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PB1-F2 Modulates Early Host Responses but Does Not Affect the
Pathogenesis of HIN1 Seasonal Influenza Virus
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In the context of infections with highly pathogenic influenza A viruses, the PB1-F2 protein contributes to virulence and en-
hances lung inflammation. In contrast, its role in the pathogenesis of seasonal influenza viral strains is less clear, especially in the
HINTI subtype, where strains can have a full-length 87- to 90-amino-acid protein, a truncated 57-amino-acid version, or lack the
protein altogether. Toward this, we introduced the full-length 1918 PB1-F2, or prevented PB1-F2 expression, in HIN1 A/USSR/
90/77, a seasonal strain that naturally expresses a truncated PB1-F2. All viruses replicated with similar efficiency in ferret or ma-
caque ex vivo lung cultures and elicited similar cytokine mRNA profiles. In contrast, the virus expressing the 1918 PB1-F2 pro-
tein caused a delay of proinflammatory responses in ferret blood-derived macrophages, while the PB1-F2 knockout virus
resulted in a more rapid response. A similar but less pronounced delay in innate immune activation was also observed in the na-
sal wash cells of ferrets infected with the 1918 PB1-F2-expressing virus. However, the three viruses did not differ in their viru-
lence or clinical course in ferrets, supporting speculations that PB1-F2 is of limited importance for the pathogenesis of primary

viral infection with human seasonal HIN1 viruses.

Most influenza A viruses cause a mild infection of the upper
respiratory tract that is usually cleared within 1 to 2 weeks
(6); however, certain strains result in more severe disease (12, 29).
There is thus considerable interest in identifying and characteriz-
ing potential virulence factors. PB1-F2, a small 87- to 90-amino-
acid protein encoded by a +1 open reading frame in the PB1
segment, is one of the proposed candidates (2). While the PB1
gene in most avian viruses encodes a full-length PB1-F2, mamma-
lian viruses frequently carry truncated forms due to accumulation
of premature stop codons (14). Within the HIN1 subtype, human
viruses isolated between 1918 and 1947 express a full-length
PB1-F2 protein. In 1950, a stop codon was introduced after amino
acid residue 57, resulting in a C-terminally truncated protein (35),
and the recently emerged pandemic 2009 HINI viruses have a
stop codon at residue 11 (9).

The role of PB1-F2 in influenza virus pathogenesis remains
controversial. The full-length HIN1 PB1-F2 protein, which car-
ries a mitochondrial targeting sequence in its carboxy-terminal
portion, enhances apoptosis and contributes to virulence in mice
(2, 34). In contrast, the PB1-F2 protein found in H5N1 viruses
does not localize to the mitochondria and has no apoptosis-en-
hancing effect (1). PB1-F2 also interacts with PB1 and regulates
viral polymerase activity in a cell-type- and strain-specific manner
(13,17, 20), and a role of PB1-F2 in the interaction with the cel-
lular antiviral response has been reported. However, while one
study observed a PB1-F2-mediated exacerbation of beta inter-
feron (IFN-f) expression in human lung epithelial cells, a differ-
ent study demonstrated an inhibition of type I IFN signaling that
was associated with interaction of PB1-F2 with the mitochondrial
antiviral signaling protein (MAVS) (15, 30). Finally, intranasal
administration of synthetic full-length or carboxy-terminal por-
tions of A/Brevig Mission/1/1918 (1918) and A/Puerto Rico/8/34
(PR8) PB1-F2 peptidesled to recruitment of white blood cells into
the lungs and exacerbated secondary bacterial infection in mice
(18, 20).

To date, the contribution of PB1-F2 to virulence has been
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mostly investigated in mice by using mouse-adapted viruses, re-
vealing that the absence of PB1-F2 results in a reduction of viru-
lence and lung inflammation, even though PB1-F2-deleted viruses
reach wild-type titers in the lungs (15, 20, 34). Introduction of the
HIN1 1918 or the H5N1 A/Hong Kong/156/97 (HK/97) PB1-F2
into mouse-adapted strains revealed that a single amino acid
change at position 66 (N66S) was responsible for the observed
increased virulence in mice (3, 4, 19). Presence of the HK/97
PB1-F2 also resulted in a delayed onset of type I IFN and proin-
flammatory cytokine production, leading to more efficient repli-
cation and more severe lung pathology (3). In contrast, introduc-
tion of a functional PB1-F2 in the 2009 pandemic HINI1
A/California/04/09 (Cal/09) strain had little impact on virulence
in mice and ferrets despite an increased induction of proinflam-
matory cytokines in mice (9).

