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Abstract: In humans, (A549) cells impaired HIN2 virus nuclear export of the ribonucleoprotein (RNP)
complex contrasted with the early and efficient nuclear export of the HIN1/WSN and pH1N1 virus
RNP complexes. Although nuclear export of the RNP complex occurred via the nuclear pore complex,
HON2 virus infection also induced modifications in the nuclear envelope and induced cell cytotoxicity.
Reduced PA protein levels in HIN2 virus-infected A549 cells occurred, and this phenomenon was
independent of virus infection. Silencing the HIN1/WSN PA protein expression leads to impaired
nuclear export of RNP complexes, suggesting that the impaired nuclear export of the HIN2 virus
RNP complex may be one of the consequences of reduced PA protein levels. Early and efficient
export of the RNP complex occurred in HIN2 virus-infected avian (CEF) cells, although structural
changes in the nuclear envelope also occurred. Collectively our data suggest that a combination
of delayed nuclear export and virus-induced cell cytotoxicity restricts HIN2 virus transmission in
A549 cells. However, the early and efficient export of the RNP complex mitigated the effects of
virus-induced cytotoxicity on HIN2 virus transmission in CEF cells. Our findings highlight the
multi-factorial nature of host-adaptation of the polymerase proteins of avian influenza viruses in
non-avian cell environments.

Keywords: avian influenza virus; HIN2 virus; nucleoprotein; ribonucleoprotein (RNP) complex; PA
protein; lamin A/C

1. Introduction

The influenza A virus (IAV) polymerase complex consists of the PA, PB1 and PB2 polymerase
proteins, and each protein possesses distinct biochemical properties (reviewed in [1]). The virus
polymerase complex synthesizes new copies of genomic RNA (vVRNA) and produces short methylated
capped RNA primers from cellular mRNA that are used to prime virus mRNA synthesis. The
PB2 protein contains a cap-binding domain that immobilizes the host-cell mRNA at the replication
complex [2-4], while the methylated capped primers are generated by the endonuclease activity
within the PA protein [5]. The PB1 protein contains the polymerase activity, the 5 and 3’ binding
sites for the vRNA, and the intercation domains for the PA and PB2 proteins [6-10]. The functional
polymerase complex requires all the activities associated with the individual polymerase proteins, and
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the recent structural analysis of the entire polymerase complex has provided mechanistic insights on
how these different activities are orchestrated [11-13]. The virus nucleoprotein (NP) coats the VRNA,
and together with the polymerase complex forms a larger independent transcriptional unit called the
ribonucleoprotein (RNP) complex [14-18]. The influenza virus nuclear export protein (NEP) interacts
with the RNP complex in the nucleus and facilitates nuclear export of the newly formed RNP complex
via the exportin 1/chromosome region maintenance 1 (crm1) export pathway [19]. The individual
RNP complexes representing each of the eight virus gene segments are then exported to the site of
virus assembly.

Although the capacity of influenza virus to infect different hosts is dependent upon several factors
(reviewed in [20]), the biological properties of the virus polymerase complex is a major factor in the
maintenance of the virus in a new host [21]. The activity of the polymerase complex in different
hosts is dependent on the intrinsic properties of the polymerase complex (e.g., thermal stability) as
well as interactions with specific host cell factors [22]. Specific amino acid sequence motifs that are
associated with host adaptation have been identified within the different proteins that form the RNP
complex. In some specific cases, biological functions associated with specific sequence motifs have
been proposed [23,24], but in general, the role that these sequence motifs play in mediating species
adaptation are generally poorly defined. Although there is a restriction in the sequence changes
that can be accommodated in these proteins without adversely affecting their biological activity, a
significant degree of sequence variation exists in these proteins among different avian influenza viruses.
This sequence variation is likely to influence the interaction with specific host cell factors, and as
a consequence the molecular processes that lead to host adaptation may be to some extent virus
strain-specific. Therefore, a more complete picture of host adaptation of the influenza virus polymerase
complex requires an improved understanding of host adaptation of the polymerase complex of avian
viruses that are circulating in the natural environment. This includes those viruses that are not
necessarily associated with human disease and which may be overlooked.

HON2 influenza virus strains are widespread and responsible for disease outbreaks in poultry in
many parts of the world, and in this context, it has an important impact on food security. Although
HO9N2 virus infection in humans has been reported [25,26], the disease symptoms are relatively
mild [27]. Therefore compared with other highly pathogenic avian influenza viruses (e.g., H5N1) that
cause severe disease in humans, infection by low pathogenic HIN2 viruses is often overshadowed
in relation to public health control. The HON2 virus can infect pigs and these are believed to be the
intermediate species in many avian-to-human transmission events. Interestingly, a novel reassorted
H7N9 virus was described in 2013 that was responsible for significant disease severity in humans [28,29].
The H7N9 virus contained six internal genes that originated from circulating HIN2 viruses [29-31]
indicating that the HIN2 virus can contribute genes to reassorted viruses that cause more significant
disease severity in humans. It is, therefore, important to understand the biological properties of
HON?2 viruses that are circulating in the natural environment in order to determine their disease
potential in humans.

