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Abstract

The 2009 H1N1 pandemic (H1N1pdm) viruses have evolved to contain an E47K substitution in the HA2 subunit of the stalk
region of the hemagglutinin (HA) protein. The biological significance of this single amino acid change was investigated by
comparing A/California/7/2009 (HA2-E47) with a later strain, A/Brisbane/10/2010 (HA2-K47). The E47K change was found to
reduce the threshold pH for membrane fusion from 5.4 to 5.0. An inter-monomer salt bridge between K47 in HA2 and E21 in
HA1, a neighboring highly conserved residue, which stabilized the trimer structure, was found to be responsible for the
reduced threshold pH for fusion. The higher structural and acid stability of the HA trimer caused by the E47K change also
conferred higher viral thermal stability and infectivity in ferrets, suggesting a fitness advantage for the E47K evolutionary
change in humans. Our study indicated that the pH of HA fusion activation is an important factor for influenza virus
replication and host adaptation. The identification of this genetic signature in the HA stalk region that influences vaccine
virus thermal stability also has significant implications for influenza vaccine production.
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Introduction

The swine-origin H1N1 2009 influenza virus (H1N1pdm)

caused an estimated 151,700 to 575,400 deaths worldwide during

the first 12 months of the 2009 pandemic [1,2,3]. Children and

young adults were most vulnerable to infection because they

lacked pre-existing immunity to the H1N1pdm virus [4]. This

virus continues to be the predominant circulating H1N1 virus in

the human population and has been a component of the annual

seasonal influenza vaccine since the 2010 season.

Vaccination remains the most effective approach to prevent

influenza virus infection. In response to the 2009 pandemic, a

monovalent live attenuated influenza vaccine (LAIV) was

produced and administered to millions of people. The LAIV is a

6:2 reassortant virus that contains the six internal protein gene

segments from the cold-adapted A/Ann Arbor/6/60 that confer

the attenuation phenotype and the hemagglutinin (HA) and

neuraminidase (NA) antigenic glycoprotein gene segments from

A/California/7/2009 (Cal/09) H1N1pdm virus. However, the

development of the H1N1pdm LAIV presented significant

challenges. First, Cal/09-like viruses grew poorly in embryonated

chicken eggs, the substrate used for vaccine manufacturing. The

vaccine yield was improved by the E119K and G186D (H1

numbering) changes in the HA1 head region of the HA [5].

Second, the HA protein of Cal/09 could not be cleaved by

bromelain for HA protein preparation. The insensitivity to

bromelain cleavage is due to the HA 373 and 374 residues

(HA2 position 46 and 47) in the HA stalk region [6]. Third, the

Cal/09 LAIV has a shorter shelf-life at 4uC compared to the

previous seasonal H1N1 vaccines, and the reason for this has yet to

be determined.

The HA protein is a trimeric, class I membrane protein with a

membrane-proximal stalk region and a membrane-distal receptor

binding head region. It initiates viral entry by binding to sialic

acid-containing receptors on the host cell surface. The receptor

binding specificity of the HA protein has been known to be the

major determinant of viral host tropism, pathogenicity and human

to human transmission [7]. The cleavage of the HA precursor

HA0 to the disulfide bond-linked HA1 and HA2 subunits by

proteases in the host is required for viral fusion and infectivity.

After viral internalization by endocytosis, the low pH in the

endosome triggers an irreversible structural change in the HA

protein, allowing the viral envelope to fuse with the endosomal

membrane to release the ribonucleoprotein core of the virion into

the cytosol [8]. The threshold pH for fusion activation and acid

stability differs among different subtypes and strains and has been

recognized as an important factor in viral host restriction, stability,

transmissibility and pathogenesis [3,9,10,11,12,13].

Recent surveillance data has revealed the emergence of a

prominent mutation, E47K (HA2 numbering) in the HA2 stalk

region of H1N1pdm isolates [14,15,16,17]. In this study, we

compared two H1N1pdm viruses that differ at the HA2 position

47 of their HA proteins. We demonstrated that the HA2-47

residue determined the threshold pH of fusion. The inter-

monomer interaction between HA2-47 and the residue at HA1

position 21 in the stalk region of the HA protein was identified as
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the structural basis for the different pH for fusion activation and

thermal stability of H1N1pdm viruses. Furthermore, H1N1pdm

viruses with HA2-K47 are more infectious in ferrets, underscoring

the importance of the fusion activation pH of the HA protein for

viral host adaptation and fitness.

