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Influenza is a highly contagious and debilitating disease that

imposes an excess burden of complications and mortality.

Antiviral therapy is the primary intervention for treatment and

post-exposure prophylaxis (PEP) of influenza. Amantadine and

rimantadine are members of the M2 class of antiviral agents and

are moderately effective in influenza management. However, their

utility is compromised by high levels of resistance, tolerability

concerns and a lack of efficacy against influenza B. An alternative

class of agents, the neuraminidase inhibitors (NIs), represent the

most advanced form of antiviral therapy available, and act by

specifically inhibiting the neuraminidase enzymes that are present

on all influenza subtypes. Two NIs, oseltamivir and zanamivir, are

currently available for clinical use. Oseltamivir, the most widely

used NI, is administered orally as a prodrug (oseltamivir

carboxylate) and systemically distributed to all potential infection

sites. Zanamivir, a second NI, is administered by inhalation via a

disk inhaler and deposited primarily in the respiratory tract.

When administered within 48 hours of symptom onset, both

agents significantly reduce illness duration and symptom severity,

and decrease the rate of influenza-associated complications. With

oseltamivir, greater benefits are detected with earlier treatment

initiation (<12 hours). In PEP, both NIs effectively protect the

close contacts of index cases from symptomatic influenza.

Oseltamivir and zanamivir are generally well tolerated and

associated with a low level of resistance. Emerging evidence

supports the activity of both NIs against the H5N1avian influenza

infection, which is a pandemic candidate. However, the WHO

currently recommends the use of oseltamivir for the management

of suspected cases, given the systemic nature of the H5N1

challenge. Ongoing studies are exploring the effectiveness of

oseltamivir, zanamivir and other NIs for pandemic management.1
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Introduction

Influenza is a highly contagious viral disease that imposes a

sizeable burden on society. Complications are common,

and often result in an excess of hospitalizations and mor-

tality.1 Immunization is the cornerstone of current preven-

tion strategies, given its efficacious nature and good

tolerability, and is widely recommended for patients at high

risk for complications (e.g. elderly patients or those with

comorbid conditions). However, vaccination offers only

limited protection for some patient groups (e.g. immuno-

compromised individuals) and circumstances (e.g. where

the antigenic constituents are poorly matched with circula-

ting strains), and is not a viable intervention following

infection.2,3

Antiviral therapy is the primary treatment option for

influenza. Chemoprophylaxis can also be a useful comple-

ment to vaccination in populations where immunization is

likely to offer limited protection, such as the frail elderly

and immunocompromised. Both concepts were first evalu-

ated with the M2 blockers, amantadine and rimantidine,

some four decades ago. At this time, there was general

scepticism that an antiviral could provide meaningful bene-

fits in patients showing the symptoms of influenza. This

belief was rapidly dispelled by the positive findings of early

studies that demonstrated the therapeutic usefulness of the

class. Subsequent investigations established the concept of

post-exposure prophylaxis and clearly demonstrated that

judicious use could limit the spread of infection within

family environments. Despite these positive early findings,

their attractiveness for use in influenza management was

compromised by the rapid emergence of resistance,

together with a relatively low therapeutic index and lack of

effect against the influenza B virus.4
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Today, an alternative class of the antiviral agents, the

neuraminidase inhibitors, represent the most advanced

form of antiviral therapy available. They act by potently

and specifically inhibiting the neuraminidase enzymes pre-

sent on all influenza subtypes, which are essential for the

release of viral particles from host cells and the propagation

of infection. When administered within 48 h of symptom

onset, neuraminidase inhibitors significantly reduce illness

duration and symptom severity, and also decrease the inci-

dence of influenza-associated complications, such as

pneumonia, bronchitis and otitis media. When used for

prophylaxis, they are also highly effective in limiting the

spread of infection, especially in close proximity environ-

ments, such as households and care facilities. In both set-

tings, neuraminidase inhibitors are generally well tolerated,

without imposing a significant burden of adverse events.5,6

The imminent threat of a new influenza pandemic has

fostered renewed interest in antiviral therapy. Oseltamivir

is currently the most widely used neuraminidase inhibitor,

and is indicated for the treatment and prophylaxis of influ-

enza infections in children (aged ‡1 year) and adults.

