masked by
the stronger HA binding. Thus, due to the lack of
an appropriate cell line expressing o2,6 sialic acid
receptors a dilemma exists for screening clinical
isolates for drug sensitivity in cell culture, whether
by plaque assay or yield reduction assay.

As some of the mutants isolated have had both
HA and NA mutations, reassortants have been
generated in order to determine the role of the
individual mutations. However, wild type reassor-
tants with HA from one parent and the NA from

the other parent can demonstrate decreased drug
sensitivity, due to an alteration in the balance of
HA binding and NA eluting as shown by reas-
sorting the wild type viruses of A/Turkey/Minn
and A/NWS (Gubareva et al., 1997).

These observations have highlighted how natu-
ral resistance can be demonstrated, i.e. without
any mutations, simply by an altered HA:NA bal-
ance. Some avian viruses have been shown to be
inherently more resistant to zanamivir due to
lower affinities of their HAs and a decreased
dependence on their NA for elution (Baigent et
al., 1999). We have also recently demonstrated
that the converse is true. An NWSm/G70C reas-
sortant generated by co-infecting the NWSm/
Tokyo (HIN2) virus and the NWSc/G70C
(HIND9) virus, was approximately 30-fold less sen-
sitive to zanamivir. While both have NWS HAs
there are two amino acids different between them,
one being in the receptor binding site, (McKimm-
Breschkin et al., 1996a). (The reassortants were
raised in laboratories in Canberra and Memphis,
NWSc and NWSm have been previously used to
distinguish their HA (Yang et al., 1997)). The
reverse reassortant was as sensitive as both par-
ents. Treating cells with purified N9 or N2 NA
which had the same activity in an enzyme assay,
showed that the N9 was much more efficient than
the N2 NA at removing the receptors to which the
NWSm HA bound, based on the efficiency of
adsorption of 100 pfu of virus (McKimm-
Breschkin et al., 1999a). Thus pairing of the effi-
cient N9 NA with the NWSm HA allowed the
NA to be inhibited by zanamivir, but still retained
sufficient activity to elute the virus. Furthermore,
this demonstrates that enzyme activity in vitro
does not necessarily correlate with the efficiency
of receptor removal on the target cell. Thus when
the balance in any virus is such that HA < NA, or
NA > HA, then resistance can occur.

4. In vivo studies

Both the mouse and ferret model have been
used for evaluating pathogenicity of influenza iso-
lates for many years. More recently they both
have also been used for determining sensitivity of
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Hemagglutinin mutations leading to altered sensitivity to neuraminidase inhibitors

A/Singapore/1/57°
Virus strain

Ala 28 ThrtA2
Mutation H3
numbering

> 1000-fold, drug dept.

Resistance to NA inhibitors

Reported in conjunction with above mutations,
Comments

A/Turkey/Minn*

A/Singapore/1/57°

c

A/Vic/75¢

NWS/G70Ce¢
ju2

Variant 7"
Variant B2
Variant C#
tg2¢

P1-1"

P3-1h

p3-2h

xy22/ty4®
Variant 17

Variant 5°

B/Beijing/184/93-like!

B/Hong Kong/
-Lee
B/Beijing/1/87%

Glu 114 LystA2
Gly 75 Gluta2
Tyr 234 Leu
Ala 35 Thr'A2
Lys 68 Argha?
Thr 267 Lys
Asp 304 Asn

Gly 135 Asp

Arg 137 GIn

Ala 138 Thr

Ala 28 ThrtA2
MArg 124 MetHA2

Gly 143 Glu
Thr 155 Ala

Thr 155 Ile

Thr 155 Met
Ser 165 Asn
Ser 186 Phe

Ser 165 Asn
Ser 186 Phe

Ser 186 Phe

Lys 222 Thr
Asn 199 Ser

Val 223 Ile
Arg 229 1I¢
Arg 229 Ser

Thr 189 Ile

Asn 145 Ser
Asn 150 Ser
Leu 226 GIn
Val 93 Ala

10-fold
100-1000-fold
1000-fold

ND

1000-fold

>20-fold

ND

10-fold double mutant

5-10-fold
1000-fold, drug dept.

1000-fold, drug dept.
10 000-fold,drug dept.
30-fold
10-fold

>1000-fold, drug dept.

>1000-fold, drug dept.

30-fold

100-fold

100-1000 fold, drug dept.

Sensitive in cell culture,
masked NA resistance

~10-fold double mutant

>1000-fold double mutant,

drug dept.

