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There are two major classes of antivirals available for the

treatment and prevention of influenza, the M2 inhibitors and the

neuraminidase inhibitors (NAIs). The M2 inhibitors are cheap,

but they are only effective against influenza A viruses, and

resistance arises rapidly. The current influenza A H3N2 and

pandemic A(H1N1)pdm09 viruses are already resistant to the M2

inhibitors as are many H5N1 viruses. There are four NAIs

licensed in some parts of the world, zanamivir, oseltamivir,

peramivir, and a long-acting NAI, laninamivir. This review focuses

on resistance to the NAIs. Because of differences in their

chemistry and subtle differences in NA structures, resistance can

be both NAI- and subtype specific. This results in different drug

resistance profiles, for example, the H274Y mutation confers

resistance to oseltamivir and peramivir, but not to zanamivir, and

only in N1 NAs. Mutations at E119, D198, I222, R292, and N294

can also reduce NAI sensitivity. In the winter of 2007–2008, an

oseltamivir-resistant seasonal influenza A(H1N1) strain with an

H274Y mutation emerged in the northern hemisphere and spread

rapidly around the world. In contrast to earlier evidence of such

resistant viruses being unfit, this mutant virus remained fully

transmissible and pathogenic and became the major seasonal

A(H1N1) virus globally within a year. This resistant A(H1N1)

virus was displaced by the sensitive A(H1N1)pdm09 virus.

Approximately 0Æ5–1Æ0% of community A(H1N1)pdm09 isolates

are currently resistant to oseltamivir. It is now apparent that

variation in non-active site amino acids can affect the fitness of

the enzyme and compensate for mutations that confer high-level

oseltamivir resistance resulting in minimal impact on enzyme

function.
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Introduction

Influenza virions have three surface proteins, the hemagglu-

tinin (HA), neuraminidase (NA), and M2 protein. The HA

binds to terminal sialic acids on cellular receptors, after

which the virus is endocytosed. The low pH (5Æ5–6Æ0) of

the endosome activates the M2 proton channel in the influ-

enza A virus membrane to allow acid to enter the virus,

prior to HA-mediated fusion, triggering the release of the

virus ribonucleoprotein (RNP). After replication, the NA of

progeny virions cleaves sialic acids from the cell receptors

and from the HA and NA which are also glycosylated, to

release progeny virions from the cell surface and prevent

self aggregation. There are two major classes of antivirals

licensed for the treatment and prevention of influenza, the

M2 inhibitors and the NA inhibitors (NAIs). By blocking

the M2 proton channel, the M2 inhibitors prevent release

of the virus RNP for migration to the nucleus of the cell.

The NA inhibitors (NAIs) prevent release of newly formed

virions from the cell surface.

The M2 inhibitors, amantadine and rimantadine, only

act on influenza A viruses. Although influenza B viruses

have a BM2 protein which is analogous to the M2 protein

in influenza A, this is not sensitive to the M2 inhibitors.

The M2 inhibitors have two potential binding sites on the

M2 protein: a high-affinity site in the ion channel pore and

a second low-affinity site on the lipid face of the pore.1

The two most common mutations V27A and S31N are in

the ion channel pore, confirming this as the pharmacologi-

cally relevant site.

However, although the M2 inhibitors are cheap and have

been around for almost 50 years,2 their use for the treat-

ment of influenza has been limited, in part because resis-

tant viruses emerge rapidly in treated patients, and in a

single passage in tissue culture.3 The pandemic

A(H1N1)pdm09 virus was already resistant4, and the
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majority of seasonal A(H3N2) viruses have been resistant

since the mid-2000s, with an increase in oseltamivir-resis-

tant seasonal H1N1 viruses also observed.5,6 Many of the

H5N1 strains circulating in Southeast Asia, especially in

Vietnam and Thailand, are also resistant to M2 inhibi-

tors.7,8 Due to resistance, the usefulness of these drugs is

currently limited. This review therefore focuses on the most

recently developed NAIs.

