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a b s t r a c t

Enhanced surveillance of infections due to the pandemic A(H1N1) influenza virus, which included monitor-
ing for antiviral resistance, was carried out in the Netherlands from late April 2009 through late May 2010.
More than 1100 instances of infection with the pandemic A(H1N1) influenza virus from 2009 and 2010
[A(H1N1) 2009] distributed across this period were analyzed. Of these, 19 cases of oseltamivir-resistant
virus harboring the H275Y mutation in the neuraminidase (NA) were detected. The mean 50% inhibitory
concentration (IC50) levels for oseltamivir- and zanamivir-susceptible A(H1N1) 2009 viruses were 1.4-fold
and 2-fold, respectively, lower than for the seasonal A(H1N1) influenza viruses from 2007/2008; for osel-
tamivir-resistant A(H1N1) 2009 virus the IC50 was 2.9-fold lower. Eighteen of the 19 patients with oseltam-
ivir-resistant virus showed prolonged shedding of the virus and developed resistance while on oseltamivir
therapy. Sixteen of these 18 patients had an immunodeficiency, of whom 11 had a hematologic disorder.
The two other patients had another underlying disease. Six of the patients who had an underlying disease
died; of these, five had received cytostatic or immunosuppressive therapy. No indications for onward trans-
mission of resistant viruses were found. This study showed that the main association for the emergence of
cases of oseltamivir-resistant A(H1N1) 2009 virus was receiving antiviral therapy and having drug-induced
immunosuppression or an hematologic disorder. Except for a single case of a resistant virus not linked to
oseltamivir therapy, the absence of detection of resistant variants in community specimens and in speci-
mens from contacts of cases with resistant virus suggested that the spread of resistant A(H1N1) 2009 virus
was limited. Containment may have been the cumulative result of impaired NA function, successful isola-
tion of the patients, and prophylactic measures to limit exposure.

� 2011 Elsevier B.V. All rights reserved.
ll rights reserved.
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1. Introduction

On June 11, 2009 the World Health Organization (WHO) de-
clared an influenza pandemic caused by an A(H1N1) influenza
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virus previously unknown to the human population (WHO, 2009a).
The virus of swine origin was first detected in Mexico and the Uni-
ted States and began to spread rapidly across the world causing
influenza-like illness (ILI) of mild to moderate severity. The initial
reports from Mexico indicated a high case-fatality rate; however,
as the virus spread globally, the reported case-fatality rate de-
creased. Nevertheless, the age distribution of affected people was
different from the usual U-shaped curve for seasonal influenza,
where the very young and the frail elderly are affected most. This
distribution more closely resembled the curve seen during the
Spanish flu pandemic of 1918/1919, caused by another variant of
A(H1N1) virus, also affecting the middle-aged population (Tauben-
berger and Morens, 2006). As it was not clear at what pace and in
which direction the virus would evolve during adaptation to the
human host, surveillance was established to monitor critical posi-
tions in genes of the A(H1N1) 2009 virus that had been previously
associated with increased virulence (Basler and Aguilar, 2008;
Neumann et al., 2009; Chutinimitkul et al., 2010; Herfst et al.,
2010).

In addition to monitoring for a change in virulence, it was con-
sidered critical to monitor for the emergence of antiviral resis-
tance (Rungrotmongkol et al., 2009). From the analysis of the
first virus isolates by Rungrotmongkol et al., it was clear that the
pandemic A(H1N1) influenza virus [A(H1N1) 2009] was naturally
resistant against the adamantane class of antiviral drugs because
of an S31N substitution in the M2 ion-channel protein, but sensi-
tive to the neuraminidase (NA) inhibitors (NAI) oseltamivir and
zanamivir. Many countries had been preparing for an influenza
pandemic by stockpiling drugs, mainly oseltamivir. Pandemic
plans included containment and mitigation strategies that in-
volved the use of these drugs, supported by modeling studies
(Meijer et al., 2007; Lee et al., 2009; Mounier-Jack and Coker,
2006; Patel and Gorman, 2009). As pandemic plans were rapidly
activated worldwide, the use of oseltamivir increased dramati-
cally, raising concern about the emergence of resistance against
oseltamivir in the context of the limited availability of the other
NAI, zanamivir, that could be used as an alternative for treatment
of severely ill patients (Couzin-Frankel, 2009; Gupta and Padhy,
2010; van den Wijngaard et al., 2009). This concern was also
fueled by the unprecedented emergence of oseltamivir-resistant
seasonal A(H1N1) influenza viruses in the years 2007 and 2008
[A(H1N1) 2007/2008] that subsequently replaced the sensitive
variant worldwide, indicating that the N1 NA genetic background
in principle can acquire resistance mutations without affecting the
transmissibility of the virus (Fleming et al., 2009; Meijer et al.,
2009a; Lackenby et al., 2008). In the A(H1N1) 2007/2008 influenza
virus, preexisting permissive amino acid substitutions in the NA
were likely the prerequisite for the emergence of the resistant
variant and sustained transmissibility (Bloom et al., 2010). Never-
theless, this development made the influenza specialists more
cautious about the risk of wide-spread use of oseltamivir than
before.

