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ABSTRACT

Influenza viral infection represents a serious public health problem that causes contagious respiratory disease, which is most
effectively prevented through vaccination to reduce transmission and future infection. The nonstructural (NS) gene of influenza
A virus encodes an mRNA transcript that is alternatively spliced to express two viral proteins, the nonstructural protein 1 (NS1)
and the nuclear export protein (NEP). The importance of the NS gene of influenza A virus for viral replication and virulence has
been well described and represents an attractive target to generate live attenuated influenza viruses with vaccine potential. Con-
sidering that most amino acids can be synthesized from several synonymous codons, this study employed the use of misrepre-
sented mammalian codons (codon deoptimization) for the de novo synthesis of a viral NS RNA segment based on influenza
A/Puerto Rico/8/1934 (H1N1) (PR8) virus. We generated three different recombinant influenza PR8 viruses containing codon-
deoptimized synonymous mutations in coding regions comprising the entire NS gene or the mRNA corresponding to the indi-
vidual viral protein NS1 or NEP, without modifying the respective splicing and packaging signals of the viral segment. The fit-
ness of these synthetic viruses was attenuated in vivo, while they retained immunogenicity, conferring both homologous and
heterologous protection against influenza A virus challenges. These results indicate that influenza viruses can be effectively at-
tenuated by synonymous codon deoptimization of the NS gene and open the possibility of their use as a safe vaccine to prevent
infections with these important human pathogens.

IMPORTANCE

Vaccination serves as the best therapeutic option to protect humans against influenza viral infections. However, the efficacy of
current influenza vaccines is suboptimal, and novel approaches are necessary for the prevention of disease cause by this impor-
tant human respiratory pathogen. The nonstructural (NS) gene of influenza virus encodes both the multifunctional nonstruc-
tural protein 1 (NS1), essential for innate immune evasion, and the nuclear export protein (NEP), required for the nuclear export
of viral ribonucleoproteins and for timing of the virus life cycle. Here, we have generated a recombinant influenza A/Puerto
Rico/8/1934 (H1N1) (PR8) virus containing a codon-deoptimized NS segment that is attenuated in vivo yet retains immunoge-
nicity and protection efficacy against homologous and heterologous influenza virus challenges. These results open the exciting
possibility of using this NS codon deoptimization methodology alone or in combination with other approaches for the future
development of vaccine candidates to prevent influenza viral infections.

Influenza viruses are enveloped viruses that belong to the Ortho-
myxoviridae family and contain a segmented genome of eight,

single-stranded RNA molecules with negative polarity (1). Each
year, influenza viruses are responsible for upwards of 40,000
deaths and over 200,000 hospitalizations in the United States,
making influenza the most common cause of vaccine-preventable
morbidity and mortality (2, 3). Infection with influenza virus
poses a threat to health and results in significant negative eco-
nomic impacts on society every year (4). Additionally, influenza
viruses can lead to sporadic pandemics when novel viruses are
introduced into humans (5). The first influenza pandemic of this
century was declared in 2009 with the emergence of a quadruple-
reassortant swine-origin H1N1 virus (6). By the end of 2009, the
virus was detected in approximately 200 countries, infecting more
than 600,000 individuals and being associated with nearly 8,000
deaths (7). Public health concerns over influenza viruses are ag-
gravated by their efficient transmission and the limited antiviral
therapeutic options (8). Hence, vaccination remains our best
medical intervention to protect humans against influenza virus
(9), even though the effectiveness of current vaccines is subopti-
mal (10). The first option for vaccination is the injectable inacti-

vated influenza vaccine (IIV), which requires a large quantity of
virus and cannot induce a significant cytolytic cellular response,
which is important for generating memory against subsequent
infections (11–13). Additionally, recombinant influenza vaccine
(RIV), recently approved by the U.S. Food and Drug Administra-
tion (FDA), induces antibody-mediated protection similar to that
induced by IIV (14). The remaining option is the live attenuated
influenza vaccine (LAIV), which induces better cellular and hu-
moral immunity but is recommended only for immunocompe-
tent 2- to 49-year-old persons (15). Thus, new vaccination strat-
egies that overcome the limitations associated with current
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vaccination approaches are required for the prevention of influ-
enza viral infections in humans.