Egg to MDCK adaptation
Near second ligand binding site
Lys 68 near second ligand binding site

Reported in conjunction with above mutations, role
in resistance not known

O of COOH interacts with N-5 on sialic acid
NH interacts with COOH of sialic acid
Adjacent to sialic acid contacts

Both stalk—effect on cleavage or fusion?

Close to right edge of receptor pocket, 134-138
Sialic acid interacts with Trp 153. 155 mutation
altered affinity for N-glycolyl neuraminic acid
Sialic acid interacts with Trp 153. 155 mutation
altered affinity for N-glycolyl neuraminic acid
Sialic acid interacts with Trp 153. 155 mutation
altered affinity for N-glycolyl neuraminic acid
Addition of CHO on N165 impairs access of
adjacent trimer to receptor

S1861 role in egg adaptation, avian versus human
receptor

See above 2 mutants. Synergistic effect of 2 HA
mutations

222 near left edge of receptor pocket. Synergistic
effect of 2 HA mutations

Addition of CHO on N197 masks binding of 190,
194, 195 to receptor. Rescues poor NA.
229 left edge of receptor pocket, thermolabile

229 left edge of receptor pocket, thermolabile

Loss of CHO on N187, near receptor binding site.
Decrease in 02,6 linked sialic acid binding, increase
in 02,3, binding. Altered HA antigenicity.

Loss of CHO on 145

Addition of CHO on 148

226 in A strains role in specificity of receptor
binding

93 in A strains, near second sialic acid binding site

4 Gubareva et al. (1996a,b).

® Penn et al. (1996).
¢ Bantia et al. (1998).

9 Tai et al. (1998).

¢ McKimm-Breschkin et al. (1998).
f McKimm-Breschkin et al. (1996a,b).
g McDonald et al. (1999).

" Blick et al. (1998).

 Gubareva et al. (1998).
J Staschke et al. (1995).

K Barnett et al. (1999).
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influenza viruses to neuraminidase inhibitors, ei-
ther by inhalation (von Itzstein et al., 1993) or
oral administration (Mendel et al., 1998) of
drug. In mice influenza infects cells in the lower
respiratory tract, and infectivity and drug sensi-
tivity are determined using either LDs, or lung
virus titer. Replication in ferrets is more
analogous to the human situation, primarily an
upper respiratory tract infection, with a pyrexic
response 3-5 days post-infection. Virus replica-
tion is monitored by assaying virus titers in the
nasal washes or lung virus titer. Drug sensitivity
is determined by a decrease in virus titer, or
abrogation of the pyrexic response. However,
the limitation in vitro of a cell line expressing
appropriate receptors for evaluating human iso-
lates also applies to in vivo evaluation of poten-
tial resistant variants. Ferret tracheal epithelial
cells are thought to express primarily o2,6
linked terminal sialic acid receptors, and few if
any o2,3. linkages (Leigh et al., 1995) similar to
those in humans. Viruses with preference for
®2,3 linkages can still replicate in ferret lungs,
but not as well those with a preference for 2,6
linkages. In the nasal passages they replicate
equally well, suggesting both linkages may be
present. Therefore different results may be ob-
tained testing mutants with altered receptor spe-
cificity, depending on whether one uses the virus
titer in ferret nasal washes, or lung virus titer.
The receptor specificity of mouse epithelium is
not known. Variants generated in vitro in
MDCK cells, may have altered affinity for ei-
ther 02,3 or ¢2,6 terminally linked sialic acids,
whereas resistant isolates from humans would be
expected to have altered affinity for «2,6 linked
sialic acids. Whether resistance is manifested in
an animal model will therefore depend on the
specificity of the target receptors for both HA
and NA.

Several variants with altered sensitivity to
neuraminidase inhibitors in vitro have been
tested for infectivity and drug sensitivity in both
mice and ferrets. Based on mouse lung virus
titers, infectivity of the NWS/G70C Glu 119 Gly
mutant was comparable to wild type virus, al-
though the virus used had a concomitant HA
mutation of Ser 186 Phe (Blick et al., 1998).

The mutant virus was slightly less sensitive to
zanamivir in mice. There was no difference in
infectivity or drug sensitivity of the double mu-
tant in ferrets (Blick et al., 1998). The Glu 119
Ala mutant demonstrated slightly lower infectiv-
ity than wild type virus in mice, but drug sensi-
tivity was not tested (Gubareva et al., 1997).
However, this was also a double HA and NA
mutant, hence the role of each mutation cannot
be ascertained.

