
UC San Diego
UC San Diego Previously Published Works

Title
Viral Determinants in H5N1 Influenza A Virus Enable Productive Infection of HeLa 
Cells.

Permalink
https://escholarship.org/uc/item/0106p40s

Journal
Journal of Virology, 94(4)

Authors
Rodriguez-Frandsen, Ariel
Martin-Sancho, Laura
Gounder, Anshu
et al.

Publication Date
2020-01-31

DOI
10.1128/JVI.01410-19
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0106p40s
https://escholarship.org/uc/item/0106p40s#author
https://escholarship.org
http://www.cdlib.org/


Viral Determinants in H5N1 Influenza A Virus Enable
Productive Infection of HeLa Cells

Ariel Rodriguez-Frandsen,a Laura Martin-Sancho,a Anshu P. Gounder,a Max W. Chang,b Wen-Chun Liu,c,d Paul D. De Jesus,a

Jessica von Recum-Knepper,a Miriam S. Dutra,a Nicholas J. Huffmaster,a Monica Chavarria,a Ignacio Mena,c,d Laura Riva,a

Courtney B. Nguyen,a Saunil Dobariya,a Kristina M. Herbert,a Christopher Benner,b Randy A. Albrecht,c,d

Adolfo García-Sastre,c,d,e,f Sumit K. Chandaa

aInfectious and Inflammatory Diseases Center, Sanford Burnham Prebys Medical Discovery Institute, La Jolla, California, USA
bDepartment of Medicine, University of California, San Diego, California, USA
cDepartment of Microbiology, Icahn School of Medicine at Mount Sinai, New York, New York, USA
dGlobal Health and Emerging Pathogens Institute, Icahn School of Medicine at Mount Sinai, New York, New York, USA
eDepartment of Medicine, Division of Infectious Diseases, Icahn School of Medicine at Mount Sinai, New York, New York, USA
fThe Tisch Cancer Institute, Icahn School of Medicine at Mount Sinai, New York, New York, USA

Ariel Rodriguez-Frandsen, Laura Martin-Sancho, and Anshu P. Gounder contributed equally to this work.

ABSTRACT Influenza A virus (IAV) is a human respiratory pathogen that causes
yearly global epidemics, as well as sporadic pandemics due to human adaptation of
pathogenic strains. Efficient replication of IAV in different species is, in part, dictated
by its ability to exploit the genetic environment of the host cell. To investigate IAV
tropism in human cells, we evaluated the replication of IAV strains in a diverse sub-
set of epithelial cell lines. HeLa cells were refractory to the growth of human H1N1
and H3N2 viruses and low-pathogenic avian influenza (LPAI) viruses. Interestingly, a
human isolate of the highly pathogenic avian influenza (HPAI) H5N1 virus success-
fully propagated in HeLa cells to levels comparable to those in a human lung cell
line. Heterokaryon cells generated by fusion of HeLa and permissive cells supported
H1N1 virus growth, suggesting the absence of a host factor(s) required for the repli-
cation of H1N1, but not H5N1, viruses in HeLa cells. The absence of this factor(s)
was mapped to reduced nuclear import, replication, and translation, as well as defi-
cient viral budding. Using reassortant H1N1:H5N1 viruses, we found that the com-
bined introduction of nucleoprotein (NP) and hemagglutinin (HA) from an H5N1 vi-
rus was necessary and sufficient to enable H1N1 virus growth. Overall, this study
suggests that the absence of one or more cellular factors in HeLa cells results in
abortive replication of H1N1, H3N2, and LPAI viruses, which can be circumvented
upon the introduction of H5N1 virus NP and HA. Further understanding of the mo-
lecular basis of this restriction will provide important insights into the virus-host in-
teractions that underlie IAV pathogenesis and tropism.

IMPORTANCE Many zoonotic avian influenza A viruses have successfully crossed the
species barrier and caused mild to life-threatening disease in humans. While human-
to-human transmission is limited, there is a risk that these zoonotic viruses may ac-
quire adaptive mutations enabling them to propagate efficiently and cause devastat-
ing human pandemics. Therefore, it is important to identify viral determinants that
provide these viruses with a replicative advantage in human cells. Here, we tested
the growth of influenza A virus in a subset of human cell lines and found that abor-
tive replication of H1N1 viruses in HeLa cells can be circumvented upon the intro-
duction of H5N1 virus HA and NP. Overall, this work leverages the genetic diversity
of multiple human cell lines to highlight viral determinants that could contribute to
H5N1 virus pathogenesis and tropism.
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Influenza A viruses (IAVs) are important human respiratory pathogens responsible
for yearly epidemics that cause approximately 250,000 to 500,000 fatalities world-

wide (1–3). While most IAV strains are restricted to their natural reservoir, aquatic
birds, certain IAVs can adapt to new host species and produce novel pathogenic
strains with pandemic potential (4). Over the last century and as recently as the
beginning of the 21st century, four influenza pandemics have occurred in the
human population: the 1918 H1N1 Spanish flu, the 1957 H2N2 Asian flu, the 1968
H3N2 Hong Kong flu, and the 2009 H1N1 swine flu pandemic. In addition, sporadic
zoonotic transmission of avian viruses of subtypes H5, H6, H7, H9, and H10 has been
detected in humans (5). Of these, highly pathogenic avian influenza (HPAI) H5N1
viruses have caused �860 confirmed human infections in 17 countries, with a 52%
mortality rate, and pose a significant threat to global health (6). While circulating
H5N1 viruses cause limited human-to-human transmission, repeated zoonotic out-
breaks might provide the basis for efficient propagation and spread—an event that
may require �5 mutations (7, 8). Therefore, it is critical to gain a better under-
standing of the viral and host factors required for H5N1 viruses to replicate
efficiently and to be transmitted to a broader host range.

IAV is an enveloped RNA virus with a segmented negative-sense genome that
hijacks the host cell machinery for replication. For productive infection, IAV needs to (i)
attach to and enter the host cell, (ii) replicate and transcribe its viral genome and
translate it into viral proteins, and (iii) traffic, assemble, and release progeny virions to
infect neighboring cells (9, 10). Global loss-of-function screens have identified multiple
host factors required for IAV replication (11–15). Differences in the expression levels of
these factors across cell types dictate the ability of IAV to infect and complete its
infectious cycle. The multitude of available cell lines from diverse human tissues can
provide an experimental system for the discovery of host dependency factors and host
restriction factors (16–21), or the identification of viral determinants (22–25), by com-
parison of cells that are permissive or restrictive for viral growth. Viral determinants that
increase IAV replication and pathogenesis have been described previously (23, 26). An
example is the cleavage of the surface protein hemagglutinin (HA). The cleavage site of
HA proteins from low-pathogenic avian influenza (LPAI) viruses contains a single basic
residue that can be cleaved only by cellular proteases found on mucosal surfaces.
However, HA proteins from HPAI viruses, such as H5N1 viruses, contain a polybasic
cleavage site that can be cleaved by ubiquitous furin-like proteases, extending the
tissue tropism of these viruses and facilitating systemic infection (27, 28). In addition,
several amino acids in the viral polymerases (PA, PB1, and PB2), NP, and NS1 have been
associated with increased pathogenicity of HPAI viruses in mammals (29, 30). Identify-
ing and understanding these host- and strain-specific determinants can provide in-
sights into virulence, cellular tropism, and host range—factors that are crucial for
assessing the pandemic potential of IAVs.

