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Abstract

Surveillance data indicate that most circulating A(H1N1)pdm09 influenza viruses have remained antigenically similar since
they emerged in humans in 2009. However, antigenic drift is likely to occur in the future in response to increasing
population immunity induced by infection or vaccination. In this study, sequential passaging of A(H1N1)pdm09 virus by
contact transmission through two independent series of suboptimally vaccinated ferrets resulted in selection of variant
viruses with an amino acid substitution (N156K, H1 numbering without signal peptide; N159K, H3 numbering without signal
peptide; N173K, H1 numbering from first methionine) in a known antigenic site of the viral HA. The N156K HA variant
replicated and transmitted efficiently between naı̈ve ferrets and outgrew wildtype virus in vivo in ferrets in the presence and
absence of immune pressure. In vitro, in a range of cell culture systems, the N156K variant rapidly adapted, acquiring
additional mutations in the viral HA that also potentially affected antigenic properties. The N156K escape mutant was
antigenically distinct from wildtype virus as shown by binding of HA-specific antibodies. Glycan binding assays
demonstrated the N156K escape mutant had altered receptor binding preferences compared to wildtype virus, which was
supported by computational modeling predictions. The N156K substitution, and culture adaptations, have been detected in
human A(H1N1)pdm09 viruses with N156K preferentially reported in sequences from original clinical samples rather than
cultured isolates. This study demonstrates the ability of the A(H1N1)pdm09 virus to undergo rapid antigenic change to
evade a low level vaccine response, while remaining fit in a ferret transmission model of immunization and infection.
Furthermore, the potential changes in receptor binding properties that accompany antigenic changes highlight the
importance of routine characterization of clinical samples in human A(H1N1)pdm09 influenza surveillance.
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Introduction

The first influenza pandemic of the 21st century began in

March 2009 with the emergence of a new swine-origin virus

(A(H1N1)pdm09) which replaced the previous seasonal A(H1N1)

[1]. Surveillance of circulating A(H1N1)pdm09 viruses has

revealed some genetic variation in the hemagglutinin (HA) and

neuraminidase (NA), but no significant antigenic changes have

occurred over the past four years [2]. Moreover, the most recent

circulating A(H1N1)pdm09 viruses remain antigenically closely

related to the 2009 vaccine strain, A/California/7/2009 [3].

Serological studies estimated that during the first wave of infection

in 2009, 34–43% of school-aged children and about 10% of adults

were infected by A(H1N1)pdm09 viruses [4]. This level of natural

exposure, combined with extensive vaccination and the ongoing

circulation of these viruses since 2009, has established widespread

immunity against the A(H1N1)pdm09 virus in the human

population.

Influenza A viruses undergo continuous antigenic variation,

ensuring efficient replication in the human host in the face of

previous vaccination and/or infection (reviewed in [5]). Antigenic

drift involves amino acid changes in antigenic regions of influenza

proteins, facilitating escape from existing immunity. Drift muta-

tions most commonly occur in the gene encoding the HA surface
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glycoprotein, which is the major target of neutralizing antibodies

elicited as a result of vaccination and/or natural infection.

Mutations are typically localized to antigenic sites surrounding

the receptor binding site on the globular head of HA ([6–10],

reviewed in [11]), consistent with the critical role of HA in binding

to cell-surface receptors to initiate infection of respiratory epithelial

cells.

A limited number of in vivo and in vitro studies have attempted to

select influenza virus mutants in the presence of neutralizing

antibodies [12–16]. A(H1N1), A(H3N8) and A(H3N2) viruses have

been passaged multiple times through immunized mice [13] and

once through dogs [14] and guinea pigs [17], respectively.

A(H1N1)pdm09 virus has been cultured in embryonated hen’s

eggs in the presence of mouse monoclonal antibodies [16] or in

MDCK cells in the presence of a human monoclonal antibody

[15]. Resulting ‘immune escape mutants’ often express mutations

that are closely linked with changes in HA receptor binding

specificity and avidity for cell surface receptors [13,16]. Immune

pressure has also been shown to affect viral diversity [14,18]. The

selection of immune escape mutants in the presence of neutralizing

antibodies has been proposed as a major factor driving evolution

of HA in human influenza viruses. Early models proposed that

passage of virus through individuals with different antibody

specificities may induce sequential changes in antigenic regions,

resulting in antigenic drift [19,20]. More recently it has been

postulated that alteration in the HA binding avidity for cell surface

receptors drives antigenic drift and can occur independently, or,

alongside variation in antigenicity as virus is passaged alternately

through partially immune and naı̈ve individuals [13].

Epithelial cells lining the airways of humans and ferrets express

a similar pattern of sialylated receptors, enabling human influenza

viruses to infect ferrets directly [21]. Following influenza infection,

ferrets display similar disease symptoms and pathology to those

observed in humans [22,23]. Multiple immunizations with human

influenza vaccines and adjuvant can protect ferrets from

subsequent upper respiratory tract challenge with influenza virus

[24]. In the absence of adjuvant, immunization with human

influenza vaccine does not result in sterilizing immunity but

significantly reduces viral load in the lower respiratory tract [25].

Serum from influenza-infected ferrets is commonly used in

surveillance to assess antigenicity of influenza viruses circulating

in the human population [26]. In this study, an A(H1N1)pdm09

virus A/Tasmania/2004/2009 was passaged by contact transmis-

sion in ferrets immunized with human A(H1N1)pdm09 vaccine

and adjuvant. An antigenic escape mutant with altered receptor

binding specificity emerged in two independent experiments. This

escape mutant, which has also been detected in human

surveillance studies, was difficult to detect and isolate using

conventional in vitro methods.

Results

A(H1N1)pdm09 virus can transmit between ferrets in the
presence of specific antibodies

A model of influenza transmission under immune pressure was

established by suboptimal immunization of ferrets with the human

monovalent A(H1N1)pdm09 influenza vaccine with adjuvant

(MIV+IFA) or vaccine alone (MIV). A single immunization of

human influenza vaccine with adjuvant does not induce sterilizing

immunity in ferrets ([24] and data not shown). All animals

immunized once with MIV+IFA had serum antibody titres $40

(geometric mean titre [GMT] 332) (measured by hemagglutina-

tion inhibition, HI), while only 31% of animals immunized twice

with MIV had HI titres $40 (GMT 10) (Table 1). In preliminary

experiments, we established that the A(H1N1)pdm09 virus A/

Tasmania/2004/2009 was antigenically indistinguishable from

the vaccine strain A/California/7/2009 by HI assay and grew to

high titres in both the upper and lower respiratory tract of naı̈ve

ferrets (data not shown). Although gene sequencing detected five

amino acid differences between the HA of A/Tasmania/2004/

2009 (GISAID EPI_ISL_129743) and A/California/7/2009

(GenBank: CY058519) (N38N/S, P83S, S203T, T209K, I321V,

Table 2), none were in the major antigenic regions. Amino acids

in HA are referenced using H1 numbering without the signal

peptide [27] in this manuscript.

We examined transmission of A/Tasmania/2004/2009 follow-

ing intranasal inoculation of naı̈ve ferrets or ferrets immunized

with adjuvant and vehicle (PBS+IFA), MIV, or MIV+IFA

(Figure 1 and Figure S1). In each passage line, we examined

seven transmission events and confirmed effective transmission by

detection of virus in nasal washes as described in Materials and

Methods. Contact transmission failed twice for both MIV+IFA

passage lines (Figure 1 and Figure S1). In the first instance this

could be attributed to difficulty in detecting shed virus using an

influenza rapid test (Figure 1 R1–R2(1); Figure S1 R0–R1(1)),

so virus shedding in this group was subsequently assayed by daily

real time RT-PCR. Transmission was restarted artificially by

direct intranasal inoculation of a new recipient ferret with the

nasal wash from the previously infected ferret. The second

transmission failure (R5–R6(1)), detected using real time RT-

PCR, was not due to high immunization antibody titre (data not

shown) and transmission was also restarted as described.

The virus kinetics in all passage lines was assessed using real

time RT-PCR to determine the relative copy number. There was

no difference in the peak viral load achieved in naturally infected

ferrets from any of the groups (Figure 2A). However growth rate

of virus in the ferrets from the MIV+IFA passage lines was

significantly lower compared to naı̈ve and PBS+IFA-immunized

ferrets (20.83 log10 copy number/100 ml/day (p = 0.049) and

21.3 log10 copy number/100 ml/day (p,0.001), respectively). The

growth rate of virus in the ferrets from the MIV passage line was

Author Summary

Infection with influenza virus leads to significant morbidity
and mortality. Annual vaccination may prevent subse-
quent disease by inducing neutralizing antibodies to
currently circulating strains in the human population. To
escape this antibody response, influenza A viruses under-
go continuous genetic variation as they replicate, enabling
viruses with advantageous antigenic mutations to spread
and cause disease in naı̈ve or previously immune or
vaccinated individuals. To date, the 2009 pandemic virus
(A(H1N1)pdm09) has not undergone significant antigenic
drift, with the result that the vaccine remains well-matched
and should provide good protection to A(H1N1)pdm09
circulating viruses. In this study, we induced antigenic drift
in an A(H1N1)pdm09 virus in the ferret model. A single
amino acid mutation emerged in the dominant surface
glycoprotein, hemagglutinin, which had a multifaceted
effect, altering both antigenicity and virus receptor
specificity. The mutant virus could not be isolated using
routine cell culture methods without the virus acquiring
additional amino acid changes, yet was fit in vivo. The
implications for surveillance of circulating influenza virus
are significant as current assays commonly used to assess
vaccine mismatch, as well as to produce isolates for
vaccine manufacture, are biased against identification of
viruses containing only this mutation.

Antigenic Drift of A(H1N1)pdm09 Virus in Ferrets
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also significantly lower compared to the PBS+IFA-immunized

ferrets (20.77 log10 copy number/100 ml/day (p = 0.049))

(Figure 2B). The time between transmission events (serial

interval) was longer for the MIV+IFA line (5.3 days) compared

to all other lines (naı̈ve 3.6 days (p = 0.001); PBS+IFA 3.8 days

(p = 0.010); MIV 3.9 days (p = 0.011)) (Figure 2C). Within each

passage line, there was no significant change in any of the kinetics

measurements as passaging progressed, suggesting that the growth

characteristics and transmissibility of the virus remained stable

over time (data not shown).

Emergence and persistence of a mutation in the HA1
protein in a known antigenic site following passaging of
A(H1N1)pdm09 virus in immunized ferrets

RNA was extracted from nasal wash samples from the peak day

of virus shedding and infection (as determined by real time RT-

PCR) for genetic analysis. Once a mutation appeared in the HA or

NA proteins from a ferret of any passage line, it persisted and was

transmitted to all subsequent ferrets. Following inoculation of

donor ferrets (D0) with egg-grown A/Tasmania/2004/2009, we

detected amino acid substitutions in the HA at residues 191

(L191I) and 223 (R223Q) (Table 2). The same mutations were

also detected following passage of another egg-grown

A(H1N1)pdm09 virus (A/Auckland/1/2009) in ferrets (data not

shown). Of interest, mutations that alter residues 191 and 223 have

been associated with host specificity and receptor binding [28,29].

