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Unlike previous pandemic viruses, the 2009 H1N1 pandemic influenza virus does not code for the virulence
factor PB1-F2. The genome of the 2009 H1N1 virus contains three stop codons preventing PB1-F2 expression;
however, PB1-F2 production could occur following genetic mutation or reassortment. Thus, it is of great
interest to understand the impact that expression of the PB1-F2 protein might have in the context of the 2009
pandemic influenza virus, A/California/04/2009 (Cal/09). We have addressed this question by generating two
Cal/09 viruses with productive PB1-F2 open reading frames containing either an asparagine at position 66 of
PB1-F2 (66N) or a serine at position 66 (66S): this N66S change has previously been shown to be associated
with increased virulence in mice. We used these viruses to investigate the effect on virulence conferred by
expression of the 66N or the 66S PB1-F2 protein in both in vitro and in vivo systems. Our results show enhanced
replication of the 66S virus in A549 cells, while studies of BALB/c and DBA/2 mice and ferrets revealed no
significant differences in symptoms of infection with wild-type Cal/09 versus the 66N or 66S virus variant. Also,
coinfection of mice with Streptococcus pneumoniae and the different viruses (recombinant wild-type [rWT]
Cal/09 and the 66N and 66S viruses) did not result in significant differences in mortality. Mice infected with
either PB1-F2-expressing virus did demonstrate altered protein levels of proinflammatory cytokines; differ-
ences were observed to be greater in infection caused by the 66S virus. In summary, our study demonstrates
that PB1-F2 expression by the Cal/09 virus modulates the immune response to infection while having a minimal
effect on virus virulence in two mammalian models.

Influenza A viruses, members of the family Orthomyxoviri-
dae, cause recurrent epidemics and global pandemics (21).
Early in 2009, a new H1N1 quadruple reassortant influenza
virus of swine origin emerged and spread globally (22). The
pandemic 2009 H1N1 virus is generally associated with mild
disease and a relatively low mortality rate. In contrast, influ-
enza viruses responsible for the three pandemics of the last
century, in 1918 (H1N1), 1957 (H2N2), and 1968 (H3N2),
caused millions of deaths worldwide (11, 20). It is speculated
that the absence of specific virulence factors, such as expres-
sion of the PB1-F2 protein, is responsible for the low virulence
associated with the 2009 H1N1 virus. Influenza viruses can
acquire virulence factors either through mutation due to the
low fidelity of the viral RNA polymerase or through genetic
reassortment with other circulating influenza viruses (21). Re-
cent studies have addressed the virulence, pathogenicity, and
transmissibility of a prototypic strain of the 2009 H1N1 virus,
influenza A/California/04/2009 (Cal/09), in different mamma-
lian models (12, 14, 18). However, a crucial question remains:
how might acquisition of additional virulence factors affect the
disease caused by the 2009 H1N1 influenza virus? In this study
we have sought to address the contribution of PB1-F2 protein

production to virulence in order to better understand the po-
tential consequences of genetic changes resulting in the acqui-
sition of a functional PB1-F2 gene by this pandemic virus.

PB1-F2 is a short viral protein of approximately 90 amino
acids expressed from a �1 reading frame in the PB1 gene
segment (4). Previous studies have shown that the PB1-F2
protein plays an important role in determining the degree of
virulence seen in both primary influenza virus infection (5, 27)
and secondary bacterial infection (16). In addition, a serine at
position 66 in PB1-F2 is associated with increased disease
pathology in a mouse model (5). The underlying molecular
mechanisms behind the increased virulence associated with
PB1-F2 expression are still a subject of discussion and re-
search. PB1-F2 is known to have a proapoptotic function in
immune cells as a result of interaction with the mitochondrial-
membrane-associated proteins VDAC-1 and ANT-3 (4, 26–
27). Additionally, PB1-F2 has been shown to increase influenza
virus polymerase activity in vitro through binding to the viral
polymerase subunit PB1 (15).

