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drugs, the neuraminidase (NA) inhibitors (NAls). Acute respiratory infections are one of the leading
causes of death in children and adults, and influenza is among the few respiratory infections that can
be prevented and treated by vaccination and antiviral treatment. Recent data has suggested that influ-
enza B virus infections are of specific concern to pediatric patients because of the increased risk of severe

Keywords: . disease. Treatment of influenza B is a challenging task for the following reasons:
Influenza B virus
Neuraminidase inhibitors 1. NAls (e.g., oseltamivir and zanamivir) are the only FDA-approved class of antivirals available for
Antiviral drug resistance prophylaxis and treatment of influenza.
Oseltamivir 2. The data suggest that oseltamivir is less effective than zanamivir in pediatric patients.
lzja“am}v}r 3. Zanamivir is not prescribed to patients younger than 7 years of age.
eramivir 4. Influenza B viruses are less susceptible than influenza A viruses to NAls in vitro.
5. Although the level of resistance to NAIs is low, the number of different molecular markers of resis-
tance is higher than for influenza A viruses, and they are not well defined.
6. The relationship between levels of NAI phenotypic resistance and known molecular markers, fre-
quency of emergence, transmissibility, and fitness of NAl-resistant variants are not well established.
This review presents current knowledge of the efficacy of NAls for influenza B virus and antiviral
resistance in clinical, surveillance, and experimental studies.
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1. Introduction

Each year, thousands of people worldwide contract influenza
virus and develop an acute respiratory infection. The causative
agents of these infections are influenza A and B viruses, which lead
to annual epidemics with significant morbidity and mortality.
Although influenza B has been long overshadowed by seasonal epi-
demics and pandemic outbreaks of influenza A, recent surveillance
and epidemiological data indicate that it contributes to a higher
global burden of circulation and disease than traditionally thought.
Since 2004, seasonal influenza B epidemics have contributed
between 1% and 56% of all circulating influenza virus strains and
1-52% of influenza-associated pediatric mortality. Two lineages
of influenza B virus, named Victoria and Yamagata after their
progenitor strains, co-circulate globally and present challenges
for vaccine strain selection. As the neuraminidase (NA) inhibitors
(NAIs) oseltamivir and zanamivir are currently the only two
therapeutic options available worldwide for the control of influ-
enza B infection, the establishment and spread of NAl-resistant
influenza B viruses would be a public health concern. A clear
understanding of the frequency and mechanisms of NAI resistance
is therefore needed, so that public health professionals can best
diagnose and treat influenza B virus and implement control
measures to mitigate emergence and spread of resistant viruses.

This review article consists of six sections in which we present
current knowledge of influenza B virus, focusing on treatment op-
tions and the emergence of NAI resistance. The first section con-
tains an overview of the historical and biological features of
influenza B viruses. Part two discusses epidemiologic data specific
to influenza B virus, including symptoms, infection rates, and po-
tential complications. Section three reviews treatment regimens
for the control of influenza B virus infection and clinical efficacy
of NAIs in adult and pediatric patients. In section four, we provide
an in-depth review of phenotypic levels and NA molecular markers
associated with reduced susceptibility or resistance to NAls. We re-
view the contribution of catalytic and framework NA residues to
levels of NAI resistance from influenza B viruses in clinical samples,
surveillance isolates, and experimentally generated viruses. For
each group, we include and discuss the accompanying patient, sur-
veillance, or experimental data. In part five, we review the relative
fitness of susceptible and resistant viruses from experimental data.
We conclude by reviewing novel anti-influenza drugs in clinical
trials as future treatment options.

2. Biology of influenza B viruses

Influenza B virus was first isolated in 1940 from a pediatric pa-
tient and designated as influenza B/Lee/40 (distinct from the previ-
ously identified influenza A virus) based on the lack of reactivity
with post-infection ferret serum to influenza A/Puerto Rico/8/
1934 (H1N1) virus (Francis, 1940; Horsfall et al., 1940). Influenza
B virus is well documented to cause seasonal influenza outbreaks
that coincide with but receive less attention than seasonal out-
breaks of influenza A virus. Influenza B viruses belong to the family
Orthomyxoviridae and share similar structural features of this fam-
ily, such as the negative-sense, single-stranded, segmented RNA
genome. However, influenza B viruses have features distinct from
influenza A viruses that classify them into a different genus.

First, the hemagglutinin (HA) and NA surface proteins are anti-
genically distinct from those of influenza A viruses. Second, while
influenza A and B viruses contain equal numbers of gene segments,
the protein products and non-coding regions (NCRs) differ. Influ-
enza B virus encodes fewer viral proteins due to a lack of alterna-
tive protein products of the polymerase genes (PB1-F2, N40, PA-X,
and PA-M encoded by influenza A virus), but a second protein

product (NB) is encoded from the influenza B virus NA gene from
a —1 open reading frame. The NB protein is an 11 kDa transmem-
brane protein with ion-channel activity that is incorporated into
virions and required for efficient replication in vivo but is dispens-
able for virus growth in vitro (Betakova et al., 1996; Hatta and Ka-
waoka, 2003; Sunstrom et al., 1996). The 5 NCRs are longer for
each gene segment in influenza B viruses (Jackson et al., 2011;
Stoeckle et al., 1987). Third, the matrix BM2 protein of influenza
B viruses, while performing a function similar to the ion channel
protein M2 of influenza A viruses, is resistant to the adamantane
class of antiviral drugs. Resistance is structurally innate, because
adamantanes do not bind to the ion pore of BM2 (Davies et al.,
1964). Fourth, as an indication of the persistence of influenza B
virus exclusively in humans, the NS1 protein preferentially binds
to ISG15 of human and non-human primates (Guan et al., 2011).

Another striking difference is the rate of evolution and ecology
of influenza A and B viruses. Influenza A viruses evolve rapidly, are
characterized by a broad host range, are maintained in a wild aqua-
tic bird reservoir, and can be isolated from humans, waterfowl,
domestic avian species, horses, pigs, seals, dogs, and cats. Influenza
B viruses infect humans and evolve at a slower rate, likely due to
lack of wild animal reservoir (Chen and Holmes, 2008; Nobusawa
and Sato, 2006). Seals were shown to be competent for influenza
B virus infection, but their role in transmission or as a source of ge-
netic diversity is unknown (Bodewes et al., 2013; Ohishi et al,,
2002; Osterhaus et al., 2000).

Antigenic and genetic variation of the HA protein of influenza B
viruses resulted in the emergence of two distinct lineages repre-
sented by the prototype viruses B/Victoria/2/87 (Victoria lineage)
and B/Yamagata/16/88 (Yamagata lineage) (Shaw et al., 2002).
Yamagata was the primary lineage circulating until the 1980s,
when Victoria lineage viruses appeared first in China in 1975 then
worldwide in 1985; since then, drift variants of both HA lineages
have co-circulated globally (Chen et al., 2007; Chen and Holmes,
2008; Matsuzaki et al., 2004; McCullers et al., 2004; Puzelli et al.,
2004), with both circulating in recent influenza seasons (Chi
et al., 2008; Li et al., 2008; Roy et al., 2011). Importantly, co-circu-
lation of the two lineages results in a different pattern of evolution
of influenza B virus and can explain some of the disparate variabil-
ity of seasonal outbreaks (Yamashita et al., 1988). The same two
genetic lineages were identified in the NA genes of influenza B
viruses. These two NA lineages have diverged since 1983, and
due to the probability of inter-lineage reassortment among influ-
enza B viruses, the viruses carrying mixed HA-NA combinations
from the two lineages have been isolated worldwide (Hay et al.,
2001; Rota et al., 1992). Though all combinations of HA and NA re-
sult in viable virus (McCullers et al., 2004), current strains contain
NA of Yamagata lineage and HA of either Victoria or Yamagata lin-
eages (WHO, 2013).

