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PB1-F2 is a non-structural protein of influenza A viruses (IAV) that modulates viral pathogenesis in a host-specific manner. In mammals, this protein
has been shown to increase IAV virulence by delaying the early immune response and, eventually, exacerbating lung inflammation at the late stage
of infection. PB1-F2 is a small protein, but displays very high sequence polymorphism and sequence length disparity depending on viral strain.
These features result in strong variations in the cellular activity of PB1-F2. Studies have also reported that the effect of PB1-F2 is cell-type dependent. It has notably been shown that PB1-F2 can promote apoptosis in immune cells, but not in epithelial cells. This phenomenon appears to be
partly related to the higher order structure of the protein, given that the presence of PB1-F2 β-aggregated structures in infected immune cells correlates with cell death induction. In this work, we evaluated, by synchrotron Fourier transform infrared spectromicroscopy, the impact of the transient expression of PB1-F2 on the biochemical composition of the human epithelial cell line HEK293T. Two PB1-F2 variants that are closely related
to each other but derived from a strain with high [A/BrevigMission/1/1918 (H1N1)] or a low [A/WSN/1933 (H1N1)] virulence were studied here.
Infrared spectra analysis revealed no specific enrichment of β-aggregated structures in PB1-F2-expressing cells. Nevertheless, this analysis suggested that there is a higher content of β-sheet secondary structures in the PB1-F2 from A/WSN/1933 than that from A/BrevigMission/1/1918.
Our data also showed no change in membrane composition in the presence of PB1-F2, implying that PB1-F2 does not promote apoptosis in
HEK293T cells. Finally, we found that the PB1-F2 from A/WSN/1933 interferes with adenosine triphosphate production, suggesting that this
PB1-F2 variant may disturb the mitochondrial activity.
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Introduction
Every year, 2–10 % of the human population is affected
by seasonal flu.1 Three to five million patients suffer from
severe respiratory illness that necessitates hospitalisation
and causes the death of 300,000–500,000 persons.1
Influenza A viruses (IAV), along with influenza B viruses,
are the etiological agents of these epidemics. IAV are
members of the Orthomyxovirus family that share the
common characteristics of being enveloped viruses
containing a segmented negative-sense ribonucleic acid
(RNA) genome. IAV display a wide diversity of viral strains
and are divided into subtypes on the basis of molecular
differences of the two viral surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA). So far, 18 HAs
and 11 NAs have been determined, with the possibility
of a hundred combinations (e.g., H1N1, H7N9, H18N11
etc.). IAV have a broad host range since they can infect
humans, terrestrial and aquatic mammals, as well as avian
species.2 Each IAV strain is usually well adapted to a
specific species or a small group of host species but can
occasionally cross the species barrier. 2 This phenomenon can pose a serious threat to public health when
the human population lacks a pre-existing or a crossprotective immunity against a species-crossing virus.3
In this case, the virus circumvents the herd immunity
developed against human strains and spreads efficiently
from person to person. Such an outbreak can lead to
a pandemic scenario if not contained rapidly, generally
resulting in abnormally high mortality rates. Since the
beginning of the 20th century, four flu pandemics have
occurred: in 1918, 1957, 1968 and 2009. The “Spanish
flu” pandemic of 1918 was the most devastating of these
pandemics, infecting a third of the human population and
causing the death of 40–100 million people worldwide.4
Several molecular hallmarks associated with the
mammalian adaptation of IAV have been identified.2,5 It
has notably been shown that the length of the small viral
protein PB1-F2 (polymerase basic 1-frame 2) is reduced in
human strains when compared to avian strains.6 Analysis
of more than 7500 PB1-F2 sequences highlighted that
8.6 % and 38.8 % of avian and human strains, respectively,
encode a non-functional protein (≤79 amino acids).6 The
same phenomenon also occurs in pig, among which
52.7 % of isolated strains encode a truncated PB1-F2.6 In
addition, the presence of a full-length PB1-F2 sequence
in swine IAV does not lead necessarily to PB1-F2
expression, due to a translational regulation mechanism
involving sequences present downstream of the PB1-F2

