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Article history: Hemagglutinin (HA) of influenza A has been reported as the key protein in viral infection. Therefore, the
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density and the dynamic pattern of this protein in viral envelope will affect the virus to infect target cells.
We used a lentiviral system to study the influenza A H1NT1 viral infection. Herein we demonstrate that
the influenza non-structural proteins (NS) significantly promote viral infection. By substituting NS gene
segment from an HIN1 genome set of A/WSN/1933 with the NS segment isolated from another HIN1
substrain genome set, China246, we found that viral infection tropism was significantly altered. The reas-
sortant HIN1 shows almost identical infectivity compared with its parental virus, A/WSN/1933, for the
human epithelial cell line HOT, but shows only 1/100 infectivity of its parental virus when infecting
the Madin-Darby canine kidney (MDCK) cell line. These results suggest that not only is NS important
in the infectivity of human influenza virus, but that it may play a critical role in viral tropism, allowing

the virus to mutate and spread to other species.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Human viral influenza is highly contagious, with person-to-
person spread by aerosol droplets that mainly infect the epithe-
lial cells of the respiratory tract [1,2]. Identification of the mech-
anism by which influenza virus A infects human epithelial cells is
important for planning strategies to prevent and treat influenza
infection. Influenza viruses bind through a viral envelope protein,
hemagglutinin, onto sialic acid sugars on the surfaces of epithe-
lial cells. In addition to HA, there are other viral proteins found
in viral envelope, including neuraminidase (NA), matrix protein
1 (M1), and non-structural protein 2 (NS2) [3-7]. NA cleaves ter-
minal neuraminic acid residues from glycan structures on the
surface of the infected cell [4,6,8]. This promotes the release of
progeny viruses and the spread of the virus from the host cell
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to uninfected surrounding cells. NA may also be involved HA
cleavage, which is required for viral entry [9]. Other proteins,
such as non-structural protein 1 (NS1) and/or matrix protein 2
(M2), may also be involved in viral infection by regulating the
presence of HA, NA, NS2, and/or M1 proteins on the viral enve-
lope [10,11].

In this manuscript, we tested an HIV-based lentiviral system to
study influenza viral proteins. In previous studies, the lentiviral
system has been used to study the infection of vesicular stomati-
tis viral G-protein and Sindbis viral envelope proteins [12,13].
These non-HIV viral envelope proteins enable the HIV-based len-
tiviral genome to enter human cells similar to their parental
viruses. We removed the genes encoding HIV envelope proteins
from the viral genome and inserted the green fluorescent protein
(GFP) gene into the genome (Fig. 1A). The expression of GFP pro-
vided a sensitive way to quantify the infection of virus. Using this
system, we can selectively use different influenza proteins to con-
struct viral envelopes and study the roles of these proteins in vir-
al entry.
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Fig. 1. Use of a lentiviral vector to quantitatively study the roles of influenza envelope proteins. (A) We hypothesize that an influenza viral envelope protein-modified
lentiviral vector uses a similar way as influenza virus to infect human cells. A plasmid carrying the env gene-truncated HIV genome was used to co-transfect 293T cells with
plasmids carrying influenza HA, NA, NS, and M segments. The virus produced was used to infect various cells. (B) Infection of various human cell lines by a lentiviral vector
wrapped with an influenza envelope. Plasmids carrying segments of HA, NA, M, and NS were used to co-transfect the packaging cells (293T) with plasmid NL4-3-EGFP-
Env(—), which provides the viral core. The control virus was prepared using co-transfected plasmids NL4-3-EGFP-Env(—) and pCDNA3.1, which is a plasmid with no

transgene.
2. Materials and methods
2.1. Cell lines and maintenance

Epithelial cell lines 293T, HelLa-CD4, TU177, PC-3, CASKI1,
GH329, CaCo2, and VK2/E6E7 have been previously described
[14-16]. Both the MDCK and Vero cell lines were purchased from
the American Type Culture Collection (ATCC). Human oral epithe-
lial cell line (HOT) was derived from normal human epithelial cells,
as described previously [17]. All of these cell lines were maintained
in RPMI medium supplemented with 10% fetal bovine serum (FBS).