Results

The HA2-47 residue in the H1N1pdm HA stalk region
affects the threshold pH for membrane fusion

The HA proteins of the original H1N1pdm strain A/California/

7/2009 (Cal/09) and a later strain A/Brisbane/10/2010 (Bris/10)

were evaluated for their membrane fusion activity by a transient

expression assay. 293T cells were transfected with a dual-promoter

expression plasmid expressing both GFP and HA. After 24 hours of

transfection, the cells were treated with trypsin to allow HA

cleavage, followed by incubation in various pH buffers ranging

from pH 5.6 to 5.0 to trigger membrane fusion. In contrast to the

cells expressing only GFP, the cells expressing both GFP and HA

proteins underwent membrane fusion at pH 5.0 (Figure 1A), which

was apparent by the diffusion of the GFP signal. Cells transfected

with the HA from Cal/09 and Bris/10 exhibited a 0.4 pH unit

difference in the threshold pH at which fusion occurred. The fusion

of the Cal/09 HA was triggered at pH 5.4, while that of Bris/10

required pH 5.0. The levels of HA expression (100% vs. 104%) and

the ratio of the cleaved HA1/HA2 proteins (39% vs. 46%) after

trypsin treatment were comparable between the Cal/09 and Bris/

10 HA-transfected cells (Figure 1B).

The difference in the pH required for fusion between the HA

proteins of the two H1N1pdm viruses was further confirmed using

a viral fusion assay (Figure 1C). Vero cells were infected with wild

type (wt) Cal/09 or Bris/10 followed by a low pH treatment to

trigger membrane fusion as measured by syncytia formation.

Consistent with the transient expression assay, the Cal/09 virus

exhibited a higher threshold pH for fusion (pH 5.4) than the Bris/

10 virus (pH 5.0).

There are 6 amino acid differences between the HA proteins of

Cal/09 and Bris/10 in the HA head and stalk region (Figure 2A).

Each of the Bris/10-specific residues were introduced into the

corresponding position of the Cal/09 HA gene, and the threshold

pH for fusion was determined by the HA/GFP co-expression

fusion assay (Table 1). Only the substitution of the glutamic acid at

HA2 position 47 to lysine (Cal/09 HA2-E47K) effectively lowered

the threshold pH of the Cal/09 HA from 5.4 to 5.0. Conversely,

the HA2-K47E substitution in the HA of Bris/10 raised the

threshold pH for fusion from 5.0 to 5.4. These results indicate that

HA2 residue 47 regulates the threshold pH for fusion in the

H1N1pdm strains.

Recombinant wt Cal/09 and Bris/10 that differed at the HA2-

47 residue were generated and tested for their susceptibility to acid

inactivation (Figure 1D). Viral infectivity was kept at the starting

titers (approximately 6.0 log10 TCID50/mL) in the pH range of 7.2

to 5.6. In contrast, at pH 5.4, the infectious viral titers of Cal/09

HA2-K47 mutant and wt Bris/10 with HA2-K47 were more than

3.0 logs higher than their counterparts containing HA2-E47. By

pH 5.0, the infectivity of all viruses dropped to only 2.0 log10

TCID50/mL. The data demonstrated that the HA2-47 residue

affected the threshold pH for fusion and the acid stability of the

viruses.