Alongside zanamivir and the older M2 blockers, it is expec-

ted to play a key role in the defence against pandemic

influenza, both in the management of index cases and the

containment of localized outbreaks. Indeed, the World

Health Organization (WHO) recommend early treatment

with oseltamivir in cases of confirmed or strongly suspected

H5N1 infection.7 Confidence in the neuraminidase inhib-

itor class of antiviral agents is based on the robust and

comprehensive development programmes conducted for

the first two drugs of the series (zanamivir and oseltami-

vir). Here, experience from the oseltamivir programme is

presented as a model system for the development of an

effective antiviral for ubiquitous use in epidemic (seasonal)

and pandemic influenza. Insights on zanamivir, the first

neuraminidase inhibitor to be discovered, and peramivir,

the third member of the neuraminidase inhibitor class, are

also presented.

Chemical structure and mode of action

Oseltamivir [(3R, 4R, 5S)-4-acetylamino-5-amino-3-(1-ethyl-

propoxyl)1-cyclohexene-1-carboxylic acid, ethyl ester, phos-

phate (1:1)] is an ethyl ester prodrug that is rapidly

metabolized by hepatic esterases to its active metabolite, osel-

tamivir carboxylate, following oral administration. As for za-

namivir and peramivir, it was discovered through a process of

rational drug design and was specifically designed to bind and

inhibit the active site of the influenza virus neuraminidase

enzyme (Figure 1). In this way, the neuraminidase inhibitors

halt the spread of infection within the host, while allowing an

immune response to be raised against the virus, preventing

future infection.

Preclinical evaluation

As with all new agents, the therapeutic potential of the

neuraminidase inhibitors was first explored in the laborat-

ory. In vitro, oseltamivir carboxylate was found to be a

potent and selective inhibitor of the viral neuraminidases

of various influenza subtypes, with IC50s £ 2.0 nM and

inhibitory constants (Ki) £ 1.2 nM.8 In ferrets infected with

influenza A, oseltamivir (25 mg/kg/day initiated 2 h post-

infection and continued for 3 days thereafter) reduced viral

titres in nasal washes, decreased the severity and duration

of fever and reduced the likelihood of various symptoms of

influenza, including lethargy and sneezing, and increased

nasal discharge.8 In mice exposed to various strains of

influenza, oseltamivir treatment (1 or 10 mg/kg/day initi-

ated 4 h post-infection and continued for 5 days) signifi-

cantly increased the rate of survival compared with

placebo-treated animals (Table 1).9 A reduced viral titre in

Figure 1. The binding of oseltamivir carboxylate to the active site of

neuraminidase (Hoffmann La Roche,5 data on file).

Table 1. Effect of oseltamivir on survival in mice infected with

influenza A or B

Virus

Treatment

dose

(mg/kg)

Survival

(n, %)

P-value

(vs. control)

A/Victoria/3/79 (H3N2) 10 8/8 (100) <0.01

0 5/16 (31)

A/Shangdong/09/93 (H3N2) 10 9/10 (90) <0.01

1 3/10 (30) <0.05

0 0/20 (0)

B/Hong Kong/5/72 10 8/9 (89) <0.01

3.2 9/10 (90) <0.01

0 2/18 (11)

Adapted from Sidwell et al.9
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lung homogenates and improved survival (80–100% vs.

11–31% in placebo-treated mice; P < 0.01) were also

observed with oseltamivir (10 mg/kg/day b.i.d. for 5 days)

in mice infected with influenza A (H1N1 and H3N2) or

influenza B.8 Oseltamivir carboxylate was also effective

against the avian influenza subtypes H5N1 and H9N2 in

mice.10 Zanamivir is also an effective inhibitor of various

influenza A and B strains. Compared with oseltamivir carb-

oxylate, zanamivir has similar or slightly lower potency

against the same influenza strains (IC50s < 5 nM).8,11

Clinical evaluation

Clinical pharmacokinetics
To be effective in vivo, however, the neuraminidase inhibi-

tors must be sufficiently absorbed to ensure clinically

effective concentrations at the sites of influenza infection.

Oral absorption has proved to be problematic for some of

the neuraminidase inhibitors. Zanamivir must be adminis-

tered intranasally because of its poor oral absorption

(<2%).12 Similarly, oral peramivir has only showed efficacy

when given at high doses (up to 800 mg) due to low oral

bioavailability (<10%) and, consequently is not licensed for

use in humans. To overcome this issue, peramivir is cur-

rently in development as an intravenous (i.v.) formulation.

