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In the first 6 months of the H1N1 swine-origin influenza virus (S-OIV) pandemic, the vast majority of
infections were relatively mild. It has been postulated that mutations in the viral genome could result in more
virulent viruses, leading to a more severe pandemic. Mutations E627K and D701N in the PB2 protein have
previously been identified as determinants of avian and pandemic influenza virus virulence in mammals. These
mutations were absent in S-OIVs detected early in the 2009 pandemic. Here, using reverse genetics, mutations
E627K, D701N, and E677G were introduced into the prototype S-OIV A/Netherlands/602/2009, and their effects
on virus replication, virulence, and transmission were investigated. Mutations E627K and D701N caused
increased reporter gene expression driven by the S-OIV polymerase complex. None of the three mutations
affected virus replication in vitro. The mutations had no major impact on virus replication in the respiratory
tracts of mice and ferrets or on pathogenesis. All three mutant viruses were transmitted via aerosols or
respiratory droplets in ferrets. Thus, the impact of key known virulence markers in PB2 in the context of
current S-OIVs was surprisingly small. This study does not exclude the possibility of emergence of S-OIVs with
other virulence-associated mutations in the future. We conclude that surveillance studies aimed at detecting
S-OIVs with increased virulence or transmission should not rely solely on virulence markers identified in the
past but should include detailed characterization of virus phenotypes, guided by genetic signatures of viruses
detected in severe cases of disease in humans.

The new H1N1 swine-origin influenza virus (S-OIV) re-
cently emerged to cause the first influenza pandemic in 40
years (2). The S-OIV presumably emerged from pigs, as its
genome was shown to consist of six gene segments of “triple-
reassortant” swine viruses and two of “Eurasian lineage” swine
viruses (9). The start of the S-OIV pandemic has been rela-
tively mild, with a clinical spectrum ranging from mild upper
respiratory tract illness to sporadic cases of severe pneumonia
leading to acute respiratory distress syndrome (22). As of 15
November 2009, worldwide, more than 206 countries have
reported laboratory-confirmed cases of S-OIV infection, in-
cluding over 6,770 deaths (32).

In previous influenza pandemics, such as the Spanish influ-
enza pandemic of 1918 and the Hong Kong influenza pan-
demic of 1968, a first wave of cases of relatively mild illnesses
was followed by more severe subsequent waves (29). The rea-
son for this increased severity has remained largely unknown,

but one possible explanation could be that the pandemic vi-
ruses required further adaptation to the human host, resulting
in the emergence of viruses that were more virulent than those
of the first wave. Such adaptive changes could occur by gene
reassortment between cocirculating influenza A viruses or by
mutation.

In the past decade, determinants of influenza A virus viru-
lence have been mapped using reverse genetics with a variety
of pandemic, epidemic, and zoonotic influenza viruses. Muta-
tions affecting virulence and host range have frequently been
mapped to hemagglutinin (HA) and neuraminidase (NA) in
relation to their interaction with sialic acids, the virus receptors
on host cells (11, 18, 30). Nonstructural protein 1 (NS1) has
been implicated in the virulence of highly pathogenic avian
influenza (HPAI) virus H5N1 and the 1918 H1N1 virus, as the
NS1 proteins of these viruses were shown to act as strong
antagonists of the interferon pathways (10, 25). Furthermore,
the polymerase genes, in particular the PB2 gene, have been
shown to be important determinants of virulence in the HPAI
H5N1 and H7N7 viruses and of transmission in the 1918 H1N1
virus (11, 21, 31). One of the most commonly identified viru-
lence markers to date is E627K in PB2. The glutamic acid (E)
residue is found generally in avian influenza viruses, while
human viruses have a lysine (K), and this mutation has been
described as a determinant of the host range in vitro (28).
When avian viruses lacking the E627K substitution were pas-

* Corresponding author. Mailing address: Department of Virology,
Erasmus Medical Center Rotterdam, P.O. Box 2040, 3000 CA Rotter-
dam, Netherlands. Phone: 31 10 7044066. Fax: 31 10 7044760. E-mail:
r.fouchier@erasmusmc.nl.

† S.H. and S.C. contributed equally to the results of this study.
§ Present address: Laboratory of Virology, Rocky Mountain Labo-

ratories, National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health, Hamilton, MT.