2.2. Influenza A genome segments

One set of influenza A genome segments was from the A/WSN/
1933 viral strain (NCBI Taxonomy ID: 382835). The sequences of
these segments were inserted into the pHW12 plasmid backbone
[18]. A NS viral DNA clone from China influenza A H1N1 strain
#246 was obtained from the Chinese Academy of Medical Sciences.

2.3. EGFP gene-modified HIV generated by co-transfection with
influenza envelope proteins

Virus was derived from HIVy4.3, with part of the nef gene se-
quence replaced by the EGFP gene [15] and the viral Env proteins,
gp120 and gp41 were deleted. We performed co-transfection to
generate HIV preparations with influenza envelope proteins in
their envelope as shown in Fig. 1A. The viral concentrations were
determined by assessing the content of HIV p24 Gag protein in

viral preparations. Generally, a viral aliquot containing one pg of
p24 represents one to five virions with intact viral RNA genomes.
The collected viruses were stored at —80 °C.

2.4. Influenza viral A particle preparation

We performed co-transfection of 293T cells to prepare influenza
A viral particles [18]. Real-time RT-PCR was performed to quantify
HA ssRNA in the viral preparations to determine the amount of
virus collected. Alternately, the viral preparations in limited dilu-
tions were used to infect HOT cells. The dilution that showed
approximately half probability to infect HOT cells was counted as
one half-chance tissue culture infection dose (TCIDsg).

2.5. Infection of human cell lines

We plated 2 x 10* cells from each of the various epithelial cell
lines into 24-well plates 24 h prior to infection. A viral aliquot with
50 ng of HIV p24 Gag protein was added to the cell cultures for
0.5-ml total volume. The viral aliquot with 50 ng of HIV p24 Gag
protein contained approximately 5 x 10% viral particles with an
intact viral genome, a viral core structure, and an envelope that
is similar to the corresponding influenza envelope. To avoid system
errors, all infections were duplicated. We presumed that cell num-
bers doubled during the 24-h period. Hence, the concentrations of
virus were approximately 5 x 10* viral particles/4 x 10* cells per
0.5 ml for most cell lines. At 16 h post-infection, the cell cultures
were washed to remove unbound virus.
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2.6. Quantification of EGFP-positive cells

Expression of EGFP was visualized and counted by fluorescent
microscopy or FACS, as previously described [15].

2.7. Western blotting

Influenza envelope wrapped HIV preparations collected from
transfected 293T cells were collected 2-4 days post the second
transfection. The collected media with p24 Gag protein of 35¢g
were ultracentrifuged at 16,000 rpm for 1 h at 4°C. The pellets
were resuspended with 501 of protein lysis buffer (0.5% NP4O0,
1.0% glycerol, 0.1% -mercaptoethanol, 40 mM Tris, pH 6.8). The
viral lysates were incubated at 100°C for 5 min before SDS-
polyacrylamide gel electrophoresis (PAGE). Aliquots of 151 of
protein lysate were applied to SDS-PAGE and followed by gel
transfer to a nylon membrane (Poly Screen PVDF; Fisher Scientific,
Pittsburgh, PA). A monoclonal antibody specific to HA2 (Santa Cruz,
CA) was used according to the manufacturer’s instructions to bind
and detect HA2 protein in the PVDF membrane.

3. Results

3.1. Selective infection of human cells by influenza A viral envelope
protein-wrapped HIV

We created specific HIV particles that were generated by
co-tranfection with influenza A viral proteins HA, NA, M, and NS
(Fig. 1A). The constructed viruses were used to infect five different
human cell lines: 293T (embryonic kidney), TU177 (an oral cell line
from head-neck cancer), HeLa-CD4 (a cervical cancer cell line),
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PC-3 (a prostate cell line), and A-172 (glial cell line), all of which
are epithelial cells, except A-172. Compared with the control virus
that did not contain any influenza viral proteins on its envelope,
influenza A protein-modified HIV demonstrated significant in-
creases in infectivity for the 293T and TU177 cell lines (Fig. 1B),
suggesting that these two cell lines express influenza A-specific
receptors. Human 293T cells showed very low background for
the control virus, as seen in our previous studies [14,15]. Therefore,
we used this cell line to study influenza proteins.