3. Epidemiology and clinical manifestation of infection caused
by influenza B viruses

The frequency of laboratory-confirmed cases, clinical burden in
different population groups, associated complications, and rates of
hospitalizations have been less studied in patients infected with
influenza B virus than with influenza A virus. As a result, its epide-
miology and impact on public health are less understood and often
underestimated. The frequency of laboratory-confirmed influenza
B cases in the Northern Hemisphere from 2004 to 2013, based on
data reported by the Centers for Disease Control and Prevention
for the United States (CDC, 2013a), the National Institute for Med-
ical Research for Europe (NIMR, 2013), and the National Institute of
Infectious Diseases for Japan (NIID, 2013), is highly variable,
depending on the influenza season (Fig. 1A). The average global
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Fig. 1. Frequency of laboratory-confirmed cases, influenza B virus-associated
pediatric mortality, and proportion of Yamagata lineage across the Northern
Hemisphere. (A) Frequency of circulation of influenza B viruses during 2004-2013.
Data from Centers for Disease Control and Prevention (CDC, USA), National Institute
for Medical Research (NIMR, Europe), and National Institute of Infectious Diseases
(NIID, Japan). (B) Influenza-associated pediatric mortality in the United States
(2004-2013) delineated by influenza subtype. Influenza A and B indicate co-
infections. Pediatric ages: <18 years old, data from CDC, USA. (C) Proportion of
influenza B strains subtyped as Yamagata lineage in the United States, Europe, and
Japan. Years Yamagata lineage included in seasonal influenza vaccine: 2004-2005,
2005-2006, 2008-2009, and 2012-2013. Data from CDC, WHO, and NIID.

percentage of circulating influenza B viruses from 2004-2013 was
21.4%, ranging in the United States from 1.4% in 2009-2010 to
35.7% in 2012-2013, in Europe from 2.5% in 2006-2007 to 46% in
2012-2013, and in Japan from 0.9% in 2009-2010 to 55.3% in
2004-2005. In the Southern Hemisphere (Australia) the average
percentage of circulating influenza B viruses since 2000 was
22.2%, ranging from 0.8% in 2003 to 63.3% in 2008 (Barr and Jelley,
2012). These data suggest that influenza B viruses circulate at low-
er frequency than influenza A viruses but can vary significantly
among different epidemic seasons.

The percentage of circulating strains identified as Yamagata
lineage is moderately consistent across the Northern Hemisphere
(the United States, Europe, and Japan) during an influenza season

(Fig. 1C) (CDC, 2013a; EuroFlu, 2013; NIID, 2013). However, the
low percentage of influenza B strains during the 2009-2010
H1N1pdm season significantly increased the variability. During
the 2009-2010 influenza season the percentage of the HA
Yamagata-lineage strains was 84% in the United States, but only
6% in Europe and 6.7% in Japan. Excluding the 2009-2010 influenza
season, the average standard deviation of the HA Yamagata lineage
proportion per year across the three regions was only 12.8%,
ranging from 3.1% in 2010-2011 to 21.5% in 2004-2005. There
was no significant difference in the variation of the HA Yamagata
lineage during matched or mismatched vaccine years (p =0.7),
nor between different regions (United States versus Europe versus
Japan), even excluding the 2009-2010 season.

Surveillance studies suggest higher attack rates among children
and young adults infected with influenza B virus than among older
individuals, and those infections are more severe (NIID, 2013;
WHO, 2011). Whether such a pattern is related to the relatively
slow antigenic changes of influenza B viruses is not known. CDC re-
ports of specific influenza-associated pediatric deaths since 2004
(Fig. 1B) indicate that during the last nine influenza seasons in
the United States, up to 52.3% (2012-2013) of influenza-associated
pediatric deaths were attributed to influenza B (CDC, 2013b). In
fact, 27% of all influenza-associated pediatric deaths in the United
States during the 2011-2012 epidemic season were attributed to
influenza B viruses, even though they comprised only 18% of all cir-
culating viruses (McCullers and Hayden, 2012).

To our knowledge, randomized studies comparing clinical fea-
tures of influenza A and B virus infections have not been con-
ducted. A systematic clinical and literature review suggested that
myalgia, sore throat, and hoarseness are more often associated
with influenza B than influenza A, but they are otherwise clinically
indistinguishable (Glezen et al., 2013). Some reports suggest that
influenza B was more common than influenza A in children with
malignancies or other immunosuppression conditions (Carr et al.,
2011; Peltola et al., 2003, 2011). Other studies have underlined
the significance of gastrointestinal symptoms in influenza B (Pelt-
ola et al.,, 2003; Wright et al., 2006). It is not clear, however,
whether these symptoms are attributed to the pathogenicity of
influenza B virus itself or whether they are simply more common
in children and young adults in whom this infection is
predominant.

The primary hospitalization rate associated with influenza B
cases (81.4 per 100,000) is similar to that of seasonal influenza A
(HIN1) and A (H3N2) viruses (55.9 and 99.0 per 100,000, respec-
tively) (Thompson et al., 2003). However, a retrospective study of
45 fatal influenza B virus infections in the United Sates observed
rapid clinical progression, with an average time from illness onset
to death of 3 days. This is shorter than the average time to death for
influenza A during the 1918, 1957, 1968, and 2009 pandemics and
for seasonal H3N2 virus infections (Paddock et al., 2012).

Complications of influenza B are understudied, and most re-
ports available to date are on single patients with multiple compli-
cations; most are from children, often with immunocompromised
status (Aebi et al., 2010; Chen et al., 2011; Namendys-Silva et al.,
2011). Pulmonary complications such as primary viral pneumonia,
secondary bacterial or fungal pneumonia, combined viral-bacterial
pneumonia, and exacerbations of chronic pulmonary diseases have
been described (Aebi et al., 2010; Chen et al., 2011; Gutierrez-Piz-
arraya et al., 2012; Krell et al., 2003; Paddock et al., 2012; Wang
et al.,, 2009; Yusuf et al., 2007). Importantly, histological evidence
of interstitial pneumonia and immunohistochemical features of
alveoli involvements during influenza B virus infections was pro-
vided for fatal cases (Paddock et al., 2012). This study also found
that bacterial superinfections were more common in patients over
18 (Paddock et al., 2012). Several single-patient reports of severe
influenza B suggested complication with acute respiratory distress
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syndrome (Cardoso et al., 2012; Lu et al., 2004; Namendys-Silva
et al,, 2011; Wang et al., 2009).

The important extrapulmonary complication of influenza B
virus infections is myocardial injury, which is observed in almost
70% of fatal cases (Paddock et al., 2012). Other extrapulmonary
complications include central nervous system involvement, such
as viral encephalitis and encephalopathy, gastrointestinal symp-
toms, or myositis (Craver et al., 1997; Frank et al., 2010; Muneuchi
et al., 2009; Newland et al., 2003; Tabbutt et al., 2004; Wright,
2006). Additional studies designed specifically for populations
with influenza B virus infections are needed to properly estimate
the burden of complications.

4. NAlIs for the control of influenza B virus infections

Vaccination remains the primary means for the prevention of
influenza and an essential public health tool for mitigating the im-
pact of epidemics and pandemics. Selection of the influenza B virus
strain for the annual trivalent vaccine is challenging: it was
matched with the circulating influenza B virus in the Northern
Hemisphere only 5 times in 10 seasons between 2000 and 2010
(Belshe, 2010). However, with the approval in the United States
of both live attenuated (FluMist Quadrivalent, Medimmune) and
inactivated (Fluarix Quadrivalent, GlaxoSmithKline and Fluzone,
Sanofi Pasteur) quadrivalent influenza vaccines, the CDC estimates
that between 40,000 and 275,000 fewer illnesses per year could be
prevented due to reduced influenza B virus infections (FDA,
2013a,b,c; Reed et al., 2012).

Treatment and prophylaxis with antiviral drugs are another op-
tion for the control of influenza. There are currently two FDA-ap-
proved drugs effective for influenza B virus infections:
oseltamivir (Tamiflu®, Roche) and zanamivir (Relenza®, Glaxo-
SmithKline) that target the viral NA surface protein. The function
of the NA protein is to cleave terminal sialic acids from the cell sur-
face, promoting release of newly formed virions. The NAls were de-
signed to bind the NA enzyme active site of influenza A viruses and
thus slow the spread of newly synthesized viral particles (von Itz-
stein et al., 1993). Another FDA-approved class of anti-influenza
drugs, the adamantanes (amantadine and rimantadine), are not
effective against influenza B viruses (Davies et al., 1964).

Oseltamivir, the most widely prescribed NAI, is administered
orally as a prodrug (oseltamivir phosphate) (Genentech USA,
2012; Hoffmann-La Roche, 2007). After processing by liver en-
zymes into the active form, oseltamivir carboxylate, it is distrib-
uted systemically to all potential sites of infection with a
maximum plasma concentration of 350 pg/L (He et al., 1999). Osel-
tamivir is approved for the treatment of acute influenza in patients
2 weeks of age and older. In the United States it is administered or-
ally to adults at 75 mg twice daily for 5 days, to children from 1 to
12 years old on a tiered weight-based schedule, and to infants
2 weeks to 1 year old at 3 mg/kg twice daily for 5 days (Genentech
USA, 2012). For adult patients with renal impairment, the recom-
mended dose is reduced to 75 mg once daily. Oseltamivir is also
approved for prophylaxis of influenza at a dosage of 75 mg per
day for up to 6 weeks for adults and based on body weight for chil-
dren older than 1 year old (Harper et al., 2009).