Licensed neuraminidase inhibitors

There are two NAIs licensed globally for the treatment and

prevention of influenza. Relenza (zanamivir) was the first

in this class9 followed by Tamiflu (oseltamivir).10 Zanami-

vir was developed based on two key findings. Firstly, the

transition-state analog 2,3-dehydro-2-deoxy-N-acetylneu-

raminic acid (DANA) was known to be a weak inhibitor of

the NA. Secondly, the structure of the sialic acid substrate

in complex with the enzyme active site revealed an empty

negatively charged pocket in the region of the C4 on the

sugar ring. This suggested that substitution of the C4-OH

with a larger basic residue might lead to higher affinity

binding.11 A single substitution of the C4-OH with a

4-guanidino group enhanced binding more than 10 000-

fold over DANA (Figure 1). Zanamivir is administered by

oral inhalation as it is not absorbed. Oseltamivir was sub-

sequently designed based on knowledge from zanamivir.

While based on DANA, it has a cyclohexene ring with two

substitutions compared with DANA. It has a C4 amino

group and a bulky hydrophobic pentyl ether side chain in

place of the glycerol side chain. It is administered as the

prodrug oseltamivir phosphate and converted by hepatic

esterases to the active compound oseltamivir carboxylate.

Peramivir has subsequently been developed12 and is now

licensed in Japan and for emergency use in some other

countries while undergoing further clinical trials. It is based

on DANA, but has a cyclopentane ring and features of both

zanamivir and oseltamivir, the C4-guanidino substitution

and a hydrophobic side chain, respectively. It is only effec-

tive if administered intravenously. A fourth compound,

laninamivir (Inavir), based on zanamivir with a 7-OCH3

substitution, is a long-acting NAI13 and is administered by

oral inhalation as a single 40 mg dose of the laninamivir

octanoate prodrug. Laninamivir has been licensed in Japan

and is undergoing clinical trials in other countries.

The NAIs prevent release and spread of progeny virions

by blocking NA function. The sensitivity of the NA enzyme

to the NAIs is evaluated in an in vitro enzyme inhibition

assay, using either a fluorescent14 or chemiluminescent sub-

strate.15 The IC50 is defined as the concentration inhibiting

50% of the enzyme activity compared with the uninhibited

control. Decreased sensitivity due to a mutation in the NA

is identified by an elevated IC50.16,17 Sensitivities vary in

different laboratories due to subtle differences in assay

methodology, but in general influenza A(H3N2) viruses are

slightly more sensitive to oseltamivir than N1 subtype

viruses. Conversely, N1 subtype viruses are slightly more

sensitive to zanamivir than to N2 subtype viruses. IC50s are

generally <5 nM for both drugs for N1 and N2 subtypes.

Influenza B viruses have slightly higher IC50s for zanamivir,

but they are still <10 nM.16,18 In contrast, influenza B

viruses have 10–20-fold higher IC50s for oseltamivir

compared with influenza A viruses.16–18

Oseltamivir is taken orally twice daily, with a dose of

75 mg for adults. The levels of oseltamivir in plasma are

estimated to be in the range from 400 to 1200 nM19,20 and

in saliva to be <5% of plasma levels.21 Thus, levels in the

upper respiratory tract may be significantly lower than

100 nM. This may only be 20–50 times the IC50s for influ-

enza A strains and 2–5-fold higher than the IC50s for

wild-type influenza B strains.

Zanamivir dosing is 10 mg inhaled twice daily, delivering

high levels to the upper respiratory tract, estimated to be

up to 10 000 nM.22,23 This would be up to 5000-fold

higher than the average IC50s for influenza A viruses.

Emergence of resistance

In early studies, resistance to oseltamivir emerged both in

challenge studies and in naturally acquired infections, with

resistant virus isolated from 1 to 4% of oseltamivir-treated

adult patients.24–26 Subsequently, resistant viruses have

been isolated from patients after treatment or prophylaxis

with oseltamivir, or with no apparent history of drug expo-

A B C D E

Figure 1. Chemical structures of the neuraminidase inhibitors (A) DANA, (B) zanamivir, (C) oseltamivir carboxylate, (D) peramivir, and (E) laninamivir.