The interaction between HA2-47 and HA1-21 affects the
threshold pH for fusion

HA2 residue 47 is in the subunit interface of the HA trimer,

which undergoes conformational changes during membrane

fusion. It has been predicted that the HA2-E47K change

introduces an inter-monomer salt bridge between the glutamic

acid residue at HA1 position 21 (E21) from one monomer to the

HA2-K47 in another (Figure 2) [17,18,19]. The HA1-E21 residue

is highly conserved among the H1 subtype viruses, including Cal/

09 and Bris/10. We hypothesized that the inter-monomer

interaction between HA1-E21 and HA2-K47 in the Bris/10 HA

trimer, which is not found in the Cal/09 trimer due to the

presence of HA2-E47, results in a more acid-stable structure than

that found in the Cal/09 trimer, such that a lower pH is required

for the Bris/10 HA to undergo the conformational change

required for viral infection compared to the Cal/09 HA. To

confirm that the HA1-E21 and HA2-K47 inter-monomer

interaction was critical for the threshold pH of fusion, an HA1-

E21K change was introduced into the HA of Cal/09 (Cal/09

HA1-E21K) and Bris/10 (Bris/10 HA1-E21K), and the threshold

pH for fusion was determined by the HA/GFP co-expression

fusion assay. As predicted, the HA1-E21K change in Cal/09

lowered the threshold pH for fusion from 5.4 to 5.0, which can be

explained by the introduction of the stabilizing salt bridge between

HA1-K21 and HA2-E47. Conversely, Bris/10 HA1-E21K, which

eliminated the interaction between residues HA1-21 and HA2-47

in the Bris/10 HA, raised the threshold pH for fusion from 5.0 to

5.4 (Figure 2). These data provide direct evidence that the

interaction between HA residues HA1-21 and HA2-47 stabilize

the HA trimer structure, resulting in a lower pH for fusion.

Viruses with a higher threshold pH for fusion grow better
in Vero cells

Cell lines that differ in their endosomal pH may support the

replication of viruses with different pH thresholds for fusion

differently. Vero cells have been reported to have a higher

endosomal pH than MDCK cells [20]. To test the effect of viral

fusion pH on virus growth, the growth kinetics of wt Bris/10 and

wt Cal/09 viruses that differed at the HA2-47 residue were

compared in Vero and MDCK cells (Figure 3). All viruses tested

grew efficiently with similar kinetics in MDCK cells and reached

similar peak titers (Figure 3A and B). In contrast, the two viruses

Author Summary

Influenza viruses cause seasonal epidemics and occasional
pandemics, representing a threat to public health. The
trimeric hemagglutinin (HA) surface glycoprotein mediates
viral entry and plays important roles in viral host
restriction, transmission and pathogenesis. The HA protein
binds to the receptor on the cell via the head region, and
mediates the low pH-triggered viral and cellular mem-
brane fusion via the stalk region. The 2009 H1N1 pandemic
(H1N1pm) viruses have been circulating in humans since
2009. A single amino acid change was found in the stalk
region of recent H1N1pdm strains. In this study, we
revealed that this amino acid change, by stabilizing the
trimer structure, lowered the pH for fusion and exhibited a
higher acid stability. Accordingly, the H1N1pdm with this
change showed higher thermal stability after high tem-
perature treatment. Furthermore, the H1N1pdm with this
change had higher infectivity in ferrets, suggesting that
recent H1N1pdm viruses have evolved to be more adapted
in humans. Our data not only indicate the importance of
the fusion activation pH to viral replication and host
adaptation, but also provide solutions to improve the
shelf-life of live vaccines in vaccine manufacture.

HA Stalk Region of H1N1pdm Affects Viral Fusion
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with the high threshold pH of fusion (wt Cal/09 HA2-E47 and the

Bris/10 HA2-E47 mutant virus) achieved peak titer with faster

kinetics in Vero cells than the corresponding viruses containing

HA2-K47 (Figure 3C and D). Remarkably, the Cal/09 virus with

the single HA2-E47K mutation exhibited a greater defect in

replication. No viral titers were detected until as late as 186 hpi.

Thus, a higher endosomal pH in Vero cells may not be able to

support the replication of viruses with a fusion pH threshold of 5.0

as efficiently as the one with a fusion pH threshold of 5.4.

The HA2-47 residue affects the thermal stability of
H1N1pdm viruses

Both low pH and high temperature treatment can induce an

irreversible conformational change in the HA protein, resulting in

the formation of an inactivated fusogenic structure [21,22,23]. To

determine if the high threshold pH for fusion (low acid stability)

correlates with the low thermal stability of the Cal/09 vaccine

virus, aliquots of Cal/09 HA2-E47 and Cal/09 HA2-K47 were

incubated at high temperatures, and the integrity of the HA

protein was assessed by a hemagglutination assay. Following a 20-

minute incubation at 47.5–65uC, both viruses retained HA titer

after incubation at temperatures of up to 52.5uC (Figure 4A). The

Cal/09 HA2-E47 virus showed a precipitous drop in HA titer

following the incubation at 55uC. In contrast, the Cal/09 HA2-

K47 virus retained HA titer at 55uC, not showing a similar drop

until 60uC, a temperature of 5uC higher than its HA2-E47

counterpart. Virus stability was then examined by holding the

Cal/09 virus pair at 57.5uC over a time period of 240 min

(Figure 4B). Cal/09 HA2-K47 had a more gradual decline in HA

titer over time compared to Cal/09 HA2-E47, demonstrating that

the Cal/09 HA2-E47 virus with lower acid stability also displayed

lower thermal stability compared to the HA2-K47 counterpart.