In The Netherlands, pandemic plans – which included the
involvement of oseltamivir treatment and post-exposure
prophylaxis in containment and, later on, mitigation strategies
– were activated in April 2009 (Hahné et al., 2009; van den
Wijngaard et al., 2009). The first case of A(H1N1) 2009 influenza
in The Netherlands was identified on April 30, 2009. Simulta-
neously, the existing virologic surveillance for influenza was
enhanced, which included the monitoring of virulence markers
and more extensive monitoring for the emergence of antiviral
resistance.

This report describes the results of the enhanced surveillance
for antiviral resistance and the follow-up analysis of patients
who were shedding resistant virus.
2. Materials and methods

2.1. Specimens and clinical data

Respiratory specimens were obtained from the initial case find-
ing (Hahné et al., 2009), from general-practitioner (GP) sentinel
surveillance for influenza-like illness (ILI) and other acute respira-
tory infections (ARI) (Donker, 2011), from hospitalized patients
and deceased patients with suspected A(H1N1) 2009 infections,
and from patients whose illness did not resolve with oseltamivir
therapy. Specimens were analyzed for A(H1N1) 2009 influenza
virus either in the central laboratories at the RIVM, Bilthoven,
and Erasmus Medical Center, Rotterdam, the outbreak assistance
laboratory network, and, as the pandemic progressed, at other
peripheral laboratories (Meijer et al., 2009b; van Asten et al.,
2009). Basic information was received with each specimen, which
included at minimum the gender and age of the patient and the
date of specimen collection. For cases of resistant virus, the clinical
virologist or treating doctor completed an additional question-
naire, which included questions on the clinical course of the dis-
ease; molecular detection and antiviral susceptibility results of
all specimens analyzed; antiviral treatment regimen; underlying
disease; treatment with drugs with a primary or secondary immu-
nosuppressive effect; possible exposure to infected persons; and
possible contacts with influenza-like illness. Municipal and regio-
nal health services were involved in tracing cases and contacts
and collecting respiratory specimens for virologic analysis.

2.2. GP-based ILI surveillance

In The Netherlands, the GP-based sentinel surveillance system
for continuous morbidity registration was started in 1970, covering
the whole country and representing about 0.8% of the total Dutch
population (Donker, 2011). About 42 sentinel general practices
register consultations for ILI, according to the Pel case definition
(Pel, 1965). As the total population listed with each practice is
known, a consultation rate as a measure of ILI incidence can be cal-
culated. A consultation rate of 51 per 100,000 population per week
has been set as the epidemic baseline threshold, based on historical
data following a method described previously (Alonso et al., 2004).
In addition, since 1994 the GPs are asked to take nose swabs and
throat swabs for virologic analysis from a random sample of pref-
erably two patients with ILI per week, or if a GP does not encounter
ILI patients to take swabs from two patients with another ARI per
week.

2.3. Molecular detection A(H1N1) 2009 virus

Standardized protocols and external quality assurance panels
were used to ensure validated specific and sensitive detection of
A(H1N1) 2009 influenza virus by molecular methods as described
by Meijer et al. (2009b). Briefly, purified total nucleic acid or RNA
using LC Magnapure (Roche, Almere, The Netherlands) or EasyMag
(Biomerieux, Zaltbommel, The Netherlands) was subjected to one-
step or two-step real-time RT-PCR using a variety of cDNA synthe-
sis chemistry, sample volume-equivalent RNA or cDNA input in
PCR, PCR chemistry, and PCR platforms (Meijer et al., 2009b). Prim-
ers and probes and cycling conditions recommended in the proto-
cols used by the central labs and distributed to the participating
laboratories in The Netherlands are shown (Table 1). RT-PCR
results from other laboratories were accepted as confirmed
A(H1N1) 2009 after external quality assessment panels evaluated
the performance of these laboratories as excellent for the detection
and subtyping of A(H1N1) 2009 virus as described (Meijer et al.,
2009b).
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2.4. Virus isolation

Virus isolation for phenotypic determination of antiviral suscep-
tibility at the RIVM was initially performed at Biosafety Level (BSL)-
3 and then, after the virus was determined to be less virulent than
originally thought, at BSL-2. Specimens that were positive for the
A(H1N1) 2009 influenza virus were inoculated on tertiary monkey
kidney cells (supplied by The Netherlands Vaccine Institute, Biltho-
ven, The Netherlands) or Madin Darby Canine Kidney I (MDCK-I)
cells (kindly provided by Dr. G. van Meer, Utrecht University, The
Netherlands), and maintained in culture for a maximum of 2 weeks
or until cytopathic effect was observed. Confirmation of virus
isolation was done by real-time RT-PCR as described above.

2.5. Influenza antiviral drugs

Oseltamivir carboxylate Ro64-0802 (GS4071) and zanamivir
(GG167) were provided by Roche Diagnostics (Germany) and
GlaxoSmithKline (United Kingdom), respectively.
Table 1
Primers and probes used in the recommended protocols for detection of A(H1N1) 2009 viru
NA, PB2 and M genes of A(H1N1) 2009 virus directly from clinical specimens.