3.2. NS proteins in the viral envelope significantly increase viral
infection

Subsequently, we studied the protein of HA, NA, NS, and M to
identify their individual roles in viral infection. When both HA
and NA proteins were added to the viral envelope, infectivity was
increased (Fig. 2A), suggesting that NA is also required for viral
infection. When NS proteins (NS) were added to viral preparations
in addition to HA and NA, infectivity was significantly increased,
suggesting that NS proteins both are required for viral infection
(Fig. 2B). However, combinations of HA and NS or NA and NS did
not show significant infectivity (Fig. 2B), suggesting that all three
influenza proteins, HA, NA, and NS, are required for efficient infec-
tion. In Fig. 2C, we have also tested the combination of HA, NA, and
NS using another human epithelial cell line HOT, the results of
which are further described below.

3.3. The roles of NS1 and NS2 proteins in viral infection
The NS segment encodes two proteins, NS1 and NS2. To study

the roles of these two NS proteins in viral infection, we generated
two plasmids that expressed either NS1 or NS2. Using a
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Fig. 2. The roles of the influenza viral envelope proteins in lentiviral-based infection. (A) Minimal effects of any one of the viral envelope proteins. (B) Effects of the
combinations of two influenza viral envelope proteins in viral infection. (C) Infection of 293T and HOT cells by HIV carrying HA, NA, and NS proteins, or HA, NA, and M. (D)
Comparison of NS1, NS2, and NS proteins. HIV carrying HA, NA, and either NS1 or NS2 prepared by co-transfection was used to infect either 293T or HOT cells.
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co-transfection method, we generated HIV from cells that ex-
pressed HA, NA, and either NS1 or NS2. We found that NS2 did
not significantly affect viral infection of 293T, whereas NS1 did.
However, compared with the virus generated from 293T cells co-
transfected by the plasmid that expresses both NS1 and NS2, the
infectivity of the viral vector with NS1 plasmid-transfected cells
was lower (Fig. 2D), suggesting that NS2 may also play positive
roles in viral infection.

3.4. An oral epithelial cell line demonstrates high sensitivity to the
influenza viral envelope

Although the low background of the 293T cell line is very help-
ful for identifying key proteins that are involved in viral infection,
influenza A virus does not replicate well in this cell line. Therefore,
it was necessary to find another human cell line for this study. We
used HIV with HA, NA, and NS to infect additional epithelial cell
lines, and found that the human epithelial cell line derived from
oral epithelial cells, HOT [17], was highly sensitive (Fig. 3A). Using
limiting dilution of the influenza envelope-wrapped HIV to infect
both HOT and 293T cells, we found that the sensitivity of HOT cell
line was approximately 5- to 30-fold greater than that of the 293T
cell line (Fig. 3B). Thus, we infected HOT with HIV cotransfected
with HA, HA/NA, HA/NA/NS, or HA/NA/NS1 to quantify the infectiv-
ity of HOT for various influenza protein combinations. The results
were very similar to those with viral infection of 293T cells, except
that the infection scales were significantly higher (Fig. 2C and D),
suggesting that HOT cells express higher levels of receptors for
influenza A virus infection than 293T cells. It was of interest to
determine whether HOT also supports replication of wild-type
influenza A. We infected both HOT and the MDCK cell line with
A/WSN/1933 influenza A virus (NCBI Taxonomy ID: 382835). Both
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cell lines were sensitive to the wild-type influenza virus that was
collected from infected MDCK cells (Fig. 3C), suggesting that HOT
is similar to the MDCK cell line in supporting viral infection and
replication. The culture medium collected from the infected HOT
cell cultures was also highly infectious (Fig. 3D), suggesting that
influenza A virus can replicate and generate infectious virions in
HOT cells.