We have previously described the biological properties of a low passaged tissue culture grown
avian virus A/Duck/Malaysia/02/2001 (H9N2) that was isolated from live poultry during routine
surveillance in Singapore [32]. The HIN2 virus could be readily cultured using embryonated eggs to
yield virus preparations with high levels of infectivity, but it exhibited cell-specific variations in virus
replication in tissue culture [33]. The A549 cell line is derived from the human airway tissue and is
an established cell model with which to examine influenza virus replication. The HIN2 virus could
efficiently infect A549 cells, but unlike the other circulating avian viruses in the study (e.g., HSN2),
the HON2 virus exhibited low replication rates in these cells. The MDCK cell line is an established
culture system that is used to propagate human and avian influenza virus strains in tissue culture.
The HIN2 virus could not be efficiently propagated in MDCK cells, and in standard plaque assay; it
produced very small plaques in MDCK cells compared with other avian viruses e.g., H5SN2 virus [33].
This suggested that in these cells HIN2 virus transmission was impaired. In contrast, significantly
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higher replication kinetics was observed in cells of avian origin infected with the HIN2 virus, consistent
with its propagation in embryonated eggs. These observations suggested that the avian origin of the
polymerase proteins in the HON2 virus may be a factor that restricts its replication in cells derived from
human or mammalian tissue, and may be an obstacle to propagation of the HIN2 virus in these cell
types. In our earlier study we concluded that this restriction may be multi-factorial, and understanding
the basic biological properties of the HON2 virus replication complex could provide the basis for the
poor recovery of the HIN2 virus using standard mammalian tissue culture systems. This information
could also provide novel insights into the requirements of the HIN2 virus to adapt to a non-avian cell
environment. We have therefore extended our earlier study to present a more detailed analysis of the
HON?2 virus replication complex in human and avian cells using a cellular virology approach.

2. Materials and Methods

2.1. Cells and Viruses

The A549, HEK293, and CEF (UMNSAH/DE-1) cell lines were purchased from the American
Type Culture Collection (ATCC) (Manassas, VA, USA). All cells were maintained in DMEM (Gibco),
10% FCS (Gibco), 1% antibiotic solution (penicillin-streptomycin 100 U/mL) at 37 °C with 5% COs.
The A/Duck/Malaysia/02/2001 (HO9N2), pH1N1/2009 [32,33], A/ Umbrella Cockatoo/Singapore/F47/92
(H4N1), A/Fairy Blue Bird/Singapore/F92/94 (H7N1) and the A/WSN/1933 (HIN1/WSN) (VR-1520
(ATTC)) were used in this study. Virus stocks were prepared using 12 day-old specific pathogen-free
embryonated chicken eggs. Cells were infected using the desired multiplicity of infection (MOI) in
DMEM, 2% FCS, and 1% antibiotic solution at 37 °C with 5% CO,.

2.2. Specific Reagents

The anti-PA (mab9F5), and anti-PB2 (mab4G3) mouse monoclonal antibodies and the mouse
anti-PB1 polyclonal antibody have been described previously [34]. The anti-NP (Chemicon, San Diago,
CA, USA), anti-NEP and anti-M1 (ThermoFisher Scientific, Waltham, MA, USA), anti-actin and
anti-FLAG (Sigma Aldrich, St louis, MO, USA), anti-lamin A/C and anti-lamin B1 (Santa Cruz,
Dallas, Tx, USA), anti-Nuclear Pore Complex (NPC) (Abcam, Cambridge, UK) were purchased. The
DAPI-dilactate and anti-mouse and anti-rabbit IgG conjugated to Alexa 488 and Alexa 555 respectively
were purchased from Molecular Probes. The propidium iodide/RNAase solution was purchased from
Cell Signaling Technology.

2.3. Immunoblotting Analysis of Whole-Cell Extracts

Cells were harvested and washed using PBS (4 °C) and extracted directly into Boiling Mix (final
concentration: 1% SDS, 5% mercaptoethanol in 20 mM Tris/HCL, pH 7.5) and heated at 95 °C for 4 min.
The cell extracts were clarified by centrifugation (13,000 x g for 2 min) and the proteins separated by
SDS-PAGE and transferred by Western blotting onto nitrocellulose membranes. The results obtained
from the immunoblotting analysis were quantified using Image] (ver IJ1.46r). In this case, protein
bands to be quantified were delineated and the density determined. This was compared with the
background intensity in control blank lanes.