Here, we evaluated the ability of influenza virus to replicate and spread in a varied
subset of human epithelial cell lines. Interestingly, several human H1N1, H3N2, and LPAI
strains were unable to grow in HeLa cells, but we observed efficient propagation of a
human isolate of an H5N1 virus with a modified HA cleavage site. Heterokaryon cells,
produced by fusion of HeLa and permissive 293T cells, supported H1N1 virus growth,
suggesting that H1N1 virus restriction in HeLa cells is the consequence of the absence
or low expression of a host factor(s) essential for the replication of H1N1 viruses but not
H5N1 viruses. Entry of H1N1 viruses into HeLa cells was unaffected, but we found
reduced nuclear import, viral replication, and translation, as well as defective virus
budding. The introduction of H5N1 virus NP and HA enabled productive replication of
H1N1 virus in HeLa cells, suggesting that these factors are necessary to circumvent the
replicative defect in HeLa cells.
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RESULTS
Differential susceptibily of human epithelial cell lines to influenza A virus

growth. Nine human epithelial cell lines, A549, HCT15, SK-N-SH, U2-OS, HOS-CD4,
HEK293T, U87-CD4-CXCR4, Huh-7, and HeLa cells, were systematically compared for
their abilities to support multicycle replication of human influenza virus A/WSN/33
(H1N1). These cell lines were infected at a low multiplicity of infection (MOI) (0.01
PFU/cell), and infectious virus titers in the supernatants were measured at 24, 48, and
72 h postinfection (hpi). We observed that while eight of the nine cell lines supported
productive A/WSN/33 infection, as shown by increases in virus titers over time, no viral
growth was detected in HeLa cells (Fig. 1A). Abortive replication of IAVs in HeLa cells
has already been described (31–35). However, those studies were limited to a small
subset of IAV strains, and the mechanism was not fully elucidated. Therefore, we sought

FIG 1 HeLa cells do not support H1N1 or H3N2 IAV growth. (A) Nine epithelial cell lines (A549, HCT15, SK-N-SH, U2OS, HOS-CD4, HEK293T, U87-CD4-CXCR4,
Huh-7, and HeLa cells) were infected with IAV A/WSN/33 at an MOI of 0.01. At the indicated hours postinfection, cell culture supernatants were collected, and
the amount of infectious virus released was measured by a plaque assay. Plotted is the fold change in titer from 24 hpi for each cell line. Data are averages
from two independent biological experiments. The limit of detection (LOD) for the plaque assay is indicated by a dotted black line at 1 � 102 PFU/ml. (B through
D) Infectious virus titers in supernatants from A549 (solid black lines) or HeLa (solid red lines) cells infected with A/WSN/33 (B) or the indicated H1N1 (C) or H3N2
(D) IAV strains at an MOI of 0.01. Data are averages from three independent biological experiments and represent mean � standard deviation. Asterisks indicate
significant differences by multiple Student t tests (*, P � 0.05; **, P � 0.001; ***, P � 0.0001).
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to conduct a more comprehensive assessment of this phenotype. Since the A549
human lung epithelial cell line was permissive for productive A/WSN/33 infection and
is a well-characterized model for IAV infection and growth, we chose A549 cells
for subsequent experiments. Further analysis of infectious virus release following
A/WSN/33 infection confirmed abortive infection in HeLa cells (titers, in PFU per
milliliter, were less than or equal to the assay limit of detection [LOD] of 1 � 102 PFU/ml
at 24, 48, and 72 hpi), in contrast to A549 cells (titers of 1.9 � 105 PFU/ml at 24 hpi,
2.6 � 107 PFU/ml at 48 hpi, and 1.7 � 106 PFU/ml at 72 hpi) (P � 0.0001) (Fig. 1B). To
investigate the strain and serotype specificity of this phenotype, we tested the repli-
cation kinetics of other H1N1 (lab-adapted A/Puerto Rico/8/1934, pandemic A/Califor-
nia/07/2009, and pandemic A/Hamburg/4/2009) and H3N2 (A/Panama/2007/1999,
A/Victoria/3/75, and A/Wyoming/3/2003) IAV strains. While A549 cells supported the
growth of all strains (with titers of �1 � 104 PFU/ml at 72 hpi), no infectious viruses
were detected from HeLa cells (titers, �1 � 102 PFU/ml at all time points) (Fig. 1C and
D). Collectively, these data show that HeLa cells do not support productive infection of
a subset of human H1N1 and H3N2 IAVs.

HeLa cells support multicycle replication of H5N1 influenza A virus but not of
other avian LPAI strains. To test if species-specific differences in IAV strains affect
growth in HeLa cells, we analyzed the abilities of several LPAI strains to replicate in
HeLa and A549 cells. Influenza viruses A/Duck/Ukraine/1/1963 (H3N8), A/Turkey/Wis-
consin/68 (H5N9), and A/Rhea/North Carolina/39482/1993 (H7N1) generated infectious
particles in A549 cells with titers of 3.7 � 103 FFU/ml, 3.3 � 104 FFU/ml, and 4 � 105

FFU/ml at 72 hpi, respectively. However, we did not observe any released particles in
HeLa cells (�1 � 102 FFU/ml) (Fig. 2A).

The HPAI H5N1 strain is responsible for several human outbreaks and is linked to
increased virulence and pathogenesis (5). To investigate IAV H5N1 growth in HeLa cells,
we selected an H5N1 isolate from a fatal human case that was engineered to allow
biosafety level 2� work through a deletion in the HA polybasic cleavage site, A/Viet-
nam/1203/2004 HALo (referred to below as H5N1-HaLo) (36). Surprisingly, HeLa cells
supported productive infection by H5N1-HaLo, and by 72 hpi, virus release in HeLa cells
was comparable to that in A549 cells (3.3 � 106 PFU/ml and 5.7 � 106 PFU/ml, respec-
tively) (P � 0.45) (Fig. 2B). Taken together, these data show that HeLa cells are refractory
to the growth of human H1N1, H3N2, and LPAI viruses but allow successful replication
of H5N1-HaLo. Since all H1N1 and H3N2 IAVs tested showed similar growth phenotypes
in HeLa cells and similar growth phenotypes in A549 cells, we chose influenza virus
A/WSN/33 (H1N1) for subsequent experiments.

