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ABSTRACT

Influenza A and B viruses are human pathogens that are regarded to cause almost equally significant disease burdens. Neuramin-
idase (NA) inhibitors (NAIs) are the only class of drugs available to treat influenza A and B virus infections, so the development
of NAI-resistant viruses with superior fitness is a public health concern. The fitness of NAI-resistant influenza B viruses has not
been widely studied. Here we examined the replicative capacity and relative fitness in normal human bronchial epithelial
(NHBE) cells of recombinant influenza B/Yamanashi/166/1998 viruses containing a single amino acid substitution in NA gener-
ated by reverse genetics (rg) that is associated with NAI resistance. The replication in NHBE cells of viruses with reduced inhibi-
tion by oseltamivir (recombinant virus with the E119A mutation generated by reverse genetics [rg-E119A], rg-D198E, rg-I222T,
rg-H274Y, rg-N294S, and rg-R371K, N2 numbering) or zanamivir (rg-E119A and rg-R371K) failed to be inhibited by the pres-
ence of the respective NAI. In a fluorescence-based assay, detection of rg-E119A was easily masked by the presence of NAI-sus-
ceptible virus. We coinfected NHBE cells with NAI-susceptible and -resistant viruses and used next-generation deep sequencing
to reveal the order of relative fitness compared to that of recombinant wild-type (WT) virus generated by reverse genetics (rg-
WT): rg-H274Y > rg-WT > rg-I222T > rg-N294S > rg-D198E > rg-E119A �� rg-R371K. Based on the lack of attenuated repli-
cation of rg-E119A in NHBE cells in the presence of oseltamivir or zanamivir and the fitness advantage of rg-H274Y over rg-WT,
we emphasize the importance of these substitutions in the NA glycoprotein. Human infections with influenza B viruses carrying
the E119A or H274Y substitution could limit the therapeutic options for those infected; the emergence of such viruses should be
closely monitored.

IMPORTANCE

Influenza B viruses are important human respiratory pathogens contributing to a significant portion of seasonal influenza virus
infections worldwide. The development of resistance to a single class of available antivirals, the neuraminidase (NA) inhibitors
(NAIs), is a public health concern. Amino acid substitutions in the NA glycoprotein of influenza B virus not only can confer anti-
viral resistance but also can alter viral fitness. Here we used normal human bronchial epithelial (NHBE) cells, a model of the hu-
man upper respiratory tract, to examine the replicative capacities and fitness of NAI-resistant influenza B viruses. We show that
virus with an E119A NA substitution can replicate efficiently in NHBE cells in the presence of oseltamivir or zanamivir and that
virus with the H274Y NA substitution has a relative fitness greater than that of the wild-type NAI-susceptible virus. This study is
the first to use NHBE cells to determine the fitness of NAI-resistant influenza B viruses.

Influenza B viruses are important human respiratory pathogens
causing a significant disease burden. Although the consequences

of influenza B virus infections on human influenza disease in ep-
idemic seasons were frequently discounted in the past, they are
now viewed as being almost equal to those of influenza A virus
infections (1, 2). From the 2004-2005 to the 2013-2014 influenza
seasons, influenza B viruses comprised, on average, 21.8% of the
influenza viruses circulating in the United States (peak, 35.7% in
the 2012-2013 influenza season), with the percentage of influenza-
associated pediatric deaths being attributable to influenza B virus
averaging 26.9% (peak, 51.9% in the 2012-2013 influenza season).
Clinical reports also suggest that links exist between influenza B
virus and lethal secondary bacterial infections and myocardial or
neurological complications (3–7).

Annual vaccination is an effective method for controlling in-
fluenza disease. The current FDA-approved quadrivalent seasonal
influenza vaccine includes both antigenically distinct hemaggluti-
nin (HA) lineages of influenza B virus (i.e., Yamagata and Victo-

ria) (8, 9). Antiviral treatment is another option for the control of
influenza, and the neuraminidase (NA) inhibitors (NAIs) are cur-
rently the only class of antivirals approved for prophylaxis and
treatment of influenza B virus infections. NAIs limit influenza
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disease by competitively binding the NA active site, inhibiting
NA-mediated cleavage of cell surface and virus-associated sialic
acids, and preventing the release and spread of influenza virus.
The FDA-approved NAIs in the United States are oral oseltamivir,
inhaled zanamivir, and intravenous peramivir (10).

For influenza A and B viruses, the development of NAI resis-
tance is associated with amino acid substitutions in NA, typically
at 1 of 19 highly conserved residues in or near the NA active site
(11, 12). These amino acids are principally responsible for the
sialidase activity of the NA enzyme, as they either directly contact
the terminal sialic acid (catalytic residues R118, D151, R152,
R224, E276, R292, R371, and Y406; the N2 numbering is used here
and throughout the text) or support the NA enzymatic binding
pocket (framework residues E119, R156, W178, S179, D198, I222,
E227, H274, E277, N294, and E425). Substitutions at these con-
served residues disrupt NAI inhibition, while at least some NA
sialidase activity is maintained (13, 14). Occasionally, substitu-
tions affecting NAI inhibition are identified elsewhere in the NA
protein of influenza B virus; these may reduce inhibition by alter-
ing NA glycosylation (G142R and N146K) or NA tetramer stabi-
lization (E105K) (12, 15, 16). The World Health Organization’s
(WHO’s) Global Influenza Surveillance and Response System rec-
ommends monitoring influenza B viruses for 6 single amino acid
substitutions in NA (R152K, D198E, D198N, I222T, N294S, and
G402S) that reduce inhibition by NAIs (17).

Importantly, such substitutions can affect influenza virus fit-
ness, i.e., the summation of parameters that quantify the degree of
virus adaptation to a given environment (18). Influenza virus
populations naturally exist as quasispecies, or pools of individuals
with diverse genetic variations. Influenza virus variants compete
against one another, and those best fit to their environment come
to dominate the population during infection. The capacity of the
NAI-resistant influenza virus to efficiently transmit among hu-
mans can be an important indicator of fitness advantages (19). To
date, only sporadic transmission of NAI-resistant influenza B vi-
ruses has been reported, with small clusters of viruses containing
either the D198N, I222T, or I222V NA substitution being identi-
fied from Japan, China, or the United States, respectively (20–23).
Additionally, limited information about the consequence of NAI
resistance-associated substitutions on the fitness of influenza B
viruses is available from animal models. In ferrets, the “gold stan-
dard” animal model for evaluating influenza A virus pathogenesis
and transmission, influenza B virus infections are generally mild
and are not known to be transmissible (24–26). In ferret coinfec-
tion models, the catalytic site substitution R152K was found to be
deleterious to influenza B virus replication, and a virus carrying
the framework substitution D198N was shown to have replication
kinetics similar to those of an NAI-susceptible wild-type (WT)
virus (27, 28). Hartley strain guinea pigs have recently been shown
to be a suitable model for the transmission of influenza B virus but
fail to develop pathogenic infections (29). Infection of standard
mouse models with influenza B virus is generally not informative,
as it produces subclinical infections; lethal infections require
mouse-adapted virus strains or gene-knockout mice (30, 31).