The pandemic H1N1 virus encodes a truncated 11-amino-
acid form of PB1-F2; the open reading frame (ORF) for
PB1-F2 in Cal/09 contains three stop codons preventing ex-
pression of the full-length protein. Since PB1-F2 is under the
selection pressure of the PB1 segment, the amino acid se-
quence of the Cal/09 virus PB1-F2 that would be generated if
these three stop codons were mutated would be quite different
from the PB1-F2 sequences found in the Puerto Rico/8/34
(PR8) virus or the 1918 virus, the prototype viruses used in
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prior studies of PB1-F2. The predicted full-length Cal/09
PB1-F2 is most closely related to the PB1-F2 proteins from H3
viruses and contains the basic amphipathic helix in the C ter-
minus. This region has been shown to be responsible for lo-
calization to the inner mitochondrial membrane (3, 25) and to
mediate the formation of nonspecific pores in synthetic lipid
bilayers (3).

In this study we used reverse genetics to rescue Cal/09 vi-
ruses coding for both the 66N and 66S forms of the full-length
PB1-F2 protein as models of acquisition via genetic mutation.
We then evaluated the effect of the introduced PB1-F2 protein
on viral virulence in both in vitro and in vivo systems. We found
that viruses possessing a functional PB1-F2 protein displayed
altered expression of proinflammatory genes, with enhanced
replication in human cells associated with the 66S mutation.
However, the PB1-F2 protein did not significantly enhance
virus virulence in either the mouse or the ferret model.

MATERIALS AND METHODS

Cells, bacteria, and viruses. A549, 293T, and MDCK cells were obtained from
the American Type Culture Collection (ATCC, Manassas, VA) and were main-
tained either in Dulbecco’s minimal essential medium (DMEM) or in MEM
(Gibco, Invitrogen) supplemented with 10% fetal calf serum (HyClone; Thermo
Scientific) and penicillin-streptomycin (Gibco, Invitrogen). Streptococcus pneu-
moniae ATCC 6303, a serotype 3 strain, was obtained from the ATCC (Manas-
sas, VA) and was grown to mid-logarithmic phase at 37°C in Todd-Hewitt broth
(Difco, Detroit, MI) in a 5% CO2 chamber.

All influenza A/California/04/2009 (Cal/09) recombinant viruses were propa-
gated in MDCK cells for 3 days at 35°C. All experiments involving 2009 H1N1
viruses were conducted under biosafety level 3 (BSL-3) conditions for both in
vitro work and in vivo animal work, in accordance with the guidelines of the
World Health Organization (24a).

Construction of plasmids. The eight reverse-genetics plasmids used for the
rescue of recombinant influenza A/California/04/2009 (Cal/09) virus—pDZ-
Cal04-PB2, pDZ-Cal04-PB1, pDZ-Cal04-PA, pDZ-Cal04-NP, pDZ-Cal04-HA,
pDZ-Cal04-NA, pDZ-Cal04-M, and pDZ-Cal04-NS—were constructed by
methods described previously (8–9, 19). A genetic tag was inserted into the
NS-encoding plasmid by site-specific mutagenesis, using the QuikChange XL
site-directed mutagenesis kit (Stratagene, La Jolla, CA). Nucleotides 263 to 268
(5�-GCTACC-3�) were replaced with 5�-GGTACC-3�, resulting in one silent
mutation and the creation of a novel KpnI restriction enzyme site. The mutation
was confirmed by sequencing.

The PB1 plasmids coding for complete PB1-F2 proteins—pDZ-Cal04-66N-
PB1 and pDZ-Cal04-66S-PB1—were derivatives of the wild-type (WT) PB1
segment. Briefly, the pDZ-Cal04-PB1 plasmid was subjected to site-directed
mutagenesis using the Stratagene QuikChange mutagenesis kit. The stop codons
at positions 12, 58, and 88 were changed to serine, tryptophan, and tryptophan,
respectively. The sequences of each construct were confirmed by automated
sequencing performed at the Mount Sinai School of Medicine sequencing core
facility.

Rescue of recombinant influenza A viruses. The influenza A Cal/04 viruses
were rescued as described previously (9). 293T cells were transfected with eight
pDZ vectors containing viral genomic RNA segments. At 12 h posttransfection,
the 293T cells were cocultured with MDCK cells. The rescued viruses were
further isolated by plaque purification on MDCK cells. The presence of the
introduced mutations in the PB1 segments was confirmed by sequencing the
reverse transcriptase PCR (RT-PCR) product of viral RNA (vRNA).

Growth curves of recombinant viruses. To analyze viral replication, confluent
MDCK and A549 cells were infected at a multiplicity of infection (MOI) of 0.05.
After incubation at 33°C in minimal essential medium containing 0.3% bovine
albumin and 1 �g of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin/ml, viral titers in supernatants were determined by plaque assays
in MDCK cells at selected time points postinfection (p.i.).