Zanamivir, the other FDA-approved NAI, is administered by
inhalation via a disk inhaler and the active compound it deposited
directly in the respiratory tract, with a maximum plasma concen-
tration of 17-142 ng/ml (GlaxoSmithKline, 2013). Zanamivir is ap-
proved for the treatment of acute influenza in adults and in
children 7 years or older with a recommended dosage of 10 mg
twice daily for 5 days by inhalation (Harper et al., 2009). Zanamivir
is approved for prophylaxis in adults and in children 7 years or old-
er, using a single daily 10 mg dose for 10days for household

prophylaxis and for 28 days for seasonal prophylaxis (Harper
et al., 2009). Both oseltamivir and zanamivir are beneficial when
administered 48 h after infection by reducing secondary complica-
tion and decreasing mortality .

Soon after the development of oseltamivir and zanamivir multi-
ple studies were conducted to establish their clinical efficacy
against influenza in adults and children (Cooper et al., 2003; Hay-
den et al,, 1997, 1999a,b; Monto et al., 1999; Nicholson et al., 2000;
Treanor et al.,, 2000; Whitley et al., 2001). None was conducted
exclusively for influenza B virus-infected patients, but the presence
of laboratory-confirmed influenza B virus was noted in all studies.
Because these studies used different criteria and primary efficacy
endpoints for analysis, and in conjunction with low numbers of
laboratory-confirmed influenza B, specific conclusions regarding
efficacy against influenza B virus infections could not be deter-
mined, but in aggregate the data suggest that oseltamivir is less
effective at treating influenza B infections.

In a randomized, double-blind, placebo-controlled study among
children 1-12 years old, oseltamivir (2 mg/kg/dose, twice daily for
5 days) given within 48 h of the onset of illness was shown to sig-
nificantly reduce the duration of fever and other symptoms com-
pared with placebo and was a well tolerated therapy for acute
influenza B in previously healthy children (Whitley et al., 2001).
Three randomized, double-blind, placebo-controlled, parallel
group studies evaluated oral oseltamivir for early treatment or pre-
vention of experimental influenza B in healthy susceptible adults
(Hayden et al., 2000). Two treatment studies (n=60 and n=117)
similarly found that 75 mg doses of oseltamivir administered
24 h after virus inoculation reduced virus titers and the duration
of virus shedding (p = 0.0005). In the prevention study (n=58),
oseltamivir did not reduce infection rates but did significantly re-
duce virus titers (p = 0.03) and the duration of shedding (36 versus
84 h; p=0.03) compared to placebo (Hayden et al., 2000). Overall
these results indicate that for influenza B virus infection, oseltam-
ivir can reduce the duration of illness during treatment, but cannot
prevent infection during prophylaxis.

Recent clinical studies conducted primarily in Japan, the coun-
try with the highest per capita NAI use, have shown that oseltam-
ivir is less effective at treating influenza B than influenza A,
primarily in children (Hoffmann-La Roche, 2007; Kawai et al.,
2006; Sato et al., 2008; Sugaya et al., 2007). In a prospective, mul-
ticenter study of the 2003-2004 and 2004-2005 influenza seasons,
oseltamivir was administered to 1485 patients with influenza B
virus infection and 1818 patients with influenza A virus infection
(Kawai et al., 2006). The patients were also divided into 4 sub-
groups on the basis of age (0-6, 7-15, 16-64, and >64 years). After
4-6 days of oseltamivir therapy, the influenza B virus re-isolation
rate (51.6%) was significantly higher than the influenza A re-isola-
tion rate (15.9%) (p < 0.001). It was concluded that oseltamivir was
less effective for influenza B than for influenza A, with regard to the
duration of fever and virus persistence, irrespective of patient age
or the timing of administration of the first dose (Kawai et al., 2006).

A study conducted in a Japanese pediatric clinic during four
influenza seasons (2001-2005) showed that, although oseltamivir
was effective in reducing the duration of fever for both influenza
B and A, it was less effective for influenza B which lasted longer
than influenza A under treatment (Sato et al., 2008). Notably, this
study was conducted over multiple years, and sufficient numbers
of patients were enrolled (209 influenza B virus-infected patients
were given oseltamivir, and 66 were not treated). Another Japanese
group reported the effectiveness of oseltamivir against influenza B
and A (H3N2) infections in children on the basis of the duration of
fever in which oseltamivir was administered to 362 children with
influenza B (mean age, 5.16 years) and 127 children with influenza
A (H3N2; mean age, 6.97 years) in outpatient clinics (Sugaya et al.,
2007). The authors conclude that fever responded more slowly to
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oseltamivir in children with influenza B infections than influenza A
(H3N2) infections.

In a later study, the same group found that resolution of fever in
children treated with oseltamivir was similar between influenza B
and seasonal influenza A (H1N1) virus infections but slightly faster
for influenza A (H3N2) (Sugaya et al., 2008). In Finland, a random-
ized, double-blind, placebo-controlled trial addressed the efficacy
of oseltamivir given to children 1-3 years old within 24 h of symp-
tom onset of laboratory-confirmed influenza during the 2007-
2008 and 2008-2009 seasons (Heinonen et al., 2010). The authors
did not observe any efficacy of oseltamivir in children with influ-
enza B, although the numbers of children were too small to draw
significant conclusions (8 patients in oseltamivir treatment and
11 in the untreated control group).

Zanamivir was shown to be equally effective for influenza A and
B infections, in terms of the percentage of patients afebrile after 24
and 48 h, in a study with a small number of patients (Kawai et al.,
2008). Another study of 380 influenza B patients, in which 177 re-
ceived zanamivir, 171 oseltamivir and 32 no treatment, reported
marginally significant differences in the duration of fever after
the first dose of zanamivir (31.8+18.4h) and oseltamivir
(35.5+23.9h) for influenza A (p <0.05) (Kawai et al., 2008). For
influenza B, the duration of fever after starting zanamivir
(35.8+22.4h) was significantly shorter than for oseltamivir
(52.7 £31.3 h; p <0.001). There were no significant differences be-
tween influenza A and B in the percentage of patients afebrile 24 or
48 h after the first inhalation of zanamivir. The re-isolation rate
after zanamivir therapy showed marginally significant differences
between influenza A and B (p < 0.05). Overall, zanamivir therapy
was more effective than oseltamivir for the treatment of influenza
B (Kawai et al., 2008).

Meta-analysis has been used to identify significance and draw
conclusions from the numerous and disparate reports of oseltami-
vir efficacy (Ebell et al., 2013; Jefferson et al., 2012; Michiels et al.,
2013; Wang et al., 2012). Unfortunately, these meta-analyses have
not delineated NAI treatment for influenza B, but have suggested
that oseltamivir is marginally effective in reducing the duration
of illness for all influenza infections.

5. NAI resistance among influenza B viruses
5.1. Methods of detection of NAI resistance

The emergence of NAl-resistant influenza B viruses is of great
concern, as much less is known regarding the significance of
molecular markers of NAI resistance than for influenza A viruses.
Here we describe the phenotypic susceptibility of influenza B
viruses with NAl-resistant mutations, arranged into three groups:

1. Clinical samples isolated before or after NAI treatment with
accompanying patient data,

2. Surveillance isolates identified from retrospective studies; and

3. Resistant viruses generated by reverse genetics or passaging
under drug selection in vitro.

Each group separately provides data important for evaluating
the significance of NAI resistance among influenza B viruses,
including patient history, the use of NAls, prevalence of resistance
in a given season or geographic region, and characterization of
markers in known genetic backgrounds.