To investigate whether the HA2-47 residue affects the shelf-life of

the Cal/09 vaccine in vaccine formulation, Cal/09 HA2-E47 and

Cal/09 HA2-K47 vaccine viruses were purified and prepared in the

vaccine buffer formulation with 16 SP-cGAG. The viruses were

incubated at 26uC (Figure 4C) and 4uC (Figure 4D), and the virus

infectivity was measured at 3-day and 2-week intervals, respectively.

The Cal/09 HA2-K47 vaccine virus maintained a higher titer over

time than the Cal/09 HA2-E47 virus under both temperature

conditions. The HA2-K47-containing virus was 130-fold more

infectious when held at ambient temperature (Figure 4C) and

Figure 1. Cal/09 and Bris/10 HA differ in the threshold pH for membrane fusion. (A) Membrane fusion in 293T cells expressing Cal/09 or
Bris/10 HA proteins. 293T cells were transfected with a GFP expression plasmid (2), a dual expression plasmid co-expressing GFP and Cal/09 HA or
GFP and Bris/10 HA. Membrane fusion was observed after incubation with the indicated pH buffers. ‘‘+’’ indicates the fused cells. (B) Expression of the
HA proteins in the transfected 293T cells. Both cleaved (HA1 and HA2) and uncleaved (HA0) forms of the HA proteins were detected by western blot
using a sheep anti-HA polyclonal antibody. Values below the HA0 bands (2) trypsin represent the relative amount of Cal/09 and Bris/10 HA proteins.
Values below the HA1 and HA2 bands (+) trypsin indicate the percentage of HA1 and HA2 to total HA (HA0+HA1+HA2). All the values are the average
of three independent experiments. (C) Membrane fusion in Vero cells infected with Cal/09 or Bris/10 viruses. Vero cells were either mock-infected (2)
or infected with Cal/09 or Bris/10 viruses at an MOI of 4.0. At 14 hours post infection, cell membrane fusion was triggered as above. ‘‘+’’ indicates
syncytia formation. (D) Viral infectivity titers of wt Cal/09 and Bris/10 viruses (HA2-E47 or HA2-K47) after treatment with the indicated pH buffers.
doi:10.1371/journal.ppat.1003831.g001
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50-fold more infectious after more than 3 months at 4uC than the

HA2-E47-containing virus (Figure 4D). Taken together, these data

show that the HA2-E47K mutation in Cal/09 conferred greater

temperature stability across temperatures from 4uC to 57.5uC.

H1N1pdm viruses with HA2-K47 are more infectious in
ferrets

The global emergence and increased prevalence of the HA2-

E47K change in human H1N1pdm isolates have been reported

[15,16,17,24]. To evaluate whether increased stability due to

HA2-E47K conferred a fitness advantage to the H1N1pdm virus,

ferret studies were carried out to compare the infectivity of the two

pairs of H1N1pdm viruses: wt Cal/09 HA2-E47 and the Cal/09

HA2-K47 mutant; and wt Bris/10 HA2-K47 and the Bris/10

HA2-E47 mutant. Ferrets were inoculated with three doses of 10,

100 or 1000 PFU of each virus. As shown in Table 2, with high

virus inputs (100 and 1000 PFU), nearly every animal became

infected. All of the viruses were detected in the respiratory tissues,

and the ferrets exhibited weight loss and fever (data not shown).

The GMT titers of the shed viruses were not significantly different

between K47 and E47 viruses. In addition, the antibody titers

induced by the viruses that differed at position HA2-47 were also

comparable (data not shown). Interestingly, animals infected with

the Bris/10 pair shed virus at higher titers than animals infected

with the Cal/09 pair, indicating that other HA residues different

between Bris/10 and Cal/09 affected viral shedding.