� Published ahead of print on 3 February 2010.

3752



saged in mice, the viruses acquired the mutation spontaneously
upon a single passage (15, 17). In the HPAI H5N1 and H7N7
viruses, E627K was shown to be the prime determinant of
pathogenesis in mice (11, 21, 23). Given that all human and
many zoonotic influenza viruses of the last century contained
627K (1), it was surprising that the S-OIV had 627E.

Additionally, the aspartate (D)-to-asparagine (N) mutation
at position 701 of PB2, which was shown to compensate for the
absence of E627K, has also not been detected in S-OIV (27).
This D701N mutation has previously been shown to expand the
host range of avian H5N1 to mice and humans (3, 15) and to
increase virus transmission in guinea pigs (27). Thus, S-OIV
was the first known human pandemic virus with 627E and
701D, and it has been speculated that S-OIV could mutate into
a more virulent form by acquiring one of these mutations, or
both.

On 8 May 2009, the detection of another mutation in the
PB2 gene of S-OIV, an E-to-glycine (G) mutation at posi-
tion 667, was reported (http://www.promedmail.org/pls/apex
/f?p�2400:1000, archive no. 20090508.1722). It has previ-
ously been suggested that the E667G substitution in PB2 of
HPAI H5N1 virus was under positive selection and possibly
played a role in sustainable transmission in humans (14).

On 28 September 2009, detection of the E627K mutation in
PB2 of S-OIVs of two individuals in the Netherlands was reported
(http://www.promedmail.org/pls/apex/f?p�2400:1000, archive no.
20090928.3394) and raised concern about the possible enhanced
replication of the S-OIV in humans, possibly associated with in-
creased virulence. To date, the D701N mutation in PB2 has not
been reported in any of the S-OIVs sequenced, and additional
viruses with mutation E627K have not been recorded, either. In
contrast, viruses with E677G have been reported from the United
States, Canada, Germany, the United Kingdom, Norway, and
France, according to the public sequence databases.

Here, the effects of the E627K, D701N, and E677G muta-
tions in the PB2 genes of S-OIVs was investigated using ge-
netically engineered influenza viruses based on a prototype
S-OIV, A/Netherlands/602/2009. Polymerase activity was mea-
sured in minigenome assays in human 293T cells, virus repli-
cation was analyzed in Madin-Darby Canine kidney (MDCK)
cells, virulence was tested in mouse and ferret models, and
transmission by aerosols or respiratory droplets was tested in
ferrets. In contrast to the earlier assumptions based on expe-
rience with other influenza A viruses, S-OIVs with E627K,
D701N, or E677G in PB2 did not show a marked increase in
virulence or transmission compared to the wild-type virus.

MATERIALS AND METHODS

Cells and viruses. MDCK cells were cultured in Eagle’s minimal essential
medium (EMEM) (Lonza, Breda, Netherlands) supplemented with 10% fetal
calf serum (FCS), 100 IU/ml penicillin, 100 �g/ml streptomycin, 2 mM glu-
tamine, 1.5 mg/ml sodium bicarbonate (Cambrex), 10 mM HEPES (Lonza), and
nonessential amino acids (MP Biomedicals Europe, Illkirch, France). 293T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza) sup-
plemented with 10% FCS, 100 IU/ml penicillin, 100 mg/ml streptomycin, 2 mM
glutamine, 1 mM sodium pyruvate, and nonessential amino acids.

Influenza virus A/Netherlands/602/09 was isolated from the first patient with
S-OIV infection in the Netherlands (20). All eight gene segments of this virus
were amplified by reverse transcription-PCR, cloned in a modified version of the
bidirectional reverse-genetics plasmid pHW2000 (5, 12), and subsequently used
to generate recombinant virus by reverse genetics as described elsewhere (5).
The mutations of interest (E627K, E677G, and D701N) were introduced into the

PB2 gene using the QuikChange multisite-directed mutagenesis kit (Stratagene,
Leusden, Netherlands) according to the instructions of the manufacturer, result-
ing in recombinant viruses NL602, NL602/PB2-627K, NL602/PB2-677G, and
NL602/PB2-701N. The presence of each mutation was confirmed by sequencing.