Influenza virus RNA segment 8, or the nonstructural (NS)
gene, encodes two fundamentally distinct proteins through an al-
ternative splicing mechanism (16). Influenza virus produces seg-
ment 8 as a continuous primary transcript. Standard processing of
this NS mRNA then generates nonstructural protein 1 (NS1),
whereas alternative processing using a weak 5= splice site results in
a second, less abundant splice product, nuclear export protein
(NEP) (16), which accounts for �10 to 15% of NS-derived mRNA
(17). Although both polypeptides are ultimately translated from
different open reading frames (ORFs), they share the first 10 N-
terminal amino acids (16). NS1 is a multifunctional protein that
most notably antagonizes the type I interferon (IFN-I) response
and represents the main virus countermeasure against innate im-
mune activation (18, 19). In addition, NS1 inhibits several IFN-I-
induced genes (20, 21), limits the processing and nuclear export of
host mRNA (22), and contributes to virulence (23). Because of the
ability of influenza virus NS1 to counteract the host immune re-
sponse, a variety of potential vaccine strategies rely on modified
NS1 protein as a means for virus attenuation. Typically, these
recombinant viruses showed significant growth attenuation in
vivo (24–28). NEP, the underrepresented product for NS mRNA,
is necessary for the production of replication-competent virus
(29) and has several biologically important functions (30–32).
NEP is mainly involved in the nuclear export of viral ribonucleo-
proteins (vRNPs) (31), the end product of genome replication
that consists of each viral RNA segment encapsidated by the nu-
cleoprotein (NP), and the heterotrimeric polymerase complex of
polymerase basic 1 (PB1), PB2, and polymerase acidic (PA). NEP
has also been reported to regulate the accumulation of viral RNA
species, which leads to a switch in viral polymerase activity from a
replicase (viral RNA [vRNA] to cRNA) to a transcriptase (vRNA
to mRNA) (30). Lastly, NEP has been postulated to be responsible
for controlling the timing of influenza viral infection through pro-
tein abundance (33). Hence, the multifunctional roles of the in-
fluenza virus NS gene products make for an ideal target for atten-
uation to create novel live attenuated influenza vaccines (19–21,
34–37).

Codon usage bias refers to differences in the frequency of oc-
currence of synonymous codons in coding DNA/RNA sequences,
where all mammals share essentially the same codon bias (38).
Due to the degeneracy of the genetic code, most amino acids are
encoded by more than one codon (synonymous codons), and
such codons have been observed to be unequally represented both
within and between genomes. Importantly, recombinant viruses
containing suboptimal codon organization could be used as po-
tential live attenuated vaccines with the following advantages: (i)
novel gene synthesis technologies allow rapid virus generation
within a few weeks, (ii) vaccine candidates express identical pro-
tein sequences conserving an intact antigenic repertoire, and (iii)
due to the large number of mutations introduced, the develop-
ment of virulent revertants of RNA viruses through gradual nu-
cleotide sequence mutations is unlikely. To date, two studies with
influenza A virus attenuated by codon rearrangement of the PB1,
hemagglutinin (HA), NP, and NA genes or combinations thereof
have been described (39, 40). In those studies, the authors made
use of codon pair bias to engineer codon-deoptimized viruses
through an algorithm that creates a suboptimal organization of
codon pairs (39, 40).

In the present work, we have reengineered the NS gene of in-
fluenza A/Puerto Rico/8/1934 (H1N1) (PR8) virus by introduc-
ing, through de novo gene synthesis, the least-used human synon-
ymous codons in a way that perfectly preserves the wild-type
(WT) amino acid sequence. In contrast to prior studies where
genes involved in the synthesis of viral RNA or the spread of virus
were modified, we have instead deoptimized the coding sequence
of the NS gene by modifying each individual codon not involved
in cis-acting regulation. Three viruses containing synonymous
codon-deoptimized mutations in the separate splice products of
NS (NS1 or NEP) or the coding region comprising the entire NS
gene were generated. In vitro characterization of the recombinant
codon-deoptimized influenza viruses showed altered protein ex-
pression levels for NS1, NEP, or both compared with those for the
WT, reflecting the degree of deoptimization and the number of
mutations introduced. However, all viruses grew with similar
plaque phenotypes and to similar titers in Madin-Darby canine
kidney (MDCK) cells, a recently FDA-approved cell line for influ-
enza vaccine production (41). Unlike their in vitro phenotype, NS
codon-deoptimized influenza viruses were attenuated in vivo and
were also shown to conserve the immunogenicity properties of
WT virus. Interestingly, immunization of mice by a single intra-
nasal dose of codon-deoptimized virus conferred homologous
and heterologous protection against subsequent influenza viral
challenge, suggesting that this approach can provide protection
against antigenically distinct influenza viruses.