Abortive replication of several IAVs in HeLa cells is not due to expression of
human papillomavirus proteins. Previous work has shown that HeLa cells harbor
integrated human papillomavirus 18 (HPV18) DNA within their genomes (37–39). RNA
sequencing (RNA-seq) analysis of HeLa cells, either uninfected or infected with

FIG 2 HeLa cells support the replication of a highly pathogenic avian IAV (H5N1) strain. A549 (solid black lines) or HeLa (solid red lines) cells were infected with
the indicated LPAI strains (A) or H5N1-HaLo (B) at an MOI of 0.01, and infectious virus titers in the cell culture supernatants were measured at 24, 48, and 72
hpi via a focus-forming assay (with results expressed in focus-forming units [FFU] per milliliter) (A) or a plaque assay (with results expressed in PFU per milliliter)
(B). Data are averages from three independent biological experiments and represent mean � standard deviation. The limits of detection (LOD) for the
focus-forming assay and plaque assay are indicated by dotted black lines at 1 � 102 PFU/ml. Asterisks indicate significant differences by multiple Student t tests
(*, P � 0.05; **, P � 0.001; ***, P � 0.0001).
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A/WSN/33 or H5N1-HaLo, confirmed mRNA expression of the HPV18 E1, E6, E7, and L1
genes (Fig. 3A and B). To evaluate if the expression of these genes could be responsible
for the abortive replication of several IAV strains in HeLa cells, we successfully knocked
down E1, E6, E7, and L1 using small interfering RNA (siRNA) (Fig. 3C) and measured the
production of the A/WSN/33 virus at 24 and 48 hpi. No significant differences in viral

FIG 3 Abortive replication of several IAVs in HeLa cells is not due to the expression of human papillomavirus proteins. (A and B) HeLa cells were either mock
infected or infected with A/WSN/33 or H5N1-HaLo at an MOI of 3. At 9 hpi, cell extracts were collected, and total RNA was isolated for RNA sequencing. The
expression of each of the HPV18 genes is shown as the fragments per kilobase of transcript per million mapped reads (FPKM) (A) or as fold gene expression
relative to that in mock-infected samples (B). (C) HeLa cells transfected with siRNAs targeting the indicated HPV18 genes or a negative-control siRNA
(Scrambled). Knockdown efficiency at 48 h was determined by qRT-PCR. Values were normalized to that for TBP and were then graphed as the fold change
relative to expression with the scrambled siRNA. (D) HeLa cells were transfected with the indicated siRNAs for 48 h and were then infected with A/WSN/33 at
an MOI of 0.01. At the indicated times, the virus titer was determined by a plaque assay. (E) qRT-PCR validation of HPV gene overexpression in 293T cells. Values
were normalized to that for TBP and were then graphed as the fold change relative to expression in mock-infected cells. (F and G) Cells overexpressing control
genes, individual HPV18 genes (F), or a combination of HPV18 genes (G) were infected with A/WSN/33 at an MOI of 0.01, and at the indicated times, the virus
titer was determined by a plaque assay. Data are mean � standard deviation from at least two independent experiments. The limit of detection (LOD) for the
plaque assay is indicated by a dotted black line at 1 � 102 PFU/ml.
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growth were found between siRNA-transfected HeLa cells and HeLa cells transfected
with negative-control scrambled siRNA (Fig. 3D). Conversely, we overexpressed HPV18
E1, E6, E7, and L1 (Fig. 3E) in the IAV-permissive 293T cell line and found that neither
individual (Fig. 3F) nor combined (Fig. 3G) expression of these viral genes reduced
A/WSN/33 growth from that in cells expressing LacZ or green fluorescent protein (GFP).
Collectively, these results indicate that the expression of HPV18 E1, E6, E7, and L1 genes
is not responsible for defective IAV growth in HeLa cells.

HeLa cells support productive infection by other RNA and DNA viruses. We then
tested if HeLa cells could support efficient replication of non-IAV viruses. Murine
gammaherpesvirus 68 (MHV-68), lymphocytic choriomeningitis virus (LCMV), and den-
gue virus 16681 (DENV-2) were selected on the basis of their genome characteristics
(RNA or DNA, segmented or nonsegmented, positive sense or negative sense) and site
of replication (nuclear or cytoplasmic). Productive replication by all three viruses was
detected in HeLa cells (Fig. 4A to C), suggesting that the inability of multiple IAV strains
to propagate in HeLa cells is not due to a general defect in these cells.

Growth of human H1N1 IAV in HeLa cells is supported upon fusion with
permissive 293T cells. Restriction in HeLa cells of a subset of IAVs that propagate
efficiently in other cell types poses at least two possibilities: (i) HeLa cells might contain
a factor(s) that impairs viral growth or (ii) permissive cells might contain a factor(s) that
is required for productive viral replication, and this factor(s) might be deficient or
expressed at low levels in HeLa cells. To investigate these possibilities, we induced the
fusion of HeLa-mCherry and IAV-permissive 293T-zsGreen cells using vesicular stoma-
titis virus G protein (VSV-G) (40). HeLa-293T heterokaryons were selected based on
sorting of mCherry-zsGreen double-positive cells with a fluorescence-activated cell
sorter (FACS) (Fig. 5A and B) and were subsequently infected with A/WSN/33 or
H5N1-HaLo. The growth of the A/WSN/33 virus was enhanced in HeLa-293T hetero-
karyons over that in HeLa-mCherry cells (Fig. 5C), suggesting the likely presence of a
positive factor(s) in 293T cells that can support H1N1 virus growth in the heterokaryon
cells (see Discussion). As expected, production of H5N1-HaLo infectious virus was
detected in all three cell lines (Fig. 5D). The amount of virus released from HeLa-293T
heterokaryon cells was lower than that from parental 293T-zsGreen cells following
infection with A/WSN/33 or H5N1-HaLo. It is likely that the full extent of IAV replication
is decreased in these artificial heterokaryon cells. Additionally, the presence of unfused,
nonpermissive HeLa-mCherry cells in the sorted heterokaryon population likely con-
tributes to the limited infectious virus production following A/WSN/33 infection.