Virus titrations. Virus titers in nasal and throat swabs, homogenized organ
samples, or samples for replication curves were determined by endpoint titration
in MDCK cells. MDCK cells were inoculated with 10-fold serial dilutions of each
sample, washed 1 h postinoculation (p.i.) with phosphate-buffered saline (PBS),
and grown in 200 �l of infection medium, consisting of EMEM supplemented
with 100 U/ml penicillin, 100 �g/ml streptomycin, 2 mM glutamine, 1.5 mg/ml
sodium bicarbonate, 10 mM HEPES, nonessential amino acids, and 20 �g/ml
trypsin (Lonza). Three days after inoculation, the supernatants of inoculated cell
cultures were tested for agglutinating activity using turkey erythrocytes as an
indicator of virus replication in the cells. Infectious-virus titers were calculated
from 4 (homogenized tissues and swabs) or 5 (samples from replication curves)
replicates by the method of Spearman and Karber (13).

Minigenome assays. A model viral RNA (vRNA), consisting of the firefly
luciferase open reading frame flanked by the noncoding regions (NCRs) of
segment 8 of influenza A virus, under the control of a T7 RNA polymerase
promoter was used for minigenome assays (4). The reporter plasmid (0.5 �g) was
transfected into 293T cells in 6-well plates, along with 0.5 �g of each of the
pHW2000 plasmids encoding PB2, PB1, PA, and NP; 1 �g of pAR3132 express-
ing T7 RNA polymerase (6); and 0.02 �g of the Renilla luciferase expression
plasmid pRL (Promega, Leiden, Netherlands) as an internal control. Twenty-
four hours after transfection, luminescence was measured using a Dual-Glo
Luciferase Assay System (Promega) according to the instructions of the manu-
facturer in a TECAN Infinite F200 machine (Tecan Benelux bv, Giessen, Nether-
lands). Relative light units (RLU) were calculated as the ratio of firefly and
Renilla luciferase luminescences.

Replication curves. Multicycle replication curves were generated by inoculat-
ing MDCK cells at a multiplicity of infection (MOI) of 0.01 50% tissue culture
infectious dose (TCID50) per cell. One hour after inoculation, at time point 0, the
cells were washed once with PBS, and fresh infection medium was added. The
supernatants were sampled at 6, 12, 24, and 48 h postinfection, and the virus
titers in these supernatants were determined by means of endpoint titration in
MDCK cells.

Animal experiments. All animal studies were approved by an independent
animal ethics committee. All experiments were performed under animal bio-
safety level 3� conditions.

Groups of six 5-week-old female BALB/c mice were inoculated intranasally
with 5 � 104 TCID50 of NL602, NL602/PB2-627K, NL602/PB2-677G, or NL602/
PB2-701N, and their bodyweights, as an indicator of disease, were recorded daily
until 14 days p.i. In a second experiment, three animals from each group were
euthanized at 3 and 6 days p.i., and their lungs were collected and subsequently
homogenized for virus titration. Virus titers were determined by endpoint titra-
tion in MDCK cells.

The ferret model to test the pathogenicity and transmission of S-OIV was
described previously (20). To study pathogenesis, groups of six influenza virus-
seronegative 6-month-old female ferrets (Mustella putorius furo) were inoculated
intranasally with 106 TCID50 of NL602, NL602/PB2-627K, NL602/PB2-677G, or
NL602/PB2-701N divided over both nostrils (2 � 250 �l). We had previously
found that this virus dose of S-OIV was not lethal to ferrets and allowed the
assessment of quantitative differences in virus replication (20). Throat and nasal
swabs were collected daily to determine virus excretion from the upper respira-
tory tract. The animals were observed for clinical symptoms and weighed daily as
an indicator of disease. Three animals from each group were euthanized at 3 and
7 days p.i., and the nasal turbinates, trachea, lungs, liver, spleen, kidney, colon,
and brain were collected to study virus distribution.