Oseltamivir has avoided these limitations by its administra-

tion as an oral prodrug. After oral administration, oselta-

mivir was found to be readily absorbed from the

gastrointestinal tract (80% bioavailability) and rapidly

metabolized to the active metabolite, oseltamivir carboxy-

late. Oseltamivir carboxylate was detected in plasma

approximately 30 min after oral dosing, and peak plasma

concentrations were reached within 4 h.13 Steady-state con-

ditions were achieved in 3 days. Oseltamivir carboxylate

was well distributed throughout the body [volume of distri-

bution (Vd) 23–26 l), and present at all major infection

sites (middle ear, sinuses and lung) at concentrations suffi-

cient to inhibit viral replication.13,14 The active metabolite

remained in plasma for some time (t1/2 6–10 h) and was

excreted renally.13

In children aged 1–12 years, oseltamivir was efficiently

metabolized and excreted. However, due to the speed of its

clearance, exposure to the active metabolite was reduced

compared with older children and adults. A unit-based

dosing regimen was therefore initiated to ensure adequate

exposure.15,16 In elderly patients (aged >65 years), a higher

exposure to oseltamivir carboxylate was detected when

compared with younger subjects (aged 18–55 years). How-

ever, as no tolerability concerns were identified, no dose

adjustment was required.17 Dose adjustment was also

unnecessary in patients with moderate hepatic impair-

ment18 and for patients with mild-to-moderate renal

impairment.13 Dose adjustment was required only in

patients with severe renal impairment (3 glomerular filtration

rate < 30 ml/min).5,13 It has also recently been shown that

oseltamivir is safe in patients undergoing dialysis, and pro-

vides concentrations of oseltamivir carboxylate that would

be expected to be clinically effective.19

Zanamivir exhibits some, but not all the pharmacokinetic

characteristics of oseltamivir. Zanamivir is rapidly absorbed

(tmax 1–2 h) and is excreted unchanged in the urine (t1/2 4–

5 h). However, because of its intranasal administration

via a Diskhaler, zanamivir is deposited primarily in the

respiratory tract with no significant systemic exposure.6,12

Due to its metabolic stability and poor systemic distribu-

tion, dosage adjustments of zanamivir are not necessary in

elderly patients or those with hepatic or renal impair-

ment.12

Efficacy in experimental influenza
Prior to embarking on studies in patients with naturally

acquired influenza, the neuraminidase inhibitors proved

their efficacy in experimentally induced influenza. In a

randomized, double-blind, placebo-controlled study, osel-

tamivir (20, 100 or 200 mg b.i.d.) or placebo was given to

healthy adult volunteers who had been infected with influ-

enza A (A/Texas/36/91; H1N1).20 Treatment was initiated

28 h after inoculation and continued for 5 days. Compared

with placebo, oseltamivir treatment significantly reduced

median nasal viral titres (80 vs. 273 log10TCID50h/ml for

placebo; P ¼ 0.02) and the duration of viral shedding (58

vs. 107 h for placebo; P ¼ 0.003). Oseltamivir also reduced

the severity and duration of influenza symptoms. Initiation

of oseltamivir therapy (100 mg daily or 100 mg b.i.d.) 26 h

before inoculation with influenza A was sufficient to reduce

the incidence of infection as indicated by seroconversion

(38% vs. 68% for placebo) in previously healthy individu-

als, and to also prevent viral shedding (100% vs. 50% in

placebo; P < 0.001).20 In a separate study in adults inocula-

ted with influenza B, oseltamivir significantly reduced the

viral titre (by 83%; P ¼ 0.0023), median duration of viral

shedding (from 96 to 24 h; P ¼ 0.0005) and symptom

score.21

In a collection of four randomized, double-blind,

placebo-controlled trials, zanamivir was given prophylacti-

cally or as a treatment (4 h before or 1–2 days after inocu-

lation respectively) to 166 susceptible adults inoculated

with A/Texas/91 (H1N1). Given prophylactically, zanamivir

prevented influenza infection and febrile illness by 82%

and 95% respectively. Early treatment intervention signifi-

cantly reduced the peak viral titres, the median duration of

illness and the frequency of febrile illness (P < 0.05 vs. pla-

cebo).22 Similar positive effects were observed in a separate

series of studies with intranasal zanamivir, although no

prophylactic benefit was observed if zanamivir was given

48 h before viral inoculation.23 When given intravenously
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to 14 A/Texas/36/91-infected individuals, zanamivir