Evaluation of influenza B virus susceptibility to NAIs is similar
to the approaches used for influenza A, and includes phenotypic
and genotypic methods. Phenotypic functional assays are based
on biochemical NA inhibition using small synthetic sialic acid con-
jugates as substrates that produce either a fluorescent or

luminescent signal upon cleavage by the viral NA surface protein.
As substrates, the fluorescence assay uses 2’-O-(4-methylumbel-
liferyl)-N-acetylneuraminic acid (MUNANA) and the luminescence
assay uses a 2-dioxetane derivative of neuraminic acid (Buxton
et al., 2000; Potier et al., 1979). Phenotypic analysis typically deter-
mines the concentration of NAI required to inhibit NA activity by
50% relative to a mixture containing virus but no inhibitor (ICsq va-
lue). These phenotypic assays utilize cultured influenza viral iso-
lates, and Madin-Darby canine kidney (MDCK) cells are the most
commonly used cell line for propagation of influenza B viruses
prior to testing in the functional assay. MDCK cells may provide
a growth advantage to particular influenza virus variants, and
therefore analysis of the NA sequence of virus isolates and their
matching original clinical specimens is required to confirm known
and novel markers associated with reduced NAI susceptibility.
Genotypic methods are variable and utilize different techniques,
such as real-time polymerase chain reaction (RT-PCR) and single-
nucleotide polymorphism assays or sequencing using Sanger,
pyrosequencing, or deep sequencing methods (Deyde et al., 2010;
Sheu et al., 2010).

The NAs of influenza A and B viruses are structurally similar,
but their overall amino acid homology is only ~30% (Colman,
1994; Russell et al., 2006). However, the 19 amino acids that
make up the catalytic site are highly conserved among all known
influenza A and B NAs (Fig. 2) (Colman et al.,, 1993). These in-
clude catalytic residues (R118, D151, R152, R224, E276, R292,
R371, and Y406; N2 numbering here and throughout the text)
that have a direct interaction with the substrate (sialic acid)
and framework residues (E119, R156, W178, S179, D/N198,
1222, E227, H274, E277, N294, and E425) that support the cata-
lytic residues for functional binding and catalysis (Burmeister
et al., 1992; Varghese et al., 1992). Genotypic methods can iden-
tify the presence of known molecular markers of NAI resistance,
and although they can also identify potential mutations involved
in the resistant phenotype, all novel mutations must be further
evaluated in phenotypic assays.

One subtle, but clinically important difference between influ-
enza A and B viruses is the consistent observation that influenza
B viruses lacking known molecular markers of NAI resistance have
up to 10 times higher baseline ICsq values (McKimm-Breschkin
et al., 2003; Monto et al., 2006). Importantly, this observation is of-
ten specific to the fluorescent phenotypic assay: ICso values for
oseltamivir of susceptible HIN1pdm and H3N2 influenza A viruses
range from 0.1 to 0.5 nM, while influenza B viruses exhibit elevated
ICsp values ranging from 5.19 to 38.9 nM. Conversely, influenza B
viruses exhibit moderately elevated ICso values for oseltamivir
with the chemiluminescent substrate (2.07-5.21 nM) (Escuret
et al., 2008; Kawai et al., 2007; McKimm-Breschkin et al., 2003;
Okomo-Adhiambo et al., 2010; Sheu et al., 2008; Tashiro et al.,
2009; Wetherall et al., 2003). These values are still lower than
the maximum plasma concentrations for oseltamivir (He et al.,
1999).

The basis for the elevated ICsq values for oseltamivir of influ-
enza B viruses is structural: NA proteins appear to be less flexible
than that of influenza A viruses as incomplete rotation of the E276
side chain of the active site prevents complete binding to the
hydrophobic pocket of oseltamivir but not zanamivir or peramivir
(Oakley et al., 2010; Taylor et al., 1998). The criteria recommended
by the World Health Organization (WHO) Antiviral Working Group
for data interpretation for the resistant phenotype are based on
fold change in ICsq values compared with susceptible viruses and
these criteria are different for influenza B viruses. The criteria are
the following: normal inhibition (NAI-susceptible influenza B
viruses) <5-fold; reduced inhibition, 5- to 50-fold; highly reduced
inhibition, >50-fold increase in ICso value over susceptible viruses
(Pozo et al., 2013; WHO, 2012a). The molecular markers associated
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Fig. 2. Alignment of NA proteins of N1 and N2 subtypes of influenza A viruses and influenza B viruses. Transmembrane, stalk, and head regions of NA protein are indicated by
gray, yellow, or green shading, respectively. Catalytic residues are highlighted in orange (R118, D151, R152, R224, E276, R292, R371, and Y406), framework residues in teal
(E119, R156, W178, S179, D198, 1222, E227, H274, E277, N294, and E425). Residues associated with NAI resistance in influenza B viruses from clinical, surveillance, or
experimental studies are designated with an arrow, with other supporting residues (not catalytic or framework) shown in lavender (G109, E110, S250, T325, G402,
G142 + N146). Strain subtype and years of use in vaccine composition (shown in parentheses): A/Perth/16/2009 (H3N2, 2010-2012); A/Victoria/361/2011 (H3N2); A/
Brisbane/59/2007 (H1N1, 2008-2010); A/California/07/2009 (H1N1pdm, 2010-2013); B/Victoria/02/1987 (HA and NA genes from Victoria lineage); B/Hong Kong/330/2001
(HA and NA genes from Victoria lineage, 2002-2004); B/Yamagata/16/1988 (HA and NA genes from Yamagata lineage, 1989-1992); B/Wisconsin/01/2010 (HA and NA genes

from Yamagata lineage, 2012-2013).

with NAl-resistant influenza A viruses have been reviewed else-
where (Nguyen et al., 2012a; Samson et al., 2013).

5.2. NAl-resistant NA mutations in clinical studies

Clinical isolates identified from patients undergoing NAI treat-
ment provide direct evidence of the development of NAI resistance
and thus are of particular importance from a public health perspec-
tive. Information regarding patient age, immunocompetent status,
initiation and duration of antiviral treatment, and the presence of
infected close household contacts are important parameters for
understanding the frequency of generation and transmissibility
of influenza B viruses with reduced susceptibility to NAls.

To date, only four reports have described the isolation of influ-
enza B viruses with reduced susceptibility to NAls after treatment
with either oseltamivir (Bastien et al., 2011; Hatakeyama et al.,
2007; Ison et al., 2006) or zanamivir (Gubareva et al., 1998). Each
of them identified individual NA mutations (Table 1) located either
in the catalytic [R152K, (Gubareva et al., 1998)] or framework NA
residues [D198N, (Ison et al., 2006)] or near the sialidase enzymatic
center [G109E and G402S, (Bastien et al., 2011; Hatakeyama et al.,
2007)]. Importantly, two of the four reports identified drug-resis-
tant influenza B viruses from immunocompromised patients
(Gubareva et al., 1998; Ison et al., 2006). Influenza B/Memphis/
20/1996 virus with an R152K catalytic NA mutation was identified
from an 18-month-old immunocompromised patient treated with
zanamivir (Gubareva et al., 1998). The R152K NA mutation was
first identified after 12 days of zanamivir treatment in virus pas-
saged in MDCK cells and was later confirmed in a clinical sample

after 14 days of zanamivir treatment by RNA isolation directly
from patient aspirates. This R152K NA mutation caused cross-
resistance to all NAls tested and resulted in the reduction of sus-
ceptibility to oseltamivir (100-fold) and zanamivir (70-fold) (Mis-
hin et al, 2005). The D198N NA framework mutation was
identified from a 2-year-old immunocompromised patient after
4 days of prophylactic oseltamivir treatment (10 mg twice daily)
and 23 days of therapeutic oseltamivir treatment (30 mg twice dai-
ly for 14 days, followed by 20 mg twice daily for 9 days). The
MDCK-passaged clinical isolate contained a quasi-species mixture
of virus with D198N/D NA mutations, but analysis of individual vir-
al clones revealed that the D198N mutation conferred 8- and 11-
fold decrease in susceptibility to oseltamivir and zanamivir,
respectively (Ison et al., 2006).

Patients who are immunocompromised and those who are very
young or elderly have delayed influenza virus clearance (Aoki et al.,
2007; Ison et al., 2006; Klimov et al., 1995). For patients receiving
therapeutic NAls, replicating virus will be exposed to the NAI for a
greater length of time, increasing the opportunity for the acquisi-
tion and propagation of NAl-resistant mutations. Importantly,
mutations that reduce NAI susceptibility and viral fitness can pro-
liferate in this host environment, as the viral population is under
less pressure from the immune system. As with influenza A viruses,
this suggests that immunocompromised patients may increase the
chances for emergence of NAl-resistant influenza B viruses, and
this should be considered when developing infection control
measures.

The other two reports described the isolation of influenza B
viruses with reduced susceptibility to NAls in immunocompetent
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Table 1

Clinical isolates of influenza B virus with NA mutations resulting in decreased susceptibility to FDA-approved NAls.