Infections of mice. Eight-week-old female BALB/c mice and DBA/2 mice
(Jackson Laboratory, Bar Harbor, ME) were anesthetized with a mixture of
ketamine and xylazine administered intraperitoneally and were infected intrana-
sally (i.n.) with different doses of viruses in a volume of 50 �l. To evaluate the
pathogenicity of the viruses, mice were inoculated with the indicated doses (see

Fig. 3) and were monitored daily for weight loss up to 14 days postinfection. All
mice showing more than 25% body weight loss were considered to have reached
the experimental end point and were euthanized humanely. For the determina-
tion of lung virus titers, histology, and cytokines, mice were euthanized at the
indicated day postinfection (see Fig. 3). Lungs were homogenized and resus-
pended in 1 ml of sterile phosphate-buffered saline (PBS), and viral titers were
evaluated on MDCK cells in the presence of 1.5 �g of TPCK-treated trypsin/ml.
For viral and bacterial coinfection experiments, recombinant influenza viruses
were given intranasally to groups of 10 mice at a dose of 5 � 105 PFU per mouse.
At day 7 postinfection, the animals were challenged with 20 CFU of S. pneu-
moniae. Body weights were monitored daily. Bacterial lung titers, cytokine/
chemokine expression, and lung histopathology were evaluated at day 4 post-
bacterial challenge.

Cytokine/chemokine quantitation. The expression of cytokines/chemokines in
the lung was determined by multiplex enzyme-linked immunosorbent assays
(ELISAs).

The concentrations of six different cytokines/chemokines (gamma interferon
[IFN-�], interleukin-1� [IL-1�], monocyte chemoattractant protein 1 [MCP-1],
macrophage inflammatory protein 1� [MIP-1�], RANTES, and tumor necrosis
factor alpha [TNF-�]) in the supernatants of the lung homogenates were inves-
tigated. A Beadlyte human multiplex ELISA analysis (Millipore) was performed
based on the manufacturer’s instructions. Briefly, 100 �l of supernatant samples
per well was incubated in a 96-well polyvinylidene difluoride filter (pore size, 1.2
�m) plate especially designed to retain cytokines/chemokines, with a mixture of
anti-cytokine IgG-conjugated beads for the different cytokines/chemokines as-
sayed. After overnight incubation at 4°C, the plate was washed three times with
assay solution (PBS [pH 7.4] containing 1% BSA, 0.05% Tween 20, and 0.05%
sodium azide). The washes were followed by a 1.5-h incubation with biotin-
conjugated anti-cytokine IgG at room temperature. After another wash, strepta-
vidin-phycoerythrin (streptavidin-PE) was added, followed by the addition after
30 min of stop solution (0.2% [vol/vol]) formaldehyde in PBS [pH 7.4]). The
plate was then filtered, and the contents of each well were resuspended in 125 �l
of assay buffer and was read in a Luminex 100 machine.

Histopathologic examination. The mouse lungs were removed immediately
following euthanasia, inflated, and fixed with 10% neutral buffered formalin
overnight at 4°C. Subsequently, they were embedded in paraffin, sectioned at a
thickness of 4 �m, stained with hematoxylin and eosin (H&E), and examined
under light microscopy for histopathologic changes. The images were obtained
on a Zeiss Axioplan 2IE epifluorescence microscope at a magnification of �20.

Ferret pathogenesis experiment. Male Fitch ferrets (Triple F Farms, Sayre,
PA), 6 to 12 months old and serologically negative for currently circulating
influenza viruses by hemagglutination inhibition (HI) assays, were used in this
study. Ferrets were housed for the duration of each experiment in a Duo-Flow
Bioclean mobile clean room (Lab Products, Inc., Seaford, DE). For each virus,
3 to 5 ferrets were inoculated i.n. with 106 PFU. Ferrets were monitored daily for
clinical signs as previously described (1). Nasal washes were collected on alter-
nate days p.i. and were titrated by a standard plaque assay for determination of
viral titers. Statistical significance for all experiments was determined using
Student’s t test.

Ferret hematologic analyses. On days zero, 3, 7, and 19 p.i., blood was col-
lected in EDTA Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) from
3 to 5 inoculated ferrets from each virus group. Complete blood counts from
peripheral blood were determined using a Hemavet HV950FS instrument ac-
cording to the manufacturer’s instructions (Drew Scientific, Inc., Oxford, CT).