Additional mutations that became fixed in the HA protein were

specific to each passage line. Mutations arose in the naı̈ve passage

lines (G131S, D187E, Table 2) and in the MIV passage line

(D187V, Table 2). G131S creates a potential glycosylation site

and D187 has been associated with host specificity [30,31]. The

G131S, D187E and D187V viruses were antigenically indistin-

guishable from the wildtype virus in HI assays with serum from

ferrets infected with egg-grown A/Tasmania/2004/2009 (data not

shown). D14E, identified in one of the MIV+IFA passage lines, lies

outside predicted antigenic sites [31], does not alter glycosylation

and was not tested further.

The N156K mutation arose in both passage lines of MIV+IFA-

immunized ferrets (Table 2). Position 156 of HA is in antigenic

site Sb [6] (Sa in [31]) (Figure 3C, D). The relative proportions of

the N156K mutant and wildtype N156 viruses were quantified in

Table 1. Serological responses following vaccination and infection.

A/Tasmania/2004/2009 Pre-contact transmissiona Post-contact transmissionb

HI titres % HI titre $40 GMT (95% CI) % HI titre $40 GMT (95% CI)

Naı̈ve (n = 16) 0 5 56 73 (19, 280)

MIV (n = 16) 31 10 (6, 19) 62.5 84 (27, 263)

PBS+IFA (n = 16) 0 5 69 80 (25, 257)

MIV+IFA (n = 20) 100 332 (184, 597) 100 1114 (405, 3068)

a3–13 weeks following last immunization.
bat least 3 days after detection of influenza virus in nasal wash by real time RT-PCR.
doi:10.1371/journal.ppat.1003354.t001

Table 2. Full genome sequencing of inoculum and influenza virus from peak day nasal wash of all R7 ferrets.

Comparison to MIV HA NA M NP NS PB1 PB2 PA

A/Tasmania/2004/2009
inoculuma

N38N/Sb, P83Sb, S203Tb,
T209Kb, I321Vb

V106Ib,
N248Db,
S388Tb

V100Ib I123Vb K312Rb,
N556Sb

P224Sb

NAÏVE A R7 G131S, L191I, R223Q D87N

NAÏVE B R7 D187E, L191I, R223Q M66I

MIV A R7 D187V, L191I, R223Q M15I D87N

MIV B R7 L191I, R223Q A643V,
K691N

R293M

PBS+IFA A R7 L191I, R223Q P69P/A R251K R254R/Q

PBS+IFA B R7 L191I, R223Q H214Y D60N

MIV+IFA A R7 D14E, N156K, L191I,
R223Q

D21G (M2) S3Fc N348S,
M410V

MIV+IFA B R7 N156K, L191I, R223Q I46F

N156K Naı̈ve A R7 D14E, N156K, L191I,
R223Q

D21G (M2),
I28T (M2)

S3Fc,
M239V

N348S,
M410V

N156K Naı̈ve B R7 K142N, N156K, L191I, R223Q I46F

aDifferences between inoculum and vaccine strain, A/California/7/2009, are indicated.
bThese mutations persisted in all ferrets, and are removed from R7 samples for clarity of Table.
cNuclear localization signal.
doi:10.1371/journal.ppat.1003354.t002
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samples from both passage lines of MIV+IFA-immunized ferrets

using a pyrosequencing assay. The N156K mutant emerged in R4

of line A, persisted at a similar proportion in R5, and became

dominant by R6. In line B, the N156K mutant emerged earlier, in

R1, and became dominant in R2, persisting through to R7

(Figure 2D). The emergence of the N156K mutation did not

result in a change of virus kinetics (peak viral load, growth rate or

serial interval) compared to N156 wildtype virus (data not shown).

To confirm the pyrosequencing data and to determine whether

the N156K mutation was present in the original inoculum, the

proportion of the N156K mutant was quantified by cloning and

sequencing the HA1 gene from the original inoculum (n = 480)

and from samples from the R7 ferret in each passage line, and the

ferrets in which the N156K mutation was first detected (MIV+IFA

R4, line A and R1, line B) (n = 96 for each) (Table S1). N156K

was detected only in virus samples collected from ferrets in the

MIV+IFA immunization group; proportions were similar by

cloning and pyrosequencing assay (Figure 2D and Table S1). All

mutations detected in the original sequencing were also detected

by cloning. Cloning revealed that L191 and R223 were mixed

populations (L191L/I and R223R/Q) in the original inoculum.

Two mutations were detected in the NA protein: M15I emerged

in the MIV passage line A and I46F in the MIV+IFA passage line

B (Table 2). Residue 15 is located in the N-terminus, while

residue 46 is located in the stalk of the NA, therefore both

substitutions are well outside the enzymatic site of the NA protein

[32]. Full genome sequencing of R7 samples from all passage lines

detected isolated changes in some genes (e.g. M, NP, PB1, PB2,

PA), but none of these substitutions were in known determinants of

virulence and/or transmission (Table 2).

N156K A/Tasmania/2004/2009 HA mutant virus is fit in
naı̈ve ferrets

To assess the ability of the N156K mutant virus to transmit and

persist in vivo, N156K variant viruses (from MIV+IFA R7 ferrets)

were passaged a further seven times by contact transmission in

naı̈ve ferrets (passage lines N156K naı̈ve A and B). The serial

interval between transmission events was similar for wildtype and

N156K virus passaged in naı̈ve ferrets (Figure 2C). Transmission

proceeded without interruption (Figure S2) and both viral growth

rate (Figure 2B) and peak viral loads (Figure 2A) were similar.

Genetic analysis found no changes in the HA protein of virus

isolated from the R7 ferret of N156K line A compared to

inoculum (D14E+N156K). However, an additional mutation was

detected (K142N in R4) and became fixed in the HA of passage

line B (K142N+N156K, Table 2). Position 142 of HA is in

antigenic site Ca2 [6,31] (Figure 3C, D). K142N is not predicted

to alter glycosylation. Full genome analysis found no other

Figure 1. Time course of influenza transmission through passage lines. Naı̈ve donor 0 (D0) ferrets were directly infected with A/Tasmania/
2007/2009 virus and co-housed with naı̈ve donor 1 (D1) ferrets to begin the contact transmission model. D0 and D1 ferrets were not included in any
experimental group. Once D1 was infected, D0 was removed and a ferret from one of the four experimental groups was added (R0). Transmission
then proceeded through R0–R7 ferrets for each group. Line A of each group is shown. The same D0 and D1 ferrets were used to establish the passage
line A of the naı̈ve and MIV experimental groups. The same D0 ferret infected two different D1 ferrets to establish the passage line A of the PBS+IFA
and MIV+IFA experimental groups. Nasal washes were collected daily from ferrets and virus load was measured by real time RT-PCR. During the
experiment, both the rapid test result (PBS+IFA, MIV+IFA day 0–26) and the raw Ct value (naı̈ve, MIV, MIV+IFA day 27 onwards) were used as a marker
of infection and transmission. The data points at which transmission of virus to recipient ferrets was deemed to have occurred are identified as red
symbols. Direct intranasal inoculation indicated by arrow.
doi:10.1371/journal.ppat.1003354.g001
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significant changes (Table 2). In both lines, pyrosequencing and

sequencing of clones showed N156K persisted at approximately

100% in each sample and did not revert to wildtype N156

(Figure 2E, Tables 2, S1). The introduction of the K142N

mutation did not result in a change of virus kinetics peak viral

load, growth rate or serial interval) compared to N156K alone

virus (data not shown).

To directly compare the fitness of the wildtype, N156K and

K142N+N156K viruses in the absence of immune pressure [33],

naı̈ve ferrets were infected with mixtures of either N156 wildtype

and N156K viruses (42:58% ratio from line B R1 (Figure 2D,

and Table S1, MIV+IFA B R1)) or N156K and K142N+N156K

viruses (76:24% ratio by pyrosequencing). Directly infected naı̈ve

ferrets were co-housed with naı̈ve recipients and two transmission

events occurred as before. The N156K virus outgrew the N156

wildtype virus after one or two transmission events, in duplicate

experiments (Figure 2F), as in the original experiment

(Figure 2D). The K142N+N156K virus outgrew the N156K

virus after one or two transmission events (Figure 2G). This

suggests that the N156K variant fitter than the N156 wildtype

virus in the ferret model. It also suggests that the K142N mutation,

when added to N156K, gives a selective advantage. However, as

the K142N mutation was acquired in only one of the two lines of

passaging the N156K virus seven times in naı̈ve ferrets (Table
S1), it is not essential for replication and transmission in the ferret

model.

The N156K A/Tasmania/2004/2009 HA mutant virus does
not agglutinate red blood cells and adapts rapidly in vitro

The HA of human influenza viruses preferentially interacts with

receptors terminated with Neu5Aca-2,6-linked to galactose

Figure 2. Virus replication and transmission kinetics in ferret passage lines and emergence and persistence of the N156K mutant.
(A–C) Nasal washes were collected daily from ferrets from passage lines (R0–R7) and assayed for viral RNA by real time RT-PCR as a measure of
infection and transmission. (A) The peak viral load detected in the nasal wash from each ferret, (B) the viral growth rate ((peak virus load – first day
virus load)/days to reach peak) and (C) the serial interval of virus transmission between ferrets (number of days between detection of infected and
infecting animals) were determined for each immunization line. Ferrets artificially infected by intranasal virus inoculation are not included. Ferrets that
failed to be naturally infected by contact transmission are indicated in white circles. Statistics do not include ferrets that failed to be naturally
infected. (D–E) The proportion of N156 wildtype (black) and N156K (white) viruses in peak day nasal wash samples from all ferrets from the MIV+IFA
(D) and N156K naı̈ve (E) passage lines quantified by pyrosequencing. (F–G) Mixtures of (F) N156 wildtype and N156K or (G) N156K and K142N+N156K
viruses were passaged by contact transmission through naı̈ve ferrets. The proportion of N156 wildtype (black), N156K (white) or K142N+N156K
(striped) in peak day nasal wash samples was quantified by pyrosequencing.
doi:10.1371/journal.ppat.1003354.g002
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(reviewed in [34,35]) and ferret lung epithelial cells predominantly

express a-2,6-linked Neu5Ac residues [21]. As MDCK-SIAT1

cells have enhanced levels of a-2,6-linked Neu5Ac receptors [36],

as confirmed by flow cytometry (data not shown), this cell line was

used first for virus isolation. Isolates from naı̈ve, PBS+IFA and

MIV passage lines were detected in culture supernatants at high

titres by agglutination of turkey RBC (HA.128). However,

isolates from ferrets of the MIV+IFA and N156K naı̈ve passage

lines (herein referred to as N156K mutant virus) had only low

hemagglutination titres (HA#4). Real time RT-PCR for the

matrix gene indicated that levels of viral RNA in the N156K

mutant virus culture supernatant at 72 h post-infection were

similar to those in control samples from naı̈ve or PBS+IFA-

immunized ferrets (herein referred to as wildtype viruses)