NA mutation and function® Method of testing” Susceptibility to NAls

(range of fold-difference)*

Patient information Reference

Oseltamivir Zanamivir Age Immune NAI treatment
(years) status (days of treatment
prior to resistance)

Catalytic mutation
R152K FL 100-187 28-70 1.5 IC Zanamivir (14) Gubareva et al. (1998, 2001)
Framework mutation
D198N FL 9.2 9.4 2 IC Oseltamivir (27) Ison et al. (2006)
D198N¢ FL 2.8-3.5 7.2-93 1,6, 8 - Oseltamivir (0) Hatakeyama et al. (2007)
12221¢ FL 6.1-7.1 3.4-45 3,56 - Oseltamivir (0) Hatakeyama et al. (2007)
H274Y CL 114 1 33 - No treatment (0) Higgins et al. (2012)
N294S FL 23 S 7 IC Oseltamivir (0) Carr et al. (2011)
Other mutation
G109E CL 5.5 3.6 87 - Oseltamivir (3) Bastien et al. (2011)
E110K CL 4.2 14.6 35 - No treatment (0) Fujisaki et al. (2012)
S250G FL 0.7 29 22 - No treatment (0) Hatakeyama et al. (2007)
G402S FL 3.9 71 7 - Oseltamivir (3) Hatakeyama et al. (2007)

Abbreviations: S, susceptible; IC, immunocompromised patient (leukemia); —, immunocompetent patient.

¢ The function of NA mutation is based on Colman et al. (1983), N2 numbering.

b Fold difference in mean ICsq values derived from FL, fluorescence-based or CL, chemiluminescence-based assay.

€ Fold difference as compared to mean ICsq value of susceptible isolates.
d Cluster of 3 patients.

patients (Bastien et al., 2011; Hatakeyama et al., 2007). Influenza B/
Ontario/RV75-11/2010 virus was isolated from a nasopharyngeal
swab of an 87-year-old patient after 3 days of oseltamivir treat-
ment (75 mg twice daily) and had a G109E NA mutation (Bastien
et al.,, 2011). The mechanism by which this change leads to reduced
susceptibility to NAls is unknown, but it is possible that residue
G109 affects interactions between residue R118, the sialic acid,
and the conserved E119 residue that provides a structural frame-
work for the NA active site (Burmeister et al., 1992). In the fourth
report from Japan during the 2004-2005 influenza season, an influ-
enza B virus with reduced NAI susceptibility and a G402S NA
mutation was isolated in 1 (1.4%) of the 74 children who had re-
ceived oseltamivir treatment (Hatakeyama et al., 2007). This
G402S NA mutation resulted in 3- and 7-fold reductions in suscep-
tibility to oseltamivir and zanamivir, respectively.

Influenza B viruses with reduced susceptibility to NAls have
been identified in patients before initiation of antiviral therapy
and without any known exposure to the drug (Carr et al., 2011;
Fujisaki et al., 2012; Hatakeyama et al., 2007; Higgins et al.,
2012) (Table 1). To date, clinical studies have identified influenza
B viruses carrying NA mutations either in the framework
(D198N, 1222T, H274Y, and N294S) (Carr et al., 2011; Hatakeyama
et al., 2007; Higgins et al., 2012) or in close proximity to the en-
zyme active site (E110K and S250G) (Fujisaki et al., 2012; Hatakey-
ama et al., 2007). One common feature of these reports has been
the isolation of viruses with NAI resistance-associated mutations
from other close household contacts infected with influenza B
and treated with antiviral drugs.

Influenza B viruses containing either the D198N or 1222T NA
mutations were isolated from young children prior to oseltamivir
treatment in Japan in 2005 (Hatakeyama et al., 2007). In both cases
of patients with D198N or 1222T mutations had contact with in-
fected family members on therapeutic oseltamivir treatment. Phe-
notypic testing of the cell-passaged isolate containing either the
D198N or 1222T NA mutation resulted in reductions in susceptibil-
ity to oseltamivir and zanamivir (Hatakeyama et al., 2007). Influ-
enza B virus with an S250G NA mutation was isolated from a
patient prior to oseltamivir treatment (Hatakeyama et al., 2007).
This NA mutation resulted in a 29-fold decrease in susceptibility
to zanamivir, but no change in susceptibility to oseltamivir. The
specific role of this residue in NA enzymatic activity is not known,

but it is internal to the NA protein and may play a role in NA sta-
bility (Burmeister et al., 1992).

An H274Y NA framework mutation was identified from a pa-
tient with no known previous antiviral treatment (Higgins et al.,
2012). This mutation conferred 11- and 35-fold reductions in sus-
ceptibility to oseltamivir and peramivir, respectively, but the virus
retained susceptibility to zanamivir. The novel E110K NA mutation
was identified from MDCK cell-passaged isolates of a Japanese pa-
tient in 2011, but as pyrosequencing was unable to detection the
mutation in the original clinical sample, the significance is un-
known (Fujisaki et al., 2012; WHO, 2012b). Finally, an N294S NA
framework mutation was identified in a virus from a young immu-
nocompromised patient prior to treatment with oseltamivir (Carr
et al,, 2011). The mutation was present in isolates collected over
25 days of virus shedding, 15 of which included oseltamivir treat-
ment. This mutation conferred a 23-fold reduction in susceptibility
to oseltamivir, but the virus remained susceptible to zanamivir. It
was suggested the virus containing this N294S NA mutation was
likely transmitted from another person undergoing NAI treatment,
but patient or family contact information was not available to sup-
port this hypothesis.

5.3. NAl-resistant NA mutations in surveillance studies

An important part of surveillance studies is the determination
of antiviral susceptibility which allows detection of the emergence
and spread of drug-resistant influenza variants. Subtle changes in
susceptibility can also be identified when compared with viruses
from previous season or from different geographic areas. Although
retrospective in most cases, antiviral surveillance studies are based
on statistical analysis of data obtained from a large number of sam-
ples and can thus provide guidance for the antiviral management
of influenza infection. A limitation of antiviral surveillance studies
is the lack of information about NAI treatments that complicate our
understanding of the sources of emergence and clinical relevance
of the identified drug-resistant variants.

Before the introduction of the clinical use of NAls, no drug-resis-
tant human influenza A or B viruses were detected (McKimm-
Breschkin et al., 2003; Zambon and Hayden, 2001). The Neuramin-
idase Inhibitor Susceptibility Network evaluated 2287 viruses iso-
lated during the first 3 years of NAI use (1999-2002) for
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Table 2
Surveillance samples of influenza B virus with NA mutations resulting in decreased susceptibility to FDA-approved NAls.
NA mutation and function® Method of testing” Susceptibility to NAls (range of fold difference)” Reference
Oseltamivir Zanamivir

Catalytic mutation
R371K CL 407 29 Sheu et al. (2008)
Framework mutation
D198E FL 8.4-14 6.4-9 Hurt et al. (2004b, 2006)

CL 14.2 22
D198E CL 4.0 31 Sheu et al. (2010), Okomo-Adhiambo et al. (2010)
D198N CL 5 7 Wang et al. (2013)
D198N CL >10 >10 WHO (2007), Tashiro et al. (2009)
D198Y FL 145 143 Escuret et al. (2008)
1222T CL 32 2.1 Sheu et al. (2008)
122271¢ FL 5-8 S Wang et al. (2013)

CL 9 S
1222T CL 7.3-134 2.3-6.5 Monto et al. (2006)
1222v¢ FL 5.5-6.9 2.5-3.3 Sleeman et al. (2011)

CL 2.6-4.8 1.2-2.2
H274Y CL 33 0.4 Sheu et al. (2008)
Other mutation
T325I1 CL 2.7 0.9 Sheu et al. (2008)
G142R + N146K FL 6 10 Okomo-Adhiambo et al. (2013)

Abbreviations: S, susceptible.
@ The function of NA mutation is based on Colman et al. (1983), N2 numbering.

Fold difference as compared to mean ICsq value of susceptible isolates.
Cluster of 4 isolates (3 from Chongqing, China and 1 from Shanghai, China).

b
c
d
€ Cluster of 14 isolates (North Carolina, United States).

susceptibility to oseltamivir and zanamivir and determined that 8
(0.3%) viruses had a >10-fold decrease in susceptibility to oseltam-
ivir, 2 of which were influenza B viruses (Monto et al., 2006).