3.5. NS proteins are involved in viral tropism

We further investigated the roles of NS proteins using segment
substitutions. A plasmid carrying the NS segment isolated from an-
other HINT1 substrain of influenza A, #246 from China, was used to
generate influenza A viral envelope protein-wrapped HIV contain-
ing HIVnL4-3-EGFP-Env(-), as well as the A/WSN/1933 HA, NA plas-
mid clones. The generated lentiviral virus was used to infect both
the HOT and MDCK cell lines. We found that the substitution of
NS from A/WSN/1933 with NS from #246 strain demonstrated
infectivity similar to the control vector, which uses A/WSN/1933
NS proteins to infect HOT cells (Fig. 4A). These results suggest that
substitution of A/WSN/1933 NS with #246 NS does not signifi-
cantly alter viral infection of HOT human epithelial cells. To
investigate whether such substitutions affect infection of MDCK
cells, We co-transfected NS, 46 and seven other viral segments from
A/WSN/1933, including HA, NA, NP, M, PA, PB1, and PB2, into 293T
cells to generate a reassortant influenza A virus (NSy46). As a
control, a virus containing all 8 viral segments from A/WSN/1933
(NSwsn1933) Was also prepared in parallel. Since both the wild-type
and the reassortant viruses efficiently infect HOT cells, we titrated
the virus with HOT cells. When equal amounts of either the
reassortant or the control virus were used to infect HOT or MDCK
cells, we found that both viral strains infected HOT cells with
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Fig. 3. Use of the HA/NA/NS- HIV to identify influenza-susceptible human cell lines. (A) Comparison of the viral infectivity of five different epithelial cell lines. Lentiviral GFP
vectors with 100 ng of p24 count was used to infect cells in each well in 24-well plates. (B) Comparison of viral infection of 293T versus HOT cell lines. Cell cultures were
infected by different doses of the HA/NA/NS lentiviral-GFP vector. (C) Infection of HOT and MDCK cells by influenza virus A/WSN/1933 prepared from infected MDCK cells. (D)
Infection of HOT and MDCK cells by influenza virus A/WSN/1933 prepared from HOT cells. Subconfluent cell cultures of HOT or MDCK cells in 35-mm plates were infected
with the same amount of influenza A virus collected from transfected 293T cells. Two days post-infection, viruses collected from either HOT or MDCK cell culture media were
diluted, and 1 pl of the diluted viral preparations was used to infect either HOT or MDCK cells in 24-well plates. To restrict viral movement, cells were covered with 1.5%
agarose in cell culture medium on cell culture plates. Viral plaques were counted 60 h post-infection.
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protein by Western blots from lentiviral vectors. The same amounts of influenza protein-modified lentiviruses titrated by p24 assays were used for Western blots. The virus
titers were also quantified by Western blotting of Gag p24 and p55 (Experiment 1). Two independent experiments were performed.

similar efficiency (Fig. 4B). However, infection of MDCK cells by the
reassortant virus demonstrated much less efficiency than the con-
trol virus, A/WSN/1933 (Fig. 4B). When infecting MDCK cells with
different doses of virus, we found that approximately 100
TCIDs5g.yor Of the reassortant influenza A was required to generate
significant pathogenic effect (Fig. 4B). However, only 1.0 TCIDsq_yor
of the control virus were required for infection of MCDK cells.
These results strongly suggest that NS proteins are involved in viral
tropism.

4. Discussion

We used an HIV-influenza system to study the roles of the influ-
enza envelope and envelope-associated proteins in viral infection.
When the original HIV envelope proteins, gp120 and gp41, are de-
leted or truncated from an HIV genome, the virus is no longer able
to infect its original target cells, such as CD4+ T-lymphocytes
[14,15]. The low background of this modified HIV provides a sys-
tem in which to study the roles of individual influenza envelope-
related proteins in viral infection.

HIV with envelope proteins generated from other non-HIV
viruses enables the virus to infect cells that carry receptors that
match the envelope proteins from non-HIV viruses. For example,
when HIV-based lentiviral core is enclosed with Sindbis viral enve-
lope proteins modified envelope, the virus changes its infection
mechanism from pH-independent to pH-dependent [12], suggest-
ing that the envelope proteins from non-HIV viruses play critical
roles in the infection tropism of HIV-based lentiviral vectors.