RESULTS

Generation of PB1-F2-expressing A/California/04/2009 in-
fluenza viruses. All known human pandemic influenza viruses
express the virulence factor PB1-F2, except for the current
pandemic virus, Cal/09. With stop codons removed, all 2009
pandemic H1 viruses would code for the same PB1-F2 protein
(based on available sequences), which is 40% divergent from
the 1918 H1N1 PB1-F2 and close to 30% divergent from the
1957 H2 and 1968 H3 virus PB1-F2 proteins (Fig. 1).

In order to restore PB1-F2 expression by Cal/09, we first
established a reverse-genetics system for this virus. All eight
viral gene segments were cloned into the pDZ rescue plasmid
through reverse transcriptase PCR of viral RNA purified from
supernatants of MDCK cells infected with A/California/04/
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2009 (8, 9). Viruses were rescued by methods described pre-
viously (8, 19). The presence of the genetic marker KpnI,
located in the viral NS segment, was verified in the rescued
viruses (data not shown).

The PB1 segment of the Cal/09 virus contains three stop
codons in the PB1-F2 �1 open reading frame (ORF), at amino
acid positions 12, 58, and 88, that preclude the expression of
the full-length protein (Fig. 1). To mimic a potential genetic
change in Cal/09 that would enable PB1-F2 expression, we
used our reverse-genetics system to generate recombinant vi-
ruses with the desired genetic modifications. We first gener-
ated a PB1 segment with a productive PB1-F2 open reading
frame by changing the three stop codons to the corresponding
conserved codons enabling wild-type PB1-F2 production. This
was done without changing the amino acid sequence of the
PB1 gene. Additionally, we generated a recombinant Cal/09
virus coding for a previously described point mutation at po-
sition 66 in the PB1-F2 ORF that changes the asparagine
(66N) to serine (66S) without altering the amino acid sequence
of the PB1 gene (Fig. 1). This mutation is associated with
enhanced virulence of the 1918 virus in mice (5). The two
mutant Cal/09 viruses (Cal/09 66N and Cal/09 66S) were res-
cued in the same manner as the rWT Cal/09 virus. We could
not obtain direct evidence for the expression of the two forms
of PB1-F2 under in vivo infection conditions due to the lack of
a Cal/09 PB1-F2-specific antibody. However, the Cal/09 PB1
segment has all the critical sequences for PB1-F2 translation as
proposed by Chen et al. (4), and the Flag-tagged 66S/66N
Cal/09 PB1-F2 protein is detected in a Western blot assay
under in vitro expression conditions (data not shown). This
suggests that the PB1-F2 protein is likely expressed in our
PB1-F2 mutant viruses. All recombinant viruses were subse-
quently amplified in MDCK cells. The sequences of the PB1
segments were confirmed through sequencing.

The PB1-F2 66S mutant enhances viral replication in A549
cells. To study the impact of the restored PB1-F2 ORF on the
Cal/09 virus, we examined the replication of both the 66N and
66S PB1-F2-expressing viruses compared with that of the rWT

Cal/09 virus in both MDCK and A549 cells. All viruses grew to
comparable titers in MDCK cells (Fig. 2A). Furthermore, the
plaque sizes of the different viruses in MDCK cells were similar
(Fig. 2C). In contrast, when we grew these viruses in A549
cells, a human alveolar basal epithelial cell line, the Cal/09 66S
virus exhibited higher peak titers than the Cal/09 66N and rWT
viruses (Fig. 2B). Following this in vitro work, we utilized an-
imal systems to more closely evaluate the effect of PB1-F2
expression on disease.

Expression of PB1-F2 proteins does not have a significant
impact on virulence in BALB/c mice. To ascertain if the dif-
ferences observed in in vitro growth kinetics affected virus
pathogenicity in vivo, we inoculated BALB/c mice with either
PB1-F2-expressing or wild-type Cal/09 viruses in order to eval-
uate weight loss, viral replication in the lungs, proinflammatory
gene expression, and lung pathology following infection. In
general, mice infected with 5 � 105 PFU of any virus displayed
comparable and transient morbidity (as measured by weight
loss) (Fig. 3A). Mice infected with the Cal/09 66S virus expe-
rienced slightly more weight loss than other infected animals
on days 2 and 3 postchallenge. Similar results were obtained
following virus challenge with 5 � 103 PFU or 5 � 102 PFU
(data not shown).