All Arg 292 Lys mutants have exhibited very
poor infectivity in mice and ferrets (Gubareva et
al., 1997; McDonald et al., 1998; Tai et al.,
1998; Covington et al, 1999; McKimm-
Breschkin et al., 1999b). For the NWS/G70C
Arg 292 Lys the resistance profile corresponded
to the in vitro resistance of the NA. The single
Arg 292 Lys mutant had lower resistance to
zanamivir, but increased resistance to the 6-car-
boxamide, and the greatest resistance to os-
eltamivir carboxylate (McDonald et al.,, 1998;
McKimm-Breschkin et al., 1999b). Although the
weak HA rescued the poor growth of the Arg
292 mutant in cell culture, infectivity of the
double HA and NA mutant was extremely com-
promised in mice, indicating that both the
weaker HA affinity and the poor NA activity
had an adverse effect. The double mutant was
also more resistant to all drugs than the single
NA mutant.

The B/Beijing/93-like mutant, HA Thr 189 Ile,
NA Arg 152 Lys, isolated from an immunocom-
promised child had significantly reduced infectiv-
ity in mice, and although drug sensitivity was
not determined, in the presence of drug it out-
grew the wild type virus, although the input ra-
tio was 60:1 of mutant to wild type (Gubareva
et al., 1998).

Infectivity and drug sensitivity of HA mutants
in vivo has varied. Both the A/Stockholm, natu-
rally resistant virus (Woods et al., 1993), and
the A/Singapore Gly 135 Asp mutant were sen-
sitive in mice (Penn et al., 1996). We have tested
several HA mutants in mice and found that the
infectivity of many is compromised presumably
due to their weak binding HAs, but some do
exhibit drug resistance (Table 7). Drug depen-
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dence is also demonstrated by some mutants in
vivo.

We have also recently shown that altering the
balance of HA binding and NA ecluting by reas-
sorting wild type viruses can lead to resistance
in vitro, if the NA is more efficient at cleaving
the HA receptor (McKimm-Breschkin et al.,
1999a). In mice, this wild type reassorting was
also shown to have altered drug sensitivity
(Table 7).

Therefore, while the mouse model may not be
the optimal model for resistance studies, due to

Table 7

receptor specificities, it has demonstrated that in
principle both HA and NA mutations can play
a role in resistance to neuraminidase inhibitors
in vivo. Resistance in ferrets has not yet been
demonstrated. While the model may be more
analogous to the human infection, they may not
have the appropriate receptors for MDCK gen-
erated mutants.

The difficulty of in vitro selection of mutants
resistant to NA inhibitors has so far been pre-
dictive of the difficulty of generating resistance
in vivo. The mechanisms of resistance in vitro

Infectivity and drug sensitivity of NWS/G70C mutants in mice

Virus HA mutation NA mutation  Fold resistance and Lung virus titer for 10° Lung virus titer for 103
dependence plaque pfu+PBS mock pfu treated with 1 mg
assay treated (TCIDs, x 10%)  kg~! zanamivir

(TCIDs, x 10%)

NWSc/G70C Wild type 14.5 23

NWSm/G70C*  NWSc/G70C 30 740 321

Wild type NWSm/Tokyo

Reassortant

G70C4-G® Ser 186 Phe Glu 119 Gly 100 1.47 1.11

Variant 1¢ Val 223 Ile 100 1.97 2.26

Arg 229 Ile

Variant 5¢ Arg 229 Ser 100-1000 drug dept. 0.01 0.94

Variant 7¢ Thr 155 Ala 1000 drug dept 0.93 0.12

Variant B¢ Thr 155 Ile 1000 drug dept 0.003 1.

Variant C¢ Thr 155 Met 10 000 drug dept 33 134

P3-1¢ Ser 165 Asn >1000 drug dept. <0.001 <0.001

Ser 186 Phe
P3-2¢ Ser 186 Phe >1000 drug dept <0.001 0.088
Lys 222 Thr

tg2¢ Ser 165 Asn 30 25 0.5

xy22¢ Asn 199 Ser 30 4.5 0.7

ir2¢ Arg 292 Lys

Zanamivir 3 0.39 0.1

Oseltamivir >300 0.06 0.15

Carboxylate

ty4d Asn 199 Ser Arg 292 Lys

Zanamivir 100 0.19 0.16

Oseltamivir >30 000 0.18 0.20

carboxylate

2 McKimm-Breschkin et al. (1999a).
® Blick et al. (1998).

¢ McKimm-Breschkin et al. (1999b)
d McDonald et al. (1999).