(600 mg i.v. twice daily for 5 days beginning 4 h before

inoculation) significantly reduced viral shedding to 0% and

seroconversion to 14% (vs. 100% for placebo; P < 0.005

for both) and viral titres (0 vs. 11.6 log10TCID50day/ml for

placebo; P < 0.005). Fever, upper respiratory tract illness

and symptom scores were also significantly reduced

(P < 0.005 vs. placebo).24

Although not licensed, peramivir demonstrated efficacy

against experimentally induced influenza in four rando-

mized, double-blind, placebo-controlled trials. A total of

288 healthy volunteers (aged 18–45 years) were inoculated

with A/Texas/36/91/H1N1 or B/Yamagata/16/88 virus25 and

then received peramivir (100–800 mg/day) for 5 days, start-

ing 24 h after inoculation. Peramivir treatment reduced

influenza A viral titres, but only at relatively high doses

(400 mg daily and 200 mg twice daily). The same study

also evaluated post-exposure prophylaxis with peramivir.

Dosing of 50–800 mg/day was initiated 24 h before inocu-

lation and continued for 4 days. At these doses and with

either strain of influenza, peramivir did not significantly

reduce viral shedding vs. placebo. This could be explained

by the relatively low blood concentrations of peramivir,

which suggests a need for an alternative dosing strategy

and supports the development of an i.v. regimen for

peramivir.25

Efficacy in naturally acquired influenza: treatment
Following initial demonstrations of efficacy under laborat-

ory conditions, the neuraminidase inhibitors were required

to show the efficacy and safety against naturally occurring

influenza infection in a ‘real-world’ setting. The effects of

oseltamivir treatment on naturally acquired influenza A and

B infections in previously healthy, non-immunized adults

(aged 18–65 years) were assessed in two clinical studies.26,27

All participants presented with fever, one respiratory and

one systemic symptom, and were randomized to receive

oseltamivir (75 mg or 150 mg b.i.d.) or placebo for 5 days.

In all cases, treatment was initiated within 36 h of symptom

onset. In these studies, oseltamivir significantly reduced the

median duration of illness by 25–35% compared with pla-

cebo [71.5 vs. 103.3 h (P < 0.01)27 and 81.8 and 87.4 vs.

116.5 h (P < 0.05)26 and 69.9 in the 75 mg and 150 mg

groups vs. placebo respectively]. Symptom severity was also

significantly reduced26,27 and patients had a more rapid

return to everyday activities and normal health.27

In the study described by Nicholson et al.,26 early treat-

ment initiation (within 24 h) was associated with a more

marked reduction in illness duration [74.5 (P ¼ 0.02) and

70.7 (P ¼ 0.01) vs. 117.5 h in the 75 and 150 mg groups

vs. placebo respectively]. In the IMPACT study,28 patients

(n ¼ 1426) received 75 mg oseltamivir b.i.d. for 5 days

within 6–48 h of symptom onset, and the effects of treat-

ment were assessed at regular intervals for 21 days. As pre-

viously described, early treatment initiation increased the

effectiveness of oseltamivir therapy. For example, when

treatment was initiated within 12 h of symptom onset, ill-

ness duration was nearly 4 days shorter than that obtained

when treatment was initiated at 48 h (Figure 2). Timely

treatment initiation was also associated with reduced symp-

tom severity and a reduced duration of impaired activity,

impaired health and fever.28

Oseltamivir treatment was also shown to reduce the inci-

dence of secondary complications, hospitalizations and the

need for antibiotic intervention.26,27,29 In a meta-analysis of

10 clinical studies, involving 3564 patients,29 oseltamivir

treatment (75 mg) significantly reduced the overall number

of patients requiring antibiotic intervention (27%;