To better understand the differences in the virulence of
disease caused by infection with these viruses, we next exam-
ined the kinetics of virus replication in the lungs. Mice were
infected intranasally with 5 � 103 PFU of different Cal/09
viruses as indicated in Fig. 3B. On days 3, 6, and 9 postinfec-
tion, three mice per group were sacrificed in order to deter-
mine viral titers in lung homogenates (Fig. 3B). On both day 3
and day 6 p.i., all three groups showed similar viral lung titers.
On day 9 p.i., virus remained in the homogenates of only one
out the three animals infected with either PB1-F2-expressing
Cal/09 virus.

It has been shown that PB1-F2 affects the immune response
to influenza virus infection by enhancing the production of
proinflammatory cytokines/chemokines and the recruitment of
immune cells (5, 16). We therefore proceeded to evaluate

FIG. 1. Alignment of the PB1-F2 open reading frames of pandemic influenza A virus strains. The coding regions for the PB1-F2 amino acid
sequences of the wild type Cal/09 virus and of other pandemic influenza viruses (1918 H1N1, 1957 H2N2, and 1968 H3N2) were aligned. The
mutations of stop codons necessary for the restoration of the PB1-F2 open reading frame (rWT) coding for the 66N or 66S version of the protein
are indicated.
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pathological changes (Fig. 3C) in the lungs of mice infected
with the Cal/09 viruses and the induction of proinflammatory
genes (Fig. 3D). Histologic examination of lungs taken at 3, 6,
and 9 days p.i. revealed degenerative changes with various
degrees of neutrophilic infiltrates and diffuse alveolar damage
with edema in all infected mice, especially on day 3 p.i. In
accordance with the recovery of body weight and decreased
proinflammatory gene expression, the degenerative changes
were diminished on day 9 postinfection. The production of the
cytokines IFN-�, IL-1�, and TNF-� was similar in all infected
animals. However, levels of MCP-1, MIP-1�, and RANTES
were significantly higher in mice infected with the Cal/09 66S
virus than in mice infected with the Cal/09 rWT virus at day
6 p.i. (Fig. 3D). Together, these data indicate that infection
with the Cal/09 66S virus induces higher expression levels of
selected cytokines and chemokines at early time points than
infection with either of the other two viruses (Fig. 3C and D).

PB1-F2 proteins do not have a significant impact on viru-
lence in DBA/2 mice. It was recently shown that DBA/2 mice
are more susceptible to influenza A virus infection than
BALB/c mice (2). To better distinguish between potential dif-
ferences in viral virulence conferred by PB1-F2 expression on
the Cal/09 background, we assessed the virulences of these

viruses in the DBA/2 model. DBA/2 mice were infected intra-
nasally with the different Cal/09 viruses at either 5 � 105 PFU,
5 � 104 PFU, or 5 � 103 PFU (Fig. 4). Pronounced morbidity
and mortality were observed following virus challenge levels as
low as 5 � 103 PFU, with all animals succumbing to infection
by day 7 p.i. (Fig. 4A). To evaluate viral replication in the lungs
of the DBA/2 mice, animals were infected intranasally with
recombinant viruses at a dose of 5 � 103 PFU and were
sacrificed on either day 2, 5, or 7 p.i. for the determination of
viral titers (Fig. 4B). Similar viral titers were recovered from all
three groups of infected mice on days 2 and 5 p.i. On day 7 p.i.,
animals infected with either the Cal/09 66N or the Cal/09 66S
virus had a 5-fold increase in titers over those of mice infected
with the rWT Cal/09 virus. In summary, all three viruses dem-
onstrated similar virulences in DBA/2 mice with respect to
both morbidity and mortality. It should be noted, however, that
small differences in virulence may not have been detectable
under the conditions used in the experiments.

We next performed an analysis of cytokine/chemokine ex-
pression in the lungs during infection (Fig. 4C). Infection with
the Cal/09 66S virus was associated with enhanced expression
of particular proinflammatory genes, but with a profile differ-
ent from that of the BALB/c model. On days 2 and 5 postin-
fection, IL-1� protein could be detected only in samples from
mice infected with the Cal/09 66S virus. Protein levels of
MIP-1� and RANTES were also significantly increased in the
lung samples from mice infected with the Cal/09 66S virus on
day 5 postinfection.