2.4. Nuclei Preparation

This was performed as described previously [35]. Briefly, cells were suspended in solution 1
(320mM sucrose, 2mM MgCl,, ImM NaCl, ImM potassium phosphate, pH 6.8) at 2 x 10° cells/mL
at 4 °C and centrifuged (1000 X g for 6 min). The cell pellet was suspended in solution 2 (10 mM
NaCl, 1mM potassium phosphate, pH 6.8) for 15 min and the cells recovered by centrifugation (800x g;
10 min). The cell pellet was suspended in solution 3 (320 mM sucrose, 1 mM MgCly, 0.3% (v/v) triton
X-100, 1 mM potassium phosphate, pH 6.3) at 4 x 10° cells/mL at 4 °C in a Dounce homogenizer and
after 10 strokes of the homogenizer the homogenate was centrifuged (800 X g; 10 min). The resulting
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nuclear pellet was suspended in solution 3 and the Dounce homogenizer step repeated. The final
nuclear pellet was analyzed further.

2.5. Construction of Recombinant Expression Vectors

This was performed using standard protocols. Briefly, total RNA was extracted from HIN2,
pH1IN1/2009 and HIN1/WSN virus-infected allantoic fluid using the RNeasy Kit (Qiagen, Hilden,
Germany) and reversed transcribed using SuperScript II RT (Invitrogen) with a Unil2 primer
5’ AGCAAAAGCAGG3' [36]. Using the High Fidelity PCR system (Invitrogen), each gene segment
was PCR-amplified with gene-specific primers as described [36] (Table S1a). The PCR product for
each gene was purified using QIAquick Gel Extraction Kit (Qiagen) and cloned into pCR2.1-TOPO
or pCR4-TOPO (Invitrogen, Carlsbad, CA, USA) and sequenced. The full-length virus genes were
amplified using the High Fidelity PCR system (Invitrogen) using gene-specific primers with suitable
restriction enzymes. The C-terminal FLAG-tagged PA proteins were cloned using a reverse primer
containing a FLAG-tag sequence. The pCAGGS plasmid and the amplified gene products were
digested with their respective restriction enzymes (NEB), ligated using T4 DNA ligase (Roche, Basel,
Switzerland), and then transformed into EZ chemical-competent cells (Qiagen). The orientation and
sequence of each virus sequence in the expression plasmid was confirmed by sequencing in both
directions. The Gaussia Luciferase (Luc) gene was subcloned from the vector pPNEBR-XGLuc (NEB)
into the pPOL1 plasmid to generate pPOL1-Luc. The Luc gene was in the negative sense and was
flanked by the 5’ and 3’ untranslated regions (UTRs) of the NS gene of influenza A/HIN1/PR8 virus.

2.6. Polymerase Reporter Assay

A total of 1pg DNA (200 ng per construct) was transfected into 293T cells using
TransIT-LT1 transfection agent (MirusBio, Madison, WI, USA) according to the manufacturer’s
recommendations. As a negative control, pPOL1-Luc plasmid alone was used to transfect into the cells.
The assay was performed at 37 °C. Supernatants of transfected cells were harvested at fixed time points
post-transfection and luciferase activities were measured using a Gaussia Luciferase Assay Kit (NEB),
and the signals were read using a Fluoroskan Ascent FL (ThermoFisher Scientific, Waltham, MA, USA).

2.7. Immunofluorescence Microscopy

Cells seeded onto a coverslip were infected with the virus using an MOI of 5. At specific
post-infection time, cells were fixed with 4% paraformaldehyde (PFA) for 20 min at 25 °C and
permeabilized with 0.1% (v/v) triton X-100 for 15 min at 4 °C. Briefly, cells were then labeled with the
appropriate primary and secondary antibody combinations for 1 h each and mounted on slides using
Fluorescence Mounting Medium (Dako). The stained cells were visualized with a Nikon Eclipse 80i
Microscope and an Etiga 2000R camera attached, using appropriate machine settings. The images of
immunofluorescence-stained cells were recorded using Q Capture Pro ver 5.0.1.26 (Q Imaging) with
the same exposure time for each antibody stained virus and cell combination. The image intensity
of individual sets of cells (n = 100) was measured using Image] (ver IJ1.46r), and statistical analysis
of the fluorescence measurements was performed using the student T-test and pairwise analysis. In
cases where stained cells were examined by confocal microscopy, this was performed using a Zeiss
710 confocal microscope with Airyscan using appropriate machine settings. The images were examined
and processed using Zen ver 2.3 software.