To characterize the contribution of PB1-F2 to the virulence of
aseasonal HIN1 virus in a naturally susceptible host, we generated
recombinant viruses in the A/USSR/90/77 (USSR) background
that expressed the 1918 PB1-F2 or that no longer produced the
protein. After demonstrating that all viruses replicated with sim-
ilar efficiency, we characterized the induction of proinflammatory
cytokines and apoptosis in ferret and macaque ex vivo lung cul-
tures and ferret blood-derived macrophages. The pathogenesis,
cytokine responses, histopathological changes, and extent of
apoptosis were then compared in ferrets.
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MATERIALS AND METHODS

Cells and viruses. MDCK cells (ATCC CCL-34) and 293 cells (ATCC
CRL-1573) were maintained in Dulbeccos’s modified Eagle’s medium
(DMEM,; Invitrogen) supplemented with 5% fetal bovine serum (Invitro-
gen). All influenza viruses were propagated in MDCK cells cultivated in
DMEM with 2 ug/ml of tosyl-phenylalanine chloromethyl ketone—tryp-
sin (DMEM-TPCK; Sigma). Virus titers were quantified by using the
limiting dilution method and are expressed as the 50% tissue culture
infectious dose per ml (TCID,/ml).

Construction and recovery of recombinant viruses. To generate a
USSR/90/77 (USSR) PB1 gene expressing the 1918 PB1-F2 open reading
frame, the necessary nucleotide changes were introduced into the bidirec-
tional PB1 expression plasmid (21) by site-directed mutagenesis, taking
care not to alter the PB1 open reading frame. The PB1-F2 knockout (KO)
virus was generated by disrupting the start codon and introducing a stop
codon after 11 residues, as previously described (20). None of the intro-
duced changes alter the PB1 protein sequence or affect the N40 start
codon (32).

Recombinant viruses were recovered as previously described (10).
Briefly, semiconfluent 293 cells in a six-well plate were transfected with 0.5
g of bidirectional expression plasmids containing each of the eight USSR
segments by using Lipofectamine 2000 (Invitrogen). Two days after trans-
fection, the cells were trypsinized and transferred onto MDCK cells. The
cocultures were maintained in DMEM-TPCK-trypsin until cytopathic
effect was observed. The supernatant was then transferred onto fresh
MDCK cells to produce viral stocks.

For growth kinetics, 90% confluent MDCK cells were washed twice
with phosphate-buffered saline (PBS) and infected at a multiplicity of
infection (MOI) 0f0.001 in DMEM-TPCK. After 30 min, the medium was
changed, cells and supernatant were harvested every 12 h for 2 days, and
the virus was titrated by using the limiting dilution method.

Ex vivo lung cultures. Lung slice cultures were generated from three
ferrets (Mustela putorius furo) and one cynomolgus macaque (Macaca
fascicularis) based on a previously published protocol (26). Briefly, lungs
were inflated by infusion with a 1:1 solution of DMEM-F-12 (Invitrogen)
and 0.8% low-melting-point agarose (Fisher Scientific) at 50°C. After in-
cubation on ice for 30 min, 3-mm-thick sections were cut. Lung slices
were infected with 3 X 10* TCIDs, of the recombinant viruses and placed
in a 1:1 solution of DMEM-F-12 and DMEM with antibiotics. At 24 and
48 h postinfection, the supernatant and the lungs were harvested for titra-
tion, immunohistochemistry, and RNA extraction.