Structures are oriented to demonstrate the differences relative to DANA – the C4-guanidinium group on zanamivir, peramivir, and laninamivir, the

C4-amino group on oseltamivir, and the pentyl side chains on oseltamivir and peramivir.
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sure. Due to differences in the chemical structures of the

inhibitors, many of the mutations do not confer reduced

sensitivity to all the NAIs. Additionally, despite high con-

servation of residues in the active site, there are mutations

which confer resistance in only one subtype, for example,

H274Y (H275Y in N1 numbering) confers oseltamivir resis-

tance only in N1, E119V, and R292K confer high-level osel-

tamivir resistance only in N2. (Note: There are subtle

differences in the lengths of the sequences of different NAs;

however, traditionally NA numbering is based on align-

ment to the N2 NA, which is used throughout unless

otherwise specified.) Although a resistant influenza B virus

with an R152K mutation conferring reduced sensitivity to

all NAIs was isolated from an immunocompromised child

on zanamivir therapy,27 no resistant virus has yet been iso-

lated from an immunocompetent patient treated with

zanamivir.

In early studies, resistant viruses could be isolated from

4 to 8% of oseltamivir-treated pediatric patients, possibly

due to prolonged virus shedding in children.26,28 However,

three post-release studies of oseltamivir-treated children

have demonstrated much higher frequencies of resistant

viruses. The first two studies were conducted in Japan,

where weight-based dosing of 2 mg ⁄ kg of oseltamivir is

used for children. In one study, in which the viruses were

primarily H1N1, oseltamivir-resistant H274Y viruses were

isolated from 7 of 43 children (16%).29 The H274Y muta-

tion decreases sensitivity to both oseltamivir and peramivir,

but not to zanamivir. In the second study, predominantly

of H3N2 viruses, resistant viruses with E119V (2), R292K

(6), or N294S (1) mutations were isolated from 9 of 50

children (18%).30 The first two mutations have only been

seen clinically in N2 subtype viruses, with E119V and

N294S conferring reduced sensitivity specifically to osel-

tamivir. The N294S mutation has also been seen in the N1

subtype (N295S in N1 numbering) conferring a mild

reduction in zanamivir sensitivity, but a greater reduction

in oseltamivir sensitivity.31,32

There were concerns that the weight-based dosing used

in Japan delivered suboptimal concentrations of oseltami-

vir, facilitating selection of resistant viruses. Hence, another

trial was carried out in the United Kingdom, in which

tiered weight-based dosing of oseltamivir was used.33

Despite small numbers of patients, significant resistance

was seen. Three of 11 patients (27%) infected with H1N1

viruses shed H274Y-resistant virus and one of 34 patients

(3%) infected with H3N2 viruses shed an R292K-resistant

virus. None of 19 patients infected with influenza B shed a

resistant virus.

Due to concerns over the high level of oseltamivir resis-

tance seen in the Japanese pediatric studies, a 3-year study

was carried out in Japan to monitor for the emergence of

resistant virus after zanamivir therapy. A total of 273 chil-

dren were enrolled over three influenza seasons from 2006

to 2009.34 All children enrolled were <15 years of age, and

were influenza positive by a rapid diagnostic assay and cul-

ture positive by throat swab. Samples from pre- and post-

treatment were tested for resistant virus by RT-PCR and in

enzyme assays of cultured virus. Three viruses from two

subjects infected with H1N1 viruses showed virus with

reduced sensitivity prior to treatment. One virus with a

N70S mutation in the NA showed a 46-fold increase in

IC50 for zanamivir. Two viruses from one subject had a

Q136K NA mutation, which showed a 300-fold increase in

IC50 for zanamivir, but this mutation was only detected

after culture and not in the primary sample. Hence, despite

more patients than the oseltamivir pediatric trials, no

emergence of resistance was seen in 273 zanamivir-treated

children.

Seasonal H1N1
Early results demonstrated that mutations in the NA which

conferred reduced NAI sensitivity also impacted on the

function of the NA such that resistant viruses were com-

promised in their fitness and unlikely to be transmit-

ted.35,36 However, in late 2007, several seasonal H1N1

viruses with an H274Y mutation were isolated in Norway.