2.8. Propidium lodide (PI) Staining

Cells were treated with the PI staining solution following the manufacturer’s instruction. The
cells were either stained directly or the cells were first PFA-fixed and then stained using the PI solution.
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2.9. siRNA Design and Transfections

The siPA-HIN1 (5-GCAAUUGAGGAGUGCCUGA3) [37], siNP and siGFP
(5’GGCUACGUCCAGGAGCGCAUU3) were purchased from Dhamacon (Lafayette, CO,
USA). siRNAs experiments were performed using a 100 nM siRNA concentration in Lipofectamine
2000 as described previously [34]. Transfections were optimized using the siGlo probe Dhamacon
(Lafayette, CO, USA).

2.10. Real-Time Quantitative PCR (gPCR)

This was performed as described previously [33]. Briefly, the total RNA was extracted from
infected or transfected cells using RNeasy kit (Qiagen, Hilden, Germany) and reversed transcribed
using SuperScript II RT (Invitrogen). Real-time qPCR was performed with the LightCycler 2.0 System,
software version 5.32 (Roche) using specific primers (Table S1b) according to the protocol previously
published [38].

2.11. TUNNEL (TUN) Staining

This was performed using the DeadEnd™ Fluorometric TUNNEL system (Promega) following
the manufacturer’s instructions and as described previously [39]. Briefly, the cells were fixed with 4%
PFA, permeabilized with 0.2% (v/v) triton X-100, and incubated with the equilibration buffer containing
the nucleotide mix and the rTdT Enzyme for 1 h at 37 °C. The reaction was terminated using the stop
solution and the stained cells mounted on a glass slide using mounting media and visualized using a
Nikon Eclipse 80i Microscope with an Etiga 2000R camera attached.

3. Results

3.1. Expression of the HIN2 Virus Polymerase-Associated Proteins in A549 and CEF Cells

In this current study, we have compared the HON2 virus with the established human-derived
HIN1/WSN laboratory virus isolate and a human clinical pH1N1/471 virus isolate. The pH1N1/471 virus
was isolated from a patient during the early stages of the 2009 influenza virus pandemic and contains
the PA and PB2 proteins of avian origin [33,40]. In addition and when appropriate, we have also
compared the HON2 virus with H7N1 and H4N1 avian influenza viruses that were isolated during
routine surveillance in the same geographical region.

The expression of the NP and polymerase proteins in A549 and CEF cells infected with the
HIN1/WSN, pHIN1/471 (pHIN1) or HIN2 viruses were examined using two complementary
approaches. In the first approach cell lysates were prepared and examined by immunoblotting
with relevant antibodies. This allowed us to confirm the recognition and specificity of each antibody,
and to assess the relative levels of each of the polymerase-associated proteins in the infected cells.

Ab549 cells were mock-infected or infected with the HIN1/WSN, pH1IN1 or HIN2 viruses and at
20 h post-infection (hpi) cell lysates were immunoblotted using anti-NP, anti-PA, anti-PB1 and anti-PB2
(Figure 1A). Protein species of the expected sizes were detected and similar levels of the PB1 and
PB2 proteins were detected. However, the expression level of the NP in HIN2 and pH1N1 virus-infected
cells was approximately 60% of the NP level in HIN1/WSN virus-infected A549 cells. In addition, in
the HIN2 virus-infected cells the PA protein expression level was approximately 30% of that detected
in HIN1/WSN or pHINT1 virus-infected cells. In a similar manner CEF cells were mock-infected
or infected with the HIN1/WSN or HIN2 viruses and at 20 hpi cell lysates were immunoblotted
using anti-PA, anti-PB1, and anti-PB2. (Figure 1B). In both conditions, a comparable level of antibody
staining was noted. In CEF cell lysates immunoblotted with anti-NP a comparable protein level was
detected in HIN1/WSN or HIN2 virus-infected cells, although reduced NP levels were still detected
in pHINT1 virus-infected CEF cells. These data suggested that in A549 cells there was a differential
expression of the polymerase-associated proteins in a virus-specific manner.
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Figure 1. Analysis of the expression of the polymerase proteins in HIN1/WSN, pH1N1/471 and
HON2 influenza virus-infected cells by immunoblotting. (A) A549 and (B) CEF cells were mock-infected
(M) or infected with either HIN1/WSN(H1), pHIN1/471 (pH1) or HON2(H9) as indicated using a
multiplicity of infection (MOI) of 5. At 20 h post-infection (hpi) the cells were harvested, extracted
in boiling mix, and immunoblotted with anti-NP, anti-PB1, anti-PB2, anti-PA, and anti-actin (loading
control). Protein bands are indicated (black arrow).