To ensure that the virus output we were observing was not due to the 3.60 to 0.51%
carryover of unfused 293T-zsGreen cells during cell sorting, we infected a mixed
population of 4% 293T-zsGreen and 96% HeLa-mCherry cells. This cell mixture pro-
duced A/WSN/33 virus at significantly lower levels than HeLa-293T heterokaryons at 48

FIG 4 HeLa cells support productive infection by other RNA and DNA viruses. A549, Huh-7, or HeLa cells were infected with a
murine gammaherpesvirus 68 (MHV-68) luciferase reporter virus (MOI, 0.1) (A), lymphocytic choriomeningitis virus (LCMV) (MOI,
0.01) (B), or dengue virus 16681 (DENV-2) (MOI, 10) (C). At the indicated times postinfection, luciferase activity was measured in
cell lysates to assess MHV replication (A) or infectious virus titers were measured by a focus forming assay (B) or a plaque assay
(C). Data are mean � standard deviation from at least two independent biological experiments. The limits of detection (LOD) for
the focus-forming and plaque assay are indicated by dotted black lines at 1 � 102 PFU/ml. Asterisks indicate significant differences
by multiple Student t tests (*, P � 0.05; **, P � 0.001; ***, P � 0.0001).
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FIG 5 Growth of H1N1 virus in HeLa cells is supported upon fusion with permissive 293T cells. (A) Schematic for the production and isolation of HeLa-293T
heterokaryons using HeLa-mCherry or 293T-zsGreen cells. Cells were transiently transfected with VSV-G and then exposed to a low pH in order to induce the
fusogenic properties of VSV-G. Fused cells were FACS sorted for zsGreen-mCherry double-positive cells. (B) zsGreenhi mCherryhi and zsGreenlow mCherryhi cell
populations (presort; boxed area) were collected, and the purity of the sorted population was assessed (postsort purity) prior to downstream experiments. Pre-
and postsort cell populations are shown for two independent experiments. Stringent gating criteria were used to exclude the collection of zsGreen
single-positive cells. (C) HeLa-mCherry (solid red lines), 293T-zsGreen (solid black lines), or sorted HeLa-293T heterokaryons (dashed blue lines) were infected at
an MOI of 0.01 with A/WSN/33 (C) or H5N1-HaLo (D). At the indicated times, cell culture supernatants were collected, and virus titers were determined by plaque
assay. (E) Due to technical limitations, the cells collected included a small percentage (�4% of live, single cells) of zsGreen single-positive cells (293T-zsGreen).
A mixed population of 96% HeLa-mCherry cells and 4% 293T-zsGreen cells (solid cyan lines) was created and infected alongside sorted heterokaryons (HeLa-293T
heterokaryons) (dashed blue lines) at an MOI of 0.01 with A/WSN/33 (E) or H5N1-HaLo (F). At the indicated times, virus titers were determined by plaque assay.
Data points are mean � standard deviation from two independent biological experiments. The limit of detection (LOD) for the plaque assay is indicated by a
dotted black line at 1 � 102 PFU/ml. Asterisks indicate significant differences (*, P � 0.05; **, P � 0.001; ***, P � 0.0001) for comparison to HeLa-mCherry by
two-way analysis of variance (C and D) or multiple Student t tests (E and F).
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hpi (Fig. 5E), despite similar growth of H5N1-HaLo (Fig. 5F). These data suggest that
growth of the human H1N1 virus in HeLa cells can be detected upon fusion with a
permissive cell line, indicating that HeLa cells are likely defective in one or more host
factors that are essential for the replication of H1N1, but not H5N1, viruses.

HeLa cells show reduced nuclear import, replication, and translation, as well as
deficient budding of H1N1 IAV. We next examined which step in the IAV infectious
cycle was affected in HeLa cells by comparing the contrasting abilities of A/WSN/33 and
H5N1-HaLo to replicate. Viral entry was investigated by measuring cytoplasmic NP
following infection with A/WSN/33 or H5N1-HaLo in cells treated with cycloheximide
(CHX), a general inhibitor of protein synthesis. NP intensity levels were comparable in
the two strains, suggesting that viral entry was not affected (Fig. 6A). Nuclear import,
measured by nuclear NP signal intensity, suggested a small, but statistically significant,
reduction in the nuclear import of A/WSN/33 relative to that of H5N1-HaLo (mean
nuclear NP signal intensities, 134 for A/WSN/33 and 180 for H5N1-HaLo [P � 0.014])
(Fig. 6B). Next, we evaluated the abilities of the A/WSN/33 and H5N1-HaLo viruses to
drive a minigenome luciferase reporter. Similar replication kinetics were observed for
H5N1-HaLo in HeLa and 293T cells (Fig. 6C, left). However, we detected lower levels of
A/WSN/33 replication in HeLa cells than in 293T cells at 24 hpi (41 relative light units
[RLU] in HeLa cells versus 75 RLU in 293T cells [P � 0.001]) (Fig. 6C, right). Levels of
translation of early (PA and NP) and late (M2) IAV proteins were also lower in lysates of
HeLa cells infected with A/WSN/33 than those of H5N1-HaLo (Fig. 6D). We also
observed lower levels of viral protein translation in A549 cells infected with A/WSN/33
than in those infected with H5N1-HaLo, but to a much lesser extent than in HeLa cells
(Fig. 6E). While the observed defects in nuclear import, viral replication, and translation
could be the major contributors to abortive H1N1 infection, we cannot conclude that
these levels of translation are insufficient to support viral growth and that other
late-stage defects ultimately prevent the production of viral particles.

Efficient trafficking of IAV proteins to the host cell membrane is critical for virion
assembly and budding. Quantification of HA surface expression in nonpermeabilized
HeLa cells infected with the A/WSN/33 virus revealed highly significant reductions at
both 16 and 24 hpi relative to expression in infected A549 cells (Fig. 6F). To investigate
IAV HA trafficking in more detail, we transfected 293T and HeLa cells with A/WSN/33
(H1N1) or A/Vietnam/1203/04 (H5N1) HA expression constructs and measured HA
surface expression in nonpermeabilized cells. No significant differences in the percent-
age of HA-positive cells were observed between the two cell lines (Fig. 6G), suggesting
that trafficking of H1N1 HA is not affected in HeLa cells and that the decreased levels
of surface HA observed in A/WSN/33 (H1N1)-infected HeLa cells (Fig. 6F) could be the
cumulative result of early reductions in viral import and viral replication. Subsequently,
we measured viral budding. No budding virions were observed by transmission elec-
tron microscopy in HeLa cells infected with A/WSN/33 (Fig. 6H, center), while progeny
virions were detected following infection with H5N1-HaLo (Fig. 6H, bottom). To confirm
a deficiency in budding, viral genomic RNA (vRNA) in the supernatants of HeLa and
A549 cells infected with A/WSN/33 was quantified, and no NP vRNA was detected in
HeLa cell supernatants (Fig. 6I).