MATERIALS AND METHODS
Cells and viruses. Human embryonic kidney 293T (293T; ATCC CRL-
11268) cells, human lung epithelial carcinoma (A549; ATCC CCL-185)
cells, African green monkey kidney epithelial (Vero; ATCC CCL-81) cells,
and MDCK (ATCC CCL-34) cells were grown at 37°C in air enriched with
5% CO2 and Dulbecco’s modified Eagle’s medium (DMEM; Mediatech,
Inc.) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologi-
cals) and 1% penicillin (100 units/ml)–streptomycin (100 �g/ml)–2 mM
L-glutamine (P-S-G; Mediatech, Inc.). Human 293T ISRE-mRFP/ISRE-
Fluc cells, encoding the monomeric red fluorescent protein (mRFP) and
the firefly luciferase (Fluc) reporter genes under the control of an IFN-I-
stimulated response element (ISRE), have been previously described (42).
Influenza A/Puerto Rico/8/1934 (H1N1) (PR8) virus (43) and a recombi-
nant virus containing the HA and NA segments of A/Hong Kong/1/1968
(H3N2) virus in the background of PR8 virus (X31 virus) (44) were grown
in MDCK cells as previously described (45). Viral titers were determined
by immunofocus assay (fluorescent forming units [FFU]) or standard
plaque assay (PFU) in MDCK cells as previously described (45). The re-
combinant Newcastle disease virus (rNDV) expressing the green fluores-
cent protein (GFP), rNDV-GFP, was described previously (46, 47).

Construction of plasmids containing codon-deoptimized viral NS
sequences. To engineer a set of attenuated PR8 viruses through genome-
scale changes in codon bias, a PR8 virus NS cDNA that contained the
codon-deoptimized sequence comprising nucleotides 89 to 488 and 727
to 811 (NScd) was synthesized de novo (Biomatik) with appropriate flank-
ing SapI restriction sites for subcloning into ambisense plasmid pDZ (48)
to generate pDZ-NScd. Sequences including the previously described NS
packaging signals (49) and the splicing donor and acceptor sites (16) were
not altered (GenBank accession number AF389122.1). In addition, nucle-
otides surrounded the packaging signals or the splicing donor and accep-
tor sites that could interfere with their functions or virus rescue were not
modified (Fig. 1). An ambisense plasmid containing the NS1 ORF codon-
deoptimized sequence (pDZ-NS1cd) was generated by subcloning the
codon-deoptimized NS1 region (NS1cd; nucleotides 89 to 488) from
pDZ-NScd into the pDZ-NS plasmid. Plasmid pDZ-NEPcd was gener-
ated using a similar cloning strategy and contains the codon-deoptimized
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NEP region (NEPcd; nucleotides 727 to 811). In this case, most of the NEP
nucleotide sequence was not modified because it either overlaps the NS1
ORF (16) or is part of the packaging signals required for efficient incor-
poration of the NS segment during viral infection (49). Polymerase II
expression pCAGGS plasmids (50) containing NS1 or NEP codon-deop-
timized sequences fused to an HA epitope tag (YPYDVPDYA) (46) or
GFP (35) at the C terminus were obtained by subcloning the ORFs from
pDZ-NS1cd and pDZ-NEP using standard molecular biology techniques.
All pDZ and pCAGGS plasmids containing a codon-deoptimized NS,
NS1, or NEP sequence were confirmed by sequencing (ACGT, Inc.).

Virus rescue. Three different viruses with codon-deoptimized synon-
ymous mutations were generated: virus with codon deoptimization of the
entire NS gene (NScd virus), which includes 113 (32%) codon substitu-

tions, and viruses with codon deoptimization of the individual gene prod-
ucts NS1 (NS1cd virus), which incorporates 98 (27.76%) codon substitu-
tions, and NEP (NEPcd virus), which incorporates 15 (4.25%) codon
substitutions. Virus rescues were performed as previously described (51,
52). Briefly, cocultures (1:1) of 293T/MDCK cells (6-well plate format, 106

cells/well) in suspension were cotransfected, using Lipofectamine 2000
(Invitrogen), with 1 �g each of the seven ambisense wild-type (WT) plas-
mids (pDZ-PB2, -PB1, -PA, -NP, -NA, -M, -HA) plus the ambisense WT
NS plasmid (pDZ-NS) or codon-deoptimized plasmid pDZ-NScd,
-NS1cd, or -NEPcd. At 12 h posttransfection, the medium was replaced
with DMEM containing 0.3% bovine serum albumin (BSA), 1% P-S-G,
and 1 �g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin (Sigma). At 48 h posttransfection, tissue culture superna-