P < 0.001). The incidence of lower respiratory tract infec-

tions requiring antibiotic intervention was substantially

decreased (55%; P < 0.001), with the frequency of bronchi-

tis reduced by 48% and pneumonia by 39%. A 42% reduc-

tion in hospitalization was also observed (P < 0.05).29

In the largest, randomized, double-blind, placebo-con-

trolled trial to investigate the efficacy of oseltamivir in chil-

dren (aged 1–12 years; n ¼ 695), oseltamivir (2 mg/kg

b.i.d. oral suspension for 5 days) reduced the median dur-

ation of illness, fever and cough by 36, 25 and 32 h,

respectively, compared with placebo (P < 0.0001 for all

comparisons). When considered collectively, median symp-

tom duration was significantly reduced by 36 h vs. placebo

(P < 0.0001). Viral titres and secondary complications

requiring antibiotics were also decreased.30 In smaller stud-

ies, oseltamivir successfully reduced the incidence of fever

in children infected with influenza A or B31 and improved

pulmonary function in children with asthma.32 In elderly

patients, the incidence of lower respiratory tract infections

requiring antibiotics was significantly reduced following

Figure 2. Progressive reductions in the duration of influenza illness

(days) in patients receiving early treatment with oseltamivir. Taken from

Aoki et al.,28 by permission of Oxford University Press.
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treatment with oseltamivir (12% vs. 19% for placebo;

P < 0.02). These data support the licensed indication of

oseltamivir for the treatment of adults and children

(>1 year old) for influenza A and B infection; treatment

should be initiated within 2 days of symptom onset.5

As with oseltamivir, the efficacy of zanamivir in influ-

enza management is well established. In a pooled analysis

of treatment efficacy across six studies involving otherwise

healthy adults (n ¼ 1572), zanamivir effectively reduced

the duration of illness (vs. no treatment) when initiated

within 36–48 h of symptom onset. Participants were classi-

fied as either rapid (temperature <37.8�C within 36 h of

initiation) or slow (febrile >36 h after dosing) resolvers. In

the influenza-positive population, significantly more zana-

mivir-treated patients were shown to be rapid resolvers

than placebo-treated patients [807 (72%) vs. 765 (64%);

P < 0.001].33 Zanamivir was also effective in reducing fever

and symptom severity. In comparison with placebo, more

patients with a baseline temperature of ‡37.8�C [630

(68%) vs. 595 (57%); P < 0.001] or ‡38.3�C [382 (67%)

vs. 365 (52%); P < 0.001] or severe symptoms at the start

of therapy [252 (70%) vs. 222 (63%); P ¼ 0.02] were con-

sidered rapid resolvers when treated with zanamivir. In a

further analysis of treatment efficacy across eight clinical

studies involving a more diverse array of patient types,34

the median reduction in time to symptom alleviation vs.

placebo in the influenza positive population was 1.0 days

in children (aged <12 years), 0.8 days in otherwise healthy

adults (aged ‡12–65 years) and 0.9 days in elderly (aged

>65 years) and at-risk adults.34 In a study involving 471

children (aged 5–12 years),35 a median reduction in illness

duration of 1.0 days was recorded with zanamivir (given

36–48 h after symptom onset) vs. no treatment. As a result

of this efficacy, zanamivir is indicated for the treatment of

influenza in adults and children (aged >5 years); as with

oseltamivir, treatment should be initiated within 2 days of

symptom onset.6

Efficacy in naturally acquired influenza:
post-exposure prophylaxis
In addition to their efficacy for the treatment of influenza,

it is as important that the neuraminidase inhibitors prevent

the further spread of infection. Extensive evaluation of the

efficacy of oseltamivir in preventing the onset and spread

of infection in close proximity environments, such as

households and care facilities, means that oseltamivir is

indicated for post-exposure prophylaxis in adults and chil-

dren (aged >1 year).5 In households, a randomized, dou-

ble-blind study was conducted in 955 uninfected

individuals who received post-exposure prophylactic treat-

ment with oseltamivir (75 mg once daily) or placebo for

7 days. In this study, the 377 index cases (initially infected)

did not receive treatment.36 Oseltamivir provided a protect-

ive efficacy of 89% and 86% for individual and household

contacts of index cases respectively. When only those indi-

viduals and households with an influenza-positive index

case were considered, protective efficacy remained consis-

tent (89% and 84% respectively).

In a second study, index cases received oseltamivir

(75 mg b.i.d.) within 2 days of becoming symptomatic and

continued with treatment for 5 days.37 Uninfected individ-

uals in each household received either prophylactic osel-

tamivir (75 mg daily) initiated with index case treatment

or oseltamivir treatment (75 mg b.i.d.) if symptoms devel-

oped. Of those households where the index case had con-

firmed influenza, further infection occurred in 11% of

households where individuals received oseltamivir prophy-

lactically and in 26% of households where individuals were

treated at symptom onset (58.5% protective efficacy; P ¼
0.0114). A similar protective effect (68%; P ¼ 0.0017) was

observed in individuals. The protective effect was more

pronounced when influenza-positive contacts at baseline

were excluded from the analysis (78.8% and 84.5% for

households and individuals respectively). In a subgroup

analysis, more children (aged 1–12 years) taking oseltamivir

prophylactically avoided infection compared with those

treated for initial symptoms only (11% vs. 24% respect-

ively).