¢ McDonald et al. (1998).
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are however complex, being through mutations
in both the NA and HA. These results highlight
the fact that the roles of HA and NA cannot be
viewed in isolation. The virus must maintain a
balance between HA binding and NA eluting
for optimal survival. Although exhibiting a drug
resistant phenotype in vitro, a virus with such
combinations of compensating mutations may
not be sufficiently fit to survive in the clinical
situation. Although the NA mutations have
been more difficult to isolate in vitro, resistant
NAs have been more readily identified from
clinical samples because the enzyme inhibition
assay is not subject to any of the complications
of receptor specificity.

Various phenotypic properties of HA mutants
have been described, however, all assays have
potential limitations due to receptor differences
between humans and the laboratory systems
available. Although one HA mutant has been
isolated from a patient, the general significance
of HA mutations in humans is yet to be deter-
mined. Until more suitable screening assays are
developed, isolation of HA mutants from clini-
cal specimens will remain a challenge.

References

Baigent, S.J., Bethell, R.C., McCauley, J.W., 1999. Genetic
analysis reveals that both haemagglutinin and neu-
raminidase determine the sensitivity of naturally occur-
ring avian influenza viruses to zanamivir in vitro.
Virology 263, 323-338.

Bantia, S., Ghate, A.A., Ananth, S.L., Babu, Y.S., Air,
G.M., Walsh, G.M., 1998. Generation and characteriza-
tion of a mutant of influenza A virus selected with the
neuraminidase inhibitor BCX-140. Antimicrob. Agents
Chemother. 42, 801-807.

Bantia, S., Ananth, K., Andries, K., Horn, L., Parker, C.,
Chand, P., Babu, Y., 1999a. In vitro activity of the neu-
raminidase inhibitor RWIJ-270201 (BCX-1812) against
influenza virus. Second International Symposium on Infl-
uenza and other Respiratory viruses, Grand Cayman,
Cayman Islands, December 10—12.

Bantia, S., Chand, P., Parker, C., Ananth, S., Horn, L.,
Kotian, P., Dehghani, A., Kattan, Y., Lin, T., Hutchin-
son, T., Montgomery, J., Kellog, D., Johnson, H., Vie-
gas, T., Laver, G., Babu, Y., 1999b. In vivo activity of
RW1J-270201 (BCX-1812), a novel and potent inhibitor

of influenza neuraminidase. Second International Sympo-
sium on Influenza and other Respiratory viruses, Grand
Cayman, Cayman Islands, December 10-12.

Barnett, J. M., Cadman, A., Burrell, F.M., Madar, S.H.,
Lewis, A.P., Tisdale, M., Bethell, R., 1999. In vitro selec-
tion and characterisation of influenza B/Beijing/1/87 iso-
lates with altered susceptibility to zanamivir. Virology
265, 286-295.

Bethell, R.C., Hart, G.J., Blick, T.J., Sahasrabudhe, A.,
McKimm-Breschkin, J.L., 1999. Biochemical methods for
the characterization of influenza viruses with reduced
sensitivity to 4-guanidino-NeuSAc2en. In: Kinchington,
D., Schinazi, R.F. (Eds.), Methods in Molecular
Medicine, Humana Press, Totowa, NJ, pp. 367-374.

Blick, T.J., Tiong, T., Sahasrabudhe, A., Varghese, J.N.,
Colman, P.M., Hart, G.J., Bethell, R.C., McKimm-
Breschkin, J.L., 1995. Generation and characterization of
an influenza virus neuraminidase variant with decreased
sensitivity to the neuraminidase-specific inhibitor 4-
guanidino-Neu5Ac2en. Virology 214, 475-484.

Blick, T.J., Sahasrabudhe, A., McDonald, M., Owens, 1.J.,
Morley, P.J., Fenton, R.J., McKimm-Breschkin, J.L.,
1998. The interaction of neuraminidase and hemagglu-
tinin mutations in influenza virus in resistance to 4-
guanidino-NeuS5Ac2en. Virology 246, 95-103.

Burmeister, W.P., Ruigrok, R.W., Cusack, S., 1992. The 2.2
A resolution crystal structure of influenza B neu-
raminidase and its complex with sialic acid. EMBO 1J.
11, 49-56.