FIG 1 Schematic representation of PR8 (H1N1) virus NS gene and gene transcripts. Wild-type (A) and codon-deoptimized (B) influenza PR8 virus NS genes are
indicated by white boxes (WT sequence) or black boxes (codon-deoptimized sequence). Noncoding regions (NCR) are indicated with gray boxes. Packaging
signals and splicing donor or acceptor regions are indicated by � and asterisks, respectively. Nucleotide length is indicated with a number above the gene
segments. (C) Replacement of nucleotides (red) for NS1 (gray shading) and NEP (underline). (D) Number and percentage of synonymous nucleotide and codon
mutations in NS1cd, NEPcd, and NScd.
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tants were collected, clarified, and used to infect fresh MDCK cells (6-well
plate format, 106 cells/well). At 3 days postinfection, recombinant viruses
were plaque purified and scaled up in MDCK cells (45). Virus stocks were
generated by infecting confluent 10-cm dishes of MDCK cells at a low
multiplicity of infection (MOI; 0.001) (45). Stocks were titrated by plaque
assay on MDCK cells (51), and the identity of the segment 8 vRNA was
confirmed by restriction analysis and sequencing.

Semiquantitative RT-PCR. Total RNA from infected MDCK cells was
purified using the TRIzol reagent (Invitrogen) according to the manufac-
turer’s specifications. The cDNAs were synthesized with SuperScript II
reverse transcriptase (Invitrogen), using 1 �g of total RNA as the template
and oligo(dT) to amplify total mRNAs or a primer specific for the NS
noncoding region (5=-AGTAGAAACAAGGGTGTTTTTTA-3=) to am-
plify the vRNA. The cDNAs were used as the templates for semiquantita-
tive reverse transcription-PCR (RT-PCR) with primers specific for seg-
ment 8 (forward primer 5=-AGCAAAAGCAGGGTGAACAAAGAC-3=;
reverse primer 5=-TAATAATAAAAAACACCCTTGTTTCTACT-3=), the
coding region of NS1 and NEP (forward primer NS-1/24 [5=-ATGGATC
CAAACACTGTGTCA-3=]; reverse primer NS-684/707 [5=-CCTAATTG
TTCCCGCCATTTCTCG-3=]), NP (forward primer 5=-ATGGCGTCCC
AAGGCACCAAACGG-3=; reverse primer 5=-TTAATTGTCGTACT
CCTCTGCATT-3=), and canine GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase; forward primer 5=-AACATCATCCCTGCTTCCAC-3=; reverse
primer 5=-GACCACCTGGTCCTCAGTGT-3=).

Transient cell transfection. To evaluate WT and codon-deoptimized
NS1 and NEP expression levels, human 293T cells were transfected for
analysis by epifluorescence (GFP-tagged pCAGGS plasmids) and Western
blotting (HA-tagged pCAGGS plasmids). Briefly, 106 human 293T cells in
6-well plates were transfected in suspension with the indicated concentra-
tions of pCAGGS protein expression plasmids or empty (E) pCAGGS
plasmid as a negative control. At 24 h posttransfection, cells were collected
by centrifugation at 14,000 rpm for 5 min at 4°C and lysed with 400 �l of
lysis buffer (20 mM Tris-HCl [pH 7.4], 5 mM EDTA, 100 mM NaCl, 1%
NP-40, complete protease inhibitor cocktail; Roche) for 30 min on ice.
Cell lysates were clarified by centrifugation at 14,000 rpm for 30 min at
4°C (53).