(Figure 3A, P1). HA and matrix protein were also detected on

the surface of N156K-infected cells (Figure 3A) and CPE was

visible (data not shown), indicating that N156K mutant virus was

present, even in the absence of RBC agglutination. Use of RBC

from other species (rat, ferret, guinea pig, sheep), or resialylated

RBC, or concentrated culture supernatant did not improve

sensitivity in hemagglutination assays (data not shown). Upon

further passage in MDCK-SIAT1 cells, the N156K mutant virus

was detected only at high HA titres (HA$16) when additional HA

mutations were present (Figure 3A, P2). As folding of the mutated

Figure 3. Growth, detection and adaptation of N156K virus in cell cultures. (A) Virus underwent two passages in MDCK-SIAT1 cells (P1 and
P2). Supernatant was collected during both passages, at 24, 48 and 72 h, and virus load was quantified by real time RT-PCR and hemagglutination
(HAU). Infected cells were also harvested at 48 h and surface HA and M protein expression measured by flow cytometry. Cell culture adaptations
detected by sequencing in the HA protein are shown in each graph. No adaptations in NA were detected. (B) Virus underwent two passages (P1 and
P2) in the indicated cell lines. Virus load was quantified in supernatant as above, and cell culture adaptation was detected by sequencing the HA
protein as indicated. Limit of detection is 103.8 copies. (C) Location of HA mutations in antigenic regions identified in this study. Visualization of
mutation positions relative to classical antigenic sites [6] are shown as colored bubbles (Sa – red; Sb – green; Ca1 – cyan; Ca2 – blue; Cb – yellow). Pink
balls indicate a bound host receptor ligand (a-2,6-linked); white balls indicate sugars on glycosylation sites. (D) Location of antigenic sites in HA
trimer, top and side view, respectively.
doi:10.1371/journal.ppat.1003354.g003
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HA protein may be temperature dependent [37,38], infection and

culture of MDCK-SIAT1 cells with N156K mutant viruses was

also attempted at different temperatures (33, 35 and 37uC), yet

similar cell culture adaptations in the HA protein were observed

(data not shown). Infection and culture were also attempted in the

presence of exogenous neuraminidase or oseltamivir carboxylate

as changes in HA have been shown to affect the HA/NA balance

and influence hemagglutination and isolation in different in vitro

culture systems [39]. N156K was not able to be isolated without

culture adaptations in the presence of exogenous neuraminidase,

or oseltamivir carboxylate (data not shown). Addition of

oseltamivir carboxylate did not improve hemagglutination titres

for N156K either (data not shown), indicating no binding effect of

the NA [39].

Culture adaptations of the HA protein were detected at residues

153, 155 and 156, most commonly as a mixed population at

position 156 (N156K/E) or with mutations at positions 153 or 155

in addition to N156K (K153E+N156K or G155E+N156K)

(Figure 3A, Table 3). Culture adaptations were also seen in

antigenic sites Sa and Sb (Figure 3C, D). These adaptations were

not detected by clonal analysis in the nasal washes from R7 ferrets

of any passage line, in the R4 or R1 ferrets of MIV+IFA passage

lines A and B respectively, or in the original virus inoculum

(Table S1). Culture of virus from peak day samples containing

mixed populations of wildtype (N156) and N156K viruses resulted

in outgrowth of the wildtype N156 virus as determined by RNA

extraction and sequencing (data not shown). No MDCK-SIAT1

culture adaptations were detected in the NA gene.

Attempts to isolate the N156K mutant virus in a variety of other

cell lines (MDCK, Beas-2B, Vero, A549) as well as embryonated

hen’s eggs, were unsuccessful. The virus either did not grow, or it

grew and was detected by real time RT-PCR, but rapidly adapted

in the HA at amino acids 153–156 (Figure 3B).

Attempts were also made to purify virus by ultracentrifugation

from ferret bronchoalveolar lavage and homogenized lung

samples, but this did not yield sufficient virus for analysis.

Detection of N156K and culture adaptations in influenza
surveillance data

The N156K mutation has been detected in human

A(H1N1)pdm09 clinical samples (analyzed for surveillance pur-

poses at the WHO Collaborating Centre for Reference and

Research on Influenza, Melbourne), both alone and in conjunc-

tion with N125D, which is located in antigenic site Sa [6,40] )

(Table 3 and Figure 3C, D). N156D has been detected following

passage of A(H1N1)pdm09 virus in embryonated hen’s eggs under

immune pressure [16]. Mutations at G155 and K153 have been

reported following in vitro passage of A(H1N1)pdm09 viruses in the

absence [29] and presence of monoclonal antibodies (mAbs)

[15,16]. Cell culture adaptations have also been detected in

routine surveillance at the WHO Collaborating Centre for

Influenza, Melbourne, when passaging A(H1N1)pdm09 viruses

with mutations at N156 (Table 3). Analysis of all A(H1N1)pdm09

sequences from 2009–2012 in GISAID and GenBank found

N156K, K153E and N156D at similar low frequencies (0.15, 0.20

and 0.27%, respectively); G155E has been reported more often

(1.30%, Table 4). Among 8446 A(H1N1)pdm09 HA sequences

with classifiable passage information, most were MDCK cell

isolates (69%) followed by original clinical samples (18%), MDCK-

SIAT1 isolates (8%) and embryonated hen’s egg isolates (5%).

There is no change in isolation patterns in each year (2009–2012,

data not shown). The N156K mutation was found more

commonly in original specimens than in cell isolates. In contrast,

K153E and G155E adaptations were strongly associated with

growth in MDCK cells (Table 4).

Cell culture adaptations may disguise the effect of N156K
on the antigenic profile of A/Tasmania/2004/2009 virus

Other in vitro studies have demonstrated that mutations at

amino acids 153, 155 and 156 of A(H1N1)pdm09 HA1 result in

antigenic drift with a reduction in HI titre to the mAbs used to

induce changes in the antigenic sites [15,16] and to serum from

wildtype A(H1N1)pdm09-infected ferrets [29]. Adaptations

K153E and G155E are also antigenically distinct from each other

[16]. We generated viruses containing the HA mutation(s) detected

in our experiments by reverse genetics. All reverse genetics viruses

used contained the ferret-specific adaptations L191I and R223Q

in the HA protein. Neither the N156K alone nor K142N+N156K

virus could be rescued as a pure population without adaptation.

Rescues were attempted with both an A(H1N1) (A/PuertoRico/

8/1934) and an A(H1N1)pdm09 (A/Perth/261/2009) complete

backbone and were also attempted with ‘humanized’ vectors

containing receptors L191 and Q223, but neither was successful

(data not shown). Antigenic analysis by HI assay showed a

reduction in HI titre for all reverse genetics viruses with mutations

at positions 153–156, against serum from a ferret infected with the

original inoculum of A/Tasmania/2004/2009 virus, compared to

wildtype virus. Both reverse genetics mutant N156E as well as

surveillance viruses with mutations and adaptations at N156

showed reduced HI titre compared to wildtype virus, indicating

the antigenic importance of amino acid 156. The K142N

mutation had no effect (Table 5).

All reverse genetics viruses were also tested against serum from a

ferret immunized once with MIV+IFA. All viruses containing

mutations at positions 153–156 showed a four-fold reduction in

titre compared to wildtype virus. Although the K142N mutation

on its own had no effect, addition of this mutation to viruses with

mutation/s at positions 153–156 reduced their titre at least four-

fold further (Table 5).

The HA antigenicity and receptor binding profile are
altered in the N156K A/Tasmania/2004/2009 HA mutant
virus

Our observation that N156K mutant viruses were not detected

by hemagglutination and did not persist without adaptation in vitro

suggested an alteration in receptor binding specificity. N156K and

K142N (and K153E, R223Q) are located in regions on the HA

protein proposed to contact sugars beyond Neu5Ac on cell surface

receptors [28]. Thus we hypothesized that these mutations altered

not only antigenicity but also receptor binding compared to

wildtype virus.

HA structure was investigated by flow cytometry [41] using

mAb174 and mAb175, which are specific for the Sa/Sb (K153

and G155) and Cb (T72) antigenic regions of the A(H1N1)pdm09

virus HA, respectively. All A(H1N1)pdm09 wildtype and variant

viruses were recognized by mAb175 (Figure 4A). The A/

Tasmania/2004/2009 original inoculum and ferret-adapted wild-

type viruses were recognized by mAb174, but binding was greatly

reduced in the presence of the N156K mutation and cell culture

adaptations (Figure 4A). This effect was specific for viruses with

mutations in the Sa/Sb antigenic region as the virus with K142N

mutation alone was still recognized by mAb174.

Direct binding assays using antisera from immunized and virus-

infected ferrets were used to assess the antigenicity of the N156K

mutant virus. Antisera from MIV2, MIV+IFA-immunized ferrets

or from ferrets infected with wildtype virus recognized cells
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infected with N156K virus less efficiently than cells infected with

wildtype virus. In contrast, post-infection antisera from ferrets

infected with N156K or K142N+N156K viruses bound cells

infected with wildtype or N156K mutant virus to a similar degree

(Figure 4B). These data suggest that the N156K virus is

antigenically distinct from wildtype virus. Furthermore, it is likely

Table 4. Analysis of passage history of surveillance viruses with mutations in key residues of HA1 as reported on GISAID and
GenBank.

Passage history Odds Ratio (mutant vs wildtype)

Mutation
No.
reporteda

No. isolates (mutant/
wildtype)b

Total frequency
(%)c Egg isolate

MDCK cell
isolate

MDCK-SIAT1
cell isolate

Original
clinical
sample

N125D 581 321/7730 3.99 2.05 0.96 0.57 1.04

K153E 19 16/8018 0.20 1.59 6.55 - -

G155E 133 103/7827 1.30 0.46 4.63 0.68 0.05

N156D 31 22/7980 0.27 - 4.32 0.52 0.22

N156K 22 12/7980 0.15 - 0.43 1.00 3.28

L191I 47 25/8008 0.31 55.31 0.20 - -

Q223R 133 71/7966 0.88 564.42 0.02 0.00 0.00

The odds ratio, indicating strength of association to passage history, for mutant versus wildtype virus is indicated. Mutations with ,10 samples with any passage
information were omitted (e.g. K156E). (-) indicates that 10–30 records with passage information were available, and no reports were indicated in this passage history.
aOccurrence of mutation in all 16740 A(H1N1)pdm09 sequences on GISAID and/or Genbank, regardless of passage history up to December 2012.
bOccurrence of mutant or wildtype in all A(H1N1)pdm09 sequences on GISAID with passage history information.
c% Occurrence of mutant in all A(H1N1)pdm09 sequences on GISAID with passage history information.
doi:10.1371/journal.ppat.1003354.t004

Table 5. Antigenic analysis of mutations in the HA protein from amino acid 153–156.

Hemagglutination Inhibition titre Sera

Virus source and passage history Virus Wildtypea MIV+IFAb

Virus Reverse genetics ferret-adapted
A/Tasmania/2004/2009 HA (L191I, R223Q)
and NA, MDCK-SIAT1 passagedc

Wildtype 5120 640

K153E 160 160

K153E+N156K 160 160

G155E 160 160

G155E+N156K 160 160

N156E 320 160

K153E+N156E 320 160

G155E+N156E 80 160

K142N 10240 640

K142N+K153E+N156K 160 20

K142N+G155E+N156K 80 20

K142N+N156E 160 40

K142N+G155E+N156E 80 20

Egg passaged A/Tasmania/2004/2009 5120 640

Egg passaged, split Monovalent human vaccine 10240 640

MDCK-SIAT1 passage A/Tasmania/2004/2009 5120 320

Surveillance A(H1N1)pdm09 viruses with
mutation at antigenic sites of HA, MDCK passage

A/Victoria/906/2010 (N125D, N156K/E) 320 320

A/Tasmania/16/2011 (N156N/K/D/E) 160 80

A/Wellington/94/2010 (N125D, N156E) 160 160

Homologous titre (bold) is indicated.
aFerrets were infected with egg-grown A/Tasmania/200/2009 virus.
bSerum following a single immunization with MIV+IFA.
cN156K reverse genetics virus is not included as it could not be rescued.
doi:10.1371/journal.ppat.1003354.t005
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that the wildtype antiserum contains a high level of antibodies

directed towards the N156 region of the HA protein, whilst the

N156K and K142N+N156K antisera contains antibodies that are

directed towards a region of the HA protein, common to both

wildtype and N156K HA.