Name Targeta Sequence 50–30

Two-step real-time RT-PCR detection assay RIVMb

INFAM-Sense2 M AAGACCAATCYTGTC
INFAM-a-Sense M CAAAGCGTCTACGCT
INFAM-probe2 M FAM-TTTGTGTTCAC
H1-Sw-1304F H1 2009 TTTGGACTTACAATG
H1-Sw-1410R H1 2009 TAGCTGGCTTCTTAC
H1-Sw-1357P H1 2009 Texas Red-GACTACC
N1-Sw-1111F2 N1 2009 TTTGAGATGATYTGG
N1-1142Rv N1 2009 AAAACTCCCGCTATA
N11177P N1 2009 FAM-ATCGTAGGAAT

One-step real-time RT-PCR detection assay Erasmus Medical Centrec

InfA-sense-TM M AAGACCAATCCTGTC
InfA-antisense-TM M CAAAGCGTCTACGCT
InfA-probe-2 M FAM-TTTGTGTTCAC
panH1-forward H1 2009 GGAAAGAAATGCTG
panH1-reverse H1 2009 ATGGGAGGATGGTG
panH1-probe H1 2009 Dragonfly-TGCAATA
MexFluN1-fwd N1 2009 ACATGTGTGTGCAGG
MexFluN1-rev N1 2009 TCCGAAAATCCCACT
MexFluN1-probe N1 2009 FAM-ATCGACCGTGG

H275Y RT-PCR assay Erasmus Medical Centred

panN1-H275-sense N1 2009 CAGTCGAAATGAATG
panN1-H275-antisense N1 2009 TGCACACACATGTGA
panN1-275H-probe N1 2009 FAM-TTAtcaCTaTGa
panN1-275Y-probe N1 2009 Dragonfly-TTAttaCTa

Sequencing RIVMf

M 1F M AGCAAAAGCAGGTA
M 1027R M AGTAGAAACAAGGT
H1 44F H1 2009 CAAATGCAGACACAT
H1 864R H1 2009 TGGTGTATCTGAAAT
H1 785R H1 2009 GTTGCTTCGAATGTT
N1 649F N1 2009 AAGAGTTGGAGAAA
N1 1341R N1 2009 ACCACAAAAGGATA
N1 1280R N1 2009 ATTAGTTCAACCCAG
PB2 1666F PB2 2009 AACTGGGAAATTGTG
PB2 2242R PB2 2009 GGCTGTCAGTAAGTA
PB2 2210R PB2 2009 CGTTTCATTACCAAC

a M: matrix gene specific for all influenza A viruses; H1 2009: hemagglutinin gene co
A(H1N1) 2009 virus; PB2 2009: PB2 gene coding for PB2 of A(H1N1) 2009.

b AMV Reverse Transcription Kit (Promega, Leiden, The Netherlands) with random
temperature 10 min; 42 �C 50 min; 94 �C 2 min) and LightCycler Taqman Master Kit (Ro

c GeneAmp EZ rTth RNA PCR Kit (Applied Biosystems) (50 �C 2 min; 60 �C 30 min; 95
d GeneAmp EZ rTth RNA PCR Kit (Applied Biosystems) (50 �C 2 min; 60 �C 30 min; 95
e LNA nucleotides are displayed in lower case and DNA nucleotides in upper case. L

leading to the H275Y amino acid substitution are underlined.
f Thermoscript Reverse Transcriptase Kit (Invitrogen) with forward primer for cDNA

HotStarTaq Mastermix Kit (Qiagen) for PCR step (95 �C 15 min; 94 �C 30 s, 50 �C 30 s, 72
Kit (Applied Biosystems) for sequencing reaction (96 �C 10 s; 96 �C 10 s, 50 �C 5 s, 60 �C
2.6. Phenotypic determination of antiviral susceptibility

The phenotypic susceptibility of influenza virus isolates for osel-
tamivir and zanamivir was determined at the RIVM using a fluores-
cence-based NA inhibition assay and expressed as the concentration
of NAI needed to inhibit the NA enzyme activity by 50% (IC50), as de-
scribed elsewhere (Jonges et al., 2009; Potier et al., 1979). Briefly,
10 ll virus equivalent to 30–40 nmol/hr/ml NA enzyme activity in
buffer (16.25 mM MES, 5 mM CaCl2) was mixed in a black 96-wells
microtiter plate with 10 ll of a 5-fold dilution series of oseltamivir
or zanamivir (end concentrations 2000–0.001 nM in 12.5% DMSO),
and incubated for 30 min at 37 �C. After addition of 30 ll substrate
(54.17 mM MES pH 6.5, 5 mM CaCl2, 170 lM 20-(4-methylumbel-
liferyl)-a-D-N-acetylneuraminic acid sodium salt hydrate [MUNAN-
A] [Sigma–Aldrich, United Kingdom]) the mix with an end
concentration of 100 lM MUNANA was incubated a further
60 min at 37 �C. The reaction was stopped by addition of 150 ll of
0.1 M NaOH in 80% ethanol. Fluorescence was measured at
370 nm excitation and, 444 nm emission on a Fluoroskan Ascent
s, for H275Y single nucleotide polymorphism detection, and for sequencing of the HA,