There was a minimal use of oseltamivir in Norway, and

none of the patients had a history of drug exposure. Subse-

quent testing revealed 183 of 272 isolates (67%) bore this

mutation. This virus was clearly fit, and transmissible and

within weeks resistant viruses were detected in North

America, Europe, and Asia.37–39 The resistant viruses con-

tinued to spread to the southern hemisphere,40 ultimately

displacing the sensitive virus. More than 90% of H1N1 iso-

lates were resistant by 2008–2009, with IC50s in the fluores-

cent assay generally in the 500–1000 nM range. It appears

that permissive mutations had evolved that enabled the NA

to tolerate the H274Y mutation, maintaining fitness of the

enzyme.41–44 The substitutions include R193G, R221Q,

V233M, and D343N (R194G, R222Q, V234M, and D344N

in N1 numbering). While H274Y is the primary mutation

seen in N1 viruses, a seasonal H1N1 virus with an I222V

mutation, conferring reduced susceptibility to oseltamivir,

was also detected in surveillance of community isolates

from untreated patients.45

Pandemic influenza A(H1N1)pdm09
The sudden emergence and spread of the swine-derived

influenza virus from Mexico led to the displacement of the

oseltamivir-resistant seasonal H1N1 virus by the new

A(H1N1)pdm09 virus. However, given the awareness of

oseltamivir resistance, much closer monitoring has been

carried out, by both phenotypic testing by enzyme assay

and sequencing. Viruses with the H274Y mutation have

been detected in patients after treatment or prophylaxis

Resistance to influenza neuraminidase inhibitors
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with oseltamivir or peramivir46–48 and also in untreated

patients. Resistance has been detected as early as 48 hours

post-treatment.46

One of the earliest reports of resistance was in summer

campers in the USA undergoing oseltamivir prophylaxis.

Resistant virus was isolated from the second patient several

days after contact with the first. In addition to the H274Y

mutation, both viruses had a common I222V (I223V in N1

numbering) mutation, suggesting possible human–human

spread.49 Another case was reported after prophylaxis of a

family contact of an infected patient.50 As the dose of osel-

tamivir for prophylaxis is only half that for therapy (75 mg

once daily), administering subtherapeutic doses when virus

replication has already begun could increase the selection

of resistant A(H1N1)pdm09 virus.

There are numerous reports of the emergence of resistant

viruses among immunocompromised patients undergoing

oseltamivir treatment or prophylaxis, which is not unex-

pected due to the longer periods of therapy.51–55 There are

also reports of transmission of resistant viruses in hospital-

ized settings among immunocompromised patients.56,57

Of more concern is the isolation and transmission of

viruses in the community among patients with no history

of drug use. A traveler from the USA, identified as feverish

upon entry into Hong Kong, was one of the first patients

from which resistant virus was isolated with no known

exposure to oseltamivir.58 The nasopharyngeal specimen

contained a mixture of wild-type (47%) and H274Y-resis-

tant (53%) viruses. After culture in MDCK cells, the sam-

ple contained 98% H274Y virus. Hence, the mutation did

not compromise replication in vitro. H274Y-resistant virus

was also detected in 7 of 10 untreated students traveling on

a train in Vietnam.59 More recently, a community cluster

of 29 patients infected with a H274Y virus has been identi-

fied in Australia, 28 of whom had no known drug expo-

sure,60 thus demonstrating the fitness and transmissibility

of the H274Y A(H1N1)pdm09 virus. There are various

reports of the assessment of fitness of resistant

A(H1N1)pdm09 viruses in vitro and in animal models.

Some report no compromise in fitness,61,62 while others

demonstrate reduced fitness.63,64

In addition to the early report of an I222V (I223V in

N1 numbering) mutation,49 I222R mutations have been

reported. I222R variants emerged in two immunocompro-

mised patients, one treated sequentially with oseltamivir

than zanamivir and a second treated with oseltamivir.65,66

One virus had both I222R and H274Y mutations. There is

also a recent report of isolation of an I222R variant from

a third patient with no history of drug exposure.67 The

single I222R mutation conferred reduced sensitivity to

oseltamivir, zanamivir, and peramivir with 45-, 10-, and 7-

fold reductions, respectively, in sensitivity in the NA

enzyme inhibition assay.66 The dual I222R ⁄ H274Y muta-

tion further increased the IC50 by 10–90-fold over that due

to the H274Y mutation alone to approximately 10 000 nM

for both oseltamivir and peramivir. While this dual muta-

tion also reduced sensitivity to zanamivir by 10-fold com-

pared with the single H274Y mutation, the IC50 was still

<10 nM.