Carr, J., Ives, J., Roberts, N.A., Tai, C.Y., Mendel, D.B.,
Kelly, L., Lambkin, R., Oxford, J., 1999. An oseltamivir
treatment-selected influenza A/Wuhan/359/95 virus with
an E119V mutation in the neuraminidase gene has re-
duced infectivity in vivo. Second International Sympo-
sium on Influenza and other Respiratory viruses, Grand
Cayman, Cayman Islands, December 10—12.

Colacino, J.M., Chirgadze, N.Y., Garman, E., Murti, K.G.,
Loncharich, R.J., Baxter, A.J., Staschke, K.A., Laver,
W.G., 1997. A single sequence change destabilizes the
influenza virus neuraminidase tetramer. Virology 236,
66-75.

Covington, E., Mendel, D.B., Escarpe, P., Tai, C.Y., Soder-
barg, K., Roberts, N.A., 1999. Phenotypic and genotypic
assay of influenza neuraminidase indicates a low inci-
dence of viral drug resistance during treatment with os-
eltamivir. Second International Symposium on Influenza
and other Respiratory viruses, Grand Cayman, Cayman
Islands, December 10—12.

Englund, J.A., Champlin, R.E., Wyde, P.R., Kantarjian, H.,
Atmar, R.L., Tarrand, J., Yousuf, H., Regnery, H.,
Klimov, A.L., Cox, N.J., Whimbey, E., 1998. Common
emergence of amantadine- and rimantadine-resistant infl-
uenza A viruses in symptomatic immunocompromised
adults. Clin. Infect. Dis. 26, 1418—-1424.

Goto, H., Bethell, R.C., Kawaoka, Y., 1997. Mutations
affecting the sensitivity of the influenza virus neu-



J.L. McKimm-Breschkin / Antiviral Research 47 (2000) 1-17 15

raminidase to 4-guanidino-2,4-dideoxy-2,3-dehydro-N-
acetylneuraminic acid. Virology 238, 265-272.

Grambas, S., Bennett, M.S., Hay, A.J., 1992. Influence of
amantadine resistance mutations on the pH regulatory
function of the M2 protein of influenza A viruses. Virol-
ogy 191, 541-549.

Gubareva, L.V., Bethell, R., Hart, G.J., Murti, K.G., Penn,
C.R., Webster, R.G., 1996a. Characterization of mutants
of influenza A virus selected with the neuraminidase in-
hibitor 4-guanidino-Neu5Ac2en. J. Virol. 70, 1818-1827.

Gubareva, L.V., Bethell, R.C., Penn, C.R., Webster, R.G.,
1996b. In vitro characterization of 4-guanidino-
NeuSAc2en-resistant mutants of influenza A virus. In:
Brown, L.E., Hampson, A.W., Webster, R.G. (Eds.), Op-
tions for the control of Influenza III, Elsevier, Amster-
dam, pp. 753-760.

Gubareva, L.V., Robinson, M.J., Bethell, R.C., Webster,
R.G., 1997. Catalytic and framework mutations in the
neuraminidase active site of influenza viruses that are
resistant to 4-guanidino-Neu5Ac2en. J. Virol. 71, 3385-
3390.

Gubareva, L.V., Matrosovich, M.N., Brenner, M.K., Bethell,
R.C., Webster, R.G., 1998. Evidence for zanamivir resis-
tance in an immunocompromised child infected with infl-
uenza B virus. J. Infect. Dis. 178, 1257-1262.

Gubareva, L.V., Schallon, D.W., Hayden, F.G., 1999. Activ-
ity of the neuraminidase inhibitor RWJ-270201 (BCX-
1812) against influenza A and B viruses in the
neuraminidase inhibition assays. Second International
Symposium on Influenza and other Respiratory viruses,
Grand Cayman, Cayman Islands, December 10—12.

Hayden, F.G., Treanor, J.J., Betts, R.F., Lobo, M., Esin-
hart, J.D., Hussey, E.K., 1996. Safety and efficacy of the
neuraminidase inhibitor GG167 in experimental human
influenza. JAMA 275, 295-299.

Hayden, F.G., Osterhaus, A.D., Treanor, J.J., Fleming,
D.M., Aoki, F.Y., Nicholson, K.G., Bohnen, A.M.,
Hirst, H.M., Keene, O., Wightman, K., 1997. Efficacy
and safety of the neuraminidase inhibitor zanamivir in
the treatment of influenzavirus infections. GG167 Influ-
enza Study Group. N. Engl. J. Med. 337, 874-880.