In a second approach, antibody-stained infected cells were examined by immunofluorescence (IF)
microscopy. Images were recorded for each virus and cell combination using identical camera settings,
and the relative staining intensities of individually infected cells within the field of view were assessed
and compared using densitometry. This allowed a more reliable method to directly assess the antibody
staining intensity of individual anti-NP and anti-PA stained HIN1/WSN and HIN2 virus-infected
Ab549 and CEF cells.

The NP and anti-PA staining levels in HIN2 virus-infected A549 cells were approximately 30% of
that measured in the HIN1/WSN virus-infected cells (Figure 2A,B). In contrast, comparable staining
intensities were recorded in anti-M stained HIN1/WSN and HIN2 virus-infected A549 cells (Figure 2C).
The anti-M recognizes the M1 protein and serves as a control to assess the level of virus infection in
the A549 cells. The imaging analysis indicated similar numbers of infected cells for both viruses and
provided additional evidence that the reduced staining intensities with anti-NP and anti-PA were not
due to a reduced number of HIN2 virus-infected cells. The image analysis of anti-NP and anti-PA
stained CEF cells infected with HIN1/WSN and HIN2 viruses showed comparable anti-NP and anti-PA
staining intensities for both viruses (Figure 2D,E). These data are consistent with differential expression
of the HIN2 virus NP and PA protein in A549 cells, and confirmed that the differences in protein
expression observed in A549 cells by immunoblotting analysis was not due to differences in the number
of infected cells.

We used the imaging to estimate the level of RNP nuclear export in each virus and cell combination
(Figure 2F). Approximately 95% of the HIN1/WSN virus-infected A549 cells exhibited a high level of
cytoplasmic anti-NP staining, and was consistent with efficient nuclear export of the NP. In contrast,
only 5-10% of HIN2 virus-infected cells showed high levels of cytoplasmic anti-NP staining, while
greater than 90% of the cells showed enhanced anti-NP staining in the nucleus; consistent with impaired
nuclear export of the NP. In CEF cells a prominent cytoplasmic anti-NP staining was noted for both
viruses (Figure 2D), indicating that there was efficient nuclear export of the RNP complex in CEF cells
that were infected with either virus.
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Figure 2. Image analysis of the expression of the polymerase proteins in HIN1/WSN, and
HIN2 influenza virus-infected cells. (A-C) A549 and (D,E) CEF cells were infected with either
(i) HIN1/WSN (H1N1) or (i) HIN2 influenza virus using an MOI of 5 and at 20 h post-infection (hpi)
the cells were stained using anti-NP (A,D), anti-PA (B, E) and anti-M (C) and imaged by fluorescence
microscopy using identical camera settings (objective x20 magnification) for each antibody and cell
combination. (B(ii)) inset shows anti-PA staining of HON2 virus-infected cells using higher exposure
times. (iii) The average fluorescence intensity of the individual stained cells obtained using the same
camera settings was quantified using image J (n = 100). (F) The percentage of cells exhibiting high
levels of nuclear export were also estimated for both the HIN1 and HIN2 viruses in A549 and CEF
cells (i.e., prominent cytoplasmic anti-NP staining compared with detectable nuclear anti-NP staining).
A representative analysis is presented, and n = 80. ** p < 0.005.
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3.2. Impaired Nuclear Export of the RNP Complex Occurs in HIN2 Virus-Infected A549 Cells

Ab549 cells were infected with HIN1/WSN and HIN2 viruses and co-stained using anti-NP and
DAPI and examined in greater detail using confocal microscopy (Figure 3A). This confirmed the
cytoplasmic anti-NP staining in the HIN1/WSN virus-infected cells suggesting that efficient nuclear
export of the RNP complex. In cells infected with the HIN2 virus, the NP staining was largely retained
in the nucleus and was consistent with impaired nuclear export of the RNP complex. Examination of
anti-NP and DAPI co-stained HIN1 or HIN2 virus-infected CEF cells by confocal microscopy revealed
a prominent cytoplasmic anti-NP staining in each case (Figure 3B), indicating that efficient nuclear
export of the RNP complex had occurred in CEF cells that were infected with either virus.