In the transmission experiment, four female ferrets, individually housed in
transmission cages, were inoculated intranasally with 106 TCID50 of NL602,
NL602/PB2-627K, NL602/PB2-677G, or NL602/PB2-701N divided over both
nostrils (2 � 250 �l). At 1 day p.i., four naïve ferrets were individually placed in
a transmission cage adjacent to an inoculated ferret, separated by two stainless
steel grids to allow airflow from the inoculated to the naive ferret but to prevent
direct contact and fomite transmission. Nasal and throat swabs were collected at
0, 1, 2, 3, 5, and 7 days p.i. from inoculated ferrets and at 0, 1, 2, 3, 5, and 7 days
postexposure (p.e.) for the naïve animals. The inoculated ferrets were euthanized
at 7 days p.i., and naive ferrets that were found positive by reverse transcription-
PCR (7) at 7 days p.e. were also euthanized. Naïve animals that remained
negative for virus excretion throughout the experiment were euthanized at 15
days p.e., and a blood sample was collected for serology. The virus titers in the
collected swabs and tissue homogenates were determined by means of endpoint
titration in MDCK cells.
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RESULTS

Minigenome assays. Minigenome assays were used to study
the effects of three amino acid substitutions in the PB2 gene,
E627K, E677G, and D701N, on the activity of the influenza
virus polymerase complex. These assays employ a model
vRNA consisting of the firefly luciferase open reading frame
flanked by the NCRs of segment 8 of influenza A virus (4).
Upon cotransfection of the vRNA reporter construct with plas-
mids expressing the influenza virus PB2, PB1, PA, and NP
proteins, negative-sense vRNA is copied to positive-sense
cRNA and mRNA, and the firefly luciferase protein is ex-
pressed. A plasmid that constitutively expresses Renilla lucif-
erase was cotransfected as an internal control to standardize
the transfection efficiency and sample processing. Introduction
of the E627K and D701N mutations in PB2 yielded expression
levels of the reporter protein that were 4.4- and 2.0-fold higher,
respectively, than in experiments with the wild-type PB2 (Fig.
1). Introduction of the E677G mutation into PB2 did not result
in altered expression levels of the reporter protein. Thus, in-
troduction of the E627K and D701N mutations, known to be
responsible for adaptation to replication in humans, resulted in
elevated polymerase activity in vitro.

Replication kinetics. The multicycle replication kinetics of
wild-type and PB2 mutant viruses were studied in vitro. To this
end, recombinant viruses with and without the mutations in
PB2 were generated in 293T cells by reverse genetics, and virus
stocks were propagated and titrated in MDCK cells. Subse-
quently, MDCK cells were infected at an MOI of 0.01, after
which the supernatants were harvested at fixed time points and
the viral titers were determined in MDCK cells. The replica-
tion kinetics of the wild-type virus and the three mutant viruses
were similar, with a maximum difference in the virus titer of 0.5
log10 TCID50, which is not statistically significant (Fig. 2).

Mouse experiments. To study pathogenesis in mice, groups
of five or six BALB/c mice were inoculated intranasally with
5 � 104 TCID50 of each virus and weighed daily as an indicator

of disease. Mice in all four groups lost body weight at approx-
imately the same rate in the first 8 days p.i. One out of five and
two out of six animals inoculated with NL602/PB2-627K or
NL602/PB2-677G, respectively, showed more than 25% body-
weight loss at 8 days p.i. and were euthanized for ethical rea-
sons. In the week following 8 days p.i., the body weights of all
remaining mice returned to normal levels. Mice inoculated
with NL602/PB2-627K showed a 2-day delay in this recovery
compared to mice inoculated with the other viruses in the
study (Fig. 3).

In a second experiment, groups of six mice were inoculated
intranasally with 5 � 104 TCID50 of NL602, NL602/PB2-627K,
NL602/PB2-677G, and NL602/PB2-701N. The lung virus titers
were determined at 3 and 6 days p.i. by titration of lung ho-
mogenates in MDCK cells. Lung virus titers for the NL602/
PB2-627K- and NL602/PB2-677G-inoculated groups were ap-

FIG. 1. Activity of the NL602 polymerase complex with wild type
(wt) PB2, PB2-E627K, PB2-E677G, and PB2-D701N in minigenome
assays. Firefly luciferase was expressed from a synthetic viral RNA
when the influenza virus polymerase complex was present. The lumi-
nescence of the firefly luciferase reporter was standardized using a
plasmid constitutively expressing Renilla luciferase protein to correct
for differences in transfection efficiencies and sample processing. Rel-
ative luminescence was calculated as the percent relative light units
(firefly luciferase/Renilla luciferase), and the fold difference in reporter
protein expression was calculated with the wild-type polymerase com-
plex as a reference. Averages and standard deviations from two inde-
pendent experiments performed in duplicate are shown. Neg, negative
control.