The WHO maintained a Web site to record the numbers

of resistant A(H1N1)pdm09 viruses reported to it.68 By

October 2011, after which there have been no further addi-

tions, there were only 605 cases of oseltamivir resistance

reported globally. This is clearly an underrepresentation of

the true number of cases of resistant virus because many

countries reported an incidence of 0Æ5–1% of oseltamivir-

resistant isolates in their community surveillance.69–71 This

equates to 5000–10 000-resistant viruses per 1-million cases

of infection. As it was estimated that there were around

60-million cases in the USA,72 there could be many thou-

sands of cases of oseltamivir resistance in the USA alone.

Although the WHO figures are misleading in terms of the

total number of resistant isolates, the WHO site provided

useful statistics on patient history and oseltamivir exposure.

Of the total cases, 28% of the resistant isolates in 2009–

2010 were from immunocompromised patients. Of the

72% immunocompetent patients, 63% had some exposure

to oseltamivir, but 37% had no history of any exposure to

drug or drug-treated individuals. In 2010–2011, there was

an increase in the frequency of resistance detection in the

USA from 0Æ5 to 1% of isolates, but additionally 74% of

patients had no exposure to oseltamivir versus only 11% in

the 2009–2010 season, indicating greater transmission of

oseltamivir-resistant virus in the community.71

H3N2 viruses
While oseltamivir-resistant H3N2 viruses were isolated in

the pediatric studies described above, the incidence of

detection of resistant H3N2 viruses either after drug expo-

sure or among community acquired infections remains

low.16,18,26,45 E119V and R292K have been the two most

common mutations detected, with N294S also reported in

the pediatric study. The E119V mutation confers resistance

only to oseltamivir, with a 20 to several hundredfold

increase in IC50 depending on whether tested in the chemi-

luminescent or fluorescent enzyme inhibition assay, respec-

tively.16–18,73–75 The R292K mutation confers a very high

level of resistance to oseltamivir, usually in the lM range,

intermediate resistance to peramivir, and a smaller reduc-

tion in sensitivity to zanamivir, usually with an IC50

<50 nM.17,74,76–78 The N294S also reduces oseltamivir

sensitivity by several hundredfold.30 Viruses with an I222V

mutation have been isolated from untreated patients45 and

an oseltamivir-treated immunocompromised child. The iso-

late in the latter case also had an E119V mutation, I222V

further enhancing oseltamivir resistance while remaining
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sensitive to zanamivir.79 The I222V mutation also appeared

to partially restore the impaired viral fitness conferred by

the E119V mutation.80 A novel E119I mutation was

detected in a virus from an oseltamivir-treated immuno-

compromised child, which reduced susceptibility to osel-

tamivir by several hundredfold, more than the E119V

mutation. It also reduced peramivir sensitivity by several

hundredfold, but zanamivir sensitivity by only 5-fold.75 Iso-

lation of a naturally occurring Q136K mutant from Myan-

mar, with a 30–60-fold reduction in zanamivir sensitivity,

has also been described.81

Influenza B viruses
Although influenza B viruses do not cause pandemics,

because they have no animal reservoir, they often cause a

significant proportion of seasonal influenza. Oseltamivir

has also been reported to have lower clinical efficacy in

children infected with influenza B compared with influenza

A,82 consistent with observations of higher IC50s in enzyme

assays.16–18,45 Viruses with mutations conferring oseltamivir

resistance were detected in 1Æ4% (1 ⁄ 74) of oseltamivir-trea-

ted pediatric patients (G402S), but also in 1Æ7% (7 ⁄ 422) of

untreated patients. Mutations detected in isolates from this

study and other untreated patients include D198N, D198E,

I222T, and S250G (N2 numbering).45,83,84 The IC50s for

NAs with the mutations were 50 nM for zanamivir and

250 nM for oseltamivir for G402S and D198N, 25 nM for

zanamivir and 450–500 nM for oseltamivir for I222T, and

190 nM for zanamivir and 50 nM (equivalent to wild type)

for oseltamivir for the S250G mutation. Infection with

these resistant isolates may have been acquired through

exposure to treated contacts, but others had no known

contact. There is also a recent report of a cluster of 14

cases of influenza B viruses with an I222V mutation confer-

ring reduced susceptibility to both oseltamivir and perami-

vir.85 Although the incidence of resistance in influenza B is

low, it appears from both the Japanese and US studies that

resistant influenza B viruses are fit and transmissible.86

H5N1 viruses
Like the seasonal and pandemic A(H1N1)pdm09 strains,

H274Y mutations have been seen in H5N1 isolates from

infected patients treated with oseltamivir.32,87 One of these

patients contained a mixed population of wild-type virus

and viruses with H274Y or N294S mutations.32 The N294S

mutation also appears to have emerged spontaneously in

H5N1 viruses in Egypt31 and confers a reduction in osel-

tamivir sensitivity of 57–138-fold.