In this study, we addressed the question of whether NAI-resis-
tant influenza B viruses may retain fitness comparable to that of
a susceptible counterpart. Using 6 recombinant NAI-resistant
B/Yamagata/166/1998 influenza viruses, each containing a single
substitution in NA generated by reverse genetics (rg), we applied a
competitive coinfection model in differentiated normal human

bronchial epithelial (NHBE) cells. The proportions of individual
variants present in the resultant mixed populations were deter-
mined by next-generation deep sequencing. Differentiated NHBE
cells contain a mixture of epithelial cell types, including ciliated,
nonciliated, and goblet cells. These cultures recapitulate many
features of the human upper respiratory tract, which is the pri-
mary site of influenza virus infection and a major source of respi-
ratory droplets that mediate transmission (32–34). The outcomes
achieved with this highly relevant model are expected to be pre-
dictive of the outcomes of human infection by NAI-susceptible
and -resistant influenza B viruses. Our results reveal that while the
recombinant WT virus generated by reverse genetics (rg-WT) was
able to outcompete five of the NAI-resistant viruses (recombinant
virus with the E119A mutation generated by reverse genetics [rg-
E119A], rg-D198E, rg-I222T, rg-N294S, and rg-R371K), the rg-
H274Y NAI-resistant variant was more fit than the susceptible
rg-WT strain.

MATERIALS AND METHODS
Cells. Madin-Darby canine kidney (MDCK) cells were obtained from
the American Type Culture Collection and were maintained as previously
described (35). NHBE cells (lot number 0000105104; Lonza) were plated
on collagen-coated Transwell inserts with 0.4-�m pores (Corning),
brought to the air-liquid interface, and differentiated over a period of 4 to
6 weeks (35–37). Differentiated cells were maintained for 1 month before
infection, and mucus was removed by washing the inserts every 2 to 3 days
with Hanks’ balanced salt solution (HBSS).

Compounds. The NAIs oseltamivir carboxylate [oseltamivir, ethyl
(3R,4R,5S)-4-acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-
carboxylate] and zanamivir (2,4-dideoxy-2,3-didehydro-4-guanidine-
osialic acid) were provided by Hoffmann-La Roche. The compounds
were dissolved in sterile distilled water and stored in aliquots at �20°C
until use.

Generation of recombinant influenza B viruses. Experimental pro-
tocols were approved by the Institutional Biosafety Committee of St. Jude
Children’s Research Hospital. Recombinant B/Yamanashi/166/1998
(Yamagata lineage) WT (rg-WT) or single substitution-containing influ-
enza viruses (rg-E119A, rg-D198E, rg-I222T, rg-H274Y, rg-N294S, rg-
R371K) were rescued by using pAD3000 plasmid vectors (38), and their
NA sequences were confirmed as previously described (35).

Virus infectivity. The infectivity of the virus stocks was determined by
performing plaque assays in MDCK cells. Briefly, confluent monolayers of
MDCK cells in 6-well plates were infected with one-half-log serial dilu-
tions of virus stock, rinsed with phosphate-buffered saline (PBS), overlaid
with medium containing 0.4% agarose (MP Biochemicals) and 1 �g/ml
L-tosylamido-2-phenylmethyl chloromethyl ketone (TPCK)-treated
trypsin (Worthington), incubated at 33°C for 72 h, and stained with 1%
crystal violet in 10% formaldehyde.

Infectivity of virus released from NHBE cells was determined by per-
forming 50% tissue culture infective dose (TCID50) assays in MDCK cells.
Briefly, 10-fold serial dilutions of virus collected in medium containing 1
�g/ml TPCK-treated trypsin were used to infect confluent monolayers of
MDCK cells in a 96-well plate. After incubation at 33°C for 72 h, virus
replication was detected by hemagglutination assay with 0.5% turkey red
blood cells (tRBCs), and results were calculated by using the method of
Reed and Muench (39).

NA enzyme inhibition assay. The NA inhibition (NI) assay used was
a modified version of the technique of Potier and colleagues (40) and was
described previously (35, 41). Mixtures of NAI-susceptible (rg-WT) and
-resistant recombinant B/Yamanashi/166/1998 influenza viruses contain-
ing 0, 10, 20, 50, 80, or 100% resistant virus were prepared. The percentage
of NAI-susceptible and -resistant viruses was determined on the basis of
the number of infectious virus particles, as determined by performing
plaque assays in MDCK cells (35). Twofold dilutions of each virus mixture
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at each ratio were made in MES (4-morpholineethanesulfonic acid so-
dium salt) buffer (32.5 mM MES, 4 mM CaCl2 [Sigma-Aldrich], pH 6.5)
in a black 96-well plate (Costar). The MUNANA (2=-4-methylumbel-
liferyl-�-D-N-acetylneuraminic acid, sodium salt hydrate; Sigma-Al-
drich) substrate was added to a final concentration of 100 �M, and the
mixture was incubated at 37°C for 30 min before the reaction was termi-
nated with stop solution (0.1 M glycine in 25% ethanol, pH 10.7). Fluo-
rescence was measured on a BioTek Synergy 2 microplate reader (BioTek)
with 360-nm/460-nm excitation/emission filters. Mixtures of virus were
then standardized in MES buffer to an NA enzyme activity equivalent to
the fluorescence of 10 �M 4-methylumbelliferone (4-MU; Sigma-Al-
drich). In a new reaction, NA activity-standardized virus mixtures were
preincubated with 10-fold dilutions of an NAI (oseltamivir or zanamivir)
at 37°C for 30 min. The MUNANA substrate was added, and the assay was
performed as described above. Drug concentrations inhibiting NA activ-
ity by 50% (IC50s) were calculated by using the variable-slope, four-pa-
rameter dose-response curve in GraphPad Prism (v5.04) software.

Kinetics of virus replication. The replication kinetics of recombinant
influenza B viruses were assessed by the use of multistep growth curves in
NHBE cells with and without NAIs. Prior to infection, NHBE cells were
rinsed 3 times with HBSS and equilibrated in bronchial epithelial growth
medium (BEGM; Lonza) plus 0.5% bovine serum albumin (BSA; Sigma-
Aldrich) for 30 min at 37°C. Infections with virus at a multiplicity of
infection (MOI) of 0.01 PFU/cell were performed in duplicate with an
inoculum containing oseltamivir (10 �M) or zanamivir (10 �M). After
adsorption for 1 h at 33°C, the inoculum was removed; then, all inserts
were rinsed once with 0.9% saline (pH 2.2) to remove residual virus and
twice with HBSS to restore the pH to 7.2. Oseltamivir or zanamivir was
then added to the respective basal chamber at a 10 �M final concentration
and left for the duration of the experiment. For each recombinant virus,
duplicate control infections were performed in the absence of drug. Virus
released by NHBE cells was collected by adding 300 �l BEGM plus 0.5%
BSA to the apical surface and incubating the plate at 33°C for 30 min.
Samples were collected at 24, 48, and 72 h postinfection (p.i.) and stored at
�80°C until use.