H5N1 NP and HA segments enable H1N1 IAV growth in HeLa cells. To identify
the H5N1 viral determinant(s) that enables growth in HeLa cells, we generated recom-
binant A/Puerto Rico/8/1934 (H1N1) (PR8) viruses containing H5N1 genomic segments.
All recombinant H1N1–H5N1 viruses were tested for the ability to grow in A549 cells,
and the relative replicative fitness of each was compared to that of PR8 in order to rule
out recombinant viruses that enhanced infection to levels greater than those with the
parental strains (Fig. 7A, B, and C). In the first set of experiments, we introduced either
the H5N1 polymerase complex (H5N1 Pol), comprising PB1, PB2, and PA, or H5N1
ribonucleoprotein (H5N1 vRNP), comprising the polymerase complex and NP, into PR8
and tested for viral growth in HeLa cells (Fig. 7D). While no infectious virus was detected
after the introduction of the H5N1 polymerase complex, the addition of NP in con-
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FIG 6 HeLa cells show reduced nuclear import, replication, and translation, as well as deficient budding of H1N1 IAV. (A and B) HeLa cells were synchronously
infected with either A/WSN/33 or H5N1-HaLo at an MOI of 10, treated with CHX (100 mg/ml), and then incubated for 3 h at 37°C to allow entry (A) or for 4.5 h
at 37°C to allow nuclear import (B). Cells were fixed and stained for IAV NP, and immunofluorescence images were acquired using the IC200 imaging system
and were analyzed for cytoplasmic (A) or nuclear (B) NP staining. At least three wells per condition were used, and four fields per well were analyzed for
quantification. Circles and squares indicate individual wells assayed, and crossbars indicate mean � standard deviation from two independent experiments. Rel.,
relative; n.s., not significant. (C) An IAV infection-driven minigenome luciferase assay was used to measure polymerase activity in order to monitor infection with
either H5N1-HaLo (left) or A/WSN/33 (right) at the indicated time points postinfection in HeLa (solid red lines) or 293T (solid black lines) cells. The firefly
luciferase signal was normalized to the expression of Renilla luciferase, used as a transfection control. Data are mean � standard error of the mean from three
independent biological experiments. (D and E) Representative Western blots of protein lysates from HeLa cells (D) or A549 cells (E) infected with A/WSN/33 or
H5N1-HaLo at an MOI of 3, collected at 3, 6, 9, and 12 hpi and probed for expression of IAV PA, NP, and M2 proteins and the loading control �-actin. Three
independent biological experiments were performed. The number sign (#) indicates a nonspecific band seen under all conditions. (F) HA cell surface staining
in nonpermeabilized HeLa (red bars) or A549 (black bars) cells following infection with A/WSN/33 at an MOI of 0.5. The percentage of HA-positive (HA�) cells,

(Continued on next page)
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junction with H5N1 polymerases led to a 7-fold increase in viral growth at 48 hpi
(1 � 102 PFU/ml versus 7.6 � 102 PFU/ml [P � 0.05]). Next, we introduced H5N1 NS, M,
NA, HA, and NP individually into the PR8 virus. Only the recombinant virus bearing
H5N1 NP was able to generate detectable levels of infectious virus (Fig. 7E). To
determine if H5N1 NP in combination with other viral segments could enhance
productive virus infection, we created a series of PR8 viruses that contained H5N1 NP
and either M, NS, NA, or HA from an H5N1 virus. Interestingly, the PR8 recombinant
virus harboring both the NP and HA segments of an H5N1 virus was able to replicate
and produce high virus titers, in contrast to PR8 (5 � 105 PFU/ml versus 1 � 102 PFU/ml
at 72 hpi [P � 0.0001]) (Fig. 7F). Since H5N1 HA and NP were necessary to enable H1N1
growth, we compared HA and NP sequences with those of IAV strains that were unable
to grow in HeLa cells and showed that while HA is highly divergent (Fig. 7G), NP is
highly conserved (Fig. 7H) across all strains tested. Taken together, these data suggest
that viral determinants in H5N1 NP and HA proteins enable replication in otherwise
refractory HeLa cells.

DISCUSSION

Influenza A virus tropism is, in part, dictated by the ability of the virus to interact
with the cellular landscape. Here, we investigated IAV replication in a diverse subset of
human epithelial cell lines with the ultimate aim of identifying determinants of viral
growth. We show that epithelial cell lines derived from various tissues are differentially
susceptible to multicycle IAV replication and that HeLa cells do not support productive
infection by IAV strains of different serotypes and origins, including human H1N1,
H3N2, and LPAI viruses. Previous studies have also observed abortive infection with
A/Puerto Rico/8/1934 (H1N1), A/WSN/33 (H1N1), A/Texas/1/77 (H3N2), and avian H7N1
(A/fowl plague virus [FPV]/Ulster/73, A/FPV/Rostock/1934) viruses in HeLa cells (31–35).
These studies alluded to a block at the level of HA trafficking, viral maturation, and
assembly, but the cellular and viral determinants responsible for this phenotype were
not further elucidated. Our data show that IAV H1N1 nuclear import, replication, and
translation are also affected in HeLa cells. A possible explanation for this discrepancy is
that while previous work investigated the ability of IAV to replicate in HeLa cells
compared to that in chicken embryo fibroblasts, we compared HeLa cells to other
human epithelial cell lines.

Importantly, results from this study reveal that a human isolate of HPAI H5N1 virus
replicated successfully in HeLa cells despite abortive infection of a broad range of IAVs
of different serotypes and origins and that H5N1 NP and HA are the critical viral
determinants that allow replicative fitness in HeLa cells. Finally, our heterokaryon
studies suggest that H1N1 viruses, but not H5N1 viruses, require one or more cellular
factors that are deficient in HeLa cells. Alternatively, we cannot exclude the possibility
that this phenotype is the result of a negative factor(s) in HeLa cells that is diluted or
inactivated by another factor present in 293T cells. Comparative transcriptome analyses
of IAV-permissive and nonpermissive cells, cross-referenced with published IAV proviral
factors (15, 21), may provide a starting point for the investigation of a cellular factor(s)
that underlies the observed phenotype in HeLa cells (see Table S1 in the supplemental
material).

The introduction of H5N1 NP and HA segments into H1N1 IAV was necessary and

FIG 6 Legend (Continued)
determined by gating of live, single cells and analysis via flow cytometry, is shown. Data are mean � standard deviation for three independent experiments.
(G) 293T or HeLa cells were transfected with plasmids expressing either A/WSN/33 (H1N1) HA or A/Vietnam/1203/04 (H5N1) HA. Cell surface staining of HA was
assessed at 48 h posttransfection by flow cytometry. The percentages of HA� cells are graphed, and histograms of HA� populations following the gating of
live, single cells are shown. A plasmid expressing eGFP was transfected alongside the virus-expressing plasmids as a positive control, and mock-transfected cells
served as negative controls. Data are mean � standard deviation from three independent experiments. (H) HeLa cells were either mock infected or infected
at an MOI of 1 with A/WSN/33 or H5N1-HaLo. At 10 hpi, cells were fixed, negatively stained with uranyl acetate, and visualized by transmission electron
microscopy. Arrows indicate newly released influenza virions. (I) A549 or HeLa cells were infected with A/WSN/33 at an MOI of 0.01, and supernatant samples
were collected at 72 hpi for extraction of total viral RNA. Genomic copies of NP were quantified by qRT-PCR in three independent biological experiments.
Asterisks indicate significant differences by multiple Student t tests (*, P � 0.05; **, P � 0.001; ***, P � 0.0001).
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FIG 7 H5N1 NP and HA segments enable H1N1 IAV growth in HeLa cells. Recombinant viruses were created using the A/Puerto Rico/8/1934 (H1N1) [PR8
(H1N1)] backbone and introducing the indicated segment(s) of the H5N1 IAV. (A through F) A549 (left) or HeLa (right) cells were infected with recombinant
viruses at an MOI of 0.01 to test the effect of the H5N1 polymerase complex (PB1, PB2, and PA) or the viral ribonucleoprotein (vRNP) complex (PB1, PB2, PA,