initiation codon.7 Investigations conducted by our group
and others suggest that expression of a functional
PB1-F2 during infection leads to an exacerbated, and
deleterious, inflammatory response in a mammalian
host.8–15 Conversely, expression of a functional PB1-F2
reduces inflammatory response in the infected avian host,
favouring survival of animals and viral spreading.16–18
These observations reveal the dual role of PB1-F2 in
viral fitness depending on the host type. PB1-F2 is
advantageous for IAV propagation in avian hosts but
deleterious in mammalian hosts. This feature explains,
in part, the loss of a functional PB1-F2 in mammalian
strains.
Several residues on PB1-F2 have been ascribed to a
proinflammatory signature in mammals. It has notably
been shown that some highly pathogenic IAV (HPAIV),
such as the 1918 pandemic virus, have an asparagineto-serine substitution at position 66 of PB1-F2 that
contributes to an exacerbated inflammatory response at
the late stage of the infection.19,20 The 1918 virus, as well
as the 1957 and 1968 pandemic strains, also possesses
four specific amino acids (leucine, arginine, arginine and
leucine at position 62, 75, 79 and 82, respectively) that
are associated with an inflammatory signature but are no
longer present in circulating human IAV.21 Reintroduction
of these residues in the PB1-F2 sequence from a more
recent human IAV increases mortality of infected mice.22
Furthermore, the intranasal inoculation of mice with this
mutated PB1-F2 peptide induces an abnormally high
production of proinflammatory cytokines and a deleterious
recruitment of neutrophils in the lung, compared to wildtype PB1-F2 peptide.22 The exacerbated inflammatory
response triggered by PB1-F2 has been shown to be
partly related to the activation of the nucleotide-binding
domain and leucine-rich repeat containing (NLR) family
pyrin domain containing 3 (NLRP3) inflammasome
pathway.12,14 The NLRP3 inflammasome is a multifactor
complex responsible for activating the caspase-1 protein
which induces maturation and secretion of interleukine
(IL)-1β and IL-18. These two inflammatory cytokines
promote recruitment of neutrophils, macrophages and
monocytes to the site of infection. Formation of the
NLRP3 inflammasome can be stimulated by various
signals such as pathogen-associated molecular patterns
(PAMPs), extracellular adenosine triphosphate (ATP),
pore-forming toxin, mitochondrial damages or protein
aggregates. 23–25 In that regard, data presented by
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McAuley et al. highlight that only PB1-F2 aggregates
activate the NLRP3 inflammasome.12
Interestingly, previous work from our laboratory has
revealed that PB1-F2 adopts a variety of conformations
depending on the physico–chemical conditions of the
environment. 26–28 Thus, while in aqueous solution
(i.e. acidic condition), PB1-F2 displays a disordered
conformation, in membrane-mimetic environments
[such as sodium dodecyl sulfate (SDS) or asolectin
liposomes], PB1-F2 is enriched in β-sheet structures.
PB1-F2 then contains 22–80 % of β-sheet structures
depending on the amino acid sequence of PB1-F2.26
Remarkably, in the presence of SDS, asolectin liposomes
or negatively charged lipid membranes, β-sheet-enriched
PB1-F2 oligomerises into amyloid-like fibres (i.e. β-sheet
protein aggregates). These fibres have a length ranging
from 100 nm to 1 µm. Of note, the C-terminal domain
of PB1-F2 (amino acids 53 to 90), which is intrinsically
disordered in acidic condition, spontaneously undergoes
a structural reorganisation toward amyloid-like structures
in neutral and basic condition.29 In contrast, the fulllength PB1-F2 or the N-terminal domain of the protein
(amino acids 1 to 52) form amorphous aggregates in
these conditions. This work has also revealed that the
C-terminal domain of PB1-F2, but not the N-terminal
domain of PB1-F2 or the pre-polymerised-PB1-F2
amyloid fibres, can permeabilise cellular membranes,
reducing cell viability. Interestingly, a cytotoxic effect is
observed on cells treated with sonication-fragmented
PB1-F2 amyloid fibres as well. This effect is similar to that
seen with the PB1-F2 C-terminal domain, suggesting
that the amyloid fibre fragments are responsible for the
PB1-F2-induced cytotoxicity.
In a previous work, we have identified the presence
of PB1-F2 amyloid fibres within IAV-infected human
monocytes by using synchrotron Fourier transform
infrared (sFT-IR) spectromicroscopy. 30 The switch
of PB1-F2 from a monomeric state to amyloid fibres
appears to be partial at the early stage of the infection
[8 h post-infection (pi)] but complete at 24 h pi, leading
to an accumulation of aggregated structures. sFT-IR
spectromicroscopy also revealed perturbations of cellular
membrane and a loss of membrane fluidity that are
associated with PB1-F2 expression in a cell-dependent
manner. FT-IR microscopy is a very powerful tool to
analyse subtle biochemical changes in cells.31–33 The
technique relies on the fact that when infrared light goes
through organic or inorganic materials, it induces the
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vibrational excitation of molecules, resulting in specific
absorption bands in the IR spectrum. Proteins, lipids
or nucleic acids have thus distinguishing IR spectrum
signatures, allowing slight modifications of each of these
compounds in biological samples to be evaluated.34 FT-IR
spectroscopy is particularly sensitive for the determination
of the structural conformation of proteins (e.g. α-helix,
β-sheets, β-turns etc.). FT-IR spectromicroscopy offers
the advantage of performing FT-IR spectroscopy on
single cells or specific areas of a sliced tissue preparation.
This technique has notably been shown to be efficient
for the detection of cells infected with various types of
viruses.35–38 Usually, FT-IR spectromicroscopy is limited
in term of spatial resolution because of the brightness of
the thermal infrared source.39 However, a synchrotron
IR source has a very high brightness (100–1000 times
higher than a conventional one), allowing us to work near
diffraction-limited spatial resolution with an excellent
signal-to-noise ratio.34
Although, the contribution of PB1-F2 in the
immunopathology of IAV infection is well documented,
little is known about the molecular activity of PB1-F2
and its structural behaviour. In the present study, we
evaluate by sFT-IR spectromicroscopy the conformation
of PB1-F2 and the impact of this protein on the cellular
integrity of human epithelial cells in the absence of viral
context. Using two closely related PB1-F2 variants from
pandemic and seasonal IAV, we show that i) PB1-F2 by
itself does not form β-amyloid fibres nor disturb cellular
membrane composition in epithelial cells, contrary to
what has been described in immune cells; and ii) PB1-F2
alters ATP production in mitochondria in a straindependent manner.