Competitive fitness experiment. After competitive coinfection, the
growth of recombinant NAI-susceptible (rg-WT) and -resistant influenza
B viruses was assessed in multistep growth curves. NAI-susceptible (rg-
WT) and -resistant viruses were mixed in an equal ratio (50:50, deter-
mined by PFU) at an MOI of 0.01 PFU/cell per virus strain. NHBE cells
were infected with the mixed inoculum at a final MOI of 0.02 PFU/cell.
Infections were performed in triplicate in the presence of oseltamivir (1 or
10 �M) or zanamivir (1 or 10 �M) as described above. Infections of
control wells containing each virus mixture in the absence of drug were
performed in triplicate. Samples were collected at 24, 48, and 72 h p.i. and
stored at �80°C until use.

RNA extractions and deep sequencing. RNA was extracted from
the virus-containing supernatants of NHBE cells or from individual
plaques of MDCK cells by using a MagMAX 96 AI/ND viral RNA isolation
kit (Life Technologies) and a KingFisher Flex magnetic particle processor
(Thermo Fisher Scientific) and then stored at �80°C until use.

Quantification of mixed populations. Two independent assays were
used to quantify the amount of NAI-susceptible and -resistant viruses
released from coinfected NHBE cells: (i) next-generation deep sequencing
of the NA gene via the Illumina platform and (ii) high-resolution melt
(HRM) analysis of the single-nucleotide substitution in the NA of plaque-
purified viruses (42, 43). In the first assay, RNA was extracted from virus
collected from NHBE cells, and the NA gene was amplified by reverse
transcription-PCR (RT-PCR) using a SuperScript III One-Step RT-PCR
system with Platinum Taq (Life Technologies) (forward primer, 5=-GCA
CTCCTAATTAGCCCTCATAGA-3=; reverse primer, 5=-TAAGGACAAT
TGTTCAAAC-3=). PCR amplicons were extracted from agarose gels by
using a QIAquick 96 PCR purification kit (Qiagen), prepared for the li-
brary by using a 96-plex bar-coding scheme, and sequenced on the Illu-
mina MiSeq platform (Illumina) using paired-end sequencing technol-

ogy. After the indices were demultiplexed, the CLC Genomics Workbench
(v6.5.1; CLCbio) was used to remove short and poor-quality reads. The
remaining reads with a quality score greater than 30 were then mapped to
the B/Yamanashi/166/1998 WT NA gene, and the percentage of NAI-
resistant viruses present in each mixture was determined by using the
quality-based variant detection algorithm, examining only the single-nu-
cleotide variant of interest. The average read depth was 3,300, and the
average quality score was 37.01. Deep sequencing was performed on the
following samples of competitive mixtures at 24, 48, and 72 h p.i.: 3 rep-
licates of the virus mixture grown without drug pressure and 2 replicates
of the virus mixture grown with drug pressure (oseltamivir or zanamivir
at 1 and 10 �M). Library preparation, sample quality control, flow cell
preparation, and deep sequencing were performed by the Hartwell Center
for Bioinformatics and Biotechnology at St. Jude Children’s Research
Hospital.

For high-resolution melt analysis, viral supernatants collected from
NHBE cells were serially diluted and used to infect monolayers of MDCK
cells in a plaque assay. For each mixture, all 6 wells of a 6-well plate were
infected with a specific virus dilution necessary to produce �10 to 20
plaques per well, and the plate was incubated at 33°C. Fourteen well-
separated, individual plaques from each mixture were picked with wide-
bore, low-binding P200 tips (Axygen) after 3 days (mixtures of rg-WT and
rg-H274Y) or 4 days (to ensure that the plaque size was large enough for
efficient RNA recovery; mixtures of rg-WT and rg-E119A or rg-R371K)
after infection and stored in PBS at �80°C. RNA from each plaque was
extracted and subjected to reverse transcription using Maxima reverse
transcriptase (Thermo Fisher Scientific) with random hexamers (final
concentration, 2.5 �M; Roche Applied Science). The resulting cDNA was
diluted 1:4 with sterile water, and 8 �l was mixed with 2 �l NA substitu-
tion-specific primers (final concentration, 0.4 �M; primer sequences are
available upon request) and 10 �l 2� PrecisionMelt Supermix (Bio-Rad)
in thin-walled, white, 96-well plates (Bio-Rad) before PCR amplification
in a CFX96 real-time PCR system (Bio-Rad). Melt curves of the resulting
PCR amplicons were generated by measuring the fluorescence of the mix-
ture at 0.2°C increments between 67°C and 90°C. The melt curves from
the experimental samples were compared to the melt curves of plasmid
templates by using Precision Melt Analysis software (v1.2; Bio-Rad).

Fitness calculations. Calculations of fitness coefficients (fitness differ-
ence) and relative viral fitness were performed as described elsewhere (44,
45). Each fitness coefficient was calculated as the slope of a linear regres-
sion of the log ratio of resistant/susceptible virus populations over 4 time
points (0, 24, 48, and 72 h p.i.). Negative values indicate a fitness advan-
tage for the NAI-susceptible rg-WT; positive values indicate a fitness ad-
vantage for the NAI-resistant virus. For relative fitness, the selection co-
efficient (s) was first calculated by using the following formula:

s �

ln�(percent RES72 h.p.i. ⁄ percent WT72 h.p.i.) ⁄
(percent RES24 h.p.i. ⁄ percent WT24 h.p.i.)�
ln(total WT72 h.p.i. ⁄ total WT24 h.p.i.) � T�

The percentages of NAI-susceptible (WT) or -resistant (RES) influ-
enza viruses were determined by variant call analysis of deep sequencing
data as described above, where the total population of WT virus (total
WT; in numbers of TCID50s/ml) was calculated from the percentage of
rg-WT in the mixture and the viral titer, T is the difference in time (2 days)
between the start and the end of the experiment, and � is the estimated
death rate (0.7) of NHBE cells infected with influenza B virus (46). Rela-
tive fitness was then calculated as 1 	 s (44).

Statistical analyses. Differences in virus yield in NHBE cells with and
without drug pressure were tested by two-way analysis of variance
(ANOVA) followed by the Bonferroni multiple-comparison posttest.
Changes in the total area under the curve (AUC) of virus yield were tested
by one-way ANOVA followed by Dunnett’s multiple-comparison test.
The correlation between the deep sequencing data and HRM analysis was
tested by performing linear regression. All analyses were performed by
using GraphPad Prism software (v5.04).
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RESULTS
Inhibitory activity of NAIs on mixed populations of NAI-sus-
ceptible and -resistant influenza B viruses. NAI-resistant influ-
enza viruses often represent a subpopulation within a clinical
specimen, which can complicate their detection. To gauge the
severity of this problem for the influenza B viruses generated here,
we determined the amount of NAI-resistant virus needed to over-
come concealment by competing nonresistant virus in the same
sample. To this end, WHO Antiviral Working Group criteria were
used to evaluate whether samples containing different propor-
tions of NAI-susceptible and -resistant influenza B viruses had
reduced inhibition by NAIs (47–49).