Antiviral surveillance studies conducted during different sea-
sons and in different geographic areas have shown activity of NAls
against the NA of influenza B viruses in vitro and indicated low fre-
quency of circulation of drug-resistant variants (Escuret et al.,
2008; Hurt et al., 2004a; Monto et al., 2006; Okomo-Adhiambo
et al., 2010; Sheu et al., 2008; Tashiro et al., 2009; WHO, 2007).
Several molecular markers of drug resistance were identified, lo-
cated either at the conserved NA residues (E119A, D198N, D198E,
1222T, 1222V, H274Y, and R371K) or in surrounding locations
(T3251 and G142R + N146K) (Table 2). The growing number of
NA mutations in influenza B viruses acquired as a result of drug
selection pressure or natural drift presents a challenge for NAI sus-
ceptibility testing by surveillance laboratories and requires vali-
dated knowledge of the role of specific mutations on the
reduction in NAI susceptibility (Nguyen et al., 2012b).

Hurt and colleagues reported detection of an influenza B/Perth/
211/2001 virus among 126 influenza B viruses (0.8%) isolated be-
tween 1998 and 2002 from Australasia and the Asia-Pacific region
(Hurt et al., 2004b). The virus was isolated from an 8-month-old
girl with acute respiratory illness and no history of treatment or
close contact with patients under treatment with either zanamivir
or oseltamivir (Hurt et al., 2006). This virus contained a mixture of
NAl-sensitive and -resistant viral clones, and the D198E NA muta-
tion was responsible for the drug-resistant phenotype. A second B/
Texas/38/2008 virus containing a D198E mutation with slightly re-
duced susceptibility was reported by Sheu and colleagues (Sheu
et al., 2010) and fold difference was reported by Okomo-Adhiambo
and colleagues (Okomo-Adhiambo et al., 2010). A variation of this
mutation was found in one other surveillance sample, D198Y in B/
Lyon CHU/8.614/2006 (Escuret et al., 2008). The D198Y NA muta-
tion resulted in 14-fold reduction in susceptibility to both oseltam-
ivir and zanamivir while the D198E NA mutation of B/Texas/38/
2008 conferred only slight 4-14- and 2-3-fold reductions in sus-
ceptibility to oseltamivir and zanamivir, respectively (Escuret
et al., 2008; Hurt et al., 2004b; Okomo-Adhiambo et al., 2010).

Fold difference in mean ICso values derived from FL, fluorescence-based or CL, chemiluminescence-based assay.

A large-scale antiviral surveillance study among influenza B
viruses circulating worldwide from 2004 to 2008 identified one
extreme outlier and three mild outliers among 1070 viruses
tested (0.4%) (Sheu et al, 2008). Influenza B/Hong Kong/36/
2005 with a single novel amino acid change, R371K, at the
highly conserved catalytic position resulted in 407-fold reduction
in susceptibility to oseltamivir and 29-fold reduction to zanami-
vir. This virus had not been selected in the presence of any NAI,
either in vitro or in vivo. Three mild outliers detected among
influenza B viruses had a change at positions [222T, H274Y,
and T325I (Sheu et al., 2008). A later study identified influenza
B/Illinois/03/2008 with an E119A NA mutation that had greatly
reduced susceptibility to oseltamivir and zanamivir, and was
the only virus described with a mutation at residue E119 from
a patient sample (Sheu et al., 2010). Another study among 346
influenza B viruses isolated worldwide in April-September
2011 identified two viruses (0.6%) with reduced susceptibility
to NAls (Okomo-Adhiambo et al., 2013). Full NA sequence anal-
ysis showed that B/Ontario/1256/2011 had two previously unre-
ported G142R and N146K NA mutations. It is unknown whether
substitutions G142R and N146K were present in the virus before
culturing because clinical specimens were unavailable for testing
(Okomo-Adhiambo et al., 2013). Interestingly, the N146 residue
is a predicted site of N-linked glycosylation in N1-N9 subtypes
(Air, 2012; Chen et al., 2012), of which alteration can affect NA
activity and affinity in N1 and N8 subtypes (Li et al., 1993; Saito
and Kawano, 1997).

Three studies have examined changes in susceptibility of influ-
enza B viruses isolated over time. In one study, ICso values among
viruses isolates from 1994-2005 were not significantly different
between the Yamagata and Victoria HA lineages (Sugaya et al,,
2007). A second study tested 500 isolates from 2001-2006 and
found a small decrease in ICs¢ values to oseltamivir from 2001-
2002 and 2002-2003 seasons to the 2003-2004 and 2004-2005
(mean ICso 34 versus 25.75 nM, p < 0.05) influenza seasons (Tashi-
ro et al., 2009). However, this change was independent of influenza
B lineage variation. More recent analysis found no significant dif-
ference in NAI susceptibility by HA lineage of influenza B viruses
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collected in the Southern Hemisphere in 2011 (Okomo-Adhiambo
et al,, 2013).

Antiviral surveillance of influenza B viruses collected in main-
land China during 2010-2011 identified 5 viruses among 680
tested (0.7%) with reduced susceptibility to NAls (Wang et al.,
2013). A single virus with reduced susceptibility to both oseltami-
vir and zanamivir contained an amino acid substitution at the con-
served framework residue D198N, while a cluster of three and one
other virus resistant to oseltamivir but not zanamivir and shared
the amino acid framework substitution 1222T (Wang et al., 2013).
In the United States (North Carolina) during the 2010-2011 influ-
enza season surveillance testing identified a cluster of 14 influenza
B isolates with an 1222V framework mutation in mixed popula-
tions varying from 62% to 95% in the clinical specimen; two con-
tained double 1222V and K360E or S288N NA mutations, but did
not exhibit significantly altered susceptibility. Patients had not re-
ceived antiviral treatment prior to sample collection, although
some family contacts had received oseltamivir (Garg et al., 2013).
Interestingly, oseltamivir treatment lengthened the duration of ill-
ness in patients with the NAl-resistant 1222V influenza B virus
compared with infection with the susceptible WT (5 versus 3 days,
1222T and WT, p = 0.02), while non-treated patients positive for the
1222V mutant influenza B virus had a similar duration of illness (3
versus 3.5 days, 1222V and WT) (Garg et al., 2013). This suggests
that, in the absence of oseltamivir, the mutation confers a slight
loss of fitness, but with the addition of oseltamivir, the influenza
B virus with an 1222V NAl-resistant mutation can cause disease
longer than WT. Both influenza B virus NA mutations 1222T and
1222V resulted in 5- to 8-fold reductions in susceptibility to osel-
tamivir. In conjunction with the clinical report from Japan describ-
ing 3 patients with 1222T mutations (Hatakeyama et al., 2007),
these clusters of [222T and 1222V isolates from China and the Uni-
ted States provide strong evidence that mutations conferring small
reductions in susceptibility can be transmitted. Viruses with [222T
and 1222V mutations have also been identified from individual iso-
lates without evidence of clustering or transmission (Monto et al.,
2006; Sheu et al., 2008; Wang et al., 2013).

Most systematic antiviral surveillance studies have evaluated
NAI susceptibility of influenza viruses collected with imperfect
knowledge of antiviral treatment history. In contrast, the Influenza
Resistance Information Study (IRIS) is a 5-year, prospective, multi-
center, observational study (Whitley et al., 2013). This report sum-
marized results from 79 centers (64 primary care centers and 15

hospitals) in the United States, China, France, Germany, Poland,
Norway, and Australia from December 2008 to March 2011, com-
prising three Northern and two Southern Hemisphere seasons
and including the 2009-2010 pandemic. It is one of the largest sur-
veys to specifically examine the prevalence and development of
influenza antiviral resistance during the course of disease and its
clinical correlates. Of 518 influenza B virus positive samples, 256
patients received antiviral treatment, and no emergent resistance
was found (Whitley et al., 2013).

5.4. NAl-resistant NA mutations in experimental studies

The existing experimental approaches used to generate NAI-
resistant influenza viruses in vitro are limited to multiple virus pas-
sages under drug selection pressure or reverse genetics technology
(Table 3). Notably, selection of NAl-resistant influenza B variants in
normal or immunodeficient animal models has not been reported.
Most of the studies that used drug selection pressure in cell culture
for the generation of NAlI-resistant viruses were conducted either
during preclinical drug development or shortly after introduction
into clinical practice (Barnett et al., 1999; Cheam et al., 2004; Cola-
cino et al.,, 1997; Staschke et al., 1995).