Similar benefits have been observed in care facilities.38,39

Bowles et al. described the experience of 10 Canadian long-

term care facilities for older people and their residents who

used oseltamivir for treatment or prophylaxis during the

1999/2000 influenza outbreaks. Generally, and irrespective

of whether oseltamivir was used for treatment or post-

exposure prophylaxis, influenza outbreaks were brought

under control within 48 h of oseltamivir initiation. The

incidence of influenza-associated complications, antibiotic

use, hospitalization and death were also significantly

reduced. In another study, 548 frail older adults from 31

residential homes across Europe and the USA were rand-

omized to receive 6 weeks prophylaxis with 75 mg oseltam-

ivir once daily or placebo.39 Oseltamivir administration

resulted in a 92% reduction in the incidence of laboratory-

confirmed influenza (P ¼ 0.02), and this protective effect

was similar in those elderly adults who had been vaccinated

(91%, P ¼ 0.03). Oseltamivir use was also associated with

significant reductions in secondary complication rates

(85%, P ¼ 0.037).

In healthy adults, zanamivir has also been shown to pre-

vent influenza effectively when used prophylactically and is

indicated for post-exposure prophylaxis of influenza in

adults and children aged >5 years. The meta-analysis by

Cooper et al.,34 who considered the efficacy of zanamivir in

post-exposure prophylaxis within households, recorded an

81% reduction in the incidence of influenza and influenza-

like illness. In addition, a 69% reduction in the incidence
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of laboratory-confirmed influenza was observed with

zanamivir in a community-based seasonal prophylaxis

study involving 1107 patients.40 However, there is a lack of

data to show prophylactic efficacy in young and elderly

patients.

Safety and tolerability
Influenza is an indiscriminate disease that infects all indi-

viduals regardless of age and physical condition. Conse-

quently, agents to combat influenza infection must be well

tolerated, not only in otherwise healthy individuals, but in

those with underlying conditions. Safety and tolerability

information was collected in all clinical studies of oseltami-

vir. In all studies, adverse events were generally mild in

intensity, with no clinically relevant changes in vital signs,

laboratory or cardiac (electrocardiogram) measurements. In

a pooled analysis of six studies with oseltamivir in adults,

the only adverse events reported more frequently with osel-

tamivir than placebo were nausea and vomiting, which

usually occurred within 2 days of treatment initiation.

These symptoms were transient, 90% of patients experi-

enced them only once and £1% of patients withdrew from

the studies. Notably, the incidence of nausea could be sig-

nificantly reduced by taking oseltamivir with food.17,41 In a

further combined analysis, involving nearly 3000 patients

who had received oseltamivir prophylactically, the most

common adverse events were headache, upper respiratory

tract infection, nausea and fatigue, which occurred to a

similar extent in patients who received oseltamivir or pla-

cebo.41 In over 1000 children (aged 1–12 years; 300 with

asthma), oseltamivir was also well tolerated.