(Continued on next page)
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sufficient to enable growth in HeLa cells. During influenza virus infection, NP is
imported to the nucleus, where it drives viral replication and transcription. In contrast,
HA is important for the entry and budding of influenza viruses. We therefore hypoth-
esize that determinants in the H5N1 NP might be responsible for increased nuclear
import and replication in HeLa cells, while determinants in H5N1 HA might be respon-
sible for efficient budding. The initiation of IAV virion budding relies on the interaction
of membrane-bound HA with host cell membrane lipid rafts and viral membrane
proteins (NA, M1, and M2) (reviewed in reference 41). Therefore, the absence of virion
budding from HeLa cells following H1N1 infection could be due to defective recruit-
ment of one or more viral factors to the plasma membrane and/or the inability of HA
to initiate viral budding. However, at this moment, we cannot exclude the possibility
that defects in nuclear import, viral replication, and translation are the major contrib-
utors to abortive H1N1 infection or that other, alternative mechanisms are responsible
for the rescue of the growth of the PR8 (H1N1) virus in HeLa cells by H5N1 HA and NP
genes.

NP, HA, and the viral polymerases have been described as determinants of the host
range specificity and pathogenicity of HPAI viruses (23, 26). NP nuclear import depends
on efficient interaction with cellular importins. Adaptive mutations in avian IAV NP
proteins allow a switch from utilization of importin-�3 to importin-�7 for efficient
nuclear import in mammalian cells and host range expansion (42, 43). The acquisition
of a polybasic cleavage site in HA extends the tissue tropism of the virus and facilitates
systemic infection (27, 28). Acquired mutations in the viral polymerases of avian IAVs
enable efficient replication in mammalian cells (reviewed in references 23 and 44). A
well-studied mutation is the E627K substitution in the PB2 polymerase protein, which
has been reported in H5N1 human isolates (45–48; for a review, see reference 45). Of
note, the A/Vietnam/1203/2004 (H5N1) HALo virus used in our studies has this E627K
amino acid substitution in its PB2 segment (49). This mutation confers high levels of
viral polymerase activity in human cells, a characteristic that we also observed in our
minigenome-based assay following H5N1-HaLo infection (Fig. 6C). In addition, this
mutation changes the ability of the polymerase to functionally interact with mamma-
lian cellular factors such as ANP32A, ANP32B, and DDX17 (20, 24; reviewed in reference
44). Therefore, it is possible that successful H5N1 viral growth in HeLa cells could be
mediated by determinants in HA and NP that facilitate interaction with a broader range
of host factors in HeLa cells, enabling H5N1 viruses to replicate despite the absence of
a host factor(s) essential for the growth of other IAV strains.

Alternatively, H5N1 viruses may induce the expression of a distinct profile of host
genes, altering the cellular landscape. Comparison of the global transcriptome upon
H1N1, H3N2, or H5N1 virus infection has revealed significant differences in host gene
expression and host proteomic responses between these strains (50, 51). Thus, H5N1
virus infection may reshape the cellular milieu to promote a host factor environment
that enables productive replication in HeLa cells. Cross-strain transcriptome analyses of
HeLa cells that are either uninfected or infected with the WSN or H5N1-HaLo virus and
cross-referenced with previously identified pro-IAV factors (15, 21) might additionaly
facilitate the discovery of these cellular factors (see Table S2 in the supplemental
material).

Taking our findings together, our study provides a survey of IAV growth in different
human epithelial cell lines. Abortive infection with H1N1, H3N2, and LPAI viruses, but
not H5N1, was attributable to a cellular defect in HeLa cells. Importantly, viral features

FIG 7 Legend (Continued)
and NP) (A and D), the effects of individual H5N1 gene segments (B and E), or the combinatorial effect of the H5N1 NP with other H5N1 gene segments (C
and F) on virus growth. At the indicated times, infectious virus release was determined by plaque assay. Bars represent mean � standard deviation from at
least three independent biological experiments, while each symbol represents the mean value from an independent experiment. The limit of detection (LOD)
for the plaque assay is indicated by a dotted black line at 1 � 102 PFU/ml. Asterisks indicate significant differences (*, P � 0.05; **, P � 0.001; ***, P � 0.0001)
by two-way analysis of variance, with Dunnett’s multiple-comparison test for comparisons to PR8. (G and H) Full nucleotide sequence alignments of the HA
(G) and NP (H) gene segments from the indicated IAV strains.
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in H5N1 NP and HA enabled H1N1 viral growth in HeLa cells, likely relieving the
dependency on one or more cellular factors or functions. Further investigation of these
host and viral determinants is likely to reveal critical host-pathogen interactions that
govern IAV replication and pathogenesis.

MATERIALS AND METHODS
Cells. A549 (ATCC CCL-185), MDCK (ATCC CCL-34), 293T (ATCC CRL-3216), HeLa (ATCC CCL-2), and

Huh-7 cells were cultured in Dulbecco’s modified Eagle medium (DMEM). SK-N-SH, U87-CD4-CXCR4, and
HOS-CD4 cells were cultured in minimal essential medium (MEM). HCT15 cells were cultured in RPMI
medium, and U2OS cells were cultured in McCoy’s medium. All culture media were supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin-glutamine, 1% HEPES, and 1% sodium pyru-
vate. Cells were grown at 37°C under 5% CO2. All cell lines were routinely tested for mycoplasma
contamination.

Generation of HeLa-mCherry and 293T-zsGreen cells. HeLa and 293T cells were transduced with
pTripz-scr-Dox/pCDNA-Puro-mCherry or plx304-zsGreen lentiviral vectors, respectively. At 48 h postrans-
duction, HeLa cells were subjected to antibiotic selection in culture media with 0.5 �g/ml puromycin
(Invitrogen), whereas 293T cells were selected with 10 �g/ml blasticidin (Invitrogen), to establish a
population of transduced fluorescent cells. Before stable cell populations were frozen, each cell line was
FACS sorted for purity on a FACSAria II flow cytometer (BD Biosciences) and was gated for live, single cells
and for mCherry or zsGreen expression.