FIG. 2. Replication kinetics of NL602, NL602/PB2-627K, NL602/
PB2-677G, and NL602/PB2-701N viruses in MDCK cells. MDCK cells
were inoculated with 0.01 TCID50/cell of the NL602 (closed circles),
NL602/PB2-627K (open circles), NL602/PB2-677G (closed squares),
and NL602/PB2-701N (open squares) viruses, and supernatant sam-
ples were harvested 6, 12, 24, and 48 h later. The supernatant samples
were titrated in MDCK cells. Geometric mean titers and standard
deviations were calculated from two independent experiments.

FIG. 3. Weight loss of BALB/c mice inoculated with NL602,
NL602/PB2-627K, NL602/PB2-677G, and NL602/PB2-701N viruses.
Mean bodyweights and standard deviations were calculated as percent-
ages of bodyweight compared to bodyweight at the time of inoculation
for each group inoculated with NL602 (closed circles), NL602/PB2-
627K (open circles), NL602/PB2-677G (closed squares), and NL602/
PB2-701N (open squares) viruses.
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proximately 0.5 log10 TCID50 higher than for the NL602- and
NL602/PB2-701N-inoculated groups at 3 days p.i.. At 6 days
p.i., the lung virus titers for the NL602/PB2-677G group were
0.7 log10 TCID50 higher than for the NL602 group (Table 1).
Although there were small differences between the groups
inoculated with the wild-type and mutant viruses, these differ-
ences were not statistically significant.

Pathogenesis experiments in ferrets. Groups of six ferrets
were inoculated intranasally with 106 TCID50 of NL602,
NL602/PB2-627K, NL602/PB2-677G, or NL602/PB2-701N.
The animals were weighed daily as an indicator of disease. The
mean maximum weight loss, referring to the day on which this
mean weight loss for each group of ferrets was highest, was 7%
for animals inoculated with the NL602 virus. Animals inocu-
lated with NL602/E627K or NL602/PB2-677G had mean max-
imum weight losses of 9% and 11%, respectively (Fig. 4).
Animals inoculated with NL602/PB2-701N experienced the
highest mean weight loss, which was reached at 6 days p.i., in
contrast to the peak in weight loss for animals inoculated with
the other viruses, which was reached at 3 days p.i. Over the first
3 days, a statistically significant difference was observed in weight
loss in animals inoculated with NL602/PB2-701N compared to
NL602-inoculated animals as calculated from the “area under the
curve” (Mann-Whitney; P � 0.026). These results suggest a more
virulent phenotype for the NL602/PB2-701N virus, or at least
slower recovery upon inoculation with the virus. However, no

marked differences were observed for other clinical parameters,
such as lethargy, sneezing, ruffled fur, interest in food, and runny
nose, between the four groups of ferrets.

Nose and throat swabs were collected from inoculated ani-
mals daily, and virus titers were determined by endpoint titra-
tion in MDCK cells. Infectious-virus shedding was demon-
strated from 1 day p.i. onward and continued until 6 days p.i.
in both the noses and the throats of ferrets inoculated with
each of the four viruses (Fig. 5). Overall, only minor differ-
ences in virus shedding between the different groups were
observed. The total amount of virus shed from the throat and
nose during the first 3 days, as calculated from the area under
the curve, was higher in animals inoculated with NL602/PB2-
627K and NL602/PB2-677G than in animals inoculated with
NL602 (Mann-Whitney; P � 0.041 and P � 0.020 for throat

TABLE 1. Virus titers in the lungs of BALB/c mice inoculated with NL602, NL602/PB2-627K,
NL602/PB2-677G, and NL602/PB2-701N viruses

Time after
inoculation (days)

Virus titer (log10 TCID50/g of tissue)a

NL602 NL602/PB2-627K NL602/PB2-677G NL602/PB2-701N

3 6.0 � 0.3 6.4 � 0.5 6.5 � 0.4 6.0 � 0.3
6 4.9 � 0.3 4.9 � 0.2 5.6 � 0.8 5.3 � 0.4

a Geometric mean titers � standard deviations are given.