Materials and methods
Cell line

HEK293T cells were propagated and sub-cultured in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10 % decomplemented foetal calf serum,
2 mM L-glutamine 1 %, 100 µg mL–1 streptomycin and
100 UI mL–1 penicillin. Cell culture was maintained at
37 °C in 5 % CO2 incubator.

Plasmid constructions
The PB1-F2 constructions were obtained by cloning the
coding sequence of the PB1-F2 A/WSN/1933 (H1N1)
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and PB1-F2 A/BrevigMission/1/1918 (H1N1) strains in
doxycycline-inducible pTRE-tight vector (Takara Bio, USA).
Gene-specific 5′ and 3′ primers containing the EcoRI and
BamHI restriction site, respectively, were used to amplify
the open reading frame of each gene. The gene encoding
PB1-F2 A/WSN/1933 (H1N1) was provided by Dr Ervin
Fodor (University of Oxford, Oxford, UK). The PB1-F2
A/BrevigMission/1/1918 (H1N1) coding sequence was
artificially synthesised. All PB1-F2 constructions were
verified by automated sequencing performed by MWG
(Ebersberg, Germany).

Cell transfections
HEK293T were grown on zinc-selenide 4-mm diameter IR
transparent windows at 37 °C in 5 % CO2 incubator. The
cells were transiently co-transfected with the pTET-ON
plasmid (Takara Bio, USA) and doxycycline-inducible
plasmids expressing, or not (empty pTRE-tight vector),
PB1-F2 variants of the A/WSN/1933 (H1N1) and A/
BrevigMission/1/1918 (H1N1) strains. Transfections
were performed using the Fugene HD transfection
reagent (Roche) following the manufacturer’s instructions. Twenty-four hours post-transfection, the cells
were treated with 1 µg mL–1 doxycycline (BD Bioscience)
for 24 h at 37 °C, and then fixed with 4 % paraformaldehyde in phosphate buffered saline for 20 min.