There are ongoing concerns that H5N1 viruses may yet

cause a pandemic; hence, surveillance of avian viruses has

been carried out using molecular techniques to identify

known mutations conferring resistance, as well as pheno-

typic testing by the enzyme inhibition assay. Each method

has its advantages and disadvantages. Sequencing can detect

mixtures of wild-type and known mutant NAs. In contrast,

screening for an alteration in enzyme sensitivity in the NAI

assay will detect both known and novel mutations; how-

ever, the resistant virus population needs to be in excess

over the wild-type population to detect a shift in sensitiv-

ity.17 Sequence analyses of the NAs of H5N1 viruses have

revealed mixed populations of wild-type and H274Y viruses

in samples from chickens, ducks, and swans, and virus with

a N294S mutation was detected in ducks.88 Enzyme inhibi-

tion assays demonstrated that clade 2 viruses from Indone-

sia have a naturally occurring 15–30-fold lower sensitivity

to oseltamivir in vitro compared with both clade 1 viruses

from Vietnam and human H1N1 viruses.16,17,89 We sug-

gested this could be attributed to the H252Y difference

between clade 1 and clade 2 NAs.89 Subsequent mutagene-

sis confirmed that Y252 does reduce oseltamivir sensitiv-

ity,90,91 while zanamivir sensitivity is not affected. Reduced

oseltamivir sensitivity in vitro was shown to correspond to

reduced sensitivity in animal models.92,93 Several

I222T ⁄ V ⁄ M mutants have also been identified in H5N1

isolates. While mutations in I222 reduced oseltamivir sensi-

tivity by only a few fold in clade 1 H5N1 viruses,94 it

would appear that they act synergistically with the H252Y

in the clade 2 viruses, because IC50s for I222V ⁄ T mutants

were in the range of 40–70 nM and for I222M mutants

>250 nM.95 Screening 29 clade 2Æ3Æ2 isolates from the

Republic of Laos identified three with reduced NAI sensi-

tivity due to different mutations. V116A reduced sensitivity

to oseltamivir by 18-fold and to zanamivir by 10-fold,

I222L contributed to a 77-fold reduction in susceptibility

to oseltamivir, and S246N reduced the sensitivity to osel-

tamivir by 24-fold.96 This emphasizes the importance of

ongoing surveillance in the avian populations.

Structural and functional insights into the
impacts of mutations

Knowledge obtained from the structure of the NA with sia-

lic acid bound in the active site was used to design zanami-

vir.11 We have subsequently used structural analysis to

understand the mechanisms of resistance to the NAIs. The

first structure of an oseltamivir-resistant NA was published

in 1998, even prior to the introduction of the drugs into

clinical practice, and provided important insights into the

relationship between the chemical structure of the

inhibitors and the likelihood of resistance emerging.97 We

demonstrated that high-affinity binding of oseltamivir

required reorientation of E276 (E277 in N1 numbering) to

create a pocket to accommodate the bulky hydrophobic

side chain (Figure 2). The R292K mutation prevented the

rotation of E276, leading to the loss of high-affinity bind-

ing. We therefore developed our minimalist hypothesis of

Resistance to influenza neuraminidase inhibitors
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drug design that the closer the ligand is to the natural sub-

strate, the less likely resistance is to emerge. Zanamivir has

only a single difference compared with the natural DANA

ligand and does not need any structural change in the NA

to bind (Figure 1). Therefore, mutations conferring resis-

tance to zanamivir would most likely impact on substrate

binding, compromising the fitness of the NA. Conversely,

the more differences from the natural ligand, the more

potential targets for resistance. Hence, we predicted resis-

tance was more likely to arise to oseltamivir, as has now

been seen. Peramivir has both the C4-guanidino group like

zanamivir and a hydrophobic side chain like oseltamivir

(Figure 1). We showed structurally that it also requires

reorientation of E276 (Figure 2).77 We have demonstrated

by structural and functional studies that cross-resistance to

peramivir can be caused by mutations conferring resistance

to either zanamivir or oseltamivir.77 Laninamivir is similar

to zanamivir, and hence, it is expected that resistance to

laninamivir is also less likely to arise.