Houck, P., Hemphill, M., LaCroix, S., Hirsh, D., Cox, N.,
1995. Amantadine-resistant influenza A in nursing
homes. Identification of a resistant virus prior to drug
use. Arch. Intern. Med. 155, 533-537.

Kim, C.U., Lew, W., Williams, M.A., Wu, H., Zhang, L.,
Chen, X., Escarpe, P.A., Mendel, D.B., Laver, W.G.,
Stevens, R.C., 1998. Structure-activity relationship studies
of novel carbocyclic influenza neuraminidase inhibitors.
J. Med. Chem. 41, 2451-2460.

Leigh, M.W., Connor, R.J., Kelm, S., Baum, L.G., Paulson,
J.C., 1995. Receptor specificity of influenza virus influ-
ences severity of illness in ferrets. Vaccine 13, 1468—
1473.

Lentz, M.R., Webster, R.G., Air, G.M., 1987. Site-directed
mutation of the active site of influenza neuraminidase

and implications for the catalytic mechanism. Biochem-
istry 26, 5351-5358.

Li, W., Escarpe, P.A., Eisenberg, E.J., Cundy, K.C., Sweet,
C., Jakeman, K.J., Merson, J., Lew, W., Williams, M.,
Zhang, L., Kim, C.U., Bischofberger, N., Chen, M.S.,
Mendel, D.B., 1998. Identification of GS 4104 as an
orally bioavailable prodrug of the influenza virus neu-
raminidase inhibitor GS 4071. Antimicrob. Agents
Chemother. 42, 647-653.

Martin, J., Wharton, S.A., Lin, Y.P., Takemoto, D.K., Ske-
hel, J.J., Wiley, D.C., Steinhauer, D.A., 1998. Studies of
the binding properties of influenza hemagglutinin recep-
tor-site mutants. Virology 241, 101-111.

McDonald, M., McKimm-Breschkin, J., Sahasrabudhe, A.,
Blick, T., 1998. Infectivity and drug sensitivity studies of
zanamivir resistant HA variants of influenza virus in the
mouse model. International Symposium on Influenza and
other Respiratory viruses, Maui, Hawaii, December 7-
10.

McDonald, M., Blick, T., Sahasrabudhe, A., McKimm-
Breschkin, J.L., 1999. A comparison of influenza virus
variants with haemagglutinin mutations at Thr155 which
demonstrate resistance to neuraminidase inhibitors.
Eleventh International Congress of Virology, Sydney,
Australia, August 9-13, VP27. 23, p. 312.

McKimm-Breschkin, J.L., Blick, T.J., Sahasrabudhe, A.,
Tiong, T., Marshall, D., Hart, G.J., Bethell, R.C., Penn,
C.R., 1996a. Generation and characterization of variants
of NWS/G70C influenza virus after in vitro passage in
4-amino-NeuS5Ac2en and 4-guanidino-Neu5Ac2en. An-
timicrob. Agents Chemother. 40, 40—46.

McKimm-Breschkin, J.L., Blick, T.J., Sahasrabudhe, A.,
Varghese, J.N., Bethell, R.C., Hart, G.J., Penn, C.R.,
Colman, P.M., 1996b. Influenza virus variants with de-
creased sensitivity to 4-amino- and 4-guanidino-
NeuS5Ac2en. In: Brown, L.E., Hampson, A.W., Webster,
R.G. (Eds.), Options for the Control of Influenza III,
Elsevier, Amsterdam, pp. 726—734.

McKimm-Breschkin, J.L., McDonald, M., Blick, T.J., Col-
man, P.M., 1996¢c. Mutation in the influenza virus neu-
raminidase gene resulting in decreased sensitivity to the
neuraminidase inhibitor 4-guanidino- Neu5Ac2en leads to
instability of the enzyme. Virology 225, 240-242.

McKimm-Breschkin, J.L., Sahasrabudhe, A., Blick, T.J.,
McDonald, M., Colman, P.M., Hart, G.J., Bethell, R.C.,
Varghese, J.N., 1998. Mutations in a conserved residue
in the influenza virus neuraminidase active site decreases
sensitivity to NeuS5Ac2en-derived inhibitors. J. Virol. 72,
2456-2462.

McKimm-Breschkin, J.L., Blick, T., McDonald, M., 1999a.
Reassorting of influenza virus can alter both sensitivity
to zanamivir and pathogenicity in vivo without the intro-
duction of mutations. Second International Symposium
on Influenza and other Respiratory viruses, Grand Cay-
man, Cayman Islands, December 10—12.