A

] H1N1 HON2
Anti-PA Anti-PA Anti-PA

Figure 3. Analysis of the distribution of the NP and PA protein in HIN1/WSN, and HIN2 influenza
virus-infected A549 and CEF cells. At 20 h post-infection (hpi) (A) A549 and (B) CEEF cells infected with
HINI and HI9N2 viruses were co-stained using DAPI (blue) and anti-NP (green) and examined using
confocal microscopy. The location of the nucleus (N), cytoplasmic NP staining in the HIN1 virus-infected
cells (white arrow) and enhanced nuclear NP staining in HIN2 virus-infected cells (*) are highlighted.
(C) A549 and (D) CEF cells infected with HIN1 and HIN2 viruses were co-stained using anti-PA (green)
at 20 hpi and examined using confocal microscopy. In each plate, representative cells are shown, and in
each cell and antibody staining combination identical machine settings were used. In (C(ii)) the same
cell as in (C(i)) is viewed using higher laser energy to view the PA staining pattern.
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Imaging using confocal microscopy showed that in addition to the cytoplasmic anti-NP staining,
the H1IN1 virus-infected cells generally showed higher levels of anti-NP staining at the periphery
of the DAPI-stained nucleus. This was consistent with the movement of the NP to the nuclear
envelope and then into the cytoplasm i.e., efficient nuclear export of the RNP complex. In contrast, in
HON?2 virus-infected cells the anti-NP staining was generally distributed uniformly across the nucleus,
which was consistent with impaired nuclear export of the RNP complex in the HIN2 virus-infected cells.
We also examined anti-PA stained A549 and CEF cells infected with HIN1/WSN and HIN2 viruses
using confocal microscopy (Figure 3C,D). This confirmed the reduced levels of anti-PA staining in
HON2 virus-infected A549 cells when compared with HIN2 virus-infected CEF cells.

The histone H4 protein is an abundant protein found in chromatin, and co-staining the HIN1 and
HO9N?2 virus-infected cells with anti-NP and anti-histone H4 (anti-H4) allowed us to determine the
relative distribution of the RNP complexes and chromatin in the nucleus of infected cells (Supplementary
Figure S1A). High levels of anti-NP staining at the periphery of the nucleus in the HIN1 virus-infected
cells imaged using confocal microscopy were consistent with nuclear export of the RNP complex in
these cells (Supplementary Figure S1B). In contrast, in HON2 virus-infected cells the anti-NP staining
was evenly distributed across the nucleus (Supplementary Figure S1C), and although co-localization
between anti-NP and anti-H4 staining was not observed, the anti-NP staining appeared distributed in
between the anti-H4 stained chromatin throughout the nucleus. This suggested that the RNP complexes
might be retained spatially close to the chromosome within the nucleus of the HIN2 virus-infected cells.

Since the NEP is an integral part of the RNP complex that is destined for the nuclear exit we also
examined the cellular distribution of the NEP (Figure 4A). A high level of cytoplasmic anti-NEP staining
was detected in HIN1/WSN virus-infected cells and was consistent with the efficient export of the RNP
complex. In the HIN2 virus-infected cells the anti-NP staining distribution correlated with anti-NEP
staining, and in most cells staining with both antibodies was enriched in the nucleus. The correlation
between the anti-NP and anti-NEP staining provided evidence that the anti-NP staining indicated
the location of the RNP complex. It was noted that approximately 10% of the HIN2 virus-infected
cells exhibited cytoplasmic anti-NP and anti-NEP staining, suggesting that nuclear export of the RNP
complex in HIN2 virus-infected cells was impaired rather than being completely inhibited. A detailed
analysis of the anti-NEP and anti-NP co-stained cells using confocal microscopy was performed
(Figure 4B,C). This demonstrated that the anti-NEP staining in the nucleus appeared to be in close
proximity to the anti-NP staining in both HIN1 and HIN2 virus-infected cells, although higher levels
of nuclear-staining by each antibody was noted in the HON2 virus-infected cells. While anti-NEP
and anti-NP staining was detected in the cytoplasm in HIN1 virus-infected cells, co-staining was
not apparent. In a similar analysis performed on anti-NP and anti-M co-stained HIN1/WSN and
HON2 virus-infected cells, the anti-M staining appeared in both the nucleus and cytoplasm (Figure 4D).
Although the M1 protein is a major structural protein in virus particles, a small proportion of the
M1 protein also associates with the RNP complex during nuclear export which accounts for the
detection of the anti-M protein staining in the nucleus.

Examination of anti-NP stained-A549 cells infected with two other avian viruses (H4N1 and
H7N1) isolated during routine surveillance was performed using IF microscopy (Supplementary
Figure S2). Although both viruses contain avian signature sequences in the NEP, both viruses exhibited
efficient nuclear export of the NP. This suggested that the impaired nuclear export of the HIN2 virus
NP was not solely attributable to the avian origin of the virus, but may be an inherent property of the
HON2 virus. Similarly, image analysis of pH1N1 virus-infected A549 cells indicated reduced anti-NP
staining intensities but high levels of cytoplasmic NP staining (Supplementary Figure S2A). This
suggested that the low NP expression in the HIN2 virus-infected cells was not the direct cause of the
impaired nuclear export.
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Figure 4. Distribution of the nuclear export protein (NEP) in HIN1/WSN, and HIN2 influenza
virus-infected A549 cells. (A) A549 cells were mock-infected or infected with either HIN1/WSN(H1N1)
or HIN2 using an MOI of 5 and at 20 hpi the cells were co-stained using anti-NP and anti-NEP. The cells
were imaged by fluorescence microscopy using identical camera settings (objective X100 magnification).