Milliplex analysis. Cultured macaque lung slices were homogenized
in 400 pl of radioimmunoprecipitation assay (RIPA) buffer (1% Triton
X-100, 1 mM dithiothreitol, 150 mM NaCl, 20 mM Tris [pH 7.5], 10%
glycerol) in a bead mill homogenizer (Tissue Lyser; Qiagen), and debris
was pelleted by centrifugation at 14,000 X g for 20 min at 4°C. The protein
concentration of the supernatant was determined by the Bradford assay
(Thermo Scientific), and 12.5 g of the cell lysate was used for each reac-
tion mixture. Concentrations of active caspase-3, glyceraldehyde-3-phos-
phate dehydrogenase, and cleaved poly(ADP-ribose) polymerase (PARP)
were determined using the 3-Plex apoptosis signaling kit (EMD Milli-
pore), while the concentrations of IFN-v, interleukin-18 (IL-1p3), IL-6,
IL-8, IL-10, IL-17, monocyte chemoattractant protein 1 (MCP-1), mac-
rophage inflammatory protein 1a (MIP-1c), MIP-1p, granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), and tumor necrosis factor
alpha (TNF-a) were quantified with the nonhuman cytokine Milliplex
map kit (EMD Millipore) following the manufacturer’s instructions.
Plates were read with a Bio-Plex 200 system (Bio-Rad).

Differentiation of ferret blood-derived macrophages. Peripheral
blood mononuclear cells (PBMCs) were isolated by Ficoll (GE Health-
care) gradient centrifugation at 400 X g for 40 min. Adherent monocytes
were isolated by seeding PBMCs in 12-well plates overnight, followed by a
careful medium change, and macrophage differentiation was induced
with 5 ng/ml of human GM-CSF (R&D Systems). After 6 days, the cells
were infected with 3 X 10* TCIDs, of the recombinant viruses and har-
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vested at 8, 16, and 24 h postinfection for RNA extraction and terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining.

Animal experiments. All animal studies were approved by the Insti-
tutional Care and Use committee of the INRS-Institut Armand-Frappier.
Only ferrets seronegative for circulating influenza virus strains were used.
Groups of at least 6 animals were infected intranasally with 10> TCID5, of
the respective recombinant virus. Body temperature was recorded every
30 min using intraperitoneal implants (DSI) starting 1 day before infec-
tion. Clinical signs were monitored daily for the first 4 days and every
second day thereafter. The clinical score was established according to a
scale of 0 to 3 scale, with 0 representing the physiological range as previ-
ously described (21). Nasal washes were collected daily for the first 4 days
and at day 6, two animals were sacrificed on days 2 and 4 postinfection,
and nasal turbinates and lungs were harvested. Data shown for rUSSR
were obtained from 8 animals infected in the context of an earlier study
(21).

Immunohistochemistry and titration. One-third of the nasal turbi-
nate and lung tissue samples were formalin fixed, paraffin embedded, and
cut into 5-um sections. The slides were deparaffinized and rehydrated
following standard immunohistochemistry protocols and hematoxylin
and eosin (H&E) stained. For the detection of infected cells by immuno-
histochemistry, the slides were microwaved for 15 min in 10 mM sodium
citrate (pH 6) solution (Fisher Scientific) for antigen retrieval. After
blocking with a 1:50 dilution of rabbit serum in PBS for 30 min, an influ-
enza virus-specific antiserum (OBT1551; AbD Serotec) was added for 90
min at room temperature. The slides were washed three times with PBS,
and a biotinylated secondary antibody was added for 30 min, followed by
30 min of incubation with Alexa Fluor 488-labeled streptavidin. Nuclei
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI), and
coverslips were mounted with Mowiol (Calbiochem).

For titration, tissues were weighed and homogenized in DMEM with a
bead mill homogenizer (Tissue Lyser; Qiagen). Cell debris was removed
by centrifugation, and the supernatant was titrated by the limiting dilu-
tion method. Titers are expressed as the TCIDs,/g.

TUNEL assay. The number of apoptotic cells was determined by
TUNEL staining, using the in situ cell death detection kit TMR red
(Roche) as previously described (24). Briefly, cells were fixed with 4%
paraformaldehyde (Sigma) in PBS, permeabilized with 0.1% Triton
X-100 in 0.1% sodium citrate, and incubated for 1 h at 37°C with the
TUNEL reaction mixture. Slides were washed twice with PBS and coun-
terstained with DAPI. For infected macrophages, DAPI- and TUNEL-
positive cells were counted in each well, and the percentage of apoptotic
cells was calculated. Results are expressed as the fold change compared to
noninfected cells.

RNA extraction and cytokine mRNA quantification by real time re-
verse transcription-PCR (RT-PCR) analysis. Immediately after collec-
tion, 140 pl of nasal wash was mixed with 560 ul of AVL buffer (QIAamp
viral RNA minikit; Qiagen) and stored at —80°C. Lung ex vivo culture
samples were placed in RNALater (Qiagen) and stored at —80°C. For
RNA isolation, samples were homogenized with a bead mill homogenizer
(Tissue Lyser; Qiagen) in 350 ul of RLT buffer (RNeasy RNA extraction
kit) supplemented with 1% p-mercaptoethanol. The RNA from the nasal
washes, macrophages, and tissues was extracted following the manufac-
turer instructions for the corresponding kit.