For oseltamivir, mean IC50s 5-fold greater than those for
rg-WT were observed for 3 mixtures in which the resistant virus
comprised at least 10% (rg-D198E and rg-N294S) or 20% (rg-
I222T) of the mixture (Table 1). Mixtures of rg-WT and either
rg-H274Y or rg-R371K had increased mean IC50s only when the
NAI-resistant population comprised at least 50% of the mixture.
The oseltamivir-resistant phenotype was the most difficult to de-
tect for rg-E119A, for which an increase in the mean IC50 was
detected only when it comprised at least 80% of the viral mixture.

Four of the studied viruses were susceptible to zanamivir and,
thus, did not have increased mean IC50s when they were present at
any proportion. Mean IC50s in the presence of zanamivir were
higher when rg-R371K comprised at least 80% of the mixed pop-
ulation. Increased IC50s were not observed with any mixture of
rg-WT and rg-E119A; elevated IC50s were observed only in a ho-
mogeneous (100%) population of the NAI-resistant virus.

Thus, using a phenotypic assay, only rg-D198E, rg-I222T, and
rg-N294S could be detected in a mixed population with NAI-
susceptible virus when they comprised less than 50% of the viral
population. Importantly, influenza B viruses carrying the E119A
NA substitution could go undetected in a mixture with NAI-sus-
ceptible virus, emphasizing that both phenotypic and genotypic
assays are required for its identification.

Replication kinetics of influenza B viruses in NHBE cells un-
der oseltamivir and zanamivir pressure. We next examined the
ability of NAIs to inhibit the replication of NAI-susceptible and

-resistant influenza B viruses in NHBE cells by determining the
kinetics of virus growth in the absence or presence of oseltamivir
(Fig. 1A) or zanamivir (Fig. 1B). In the absence of oseltamivir, all
tested viruses except rg-R371K replicated productively, with virus
yields being similar to those of rg-WT (Fig. 1A). The replication of
rg-R371K in NHBE cells was delayed. In the presence of oseltami-
vir, the level of replication of rg-WT was below the limit of detec-
tion, but the replication of all 6 oseltamivir-resistant viruses was
detected in NHBE cells (Fig. 1A). The yields of rg-D198E, rg-
H274Y, and rg-N294S were significantly lower and the replication
of rg-I222T and rg-R371K was impaired, with their detection be-
ing delayed until 48 and 72 h p.i., respectively. Importantly, the
yields of rg-E119A were not impaired by oseltamivir at any time
point studied.

Zanamivir inhibited or delayed the replication of the rg-WT
and 4 zanamivir-susceptible viruses (Fig. 1B). Among the 2 viruses
that were resistant to zanamivir (rg-E119A and rg-R371K), detec-
tion of virus replication was delayed until 72 h p.i. for rg-R371K.
The replication of rg-E119A in the presence of zanamivir was not
delayed, nor was the virus yield reduced at any time point studied.

Overall, all tested NAI-resistant viruses were capable of repli-
cating in NHBE cells under oseltamivir pressure. Zanamivir in-
hibited or delayed the replication of viruses susceptible to the NAI.
Importantly, rg-E119A had reduced inhibition by oseltamivir and
zanamivir in the phenotypic assays but replicated without a sig-
nificant reduction of virus yield in the presence of either NAI.

Yields of NAI-susceptible and -resistant influenza B viruses
following coinfection of NHBE cells. To model the competition
between viral populations in the human upper respiratory tract,
we coinfected NHBE cells with equal proportions of NAI-suscep-
tible (rg-WT) and -resistant viruses and examined their replica-
tive capacities in the absence and presence of oseltamivir (1 or 10
�M) or zanamivir (1 or 10 �M) (Fig. 2). We evaluated the efficacy
of NAI at reducing the total viral load by performing area under
the curve (AUC) analysis because the composition of the mixed
populations was not known a priori. In the absence of NAI pres-
sure, each pair of virus mixtures had similar total viral loads in
NHBE cells (Table 2; Fig. 2A to F).

TABLE 1 Inhibitory activity of oseltamivir and zanamivir on mixed populations of NAI-susceptible and -resistant recombinant influenza B viruses
with single-nucleotide substitutions in NA

NAI
Resistant
virus (%)a

Mean IC50 (nM) 
 SD for influenza B viruses with single NA substitutionsb

E119A D198E I222T H274Y N294S R371K

Oseltamivir 0 5.9 (1) 5.9 (1) 5.9 (1) 5.9 (1) 5.9 (1) 5.9 (1)
10 8.3 
 1.7 (1) 43.2 
 0.1 (7) 22.6 
 5.0 (4) 14.2 
 1.2 (2) 29.5 
 5.6 (5) 9.1 
 0.7 (2)
20 6.9 
 0.6 (1) 60.2 
 0.2 (10) 29.3 
 2.1 (5) 16.0 
 0.5 (3) 62.0 
 8.7 (11) 9.3 
 0.7 (2)
50 8.1 
 0.7 (1) 69.5 
 0.3 (12) 54.8 
 6.4 (9) 32.9 
 1.4 (6) 112.9 
 11.3 (19) 35.3 
 2.2 (6)
80 51.7 
 8.4 (9) 57.0 
 5.9 (10) 77.5 
 7.1 (13) 46.8 
 0.2 (8) 149.9 
 1.5 (25) 199.6 
 32.8 (34)
100 12,532.5 
 750.6 (2124) 54.4 
 0.5 (9) 75.2 
 7.2 (13) 43.5 
 5.6 (7) 167.2 
 13.1 (28) 385.7 
 4.9 (65)