HA receptor specificity was assessed by binding of synthetic

multivalent glycans. Human influenza viruses have been shown to

bind predominantly to 69 sialyllactose (69SL) and 69 sialyllactosa-

mine (69SLN) and, to a lesser extent, to 39 sialyllactose (39SL), as

representatives of a-2,6- and a-2,3-linked Neu5Ac receptors

[28,41–45]. HA on the surface of cells infected with ferret adapted

A/Tasmania/2004/2009 wildtype virus bound to both 69SL and

69SLN (Figure 4C). Binding was more restricted compared to the

original egg inoculum virus, presumably due to the mutations

L191I and R223Q (Figure 4C). Introduction of the N156K

mutation to the ferret adapted virus resulted in binding to only

69SLN, indicating a strong preference for a-2,6-linked Neu5Ac

receptors containing GlcNAc rather than galactose (Figure 4C,

N156K, D14E+N156K, K142N+N156K). K142N and N156E

displayed a similar profile to N156K. K153E showed weak

binding to 69SLN, G155E showed binding to 69SL and 69SLN.

Addition of G155E to N156K increased 69SL binding, while the

addition of K153E to N156K did not alter the binding preference.

Predicted receptor binding properties and structural
analysis using 3-D modeling

Computer modeling with a-2,6- and a-2,3-linked Neu5Ac

receptors was performed to enable a structural basis for the

Figure 4. Analysis of antigenicity and glycan binding to HA on influenza virus-infected cells. MDCK-SIAT1 cells were inoculated with A/
Tasmania/2004/2009 egg-grown inoculum, ferret nasal wash (indicated by ‘) or rescued reverse genetics ferret-adapted viruses (indicated by ‘rg’) or a
control A(H3N2) egg-grown virus. After 48 h, cells were analysed for binding of (A) anti-HA mAbs, (B) post-immunization ferret antisera (MIV or
MIV+IFA) or post-infection ferret antisera (wildtype A/Tasmania/2004/2009, N156K or K142N+N156K virus) or (C) synthetic glycans. (B) To control for
differences in infection rate between wildtype and N156K viruses, antibody binding is expressed as the proportion relative to K142N+N156K
antiserum (% positive for test antiserum/% positive K142N+N156K antiserum). Mean+standard deviation of six paired experiments are shown for all
antisera except MIV+IFA which is calculated from three paired experiments. (C) Glycan binding is expressed as a proportion to itself ((mean
fluorescent intensity (MFI) with glycan-MFI without glycan)/MFI with glycan6100), for influenza A matrix positive cells only. Individual experiments
are shown by each symbol.
doi:10.1371/journal.ppat.1003354.g004
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N156K mutation and subsequent cell culture adaptations. The

computational results were also compared to the glycan binding

results (Figure S3A). N156K is at the interface of three previously

crystallized antibody binding sites [46–48] (Figure S3B). Since

amino acid mutations that involve charge changes can alter the

strength of the electromagnetic field around the HA globular head,

and long range electrostatic forces are often a first step to facilitate

interaction with ligands and other proteins, changes in the

electrostatic surface potential due to the observed mutations were

also analyzed.

Although position 156 is not in the receptor binding site, our

analysis suggests that small changes at this position influence HA

binding, stability and receptor specificity. The N156K mutation

noticeably adds positive charge potential compared to wildtype

HA (Figure 5A, B). In contrast, N156E significantly reconfigures

the distribution of charge (Figure 5C). N156K is predicted to

prefer a-2,6-linked receptors (Figure 5E), whilst in our models it

is more favorable for the N156E mutation to bind to a-2,3-linked

receptors (Figure 5E). Adding K153E to N156K reduces the

positive electrostatic potential of the HA head domain (Figure 5D)

as does the addition of G155E to N156K (Figure S3C). The

addition of K153E to N156K (and G155E to N156K) appears

compensatory, allowing stronger binding to a-2,3 receptors

compared to N156K alone (Figure 5F, Figure S3C,D).

However, this increased a-2,3 receptor binding was not evident

in the glycan binding studies that were undertaken (Figure 4C).

Discussion

This study is the first to describe the emergence of an

A(H1N1)pdm09 escape variant, with altered receptor binding,

following vaccine-induced immune pressure in a ferret model of

contact transmission. This N156K mutation was generated in two

independent lines of MIV+IFA-immunized ferrets, but was not

detected in the virus used to infect ferrets, nor did it appear in

unimmunized ferrets, suggesting that the N156K mutation had a

selective advantage when placed under non-sterilizing immune

pressure.

Virus fitness was investigated in the presence and absence of

immune pressure in this study. The N156K virus transmitted

between immunized ferrets for up to four passages, although a

break in transmission occurred in both lines. A break in

transmission in vaccinated animals has also been noted in an

artificial infection system of a laboratory influenza strain in mice

[13]. The investigation of virus kinetics under immune pressure is

unique to this ferret study. The emergence of the N156K virus did

not alter the virus kinetics in the MIV+IFA-immunised ferrets.

There was no change in peak viral load, growth rate or serial

interval between transmissions. This is likely a reflection of the in

vivo model system. Adjuvant has been shown to restrict and

broaden the immune response (reviewed by [49]), yet was

necessary to induce even a detectable immune response in the

ferret model [24]. The influence of a different adjuvant, or even a

background of immunological experience through previous

infection(s), may warrant further investigation. When passaged in

naı̈ve ferrets, the growth kinetics and transmission potential of the

N156K virus was equivalent to the wildtype virus, indicating that

the N156K mutation was not deleterious in non-immune ferrets.

The N156K virus outgrew the wildtype virus in both naı̈ve and

immunized ferrets when in direct competition, suggesting that the

N156K mutant is fitter than the wildtype virus in both the

presence and absence of immune pressure.

The interplay between antigenic drift and receptor binding

specificity and affinity has been well studied for the HA of

influenza viruses [13,16,50]. Due to the close proximity of the

antigenic sites to the receptor binding site, antigenic changes are

often accompanied by changes in the receptor binding properties

of the virus [13,15,16] and changes in receptor binding properties

can also produce antigenic variants [13]. Passage of influenza virus

under immune pressure in vivo may favor mutations that facilitate

antibody escape, but may also increase viral HA avidity for cell

surface receptors. Subsequent passaging in the absence of immune

pressure in vivo may induce compensatory mutations that reduce

avidity and can affect antigenicity [13]. Furthermore, mutations in

A(H1N1)pdm09 HA that change positive electrostatic charge have

been associated with changes in the affinity for Neu5Ac receptors

[16]. We have demonstrated that the N156K mutation produced

structural changes that altered receptor specificity, including the

loss of ability to agglutinate RBC from a variety of species.

Changes in hemagglutination patterns with different species’ RBC

have also been associated with antigenic drift of A(H3N2) viruses

[43,50]. The N156K mutation also increases the positive charge

potential, which may be important for surface interactions of the

HA protein with antibodies or more remote carbohydrate moieties

extending from the natural host receptor structure. The cell

culture adaptations, K153E and G155E, are predicted to induce

structural changes in the HA head that reduce the positive

electrostatic potential of the HA head domain. These changes

have been shown to reduce viral HA receptor binding avidity for

a-2,3- and a-2,6-linked Neu5Ac receptors in vitro [16]. Thus, we

hypothesize that the N156K mutation increases receptor binding

avidity compared to wildtype virus. When cultured in vitro, the cell

culture adaptations negate the significant effects of the N156K

mutation on the charge distribution and alter the receptor binding

preference of the HA protein (and possibly the avidity), which

facilitates hemagglutination. Attempts to assess the avidity of the

N156K and K142N+N156K mutants were unsuccessful due to

virus isolation difficulties and the inability of the viruses to bind

RBC. Interestingly subsequent passage of the N156K mutant virus

in naı̈ve ferrets did result in an additional mutation in the HA

protein, K142N, in one passage line. Although this double mutant

outgrew the N156K mutant in a competitive mixture in vivo, the

K142N mutation was not acquired in both lines of passaging

suggesting it is not essential for transmission in naı̈ve ferrets.

K142N did not alter receptor binding specificity in the assays used

in this study, but whether changes in avidity have occurred is

unknown. Overall, these data suggest that selection of the N156K

mutant, maintained through contact transmission in ferrets, drives

emergence of a virus with altered, but effective, binding to

receptors of the ferret respiratory tract, and is capable of extensive

replication in vivo. In vitro isolation difficulties indicate more

detailed analysis of receptors in the ferret respiratory tract and on

cell lines used for routine isolation of influenza virus may be

needed. As antiserum from a wildtype virus-infected ferret

appeared directed to the N156 region and could no longer

recognise the N156K mutant virus, and antiserum from a N156K

virus-infected ferret appeared directed to a different region of the

HA common to wildtype and N156K mutant virus, we

hypothesize that immunity is directional and drives antigenic drift

in this contact transmission model. We anticipate that further

passage of the N156K mutant virus in homologous vaccinated

ferrets (i.e vaccinated with the N156K mutant) would drive further

drift of the A(H1N1)pdm09 N156K virus that would be again

accompanied by changes in the receptor binding properties.

Although a pure population of the N156K mutant virus could

not be efficiently isolated, either from ferret nasal washes or by

reverse genetics, flow cytometry antibody binding assays demon-

strated that the N156K mutation causes antigenic escape. This is
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supported by the following additional evidence: The N156K

mutant arose only in ferrets with specific antibodies, and was

present in both passage lines. The N156K mutant virus could not

be recognized by a monoclonal antibody (mAb174) which drives

escape in the Sa/Sb antigenic site of wildtype virus. N156K is

computationally predicted to be structurally significant by

introduction of a longer charged side chain that changes the

distribution of the charge of the HA. Analysis of influenza vaccine

strains over time has demonstrated that charge mutations also

contribute to antigenic drift (unpublished data, S. Maurer-Stroh

and R.T.C. Lee). Alternate mutations at this position, N156E and

N156D, have been shown to cause antigenic changes [16,51].

Other published in vitro studies have found mutations at similar

sites in the HA protein of A(H1N1)pdm09 viruses ( amino acids

Figure 5. 3-D modeling of HA containing N156K and cell culture adaptations. (A–D) Comparison of electrostatic surface potential of
wildtype and single and pair mutations in the HA head domain, calculated with the Particle Mesh Ewald method implemented in YASARA. Blue
indicates positive and red indicates negative charge potential. A host receptor analogue is shown in magenta. (E,F) Structural modeling of single and
pair mutations in HA with bound a-2,6- or a-2,3-linked host receptor ligands. (E) Model of N156 wildtype (green HA/yellow ligand), N156K (cyan HA/
red ligand) and N156E (blue HA/purple ligand) shown with a-2,3 host receptor analogue. (F) Comparison of N156 wildtype (green HA/yellow ligand)
and N156K (cyan HA/red ligand) with double mutant K153E+N156K (light blue HA/orange ligand).
doi:10.1371/journal.ppat.1003354.g005
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143–146, 148, 153–156, 204) [15,16,29,40] which also affected

antigenicity; however interpretation of these in vitro experiments is

complicated by the different culture conditions and selection

pressures employed. Changes can also occur at amino acid

positions 153 and 155 in the A(H1N1)pdm09 HA without any

immune selection pressure [29], suggesting an instability in this

region during cell culture. No changes have been reported at 156

in the A(H1N1)pdm09 HA experimentally without immune

pressure. However, monoclonal antibodies from humans and

mice (this study and [15,16]), and polyclonal ferret antibodies

raised in this study, all targeted similar regions. This suggests that

amino acids 153–156 form an immunodominant region of the HA

protein and targeting this area results in a significant antigenic

change.