At the low dose of infection (10 PFU), both viruses with HA2-

K47 were highly infectious in ferrets (Cal/09 HA2-K47 mutant,

Figure 2. An inter-monomer interaction between the HA residues HA1-21 and HA2-47 determines the threshold pH for fusion. (A)
The Cal/09 HA trimer structure (PDB file: 3LZG) was analyzed using Py-Mol modeling software. The six amino acid differences between the Cal/09 and
Bris/10 HA proteins are highlighted in orange. The conserved amino acid HA1-21 is highlighted in green. The locations of the three HA1-21 and HA2-
47 residues in each monomer are indicated. Only the location in one monomer is shown for the other residues. (B) Structure modeling of residues
HA1-21 and HA2-47, salt bridges between HA1-E21 and HA2-K47 (Bris/10), or HA1-K21 and HA2-E47 (Cal/09 E21K) are indicated. The threshold fusion
pH of each combination, as determined by the GFP fusion assay, is indicated adjacent to each model.
doi:10.1371/journal.ppat.1003831.g002

Table 1. Mapping the HA residues that affect the threshold
pH for membrane fusion.

HA HA amino acid position
Threshold
pH for fusion

HA1 HA1 HA1 HA1 HA1 HA2

83 125 127 203 321 47

Bris/10 S D E T V K 5.0

Cal/09 P N D S I E 5.4

Cal/09 M1 S - - - - - 5.4

Cal/09 M2 - D - - - - 5.4

Cal/09 M3 - - E - - - 5.4

Cal/09 M4 - - - T - - 5.4

Cal/09 M5 - - - - V - 5.4

Cal/09 M6 - - - - - K 5.0

Bris/10 M1 - - - - - E 5.4

The different amino acids between the HA of Cal/09 and Bris/10 are listed.
Single amino acid substitution was introduced into the Cal/09 HA plasmid (-: no
change). The threshold pH for fusion was determined by the HA/GFP co-
expression fusion assay.
doi:10.1371/journal.ppat.1003831.t001
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4/4 infected and wt the Bris/10 HA2-K47, 6/7 infected). In

contrast, the wt Cal/09 HA2-E47 virus infected only one of four

ferrets at the 10 PFU dose. The Bris/10 HA2-E47 mutant virus

did not infect any ferrets in study 1 (N = 3) and infected two out of

four ferrets in study 2 (N = 4). The FID50 of the wt Cal/09 HA2-

E47 virus was calculated to be 17.8 PFU, approximately 5 times

higher than the mutant Cal/09 HA2-K47 (3.2 PFU FID50).

Similarly, the FID50 of the wt Bris/10 HA2-K47 virus was

calculated to be 4.4 PFU, 5 times lower than that of Bris/10 HA2-

E47 (23 PFU FID50). The differences among the FID50 data was

significant based on the 95% confidence intervals using the

Spearman-Karber method. Thus, the HA2-E47K change in

recently circulating H1N1pdm viruses increased viral infectivity

in ferrets.

Discussion

The original A/California/7/09 (Cal/09)-like H1N1pdm

strains contained E47 in the HA2 stalk region. Since July 2009,

an E47K mutation emerged and rapidly became predominant

worldwide. Our studies have demonstrated the importance of this

residue for viral membrane fusion activity, acid and thermal

stability and infectivity in vivo. The pH for fusion activation has

been shown to regulate the virulence and transmission of influenza

H5N1 viruses in ferrets and mice [11,13]. Our study on

H1N1pdm supports the model that the pH of fusion activation

is an important factor in determining viral fitness in humans.