Zanamivir 0 1.1 (1) 1.1 (1) 1.1 (1) 1.1 (1) 1.1 (1) 1.1 (1)
10 1.0 
 0.1 (1) 1.3 
 0.1 (1) 1.2 
 0.0 (1) 0.9 
 0.0 (1) 0.7 
 0.6 (1) 1.0 
 0.2 (1)
20 1.0 
 0.0 (1) 1.7 
 0.3 (2) 1.4 
 0.1 (1) 0.8 
 0.0 (1) 2.2 
 0.1 (2) 1.3 
 0.2 (1)
50 1.3 
 0.2 (1) 2.0 
 0.2 (2) 1.7 
 0.1 (2) 0.7 
 0.1 (1) 3.0 
 0.3 (3) 4.3 
 0.4 (4)
80 3.5 
 0.1 (3) 2.6 
 0.3 (2) 2.0 
 0.2 (2) 0.6 
 0.1 (1) 3.5 
 0.2 (3) 37.3 
 0.0 (34)
100 6,260.0 
 1,026.6 (5,690) 2.6 
 0.5 (2) 1.4 
 0.1 (1) 0.5 
 0.1 (1) 3.9 
 0.9 (4) 65.7 
 7.0 (60)

a NAI-susceptible (rg-WT) and -resistant influenza B viruses were mixed in different ratios (on the basis of PFU).
b Data were collected in fluorescence-based assays; the values shown were calculated from two independent experiments. Substitutions are identified by N2 numbering. Data in
parentheses represent the fold increase over the value for the WT.
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With the addition of oseltamivir, a dose-dependent decrease in
total virus yield occurred in 4 virus mixtures (rg-WT and rg-
E119A, rg-D198E, rg-I222T, or rg-N294S; Fig. 2A to C and E), but
significant reductions were observed only with 10 �M oseltamivir
in the rg-WT–rg-E119A (P � 0.05) and rg-WT–rg-N294S mix-
tures (P � 0.01). The yield of 2 other virus mixtures (rg-WT and
either rg-H274Y or rg-R371K) was unchanged by either concen-
tration of oseltamivir tested (Fig. 2D and F).

The addition of zanamivir during coinfection of NHBE cells
was more effective at reducing the total virus yield than was the
addition of oseltamivir. Addition of 1 �M zanamivir significantly
decreased the total virus yields for 4 virus mixtures susceptible to
zanamivir (rg-WT and rg-D198E, rg-I222T, rg-H274Y, or rg-
N294S; P � 0.05 to 0.001), and 10 �M zanamivir significantly
decreased the yield of all 6 mixtures (Fig. 2; Table 2). The rg-WT–
rg-E119A mixture was the least sensitive to zanamivir at the con-
centrations tested, as only the highest concentration (10 �M) sig-
nificantly restricted the virus yield (P � 0.05). Thus, for the 2
viruses that possessed cross-resistance to both NAIs (i.e., rg-
E119A and rg-R371K), zanamivir was more effective than oselta-
mivir at inhibiting growth.

Relative proportions of NAI-susceptible and -resistant influ-
enza B viruses following coinfection of NHBE cells. We next
quantified the proportions of NAI-susceptible (rg-WT) and -re-
sistant viruses released after coinfection of NHBE cells in the pres-
ence or absence of either oseltamivir or zanamivir by using next-
generation deep sequencing. In the absence of oseltamivir, rg-WT

was the dominant virus in 5 mixed populations (rg-WT and either
rg-E119A, rg-D198E, rg-I222T, rg-N294S, or rg-R371K) (Fig.
3A). The proportion of rg-WT remained constant when it was
used in combination with rg-D198E but increased over the course
of infection for mixtures with rg-E119A, rg-I222T, or rg-N294S.
Virus with the R371K substitution was detected at very low pro-
portions (�0.5%) in the absence of NAI. Interestingly, the yield of
rg-WT was reduced to a minority of the population after coinfec-
tion with rg-H274Y.

Oseltamivir was effective at reducing the proportion of rg-WT
in each mixture after coinfection of NHBE cells. Additionally,
rg-WT was reduced to a minority of the population, and its pro-
portion diminished over the duration of coinfection with rg-
E119A, rg-H274Y, or rg-N294S (Fig. 3B). Only 10 �M oseltamivir
was effective at reducing the proportion of rg-WT in the rg-WT–
rg-I222T population (Fig. 3C). In a mixture with rg-D198E,
rg-WT started as a minority population but became the dominant
virus by 72 h p.i. rg-R371K was again detected at a very low fre-
quency (�1.0%) after addition of 1 �M oseltamivir. However,
with addition of 10 �M oseltamivir, rg-WT was reduced to a mi-
nority of the population at 24 h p.i. but was the major viral pop-
ulation at 48 and 72 h p.i. (Fig. 3C).

With the addition of either concentration of zanamivir, the
proportion of rg-WT in the viral population in mixtures with
rg-E119A or rg-R371K was an average of 5% over the course of
infection (Fig. 3D and E), indicating the superior fitness of the
zanamivir-resistant viruses in the presence of drug. Both rg-
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FIG 1 Effect of NAI treatment on replication kinetics of recombinant B/Yamanashi/166/1998 influenza viruses in NHBE cells. (A and B) Multicycle growth
curves after infection of NHBE cells with recombinant B/Yamanashi/166/1998 influenza virus at an MOI of 0.01 PFU/cell grown either without drug pressure (A
and B), with 10 �M oseltamivir (A), or with 10 �M zanamivir (B). Virus yield in MDCK cells was determined by the TCID50 assay at 33°C and expressed as log10

TCID50/ml. Each data point represents the mean 
 SD from two independent experiments. The limit of detection was 0.75 log10 TCID50/ml. *, P � 0.05; **, P
� 0.01; †, P � 0.001; ‡, P � 0.0001. Abbreviations: OSE, oseltamivir; ZAN, zanamivir.
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D198E and rg-H274Y were susceptible to zanamivir, as indicated
by reductions in total virus yield following infection and the NAI
susceptibility assay, but the significant reduction in rg-WT follow-
ing infection may suggest a slight difference in functional resis-
tance to zanamivir between rg-WT and the 2 viruses containing
NA substitutions. Although the composition of the rg-WT–rg-
I222T and rg-WT–rg-N294S mixtures was not markedly different
after addition of zanamivir, the total virus yield of these mixtures
was reduced, as expected on the basis of their NAI susceptibility
(Table 2; Fig. 3D and E).

Overall, we found that, except for severely compromised rg-
R371K, influenza B viruses carrying any of the other 5 single NA
substitutions contributed to a biologically relevant portion of the
mixed viral population in the absence of oseltamivir or zanamivir
pressure.

Independent quantification of mixed populations by high-
resolution melt analysis. Defective interfering (DI) or other non-
infectious influenza virus particles can be produced during the