Many mutations conferring reduced sensitivity to osel-

tamivir cluster around the hydrophobic pocket, impairing

E276 rotation (Figure 2). Structural analysis of the H274Y

mutant NA confirmed that, like our earlier R292K findings,

this also prevents full rotation of E276.90 The structure of

the N1 NA from wild-type H5N1 virus also did not show

full rotation of the E276.98 Interestingly, although this was

a clade 1 NA, the authors had mutated the H252 to Y252,

which prevented full E276 rotation, correlating with

reduced sensitivity of the clade 2 viruses which have

Y252.89

In the N1 NA, the N294S mutation weakens the hydro-

gen bond interaction of Y344 with the carboxylate common

to sialic acid and all NAIs, leading to a small reduction in

substrate and zanamivir binding.44 The S294 also forms a

hydrogen bond with the carboxylate of E276 perturbing the

hydrophobic pocket in which the oseltamivir side chain

binds, leading to a further reduction in oseltamivir

binding.

Reports of I222 (I223 in N1 numbering) mutations

associated with reduced NAI sensitivity are appearing

more frequently. Unlike other mutations, I222 mutations

are not type or subtype specific and confer reduced sensi-

tivity on N1, N2, and B NAs. They have emerged either

spontaneously or after oseltamivir treatment. Mutations

I222T have been seen in influenza B NA,45,83,99

I222V ⁄ M ⁄ T ⁄ R in N1,45,49,65–67,94 and I222V in N2.45,79
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Figure 2. Structures of the N9 NA with bound inhibitors (A,B) zanamivir (PDB NNC), (C) oseltamivir (PDB QWK), (D) peramivir (PDB IL7F). To

minimize overcrowding, only some amino acids which affect NAI binding are labeled in each figure. (B) is slightly rotated from (A) to show Y252

situated behind H274. Residue 252 is Y in N9, but the H252Y difference between clade 1 and clade 2 avian H5N1 NAs reduces binding of

oseltamivir. Arrows show rotation of E276 to form a salt bridge to R224, creating the hydrophobic pocket to accommodate pentyl side chains of

oseltamivir and peramivir.
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I222 is located near the N-acetyl and glycerol side chains

of zanamivir or the pentyl ether group of oseltamivir (Fig-

ure 2). It is also near R224, which is important in the for-

mation of a salt link to E276, involved in the formation of

the hydrophobic pocket for oseltamivir binding. Mutations

at I222 would lead to the loss of interactions between the

side chain of I222 and the pentyl ether group of oseltami-

vir, thus having a greater impact on binding of oseltamivir

than of zanamivir.

E119 is critical for interactions either with the C4-guanidi-

no group of zanamivir and peramivir or with the C4-amino

group of oseltamivir. E119G ⁄ A ⁄ D-resistant mutants have

only been generated in laboratory studies.94,100–102 While the

E119A ⁄ D confers reduced sensitivity to all NAIs, E119G con-

fers high-level resistance only to zanamivir and peramivir.77

However, the E119G also makes the NA unstable.102–104 In

contrast, viruses with E119V ⁄ I have been detected in both

oseltamivir-treated and untreated patients, indicating they
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Figure 3. Graphs of IC50 kinetics show how changes in IC50 during the enzyme inhibition assay can identify slow and fast binding inhibitors. IC50s

are compared either with pre-incubation with inhibitors (+) or with no pre-incubation, where virus, inhibitor, and substrate are added simultaneously

()). Pre-incubation enhances binding, leading to lower IC50s for slow-binding inhibitors compared with no pre-incubation. Where inhibitors are no

longer slow binding, there is little difference in the IC50s with or without pre-incubation, for example, wild-type B virus with oseltamivir, D198E

mutant with both inhibitors, and H274Y and E119V only with oseltamivir. The latter two remain sensitive to zanamivir and still demonstrate slow

binding. As substrate competes with the inhibitor in pre-incubation reactions, there is an increase in IC50. For wild-type viruses, there is a more rapid

dissociation of oseltamivir than that of zanamivir.
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are fit and transmissible. E119V confers high-level resistance

only to oseltamivir.18,30,75,79,105,106 We have shown structur-

ally that the E119G mutation causes resistance to zanamivir

due to the loss of interactions of the carboxylate side chain

with the C4-guanidinium group, as well as to alterations in

the solvent structure, because a water molecule occupies the

position previously occupied by the carboxylate side

chain.101 Resistance of the E119G mutant NA to peramivir is

not as high as to zanamivir. This may be because zanamivir

has a stronger interaction with E119 due to the formation of

a weak ionic hydrogen bond.77 The structural basis for the

selectivity of E119V for oseltamivir has not yet been eluci-

dated.