A(H1N1)pdm09 viruses with mutations at position 156 have

been reported in human surveillance studies ([40], WHO

Collaborating Centre for Reference and Research on Influenza,

Melbourne), although they occur relatively rarely (0.15% of all

samples on GISAID with passage information). We have

demonstrated that this mutation from ferret respiratory samples

does not persist in cell culture without further adaptation, or

reversion to wildtype virus in mixed populations. The low HA titre

in the initial passage, and negative association with cell culture,

may prevent identification of original clinical samples containing

N156K alone, hence laboratories may exclude these viruses from

surveillance studies. Therefore conventional methods for isolation

of human samples may select against detection of mutations at

position 156. We also cannot discount the possibility that the ferret

model has selected for a mutant that has compromised transmis-

sibility in the human population, due to differences in the glycan

receptor profiles between the human and ferret respiratory

tract, or more complex immunity in humans with their

extensive infection and vaccination history. Use of a different

A(H1N1)pdm09 strain, cell-cultured virus or an alternate

adjuvant/vaccine preparation may have also influenced the

mutation profile. Further analysis of viruses from the lungs of

MIV-immunized ferrets, where immune escape mutants may also

emerge, would be worthwhile.

A(H1N1)pdm09 has circulated over the past four years with

limited genetic diversification and no significant antigenic change.

Rising population immunity is likely to drive antigenic drift in the

A(H1N1)pdm09 virus eventually. Passage in immune ferrets

demonstrated that an antigenic mutant can arise in a similar

situation. Importantly, antigenic mutations in the HA may also

influence receptor binding properties, affecting the efficiency of

isolation of viruses for surveillance characterization purposes.

Routine genetic analysis of original clinical specimens is therefore

important. In vitro and/or in vivo passage of the 2012/2013

A(H1N1)pdm09 viruses under immune pressure would indicate

whether N156K is permissive in the presence of additional

mutations or whether other regions of the HA globular head are

now under greater selective pressure. Continued examination of

influenza virus escape mutants should aid in the identification of

future vaccine-breakthrough viruses, enabling their rapid detection

through influenza surveillance and ensuring appropriate changes

to the A(H1N1)pdm09 component of seasonal influenza vaccine

are made in a timely fashion.

Materials and Methods

Ferrets
Male and female ferrets (weight, 500–1500 g) were purchased

from independent breeders and housed at CSL Limited using

services provided under a Support Services Agreement. Serum

samples from ferrets were tested by HI assay to ensure

seronegativity (titre ,20) to currently circulating influenza strains

before use. Experiments using ferrets were conducted with

approval from the CSL Limited/Pfizer Animal Ethics Committee,

in accordance with the Australian Code of Practice for the Care

and Use of Animals for Scientific Purposes.

Viruses and cells
A/Tasmania/2004/2009 virus was isolated from an elderly

patient who succumbed to influenza infection in July 2009, as part

of routine influenza surveillance activities at the WHO Collabo-

rating Centre for Reference and Research on Influenza,

Melbourne. The sample was anonymized. Viruses were passaged

in the allantoic cavity of embryonated hen’s eggs and MDCK-

SIAT1 cells and stored at 280uC. MDCK (CCL-34:ATCC) and

MDCK-SIAT1 cells (kindly provided by Hans-Dieter Klenk,

University of Marburg, Marburg, Germany) were maintained as

previously described [52], in the absence of G418 sulphate. A549

and Vero cells were maintained in the same conditions as MDCK

cells. BEAS-2B cells (kindly provided by Dr R. Gualano The

University of Melbourne, Melbourne, Australia) were maintained

in 1:1 (v/v) RPMI 21640 (SAFC Biosciences) supplemented with

10% [v/v] FCS, 50 U/ml penicillin, 50 mg/ml streptomycin

(SAFC Biosciences): BEGM with BulletKit (Cambrex, Clonetics,

USA). Cells were maintained at 37uC, 5% CO2 prior to infection

and following infection, unless indicated.

Vaccine formulation and administration
Full or half adult doses (15 mg or 7.5 mg HA in 0.5 mL,

respectively) of human monovalent A(H1N1)pdm09 influenza

vaccine containing the HA and NA of A/California/7/2009

(MIV) (Panvax, a gift from CSL Limited) were used for

immunization. Ferrets were immunized with MIV alone or MIV

emulsified in an equal volume [1:1 (v/v)] Freund’s Incomplete

Adjuvant (IFA) (Sigma-Aldrich) immediately before administration

(1 ml total volume) (MIV+IFA). Control ferrets were immunized

with PBS emulsified in IFA (1 ml total volume) (PBS+IFA) or did

not receive vaccine (naı̈ve). Adjuvanted vaccines were delivered to

anaesthetized animals (0.2 mL/kg, 1:1 [v/v] Ilium Xylazil-

20:Ketamil, Troy Laboratories) intramuscularly in the quadriceps

muscles of both hind legs using a 1-mL syringe with a 22-gauge

needle. Animals received one dose of MIV+IFA or PBS+IFA or

two doses of MIV two weeks apart. Vaccinated animals were used

24 to 94 days after the final immunization. Serum was collected

before and after each vaccination, immediately before ferrets were

included in the contact transmission passaging and at sacrifice.

Virus infection of donor ferrets and passaging of virus by
contact transmission

Naı̈ve donor ferrets (termed Donor 0; D0) were anaesthetized

and infected artificially by intranasal inoculation with 103.5 50%

tissue culture infectious doses (TCID50) egg-grown influenza virus.

After inoculation, D0 ferrets were housed individually in a HEPA-

filtered isolation unit. The following day, two naı̈ve ferrets (both

termed Donor 1; D1) were co-housed with each D0 ferret and

remained in continual contact, until they became naturally

infected with influenza virus (see below). Once a D1 ferret was

found to be infected it was placed in a separate clean cage, to then

infect the first ferret of a passage line. Naı̈ve donor ferrets (D0 and

D1) were used to establish a transmission chain as previous studies

have indicated that direct inoculation of in vitro cultured virus can

alter viral diversity within a host [53]. Four different D0 ferrets

infected seven different D1 ferrets, each D1 ferret was assigned to
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start one (or two) passage lines (as indicated in Figure 1 and S1).

Each line involved sequential passage of virus through eight

recipient ferrets that had received one of three different treatments

(MIV+IFA, MIV, PBS+IFA) or no treatment (naı̈ve). The first

recipient ferrets from each immunization group (R0) were co-

housed with one of the D1 ferrets until they became naturally

infected. 24 hours after the viral load measurement from each R0

ferret indicated that they were infected, the R0 ferret was co-

housed with the next recipient ferret (R1) from their line.

Transmission experiments continued for each immunization

group until seven passages had been completed (R0 to R7).

Duplicate lines were performed for each immunization group,

designated line A and line B. Ferrets were sacrificed and

respiratory tissues and serum were collected after they had

successfully transmitted the virus to the new recipient ferret. The

recipient order for the passage lines was randomly assigned in each

immunization group, irrespective of HI antibody titre following

immunization, or days since immunization.

Detection of virus infection in ferrets
Nasal washes were collected daily under light sedation (30 mg/

kg Ilium Xylazil-20; Troy Laboratories) by delivery of 1 ml PBS

supplemented with 50 U/ml penicillin, 50 mg/ml streptomycin

(SAFC Biosciences) and 1% w/v BSA (Sigma-Aldrich) into the

nostril. Expelled liquid was collected and 140 ml was aliquoted for

RNA extraction (see below) and real time RT-PCR analysis, 60 ml

for TCID50 analysis, 30 ml for rapid test analysis and the

remainder stored at 280uC. Animals were weighed and visually

inspected daily and their temperature was measured using

implanted temperature transponders fitted to identification chips

(LifeChip Bio-Thermo, Digivet). Daily nasal wash samples were

assessed for virus shedding as a measure of infection by rapid test

analysis (BD Directigen EZ Flu A+B kit, Becton Dickinson) or by

real time RT-PCR analysis of extracted RNA for matrix 1 gene.

Transmission was deemed to have occurred when the new

recipient ferret returned a positive rapid test, or a positive real time

RT-PCR result (Ct#25).

Real time RT-PCR
RNA was extracted from nasal washes, cell culture supernatants

or allantoic fluid using the QIAamp Viral RNA Mini Kit (Qiagen).

An 8 ml aliquot of RNA was treated with RNAse Free DNase I

(New England Biolab) in a total reaction volume of 10 ml,

according to the manufacturer’s instructions. DNase-treated RNA

(4 ml ) was used to amplify influenza A matrix 1 using CDC

Atlanta (USA) InfA F primer and InfA probe [54] and modified

InfA R primer (59GGGCATTYTGGACAAAKCGTCTACG39)

with SuperScript III Platinum One-Step qRT-PCR kit (Invitro-

gen). The RT-PCR consisted of 1 cycle of 50uC for 5 min and

95uC for 2 min and 40 cycles of 95uC for 3 s, 60uC for 30 s using

the 7500 Fast Real-Time System (Applied Biosystems) and 7500

Fast System SDS Software version 1.4.0. The threshold was

automatically set and Ct determined. RNA standards were

prepared from pGEMT-A/California/7/2009 and pGEMT-A/

Perth/16/2009 Matrix plasmids using the Riboprobe In Vitro

Transcription Systems (Promega). For all runs, samples (assayed in

duplicate), no-template control, RNA standards and positive and

negative controls were included. The 95% confidence interval for

RNA standards was 0.78 Ct (n = 65 assays). The detection limit

was 10 copies.

Preparation of cDNA for genetic analysis
cDNA was synthesized from 5 ml RNA isolated from ferret nasal

wash (peak day of infection), cell culture supernatants or allantoic

fluid, using the SuperScript III First-Strand Synthesis SuperMix

(Invitrogen), with Uni12 primer [55], according to the manufac-

turer’s instructions. cDNA generated from ferret nasal wash was

sequenced, used in pyrosequencing assays, or amplified by PCR

and cloned.

Genetic sequencing
Viral genes were amplified from cDNA or DNA plasmids (see

below) using MyTaq HS Mix (Bioline) with M13 tagged-gene-

specific primers ([56] and WHO Collaborating Centre for

Reference and Research on Influenza, Melbourne – sequences

available upon request) or plasmid-specific primers, according to

the manufacturer’s instructions. Unincorporated primers and

dNTPs were removed using ExoSAP-IT (Affymetrix), according

to the manufacturer’s instructions. DNA sequencing was per-

formed with M13 primers (M13F-59 TGTAAAACGACGGC-

CAGT and M13R 59 CAGGAAACAGCTATGACC) or plasmid-

specific primers in a 96-well plate format using the BigDye

Terminator v3.1 Cycle Sequencing Kit (Life Technologies),

followed by the removal of excess dye terminators with a BigDye

XTerminator purification kit (Applied Biosystems). The sequence

was determined using an automated capillary DNA sequencer

(ABI Prism 3500xL). Identification of mixed bases was set at 25%.