Synchrotron FT-IR spectromicroscopy
Synchrotron FT-IR spectromicroscopy was performed at
the SOLEIL Synchrotron (Gif-sur-Yvette, France) using
the SMIS beamline (Synchrotron SOLEIL) as previously
described.30 All spectra were recorded in transmission
mode on a Nicolet Continuum XL microscope (Thermo
Scientific). The microscope comprises a motorised sample
stage and a liquid nitrogen-cooled mercury cadmium
telluride (MCT-A) detector (50 µm element size). The
microscope operates in confocal mode using a 32×
infinity corrected Schwarzschild objective (NA = 0.65) and
a matching 32× condenser. All IR spectra were recorded
using a dual mask aperture of 10 × 10 µm2. Individual
spectra were saved in log (1/R) format at 4 cm–1 spectral
resolution, with 128 co-added scans encompassing the
mid-IR region from 4000 cm–1 to 800 cm–1. Seventy-five
single-cell spectra were recorded for each experimental
condition. All IR spectra were processed with the OMNIC
(Thermo Fisher Scientific) and Unscrambler (CAMO
Process AS) software. Spectra presenting a large baseline
deformation were removed, leading to the elimination

of 14, 13 and 15 spectra for the control, PB1-F2 1918
and PB1-F2 WSN conditions, respectively. IR spectra
were converted into second derivative spectra by using
the Savitzky–Golay method (nine smoothing points) to
enhance the spectral resolution of the absorption bands.
Delimited regions of the spectrum in second derivative
IR spectra were unit vector normalised and analysed by
principal component analysis (PCA). The computation
of principal components was based on the non-linear
iterative partial least squares (NIPALS) algorithm and
the model was validated with the leverage correction
method.40 Loading plots generated by the PCA analysis allowed us to identify peak positions of the absorption bands that accounted for the variations observed
between experimental conditions.

Results and discussion
Experimental set-up

To determine to what extent PB1-F2 expression interferes with cell viability regardless of the contribution
of the other IAV proteins, a human epithelial cell line
derived from embryonic kidney (HEK293T) was transfected with doxycycline-inducible expression vectors
encoding, or not, PB1-F2 variants and biochemical
changes were studied by sFT-IR spectromicroscopy at
the single-cell level. The analysis was performed on fixed
HEK293T cells, after inducting expression of PB1-F2
by addition of doxycycline for 24 h. HEK293T cells are
not the natural targets for IAV infection but provide the
advantage of being easily transfectable, allowing us to
reach a transfection efficiency close to 90–100 %. This
parameter is essential for the relevance of the sFT-IR
spectromicroscopy analysis since we decided not to
perform any staining of PB1-F2 in HEK293T cells to
preserve as much as possible the native state of the cells.
Two PB1-F2 variants derived from A/WSN/1933 (H1N1)
(WSN) and A/Brevig Mission/1/1918 (H1N1) (1918)
strains were included in the present work. The WSN
strain is a well-studied laboratory virus resulting from
the adaptation to the mouse of the first human seasonal
IAV isolate,41 while the 1918 strain is the causative agent
of the “Spanish flu” influenza pandemic.42 Phylogenetic
analyses of H1N1 subtype viruses have shown that these
two strains are very closely related,42,43 However, studies
have suggested that PB1-F2 1918 may have been a
major contributor to the abnormally high mortality rate
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observed during the pandemic.19,44,45 Consequently, we of the three experimental conditions. To do this, PCA
thought it might be interesting to compare PB1-F2 vari- defines new variables, called “principal components”
ants from the 1918 pandemic virus and a closely related (PCs), to explain the variance observed between samples
seasonal virus. The amino acid sequences of PB1-F2 in a dataset.55 Each PC delineates a dimension (i.e. an
WSN and PB1-F2 1918 have a high percentage of iden- axis) that explains a part of the variability. PCs form a