Generation of HeLa-293T cell heterokaryons. HeLa-mCherry and 293T-zsGreen cells were used to
generate heterokaryons as described in reference 40. Briefly, HeLa-mCherry and 293T-zsGreen were
plated onto 10-cm poly-D-lysine (ICN102694; Fisher Scientific)-coated tissue culture dishes in DMEM with
10% FBS, 1% HEPES, and 1% sodium pyruvate and were transfected with VSV-G by using FuGENE 6
according to the manufacturer’s guidelines (Promega). At 48 h posttransfection, cells were harvested by
trypsinization and were counted. In a 15-cm poly-D-lysine-coated tissue culture dish, transfected HeLa-
mCherry cells and 293T-zsGreen cells were plated together at a 2:1 ratio and were incubated for 4 h to
allow adherence. The cell culture medium was then removed. Cells were washed with 1� Dulbecco’s
phosphate-buffered saline (DPBS), exposed to pH 6.0 for 3 min in fusion buffer [1 M 2-(N-
morpholino)ethanesulfonic acid (MES) (product no. M1317; Sigma) in 1� DPBS (12.5 ml MES per liter 1�
DPBS)], and then incubated in complete culture medium comprising DMEM, 10% FBS, 1% HEPES, 1%
sodium pyruvate, and 1% penicillin–streptomycin–L-glutamine. At 36 to 48 h postfusion, cells were
harvested by trypsinization, washed, resuspended in FACS sorting buffer (1� PBS [Ca2� and Mg2� free],
20 mM HEPES [pH 7.2], 1% bovine serum albumin [BSA], 2 mM EDTA), and sorted on a FACSAria II flow
cytometer (BD Biosciences) using a 130-�m nozzle at 4°C. Cells were gated for live, single cells, and
zsGreenhi mCherryhi and zsGreenlow mCherryhi double-positive cells were collected in complete culture
medium for infection experiments (as depicted in Fig. 5B). Gating criteria were set up to stringently
exclude zsGreen single-positive cells.

Viruses. The influenza virus strains A/WSN/33 (H1N1), A/Puerto Rico/8/1934 (H1N1), A/California/07/
2009 (pH1N1), A/Hamburg/4/2009 (pH1N1), A/Victoria/3/75 (H3N2), A/Wyoming/3/2003 (H3N2), A/Pan-
ama/2007/1999 (H3N2), A/Duck/Ukraine/1/1963 (H3N8), A/Turkey/Wisconsin/68 (H5N9), A/Rhea/North
Carolina/39482/1993 (H7N1), and A/Vietnam/1203/2004 HALo (H5N1) were propagated in embryonated
eggs and titrated in MDCK cells. The C13 GFP_P2A_NP recombinant lymphocytic choriomeningitis virus
(rLCMV) was kindly provided by J. C. de la Torre (The Scripps Research Institute, La Jolla, CA). The MHV-68
luciferase reporter virus was provided by R. Sun and T.-T. Wu (University of California, Los Angeles).
Dengue virus strain 16681 was kindly provided by M. Diamond (Washington University, St. Louis, MO).

Generation of recombinant H1N1 and H5N1 influenza A viruses. Recombinant influenza viruses
were developed by reverse genetics as described previously (52, 53) and were propagated in embryo-
nated eggs. The genotypes of these viruses were verified using Sanger sequencing (Macrogen).

Virus infection. Cells were infected with viruses, at the multiplicities of infection stated in the figure
legends, in PBS supplemented with BSA, Ca2�, and Mg2. After 1 h, cells were washed, and a culture
medium containing 1 �g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin was
added. Cells were then incubated at 37°C and supernatant samples collected at the times indicated in
the figure legends. Viral titers in supernatants were determined by plaque assay using MDCK cells.

Influenza A virus entry and nuclear import assays. HeLa cells were infected with influenza virus
A/WSN/33 or H5N1-HaLo at an MOI of 10 for 1 h on ice. Cells were then washed and were incubated in
culture medium at 37°C under 5% CO2 in the presence of cycloheximide (100 mg/ml). For entry assays,
cells were fixed after 3 h, and for nuclear import quantification, cells were fixed after 4.5 h. Cells stained
for IAV NP (with Alexa Fluor 488), DNA (with 4=,6-diamidino-2-phenylindole [DAPI]), and cytoplasm (HCS
CellMask) were imaged using the IC200 imaging system (Vala Sciences, San Diego, CA) at a magnification
of �20, with four fields imaged per well. Multiparametric image analysis was performed using Columbus
software, version 2.5 (PerkinElmer). The DAPI signal was used to detect cellular nuclei and the HCS
CellMask Deep Red channel to delineate the cellular cytoplasm. Signal intensities for Alexa Fluor 488
(used to detect IAV NP) in the cytoplasm and in the nucleus were then calculated.

Influenza virus polymerase activity assays. HeLa and 293T cells were transfected with an influenza
virus-like minigenome encoding negative-sense firefly luciferase and the internal control Renilla lucifer-
ase (kindly provided by Wendy Barclay, Imperial College London, London, UK). At 24 h posttransfection,
cells were infected with influenza virus A/WSN/33 (H1N1) or H5N1-HaLo at an MOI of 3 for the times
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shown in Fig. 6. Firefly luciferase and Renilla luciferase levels were measured using a Dual-Glo luciferase
assay (Promega).

Flow cytometry analysis of HA expression. HeLa and A549 cells were either mock treated or
infected with influenza virus A/WSN/33 at an MOI of 0.5 and were incubated for either 16 or 24 h. Cells
were trypsinized, washed in 1� DPBS (Gibco) with 3% FBS, and blocked for 2 h in PBS with a 1:200
dilution of normal rabbit serum (ab7487; Abcam). Membrane-bound (surface) HA was stained using an
anti-IAV H1N1 HA antibody (clone C102; catalog no. GTX28262; GeneTex) overnight at 4°C in 1� DPBS
(Gibco) with 3% FBS. Cells were then stained with an Alexa-Fluor 568-conjugated goat anti-mouse
secondary antibody (Thermo Fisher Scientific) for 2 h at room temperature, washed, and fixed in 4%
paraformaldehyde in PBS for 20 min at room temperature. For HA overexpression experiments, 293T and
HeLa cells were transfected with either pDZ-WSN H1 HA, pCAGGS-Vietnam/1203 H5 HA, or enhanced
green fluorescent protein (eGFP) by using the FuGENE 6 reagent (Promega) according to the manufac-
turer’s protocol. At 48 h posttransfection, cells were trypsinized, washed in 1� DPBS (Gibco) with 3% FBS,
and stained for membrane-bound (surface) HA using an IAV universal human monoclonal antibody
(CR9114) at 1:1,000 for 1 h at room temperature. Cells were then stained with an Alexa Fluor 488-
conjugated goat anti-human secondary antibody (Thermo Fisher Scientific) for 30 min at room temper-
ature, washed, and fixed in 4% paraformaldehyde in PBS for 20 min at room temperature. All samples
were run on an Attune NxT flow cytometer (Thermo Fisher Scientific). The resulting data were analyzed
using FlowJo software (Tree Star).