PB1-F2 expression does not exacerbate secondary bacterial
infection with Streptococcus pneumoniae. It has been shown that
the PB1-F2 protein promotes bacterial infection secondary to
influenza virus infection in mice (16). To determine the impact
of the Cal/09 PB1-F2 protein in priming the host for secondary
bacterial infection, we conducted coinfection studies of
BALB/c mice (Fig. 5). Animals infected with the different
Cal/09 viruses were challenged with a sublethal dose of S.
pneumoniae 7 days post-viral infection. Viral lung titers were
determined at the time of bacterial infection. Infection with
the Cal/09 66S virus led to a 5-fold increase in the viral lung
titer over that resulting from infection with the rWT Cal/09
virus and a 2-fold increase in the titer over that resulting from
Cal/09 66N virus infection (Fig. 5A). By day 5 post-bacterial
challenge, 2 out of 10 mice in the Cal/09 66S virus infection
group, compared with 1 out of 10 mice in each of the other two
virus infection groups, had succumbed to infection (Fig. 5B).
These data indicate that expression of PB1-F2 in the context of
the novel Cal/09 virus does not significantly alter the mortality
associated with secondary bacterial infection in mice.

Expression of PB1-F2 does not significantly alter disease
caused by infection with Cal/09 in ferrets. Ferrets are an es-
tablished model in influenza virology for studies of disease
pathology and transmission (23, 28). We therefore investigated
the impact of PB1-F2 expression on the virulence of the Cal/09
virus in the Fitch ferret model. Animals were inoculated intra-
nasally with 106 PFU of the Cal/09 wild-type virus or a variant
Cal/09 virus and were observed for 14 days p.i. for clinical signs
of infection (Fig. 6A). Ferrets infected with the 66S virus ex-
perienced slightly more weight loss than those infected with
the 66N or wild-type virus, but as observed in the mouse
models, disease associated with 66S infection was minimally

FIG. 2. Characterization of the recombinant Cal/09 viruses in vitro.
(A and B) MDCK cells (A) and A549 cells (B) were infected with the
rWT and PB1-F2-expressing viruses (MOI, 0.05). At the indicated time
points after infection, virus titers in the supernatants were determined
by plaque assays on MDCK cells. Average titers � standard deviations
are indicated. (C) Plaque phenotypes of the recombinant Cal/09 vi-
ruses in MDCK cells.
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FIG. 3. Disease caused by infection with the wild-type or PB1-F2-expressing Cal/09 viruses in BALB/c mice. Eight-week-old female BALB/c
mice (five animals per group) were infected intranasally with 5 � 105 PFU of the indicated rescued rWT or PB1-F2-expressing mutant Cal/09 virus.
(A) Following viral infection, mice were weighed daily, and the average body weights � standard deviations of surviving animals in each group up
to day 11 postinfection are shown as percentages of the original body weights. (B) Three mice per group were infected intranasally with 5 � 103
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exacerbated over disease caused by wild-type Cal/09 infection.
Nasal wash titers on days 1, 3, and 5 p.i. revealed no significant
differences in upper respiratory tract growth between any of
the Cal/09 viruses (Fig. 6B).

Next we performed a leukocyte analysis on peripheral blood
taken 3, 7, and 19 days postinfection. Interestingly, infection
with any PB1-F2-expressing virus but not with wild-type virus

was correlated with significantly dysregulated white cell counts
on days 3 and 7 postinfection (P, 	0.05); PB1-F2 expression
was associated with both lymphopenia and elevated neutrophil
counts (Fig. 7). Lymphopenia in all ferrets was transient, and
levels of leukocytes returned to baseline by day 19 p.i.

Since PB1-F2 expression in the Cal/09 virus could occur
either by genetic mutation (as has been explored in this study)

PFU of the same set of viruses. On days 3, 6, and 9 postinfection (D3, D6, and D9), three mice per group were sacrificed, and the virus titers in
the lungs were determined from the lung homogenate supernatants(�, viruses were recovered from only one out of three animals.). Average lung
titers � standard deviations are shown. The limit of detection was 5 PFU. (C) Six mice per group were infected intranasally with 5 � 103 PFU
of the recombinant Cal/09 viruses. On days 3, 6, and 9 postinfection, two mice per group were euthanized. The lungs were extracted for histologic
examination. Representative images are shown. (D) Cytokine/chemokine levels in the supernatants of lung homogenates were detected by
multiplex ELISAs at 3, 6, and 9 days postinfection. Average cytokine levels � standard deviations are shown. Asterisks indicate significant
differences (*, P 	 0.05; **, P 	 0.01) from results for rWT Cal/09 virus-infected mice.