tity (89 %) as shown in Figure 1. However, a marked succession of uncorrelated axes (i.e., orthogonal to each
difference is observed between the C-terminal domains other) in the descending order of the explained variance.
of the two proteins in a region that has been identified The first PC (PC1) accounts for the majority of the
as essential for the proinflammatory activity of PB1-F2,21 variability in a dataset and each consecutive PC accounts
its mitochondrial localisation46–49 and its ability to form for the highest remaining variability. Consequently, each
channel pores in lipid membranes. 50 Thus, we note sample (i.e. single-cell spectrum here) can be positioned
the presence in the sequence of PB1-F2 1918 of five in a multidimensional space formed by PC-axes. A
out of the five residues previously associated with an 2D-representation of these subspaces, called a “score
enhanced inflammation (L62, R75, R79, L82 and S66),21 plot”, enables us to easily visualise the distribution of
while only three of them (R75, R79 and L82) are present samples. In addition, each PC is associated to “a loading
in PB1-F2 WSN. Conversely, PB1-F2 WSN, but not plot” that indicates which variables contribute the most
PB1-F2 1918, possesses the I68-L69-V70 motif which to the determination of that PC.
has been described as increasing PB1-F2-mediated cell
cytotoxicity, inducing the mitochondrial localisation of PB1-F2 does not induce the formation of
aggregated β-sheet structures in HEK293T
the protein and extending its protein half-life.49,51–53
To evaluate the impact of the transient expression cells
of PB1-F2 on cell viability, 75 IR spectra in the 4000– In our previous work,30 sFT-IR spectromicroscopy has
800 cm–1 region were collected for each condition studied revealed the presence of aggregated β-sheet struc(empty-vector, PB1-F2 1918 and PB1-F2 WSN) with a tures in a human monocytic cell line (U937) infected
Nicolet Continuum XL microscope using a synchrotron with WSN virus only when the virus was able to express
radiation IR light source. Since HEK293T cells do not form PB1-F2 (wild-type WSN virus). This feature appeared
homogenous cell layers (Figure 2A), we paid attention to to be cell-type specific since such structures were not
select
morphological
similarities
notof
toPB1-F2
detected
when
human
epithelial
cell lines
(A549 and
Thus,cells
wepresenting
note the presence
in the
sequence
1918
of two
5 out
of the
5 residues
previously
introduce a bias in our analysis. Infrared spectra were HeLa cells) were infected with wild-type WSN virus.30 To
filtered (Figure 2B) to eliminate those exhibiting a large evaluate changes in the secondary
of proteins
associated with an enhanced inflammation (L62, R75, R79, L82 and S66) 21, structure
while only
3 of
sinusoidal oscillation in their baseline due to the Mie-type in PB1-F2-transfected HEK293T cells, IR spectra were
scattering, a phenomenon that can alter the intensity and submitted to PCA analysis in the amide I (ranging from
them (R75, R79 and L82) are present in PB1-F2 WSN. Conversely, PB1-F2 WSN, but not PB1position of absorption bands.54 A Savitzky–Golay second 1700 cm –1 to 1600 cm –1) and amide II (ranging from
derivative was then performed on spectra to reveal minor 1570 cm–1 to 1480 cm-1) regions of the spectrum. These
F2 1918,peaks
possesses
which
has are
been
described
as increasing
PB1-F2absorption
that arethe
notI68-L69-V70
resolved in rawmotif
spectra
regions
particularly
sensitised
to the C=O
(amide I)
(Figure 2C). Given that a large set of values was generated and C–N (amide II) stretching of the protein backbone.56
mediated
cell
cytotoxicity, inducing
the mitochondrial
localization
of the protein
and
extending
by
the sFT-IR
spectromicroscopic
measurements,
the Unfortunately,
PCA performed
in the
amide
I region
data were processed by PCA to identify the variables (i.e. failed to segregate the PB1-F2 WSN, PB1-F2 1918 and
49 51 53
its protein half-life
, – . to the segregation control clusters (Figure S1). PCA analysis in the amide II
wavenumbers
here) that contribute