McKimm-Breschkin, J.L., McDonald, M., Sahasrabudhe, A.,



16 J.L. McKimm-Breschkin / Antiviral Research 47 (2000) 1-17

Blick, T., 1999b. Infectivity and drug sensitivity studies in
the mouse model of zanamivir resistant HA variants of
influenza virus. Eleventh International Congress of Virol-
ogy, Sydney, Australia, August 9—-13, VW27.03, p. 97.

McKimm-Breschkin, J.L., Sahasrabudhe, A., Blick, T., Jp-
wett. A. J., Bethell, R.C., 1999c. Virological methods for
the generation and characterization of influenza viruses
with reduced sensitivity to 4-guanidino-Neu5Ac2en. In:
Kinchington, D., Schinazi, R.F. (Eds.), Methods in
Molecular Medicine, Humana Press, Totowa, NJ, pp.
375-381.

Meindl, P., Tuppy, H., 1969. 2-Deoxy-2,3-dehydrosialic
acids. 1. Synthesis and properties of 2-deoxy-2,3-dehydro-
N-acylneuraminic acids and their methyl esters. Monstah
Chem. 100, 1295-1306.

Mendel, D.B., Tai, C.Y., Escarpe, P.A., Li, W., Sidwell,
R.W., Huffman, J.H., Sweet, C., Jakeman, K.J., Merson,
J., Lacy, S.A., Lew, W., Williams, M.A., Zhang, L.,
Chen, M.S., Bischofberger, N., Kim, C.U., 1998. Oral
administration of a prodrug of the influenza virus neu-
raminidase inhibitor GS 4071 protects mice and ferrets
against  influenza  infection.  Antimicrob.  Agents
Chemother. 42, 640—646.

Nobusawa, E., Aoyama, T., Kato, H., Suzuki, Y., Tateno,
Y., Nakajima, K., 1991. Comparison of complete amino
acid sequences and receptor-binding properties among 13
serotypes of hemagglutinins of influenza A viruses. Virol-
ogy 182, 475-485.

Nobusawa, E., Nakajima, K., 1988. Amino acid substitution
at position 226 of the hemagglutinin molecule of influ-
enza (HINI) virus affects receptor binding activity but
not fusion activity. Virology 167, 8§—14.

Palese, P., Schulman, J.L., 1977. Inhibitors of viral neu-
raminidase as potential antiviral drugs. In: Osford, J.S.
(Eds.), Chemoprophylaxis and Virus infections of the
Upper Respiratory Tract, CRC, Cleveland, pp. 189-205.

Penn, C.R., Barnett, J.M., Bethell, R.C., Fenton, R., Gear-
ing, K.L., Healy, N., Jowett, A.J., 1996. Selection of
influenza virus with reduced sensitivity in vitro to the
neuraminidase inhibitor GG167 (4-guanidino-
Neu5Ac2en): changes in haemagglutinin may compensate
for loss of neuraminidase activity. In: Brown, L.E.,
Hampson, A.W., Webster, R.G. (Eds.), Options for Con-
trol of Influenza II1, Elsevier, Amsterdam, pp. 735-740.

Rogers, G.N., Paulson, J.C., 1983. Receptor determinants of
human and animal influenza virus isolates: differences in
receptor specificity of the H3 hemagglutinin based on
species of origin. Virology 127, 361-373.

Sahasrabudhe, A., Blick, T., McKimm-Breschkin, J.L., 1996.
Influenza virus variants resistant to GG167 with muta-
tions in the haemagglutinin. In: Brown, L.E., Hamson,
A.W., Webster, R.G. (Eds.), Options for Control of Infl-
uenza III, Elsevier, Amsterdam, pp. 748-752.

Sahasrabudhe, A., Lawrence, L., Epa, V.C., Varghese, J.N.,
Colman, P.M., McKimm-Breschkin, J.L., 1998. Sub-
strate, inhibitor, or antibody stabilizes the Glu 119 Gly
mutant influenza virus neuraminidase. Virology 247, 14—

21.

Smith, P.W., Sollis, S.L., Howes, P.D., Cherry, P.C.,
Starkey, 1.D., Cobley, K.N., Weston, H., Scicinski, J.,
Merritt, A., Whittington, A., Wyatt, P., Taylor, N.,
Green, D., Bethell, R., Madar, S., Fenton, R.J., Morley,
P.J., Pateman, T., Beresford, A., 1998. Dihydropyrancar-
boxamides related to zanamivir: a new series of in-
hibitors of influenza virus sialidases. 1. Discovery,
synthesis, biological activity, and structure—activity rela-
tionships of 4-guanidino- and 4-amino-4H-pyran-6-car-
boxamides. J. Med. Chem. 41, 787-797.