Reference

ACCTCTGA This study
GCAGTCC Ward et al. (2004)

GCTCACCGTGCC-BHQ1 Munster et al. (2009)
CCG Meijer et al. (2009b)
CT Meijer et al. (2009b)
ACGATTCAAATGTGAAGA-BHQ1 Meijer et al. (2009b)
GATC This study
TC This study
AAATGAGTGG-HBQ1 This study

ACCTCTGA Ward et al. (2004)
GCAGTCC Ward et al. (2004)

GCTCACCGTGCC-BHQ1 Munster et al. (2009)
GATCTGGTA van der Vries et al. (2010a)
TTTATAGC van der Vries et al. (2010a)
CAACTTGTCAGACACCCAAGGG-BHQ2 van der Vries et al. (2010a)

GATAACTG Meijer et al. (2009b)
GCATAT Meijer et al. (2009b)
GTGTCTTTCAACCA-BHQ1 Meijer et al. (2009b)

CCCCTAA van der Vries et al. (2010a)
TTTCACTAG van der Vries et al. (2010a)

GGAATG-BHQ1e van der Vries et al. (2010a)

TGaGGAATG-BHQ2e van der Vries et al. (2010a)

GATATT Chan et al. (2006)
AGTTTTT Chan et al. (2006)
TAT This study
GATAAT This study
ATT This study
CAATAT This study
TGCT This study
AAG This study
AAA This study
TGCT This study

ACTA This study

ding for H1 of A(H1N1) 2009 virus; N1 2009: neuraminidase gene coding for N1 of

hexamers for cDNA step (94 �C 2 min RNA denaturation; cDNA synthesis room
che) for PCR step (95 �C 10 min; 94 �C 10 s, 50 �C 20 s, 72 �C 10 s for 45 cycles).
�C 5 min; 95 �C 20 s, 62 �C 1 min for 45 cycles).
�C 5 min; 95 �C 20 s, 60 �C 1 min for 45 cycles).
NA nucleotides complementary to the predicted single nucleotide polymorphism

step (95 �C 5 min RNA denaturation; cDNA synthesis 65 �C 60 min; 85 �C 5 min),
�C 1 min for 45 cycles; 72 �C 10 min), and BigDye Terminator v3.1 Cycle Sequencing
4 min for 25 cycles).
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fluorometer (Thermo Fisher Scientific, Landsmeer, The Nether-
lands). IC50 values were calculated using curve fitting implemented
in GraphPad Prism version 4.00 for Windows (GraphPad Software,
Inc., La Jolla, CA). Initially, A(H1N1) 2009 viruses were inactivated
with Triton X-100 as described by Jonges et al. (2010). Briefly, virus
culture supernatant was thoroughly mixed with Triton X-100 (BDH
Chemicals, Poole, United Kingdom) at a final concentration of 1% (v/
v) and incubated at room temperature for 1 hour. As Triton X-100
did not adversely affect IC50 measurements (Jonges et al., 2010),
inactivated virus was directly used in the phenotypic assay. Inacti-
vation was omitted after the classification of the A(H1N1) 2009 virus
was changed from BSL-3 to BSL-2. For a subset of viruses the suscep-
tibility was determined at Erasmus Medical Center using the
chemoluminescent NA-Star kit according to the instructions of the
Manufacturer (Applied Biosystems, Nieuwerkerk aan de IJssel, The
Netherlands), as described (Jonges et al., 2010).

2.7. Genotypic determination H275Y substitution

When it became clear that oseltamivir-resistant A(H1N1) 2009
viruses almost exclusively harbored the H275Y substitution in the
NA, a real-time RT-PCR assay was set up that could detect the
nucleotide substitution associated with this phenotype and deter-
mine the proportion of viruses carrying this substitution in the
clinical specimen as described in detail by van der Vries et al.
(2010a). Real-time RT-PCR was carried out using the GeneAmp
EZ rTth RNA PCR Kit (Applied Biosystems) and the primers and
probes and cycling conditions are shown (Table 1). The protocol
was distributed to laboratories in The Netherlands to allow rapid
determination of this important substitution and adaptation of pa-
tient clinical management when needed.

2.8. Sequencing

Hemagglutinin 1 (HA1) (nt 8–789), NA (nt 669–1323), PB2 (nt
1684–2223), and full-length matrix genes were sequenced at the
RIVM directly from clinical specimens using cycle-sequencing.
RNA was purified from clinical specimens using the High Pure
RNA Isolation Kit (Roche). cDNA was synthesized using Thermo-
script Reverse Transcriptase Kit with the forward primer (Invitro-
gen, Leek, The Netherlands). PCR was performed using the
HotStarTaq Mastermix Kit (Qiagen, Venlo, The Netherlands). After
treatment of the amplicons with ExoSAP-IT (USB Corporation, Iso-
gen Life Science, De Meern, The Netherlands), sequencing reactions
were performed using the BigDye Terminator v3.1 Cycle Sequenc-
ing Kit (Applied Biosystems) and products were analyzed on an ABI
3700 sequencer (Applied Biosystems). All reactions were per-
formed as recommended by the manufacturers of the kits. The
primers and cycling conditions used are shown (Table 1). This pro-
tocol was shared with other laboratories that wanted to perform
the sequencing themselves. NA and matrix sequences were used
to monitor for NAI and adamantane antiviral susceptibility, respec-
tively, and HA1, NA and PB2 fragments were used to compare
resistant viruses with viruses of patients related in time of disease
and in geographic region to monitor for possible spread of resistant
strains. Sequences and results of antiviral susceptibility marker
analysis carried out and made available by other laboratories in
The Netherlands were included in the analysis. A subset of Dutch
HA, NA, and PB2 sequences representative for the total set of more
than 1100 viruses is available from the GISAID database (www.gi-
said.org), Accession No. EPI254455–EPI254527.