FIG. 4. Disease caused by infection with wild-type or PB1-F2-expressing Cal/09 viruses in DBA/2 mice. Eight-week-old female DBA/2 mice
(five animals per group) were infected intranasally with 5 � 103 PFU of the indicated rescued rWT and PB1-F2-expressing mutant Cal/09 viruses.
(A) Following viral infection, the body weights of mice were monitored daily, and the average body weights � standard deviations of surviving
animals in each group up to day 8 postinfection are shown as percentages of the original body weights. (B) Nine mice per group were infected
intranasally with 5 � 103 PFU of the same set of viruses. On days 2, 5, and 7 postinfection, three mice per group were sacrificed, and virus titers
in the lungs were determined. Average lung titers � standard deviations are shown. The limit of detection was 5 PFU. (C) Changes in
cytokine/chemokine expression were detected by multiplex ELISAs at 2, 5, and 7 days postinfection. Average cytokine/chemokine levels � standard
deviations are shown. Asterisks indicate significant differences (�, P 	 0.05; ��, P 	 0.01) from results for rWT Cal/09 virus-infected mice.
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or by genetic reassortment, we generated an additional virus ex-
pressing PB1-F2 from a prototype H1 virus, PR/8/34. This model
of a Cal/09 reassortant virus, PR8-PB1-F2 Cal/09, was associated
with a slightly exacerbated disease phenotype in ferrets compared
with disease due to viruses expressing PB1-F2 as a result of ge-
netic mutation in the Cal/09 PB1 gene (66S and 66N viruses) (Fig.
6 and 7).

DISCUSSION

The severity of influenza A virus infections is modulated by
the expression of virulence factors such as PB1-F2. In contrast
to the PB1-F2-encoding viruses that caused the three pandem-
ics of the 20th century, the H1N1 virus responsible for the 2009
pandemic does not express PB1-F2 and is associated with a
relatively mild disease phenotype. In order to better under-
stand the consequences of potential genetic change in the
pandemic Cal/09 influenza virus, we conducted experiments
designed to characterize the disease phenotype associated with
a PB1-F2-expressing version of Cal/09.

By developing a reverse-genetics system for the Cal/09 virus,
we were able to rescue three Cal/09 viruses that have identical
PB1 protein sequences: the wild-type virus and variants that
encode either the 66N or the 66S PB1-F2 protein (Fig. 1). We
examined the growth kinetics for all three Cal/09 viruses and
observed enhanced replication by the 66S virus in the human
epithelial cell line A549, leading to peak titers roughly 1 log

unit higher than those for the other Cal/09 viruses. This effect
was not observed in the canine MDCK cell line. Since influ-
enza viruses replicate very efficiently in MDCK cells, it is likely
that the rather mild contribution to virulence by the PB1-F2
protein in the Cal/09 background is simply not detectable in
this cell system.

Our in vivo experiments were conducted in two different
mouse strains. We first tested the effect of PB1-F2 on the
virulence of Cal/09 virus infection in BALB/c mice. Expression
of PB1-F2 in the Cal/09 virus had no significant effect on
disease pathogenesis (Fig. 3). We observed only transient mor-
bidity, with no mortality, following infection with any of the
Cal/09 viruses. In addition, peak viral titers in the lungs were
similar for the Cal/09 rWT, 66N, and 66S virus groups. Analysis
of cytokine/chemokine levels in the supernatants of lung ho-
mogenates revealed increased expression of proinflammatory
genes (e.g., MCP-1, MIP-1�, and RANTES), which are essen-
tial for the recruitment and activation of immune cells in in-
fected tissues (6, 7, 13, 24). These proinflammatory proteins
have also been shown to prevent the apoptosis of alveolar
macrophages in the context of influenza virus infection in vivo
(10). Accordingly, we detected more-severe histopathology in
the lung tissues of mice infected with the PB1-F2-expressing
viruses, especially the 66S mutant virus, than in those of rWT-
infected mice. In summary, the introduction of a functional
PB1-F2 ORF did not enhance the mortality associated with
infection with the Cal/09 virus in the BALB/c mouse system.
PB1-F2 expression did, however, result in a modulated host

FIG. 5. Characterization of the impact of Cal/09 PB1-F2 on sec-
ondary bacterial infection. Groups of 15 8-week-old female BALB/c
mice were either treated with PBS or infected intranasally with 5 � 105

PFU of the indicated rescued rWT or PB1-F2-expressing mutant
Cal/09 virus. Seven days later, they were challenged with a sublethal
dose (20 CFU) of S. pneumoniae, serotype 3. (A) On day 7 postinfec-
tion, three mice per infection group were sacrificed, and virus titers in
the lungs were determined. The limit of detection was 5 PFU. (B) Sur-
vival is plotted until day 7 post-bacterial challenge.