Sequences were assembled using DNASTAR Lasergene Suite

v.9.1.0 Seqman v 9.1.

Nucleotide sequence accession numbers
The nucleotide sequences for all segments of A/Tasmania/

2004/2009 egg-grown virus inoculum are available from the

GISAID public database under accession number

EPI_ISL_129743. A/California/7/2009 sequences used in this

study were from GenBank: CY058519, GQ214336, CY121681,

GQ338390, CY121684, CY121685, GQ323558, FJ984387.

Generation of DNA plasmids
The HA1 gene of A/Tasmania/2004/2009 virus from cDNA

generated from ferret nasal wash was amplified using gene-specific

primers and cloned into pGEM-T Easy vector (Promega)

according to the manufacturer’s instructions. For reverse genetics,

the entire HA and NA genes of A/Auckland/1/2009

(A(H1N1)pdm09) virus [24] were amplified from cDNA generated

from a clinical specimen using ThermoScript RT-PCR System

(Invitrogen) using primers containing BsmBI and BsaI sites

respectively, and cloned into pHW-2000 vector [57] according

to the manufacturer’s instructions. S203T, Q223R and H496N

were introduced into the HA gene to generate pHW-2000-A/

Tasmania/2004/2009 HA vector. L191I and R223Q were then

introduced to generate ferret-adapted pHW-2000-A/Tasmania/

2004/2009 HA vector. S388T was introduced into the NA gene

to generate pHW-2000-A/Tasmania/2004/2009 NA vector.

Further mutations and adaptations were introduced as indicated

in the text. Mutations were introduced using the QuikChange II

Site-Directed Mutagenesis kit (Strategene) with the QuikChange

Primer Design Program.

Pyrosequencing assay to quantify the proportion of the
wildtype, N156K or K142N+N156K mutants

Two separate pyrosequencing assays were utilized. The first

quantified the proportion of the N156 (wildtype) vs the N156K

mutant (WT/N156K). The second assay quantified the proportion of

K142 vs K142N mutant (N156K/K142N+N156K). A 350 bp region

of the HA1 gene flanking amino acid positions 142 and 156 was

amplified from plasmid mixtures and from cDNA from ferret peak day
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nasal wash samples using MyTaq HS Mix (Bioline) with biotinylated

forward primer (59Biotin-GCAATTGAGCTCAGTGTCATC) and

reverse primer (59TTCCGGCTTGAACTTCTTGC) (for the WT/

N156K assay) or forward primer (59GCAATTGAGCTCAGTGT-

CATC) and biotinylated reverse primer (59Biotin-TTCCGGCT-

TGAACTTCTTGC) (for the N156K/K142N+N156K assay), ac-

cording to the manufacturer’s instructions. The pyrosequencing

reaction was performed as previously described [58], using internal

primers 59GGATTTGCTGAGCTTTGGGT and 59CTCATGC-

TGGAGCAAA, specific for the N156K and K142N mutations,

respectively. The proportions of N156 and K156, or K142 and N142,

HA in the sample, were estimated by calculating the ratio of the two

peaks representing the N156 and K156, or K142 and N142 HA, using

the AQ mode in the PyroMark ID 1.0 software. The N156K mutation

generates a quadruplicate run of adenosines, which does not quantify

absolutely by this technology [59–61], thus the detection limit was 5–

10% for N156K. To correct for the sensitivity of the assay, all nasal

wash samples were run with a set of plasmid mixtures containing

various ratios. Mixtures of pGEMT plasmids with A/Tasmania/

2004/2009-HA1 and A/Tasmania/2004/2009-HA1-N156K or A/

Tasmania/2004/2009-HA1-N156K and A/Tasmania/2004/2009-

HA1-K142N+ N156K inserts were prepared at different molar ratios

(100:0, 80:20, 50:50, 20:80, 0:100), at multiple concentrations (1, 0.1,

0.001 pg total). A standard curve was generated using the plasmid

mixtures and the proportion of N156/K156 or K142/N142 in each

nasal wash sample was determined by comparison to a standard curve.

All samples were run in triplicate.

Analysis of variants by cloning
The HA1 gene was amplified from cDNA generated from ferret

nasal washes or egg-grown A/Tasmania/2004/2009 using the

Velocity PCR kit (Bioline) with M13 tagged-HA1-specific primers

(as above). Amplified product of the correct size was purified using

the E-Gel CloneWell system (Invitrogen) and cloned using the

Zero Blunt TOPO Cloning Kit for Sequencing (Invitrogen). DNA

from 96 individual colonies with confirmed HA insert was

sequenced for all samples except the initial inoculum for which

480 colonies were sequenced. HA1 was amplified using MyTaq

HS Mix (Bioline) and A/Tasmania/2004/2009 HA1-specific

primers ((F 59 TAGTTCTGCTATATACATTTGCAACCG,

R-59GGATGTATATTCTGAAATGGGAGGC) then sequenced

using the same primers. Poor quality sequences were excluded

from the data set. As a control, the pGEMT-A/Tasmania/2004/

2009 HA1 plasmid was transcribed using the Riboprobe In Vitro

Transcription Systems (Promega), cDNA synthesized as above,

then the HA1 gene amplified and cloned; 96 individual colonies

were sequenced. The error rate in the amplification system, as

determined by sequencing 96 clones from a single plasmid, was

less than 0.001%.

Reverse genetics rescue of influenza A viruses
Engineered viruses were generated as previously described [57],

with infectious virus detected by hemagglutination and real time

RT-PCR of culture supernatants. All viruses contained the HA

and NA from ferret-adapted A/Tasmania/2004/2009 including

specified mutations, whilst the remaining genes were from

A(H1N1) A/Puerto Rico/8/1934 (pHW2000-A/Puerto Rico/8/

1934 vectors, a kind gift from St Jude Children’s Research

Hospital, Memphis, TN, USA) or A(H1N1)pdm09 A/Perth/261/

2009.

Virus infection of cell cultures and analyses
Cells were seeded into T25 flasks or 24-well tissue culture plates

and grown to confluence overnight. Monolayers were washed

twice with Ca2+/Mg2+-free phosphate-buffered saline before

incubation with 500 or 100 ml virus, respectively (nasal wash

samples inoculated at 1/6 to 1/10 dilution; cell culture isolates

inoculated neat; egg-grown virus inoculated at 1/100) at 37uC and

5% CO2 for 30 min, or other temperatures, as indicated. The

inoculum was removed and replaced with medium (without fetal

calf serum) supplemented with 4 mg/ml trypsin (Sigma) [52].

2 mU/ml exogenous neuraminidase (from Clostridium perfrin-

gens (Sigma) or 5 nM oseltamivir carboxylate (the active form of

the ethyl ester prodrug oseltamivir phosphate, kindly provided by

Hoffmann-La Roche Ltd, Switzerland) was added to cultures as

indicated in the text. Supernatant was collected daily and the

presence of virus was assessed by hemagglutination using 1%

turkey RBC and by real time RT-PCR assays for the influenza A

matrix gene. Infection was also assessed by surface staining of

infected cells and analysis by flow cytometry. Cells were stained

with anti-influenza A HA monoclonal antibodies (mAbs)

(A(H1N1)pdm09: mAb174 clone 10F5.1D7 and mAb175 clone

2G10.1C11; A(H3N2): mAb131 clone 4E4.1F10 and mAb 132

clone 1G6.1G7; kindly provided by CSL Limited), ferret antisera,

followed by anti-ferret Ig-FITC (Rockland Immunochemicals Inc.,

USA) or anti-influenza A matrix mAb (clone GA2B, AbD Serotec,

UK), followed by anti-mouse Ig-FITC (SantaCruz Biotechnology

and KPL). Staining was performed in the presence of 1 mM

oseltamivir carboxylate. Samples were run on a FC500 Analyzer

(Beckman Coulter) or FACSCanto II (BD Biosciences) with data

analysis using FlowJo 7.5.5 software.

Flow cytometry-based glycan binding assay
The binding specificity of influenza HA was determined using

an assay previously described [41]. Briefly, MDCK-SIAT1 cell

monolayers, in 24-well plates, were infected with the same copy

number of influenza virus from different ferret nasal washes, or

reverse genetics viruses. After 48 h, cells were harvested, washed

three times with PBS and stained with biotinylated multivalent

glycans (5 mg/ml) and mouse anti-influenza A matrix mAb in PBS,

with 1 mM oseltamivir carboxylate for 2 h at 4uC. Glycans,

Neu5Aca2-6Galb1,4GlcNAc-PAA-biotin (69 sialyllactosamine;

69SLN), Neu5Aca2-3Galb 1,4Glc-PAA-biotin (39 sialyllactose;

39SL) and Neu5Aca2-6Galb 1,4Glc-PAA-biotin (69 sialyllactose;

69SL), were purchased from GlycoTech (MD, USA). To detect

biotinylated glycan binding, cells were incubated with streptavidin-

RPE (Vector Laboratories, USA) and mouse mAb was detected

with anti-mouse Ig-FITC in PBS with 1 mM oseltamivir carbox-

ylate, for 1 h at 4uC. Samples were analysed by flow cytometry.

Cell culture supernatant was also collected upon cell harvest and

assessed by real time RT-PCR and hemagglutination. HA and NA

genes were sequenced to ensure no adaptations had occurred.

Hemagglutination Inhibition (HI) assay
Reactivity of serum samples was measured using HI assays [62]

as described elsewhere [63]. Titres were expressed as the

reciprocal of the highest dilution of serum for which hemagglu-

tination was prevented. GMT was calculated with undetectable

titres expressed as ‘5’. Seroconversion was defined as titre $40.

Statistics
Viral growth kinetics were assessed using real time RT-PCR

data. Animals artificially infected by intranasal inoculation were

excluded from the analysis. The virus growth rate was calculated

as the difference between viral copy number between the peak day

and the first day, divided by the number of days to reach peak viral

copy number. Animals for which viral load peaked on day 1 were

excluded. The serial interval between transmission was defined as
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the number of days between virus detection in the infecting and

infected ferret. Only transmission events where both animals were

deemed infected using the same method of detection were

included. Transmission events involving artificially inoculated

animals or interruptions (see results) were excluded. Data were

analysed using one-way ANOVA, and Bonferonni correction to

adjust for multiple comparisons, using STATA. Ferret antisera

binding to virus-infected cells was analyzed by comparing the

relative proportion from wildtype and N156K-infected cells for

each antiserum using Spearman’s rank correlation co-efficient.

Statistically significant results are indicated with * p,0.05,

** p,0.01 and *** p,0.005.

Analysis of frequency of mutations in human clinical
specimens on GISAID and Genbank

All A(H1N1)pdm09 HA sequences from viruses isolated from a

human host since 2009 were downloaded from GISAID and

GenBank, and filtered to remove strains occurring multiple times.

The resulting 16740 sequences were aligned using MAFFT [64].