Protein gel electrophoresis and Western blot analysis. Proteins from
transfected or infected cell lysates were separated by denaturing electro-
phoresis in 10% SDS-polyacrylamide gels and transferred to a nitrocellu-
lose membrane (Bio-Rad) with a Bio-Rad Mini Protean II electroblotting
apparatus at 175 mA for 2 h at 4°C. Membranes were blocked for 1 h with
10% dried skim milk in phosphate-buffered saline (PBS), 0.1% Tween 20
(T-PBS) and incubated overnight at 4°C with specific primary monoclo-
nal antibodies (MAbs) or primary polyclonal antibodies (pAbs): HA
(mouse MAb; catalog no. H9658; Sigma), GFP (rabbit pAb; catalog no.
SC8334; Santa Cruz), NS1 (mouse MAb 1A7) (19), NEP (rabbit pAb)
(31), or NP (mouse MAb HT103) (31). Mouse MAb against actin (catalog
no. A1978; Sigma) was used as an internal loading control. Bound pri-
mary antibodies were detected with horseradish peroxidase (HRP)-con-
jugated antibodies against the different species, and proteins were de-
tected by chemiluminescence (Hyglo; Dennville Scientific), following the
manufacturer’s recommendations. Western blots were quantified by den-
sitometry using the software ImageJ (v1.46). The bands were normalized
to the level of actin expression, and then the level of expression of the WT
protein was considered 100% for all amounts of transfected plasmids for
comparison with the levels of expression of the corresponding codon-
deoptimized constructs.

Virus growth curve analysis. To determine in vitro virus growth rates,
triplicate wells of confluent MDCK or A549 cells (6-well plate format, 106

cells/well) were infected at an MOI of 0.001. After 1 h of virus adsorption
at room temperature, cells were washed and overlaid with DMEM con-
taining 0.3% BSA and TPCK-treated trypsin. At the indicated times
postinfection (12, 24, 48, and 72 h), tissue culture supernatants were col-
lected and viral titers were determined by immunofocus assay (FFU/ml)
as previously described (45). Briefly, triplicate confluent wells of MDCK

cells (96-well format, 104 cells/well) were infected with 10-fold serial di-
lutions of tissue culture supernatants. At 8 h postinfection, cells were fixed
and permeabilized (4% formaldehyde, 0.5% Triton X-100 in PBS) for 15
min at room temperature. After washing with PBS, the cells were incu-
bated in blocking solution (2.5% BSA in PBS) for 1 h at room tempera-
ture, washed with PBS, and incubated with 1 �g/ml of influenza virus NP
MAb HT103 for 1 h at 37°C. After washing with PBS, the cells were incu-
bated with a fluorescein isothiocyanate (FITC)-conjugated rabbit anti-
mouse IgG secondary antibody (Dako) and 1 mg/ml of 4=,6=-diamidino-
2-phenylindole (DAPI; Research Organics) for 1 h at 37°C. Cells were
visualized using a fluorescence microscope and photographed (Cooke
Sensicam QE) at �20 magnification, and the images were processed using
Adobe Photoshop (CS4) software. NP-expressing cells were enumerated
to determine the virus titer (FFU/ml). The mean value and standard de-
viation (SD) were calculated using Microsoft Excel software.

Bioassay to evaluate IFN-I production. The levels of IFN-I secreted
by virus-infected cells were evaluated as previously described (46, 54).
Briefly, monolayers of A549 cells (12-well plate format, 5 � 105 cells/well)
were mock infected or infected (MOI, 3) with WT NS or NScd PR8 vi-
ruses. At the indicated times postinfection (0, 6, 12, 24, and 48 h), tissue
culture supernatants were collected, and viruses were UV inactivated by
exposure to shortwave (254 nm) UV radiation (Mineralight UV lamp; UV
S-68; Ultra-Violet Products) for 40 min at a distance of 6 cm (46, 54). Vero
cells that had been seeded in 96-well plates (1 � 104 cells/well) the day
before were treated with the UV-inactivated tissue culture supernatants
for 24 h and then infected with rNDV-GFP (MOI, 1) for 1 h at room
temperature and examined at 24 h postinfection for GFP expression un-
der a fluorescence microscope. GFP intensity was measured with a micro-
plate reader (DTX880; Beckman Coulter). For controls, Vero cells were
mock treated or treated with 1, 10, or 100 units (U) of universal IFN-I
(PBL Assay Science). Human 293T cells expressing mRFP and Fluc under
the control of an ISRE promoter (42) were seeded in 96-well culture plates
(1 � 104 cells/well) on the day before treatment with the UV-inactivated
tissue culture supernatants and visualized at 24 h posttreatment under a
fluorescence microscope (mRFP). Luciferase activities in cell lysates were
determined using a Promega (Fitchburg, WA) luciferase reporter assay
and a Lumicount luminometer. As internal controls, human 293T ISRE-
mRFP/ISRE-Fluc cells were mock treated or treated with 1, 10, or 100 U of
universal IFN-I.