The nucleus (N), nuclear (white arrow) and cytoplasmic (*) anti-NEP staining are highlighted. Individual
(B) HIN1/WSN(H1NT1) and (C) HON2 virus-infected cells co-stained with anti-NP (green) and anti-NEP
(red) were examined in greater detail using confocal microscopy. The merged image is shown in
each case. Inset in (C) is an enlarged image showing the anti-NP and anti-NEP co-staining in the
nucleus of HIN2 virus-infected cells. Bar = 0.5 um. (D) A549 cells were mock-infected or infected
with either HIN1/WSN(H1IN1) or HIN2 were co-stained using anti-NP and anti-M and the cells
imaged by fluorescence microscopy using identical camera settings (objective X100 magnification). The
cytoplasmic anti-M staining is highlighted (*).
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3.3. Reduced Expression of the HIN2 Virus NP and PA Proteins in Human Cells is Independent of Virus
Infection

It was not certain if the reduced expression of the HIN2 virus NP and PA proteins in A549 cells
was a consequence of the host response to virus infection or if this was an intrinsic property of
both virus proteins. This was addressed using an established mini-replicon system to reconstitute
the recombinant HIN1/WSN, pH1IN1 and HIN2 virus polymerase complexes in non-infected cells
(Figure 5). The PB2, PB1, PA and NP genes for each virus were inserted into pCAGGS to generate
pCAGGS/PB2, pCAGGS/PB1, pCAGGS/PA, and pCAGGS/NP. The pPOL1/luc is a reporter plasmid
that contained the Gaussia luciferase (luc) gene which is flanked by the 3’and 5’ non-coding region
(NCR) of segment-8. The five plasmids were co-transfected into HEK293T cells and the activity of the
recombinant polymerase complex for each virus was measured. The HIN2 virus (Figure 5A(i),(ii)) and
pHINI virus (Figure 5A (iii)) polymerase complexes exhibited less than 0.1% and 10% of the activity of
the HIN1/WSN virus polymerase complex respectively, which was consistent with the measurement
of polymerase activities in infected cells [33].

Cells expressing the recombinant replication complex derived from each virus were immunoblotted
using anti-NP, anti-PA, anti-PB1, and anti-PB2, and in all cases, protein bands corresponding to the
NP, PA, PB1 and PB2 proteins were detected (Figure 5B(i)). Reduced NP expression was detected in
cells expressing the HOIN2 and pH1N1 virus replication complexes, while similar NP expression levels
for each of the three viruses were noted in cells singly transfected with corresponding pCAGGS/NP
(Figure 5B(ii); Supplementary Figure S3A). This indicated that the reduced HIN2 and pH1NT1 virus NP
expression occurred when the NP was co-expressed with the other polymerase proteins.

Reduced HIN2 PA protein levels were observed in co-transfected cells (Figure 5B (i)) and in cells
singly transfected with the HON2 virus pCAGGS/PA (Figure 5B (ii)), Supplementary Figure S3B). The
FLAGe-epitope is a linear epitope that allows PA protein expression to be detected independently
of anti-PA antibody recognition, and reduced HIN2 virus PA-FLAG protein expression levels were
observed when immunoblotted with either anti-PA (Figure 5C(i)) or anti-FLAG (Figure 5C(ii)). This
confirmed that the reduced HON2 virus PA protein detection was not due to reduced anti-PA recognition
i.e., reduced anti-PA binding. The mRNA levels were measured in cells singly transfected with the
pPCAGGS/PA, pCAGGS/PB1, pCAGGS/PB2 and pCAGGS/NP of the HIN1/WSN or HIN2 viruses
(Figure 5D). Similar mRNA levels were detected in cells transfected with the plasmid set for each
virus, providing evidence that the reduced HIN2 PA protein levels were not due to reduced PA mRNA
expression levels.