2.9. Phylogenetic analysis

Phylogenetic analysis was performed using BioNumerics soft-
ware version 6.5 (Applied Maths, Gent, Belgium). The character
data from a concatenated NA and PB2 fragments alignment or from
an HA1 fragment alignment was used to build a maximum parsi-
mony network using the Fitch method (Fitch, 1971) with a greedy
tree construction algorithm, and random branch swapping was
used to find the most optimal network topology. This method
was chosen for its ability to link resistant influenza viruses to their
suspected closest ancestor using a minimum number of ‘‘evolu-
tionary events’’ based on the simplest, most parsimonious explana-
tion of an observation and as free as possible of specific
evolutionary assumptions. The faithfulness of the entire network
was determined by calculation of the global cophenetic correlation
coefficient (Sokal and Rohlf, 1962). The significance of segregation
of resistant influenza viruses was assessed by bootstrap analysis
(500 iterations).

2.10. Statistical analysis

Box-and-whisker plot analysis, programmed in Windows Excel
version 2007, was used to identify potential outliers for NAI sus-
ceptibility (Massart et al., 2005). IC50 values between 1.5 and 3
times the interquartile range (IQR) from the IQR boundaries, or
more than three times the IQR from the IQR boundaries, were de-
fined as mild or extreme outliers, respectively. After elimination of
outliers, the remaining IC50 values were used to calculate the geo-
metric mean IC50s with 95% confidence intervals using GraphPad
Prism software. Significance of differences between two geometric
means was determined using an unpaired t-test implemented in
GraphPad Prism, and p < 0.05 was considered significant.
3. Results

3.1. Virus detections

The pandemic period in The Netherlands was characterized by
two periods with peaks in A(H1N1) 2009 detections (Fig. 1A). From
week 17/2009 through week 33/2009, every single suspected case
was investigated and treated with oseltamivir. Until week 26/2009,
contacts were actively traced, offered oseltamivir prophylaxis, and
investigated. If the contacts developed symptoms or were found
positive, they were offered oseltamivir treatment. In week 33/
2009, case finding was lifted. Virus detection reports from nonsen-
tinel sources were subsequently derived mainly from mandatory
notification of laboratory-confirmed hospitalized cases and con-
firmed cases that died. From then on, oseltamivir treatment was
only recommended for severe cases and young children. Whereas
in the first period only sporadic cases were found in the GP sentinel
surveillance, during the epidemic period, as indicated by ILI con-
sultation rates above the epidemic baseline threshold, sentinel as
well as nonsentinel A(H1N1) 2009 detections peaked (Fig. 1A).

3.2. Antiviral prescriptions

In both periods of peak virus detections, prescriptions of osel-
tamivir peaked also (Fig. 1B). Zanamivir was only prescribed spo-
radically. Most often it was used when oseltamivir therapy failed,
and, most often, as intravenous treatment under license for com-
passionate use (e.g., van der Vries et al., 2010b).

3.3. Antiviral resistance

Overall, specimens of more than 1100 cases distributed across
the pandemic period from week 17/2009 through week 20/2010
were included in the antiviral susceptibility analysis. Eighty-five
specimens from sentinel surveillance cases and 894 from nonsen-
tinel cases, mainly derived through active retrospective retrieval of

http://www.gisaid.org
http://www.gisaid.org


Fig. 1. Timing of detection of patients with oseltamivir-resistant (H275Y) A(H1N1) 2009 viruses (A, inset) in the pandemic period in The Netherlands (A), and the relation to
prescriptions of oseltamivir and zanamivir in The Netherlands (B). The 19 patients with resistant virus (A, inset), detected from nonsentinel sources (blue bars in A and A,
inset), are plotted on the week the first specimen with resistant virus was collected. This explains the delay of a couple of weeks between the week of peak detection of
resistant viruses and the weeks of peak diagnostic virus detections and peak influenza-like illness (ILI) consultation ratio. No resistant viruses were found in the general
practice sentinel surveillance (red bars in A). Peaks in virus detections (A) coincided roughly with prescriptions of oseltamivir (B).
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diagnostic specimens following notification of confirmed hospital-
ized cases and confirmed cases that died, were sequenced at the
RIVM. One hospital laboratory provided autonomously sequenced
NA, HA, and PB2 fragments from 111 cases. In addition, an un-
known number of specimens were analyzed by H275Y RT-PCR by
other laboratories of which only resistant results were reported
and included in the analysis.