To determine whether a mutation preferentially occurred in a

culture type, sequences with passage history were classified into

four categories based on the source from which they were

extracted and sequenced: (i) embryonated hen’s egg, (ii) MDCK

cells, (iii) MDCK-SIAT1 cells and (iv) original clinical sample. The

odds ratios were calculated from the probabilities of occurrence of

the mutant and the wildtype in each of the source cell types. The

degree of association of the mutants to the source cell types were

classified into 5 categories: (i) moderate association (1.5–3), (ii)

strong association (.3.0), (iii) moderate negative association (0.33–

0.66), (iv) strong negative association (,0.33) and (v) no association

(0.66–1.5) [65].

3-D modeling
Simulated annealing energy minimizations through short

molecular dynamics (MD) simulations using the AMBER03 force

field in YASARA were done for wildtype and mutant HAs in

complex with either a-2,3 or a-2,6 ligand (PDBs: 3ubj chains C

and D or 3ube chains A and B, respectively [66]. For structural

correspondence, only the sialic acid and the first bound galactose

of the ligands were kept. The ligands were parameterized

automatically by YASARA [67]. YASARA has been previously

shown to provide excellent results in the CASP competition for

homology model refinements [68]. The used minimization

protocol comprises the following steps: in short, to remove bumps

and correct the covalent geometry, the structure was energy-

minimized with the AMBER03 force field [69], using a 7.86431

Angstroem force cutoff and the Particle Mesh Ewald algorithm

[70] to treat long-range electrostatic interactions. After removal of

conformational stress by a short steepest descent minimization, the

procedure continued by simulated annealing (time step 2 fs, atom

velocities scaled down by 0.9 every 10th step) until convergence

was reached, i.e. the energy improved by less than 0.05 kJ/mol

per atom during 200 steps. Counterions are implicitly considered

by setting the net charges to 0. Solvation is also considered

implicitly by a term proportional to the accessible surface area.

1.2 kJ/mol was used as the estimate for the entropic cost of

exposing one square Angstroem to the solvent. To further reduce

the computational complexity and potential unrelated simulation

bias, atoms further than 8 Angstroem from either the ligand or the

respective mutated residues were fixed (not allowed to move). This

resulted in a system of both flexible ligand and flexible receptor

binding pocket. The relative binding energies were estimated

through a function considering standard potential energy terms

plus the above mentioned implicit solvation. Three steps of

sequential forward and backward mutations for each mutation set

were employed and averaged over the visited energy minima.

Finally, for each analyzed single or pair mutation(s) we subtracted

the predicted energy for binding the a-2,6 receptor from the

predicted energy for binding the a-2,3 receptor. Higher values of

the measure therefore indicate a-2,6 preference while lower values

would point to relative a-2,3 preference. In order to compare the

predicted measure with the experimental glycan binding data (see

above), we derived a corresponding relative preference value by

subtracting the mean fluorescence intensity of glycan expression

for 39SL from the average for 69SL and 69SLN for the respective

mutation(s). The subtraction order of experimental receptor data

was inversed to obtain a direct linear correlation with the

computational measure.

Supporting Information

Figure S1 Time course of influenza transmission
through B passage lines. A separate D0 and D1 ferret

established the passage line B of the naı̈ve experimental group.

Similarly, a separate D0 and D1 ferret established passage line B of

the MIV experimental group. The same D0 ferret infected two

different D1 ferrets to establish the passage line B of the PBS+IFA

and MIV+IFA experimental groups. Nasal washes were collected

daily from ferrets and virus load measured by real time RT-PCR.

During the experiment, both the rapid test result (PBS+IFA,

MIV+IFA day 0–26) and the raw Ct value (naı̈ve, MIV, MIV+IFA

day 27 onwards) was used as a marker of infection and

transmission. The data points whereby transmission of virus to

recipient ferrets were deemed to have occurred are identified as

red symbols. Direct intranasal inoculation (arrow).

(TIF)

Figure S2 Time course of N156K mutant influenza virus
transmission through naı̈ve ferrets. R0–R7 ferrets from

lines A and B are identified. Nasal washes were collected daily

from ferrets and virus load measured by real time RT-PCR assay.

During the experiment, the raw Ct value was used as a marker of

infection and transmission. The data points whereby transmission

of virus to recipient ferrets were deemed to have occurred are

identified as red symbols. Direct intranasal inoculation (arrow).

(TIF)

Figure S3 3-D modeling of structure and interactions
around HA position 156. (A) Linear correlation of experi-

mentally measured and computationally predicted relative a-2,6-

to a-2,3-linked receptor preference, R2 = 0.72 (B) Position 156

(red) on the HA head domain (gray) is at the crossing of 3

previously crystallized antibody binding interfaces (cyan-antibody

to 1918 A(H1N1) PDB:3lzf [48]; yellow-antibody to A(H3N2)

PDB:2vir [47]; green-antibody to A(H3N2) PDB:1ken [46]. (C–
D) 3-D modeling of HA containing G155E+N156K. (C)
Electrostatic surface potential in the HA head domain, calculated

with the Particle Mesh Ewald method implemented in YASARA.

Blue indicates positive and red indicates negative charge

potential. A host receptor analogue is shown in magenta. (D)
Structural modeling of single and pair mutations in HA with

bound a-2,6- or a-2,3-linked host receptor ligands. Comparison

of N156 wildtype (green HA/yellow ligand) and N156K (cyan

HA/red ligand) with double mutant G155E+N156K (purple

HA/gray ligand).

(TIF)

Table S1 HA1 genetic variation within individual nasal
wash samples and virus inoculum by cloning analysis.
Variation compared to the original egg inoculum consensus
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sequence and number of times mutation detected (#) is indicated.

Bold mutations were detected in $4% of colonies sequenced.
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Acknowledgments

The authors acknowledge all laboratories that submitted A(H1N1)pdm09

HA sequences to GenBank or the EpiFlu database of the Global Initiative

on Sharing All Influenza Data (GISAID). The authors acknowledge the

contribution of reagents from C. Baas, H. Peck, Y. Deng and J. Butler from

the WHO Collaborating Centre for Reference and Research on Influenza.

Author Contributions

Conceived and designed the experiments: T. Guarnaccia, S. Maurer-

Stroh, R.T.C. Lee, P.C. Reading, J.M. McCaw, J. McVernon, I.G. Barr,

K.L. Laurie. Performed the experiments: T. Guarnaccia, L.A. Carolan, S.

Maurer-Stroh, R.T.C. Lee, E. Job, A.C. Hurt, K.L. Laurie. Analyzed the

data: T. Guarnaccia, S. Maurer-Stroh, R.T.C. Lee, S. Petrie, J.M.

McCaw, J. McVernon, A.C. Hurt, J. Mosse, K.L. Laurie. Contributed

reagents/materials/analysis tools: P.C. Reading, S. Maurer-Stroh, R.T.C.

Lee. Wrote the paper: T. Guranaccia, L.A. Carolan, S. Maurer-Stroh,

R.T.C. Lee, E. Job, P.C. Reading, S. Petrie, J.M. McCaw, J. McVernon,

A.C. Hurt, A. Kelso, J. Mosse, I.G. Barr, K.L. Laurie.

References

1. Dawood FS, Jain S, Finelli L, Shaw MW, Lindstrom S, et al. (2009) Emergence

of a novel swine-origin influenza A (H1N1) virus in humans. N Engl J Med 360:
2605–2615.

2. WHO (2012) Recommended composition of influenza virus vaccines for use in the
2012–2013 northern hemisphere influenza season. Available: http://www.who.

int/influenza/vaccines/virus/recommendations/201202_recommendation.pdf
Accessed 19 September 2012.

3. WHO (2012) Recommended composition of influenza virus vaccines for use in
the 2013 southern hemisphere influenza season. Available: http://www.who.

int/influenza/vaccines/virus/recommendations/201209_recommendation.pdf

Accessed 19 September 2012.

4. Kelly H, Peck HA, Laurie KL, Wu P, Nishiura H, et al. (2011) The age-specific

cumulative incidence of infection with pandemic influenza H1N1 2009 was
similar in various countires prior to vaccination. PLoS One 6: e21828.

5. Schmolke M, Garcia-Sastre A (2010) Evasion of innate and adaptive immune
responses by influenza A virus. Cell Microbiol 12: 873–880.

6. Caton AJ, Brownlee GG, Yewdell JW, Gerhard W (1982) The antigenic
structure of the influenza virus A/PR/8/34 hemagglutinin (H1 subtype). Cell

31: 417–427.

7. Gerhard W, Yewdell J, Frankel ME, Webster R (1981) Antigenic structure of

influenza virus haemagglutinin defined by hybridoma antibodies. Nature 290:
713–717.

8. Yewdell JW, Gerhard W (1981) Antigenic characterization of viruses by
monoclonal antibodies. Annu Rev Microbiol 35: 185–206.

9. Both G W, Sleigh M J, Cox N J, Kendal A P (1983) Antigenic drift in influenza
virus H3 hemagglutinin from 1968 to 1980: multiple evolutionary pathways and

sequential amino acid changes at key antigenic sites. Journal of Virology 48: 52–

60.

10. Skehel JJ, Stevens DJ, Daniels RS, Douglas AR, Knossow M, et al. (1984) A

carbohydrate side chain on hemagglutinins of Hong Kong influenza viruses
inhibits recognition by a monoclonal antibody. Proc Natl Acad Sci U S A 81:

1779–1873.

11. Martinez O, Tsibane T, Basler CF (2009) Neutralizing anti-influenza virus

monoclonal antibodies: therapeutics and tools for discovery. International
Reviews of Immunology 28: 69–92.

12. Haaheim LR, Tomasov CC, Barr IG, Hampson AW, Komadina N (2006)
Identification of genetic diversity by cultivating influenza A(H3N2) virus in vitro

in the presence of post-infection sera from small children. Vaccine 10: 44–46.

13. Hensley SE, Das SR, Bailey AL, Schmidt LM, Hickman HD, et al. (2009)

Hemagglutinin receptor binding avidity drives influenza A virus antigenic drift.

Science 326: 734–736.

14. Hoelzer K, Murcia PR, Baillie GJ, Wood JL, Metzger SM, et al. (2010) Intrahost

evolutionary dynamics of canine influenza virus in naive and partially immune
dogs. Journal of Virology 84: 5329–5335.

15. O’Donnell CD, Vogel L, Wright A, Das SR, Wrammert J, et al. (2012) Antibody
pressure by a human monoclonal antibody targeting the 2009 pandemic H1N1

virus hemagglutinin drives the emergence of a virus with increased virulence in
mice. mBio 3: e00120–00112.

16. Rudneva I, Ignatieva A, Timofeeva T, Shilov A, Kushch A, et al. (2012) Escape
mutants of pandemic influenza A/H1N1 2009 virus: variations in antigenic

specificity and receptor affinity of the hemagglutinin. Virus Research 166: 61–

67.

17. Long J, Bushnell RV, Tobin JK, Pan K, Deem MW, et al. (2011) Evolution of

H3N2 influenza virus in a guinea pig model. PLoS One 6: e20130.

18. Murcia PR, Baillie GJ, Daly J, Elton D, Jervis C, et al. (2010) Intra- and

interhost evolutionary dynamics of equine influenza virus. Journal of Virology
84: 6943–6954.

19. Wilson I, Cox N (1990) Structural basis of immune recognition of influenza virus
hemagglutinin. Annual review of immunology 8: 737–771.

20. Wang M, Skehel J, Wiley D (1986) Comparative analyses of the specificities of
anti-influenza hemagglutinin antibodies in human sera. Journal of Virology 57:

124–128.