Our structures of wild-type influenza B and D198E (D197

in B NA numbering) NAs provided insight into the reduced

binding of not only this mutant, but also wild-type influenza

B NAs to oseltamivir.107 We showed that the D198E muta-

tion affected the interaction of R152 (R150 in B numbering)

with the N-acetyl group on the ligand, thus conferring

reduced sensitivity to all NAIs. However, we also showed

that while E276 rotated on binding peramivir in both the

wild-type and E198 NAs, the full rotation did not occur on

binding oseltamivir, providing a structural explanation for

the reduced sensitivity of the influenza B NA to oseltamivir.

The NAIs are described as being time-dependent or slow-

binding inhibitors. Hence, in the enzyme inhibition assay

used to determine drug sensitivity, virus and inhibitor are

pre-incubated to facilitate maximum occupancy of the

enzyme active site. Loss of slow binding often occurs with

NA mutations conferring drug resistance.101,108–111 We have

recently developed a real-time IC50 kinetics assay,107,112

which compares the rate of inhibitor binding with and with-

out pre-incubation (Figure 3). This simple phenotypic assay

allows the easy identification of slow and fast binding of

multiple inhibitors and multiple viruses without requiring

purified virus or NA, or a detailed knowledge of enzyme

kinetics. By following the changes in IC50, each 10 minutes

for 60 minutes after addition of substrate, we demonstrated

that pre-incubation only enhances binding to wild-type

slow-binding NAs, resulting in lower IC50s. Loss of slow

binding to resistant NAs is shown by a minimal change in

IC50 with or without pre-incubation over the 60 minutes

reaction. Figure 3 shows the differences in binding of osel-

tamivir and zanamivir to wild-type and resistant NAs. Drugs

to which the NAs remain sensitive are still slow binding.

Subsequently, we have demonstrated that reduced NAI sen-

sitivity of a virus with a Y155H NA mutation45,113 was due

to even slower binding than to the wild-type NA. IC50 kinet-

ics assays also suggest there are differences in the dissociation

rates of the NAIs after pre-incubation with inhibitors.

Oseltamivir appears to dissociate faster than zanamivir. We

are developing a new solid-phase dissociation assay, which

confirms these trends.114

Conclusions

Resistance to the NAIs can be both drug and virus type or

subtype specific. A summary of the effects of mutations

referred to in this review is presented in Table 1. A desig-

nation of low, medium, or high resistance is based on

reported fold differences in sensitivity relative to the wild-

type virus. However, while resistance is often defined as

greater than a 10-fold change in IC50 compared with the

wild type, because some viruses have a higher base line

IC50, for example, influenza B and clade 2 H5N1 strains,

such viruses may be clinically resistant with only a few fold

increase in IC50. It may be more appropriate to define

resistance in terms of the IC50 and the drug concentrations

delivered to the upper respiratory tract. There is also an

issue of how the IC50 is measured, because values from the

chemiluminescent assay are often lower than those from

the fluorescent assay, and our IC50 kinetics experiments

demonstrate how the IC50 can change with incubation

times in the NAI assays. Hence, there is currently no con-

sensus on a definition of resistance, as it can really only be

demonstrated by the lack of response to treatment.

In contrast to earlier results, we have now seen that

viruses with mutations conferring resistance can be fit and

transmissible. Resistance is more likely to arise to oseltami-

vir, due to the structural changes needed for oseltamivir to

bind with high affinity. No resistance has yet emerged

under standard zanamivir treatment of immunocompetent

patients. Resistance to either NAI may also confer reduced

sensitivity to peramivir. Hence, diversification of antiviral

stockpiles to include zanamivir as well as oseltamivir is an

important strategy to minimize the impact of oseltamivir

resistance. Development of new inhibitors with different

modes of action should also be a priority.
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