Transmission electron microscopy. HeLa cells were grown in DMEM in 35-mm culture dishes.
Following infection at an MOI of 1 with influenza virus A/WSN/33 or H5N1-HaLo and incubation for 12 h,
the medium was removed, and the cells were fixed in a solution of 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.3 (2 ml per dish), at 4°C overnight. After fixation, the cells were washed three
times in 0.1 M sodium cacodylate buffer, pH 7.3, at room temperature for 10 min each time. The cells
were then postfixed in 1.0% OsO4 in 0.1 M sodium cacodylate buffer at room temperature for 1 h,
followed by three washes in 0.1 M sodium cacodylate buffer for 10 min each. Subsequently, cells were
treated with 0.5% tannic acid in 0.05 M cacodylate buffer for 30 min. Cells were then rinsed in 1% Na2SO4

in 0.1 M cacodylate buffer for 10 min, followed by a wash in 0.1 M cacodylate buffer for 10 min. Cells were
dehydrated through a graded ethanol series (30%, 50%, 70%, 90%, and 100%) for 10 min at each step.
Following dehydration, the samples were transitioned through HPMA (2-hydroxypropyl methacrylate)
twice for 15 min at each step. The samples were infiltrated with LX-112 resin (approximately 2 ml per
dish) overnight at room temperature. The next morning, the resin was replaced with fresh LX-112, and
the dishes were transferred to a 60°C oven for 48 h. Sections (thickness, 70 nm) were cut (using a Reichert
Ultracut E ultramicrotome), collected on copper mesh grids, and stained with uranyl acetate followed by
lead citrate. Images were taken using an FEI CM100 transmission electron microscope equipped with a
Soft Imaging System MegaView III charge-coupled device (CCD) camera.

Determination of viral RNA copy numbers. Viral RNA was extracted using the QIAamp viral RNA
minikit (Qiagen Sciences) and was reverse transcribed with SuperScript III reverse transcriptase (Thermo
Fisher). Quantitative real-time PCR was performed using the Power Sybr green master mix (Applied
Biosystems, Inc. [ABI]) on the ViiA 7 real-time PCR system (ABI). For viral copy numbers, a standard curve
ranging from 1 � 100 to 1 � 108 was used for quantification. The primers used were WSN-NP-Fwd
(GACGATGCAACGGCTGGTCTG) and WSN-NP-Rev (ACCATTGTTCCAACTCCTTT) (54).

SDS-PAGE and immunoblotting. Cells were washed once with DPBS, and lysates were collected in
2� NuPage LDS (lithium dodecyl sulfate) sample buffer (catalog no. NP0007; Thermo Fisher) and were
boiled for 10 min at 95°C. Protein samples were separated using SDS-polyacrylamide gel electrophoresis
and were further immunoblotted with the following primary antibodies: a rabbit polyclonal antibody
against PA (catalog no. GTX118991; GeneTex), a rabbit polyclonal antibody against NP (described in
reference 55), a mouse monoclonal antibody against M2 (catalog no. sc-32238; Santa Cruz), and a rabbit
monoclonal antibody against �-actin (product no. 4970; Cell Signaling).

RNA-seq. RNA-seq of mock-infected A549 or HeLa cells and of HeLa cells infected with influenza virus
A/WSN/33 (H1N1) or H5N1-HaLo were prepared as follows. Cells were mock infected or infected with the
A/WSN/33 or H5N1-HaLo virus at an MOI of 3. After 1 h, cells were first washed and then incubated with
medium at 37°C. After 9 h, cell extracts were collected with TRIzol, and total RNA was extracted using an
RNeasy minikit (Qiagen). Strand-specific poly(A)-selected sequencing libraries were produced according
to standard Illumina protocols, and sequencing was carried out on an Illumina HiSeq 4000 system.
Sequencing reads were aligned to the human GRCh38 and HPV18 genomes with STAR (56). The genome
sequence and gene annotation were based on RefSeq assembly accession no. GCF_000865665.1.
Normalized gene expression (fragments per kilobase of transcript per million mapped reads [FPKM]) was
calculated based on total uniquely mapped reads to human and viral genomes for each sample.

DNA and siRNA transfections. DNA transfections of 293T cells were performed using the FuGENE
6 (Promega) reagent according to the manufacturer’s protocol. For siRNA transfections, HeLa or A549
cells were reverse transfected in suspension with 30 nM siRNA (Qiagen) diluted in Opti-MEM (Life
Technologies) using the RNAiMAX reagent according to the manufacturer’s protocol (Invitrogen). At 48 h
posttransfection, either cells were infected, and productive virus growth was measured by plaque assay,
or cell viability was determined using the CellTiter-Glo assay (Promega).

RNA extraction and quantitative reverse transcription-PCR (qRT-PCR). At 48 h post-siRNA trans-
fection, total RNA was extracted from HeLa cells using an RNeasy minikit (Qiagen). A high-capacity
RNA-to-cDNA kit (ABI) and the Power Sybr green master mix (ABI) were used to quantify HPV18 E1,
HPV18 E6, HPV18 E7, HPV18 L1, and TATA binding protein (TBP) mRNAs on the ViiA 7 real-time PCR
system (ABI). Each HPV18 mRNA was normalized to TBP mRNA, which was used as the reference gene.
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The following primers were used: for HPV18 E1, 5=-ANANGCTGTGCAKGNNCTAAAACGAAG-3= and 5=-AG
TTTCCACTTCAGTATTGCCATA-3= (57); for HPV18 E6, 5=-CGCGCTTTGAGGATCCAA-3= and 5=-TATGGCATG
CAGCATGGG-3= (58); for HPV18 E7, 5=-GCTAGCATATGCATGGACCTAAGGCAAC-3= and 5=-TCTAGATTACT
GCTGGGATGCACACC-3= (58); for HPV18 L1, 5=-GCATAATCAATTATTTGTTACTGTGGTAGATACCACT-3= and
5=-GCTATACTGCTTAAATTTGGTAGCATCATATTGC-3= (57); and for TBP, 5=-CCACTCACAGACTCTCACAAC-3=
and 5=-CTGCGGTACAATCCCAGAACT-3= (59).

Data availability. The A549 and HeLa cell RNA-seq data used in this study have been deposited in
the Gene Expression Omnibus (GEO) database repository under accession number GSE140759.
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