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Susceptibility of Human H3N2 Influenza Virus to Oseltamivir
in South Korea, 2009–2011

During the 2009–2011 influenza seasons, 10.26% of the 
specimens isolated from patients in South Korea were sub-
typed as H3N2 viruses. Some oseltamivir-sensitive H3N2 
samples exhibited different plaque morphologies, and were 
found to have novel mutations in the neuraminidase gene. 
In a subsequent analysis using NA mutant viruses, viral com-
pensation against oseltamivir treatment was observed only 
in the N2 mutant virus. All things considered, these novel 
mutations may account for the exclusive characteristics of 
selected H3N2 viruses observed in plaque reduction assays.
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During the 2007–2009 influenza seasons, a markedly incre-
ased prevalence of oseltamivir-resistant influenza A H1N1 
(ORA/H1N1) viruses, bearing the neuraminidase (NA) H274Y 
mutation, was reported in European countries and in the 
United States (CDC, 2008, 2009; Hauge et al., 2009; Meijer 
et al., 2009). Since the 2009 outbreak of pandemic H1N1, 
however, the ORA/H1N1 viruses have been replaced by the 
oseltamivir-sensitive influenza A H1N1 (OSA/H1N1) pan-
demic strains (CDC, 2010, 2011).
  In South Korea, nasopharyngeal specimens were collected 
from patients at Korea University Medical Center (KUMC) 
Guro Hospital and at Gangwon Institute of Health and En-

vironment (GIHE) during the last two consecutive influenza 
seasons (December 2009–March 2011). After one passage 
in Madin-Darby canine kidney (MDCK) cells, a total of 380 
MDCK-grown influenza viruses were identified by immu-
nofluorescence assay (IFA, 354 isolates) and by sequence 
analysis (26 isolates). Of the total 380 isolates, 340 (89.47%) 
were subtyped as 2009 pandemic H1N1 strains, and only one 
(0.26%) was categorized as an influenza B virus. The remain-
ing 39 (10.26%) isolates were found to be A/ H3N2 strains.
  Most influenza A H3N2 viruses are known to be suscep-
tible to oseltamivir (McKimm-Breschkin et al., 2003; CDC, 
2008, 2009, 2010, 2011; Baek et al., 2009). Some exceptional 
cases of oseltamivir resistance have been reported in H3N2 
clinical isolates that bore mutations at residues E119, R292, 
or N294 of NA (Gubareva, 2004; Kiso et al., 2004; Aoki et 
al., 2007; Sheu et al., 2008). Given the increasing number 
of H3N2 cases reported in South Korea (WHO, 2012), we 
investigated the oseltamivir susceptibility of H3N2 clinical 
isolates during the 2009–2011 influenza seasons using the 
50% inhibitory concentration (IC50) index and plaque reduc-
tion assays.
  According to the Neuraminidase Inhibitor Susceptibility 
Network (NISN), the IC50 value is a key index commonly 
used to determine whether an influenza virus is susceptible 
to NA inhibitors (NIs) (NISN, 2012). Compared to that of 
sensitive strains, the IC50 of an oseltamivir-resistant virus is 
more than 10-fold higher (Okomo-Adhiambo et al., 2010). 
As shown in Table 1, three selected H3N2 viruses (H3N2/16, 
17, and 50) were susceptible to oseltamivir (Toronto Research 
Chemicals, Canada), resulting in a range of IC50 values of 
2.25–9.26 μM, which was similar to that for two H3N2 osel-
tamivir-sensitive control viruses, A/Brisbane/10/2007 (BR10) 
and A/Perth/16/2009 (PE16). In a plaque reduction assay, 
which was reported as a useful tool for investigating the 
antiviral susceptibility in influenza viruses (Tisdale, 2000), 
MDCK cells were infected with approximately 200 plaque- 
forming units (PFU) of H3N2/16, 17, and 50 viruses, respec-
tively, overlaid with 2% agar media containing 0.0625–1 mM 
of oseltamivir, and the plaque morphology was examined 
after 72 h of incubation. The plaque sizes of the oseltami-
vir-treated H3N2/16, 17, and 50 viruses were almost the 
same as those of untreated viruses, whereas the plaques of 
oseltamivir-treated BR10 and PE16 viruses were signifi-
cantly decreased in size (Fig. 1).
  In MDCK cells, H3N2/16, 17, and 50 viruses produced 
plaques of varying sizes. These viruses were then plaque- 
purified and subjected to reverse-transcriptase PCR (RT-PCR) 
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Table 1. Susceptibility of human H3N2 clinical samples to oseltamivir 
Virus Symptom Treatment IC50 value to oseltamivir (μM)

Control viruses

H1N1 rK09a - - 10.64 (9.069–12.49)
rK09/NA:Y275b - - 416.1 (197.8–875.3)

H3N2 BR10 - - 0.69 (0.31–1.06)
PE16 - - 3.382 (0.6419–17.82)

Clinical isolates H3N2
16 cough, fever Tamiflu, 5 days 2.25 (1.01–3.49)
17 cough, fever, sputum, rhinorrhea, myalgia Tamiflu, 5 days 9.26 (1.81–16.70)
50 fever, myalgia Tamiflu, 5 days 3.74 (1.29–6.19)

a 2009 pandemic H1N1 K09 virus that was rescued by reverse genetics 
b 2009 pandemic H1N1 K09 virus having an H274Y mutation in the NA gene that was rescued by reverse genetics.