FIG. 4. Weight loss of ferrets inoculated with NL602, NL602/PB2-
627K, NL602/PB2-677G, and NL602/PB2-701N viruses. Bodyweight is
depicted as percentage of bodyweight at time of inoculation. Data are
shown for individual animals until the animals were euthanized at 3 or
7 days p.i.

FIG. 5. Virus shedding from the upper respiratory tract of ferrets
inoculated with NL602, NL602/PB2-627K, NL602/PB2-677G, and
NL602/PB2-701N viruses. Virus detection in throat swabs (A) and
nose swabs (B) is indicated for NL602 (black bars), NL602/PB2-627K
(white bars), NL602/PB2-677G (dark-gray bars), and NL602/PB2-
701N (light-gray bars). Geometric mean titers for positive samples are
displayed, and the error bars indicate the standard deviations. The
lower limits of detection are indicated by the dotted lines.
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swabs, respectively; P � 0.041 for nose swabs of both groups).
However, during the entire 1-week period, differences in virus
shedding were minimal and did not reach statistical signifi-
cance, except for slightly higher virus shedding in the throat for
animals inoculated with NL602/PB2-677G (Mann-Whitney;
P � 0.033).

At 3 and 7 days p.i., three ferrets from each group were
euthanized, and the nasal turbinates, trachea, lungs, brain,
liver, spleen, kidney, and colon were collected for virological
examination. Parts of the collected tissues were homogenized,
and virus titers were determined by titration in MDCK cells.
Virus was detected in the respiratory tracts (nasal turbinates,
trachea, and lungs) at 3 days p.i. in 3/3 animals that were
inoculated with the NL602 and NL602/PB2-701N viruses (Ta-
ble 2) and in 2/3 animals inoculated with NL602/PB2-677G and
NL602/PB2-627K. At 7 days p.i., no virus was detected in
animals inoculated with NL602/PB2-627K, whereas in the
groups inoculated with NL602, NL602/PB2-677G, and NL602/
PB2-701N, in two, one, or three animals, respectively, virus was
detected in the respiratory tract (Table 2). Virus titers in the
respiratory tract at 3 and 7 days p.i. were similar for all groups
of ferrets. Virus was not detected in any of the organs outside
the respiratory tract for these animals.

Transmission experiments in ferrets. Aerosol or respiratory
droplet transmission of the NL602 and mutant viruses was
tested in the ferret model. Four individually housed ferrets
were inoculated with each virus, and naïve animals were placed
in a cage adjacent to each inoculated ferret at 1 day p.i. The
experimental setup was designed to prevent direct contact or
carryover of cage bedding but to allow airflow, thereby permit-
ting transmission via aerosols or respiratory droplets. The in-
oculated ferrets started to shed virus at 1 day p.i., with virus
titers up to 106 TCID50/ml in throat and nose swabs (Fig. 6).
The naïve ferrets became infected as a result of aerosol or
respiratory droplet transmission 2 or 3 days p.e. In the naïve
animals, virus was detected in two (NL602/PB2-701N), three
(NL602/PB2-627K), or four (NL602 and NL602/PB2-677G)
out of four animals. In addition, one animal that was placed
adjacent to a ferret inoculated with NL602/PB2-701N serocon-
verted in the course of the experiment, despite the fact that
infectious-virus shedding was not demonstrated in the nose or
throat during the first week.

DISCUSSION

Here, using recombinant viruses generated with reverse ge-
netics, the impact of three amino acid substitutions in PB2 on

S-OIV replication, pathogenesis in animal models, and trans-
mission was evaluated. The E627K and D701N substitutions
were previously shown to be important for adaptation of avian
influenza viruses to the human host, and the E627K and
E677G substitutions were detected recently in patients with
S-OIV infection. In vitro, the E627K and D701N amino acid

TABLE 2. Virus titers in the respiratory tracts of ferrets inoculated with NL602, NL602/PB2-627K, NL602/PB2-677G,
and NL602/PB2-701N viruses

Tissue

Virus titer (log10 TCID50/g tissue)a

3 days p.i. 7 days p.i.