Ferret cytokine mRNA was quantified as previously described (21).
Briefly, 10 ng of sample RNA was used for each reaction mixture. The
genes encoding type I IFN, IFN-vy, TNF-a, IL-1f3, -6, -8, and CCL5
(GenBank accession number AB513129.1) were cloned into pCR2.1-
TOPO based on previously published sequences (22, 27, 28) and in vitro
transcribed using T7 polymerase (New England BioLabs). Serial dilutions
of the standards and samples were analyzed by real-time RT-PCR using
the QuantiTect SYBR green RT-PCR kit (Qiagen). The gene copy num-
bers were calculated by extrapolating data from the standard curve.
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FIG 1 Generation of recombinant viruses. (A) Schematic representation of the different PB1-F2 proteins. Amino acid sequences were aligned using the Megalign
8.0.2 software. Each PB1-F2 protein is represented by a bar, and residues that differ between the 1918 and USSR PB1-F2 proteins are indicated below the USSR
protein. The serine at position 66, which has been associated with increased virulence, is highlighted in bold. (B) Growth kinetics of the recombinant viruses.
MDCK cells were infected at an MOI of 0.001, and the supernatant was harvested at the indicated time points. Each value represents the mean of three
independent experiments performed in triplicate; error bars indicate the standard deviations.

Statistical analysis. The statistical analyses were performed using
GraphPad Prism 5.0a. P values were calculated by individually comparing
the different groups using an unpaired Mann-Whitney test.

RESULTS

Characterization of recombinant viruses with altered PB1-F2
proteins. There is considerable variation in the length of PB1-F2
open reading frame within the HINI subtype, ranging from a
full-length 87- to 90-amino-acid protein for viruses isolated be-
fore 1950, to a truncated protein of 57 amino acids in later strains,
including USSR, to a complete deletion in the recently emerged
2009 pandemic HIN1 viruses (9). To evaluate the contribution of
PB1-F2 to the virulence of HIN1 viruses, we introduced the 1918
PB1-F2 open reading frame in the seasonal USSR strain by site-
directed mutagenesis, carefully avoiding changes to the USSR PB1
protein sequence. In addition, a virus lacking PB1-F2 was pro-
duced by mutation of the start codon and introduction of a stop
codon after 11 amino acids (20). The 1918 and USSR PB1-F2
proteins shared 86% amino acid identity. However, the shorter
USSR PB1-F2 lacks the C-terminal domain, which contains a mi-
tochondrial targeting sequence, mediates PB1 binding, promotes
inflammation, and interferes with type I IFN signaling (2, 17, 20,
30). In addition to a full-length C-terminal domain, the 1918
PBI-F2 protein has a serine at position 66 (Fig. 1A), which is
associated with increased pathogenicity of H5N1 and HINT1 vi-
ruses in mice (4). None of the other diverging residues has been
associated with virulence or specific functions (Fig. 1A). While
direct detection of PB1-F2 was not possible due to the lack of
USSR PB1-F2-specific antibodies, the sequence of the PB1 seg-
ments was confirmed for each virus. Growth kinetics of recombi-
nant and parental viruses in MDCK cells were not significantly
different, even though replication of the PB1-F2 KO virus was
slightly delayed (Fig. 1B), confirming previous reports that
PB1-F2 slightly enhances the viral polymerase activity (20).
Infection efficacy and cytokine profiles in ferret and ma-
caque ex vivo lung cultures are PB1-F2 independent. The pres-
ence of a full-length PB1-F2 protein has been associated with in-
creased lung pathology and inflammation in mice (3, 19). To
directly compare the contribution of PB1-F2 to infection efficacy
and inflammatory responses in the lungs of naturally susceptible
host species, we established ferret and macaque ex vivo lung cul-
tures. Lungs from healthy animals were inflated with a mixture of
DMEM-F-12 medium and 0.8% low-melting-point agarose to
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preserve the lung anatomy and structure and cut in slices of ap-
proximately 3-mm thickness. The lung slices maintained a typical
pulmonary parenchyma with alveolar septa of normal thickness
and uniformly expanded alveoli without areas of atelectasis or
overinflated regions (Fig. 2A). Since viability started to decrease
on day 3 after isolation (data not shown), samples were analyzed
24 and 48 h after infection with 3 X 10* TCIDs, of the recombi-
nant viruses. At these time points, no differences in frequency and
morphology of infected cells were detected (Fig. 2B and data not
shown), and all viruses reached similar titers in tissue homoge-
nates (Fig. 2C).