In general, zanamivir is well tolerated and produces a

similar incidence of transient upper respiratory tract and

gastrointestinal symptoms to placebo.42 Although in con-

trolled conditions, inhaled zanamivir did not adversely

affect pulmonary function in patients with respiratory dis-

orders,42 incidences of cough, bronchospasm and reversible

decreases in pulmonary function have been noted.43 For

this reason, patients with pulmonary dysfunction who

receive zanamivir should have a fast-acting bronchodilator

available and discontinue treatment if respiratory difficulty

develops.42 Although currently there is limited experience

with peramivir, this agent appears to be well tolerated, with

nausea and headache being the most common side

effects.25

Utility of neuraminidase inhibitors during
a pandemic

The likely delay in the generation of a suitable pandemic

vaccine means that antiviral agents will be vital in reducing

the medical, social and economic impact of an influenza

pandemic.44 Oseltamivir is effective against all avian and

human influenza strains, including the highly pathogenic

H5N1 strain, in vitro and in vivo.10,11,45 Although evidence

for the effectiveness of oseltamivir in H5N1-infected

patients is limited, case reports indicate that standard doses

of oseltamivir can improve therapeutic outcomes and survi-

val when initiated early in the infection cycle.45–49 For

example, six of eight patients with H5N1 infection survived

following treatment with oseltamivir given within 48 h of

symptom onset.47 Later intervention is not as successful and

it has been suggested that higher and prolonged doses of

oseltamivir may be required to manage H5N1 infection.50

However, at present, WHO guidelines recommend that in

cases of confirmed or strongly suspected H5N1 infection,

the standard treatment dose of oseltamivir (75 mg b.i.d. for

5 days) should be administered as soon as possible.7 In

addition, the oral dosing form and systemic absorption of

oseltamivir make it an ideal treatment for avian/pandemic

influenza, being easily and quickly distributed to infection

hot spots, and providing systemic protection against a virus

that does not seem to be limited to the respiratory tract.47

Zanamivir has also shown efficacy against the H5N1

viruses that are currently being monitored for pandemic

potential.51 The inclusion of zanamivir in pandemic plan-

ning strategies may be important, given the potential for

oseltamivir resistance. However, unlike oseltamivir, the sys-

temic absorption of zanamivir is poor (4–17%)6 and the

majority of the dose is deposited in the oropharynx

(77.6%) with 13.2% found in the bronchi and lungs.12 This

raises questions as to its suitability for the treatment of a

systemic influenza infection, such as H5N1. Currently,

there is no clinical evidence for the efficacy of peramivir

against the H5N1 avian influenza strain.

Resistance

The structure of the neuraminidase inhibitors is such that

they fit specifically and selectively into the active site of

viral neuraminidase. For example, oseltamivir carboxylate

has a cohexane ring structure and a hydrophobic alkyl

group that was specifically designed to fit into the highly

conserved active site of the influenza neuraminidase

enzyme. As with all antimicrobials, replication of virus in

the presence of drug increases the selection pressure for

mutations within the target. In the case of oseltamivir,

mutations occur within the active site of the neuraminidase

enzyme, mutations which alter the ability of oseltamivir

carboxylate to bind to the enzyme thus promoting viral

resistance. Influenza virus mutations are subtype specific

and include R292K and E119V in N2 viruses and H274Y in

N1 viruses.52 Such mutations have resulted in reduced sen-

sitivity of influenza viruses to oseltamivir, in vitro, of up to

100 000-fold.30,47,48,53 However, these mutated viruses also

have a reduced ability to replicate both in vitro and in vivo,
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their infectivity is reduced by up to 1000-fold, and their

pathogenicity is also diminished compared with wild-type

viruses.30,54–56 Hence, the consequences of oseltamivir

resistance may not be clinically relevant.

In general, the overall incidence of resistance to oselta-

mivir is low (0.33% in adults and 4% in children45). The

apparent greater resistance observed in children may be a

consequence of an immature immune system, longer dur-

ation of illness, longer periods of viral shedding and higher

viral titres. A higher level of resistance has been observed

in one study involving Japanese children (18%).53 How-

ever, it is likely that these children were underdosed (using

the weight-based regimen) allowing the influenza virus to

replicate, which increased the likelihood of resistance devel-

oping.53 Therefore, reducing the frequency of underdosing

may effectively prevent the development of resistant strains

of influenza. Few cases of reduced oseltamivir sensitivity

have been reported for the H5N1 virus,47,48 all of which

were a result of the H274Y mutation.

The resistance profile of zanamivir is good and there have

been no reports of patients on acute therapy shedding drug-

resistant virus.57 However, there is currently insufficient

data to conclude that resistance will not be an issue in the

future. Resistant variants have been identified in vitro, but

all have exhibited diminished viability.57 At this time, no

peramivir-resistant influenza variants have been detected.

Summary and conclusions

Neuraminidase inhibitors are the primary treatment option

for influenza, and can also be used to limit the spread of

infection in close proximity environments. Oseltamivir is

the leading drug within this class and is reviewed here as a

gold-standard model drug. However, there are no funda-

mental reasons to prevent zanamivir and peramivir from

occupying important positions alongside oseltamivir. In all

cases, development was via rational drug design, and for

oseltamivir and zanamivir there is a large body of pre-clin-

ical and clinical data. All three drugs also show: a high level

of efficacy, irrespective of influenza subtype, or the age or

risk level of the patient; good tolerability; and a low poten-

tial for the development of meaningful resistance. These

characteristics support the planned pivotal role of the

neuraminidase inhibitors in the defence of many countries

against pandemic influenza.
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