Using this system, we have studied the contributions of individ-
ual influenza A envelope or envelope-related proteins in viral
infection. Our findings indicate that NS proteins regulate both cell
infection and tropism, suggesting that in addition to HA and NA, NS
proteins are also important. These results suggest that NS se-
quences should be considered as an important factor to assess
the infectivity of newly emergent viral strains.

Our results also demonstrate that cells such as HOT, which are
sensitive to influenza HA, NA, and NS protein-wrapped HIV infec-
tion, are also sensitive to wild-type influenza A virus, suggesting
that HA, NA, and NS protein-wrapped HIV can be used as a quan-
titative tool to predict viral infectivity. The lentiviral approach pro-
vides rapid analysis to assess viral infectivity of influenza strains.
In fact, it is easier and safer to use RT-PCR to clone HA, NA and
NS genes from viral samples obtained from patients than to obtain
an amount of infectious viral quantity from patients for infectivity
studies. Lentiviral vectors express their genes very efficiently in
human cells and thus, such a system can be used to quantify viral
infectivity.

Using our substitution of NSawsnj1933 for NS;46, we found that
viral tropism was altered by NS. While the modified virus main-
tained its infectivity for human oral epithelial cells (HOT), the
infectivity of the NS,46-modified virus showed only approximately
1/100 of the infectivity of its parental strain, A/WSN/1933, in
infecting MDCK. These results suggest that NS is very important
in viral tropism. It also suggests a possible mechanism by which
influenza A may mutate its NS proteins to change its tropism so
that viruses can spread from its original host species to a new spe-
cies. We expect that if the reassortant influenza virus A with NS,
can be used as a prototype for mutating the NS sequence into
NSFa wsny1933, allowing the virus to jump species from human to
dog. The use of reassortant influenza strains to study viral tropism
also provides a very useful means to predict the potential risk of
currently existing influenza A substrains in disease propagation
in the future.

The mechanism of NS proteins in viral infection is under inves-
tigation. Since viral infection is directly mediated by the binding of
HAT1 protein to its receptors and followed by the fusion of viral
envelope to the cell membrane mediated by HA2, the most plausi-
ble explanation is that NS proteins mediate the presence of either
HAT1 or HA2, or both in viral envelope. In our lentiviral system, all
the three groups of viral proteins, HA, NA and NSs are driven by the
CMV promoter. Therefore, the mRNA expressions of these proteins
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are relatively independent. Therefore, this is likely that NS proteins
post-transcriptionally regulate HA on viral envelope. We found
that at least HA2 levels in lentivirus can be upregulated by NS pro-
teins (Fig. 4C) supporting our hypothesis that NS proteins regulate
influenza infection by mediating the level of HA on viral envelope.
However, since the deletion of NS segment completely abolishes
the production of influenza virus, we cannot test our hypothesis
using real influenza virus.

Our results also demonstrated that NS proteins are involved in
viral tropism. Substitution of NS segment of A/WSN/1933 with
NS from another HIN1 strain, China#246, significantly decreases
viral infectivity of MDCK cells while retains viral infectivity of
HOT cells. Since MDCK cell line has insufficient interferon-induced
antiviral mechanism [19], it is unlikely that the low infectivity of
the substitution of NS from China#246 is related to such cell innate
immunity. IFN signaling and subsequent activation of the antiviral
state in MDCK cells show only a minor effect on influenza A and B
virus replication [20], therefore, the effect of NS in virus propaga-
tion in MDCK or HOT cells cannot simply contribute to the interac-
tion between NS1 and interferon induction. Our results here
propose another explanation to elucidate the role of NS1 in viral
infection. NS1 may affect the abundance and the distribution pat-
tern of HA on viral envelope. Such change of HA on viral envelope
may significantly affect viral infectivity.

In summary, our results demonstrated that influenza A NS pro-
teins are involved in both viral infection and tropism.
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