To determine if PB1-F2 alters the induction or magnitude of
type I IFNs and proinflammatory cytokines, we generated cyto-
kine mRNA profiles from the lung homogenates. An upregulation
of IFN-B, IL-6, IL-8, and CCL5 mRNAs was observed at 24 or 48 h
postinfection (Fig. 2D), with USSR generally inducing a weaker
but not statistically significantly different response, while IFN-a,
IFN-v, and IL-18 mRNA expression was not induced (data not
shown). Since full-length PB1-F2 with the mitochondrial target-
ing sequence in its carboxy terminus has been associated with
increased apoptosis (2, 33), we performed TUNEL assays on par-
affin-embedded lung slices. However, only a few apoptotic cells
were observed 24 h or 48 h after infection, and there was no dif-
ference between the viruses (data not shown).

Since mRNA levels do not always reflect cytokine protein lev-
els, we repeated the experiment in ex vivo lung cultures from cyno-
molgus macaques, for which sensitive protein-based cytokine as-
says are available. Consistent with the results obtained in ferret
cultures, no differences in infection and replication efficiency
were observed for the three recombinant viruses (Fig. 3A and B).
The Milliplex cytokine profiles in lung homogenates revealed only
a weak induction of IL-8 and IL-18 at 48 h after infection, with
USSR again resulting in lower levels. However, protein concentra-
tions did not differ significantly between the viruses and mock-
infected control lysates (Fig. 3A). Cytokines that are mainly
produced by immune cells, such as MCP-1, MIP-1a, MIP-13,
GM-CSF, IL-10, and IL-17, were not induced in our cultures (data
not shown). Furthermore, protein concentrations of active
caspase-3 and cleaved PARP were also independent of the virus
used, suggesting that PB1-F2 has no impact on the induction of
apoptosis in ex vivo lung slice cultures (data not shown). Taken
together, these results indicate that PB1-F2 alone has little effect
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FIG 2 Infection and cellular responses in ferret ex vivo lung cultures. (A and B) H&E (A) and immunohistochemical (B) staining of lung sections. Lungs slices
were harvested 24 h after infection with 3 X 10* TCID5, of the respective virus, paraffin embedded, and H&E stained or stained with a polyclonal anti-influenza
virus antibody and counterstained with DAPI. Arrows indicate infected cells. Pictures were taken at 200X or 400X magnification. (C) Viral titers in the
homogenized lung slices, expressed as TCID;,/g of tissue. (D) Cytokine responses induced by the recombinant viruses. Infected lung slices were harvested at the
indicated time points, total RNA was extracted, and 10 ng was used in each reaction mixture. The copy number was extrapolated from results with an in
vitro-transcribed mRNA of known concentration. Means and standard deviations, based on three independent experiments performed in duplicate, are shown.

on infection efficiency or local cytokine responses in isolated lung
tissue.

PB1-F2 modulates cytokine responses in ferret blood-de-
rived macrophages. Previous studies proposed that the PB1-F2-
mediated induction of apoptosis and cytokine responses may be
immune cell specific (2, 25). We thus compared cytokine profiles
in ferret blood-derived macrophages infected with the recombi-
nant viruses. All viruses resulted in similar NP mRNA levels (Fig.
4A), confirming that there were no differences in infection effi-
ciency. While the virus lacking PB1-F2 resulted in an upregulation
of IL-13, 11-6, and IL-8 mRNA levels, indicative of a proinflam-
matory response, USSR only displayed a mild and delayed re-
sponse, and rUSSR-PB1F2 1918 viruses prevented all immune ac-
tivation (Fig. 4B). None of the recombinant viruses induced
IFN-q, IFN-v, or CCL5 expression (Fig. 4B and data not shown),
indicating that PB1-F2 modulates the induction of certain proin-
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flammatory cytokines in ferret macrophages. The corresponding
analysis of protein-based cytokine profiles in macaque blood-de-
rived macrophages was not possible due to insufficient protein
concentrations.