FIG. 6. Weight change of H1N1-infected ferrets and viral replica-
tion in the upper respiratory tracts of infected ferrets. (A) Ferrets were
inoculated i.n. with 1 � 106 PFU of virus (the rWT, 66S, or 66N Cal/09
virus or the PR8-PB1 reassortant virus). The percentage of weight
change was determined daily by comparing the mean weight of animals
infected with each virus to the mean preinfection weight. The mean
percentage of weight change for each virus is shown. (B) Ferrets were
inoculated i.n. with 1 � 106 PFU/ml of the indicated virus. Viral titers
were measured in nasal washes collected on the indicated days p.i.
Each titer is expressed as the mean log10 PFU/ml plus standard devi-
ation. The limit of virus detection was 10 PFU. Titers on day 7 p.i. were
below the limit of detection. D1, day 1; D3, day 3; D5, day 5.
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immune response characterized by increased expression of
proinflammatory genes.

The data obtained in our BALB/c mouse study suggested
that in a more susceptible mouse strain, such as the DBA/2
mouse (2), we would observe more-pronounced differences
between the disease phenotype caused by the PB1-F2-express-
ing Cal/09 viruses and that caused by the wild-type virus. How-
ever, under the experimental conditions used, the results of
our studies of DBA/2 mice were very similar to the results of
our BALB/c mouse studies. Expression of the 66S PB1-F2
protein was correlated with enhanced expression of the proin-
flammatory genes IL-1� and RANTES. Additionally, we ob-
served that expression of PB1-F2 did not affect the suscepti-
bility of BALB/c mice to secondary bacterial infections.

Taken together, our mouse studies suggest that a genetic
change resulting in the presence of a functional PB1-F2 ORF
would not significantly increase the virulence of primary infec-
tion caused by the Cal/09 virus or the susceptibility of a host to
secondary bacterial infection with Streptococcus pneumoniae.

The fact that the expression of the PB1-F2 protein in the
Cal/09 virus did not have a significant impact on primary viral

infection or secondary bacterial infection in mice is intriguing,
given that the prototype PB1-F2 proteins have been shown to
affect both viral and bacterial infections (5, 16, 27). As previ-
ously mentioned, the sequence of the Cal/09 PB1-F2 protein is
unique. Even though Cal/09 PB1-F2 is predicted to contain
known functional regions, such as the mitochondrial targeting
sequence, the protein seems to have a lesser effect on viral
virulence than prototype PB1-F2 proteins, at least in the con-
text of the Cal/09 virus. This supports findings that enhanced
viral virulence conferred by PB1-F2 expression is a strain-
specific phenomenon (17).

The results of our studies on weight loss and viral replication
in ferrets paralleled the results of our mouse studies. Expres-
sion of PB1-F2 was not statistically significantly associated with
enhanced virulence, but ferrets infected with the 66S variant
did demonstrate slightly more weight loss (without mortality)
than those infected with the 66N or wild-type Cal/09 virus.
PB1-F2 expression did cause significant dysregulation of pe-
ripheral leukocyte counts, including lymphopenia and elevated
neutrophil levels. Infection with the reassortant PR8-PB1-F2
Cal/09 virus caused the most severe disease phenotype of all
viruses studied in ferrets; importantly, however, the PR8 PB1
protein may contribute to the observed phenotype.

In summary, we found that mutations enabling the produc-
tion of PB1-F2 by the Cal/09 influenza virus do not have a
significant impact on the virulence of the virus in mice or in
ferrets. These preliminary observations, however, invite fur-
ther investigations into the virulence of other PB1-F2 mutant
viruses and of possible reassortants of the Cal/09 virus with
current viruses. The present findings enhance our understand-
ing of PB1-F2 as a virulence factor and provide new insights
into the impact that genetic changes may have on the virulence
of the 2009 pandemic virus.
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