Smith, P.W., Robinson, J.E., Evans, D.N., Sollis, S.L.,
Howes, P.D., Trivedi, N., Bethell, R.C., 1999. Sialidase
inhibitors related to zanamivir: synthesis and biological
evaluation of 4H-pyran 6-ether and ketone. Bioorg. Med.
Chem. Lett. 9, 601-604.

Staschke, K.A., Colacino, J.M., Baxter, A.J., Air, G.M.,
Bansal, A., Hornback, W.J., Munroe, J.E., Laver, W.G.,
1995. Molecular basis for the resistance of influenza
viruses to 4-guanidino-NeuSAc2en. Virology 214, 642—
646.

Tai, C.Y., Escarpe, P.A., Sidwell, R.W., Williams, M.A.,
Lew, W., Wu, H., Kim, C.U., Mendel, D.B., 1998. Char-
acterization of human influenza virus variants selected in
vitro in the presence of the neuraminidase inhibitor GS
4071. Antimicrob. Agents Chemother. 42, 3234-3241.

Taylor, N.R., Cleasby, A., Singh, O., Skarzynski, T., Wona-
cott, A.J., Smith, P.W., Sollis, S.L., Howes, P.D.,
Cherry, P.C., Bethell, R., Colman, P., Varghese, J., 1998.
Dihydropyrancarboxamides related to zanamivir: a new
series of inhibitors of influenza virus sialidases. 2. Crys-
tallographic and molecular modeling study of complexes
of 4-amino-4H-pyran-6-carboxamides and sialidase from
influenza virus types A and B. J. Med. Chem. 41, 798—
807.

Tisdale, M., 2000. Monitoring of viral susceptibility: new
challenges with the development of influenza NA in-
hibitors. Rev. Med. Virol. 10, 45-55.

Varghese, J.N., Laver, W.G., Colman, P.M., 1983. Structure
of the influenza virus glycoprotein antigen neuraminidase
at 2.9 A resolution. Nature 303, 35-40.

Varghese, J.N., McKimm-Breschkin, J.L., Caldwell, J.B.,
Kortt, A.A., Colman, P.M., 1992. The structure of the
complex between influenza virus neuraminidase and sialic
acid, the viral receptor. Proteins 14, 327-332.

Varghese, J.N., Epa, V.C., Colman, P.M., 1995. Three-di-
mensional structure of the complex of 4-guanidino-
NeuSAc2en and influenza virus neuraminidase. Protein
Sci. 4, 1081-1087.

Varghese, J.N., Smith, P.W., Sollis, S.L., Blick, T.J., Sa-
hasrabudhe, A., McKimm-Breschkin, J.L., Colman,
P.M., 1998. Drug design against a shifting target: a
structural basis for resistance to inhibitors in a variant of
influenza virus neuraminidase. Structure 6, 735—-746.

von Itzstein, M., Wu, W.Y., Kok, G.B., Pegg, M.S., Dya-
son, J.C., Jin, B., Van Phan, T., Smythe, M.L., White,
H.F., Oliver, S.W., 1993. Rational design of potent siali-



J.L. McKimm-Breschkin / Antiviral Research 47 (2000) 1-17 17

dase-based inhibitors of influenza virus replication. Nature N-acetylneuraminic acid is a highly effective inhibitor both

363, 418-423. " ! of the sialidase (neuraminidase) and of growth of a wide
Weis, AW" Brown, J.H., Cusack, §., Pdl,l son, J'C", Skehel, J.J., range of influenza A and B viruses in vitro. Antimicrob.
Wiley, D.C., 1988. Structure of the influenza virus haemag- Agents Chemother. 37, 1473—1479

glutinin complexed with its receptor, sialic acid. Nature 333, . . .
Yang, P., Bansal, A., Liu, C., Air, G.M., 1997. Hemagglutinin

426-431. o0 - : .
Woods, .M., Bethell, R.C., Coates, J.A., Healy, N., Hiscox, specificity and neuraminidase coding capacity of neu-
S.A., Pearson, B.A., Ryan, D.M., Ticehurst, J., Tilling, J., raminidase-deficient influenza viruses. Virology 229, 155—

Walcott, S.M., 1993. 4-Guanidino-2,4-dideoxy-2,3-dehydro- 165.