Exposure to the 1918 PB1-F2 peptide induced apoptosis in a
murine macrophage cell line, but this effect was lost when the
peptide was expressed in the context of PR8 (18). To investigate
the effect of PB1-F2 during infection of ferret blood-derived mac-
rophages, we determined the increase of TUNEL-positive apop-
totic cells associated with each virus. After 8 h, there were around
twice as many apoptotic cells in rUSSR-PB1F2 1918-infected cul-
tures than in cultures infected with the parental USSR or the
PB1-F2 KO virus, while the levels of apoptosis after 16 h were
similar for all samples (Fig. 4C), demonstrating that PB1-F2 pro-
teins carrying a mitochondrial localization signal more rapidly
induce apoptosis in ferret blood-derived macrophages.
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FIG 3 Infection and cytokine profiles in macaque lung ex vivo cultures. (A) Detection of infected cells in paraffin sections from tissue harvested 24 h after
infection was performed as previously described. Pictures were taken at a 400X magnification, and arrows indicate infected cells. (B) Titers of homogenized lung
slices were determined by using the limiting dilution method and are expressed as TCID5/g of tissue. (C) Quantification of IL-18, IL-8, and IL-6 production at
24 and 48 h postinfection. Tissues were homogenized in RIPA buffer, and 12.5 pg of each sample was analyzed in a bioplex assay. Values represent the means of
three samples, and error bars indicate the standard deviations.

PB1-F2 does not affect the virulence of a seasonal HIN1 an upper and lower respiratory tract infection (Fig. 5A). Some of

strain in ferrets. To evaluate the contribution of PB1-F2 to the
virulence of a seasonal influenza virus strain in a naturally suscep-
tible host, groups of 6 to 8 ferrets were infected intranasally with
10° TCIDs, of different recombinant viruses. All animals devel-
oped a fever that peaked between days 1 and 2 postinfection and
rapidly declined (data not shown). The different viruses caused an
overall similar disease, with moderate clinical signs indicative of
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the rUSSR-PB1F2 1918 virus-infected animals developed more
severe clinical signs between days 2 and 4 postinfection, with an
increased quantity of seromucous nasal exudates compared to the
other groups. However, none of these differences was statistically
significant.

To compare viral replication in the upper and lower respira-
tory tracts, two ferrets of each group were sacrificed at days 2 and
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FIG 4 Cytokine responses in ferret blood-derived macrophages. (A and B) Copy numbers of influenza virus NP RNA (A) and of the proinflammatory cytokines
IL-1p, IL-6, IL-8, and IFN-a (B) at 16 and 24 h postinfection. Blood-derived macrophages were infected with 3 X 10* TCIDj, of the indicated viruses. Copy
numbers were quantified by real-time RT-PCR using 10 ng of total RNA. Means and standard deviations, based on three independent experiments performed
in duplicate, are shown. (C) Induction of apoptosis in ferret blood-derived macrophages. The cells were infected with the recombinant viruses, and TUNEL
staining was performed after 8 h or 16 h. Values represent the means of at least two independent experiments performed in duplicate. Statistical significance was
determined using an unpaired Mann-Whitney test. *, P < 0.05; **, P < 0.01.
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FIG 5 Pathogenesis and virulence of the recombinant viruses in ferrets. (A and B) Clinical scores (A) and titers obtained for nasal turbinates and lung samples
(B). Ferrets were infected intranasally with 10°> TCID5, of the indicated virus (n = 8 for rUSSR-PB1-F2 1918; n = 6 for rUSSR-PB1-F2 KO). For rUSSR, data from
8 animals infected with USSR during an earlier study (21) are shown. See Materials and Methods. Clinical scores represent the sum of the activity and respiratory
signs of disease, scored as outlined in Material and Methods. At days 2 and 4 postinfection, two ferrets of each group were sacrificed, and nasal turbinates and the
lower right lung lobe were harvested and homogenized for tissue titration or fixed for histopathological analysis. The number of days postinfection is indicated
on the x axis, and clinical scores and virus titers, expressed as TCIDs,/g, are plotted on the respective y axes. Each symbol represents one animal. (C)
Histopathological changes in the lungs. The lower right lobes of ferrets sacrificed at day 2 postinfection were hematoxylin and eosin stained, and pictures were

taken at a 400X magnification.