The HA2-47 residue is located in the helix region near the

fusion peptide which undergoes a dramatic conformational change

to form a coiled-coil structure during the low pH triggered

membrane fusion. It mediates an electrostatic interaction to other

residues in the HA trimer interface to maintain a structure

required for membrane fusion [8,19,25]. The HA2 Q47R and

Q47K changes in the H3 and H7 viruses, respectively, have been

previously reported to affect virus fusion pH [26]. Structure

modeling has suggested that a salt bridge between a highly

conserved acidic residue HA1-E21 and the basic residue HA2-

K47, which is absent between HA1-E21 and HA2-E47, would

require higher protonation (a lower pH) for fusion to occur. We

experimentally confirmed that the interaction between the

residues HA1-21 and HA2-47 in the HA monomer interface

regulates the pH of fusion activation for H1N1pdm viruses. High

temperature at neutral pH can also induce a conformational

change in the HA that was indistinguishable from the low pH-

induced conformational change, in which the metastable prefusion

HA changes to a fusogenic form leading to protein inactivation

[21,22,23]. Thus, a higher threshold pH for fusion normally

reflects a lower viral thermal stability. We showed that the viruses

containing HA2-K47 exhibited higher stability after heat treat-

ment or prolonged incubation at 26uC and 4uC compared to their

Figure 3. Growth kinetics of H1N1pdm viruses with HA2-E47 or K47 in MDCK and Vero cells. MDCK (A, B) and Vero (C, D) cells were
infected with recombinant wt Bris/10 (HA2-K47) and the HA2-E47 mutant (A, C), or wt Cal/09 (HA2-E47) and the HA2-K47 mutant (B, D) at an MOI of
0.004. At the indicated time of post infection, virus titers were determined by TCID50 in MDCK cells.
doi:10.1371/journal.ppat.1003831.g003

HA Stalk Region of H1N1pdm Affects Viral Fusion
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Figure 4. The impact of HA2-47 on the thermal stability of H1N1pdm vaccine viruses. The 6:2 ca viruses with equalized HA titers were
incubated at the indicated temperatures. Following either a 20 minute incubation at the indicated high temperatures (A) or a 4 hour time-course at
57.5uC (B), the HA titers were re-measured. The 6:2 ca viruses were purified and re-suspended in 16 SP-cGAG. Duplicate aliquots of virus were
maintained within a controlled chamber at either 26uC for 35 days (C) or 4uC for 14 weeks (D). At the indicated time points, the infectivity of viruses
was examined by TCID50 assay in MDCK cells.
doi:10.1371/journal.ppat.1003831.g004

Table 2. The impact of the HA2-47 residue on wt H1N1pdm infectivity in ferrets.

Virus Infection dose (PFU) No. infected/total Nasal wash virus titer (log10TCID50/mL±SD) FID50 (PFU)

Cal/09 HA2-E47 10 1/4 6.5860 17.8

100 4/4 3.6261.23

1000 4/4 2.9560

Cal/09 HA2-K47 10 4/4 3.8760.76 3.2

100 4/4 2.8260.76

1000 4/4 2.1260.14

Bris/10 HA2-K47 10 6/7 6.1160.7 4.4

100 7/7 5.9760.7

1000 7/7 5.3560.48

Bris/10 HA2-E47 10 2/7 6.8360.19 23

100 6/7 6.0460.67

1000 7/7 5.5960.4

Groups of ferrets were inoculated with the indicated amount of wt A/California/7/09 (Cal/09 HA2-E47), the E47K mutant (Cal/09 HA2-K47), wt A/Brisbane/10/2010 (Bris/
10 HA2-K47) or the K47E mutant (Bris/10 HA2-E47). The number of infected ferrets in each group (N = 4 or 7) and geometric mean titers of the nasal wash samples from
the infected ferrets at day 3 post-infection determined by TCID50 are indicated. PFU: plaque forming units. FID50: 50% ferret infection dose; SD: standard deviation.
doi:10.1371/journal.ppat.1003831.t002

HA Stalk Region of H1N1pdm Affects Viral Fusion
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HA2-E47 counterparts. It is noteworthy that each subtype of

influenza viruses contains specific and highly conserved amino

acids at positions HA1-21 and HA2-47 of the HA. It would be

interesting to further explore the role of positions HA1-21 and

HA2-47 in viral fusion activity in other influenza virus subtypes.

The inter-monomer interaction between residue 21 in the HA1

region and residue 47 in the HA2 region identified in this study

provides a structural explanation for the decreased thermal

stability of the H1N1pdm vaccine viruses at 4uC, a challenge

encountered during the 2009 H1N1 pandemic response. The

H1N1pdm vaccine strain with the HA2-K47 residue is preferred

as a vaccine candidate because of its prolonged shelf-life at 4uC. It

has also been confirmed at MedImmune that the Bris/10 (HA2-

K47) monovalent LAIV has an improved shelf-life at 4uC
compared to Cal/09 (HA2-E47) (data not shown). The HA2

residue 47 was also responsible for the poor cleavage of the Cal/09

HA by bromelain, an enzyme used to release the HA ectodomain

from the viral envelope. Bris/10 with HA2-K47 can be efficiently

cleaved by bromelain, while Cal/09 with HA2-E47 cannot [6].