Passaging of influenza B viruses in MDCK cells in the presence of
zanamivir resulted in resistant variants with NA amino acid substi-
tutions E119G (Barnett et al., 1999; Colacino et al., 1997; Staschke
et al., 1995), E119D (Cheam et al., 2004), or D198N (Hatakeyama
et al,, 2011) (Table 3). These experimentally generated resistant
viruses had much higher levels of resistance to both oseltamivir
and zanamivir than are typically observed in clinical or surveil-
lance studies. Passaging of influenza B virus in MDCK cells with
oseltamivir identified a virus with an 1222T NA mutation, but it re-
sulted in only a small reduction of viral susceptibility to oseltami-
vir (Hatakeyama et al., 2011). This experimental evidence lends
strong support to the clinical evidence of transmission of influenza
B viruses with similar mutations from patients receiving oseltam-
ivir in Japan and the United States (North Carolina) (Garg et al.,
2013; Hatakeyama et al., 2007; Sleeman et al., 2011). The cell cul-
ture experiments required multiple passages for the generation of
viruses resistant to NAls, which suggests resistance to these agents
arises infrequently. Some experimentally derived NAl-resistant
influenza B viruses had NA mutations similar to those identified
in clinical and surveillance studies, and, to some degree, validated
the two most common NA mutations identified, D198N and 1222T.

Table 3
Experimental studies of influenza B virus with NA mutations resulting in decreased susceptibility to FDA-approved NAls.
NA mutation and function® Method of testing” Susceptibility to NAls Method of virus generation Reference
(range fold difference)® (drug concentration)
Oseltamivir Zanamivir
Catalytic mutation
R152K CL 252 4.7 RG Jackson et al. (2005)
R292K CL >300 28.5 RG Jackson et al. (2005)
Framework mutation
E119A CL >300 >560 RG Jackson et al. (2005)
E119D FL 117 32667 Zanamivir (10 pM) Cheam et al. (2004)
E119D CL >300 >560 RG Jackson et al. (2005)
E119G P nd 86 Zanamivir (60 pM) Staschke et al. (1995), Colacino et al. (1997)
E119G FL nd 1243-1586 Zanamivir (300 pM) Barnett et al. (1999)
E119G CL 31.1 >560 RG Jackson et al. (2005)
E119vV CL >300 19 RG Jackson et al. (2005)
D198N FL 3.0-3.2 49-58 Zanamivir (1 pM) Hatakeyama et al. (2011)
1222T FL 7.2 2.1 Oseltamivir (1 uM) Hatakeyama et al. (2011)

Abbreviations: nd, no data; RG, reverse genetics.
2 The function of NA mutation is based on Colman et al. (1983), N2 numbering.

Fold difference as compared to mean ICsq value of susceptible isolates.

b
c
4 Concentration of drug during passaging which lead to resistant virus.

Fold difference in mean ICsq values derived from FL, fluorescence-based or CL, chemiluminescence-based assay or P, plaque reduction assay in MDCK cells.
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Reverse genetics technology allows the generation of influenza
viruses with mutations of choice, in particular with different muta-
tions in the NA enzyme active site, and the determination of the
role of single or multiple mutations against a homogeneous virus
genetic background. Further analysis of resistant phenotypes will
reveal potential resistance mutations that should be monitored
during antiviral treatment. The contributions of the framework
NA residue E119 and two catalytic NA residues (R152 and R292)
to the reduction of susceptibility to NAIs were addressed by the
generation of recombinant influenza B/Beijing/1/1987-like viruses
by reverse genetics (Jackson et al., 2005). Introduction of either the
E119A or the E119D NA mutation resulted in high resistance to
oseltamivir (>300-fold reduction) and zanamivir (>560-fold reduc-
tion). The E119G NA mutation resulted in high resistance to
zanamivir (>560-fold reduction), but only medium reduction in
sensitivity to oseltamivir (31.1-fold reduction), while the E119V
mutation resulted in high resistance to oseltamivir (>300-fold
reduction), but no reduction to zanamivir (1.9-fold reduction).
Both R152K and R292K NA mutations conferred high resistance
to oseltamivir (252- and >300-fold reductions) but differential
resistance to zanamivir (4.7- and 28.5-fold reductions).

Overall, mutations of the catalytic residues (R152K, R292K,
R371K) confer the highest levels of resistance, more pronounced
to oseltamivir than to zanamivir. Mutations H274Y and N294S,
which are commonly associated with NAI resistance in N1 and
N2 subtypes, confer moderate resistance to oseltamivir, but remain
susceptible to zanamivir in influenza B viruses. The most common
mutations are at the framework positions D198 and 1222. These
residues are permissible for different amino acid substitutions
(D198E, D198N, D198Y and 1222T and 1222V) that confer a similar
reduction in susceptibility. Of significant concern are substitutions
of the E119 residue, as all mutations (E119A, E119D, E119G or
E119V) conferred decreased susceptibility to oseltamivir or
zanamivir.

6. Fitness of influenza B viruses with NAI-resistant NA mutations

The fitness of NAl-resistant influenza B viruses in comparison
with their drug-susceptible counterparts remains largely unchar-
acterized, leaving open questions of their clinical significance.
Although potential detrimental effects of NAl-resistant mutations
on viral fitness can be assessed by multiple approaches, the most
clinically relevant models utilize competitive co-infections (WT
and mutant viruses) in vitro and in vivo and virus transmission in
a ferret model. The critical limitation of these studies for influenza
B virus is its low pathogenicity in mice and ferrets, the commonly
used animal models for influenza research (Kim et al., 2009;
McCullers et al., 2005). However, a guinea pig model was recently
established and can be used as an important tool to study the fit-
ness of NAl-resistant influenza B viruses (Pica et al., 2012).

The fitness of 6 experimentally generated NAl-resistant viruses
was tested by examination of their growth kinetics in MDCK cells.
It was found that recombinant influenza B/Beijing/1/1987-like
viruses with substitutions at residue E119 had different patterns
of growth kinetics (Jackson et al., 2005). Compared with the WT,
a virus with an E119G NA mutation had no reduction in virus yield,
while viruses with E119A or E119V NA mutations had up to a 1 log
reduction, and the virus with E119D NA mutation had the yield re-
duced by almost 2 logs. These differences in growth kinetics corre-
lated with a decrease in NA activity and stability of viruses with
different NA mutations. These findings are also in agreement with
a previous characterization of differences in growth kinetics be-
tween WT B/Hong Kong/8/1973 and the zanamivir-resistant virus
with an E119G mutation (Staschke et al., 1995). Two catalytic-site
NA mutations, R152K and R292K, introduced into the NA of an

influenza B/Beijing/1/1987-like virus also significantly reduced its
growth kinetics. The reduction in growth as a result of these two
mutations was correlated with a reduction in the stability
(R152K) or activity (R292K) of the NA enzyme, suggesting that
these two factors contribute significantly to decreased replication
of NAl-resistant viruses in cell culture.

To date, two reports have assessed the contribution of the NA
catalytic R152K (Gubareva et al., 1998) and framework D198N
mutations (Mishin et al., 2005) to the fitness of influenza B viruses
in a ferret model. In a competitive co-infection model, when ferrets
were inoculated with a 1:60 ratio of WT and R152K viruses, 2 of 3
animals resolved to equal WT/R152K mixed populations after
3 days and entirely to WT after 6 days. In 1 of 3 animals, the reso-
lution was delayed as the mixed population was identified after
6 days. However, when ferrets co-infected with WT and R152K
viruses were treated with zanamivir, in all 3 animals only the
R152K NA mutant virus was identified after 3 and 6 days. Thus,
an influenza B virus with an R152K NA mutation was less virulent,
but it had a growth advantage over the WT virus under drug
pressure (Gubareva et al., 1998). Another study investigated the
role of the D198N NA mutation on virus fitness in the competitive
co-infection ferret model (Mishin et al., 2005). When ferrets were
inoculated with a 50:50 mixture of the WT virus and the D198N
NA mutant, the WT virus was unable to outcompete the D198N
NA mutant, as determined by genotyping virus collected from
the nasal washes. After inoculation of ferrets with a mixture of
viruses, treatment with oseltamivir did not significantly alter the
ratio of WT and D198N NA viruses, but did reduce the number of
influenza-positive animals.