All 63 A(H1N1) 2009 viruses of which the matrix gene was se-
quenced harbored the S31N amino acid substitution characteristic
of adamantane resistance. In total 19 patients were identified with
oseltamivir-resistant virus harboring the H275Y amino acid substi-
tution in the NA characteristic for oseltamivir resistance (14 by
sequencing and 5 by H275Y RT-PCR). All these cases were identi-
fied during the epidemic period of A(H1N1) 2009 circulation in
the autumn of 2009 and were derived from nonsentinel sources
(Fig. 1A, inset). For the 18 cases that developed resistance under
oseltamivir therapy, multiple samples were analyzed until the case
was recovered or died within the study period. A first diagnostic
specimen of these cases did not contain virus with the H275Y sub-
stitution. The peak in the number of cases with resistant virus at
week 48/2009 was 4 weeks delayed when compared to the peak
in A(H1N1) 2009 detections at week 44/2009. One resistant case,
following clearance of the H275Y variant under zanamivir therapy,
subsequently developed reduced susceptibility to zanamivir (10-
fold) and oseltamivir (46-fold) as determined by NA-Star chemilu-
minescent assay due to amino acid substitution I223R in the NA.
Details of this case have been described elsewhere (van der Vries
et al., 2010b). Tracing and testing of ill contacts, hospital personnel
as well as household and social contacts, of patients with resistant
viruses did not reveal resistant virus in any of the specimens of



Fig. 2. Box-and-whisker plots showing IC50 values for oseltamivir-susceptible and -
resistant and zanamivir-susceptible seasonal A(H1N1) 2007/2008 and pandemic
A(H1N1) 2009 influenza viruses, from The Netherlands. Closed and open circles
represent mild and extreme outliers, respectively. GM (95% CI) = the geometric
mean of IC50 values after removal of outliers, with the 95% confidence interval
indicated in brackets. The significance of the difference between two geometric
means is indicated by the p-value of the unpaired t-test.
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these contacts. No resistant viruses were found among the tested
sentinel surveillance viruses.

3.4. Phenotypic evaluation of antiviral susceptibility

Susceptibility levels of oseltamivir-sensitive seasonal A(H1N1)
virus isolates from the latest season in which seasonal A(H1N1)
viruses were dominant in The Netherlands (2007/2008) (Jonges
et al., 2009) were compared with oseltamivir-sensitive A(H1N1)
2009 virus isolates that were representative for the whole pan-
demic period (Fig. 2). Nine outliers were detected for which no
explanation could be found in the NA sequence analysis. After
removal of these outliers, the geometric mean IC50 values were cal-
culated (Fig. 2). A(H1N1) 2009 viruses appeared to be 1.4-fold
more susceptible for oseltamivir and 2.0-fold more susceptible
for zanamivir than the seasonal viruses. Although only one resis-
tant A(H1N1) 2009 virus isolate was available for phenotypic test-
ing, either because virus isolation was not successful due to low
viral load or overgrowth by the sensitive virus in a mixed
specimen, or because no specimen was left for virus isolation, this
resistant virus was 2.9-fold more susceptible, when compared to
the mean IC50 of oseltamivir resistant seasonal A(H1N1) viruses
harboring the same H275Y amino acid substitution.

3.5. Characteristics of patients with resistant virus

An aggregated description of demographic and clinical charac-
teristics of the patients with resistant virus is shown (Table 2).
The majority of the patients had a drug-induced immunosup-
pressed condition, a condition often resulting in prolonged shed-
ding of virus. Because of this condition, prolonged therapy with
antivirals was required. In addition, among the drug-induced
immunosuppressed patients a substantial number had a hemato-
logic disorder. Therefore, it is not surprising that resistance was in-
duced by antiviral therapy in 18 of the 19 cases. In 10 cases,
resistant virus was found at the end of the first course with osel-
tamivir or immediately at the beginning of the second course. In
seven cases, oseltamivir resistance emerged during extended ther-
apy with oseltamivir, and in one case at the end of the second
course. Six of the patients represented in these cases died, of which
four were still confirmed infected with the pandemic virus at
7 days before the day of death up to the day of death. In most of
these cases, the cause of death was multifactorial to which the
influenza virus infection may have contributed.

For one of the patients in our study, details were available that
illustrate the importance of lymphocyte counts. This patient with
acute lymphoblastic leukemia (ALL) on maintenance therapy was
tested positive for the A(H1N1) 2009 influenza virus, which turned
out to be oseltamivir-resistant after one course of oseltamivir fol-
lowing retrospective analysis. On return visit his X-ray was com-
patible with a diagnosis of a viral infection and he had severe
lymphopenia (0.06 � 109/L). Therefore, chemotherapy of ALL was
temporarily stopped and a second course of oseltamivir was given.
He became afebrile, gained weight, and his airway problems disap-
peared. Because of the interruption of chemotherapy, his lympho-
cyte count rose again (0.56 � 109/L) and thus, after 1 week,
chemotherapy was restarted. About a month later, he was fit with-
out respiratory symptoms except for mild rhinorrhea, and respira-
tory specimens were negative for A(H1N1) 2009 influenza virus,
confirming clearance of the virus.