course of infection and can be detected by deep sequencing (50–
52). To independently quantify the proportions of NAI-suscepti-
ble and -resistant influenza B viruses after coinfection of NHBE
cells and to confirm the results of deep sequencing, we performed
high-resolution melt (HRM) analysis (42) on individually puri-
fied plaques from 3 pairs of mixtures (rg-WT and either rg-E119A,
rg-H274Y, or rg-R371K; example melt curves are shown in Fig.
4A). This analysis is based on the single-nucleotide difference in
the NA gene of NAI-susceptible and -resistant infectious virus
particles and, thus, overcomes possible limitations of whole-su-
pernatant deep sequencing in determining the proportion of a
particular virus in the mixture. The proportions of NAI-resistant
virus in the viral population determined by HRM analysis and
next-generation deep sequencing were correlated, with an overall
R2 value of 0.9025 (Fig. 4B). There was a difference in the correla-
tion between the rg-E119A- and rg-R371K-containing mixtures
(R2 � 0.8815 and 0.9715, respectively) and the mixture containing
rg-H274Y (R2 � 0.3864). This outcome is likely because we picked
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FIG 2 Yield of NAI-susceptible and -resistant influenza B virus populations following coinfection of NHBE cells. Multicycle growth curves after coinfection of
NHBE cells with mixtures of NAI-susceptible and -resistant influenza B viruses grown either without drug pressure, with oseltamivir (1 or 10 �M), or with
zanamivir (1 or 10 �M) are shown. NAI-susceptible rg-WT and rg-E119A (A), rg-D198E (B), rg-I222T (C), rg-H274Y (D), rg-N294S (E), and rg-R371K (F) at
an MOI of 0.01 PFU/cell were mixed 50:50 and then used to infect NHBE cells at a final MOI of 0.02 PFU/cell. Virus yield in MDCK cells was determined by the
TCID50 assay at 33°C and expressed as log10 TCID50/ml. Total virus yield was determined by performing AUC analysis of the viral load at 24, 48, and 72 h p.i. Each
data point represents the mean 
 SD from two or three independent experiments. The limit of detection was 0.75 log10 TCID50/ml. Abbreviations: OSE,
oseltamivir; ZAN, zanamivir.
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insufficient numbers of plaques (n � 14) to adequately sample the
rg-WT–rg-H274Y population. The probability of selecting a rep-
resentative viral population from 14 individual plaques increases
as the composition of a mixed population becomes more homo-
geneous, as exemplified by the samples from the rg-WT–rg-E119A
or rg-WT–rg-R371K mixture. Indeed, across all samples, as the
population became less heterogeneous, the correlation between
deep sequencing and HRM analysis increased (for 30 to 70% NAI-
resistant virus, R2 � 0.3257; for 70 to 85% or 15 to 30% NAI-
resistant virus, R2 � 0.8453; for �85% or �15% NAI-resistant
virus, R2 � 0.9762). The correlation between the 2 analysis meth-
ods was similar among all tested time points (24 h p.i., R2 �
0.8334; 48 h p.i., R2 � 0.8087; 72 h p.i., R2 � 0.7798). Overall, our
independent HRM analysis confirms the next-generation deep se-
quencing data for the mixed viral populations and the lack of bias
by DI or other types of noninfectious influenza virus particles.

Relative fitness of NAI-susceptible and -resistant influenza B
viruses following coinfection of NHBE cells. We next quantified
both the fitness difference and the relative fitness of each recom-
binant influenza B virus. The fitness difference between 2 viruses
was calculated as the change in the population ratios (WT/mu-
tant) over time (45), where a negative value indicates an absolute
fitness advantage for rg-WT. We also calculated the relative fitness
of each NAI-resistant virus from the selection coefficient (s), tak-
ing into account the various replication rates for each virus, where
values less than 1 indicate that the relative fitness of an NAI-resis-
tant virus is less than that of rg-WT (44). In the absence of drug
treatment, all viruses except rg-H274Y had a diminished fitness
compared to that of rg-WT (Table 3). rg-H274Y had a minor
fitness advantage over rg-WT, having a positive slope and relative
fitness greater than 1. Fitness could not be calculated for rg-
R371K, and it was clearly the least fit virus among all viruses tested.
These results demonstrate that the order of relative fitness for the
tested NAI-susceptible and -resistant influenza B viruses in the
absence of drug is as follows: rg-H274Y � rg-WT � rg-I222T �
rg-N294S � rg-D198E � rg-E119A �� rg-R371K.

The addition of oseltamivir during coinfection of NHBE cells
resulted in the superior fitness of influenza B viruses containing
the E119A, H274Y, or N294S NA substitution compared to that of
rg-WT. rg-D198E or rg-I222T exhibited fitness either comparable
to or superior to that of rg-WT only in the presence of 10 �M
oseltamivir. Neither of the concentrations of oseltamivir tested

provided a fitness advantage to rg-R371K, again confirming the
poor fitness conferred by the catalytic site NA substitution.

The addition of zanamivir during coinfection of NHBE cells
was also effective at inhibiting the proportions of rg-WT in the
virus mixtures, up to the point of inhibiting or delaying the virus
replication of the entire mixture. At 1 �M, zanamivir increased
the fitness advantage compared to that of rg-WT of 3 viruses (rg-
E119A, rg-D198E, and rg-R371K). Consistent with a small reduc-
tion in virus yield, rg-E119A was more fit than rg-WT in the pres-
ence of both concentrations of zanamivir tested. Our calculations
indicate a comparable qualitative fitness of rg-N294S at 1 and 10
�M zanamivir.

Together, these data indicate that in the absence of drug pres-
sure, the fitness in NHBE cells of 5 of the 6 NAI-resistant influenza
B viruses studied was diminished compared to that of rg-WT. The
only NA substitution to increase the fitness of influenza B virus
was H274Y. Inclusion of oseltamivir during infection of NHBE
cells provided an advantage to all NAI-resistant virus populations
except the severely compromised rg-R371K. While zanamivir also
provided an increased fitness advantage to the NAI-resistant vi-
ruses, it was more effective than oseltamivir at inhibiting their
replication. Finally, our data indicate that although rg-E119A can
replicate to high viral titers in the presence of oseltamivir or zana-
mivir, it is less fit than rg-WT.

DISCUSSION

To date, antiviral surveillance studies conducted during different
seasons and in different geographic areas reported a low frequency
(0.1 to 0.8%) of circulation of NAI-resistant influenza B viruses
(53–59). Monitoring of the NAI susceptibility of influenza B vi-
ruses is limited by a lack of well-established genetic markers of
drug resistance and a lack of understanding of the fitness advan-
tages and disadvantages conferred by mutations in mutant viruses
compared to the fitness of an NAI-susceptible virus. In this study,
using a competitive coinfection model in NHBE cells, we exam-
ined the replicative capacity and relative fitness of 6 influenza
B/Yamanashi/166/1998 viruses with different single NA substitu-
tions associated with NAI resistance. Among all viruses studied,
we identified that the viruses with the E119A or H274Y substitu-
tion in NA deserve close and continued monitoring. This conclu-
sion is based on our findings that virus containing the E119A NA
substitution was less fit than the NAI-susceptible WT virus but

TABLE 2 Total yield of NAI-susceptible and -resistant recombinant influenza B viruses following coinfection of NHBE cells in the absence or
presence of NAIs