4 postinfection and the nasal turbinates and lungs were harvested.
Similar titers were found for the different viruses in both the upper
and lower respiratory tracts (Fig. 5B and C), indicating that
PB1-F2 does not influence replication efficacy in ferrets, thus re-
producing results obtained in mice (9, 20, 34). Histological exam-
ination of H&E-stained lung sections from animals sacrificed on
day 2 after infection revealed discrete changes characterized by
thickening of the alveolar walls, partial loss of the epithelial layer
in the bronchi, and recruitment of inflammatory cells that seemed
slightly more pronounced in rUSSR-PB1F2 1918-infected and
rUSSR-infected animals (Fig. 5D). TUNEL assays were performed
on the lung slides, and no differences in the number of apoptotic
cells were observed (data not shown).

The presence of the 1918 PB1-F2 is associated with a stronger
induction of IL-1 but lower levels of IFN-« and IL-6 in vivo.
Previous studies in vitro and in mice demonstrated that PB1-F2
influences the proinflammatory response and inhibits type I IFN
production (19, 30). To determine if PB1-F2 had a similar effect in
the context of an infection of a naturally susceptible host with a
seasonal strain, we generated cytokine profiles from nasal wash
cell mRNA at different times over the course of the infection. One
day after infection, the virus with the 1918 PB1-F2 induced the
weakest IFN-a response, with 10-fold lower expression levels than
the two other viruses (P < 0.001) (Fig. 6A). However, there was no
difference in IFN- production (Fig. 6B). We next analyzed the
expression of the proinflammatory cytokines IL-183, IL-8, and
IL-6. The presence of PB1-F2 resulted in significantly higher IL-18
mRNA levels, but the response associated with the 1918 PB1-F2
was significantly lower than that induced by rUSSR (P < 0.01)
(Fig. 6C). No difference in IL-8 mRNA levels was observed (Fig.
6D), while the 1918 PB1-F2 virus induced weaker IL-6 expression
than rUSSR and rUSSR-PB1F2 KO (P < 0.05 and P < 0.01, re-
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spectively) (Fig. 6E). At later time points, differences between the
groups were less pronounced, most likely reflecting the overall
mild course of disease (data not shown). Similar cytokine profiles
and kinetics were observed in cells from bronchoalveolar lavages
(data not shown), indicating that the 1918 PB1-F2 reduces the
initial type I IFN and proinflammatory cytokine responses in the
upper and lower respiratory tracts.

DISCUSSION

Since its discovery as an accessory viral protein, PB1-F2 has been
extensively investigated. In vitro, PB1-F2 induces apoptosis and
modulates proinflammatory cytokine and type I IFN expression
(2, 15, 16, 30), and studies of mice with infected with mouse-
adapted viruses have revealed increased innate immune activation
and lung inflammation in the presence of PB1-F2 from virulent
strains (4, 19). Here, we investigated the role of PB1-F2 in the
context of a seasonal human influenza virus strain in a naturally
susceptible host. While PB1-F2 had little impact on the replication
and cellular responses in ex vivo lung cultures, the presence of the
full-length 1918 PB1-F2 protein resulted in a delay of proinflam-
matory responses in ferret blood-derived macrophages and to a
lesser extent in the nasal wash cells of infected ferrets. However,
neither the presence of the full-length 1918 PB1-F2 nor its dele-
tion altered the course or severity of disease in ferrets, indicating
that the contribution of PB1-F2 to the pathogenesis of primary
viral infection with seasonal influenza viruses is minor.

PB1-F2 delays proinflammatory responses in macrophages.
In mice, introduction of the entire 1918 PB1-F2, or the N66S
mutation alone, into the context of the mouse-adapted HIN1
WSN/33 strain resulted in an increased production of proinflam-
matory cytokines at later infection stages (3, 4, 19). However, fur-
ther characterization of the N66S mutant revealed decreased type
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FIG 6 Comparison of cytokine mRNA expression in ferret nasal washes. Copy numbers of the type I IFNs IFN-« (A) and IFN-B (B) and the proinflammatory
cytokines IL-13 (C), IL-8 (D), and IL-6 (E) at day 1 postinfection were quantified by real-time RT-PCR. Total RNA was extracted from nasal wash cells, and 10
ng was used for each reaction mixture. The copy number was extrapolated from in vitro-transcribed mRNA of known concentration. Each value represents the
mean of at least 6 animals, and error bars reflect the standard deviations. Statistical significance was determined using an unpaired Mann-Whitney test. ¥, P <

0.05; **, P < 0.01; ***, P < 0.001.