NL602 NL602 627K NL602 677G NL602 701N NL602 NL602 627K NL602 677G NL602 701N

NT 6.9 � 0.3 (3/3) 7.2 � 0.6 (3/3) 6.8 � 0.5 (3/3) 6.7 � 0.6 (3/3) 4.4 � 0.7 (2/3) ND 6.8 (1/3) 4.9 � 1.3 (3/3)
Trachea 5.0 � 0.7 (3/3) 4.4 � 1.0 (3/3) 5.3 � 0.5 (2/3) 5.1 � 1.0 (3/3) 2.4 (1/3) ND ND 2.1 (1/3)
Lung 5.6 � 0.9 (3/3) 5.4 � 0.7 (2/3) 4.8 � 0.3 (2/3) 4.9 � 1.1 (3/3) 1.5 (1/3) ND ND ND

a Geometric mean titers of positive samples � standard deviations are given, and the numbers of positive animals are indicated in parentheses. ND, not detected.
The detection levels for nasal turbinates (NT), trachea, and lung were �1.5, �1.5, and �1 log10 TCID50/g tissue, respectively.

FIG. 6. Transmission of NL602, NL602/PB2-627K, NL602/PB2-
677G, and NL602/PB2-701N viruses by aerosol or respiratory droplets
in ferrets. Virus titers in throat (black bars) and nose (white bars)
swabs are displayed for inoculated (A to D) and exposed (E to H)
ferrets. The geometric mean titers of positive samples are displayed,
and the error bars indicate the standard deviations. The number of
positive contact animals per day is depicted. The asterisk indicates that
one ferret was negative for virus shedding but seroconverted to influ-
enza A virus nucleoprotein in the course of the experiment. The lower
limits of detection are indicated by the dotted lines.
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substitutions in PB2 of S-OIV resulted in enhanced minige-
nome reporter expression compared to the wild-type PB2, but
not in enhanced replication kinetics in MDCK cells. This ap-
parent discrepancy between the minigenome reporter assay
and the in vitro virus replication assay may be related to the
different parameters under investigation; whereas mRNA syn-
thesis and reporter protein expression is the primary readout in
minigenome assays, for efficient virus replication, a proper
balance between the syntheses of cRNA, vRNA, and mRNA is
required.

In a mouse model, slightly elevated levels of virus replication
were detected at 3 days p.i. in the lungs of animals inoculated
with NL602/PB2-627K, and these animals showed a 2-day de-
lay in regaining bodyweight. Mice inoculated with NL602/PB2-
677G had slightly elevated levels of virus replication in the
lungs at both 3 and 6 days p.i., which was not reflected by
changes in bodyweight. In the ferret model, animals inoculated
with the NL602/PB2-701N virus lost significantly more body-
weight than ferrets inoculated with the other viruses. Although
this could suggest more severe disease, it should be noted that
variation in bodyweight loss was relatively high between indi-
vidual ferrets (Fig. 4). The groups of ferrets were too small to
detect statistically significant differences after 3 days p.i., when
only 3 animals remained in the experiment. Major differences
between the four groups of ferrets were not observed for other
clinical parameters, such as lethargy, sneezing, ruffled fur, in-
terest in food, and runny nose. This was in agreement with the
virus titers in the respiratory tracts of inoculated animals,
which were largely comparable for all groups. Minor variations
in virus shedding, however, were also observed in ferrets; in
throat swab samples, higher levels of virus shedding were de-
tected for each of the PB2 mutants at 5 and 6 days p.i., and
virus shedding from the throat was higher for animals inocu-
lated with NL602/PB2-677G throughout the time course of this
experiment.

It is unclear which of these observations has implications for
infections of humans with S-OIVs. It is possible that S-OIVs
with mutations in PB2 would also result in differences in virus
replication in the human upper or lower respiratory tract and
perhaps in differences in pathogenesis and transmission. How-
ever, from the accumulated data, we conclude that none of the
tested mutations in PB2 had a major impact on the virulence of
A/Netherlands/602/2009 in mice and ferrets. Certainly, for
E627K and D701N, this was in contrast to our expectations,
because a large impact of these mutations was observed in the
context of other influenza viruses in mice and ferrets. In mice
infected with HPAI A/Netherlands/219/2003 (H7N7) virus,
PB2 E627K was the main determinant of pathogenicity, related
to �1,000-fold differences in lung virus titers (21). Adaptation
of A/Equine/London/1416/73 (H7N7) to mice resulted, among
others, in an E627K substitution in PB2, leading to 1,000-fold-
increased virulence of the virus as measured by the dose lethal
to 50% of infected mice (MLD50) (26). The PB2 E627K mu-
tation was also the main determinant of differences in patho-
genicity of 1997 HPAI H5N1 viruses, in which the MLD50