The patient in case 15 (Fig. 3) was a health care worker and was
found to be infected with a resistant virus during a retrospective
screening of viruses detected by the laboratory of the hospital
where the health care worker was employed. This previously
healthy person did not use oseltamivir and had not been exposed
to infected persons using oseltamivir.
Fifteen of the patients represented in the 19 cases of oseltami-
vir-resistant virus stayed in the hospital under isolation while
shedding resistant virus; four patients were not kept in isolation
while shedding resistant virus.

3.6. Phylogenetic analysis

The maximum parsimony network of combined NA and PB2
sequences of which the topology was supported by a global
cophenetic correlation coefficient of 94% showed that most



Table 2
Main characteristics of patients with oseltamivir-resistant A(H1N1) 2009 virus, in The
Netherlands.

Characteristic Number
(N = 19)

Gender (male) 10 (53%)
Age (years; mean, range) 35 (1–69)
Hospitalized while shedding resistant virus 15 (79%)
Immunosuppressed 16 (84%)a

Hematologic disorder (HD) 11 (58%)
No allogenic stem cell transplantation 5 (45% of HD)

Non-Hodgkin lymphoma 2
Leukemia (any form) 3

Post allogenic stem cell transplantation 6 (55% of HD)
Leukemia (any form) 3
Aplastic anemia 1
Unknown underlying disease 2

Oseltamivir therapy induced 18 (95%)
Days (mean, range) between onset respiratory illness

and last positive specimen
17 (5–68)b

Days (mean, range) between onset respiratory illness
and first detection resistance

11 (5–27)b

Death 6 (32%)c

Days (mean, range) between first detection resistance
and death

31 (3–109)

a Immunosuppressed due to treatment with cytostatic or immunosuppressive
drugs or drugs with an immunosuppressive side effect. The three not immuno-
suppressed patients were a male of age 57 suffering from liver disease, a girl of age
1 undergoing Blalock-Taussig shunt surgery, and a healthy female of age 46.

b The single patient who was infected with resistant virus is excluded.
c Four patients were still confirmed infected with A(H1N1) 2009 virus 0–7 days

before the day of death. Five patients received cytostatic or immunosuppressive
drugs.
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resistant viruses were not clustered (Fig. 3). Except for the initial
branching of case 19, which was supported by a bootstrap value
of 35%, branches leading to resistant strains were supported by a
bootstrap value of 100%. The resistant viruses of the case pairs 3/
14 and 6/19, which have an unknown common ancestor in the
phylogenetic analysis (Fig. 3), developed during oseltamivir ther-
apy and were distinct at a number of nucleic acid positions in
the combined NA and PB2 sequence analysis. For case 19, se-
quences were available for two subsequent collection dates
(Fig. 3). In addition to the nucleotide substitution resulting in the
H275Y phenotype, the second specimen had a silent mutation in
codon 426 in the NA. The cases in the case pairs were unrelated
in time and/or place (hospital and residence) after epidemiologic
evaluation. A similar phylogenetic analysis of the HA1 sequences
did also not reveal any indication of correlation of the resistant
viruses (not shown). The virus of the health care worker (case 15,
Fig. 3), the only resistant case without known oseltamivir expo-
sure, was not related to any of the other resistant viruses identified
in patients from the same hospital (H1, Fig. 3), or from other hos-
pitals per phylogenetic analysis.
4. Discussion

As expected from previous studies on the emergence of antiviral
resistance during oseltamivir therapy, we detected resistant
viruses in oseltamivir-treated patients during the pandemic.
Similar to the situation before the 2007/2008 season in which
NAI-resistant viruses were detected only sporadically in sentinel
surveillance or in previously healthy persons (Jonges et al., 2009),
we found just one previously healthy, untreated patient infected
with an oseltamivir-resistant A(H1N1) 2009 virus for which no
source could be identified. Although oseltamivir use was much
higher than during previous seasons, which increased the risk for
development of resistance, there is a possibility that prescribed
oseltamivir was not actually used, but, rather stockpiled as a
precaution, especially during the first few months of the pandemic
(van den Wijngaard et al., 2009). Susceptible and oseltamivir-resis-
tant A(H1N1) 2009 influenza viruses had slightly lower IC50 values
for the NAIs than seasonal A(H1N1) influenza viruses, probably
because of the different genetic backgrounds of the NA genes
(Neumann et al., 2009).