21. Jayaraman A, Chandrasekaran A, Viswanathan K, Raman R, Fox JG, et al.

(2012) Decoding the distribution of glycan receptors for human-adapted
influenza A viruses in ferret respiratory tract. PLoS One 7: e27517.

22. Belser JA, Katz JM, Tumpey TM (2011) The ferret as a model organism to study
influenza A virus infection. Disease Models & Mechanisms 4: 575–579.

23. O’Donnell CD, Subbarao K (2011) The contribution of animal models to the

understanding of the host range and virulence of influenza A viruses. Microbes

and Infection 13: 502–515.

24. Laurie KL, Carolan LA, Middleton D, Lowther S, Kelso A, et al. (2010)

Multiple infections with seasonal influenza A virus induce cross-protective

immunity against A(H1N1) pandemic influenza virus in a ferret model. Journal

of Infectious Diseases 202: 1011–1020.

25. Rockman S, Middleton DJ, Pearse MJ, Barr IG, Lowther S, et al. (2012) Control

of pandemic (H1N1) 2009 influenza virus infection of ferret lungs by non-

adjuvant-containing pandemic and seasonal vaccines. Vaccine 30: 3618–3623.

26. World Health Organization GIP (2002) WHO Manual on Animal Influenza

Diagnosis and Surveillance. WHO/CDS/CSR/NCS/2002.5 Rev.1.

27. Winter G, Fields S, Brownlee GG (1981) Nucleotide sequence of the

haemagglutinin gene of a human influenza virus H1 subtype. Nature 292: 72–

75.

28. Chandrasekaran A, Srinivasan A, Raman R, Viswanathan K, Raguram S, et al.

(2008) Glycan topology determines human adaptation of avian H5N1 virus

hemagglutinin. Nature Biotechnology 26: 107–113.

29. Chen X, Wang W, Zhou H, Suguitan Jr AL, Shambaugh C, et al. (2010)

Generation of live attenuated novel influenza virus A/California/7/09 (H1N1)

vaccines with high yield in embryonated chicken eggs. Journal of Virology 84:

44–51.

30. Glaser L, Stevens J, Zamarin D, Wilson IA, Garcı́a-Sastre A, et al. (2005) A

single amino acid substitution in 1918 influenza virus hemagglutinin changes

receptor binding specificity. Journal of Virology 79: 11533–11536.

31. Igarashi M, Ito K, Yoshida R, Tomabechi D, Kida H, et al. (2010) Predicting

the antigenic structure of the pandemic (H1N1) 2009 influenza virus

hemagglutinin. PLoS One 5: e8553.

32. Coleman PM (1998) Textbook of Influenza; Nicholson KG, Webster RG, Hay

AJ, editors. UK: Blackwell Science.

33. Hurt AC, Nor’e SS, McCaw JM, Fryer HR, Mosse J, et al. (2010) Assessing the

viral fitness of oseltamivir-resistant influenza viruses in ferrets, using a

competitive-mixtures model. Journal of Virology 84: 9427–9438.

34. Imai M, Kawaoka Y (2012) The role of receptor binding specificity in

interspecies transmission of influenza viruses. Current Opinion in Virology 2:

160–167.

35. Viswanathan K, Chandrasekaran A, Srinivasan A, Raman R, Sasisekharan V, et

al. (2010) Glycans as receptors for influenza pathogenesis. Glycoconjugate

Journal 27: 561–570.

36. Matrosovich M, Matrosovich T, Carr J, Roberts NA, Klenk H-D (2003)

Overexpression of the a-2,6-Sialyltransferase in MDCK Cells Increases

Influenza Virus Sensitivity to Neuraminidase Inhibitors. Journal of Virology

77: 8418–8425.

37. Braakman I, Hoover-Litty H, Wagner KR, Helenius A (1991) Folding of

influenza hemagglutinin in the endoplasmic reticulum. Journal of Cell Biology

114: 401–411.

38. Chia J, Yeo KP, Whisstock JC, Dunstone MA, Trapani JA, et al. (2009)

Temperature sensitivity of human perforin mutants unmasks subtotal loss of

cytotoxicity, delayed FHL, and a predisposition to cancer. Proc Natl Acad

Sci U S A 106: 9808–9814.

39. Lin YP, Gregory V, Collins P, Kloess J, Wharto S, et al. (2010) Neuraminidase

receptor binding variants of human influenza A(H3N2) viruses resulting from

substitution of aspartic acid 151 in the catalytic siteL a role in virus attachment?

Journal of Virology 84: 6769–6781.

40. Strengell M, Ikonen N, Ziegler T, Julkunen I (2011) Minor Changes in the

Hemagglutinin of Influenza A(H1N1)2009 Virus Alter Its Antigenic Properties.

PLoS One 6: e25848.

41. Ramos I, Bernal-Rubio D, Durham N, Belicha-Villanueva A, Lowen AC, et al.

(2011) Effects of receptor binding specificity of avian influenza virus on the

human innate immune response. Journal of Virology 85: 4421–4431.

42. Gambaryan AS, Karasin AI, Tuzikov AB, Chinarev AA, Pazynina GV, et al.

(2005) Receptor-binding properties of swine influenza viruses isolated and

propagated in MDCK cells. Virus Research 114: 15–22.

43. Kumari K, Gulati S, Smith DF, Gulati U, Cummings RD, et al. (2007) Receptor

binding specificity of recent human H3N2 influenza viruses. Virology Journal 4:

42.

Antigenic Drift of A(H1N1)pdm09 Virus in Ferrets

PLOS Pathogens | www.plospathogens.org 17 May 2013 | Volume 9 | Issue 5 | e1003354



44. Stevens J, Blixt O, Glaser L, Taubenberger JK, Palese P, et al. (2006) Glycan

microarray analysis of the hemagglutinins from modern and pandemic influenza

viruses reveals difference receptor specificities. Journal of Molecular Biology 355:

1143–1155.

45. Viswanathan K, Koh X, Chandrasekaran A, Pappas C, Raman R, et al. (2010)

Determinants of glycan receptor specificity of H2N2 influenza A virus

hemagglutinin. PLoS One 5: e13768.

46. Barbey-Martin C, Gigant B, Bizebard T, Calder LJ, Wharton SA, et al. (2002)

An antibody that prevents the hemagglutinin low pH fusogenic transition.

Virology 294: 70–74.

47. Fleury D, Wharton SA, Skehel JJ, Knossow M, Bizebard T (1998) Antigen

distortion allows influenza virus to escape neutralization. Nature Structural

Biology 5: 119–123.

48. Xu R, Ekiert DC, Krause JC, Hai R, Crowe JE Jr, et al. (2010) Structural basis

of preexisting immunity to the 2009 H1N1 pandemic influenza virus. Science

328: 357–360.

49. Pollard AJ, Hill AVS (2011) Antibody Repertoire: Embracing Diversity. Science

Translational Medicine 3: 93ps32.

50. Lin YP, Xiong X, Wharton SA, Martin SR, Coombs PJ, et al. (2012) Evolution

of the receptor binding properties of the influenza A(H3N2) hemagglutinin. Proc

Natl Acad Sci U S A 109: 21474–21479.

51. Yang H, Carney P, Stevens J (2010) Structure and Receptor binding properties

of a pandemic H1N1 virus hemagglutinin. Plos Currents 2: RRN1152.

52. Oh DY, Barr IG, Mosse JA, Laurie KL (2008) MDCK-SIAT1 cells show

improved isolation rates for recent human influenza viruses compared to

conventional MDCK cells. J Clin Microbiol 46: 2189–2194.

53. Murcia PR, Hughes J, Battista P, Lloyd L, Baillie GJ, et al. (2012) Evolution of

an Eurasian avian-like influenza virus in naı̈ve and vaccinated pigs. PLoS

Pathogens 8: e1002730.

54. WHO (2009) CDC protocol of realtime RTPCR for swine influenza A(H1N1)

Available: http://www.who.int/csr/resources/publications/swineflu/

CDCrealtimeRTPCRprotocol_20090428.pdf Accessed 4 April 2013.

55. Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR (2001) Universal primer

set for the full-length amplification of all influenza A viruses. Archives of

Virology 146: 2275–2289.

56. WHO (2009) Sequencing primers and protocol Available: http://www.who.int/

csr/resources/publications/swineflu/sequencing_primers/en/index.html Ac-

cessed 4 April 2013.

57. Hoffmann E, Neumann G, Kawaoka Y, Hobom G, Webster RG (2000) A DNA

transfection system for generation of influenza A virus from eight plasmids. Proc
Natl Acad Sci U S A 97: 6108–6113.

58. Deng YM, Caldwell N, Barr IG (2011) Rapid detection and subtyping of human

influenza A viruses and reassortants by pyrosequencing. PLoS One 6: e23400.
59. Gruber JD, Colligan PB, Wolford JK (2002) Estimation of single nucleotide

polymorphism allele frequency in DNA pools by using Pyrosequencing. Human
Genetics 110: 395–401.

60. Halvas EK, Aldrovandi GM, Balfe P, Beck IA, Boltz VF, et al. (2006) Blinded,

multicenter comparison of methods to detect a drug-resistant mutant of human
immunodeficiency virus type 1 at low frequency. Journal of Clincal

Microbiology 44: 2612–2614.
61. Lavebratt C, Sengul S (2006) Single nucleotide polymorphism (SNP) allele

frequency estimation in DNA pools using pyrosequencing. Nature Protocols 1:
2573–2582.

62. CDC (1982) Concepts and Procedures for Laboratory-Based Influenza

Surveillance. Kendal A PM, Skehel J, editor. Atlanta, GA: US Department of
Health and Human Services, CDC. 8 p.

63. McVernon J, Laurie KL, Nolan T, Owen R, Irving D, et al. (2010)
Seroprevalence of 2009 pandemic influenza A(H1N1) virus in Australian blood

donors, October–December 2009. Eurosurveillance 15: 19678.

64. Katoh K, Toh H (2008) Recent developments in the MAFFT multiple sequence
alignment program. Briefings in Bioinformatics 9: 286–298.

65. Monson R R (1990) Occupational Epidemiology. Boca Raton, FL: CRC Press.
66. Xu R, McBride R, Nycholat CM, Paulson JC, Wilson IA. W (2012) Structural

characterization of the hemagglutinin receptor specificity from the 2009 H1N1
influenza pandemic. Journal of Virology 86: 982–990.

67. Krieger E, Koraimann G, Vriend G (2002) Increasing the precision of

comparative models with YASARA NOVA-a self-parameterizing force field.
Proteins 47: 393–402.

68. Krieger E, Joo K, Lee J, Lee J, Raman S, et al. (2009) Improving physical
realism, stereochemistry, and side-chain accuracy in homology modeling: Four

approaches that performed well in CASP8. Proteins 77: 114–122.

69. Duan Y, Wu C, Chowdhury S, Lee MC, Xiong G, et al. (2003) A point-charge
force field for molecular mechanics simulations of proteins based on condensed-

phase quantum mechanical calculations. Journal of Computational Chemistry
24: 1999–2012.

70. York DM, Wlodawer A, Pedersen LG, Darden TA (1994) Atomic-level accuracy
in simulations of large protein crystals. Proc Natl Acad Sci U S A 91: 8715–

8718.

Antigenic Drift of A(H1N1)pdm09 Virus in Ferrets

PLOS Pathogens | www.plospathogens.org 18 May 2013 | Volume 9 | Issue 5 | e1003354