3.4. Reduced Expression of the HON2 NP and PA Proteins is not Mitigated by Co-Expression with the Other
HIN1/WSN Polymerase Proteins

It was unclear if the reduced expression of the HIN2 virus NP and PA protein could be mitigated
by co-expression of the HOIN2 and HIN1/WSN virus polymerase proteins, and we examined the
properties of the hybrid HIN1/WSN and HIN2 virus recombinant polymerase complexes. While the
HIN1/WSN virus polymerase complex demonstrated high levels of polymerase activity, the hybrid
HIN1/WSN virus polymerase complex containing the HIN2 virus NP exhibited an approximate 80%
reduction in the polymerase activity (Figure 6A(i)). In contrast, the HIN2 virus polymerase complex
demonstrated low levels of polymerase activity, and the hybrid HIN2 virus polymerase complex
containing the HIN1/WSN virus NP exhibited a 20% increase in the polymerase activity (Figure 6A(ii)).
Immunoblotting with anti-NP indicated low NP levels in cells expressing the hybrid HIN1/WSN virus
polymerase complex with the HON2 virus NP (Figure 6B(i),(ii)). This indicated that co-expression of
the HIN1/WSN polymerase proteins did not mitigate the low levels of HIN2 virus NP expression.
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Figure 5. Expression of the recombinant HIN2 virus replication complex. (A) HEK293T cells were
transfected with pCAGGS (M) and pPoll/luc (-) or co-transfected with pPoll/luc and pCAGGS/PA,
pCAGGS/PB1, pCAGGS/PB2, pPCAGGS/NP of the HIN1/WSN(H1), pH1N1/471 (pH1) or HON2(H9)
viruses. The polymerase activity was assessed by measuring the luciferase activity (RLU) in the
tissue culture supernatant over four days. The respective polymerase activities of ((i) and (ii)) the
HIN1/WSN(H1) and HIN2(H9) and (iii) the HIN1/WSN(H1) and pH1N1/471 (pH1) are shown. In
each case luciferase activity (RLU) in cells transfected with pCAGGS (M) and pPoll/luc (-) is shown.
(B) (i) After 24 hrs post-transfection (hptr) cells expressing the polymerase complex of each virus
were examined by immunoblotting using anti-PA, anti-PB1, anti-PB2, and anti-NP. Protein bands
corresponding in size to the respective full-length protein (black arrow) are indicated. Actin is theloading
control and cells transfected with the parent vector pCAGGS is indicated (M). (ii) Cells were transfected
with pCAGGS (M), pCAGGS/PA, pCAGGS/PB1, pCAGGS/PB2, pPCAGGS/NP of the HIN1T/WSN(H1),
pHI1N1/2009 or HON2(H9) viruses. At 24 hptr the cells were examined by immunoblotting using
anti-PA, anti-PB1, anti-PB2 and anti-NP respectively. Protein bands corresponding in size to the
full-length polymerase proteins are indicated (black arrow), and in each case actin is the loading control.
Also shown is expression of the recombinant H5N2 PB2 protein (H5). (C) Cells were transfected with
PCAGGS/PA-FLAG of the pH1IN1/471 (pH1-F) or HIN2 (H9-F) viruses and after 20 hptr the cells
were immunoblotted using either (i) anti-PA or (ii) anti-FLAG. The location of the PA-FLAG protein
is indicated (PA) and actin is the loading control. (D) HEK 293T cells were transfected with either
PCAGGS/PA, pCAGGS/PB1, pCAGGS/PB2 or pCAGGS/NP of the HIN1/WSN (HIN1) and HIN2 virus
and after 24 hptr the mRNA levels were quantified using PCR. Representative data from one experiment
is shown.
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Figure 6. Activity of hybrid polymerase complexes formed between the HIN1/WSN and HIN2 viruses.
(A) Cells were co-transfected with the pCAGGS/PA, pCAGGS/PB1, pCAGGS/PB2, and pCAGGS/NP of
the (i) HIN1/WSN and (ii) HIN2 viruses and then replaced in turn with the corresponding pCAGGS/PA,
PCAGGS/PB1, pCAGGS/PB2, pCAGGS/NP of (i) the HIN2 and (ii) the HIN1/WSN viruses. The activity
was measured by recording the luciferase at 4 days post-transfection. Each assay was performed in
triplicate and representative data from one experiment is shown. The data was analyzed using the
student T-test. Pairwise analysis values: * p < 0.05; ** p < 0.005; *** p < 0.001. (B) Cells were (i) singly
transfected with the pCAGGS/NP of the HIN1/WSN (H1) and HON2 (H9) virus or (ii) co-transfected
with the HIN1/WSN (H1) virus pCAGGS/PA, pCAGGS/PB1, pCAGGS/PB2, and the HIN2 (H9) virus
PCAGGS/NP or co-transfected with HON2 (H9) virus pCAGGS/PA, pCAGGS/PB1, pCAGGS/PB2, and
the HIN1/WSN pCAGGS/NP. At 24 hrs post-transfection the ce