Patient clinical diagnosis and follow-up data were only sparsely
submitted with the specimens from nonsentinel sources. Even for
the patients with resistant virus, it proved difficult to collect a
comprehensive dataset retrospectively in the enhanced surveil-
lance setting, as patients had already been dismissed or transferred
to another hospital, or laboratory information management sys-
tems were not linked to patient records. Building a network of clin-
ical laboratories and hospitals that can deliver timely critical
information on the emergence of a new pathogen or pathogen with
presumed altered virulence and linked clinical data could offer a
solution, in line with WHO recommendations on the surveillance
of severe acute respiratory infections (WHO, 2009b). Nevertheless,
most of the required information for the 19 patients with resistant
virus was finally obtained. The majority of the patients (84%) in
which we identified oseltamivir-resistant A(H1N1) 2009 viruses
were immunosuppressed because of an underlying condition or
immunosuppressive therapy that resulted in prolonged virus shed-
ding and therefore prolonged antiviral therapy. In the WHO review
of January 12, 2011, and other available literature on oseltamivir-
resistant A(H1N1) 2009 influenza viruses, 30% of resistant viruses
were from immunosuppressed patients (WHO, 2011). However,
as details of the patients’ backgrounds slowly became available
through publications, rather than through direct reports to the
WHO, this percentage is likely an underestimation. NAI resistance
has previously been found mostly in oseltamivir-treated children
and immunosuppressed patients, which suggests that prolonged
shedding of virus as seen in young children and in immunosup-
pressed patients is a favorable condition for such emergence (Dut-
kowski, 2010; Lackenby et al., 2008). Immunosuppressed patients
frequently have lymphopenia, which might explain the lack of viral
clearance. Restoration of lymphocyte counts positively influences
viral clearance and the clinical outcome of immunosuppressed pa-
tients infected with influenza virus, irrespective of whether the
virus has become resistant or not (Gooskens et al., 2009). In our
current study, a similar observation was done in a patient with
ALL, in whom oseltamivir therapy was combined with temporal
cessation of chemotherapy. This subsequently led to restoration
of lymphocyte counts and clearance of resistant influenza virus.
In addition, relative lymphopenia has been found to be an early
and reliable laboratory finding of influenza virus type A infection
in adults, underscoring the importance of lymphocyte responses
in getting rid of influenza virus (Mohan et al., 2005). Further sys-
tematic research into combining NAI-antiviral therapy with immu-
nomodulatory compounds is needed to elucidate whether severely
ill patients suffering from influenza in general would benefit from
such combination therapy.

From a public health perspective, it was encouraging that we
did not detect oseltamivir-resistant viruses in community-derived
specimens or contacts of patients with resistant virus. This sug-
gests that similar to seasonal A(H1N1) viruses before the 2007/
2008 season, the H275Y substitution compromises the transmissi-
bility of the A(H1N1) 2009 virus and thus has so far had a limited
public health impact. However, the absence of transmission of
resistant viruses in our study might be the cumulative effect of re-
duced viral shedding of the H275Y variant, isolation of most of the
patients with resistant virus in a hospital, and prophylactic expo-
sure measures for hospital personnel and visitors in contact with
these patients. The potential of resistant A(H1N1) 2009 virus to
spread has been proven by a cluster of 10 related patients in a
hospital in Wales, UK, in which four patients were infected by



Fig. 3. Phylogenetic network inferred using maximum parsimony showing relationships of combined NA and PB2 sequences of 13 cases with resistant A(H1N1) 2009 virus
(case #, � = deceased, wk ww/yyyy = week and year of first detection resistant virus, H# = originating hospital, C = community) with combined NA and PB2 sequences of other
A(H1N1) 2009 viruses from the enhanced surveillance, in The Netherlands. The topology of the network was supported by a global cophenetic correlation coefficient of 94%.
Except for the initial branching of case 19 (bootstrap value of 35%), all branches leading to resistant viruses were supported by a bootstrap value of 100% after 500 iterations.
The diameter of the circles represents the number of identical sequences with the smallest circle representing just one virus. The distance between circles represents the
number of nucleotide substitutions with the smallest distances representing just one nucleotide substitution.
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the resistant virus through direct transmission (Moore et al., 2011).
Recently, resistant A(H1N1) 2009 viruses were detected in un-
treated patients in the UK during the 2010/2011 season (Lackenby
et al., 2011). In addition, transmission experiments with H275Y
A(H1N1) 2009 variants (Duan et al., 2010; Memoli et al., 2011; Sei-
bert et al., 2010) showed efficient contact transmission, which
underscores the continuous need for vigilance and monitoring for
emergence of antiviral resistance in a public health setting by
using, for example, sentinel influenza surveillance systems. Lack
of human transmission might be explained, however, by the fact
that introducing H275Y into the A/California/4/2009 (H1N1)
2009 virus caused a large drop in total surface-expressed NA activ-
ity (Bloom et al., 2010). In oseltamivir-resistant seasonal A(H1N1)
viruses, R222Q and V234M substitutions in the NA were required
for sustained transmissibility of viruses carrying H275Y (Bloom
et al., 2010). The A(H1N1) 2009 viruses have 222N and 234V at
these positions; however, the importance of these positions for re-
stored surface expression of NA activity and sustained transmissi-
bility of oseltamivir resistant A(H1N1) 2009 virus remains to be
investigated.

In conclusion, the main associations in patients for the emer-
gence of oseltamivir-resistant pandemic A(H1N1) 2009 influenza
virus were having had therapy with oseltamivir and having drug-
induced immunosuppression, or a hematologic disorder. Except
for the single patient infected with resistant virus not linked to
oseltamivir therapy, the absence of detection of resistant variants
in community specimens and in specimens from contacts of pa-
tients with resistant virus suggests that emergence and subsequent
spread of resistant A(H1N1) 2009 virus was very limited, as a con-
sequence of compromised NA activity of the H27Y-resistant vari-
ant, but possibly also as a result of patient isolation and effective
exposure prophylaxis measures.
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