Although the role of NAI resistance-associated mutations in
the transmissibility of influenza B viruses has not been studied
in animal models, epidemiological data suggest that drug-resis-
tant mutants can be transmitted to close contacts. Clusters of
influenza B viruses with D198N, 1222T, and 1222V NA mutations
have been identified in Japan, China, and the United States, sup-
porting the hypothesis that viruses containing these mutations
are transmissible, and therefore were acquired from family or
community contacts (Garg et al, 2013; Hatakeyama et al,
2007; Sleeman et al., 2011; Wang et al., 2013). It is also possible
that drug-resistant variant viruses can outgrow drug-sensitive
variants from mixed populations in the presence of NAls. A virus
with an R152K NA mutation was identified in isolates from an
immunocompromised patient after 14 days of zanamivir treat-
ment, indicating virus replication in the presence of the drug
(Gubareva et al., 1998). A virus containing the D198N NA muta-
tion isolated from an immunocompromised patient was also
identified in a mixed viral population after 27 days of oseltamivir
treatment (Ison et al., 2006).

7. Investigational NAIs

Oral oseltamivir and inhaled zanamivir are currently available
worldwide for clinical use, and parenteral formulations of these
drugs are in phase III clinical trials in the United States. They are
being considered for severely ill hospitalized patients who are un-
able to tolerate oral or inhaled administration of NAls, such as
those with extracorporeal membrane oxygenation, gastric stasis,
or bleeding. Although the levels of NAI resistance among seasonal
influenza A and B viruses are currently low, the possible emer-
gence and spread of NAl-resistant variants cannot be excluded,
emphasizing the need for continued development of novel NAls
and other anti-influenza drugs.

Peramivir is an investigational NAI that was developed using a
structure-based design (Babu et al., 2000). Like the other NAls, per-
amivir mimics the sialic acid residues of the cell membrane and
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binds to the NA active site, competing with neuraminic acid, there-
by preventing the release of progeny virions from infected host
cells. In addition to the carboxyl group that is present in oseltam-
ivir and zanamivir, which binds to amino acids R118, R292, and
R317, peramivir has two side chains. One chain is formed by a
hydrophobic acetamido group, which binds to the hydrophobic
pocket formed by 1222 and W178, similar to that of oseltamivir,
and the other is a guanidino group which binds to E119, D151,
E227, and E277, similar to that of zanamivir. These unique struc-
tural properties allow peramivir to bind tightly the N9 NA site
for more than 24 h and slowly dissociate (Bantia et al., 2006; Cas-
tillo et al., 2010).

Peramivir is active against influenza B viruses in vitro and in
mice and ferrets (Kitano et al., 2011; Sidwell et al., 2001), with a
single intravenous administration giving mice 100% protection
(Kitano et al., 2011). Peramivir was safe and well tolerated in clin-
ical trials and was approved in Japan and South Korea in 2011
(Shetty and Peek, 2012; Sugaya et al., 2012). A post-marketing
study from Japan assessed the efficacy of intravenous peramivir
in influenza B cases and showed that it was superior to oseltamivir
in reducing the duration of fever (1 vs. 3 days) in children 5-
18 years old. However, there was no difference between oseltami-
vir and peramivir treatment in children less than 9 years old with
influenza B (Hikita et al., 2012). The mechanism and molecular
markers of influenza B virus resistance to peramivir have not been
fully elucidated. The emergence of peramivir-resistant variants
was detected after 15 passages in MDCK cells under drug pressure,
and the mutant virus had an H274Y NA mutation that conferred a
714-fold reduction in susceptibility to peramivir (Baum et al.,
2003).

Laninamivir octanoate was discovered in 2004 and approved
for the treatment of influenza in adults and children in Japan
in 2010 (Yamashita et al., 2009). It is a pro-drug (CS-8958, pre-
viously known as R-118958) that after inhalation is converted in
the lungs to its active form, laninamivir (R-125489). It was
shown to inhibit the NA activity of the N1-N9 subtypes of influ-
enza A and influenza B viruses in vitro (Yamashita et al., 2009).
The metabolized plasma drug concentration in vivo is reported to
be 1100 nM after 144 h (Ishizuka et al., 2010), which is approx-
imately 50 times higher than the level necessary to inhibit influ-
enza B virus replication (Kubo et al., 2012). Based on this
pharmacokinetic characteristic, influenza can be treated with a
single administration of laninamivir octanoate by oral inhalation.
A single dose prolonged the survival of mice infected with a
mouse-adapted A/Puerto Rico/8/34 (HIN1) virus and was effec-
tive in vitro against influenza A viruses with the H274Y and
R292K NA mutations (Yamashita et al., 2009).

Laninamivir was effective effect against influenza B viruses
for both Victoria and Yamagata lineages in vitro with similar
mean ICsy values of 19.8+8.2 and 18.1+6.3 nM, respectively
(Yamashita et al., 2009). There was no difference in the ICso val-
ues between laninamivir and oseltamivir for influenza A virus
with a N294S mutation. The ICsy values for laninamivir among
influenza B viruses with the D198N and [222T mutations were
comparable to those for oseltamivir and zanamivir, suggesting
similar effectiveness in vitro (Yamashita et al., 2009). In two pro-
spective, multicenter, randomized, double-blind control studies
in adults and children, the clinical efficacy of laninamivir octano-
ate was comparable to that of oseltamivir against influenza A
viruses (Sugaya and Ohashi, 2010; Watanabe et al., 2010). How-
ever, the number of patients with influenza B was too small (10
children and 2 adults) to allow a solid conclusion regarding the
effectiveness of laninamivir against influenza B viruses. Further
clinical studies are needed to confirm the clinical efficacy of lan-
inamivir against susceptible and resistant influenza B virus
infections.

8. Concluding remarks

Our knowledge about the efficacy of NAls against influenza B
virus is based on observational studies, which report lower clinical
efficacy of oseltamivir against influenza B than influenza A, and in
particular, lower efficacy against influenza B in young children.
Specific studies must be done to determine whether higher dos-
ages of oseltamivir or the use of other approved antivirals, such
as zanamivir in the United States or laninamivir and peramivir in
Japan and South Korea, can overcome the reduced effectiveness
of oseltamivir for the control of influenza B, with a specific focus
on children. Recent developments in rapid antigen detection tests
have made it possible to differentiate between influenza A and B
viruses, allowing physicians to make informed decisions regarding
drug and treatment regimens, based on accurate determination of
the virus causing the disease.

The symptoms of patients infected with influenza B viruses
with reduced susceptibility to NAIs were similar to those infected
with susceptible viruses, indicating that these mutant viruses, at
least those with mutations in framework residues, have no signif-
icant loss of virulence, even though they have developed drug
resistance. The defects and deficiencies in NA enzymatic functions
can vary by NA mutations located in different functional regions.
Continued evaluation of the biological properties of NAl-resistant
influenza B viruses, with an emphasis on specific NA mutations,
is needed to fully assess their fitness and transmissibility in hu-
mans. Further studies are needed to evaluate the NAI susceptibility
of influenza B viruses of different NA lineages, as a majority of anti-
viral surveillance studies are limited to evaluation of only HA lin-
eages. With the advent of molecular diagnostic tools and rapid
genotyping techniques, this information can be readily obtained,
and we encourage the reporting of both HA and NA lineages for
influenza B viruses.

Several questions regarding NAI efficacy and resistance in influ-
enza B viruses remain unanswered. One of them is why the pattern
of NA mutations observed in clinical and surveillance studies for
influenza B viruses is different from that of human influenza A
viruses of the N1 and N2 subtypes. The most common NA muta-
tions are limited to H274Y and N294S for the N1 subtype, and
E119V and R292K for N2 subtype viruses. For NAl-resistant influ-
enza B viruses, multiple mutations are found at the two most com-
mon residues, D198 and 1222, which lead to emergence of D198N,
D198E, D198Y and 1222T and 1222V NAl-resistant viruses. Another
question is why the overall frequency of NAl-resistant influenza B
viruses is lower than that observed for influenza A. Does this relate
to elevated baseline ICsq values and the lower frequency of circula-
tion of influenza B viruses? Finally, what are the specific clinical
features of influenza B virus infections? We know very little
regarding the influence of viral load and virulence factors on dis-
ease severity and viral persistence, nor do we understand the rela-
tionship between pre-existing immunity and the co-circulation of
different lineages.

With new NAls advancing into clinical practice, more studies
are needed to define the mechanisms of influenza B virus resis-
tance and elucidate the importance of the resistant genotypes
and phenotypes in clinical practice. Continued antiviral surveil-
lance studies are essential to monitor naturally occurring istrains
that are resistant to NAls and to establish molecular markers of
resistance.
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