Virus in mixturea

Mean AUC (degree of restriction after treatment with NAI)b

No Drug

Oseltamivir Zanamivir

1 �M 10 �M 1 �M 10 �M

rg-E119A 303.2 287.6 (15.6) 237.2 (66.0)** 280.4 (22.8) 233.2 (70.0)**
rg-D198E 299.2 278.8 (20.4) 249.8 (49.4) 169.6 (129.6)† 130.4 (168.8)†
rg-I222T 304.8 270.8 (34.0) 231.2 (73.6) 118 (186.8)** 0 (304.8)†
rg-H274Y 282.0 267.2 (14.8) 272.8 (9.2) 169.6 (112.4)† 0 (282.0)†
rg-N294S 276.8 253.6 (23.2) 165.6 (111.2)† 209.2 (67.6)* 172.8 (104.0)†
rg-R371K 272.4 278.8 (�6.4) 290.8 (�18.4) 147.2 (125.2)* 13.2 (259.2)†
a Mixture of rg-WT and a recombinant influenza B virus carrying the indicated single substitution in NA.
b The mean AUC indicates the total virus load at 24, 48, and 72 h p.i. The degree of restriction indicates the difference in the mean AUC between the control group (no drug) and
the group treated with NAIs. *, P � 0.05; **, P � 0.01; †, P � 0.001 compared to the group not treated with drug by one-way ANOVA followed by Dunnett’s multiple-comparison
test.
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FIG 3 Relative proportions of NAI-susceptible and -resistant influenza B virus populations following coinfection of NHBE cells. The cells were infected as
described in the Fig. 2 legend. The proportions of NAI-susceptible and -resistant populations were determined by deep sequencing analysis of the NA gene and
are expressed as a percentage of the total population after cells were grown either without drug (A), with oseltamivir at 1 �M (B) or 10 �M (C), or with zanamivir
at 1 �M (D) or 10 �M (E). Each data point represents the mean from two or three independent experiments.
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could productively replicate in the presence of both oseltamivir
and zanamivir and that virus with the H274Y NA substitution was
more fit than the NAI-susceptible virus in the absence or presence
of oseltamivir or zanamivir drug pressure.

Although several studies using recombinant influenza B virus
passage in cell culture under NAI pressure have shown that amino
acid substitutions at position 119 (E119A/D/G/V) in the NA pro-
tein are associated with highly reduced inhibition by oseltamivir
and zanamivir (60–63), only one report described the isolation of
a virus with the E119A substitution from a patient sample (64).
Here we demonstrated that detection of influenza B viruses with
the E119A NA substitution by NA inhibition assays is easily
masked by the presence of NAI-susceptible virus and thus can be
missed if only the phenotypic assay is used for identification. Ge-
notypic assays alone are not sufficient for antiviral surveillance
studies, and a phenotypic assay is still needed to identify novel
substitutions that reduce inhibition or to identify the impact of a
substitution in a specific genetic background. Different substitu-
tions in NA result in different levels of NA activity in buffers of
different pHs (65, 66). It might be possible to reduce the masking
effect through simple modifications of the NI assay, although

more studies are necessary to examine this effect on the breadth of
NA substitutions in influenza B viruses. The NA substitutions
E119D and E119V were also shown to reduce the growth kinetics
of influenza B viruses in vitro, but E119G conferred no change in
growth kinetics (60). An influenza B virus that acquired the E119A
substitution after passages in MDCK cells in the presence of zana-
mivir grew to higher titers than the parental WT virus in cell cul-
ture but also contained N145S and N150S substitutions in HA
(influenza B virus numbering) (61). These HA substitutions move
a glycosylation site within the 150-loop antigenic region, poten-
tially altering the sialic acid-binding properties of HA (61, 67).

The side chains of oseltamivir and zanamivir were specifically
designed to contact the E119 residue to increase the binding affin-
ity with the NA protein (68). Although the E119 residue does not
directly contact the host-derived sialic acid, the E119A NA substi-
tution reduces NA activity but not NA enzyme kinetics (35). Thus,
although the mechanism of resistance caused by the E119A NA
substitution in influenza B viruses is not fully understood, it is
most likely due to changes allowing a reduced affinity for the NAI
and maintaining biologically sufficient NA activity.

The emergence of influenza B viruses with the H274Y substi-
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FIG 4 Correlation of deep sequencing and high-resolution melt analysis in determining the proportions of NAI-susceptible and -resistant influenza B viruses
following coinfection of NHBE cells. (A) Examples of the different melt curves used for the analysis by HRM of individually purified plaques derived from mixed
viral populations are shown. Each graph shows the difference between the number of relative fluorescence units (RFUs) of the WT (blue lines) and those of each
of the 3 single-nucleotide substitution-containing templates (red lines) over increasing temperatures (°C). Analyses were performed by using Precision Melt
Analysis software (v1.2; Bio-Rad). (B) The percentage of NAI-resistant viruses determined by the results of deep sequencing variant call analysis is plotted against
the percentage of NAI-resistant viruses determined by HRM analysis of individually purified plaques for three pairs of virus mixtures: rg-WT and rg-E119A,
rg-WT and rg-H274Y, and rg-WT and rg-R371K. Data obtained from all time points (24, 48, 72 h p.i.) and with all NAI concentrations (0, 1, and 10 �M
oseltamivir and 1 and 10 �M zanamivir) are shown for each of the three mixtures. The result of linear regression analysis of all samples is depicted by a solid black
line.
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tution was reported in a patient with no known previous antiviral
treatment (69) and from surveillance studies (57). Our results
show that H274Y-containing influenza B virus is more fit than the
parental WT virus in NHBE cells. For influenza A viruses (H5N1
influenza A viruses, H1N1 2009 pandemic [H1N1pdm09] influ-
enza A viruses, and seasonal H1N1 influenza A viruses prior to the
2008-2009 season), the H274Y NA substitution was generally
found to reduce in vitro and in vivo viral fitness compared to that
of its NAI-susceptible counterparts (70–72). Only by the addition
of secondary permissive NA substitutions was viral fitness re-
stored for seasonal H1N1 influenza A viruses, leading to their
spread worldwide (73–75). It was reported that the viruses in-
volved in outbreaks of H274Y-containing H1N1pdm09 influenza
A viruses possessed permissive secondary NA substitutions that
also enhanced viral fitness (76, 77). Our previous work demon-
strated that for the B/Yamanashi/166/1998 influenza virus, the
H274Y NA substitution alone increased NA protein expression,
similar to the effect of the permissive substitutions in seasonal
H1N1 and H1N1pdm09 influenza A viruses (35, 76, 77). Thus, it is
possible that the genetic background of the B/Yamanashi/166/

1998 influenza virus already contains the requirements permissive
for increased fitness with acquisition of the H274Y NA substitu-
tion.

Researchers recently found that the H274Y NA substitution in
H1N1pdm09 influenza A viruses reduces viral fitness after infec-
tion in ferrets, potentially by increasing the eclipse phase of viral
growth (i.e., the time between infection and production of infec-
tious virus) (78). In a genetic background without permissive mu-
tations, reduced cell surface NA protein expression could increase
the length of time necessary for infectious virus to bud and be
released from an infected cell. Accordingly, elevated cell surface
NA protein expression would decrease this length of time. Al-
though our and other models of influenza virus fitness do not take
into account the eclipse phase of viral growth, it is evident that
variations in NA protein expression impact viral fitness for mul-
tiple subtypes of influenza viruses, and an altered eclipse phase is
one potential mechanism of such changes (79). Further studies in
the NHBE cell model will be required to properly determine these
kinetic parameters of influenza B virus replication.