WSN
1918

1
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50
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MGQEQDTPWILSTGHISTQKGEDGQQTPKLEHRNSTRLMGHCQKTMNQVVMPKQIVYWKQWPSLRNPILVSLRPRVLKRWRLFSKHEWTS
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******************** ******* *** ****** ********************* *** *

***

**** ************

Figure 1. Amino acid sequence alignment of PB1-F2 from A/WSN/1933 (H1N1) (WSN) and A/Brevig Mission/1/1918
(H1N1) (1918) viruses. Identical amino acid residues are indicated by an asterisk. The amino acid residues associated with
Figure
1. Amino acidsignature
sequenceofalignment
ofhighlighted
PB1‐F2 from
(H1N1)
and A/Brevig
(H1N1)
a proinflammatory
PB1-F2 are
inA/WSN/1933
blue. The amino
acid (WSN)
motif associated
withMission/1/1918
an increased cyto
(1918)
viruses.
toxicity of PB1-F2 and a mitochondrial localisation of the protein are highlighted in orange.

Identical amino acid residues are indicated by an asterisk. The amino acid residues associated with a proinflammatory
signature of PB1‐F2 are highlighted in blue. The amino acid motif associated with an increased cytotoxicity of PB1‐F2 and a
mitochondrial localization of the protein is highlighted in orange.

subspaces, called “score plot”, enables us to easily visualize the distribution of samples. In
addition, each PC is associated to “a loading plot” that indicates which variables contribute the
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most to the determination of that PC.
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Figure 2. Acquisition and pretreatment of sFT-IR spectromicroscopy data. Human epithelial HEK293T cells were transfected with an empty inducible pTRE-tight vector (control), or an inducible pTRE-tight vector expressing PB1-F2 from A/
Figure 2. Acquisition and pretreatment of sFTIR data.
WSN/1933 (H1N1) (PB1-F2 WSN) or A/Brevig Mission/1/1918 (H1N1) (PB1-F2 1918) viruses. Twenty-four hours post–1
transfection,
the HEK293T
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with 1 µg mL
for 24 h pTRE-tight
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PB1-F2.
After
Human
epithelial
cells were transfected
withdoxycycline
an empty inducible
vector expression
(Control), orofan
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pTREfixing
with
paraformaldehyde,
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cells
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by
sFT-IR
spectromicroscopy.
Seventy-five
single-cell
IR
spectra
tight vector expressing PB1-F2 from A/WSN/1933 (H1N1) (PB1-F2 WSN) or A/Brevig Mission/1/1918 (H1N1) (PB1-F2
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for each experimental
condition. Representative
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each experimental
1918)
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for 24h inare
order to
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a
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B:
Raw
IR
spectra
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PCA analysissingle-cell
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ofspectrum
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to the unit
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of a single-cell
infrared
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spectrum.
infrared spectra retained for the PCA analysis after withdrawal of spectra presenting an irregular baseline.
4000–950(B)
cmRaw
range.

region revealed three clusters partially independent using
the first (PC1) and second (PC2) components that represent 26 % and 5 % of the variance, respectively (Figure
3A). Along the PC2 axis, the PB1-F2 WSN cluster was
clearly separated from the PB1-F2 1918 and control
clusters. The loading plot corresponding to PC2 showed
a main peak around 1525 cm–1 in the positive direction
of this component (Figure 3B). This peak has been previously ascribed to β-sheet structures.57–59 In the negative direction of PC2, the main variation was due to a
peak at 1517 cm–1 which has been assigned to tyrosine
ring vibrations60 or α-helix structures.61 This result might

reflect differences in the conformational organisation
of PB1-F2 WSN and PB1-F2 1918. We have notably
shown in a previous study that the propensity of PB1-F2
to form β-sheet structures varies greatly depending on
viral strain.26 Therefore, the PCA analysis of the amide II
region might revealed a higher content of β-sheet structures in PB1-F2 WSN than in PB1-F2 1918.
Altogether, our data suggest that the expression of
PB1-F2 WSN and PB1-F2 1918 in HEK293T cells
does not induce the formation of aggregated β-sheet
structures. This result is in agreement with what we
observed in IAV-infected A549 and HeLa cells,30 pointing
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Figure 3. sFT-IR spectromicroscopy analysis of control-, PB1-F2 WSN- and PB1-F2 1918-transfected HEK293T cells in
the amide II region. A: PCA score plot of PC1 against PC2 for IR spectra in the 1600–1450 cm–1 region of the spectrum.
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vectors encoding PB1-F2 variants from H1N1 WSN and cells. This difference may explain in part why epithelial
H1N1 1918 viruses.
cells do not undergo apoptosis in the presence of PB1-F2.
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does not
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F2 WSN
the PB1-F2
I68-L69-V70
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30
corroborating
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to mitochondria
. Conversely,
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is difference
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does not seem to affect membrane integrity in epithelial and PB1-F2 1918-transfected cells regarding phosphate
cells,
contrary
to what
been observed
immune vibrations.
Weofassumed
this phenomenon
was
It has
notably
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that the insubcellular
localization
PB1-F2that
varies
widely among

strains 48, 49. Some PB1-F2 variants are almost exclusively present in mitochondria, whereas
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related to ATP production in mitochondria because one
of the two variants (PB1-F2 WSN) possesses an amino
acid motif responsible for mitochondrial targeting. Given
that ATP production has been shown to be important for
efficient IAV replication, we assume that PB1-F2 could
be deleterious for viral production in a strain-dependent
manner. In addition, we may also assume that this aspect
plays a part in virus adaptation when IAVs cross the
species barrier. Altogether, this study shows that sFT-IR
spectromicroscopy is a powerful tool for identifying, in
a first approach and in an unsupervised manner, cellular
mechanisms altered by viral proteins or viruses.
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