Virus adaptation to different cell lines, host species or under the

pressure of higher endosomal pH induced by the antiviral drug

amantadine often lead to mutations in the HA that result in a

change in the fusion pH [26,27,28]. Consistent with a previous

report that a PR8 HA2 mutant with a higher HA fusion pH

threshold of 5.4 grew better in Vero cells than the wt PR8 with a

lower fusion pH threshold of 5.2 [20], we observed a growth

advantage forH1N1pdm viruses with HA2 E47, which have a

fusion pH threshold of 5.4, in Vero cells. A more recent

H1N1pdm isolate from 2012 containing K47 was also tested

and found to have a similar growth defect in Vero cells (data not

shown). The engineering of HA with an optimal pH for fusion

activation resulting in higher viral replication could be leveraged

to improve virus yield for cell culture-based vaccine production.

An optimal fusion pH is required for balancing viral acidic

stability in the mildly acidic nasal tissue environment and fusion

activation in the acidic endosome. Human influenza viruses have a

lower fusion pH than their avian counterparts, indicating that the

pH of fusion activation may influence viral transmission and

establishment in new species [10]. Studies on H5N1 have

highlighted the importance of the pH of fusion activation to

host-specific replication and pathogenicity. Only a narrow pH

range of 5.5–6.2 supports efficient and sustainable infection of

H5N1 virus in ducks [29,30]. The pathogenicity of highly

pathogenic avian influenza virus (HPAI) H5N1 in chickens was

associated with a higher fusion pH compared to moderately

pathogenic avian influenza (MPAI) H5N1 [9]. A K58I mutation in

the HA2 of H5N1 that decreased the activation pH for fusion

reduced viral pathogenicity in ducks, but increased the virulence

and the infectivity and immunogenicity of an intranasal H5N1

vaccine virus in mice, showing the species specific impact of the

fusion activation pH [13,29,31,32]. For avian H5N1 viruses to

transmit among ferrets, sequence changes are required in both the

HA head region to alter receptor binding specificity and the stalk

region, in which a single residue change (T318I) near the fusion

peptide lowers the pH for fusion and increases virus stability [11].

Therefore, in addition to the receptor binding preference

conferred by the HA protein and viral replication capability

attributed by the internal protein genes [33], the pH of HA fusion

activation is another important factor for influenza virus host

tropism and transmission.

A mouse-adapted H1N1 virus that acquires an HA2-W47G

change was reported to lower both the fusion pH and lethal dose

in mice [34,35]. The E47K change at the same HA2 position in

the H1N1pdm viruses resulted in a similar biological phenotype

for fusion activation pH and infectivity in ferrets. The H1N1pdm

with K47 in HA2 is consistently both more acid stable in vitro and

more infectious than viruses with E47 in ferrets, indicating that a

highly acid stable virus is more fit in the acidic environment of the

human respiratory tract. The FID50 value of H1N1pdm obtained

herein is consistent with our previous study, in which we also

showed that the H1N1pdm virus is more infectious than the

previously circulating seasonal H1N1 virus [36]. A recent 2012

H1N1pdm strain was reported to have a lower fusion pH

compared to Cal/09 [10]. These studies indicate that a lower

fusion pH is often associated with adaptation to humans. The

various challenges and lessons learned from the 2009 H1N1pdm

will enable us to better understand cross-species virus adaptation

from animal hosts to humans and rapidly respond to future

pandemics.

Materials and Methods

Ethics statement
The ferret studies were conducted in an AAALAC accredited

facility under a specified protocol (ACF-12-004) as approved by

MedImmune’s Institutional Animal Care and Use Committee

(IACUC). MedImmune is registered with the United States

Department of Agriculture (USDA) and applies the standards for

the institutional animal care and use program as outlined in the

Guide for the Care and Use of Laboratory Animals (Guide),

Eighth Edition, National Research Council (NRC), 2011.

Cells and viruses
Madin-Darby Canine Kidney (MDCK) cells, Vero cells and

293T cells were grown in Dulbecco modified Eagle medium

(DMEM) containing 10% fetal bovine serum (FBS). The

recombinant influenza viruses used in this study were generated

by plasmid rescue as previously described and propagated in 10- to

11-day-old embryonated chicken eggs [37]. The QuikChangeH
Site-directed Mutagenesis kit (Agilent Technologies, Santa Clara,

CA) was used to introduce changes in the HA plasmids.