ITFN production during the initial phase of the infection (3, 5, 30).
Comparison of the PB1-F2-associated cellular responses in differ-
ent cell types revealed a reduced type I IFN and proinflammatory
response in blood-derived macrophages and dendritic cells, while
no differences were observed in epithelial cells (25). We also did
not observe any effect of PB1-F2 on the cytokine profile in ferret
and macaque lung ex vivo cultures, confirming that the contribu-
tion of the protein to the induction of an inflammatory response
in lung cells is limited. In ferret blood-derived macrophages, the
absence of PB1-F2 resulted in a strong induction of IL-183, IL-6,
and IL-8, while the differences in proinflammatory responses be-
tween the truncated 57-residue USSR PB1-F2 and the full-length
1918 protein with a serine at position 66 were modest, suggesting
that this residue is less important in the context of a seasonal virus.
However, the 1918 PB1-F2 protein was consistently associated
with the lowest responses, reproducing the overall tendencies re-
ported for WSN/33 viruses in murine cells (25). Our study thus
provides further evidence for an immune cell-specific activity of
PB1-F2 in mammals.

PB1-F2 contributeslittle to the primary viral pathogenesis of
seasonal influenza viruses. In mice, which are only susceptible to
mouse-adapted or highly pathogenic influenza viruses, PB1-F2
deletion or the presence of asparagine at position 66 results in
reduced disease severity, while the change of position 66 to serine
increases mortality (3, 18, 19, 34). In contrast, results obtained in
ferrets are less clear-cut. A recombinant seasonal HIN1 virus car-
rying the 1918 PB1 segment led to efficient spread to and replica-
tion in the lung (31), implicating PB1-F2 as a contributing factor,
while restoration of a full-length PB1-F2 in an HIN1 pandemic
2009 virus regardless of position 66 did not increase virulence (9).
Consistent with the latter report, we did not detect significant
differences in the disease severity, lung pathology, and viral load in
the upper or lower respiratory tracts of ferrets infected with the
different USSR-based PB1-F2 mutant viruses, indicating that
PBI1-F2 alone does not influence the clinical disease caused by
seasonal influenza viruses. However, its contribution to disease
severity in the context of viral or bacterial coinfections underlying
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a large proportion of severe influenza cases (7, 8) remains to be
determined. While the mouse studies indicate a role of PB1-F2 in
the primary viral pathogenesis of highly virulent influenza viruses
in mammals, the extent of its contribution has to be validated
ferrets or macaques, which more closely reproduce the disease
seen in human patients.

Only the 1918 PB1-F2 protein modulates local cytokine re-
sponses in vivo. An early delay in innate immune activation has
been observed in lung tissues of mice infected with a sublethal
mouse-adapted virus carrying the PB1-F2 N66S mutation (3),
supporting a growing body of evidence from in vitro studies that
PB1-F2 delays innate immune activation (5, 30). Here we ob-
served that only the N66S-carrying 1918 PB1-F2 protein was as-
sociated with inhibition of IFN-«, IL-1f3, and IL-6 induction in
ferret nasal wash cells at day 1 after infection, providing further
evidence for an immunomodulatory role of full-length PB1-F2
proteins with this mutation. However, in contrast to the results
obtained in blood-derived macrophages, where absence of
PBI1-F2 led to 10- to 100-fold increases in cytokine mRNAs, the
differences associated with the 1918 PB1-F2 in vivo, although sta-
tistically significant, were only around 3- to 5-fold higher. By dem-
onstrating that PB1-F2 contributes little to innate immune acti-
vation and overall inflammatory responses in the context of a
primary seasonal influenza virus infection, where infection of
macrophages and other immune cells is rare, our results support
an increasing body of evidence that this protein is not a major
virulence factor in mammals. However, the observed PB1-F2-me-
diated delayed activation of inflammatory cells represents a pos-
sible mechanism of virulence enhancement in the context of in-
fections with already highly pathogenic strains or coinfections
with several pathogens, which result in an increased influx of im-
mune cells (11, 23).
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