changed �1,000-fold upon introduction of the mutation (11).
In HPAI H5N1 viruses isolated from ducks in China, D701N
was the main determinant of pathogenesis in the mouse model
(15). The pathogenicity of a variant of A/seal/Massachusetts/
1/1980 (H7N7) that is highly pathogenic to mice, SC35, was

also determined in part by D701N in PB2 (8). Thus, the mouse
model seems appropriate for testing the effects of both E627K
and D701N in PB2, yet in the context of A/Netherlands/602/
2009 (S-OIV), there was no such marked effect of these mu-
tations on pathogenesis.

Ferrets are generally considered a more suitable animal
model for influenza A virus infections in humans because they
are susceptible to natural infection and develop respiratory
disease and lung pathology similar to those of humans when
suffering from seasonal, avian, or pandemic influenza virus
infections (16). Ferrets have also been used previously to map
determinants of influenza virus pathogenicity and transmission
to the PB2 gene (24, 31). However, there was no major effect
on pathogenesis and transmission of A/Netherlands/602/2009
from any of the three PB2 mutations tested. Transmission was
detected in 3 or 4 out of 4 animals that were placed adjacent to
animals inoculated with viruses containing the PB2 mutations.
For comparison, NL602 was transmitted to 4 out of 4 animals.
The ferret transmission model was designed as a qualitative
model for virus transmission via aerosols or respiratory drop-
lets. With the limited number of animals in this experiment,
quantitative information on virus transmission, with statistical
support, could not be obtained. Therefore, we merely conclude
from the experiment that the S-OIVs with and without muta-
tions in PB2 were all transmitted via aerosols or respiratory
droplets.

The polymerase complex of the S-OIV originated from tri-
ple-reassortant swine viruses, the PB2 gene of which is of avian
origin and entered pigs around 1998 (9, 33). The fact that this
avian-origin PB2 gene did not significantly benefit from the
substitutions E627K and D701N for enhanced replication in
mammals suggests that other mutations in the polymerase
complex can compensate. It will be important to map which
genetic changes in the polymerase complex of S-OIV facilitate
efficient replication in mammalian cells in the absence of
E627K and D701N in PB2, as this may reveal yet-unidentified
virulence or host adaptation markers of influenza A virus. A
recent study suggested a role for a PB2 SR polymorphism
present in S-OIV, since mutation of this SR polymorphism to
the consensus G590Q591 sequence resulted in reduced poly-
merase activity in human cells in vitro (19). Animal experi-
ments are needed to elucidate the role of SR polymorphisms
in vivo.

Although the PB2 mutations tested did not increase the
pathogenicity of S-OIV in our experiments, it cannot be con-
cluded that they will not affect virulence in the future. Because
the mutations did not impair replication and transmission sig-
nificantly, they could reemerge in the future in a different viral
genetic background in which they could possibly give rise to
more virulent strains. The present study implies that surveil-
lance activities should not remain limited to known virulence
factors but should include studies to search for new virulence
markers. Surveillance studies should additionally focus on ge-
netic signatures in S-OIVs that are associated with severe dis-
ease in humans and on the testing of mutations in several
pathogenesis models, as described here.

More research is also needed to test the effects of additional
known virulence markers in the polymerase genes or, for in-
stance, in the HA, NA, NS1, or PB1-F2 protein. Furthermore,
altered virulence of S-OIV may result not only from mutation,
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but also upon gene reassortment with contemporary seasonal
H1N1 and H3N2 viruses, which could result in enhanced vir-
ulence and transmission. Further laboratory investigations and
enhanced surveillance activities to detect the emergence of
new S-OIV genotypes and phenotypes are needed to deter-
mine their importance for public health and to identify a po-
tential need for intensification of surveillance.
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