Recombinant wild type (wt) A/California/7/2009 (Cal/09) and

wt A/Brisbane/10/2010 (Bris/10) reassortants containing the

Bris/10 HA and NA and the 6 internal protein gene segments of

Cal/09 were made by reverse genetics. The 6:2 reassortant

vaccine viruses contain the corresponding wt HA and NA protein

genes and the 6 internal protein genes from the A/AnnArbor/6/

60 (AA ca, H2N2) [5,37].

Fusion assay
HA protein-mediated membrane fusion was assessed by

transient expression in 293T cells. The Green Florescent Protein

(GFP) and HA genes were cloned into each cloning site of a dual

expression vector pVitro2-neo-mcs (Invivogen, San Diego, CA).

Point mutations were introduced into the HA by site-directed

mutagenesis and confirmed by sequencing. The 293T cells were

transfected with 1 mg of the HA/GFP plasmid using Lipofecta-

mine 2000 (Invitrogen, Grand Island, NY). Twenty-four hours

post transfection, cells were carefully washed one time with PBS,

followed by 10 min of treatment with a trypsin-like enzyme,

TrypLE (1:5) (Gibco, Grand Island, NY), at 37uC to cleave the

HA0 protein. The TrypLE was then inactivated by the addition of

10% FBS in PBS, and the transfected cells were incubated with

different pH buffers ranging from 5.0 to 7.2 for 5 minutes and

neutralized by the addition of DMEM/10% FBS. After incubating

for 2 hours, the fused cells were monitored by GFP fluorescence

using the Nikon Eclipse Ti microscope. The expression of the HA

protein in transfected 293T cells was examined by Western Blot
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using influenza-specific antibodies. Band density was quantitated

using the ImageQuant LAS 4000 Luminescent Image Analyzer

(GE Healthcare).

The formation of syncytia after viral infection was evaluated by

infecting monolayers of Vero cells with a multiplicity of infection

(MOI) of 4.0 at 37uC for 14 hours. The infected cells were treated

with PBS/TrypLE and exposed to buffers of different pH as

described above. The cells were stained with the Hema-3-Stat kit

(Fisher, Pittsburg, PA), and syncytia formation was examined by a

light microscope.

Acid stability studies
The acid stability of the viruses was measured by determining

viral infectivity after acid treatment. Viruses were initially diluted

10-fold in PBS. The pH of the diluted viruses was lowered by

careful, dropwise addition with 0.1M Citric Acid until the desired

pH was reached. The viruses were then incubated at 37uC for

1 hour. The titers of acid treated viruses were determined by

TCID50 assay in MDCK cells.

Growth kinetics
Cells were infected with each virus at an MOI of 0.004 for

1 hour, washed twice with PBS and then incubated at 37uC for 4

days in minimum essential medium (MEM) containing 1:40

TrypLE. The culture supernatants were collected daily, and the

virus was titrated by 50% tissue culture infectious dose (TCID50) in

MDCK cells.

Thermal stability studies
The heat stability of the HA protein was measured by

determining the loss of the hemagglutination (HA) titer after

incubating the viruses at temperatures between 50uC and 65uC
for 0 to 240 min. The HA titer was measured pre- and

post-incubation. The evaluation of viral stability at room

temperature (26uC for 35 days) and 4uC (14 weeks) was conducted

with the sucrose purified virus in the vaccine virus formulation

buffer, 16 SP-cGAG (Sucrose-Phosphate+1% concentrated Gel-

atin-Arginine-Glutamate). Duplicate aliquots were removed at

various time-points and stored at 280uC prior to viral titration by

TCID50 assay in MDCK cells.

Ferret studies
The infectivity of the H1N1pdm wt virus was determined using

9- to 12-week-old male and female ferrets from Simonsen

Laboratories (Gilroy, CA). The ferrets were individually housed

and inoculated with PBS or 10, 100, or 1000 plaque forming units

(PFU) of the indicated viruses intranasally. The body weight and

temperature of the ferrets were monitored and nasal washes

were collected daily. On day 3 after infection, the ferrets were

euthanized and the nasal turbinates (NT) and lungs were

harvested. The virus titer in the nasal washes, lungs and NT was

determined by the TCID50 assay in MDCK cells and expressed as

log10TCID50/gram of tissue. The ferret 50 percent infectious dose

(FID50) was calculated by the Spearman-Karber method.
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