Table 2. Sequence alignment of HA and NA genes of human H3N2 clinical samples
Alignment of sequences

HAa NAb

97 160 174 178 187 189 205 210 230 237 127 151 177 307 338 342
Virus Nc K N S N Q K L I P Dc D A I L N
BR10 N K P K N P
PE16 P S

H3N2 16-2 D N M F D
16-3 D N M F D
17-3 D N E M F D
17-5 D N E T M F D
17-6 D N E M F D
50-3 K L N M F D
50-4 K N M F D

a HA sequences in the H3 numbering system 
b NA sequences in the N2 numbering system
c Consensus sequences of selected H3N2 viruses from 2000-2009, available from National Center for Biotechnology Information (NCBI)

Fig. 1. Plaque reduction assay of H3N2 
viruses treated with oseltamivir. For the 
plaque reduction assay, MDCK cells were
inoculated with 200 pfu of H3N2/16, 
17, or 50 viruses. After one hour of in-
oculation, MDCK cells were overlaid 
with 2% agar medium supplemented 
with 1–0.0625 mM of oseltamivir and 
incubated for 72 h. The control well 
was treated with phosphate buffered 
saline (PBS). A/Brisbane/10/2007 (BR10)
and A/Perth/16/2009 (PE16) viruses were
used as oseltamivir-sensitive controls.
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Fig. 2. Plaque reduction assay of the 
H1N2 recombinant virus treated with 
oseltamivir. After having been rescued 
by reverse genetics, the 7:1 recombinant
rK09/N2:17-5 (NA gene from the H3N2/
17-5 virus and the remaining seven 
genes from the 2009 pandemic H1N1 
A/Korea/01/2009 virus, K09) virus was 
used in a plaque reduction assay to in-
vestigate the effects of NA on the osel-
tamivir susceptibility. rK09 (K09 virus 
rescued by reverse genetics) and H3N2/
17-5 viruses were used as the controls.

for sequence analysis. The hemagglutinin (HA) and NA se-
quences of each purified virus were compared with those of 
BR10 and PE16 viruses, and no consistent mutations were 
detected around the receptor binding domain of HA (Table 
2). However, the NA genes of all the purified H3N2/16, 17, 
and 50 viruses bore four mutations (D127N, I307M, L338F, 
and N342D; N2 numbering) (Table 2). In addition to these 
four mutations, the H3N2/17 virus also had a D151E mu-
tation in the NA gene. Interestingly, the H3N2/17-5 virus, 
which was one of the purified clones from the parental 
H3N2/17 virus, also had an additional A177T mutation in 
the NA gene (Table 2), and its plaques were the smallest 
when compared with those of other purified viruses (data 
not shown). In the subsequent plaque reduction assay, un-
usual oseltamivir susceptibility was observed only with the 
H3N2/17-5 virus. Rather than being decreased or unchanged, 
the plaque size of the H3N2/17-5 virus increased propor-
tionally with increasing concentrations of oseltamivir (Fig. 2).
  Cell-based assays may occasionally be considered as in-
adequate procedures for assessing the susceptibility of influ-
enza viruses to NIs due to the HA binding property (Tisdale, 
2000; Abed et al., 2002; Okomo-Adhiambo et al., 2010). 
However, we previously reported NI-mediated replication 
inhibition of a recombinant OSA/H1N1 virus in MDCK cells 
(Kim et al., 2012) and found no reliable amino acid muta-
tions around the HA receptor binding domain of H3N2/16, 
17, and 50 viruses (Table 2). Therefore, we speculated that 
the plaque morphology in the presence of an NI among the 
tested H3N2 viruses primarily resulted from NA mutations 
(Fig. 1). To address whether the NA protein governed the 
plaque morphology in a plaque reduction assay, the NA of 
the H3N2/17-5 virus was used to generate a 7:1 reassortant 
virus (H1N2, rK09/N2:17-5) by reverse genetics (Fodor et 
al., 1999) in the context of a 2009 pandemic H1N1 strain, 
A/Korea/01/2009 (rK09), which had been characterized pre-
viously by in vitro and in vivo analyses (Kwon et al., 2010). 
While the parental rK09 formed large plaques, the plaque 
size of rK09/N2:17-5 virus was greatly reduced in MDCK 
cells (Fig. 2). This observation implies that the H3N2/17-5 
virus has reduced NA activity as compared to the rK09 
virus. However, surprisingly, the plaque size of rK09/N2:17-5 

virus increased proportionally with increasing concentrations 
of oseltamivir, as was observed with the H3N2/17-5 virus 
(Fig. 2). This result suggests that the N2 NA protein con-
taining the A177T mutation has this unusual property, ir-
respective of HA subtype. Furthermore, this mutation may 
lead to maximal viral fitness during antiviral drug therapy. 
Therefore, it will be very interesting to further elucidate an 
unusual oseltamivir susceptibility triggered by the novel 
A177T mutation using not only in vitro but also in vivo 
models in the future.
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