Notably, the fitness advantages and disadvantages conferred by

TABLE 3 Fitness of NAI-susceptible and -resistant recombinant influenza B viruses following coinfection in NHBE cells

Experimental treatment
group (dose)

Virus in
mixturea

Fitness parameter valueb

Qualitative
fitnesscFitness coefficient Relative fitness

No drug rg-E119A �0.009 
 0.002 0.860 
 0.019 Diminished
rg-D198E �0.002 
 0.002 0.956 
 0.035 Diminished
rg-I222T �0.007 
 0.003 0.981 
 0.072 Diminished
rg-H274Y 0.004 
 0.002 1.098 
 0.122 Superior
rg-N294S �0.003 
 0.001 0.976 
 0.009 Diminished
rg-R371K —d — —

Oseltamivir (1 �M) rg-E119A 0.097 
 0.025 1.123 
 0.041 Superior
rg-D198E �0.007 
 0.008 0.933 
 0.089 Diminished
rg-I222T �0.014 
 0.003 0.785 
 0.032 Diminished
rg-H274Y 0.016 
 0.004 1.758 
 1.733 Superior
rg-N294S 0.017 
 0.004 1.028 
 0.024 Superior
rg-R371K — — —

Oseltamivir (10 �M) rg-E119A 0.135 
 0.067 1.079 
 0.142 Superior
rg-D198E 0.002 
 0.009 0.999 
 0.045 Comparable
rg-I222T 0.005 
 0.01 1.047 
 0.041 Superior
rg-H274Y 0.024 
 0.005 1.088 
 0.098 Superior
rg-N294S 0.039 
 0.007 1.06 
 0.065 Superior
rg-R371K �0.017 
 0.008 0.104 
 0.277 Diminished

Zanamivir (1 �M) rg-E119A 0.002 
 0.498 1.048 
 0.025 Superior
rg-D198E 0.203 
 0.160 1.213 
 0.01 Superior
rg-I222T �0.01 
 0.004 0.966 
 0.012 Diminished
rg-H274Y �0.629 
 0.57 — -
rg-N294S �0.009 
 0.007 1.104 
 0.234 Comparable
rg-R371K 0.359 
 0.364 1.107 
 0.147 Superior

Zanamivir (10 �M) rg-E119A 0.174 
 0.188 1.134 
 0.197 Superior
rg-D198E 0.621 
 0.451 — Superior
rg-I222T — — —
rg-H274Y — — —
rg-N294S �0.004 
 0.006 0.914 
 0.01 Comparable
rg-R371K 0.198 
 0.147 — —

a Mixture of rg-WT and a recombinant influenza B virus carrying the indicated single substitution in NA.
b See the Materials and Methods section for the calculation.
c Qualitative fitness compared to that of rg-WT.
d —, fitness calculations not applicable.
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5 of the 6 NA substitutions in influenza B viruses presented here
were not studied previously, and 2 different amino acid changes
were reported earlier for residue 198. We observed a small fitness
deficit for rg-D198E in vitro, but another group observed no fit-
ness difference in vivo for an influenza B virus containing the
D198N NA substitution (28). An influenza B virus with a D198Y
substitution was found during antiviral surveillance studies (53).
The aspartic acid residue at position 198 of the influenza B virus
NA protein interacts with arginine at neighboring residue 152,
and thus, there is likely an NA substitution-specific effect on virus
fitness for residue 198 (13). Consistent with our results for the
R371K NA substitution, results from 2 previous studies show that
other catalytic site NA substitutions are also deleterious to the
fitness (R152K) or replication (R292K) of influenza B viruses (27,
60). A cluster of influenza B viruses with an I222V NA substitution
was identified during a surveillance study, representing the first
report of the identification of this specific substitution in influenza
B viruses (22). Pyrosequencing of the clinical specimens indicated
mixed populations of NAI-resistant (V222) and -susceptible
(I222) viruses, possibly indicating an increased fitness of the NAI-
resistant virus. Thus, for influenza B viruses, in addition to sub-
stitutions at position 198, changes at position 222 can confer re-
sistance and alter fitness relative to that of the NAI-susceptible
parent.

Advantages of our study include the use of NHBE cells as a
model system and the use of next-generation deep sequencing to
determine the proportions of mixed viral populations. Influenza B
viruses are strict human pathogens: the NHBE cell model best
approximates the human upper respiratory tract, which is both
the primary site of infection and the source of influenza virus-
containing respiratory droplets. NHBE cells also produce mu-
cus—which is absent from other in vitro cell-based systems—in
which NA sialidase activity plays a critical role during the infec-
tious cycle (80). Although many methods for the discrimination
of viral populations on the basis of genetic differences are avail-
able, our use of next-generation deep sequencing provides a pre-
cise quantification of the composition of the virus mixtures. As
costs continue to decrease, next-generation deep sequencing will
likely become a more attractive analysis method for quantification
of any type of mixed viral population. One limitation of this tech-
nology is the inability to distinguish individual virus populations.
Through the course of analysis, we identified a minor percentage
of additional secondary substitutions in NA (data not shown).
However, because our population contained mixed NAI-suscep-
tible and -resistant viruses, we were unable to determine which
virus population contained the additional substitutions. Our
study utilized a single ratio of WT and NAI-resistant viruses (50:
50) to examine viral fitness. Further experiments with different
virus ratios could provide an additional depth to the analysis of the
fitness characteristics but were unfeasible due to experimental
considerations.

In conclusion, we identified influenza B viruses containing ei-
ther the E119A or H274Y NA substitution to be of potential public
health concern. Although virus with the E119A NA substitution
possessed diminished fitness in the absence of drug pressure, ad-
dition of oseltamivir or zanamivir increased the fitness relative to
that of rg-WT. We also found that influenza B virus with the
H274Y NA substitution had fitness superior to that of rg-WT,
even in the absence of oseltamivir or zanamivir drug pressure.
Oseltamivir was largely ineffective at inhibiting the replication of

the H274Y variant and further increased its fitness relative to that
of the NAI-susceptible rg-WT. Although NHBE cells are a simpli-
fied model system which does not allow direct evaluation of viral
transmission between hosts, these data suggest that an influenza B
virus carrying an H274Y NA substitution could have the potential
to spread widely in the human population even in the absence of
widespread oseltamivir use. Importantly, rg-H274Y remained
susceptible to zanamivir. Finally, as influenza viruses are con-
stantly evolving human pathogens, surveillance studies are neces-
sary to continually monitor the antiviral susceptibility of currently
circulating viruses, and these studies can soon be extended to in-
clude novel anti-influenza virus drugs that are undergoing pre-
clinical and clinical evaluation.
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