Mouse experiments. Female 6- to 8-week-old C57BL/6 mice were
purchased from the National Cancer Institute (NCI) and maintained in
the animal care facility at the University of Rochester under specific-
pathogen-free conditions. All animal protocols were approved by the
University of Rochester Committee of Animal Resources and complied
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Research Council (55). Mice were anesthetized
intraperitoneally (i.p.) with 2,2,2-tribromoethanol (Avertin; 240 mg/kg of
body weight) and then inoculated intranasally (i.n.) with 30 �l of a virus
preparation containing 10 or 100 PFU of WT NS, NScd, NS1cd, or NEPcd
PR8 virus and monitored daily for morbidity (body weight loss) and mor-
tality (survival). Mice showing a more than 25% loss of body weight were
considered to have reached the experimental endpoint and were hu-
manely euthanized. Virus replication was evaluated by determination of
viral titers in the lungs at days 3 and 6 postinfection (45). To that end,
three mice in each group were sacrificed and lungs were surgically ex-
tracted and homogenized. Virus titers were determined by immunofocus
assay (FFU/ml) as indicated above. Geometric mean titers (GMTs) and
statistical analyses (Mann-Whitney test) were performed using GraphPad
Prism software. The 50% mouse lethal dose (MLD50) for WT or codon-
deoptimized recombinant influenza viruses was determined using the
method of Reed and Muench (56) in mice infected with 10, 100, and 1,000
PFU (n � 4) of WT, NScd, NS1cd, or NEPcd PR8 virus.

Vaccination and challenge of mice. Female 6- to 8-week-old C57BL/6
mice were i.n. inoculated with PBS or 100 PFU of NScd virus. Two weeks
after priming, the mice were challenged i.n. with 10 or 100 50% lethal
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doses (LD50s) of PR8 or X31 virus to determine homologous and heter-
ologous protection, respectively. After challenge, the mice were moni-
tored daily for morbidity and mortality, and viral replication in the lungs
was evaluated at days 3 and 6 postinfection, as described above. Mouse
sera were collected by submandibular bleeding 24 h prior to viral vacci-
nations and challenges and evaluated for the presence of influenza virus
antibodies by an enzyme-linked immunosorbent assay (ELISA).

ELISA. To assess the levels of virus-specific antibodies present in im-
munized mice, ELISAs were performed as previously described (45).
Briefly, 96-well plates were coated for 18 h at 4°C with lysates from mock-,
PR8 virus-, or X31 virus-infected MDCK cells. Alternatively, plates were
coated with PR8 virus (H1N1) or A/Uruguay/716/2007 (H3N2) virus HA
(100 ng per well; NR-19240 and NR-15168, respectively; BEI Resources).
After washing with PBS, the coated wells were blocked with PBS contain-
ing 1% BSA, and then the plates were incubated with 1:2 dilutions of
mouse serum (starting dilution, 1:64) for 1 h at 37°C, washed with H2O,
and incubated with HRP-conjugated goat anti-mouse IgG (1:2,000;
Southern Biotech) for 30 min at 37°C. The reactions were developed with
3,3=,5,5=-tetramethylbenzidine (TMB) substrate (BioLegend) for 5 min at
room temperature, quenched with 2 N H2SO4, and read at 450 nm (Vmax
kinetic microplate reader; Molecular Devices).

HAI assays. Hemagglutination inhibition (HAI) assays were used to
evaluate the presence of neutralizing antibodies. To that end, mouse sera
were treated with receptor-destroying enzyme (RDE; Sigma) prior to heat
inactivation for 30 min at 56°C. Sera were then serially diluted 2-fold
beginning at a 1:16 dilution and mixed 1:1 with 8 hemagglutination units
(HAU) of PR8 or X31 virus for 30 min at room temperature. HAI was
visualized by adding 0.5% turkey red blood cells (RBCs) to the virus-
antibody mixtures for 30 min on ice (57, 58). The GMT � SD from
individual mice (n � 4) was calculated from the last well where hemag-
glutination was inhibited, using Microsoft Excel software.

RESULTS
Codon deoptimization of PR8 virus NS. Codon deoptimization
of the influenza virus NS gene should result in lower levels of NS1
and NEP protein expression, which would likely attenuate the
virus so that it could then be used as a prototypic vaccine. To
engineer a codon-deoptimized NS gene, we introduced underrep-
resented codons through genome-scale changes to the NS cDNA
based on influenza A/Puerto Rico/8/1934 (H1N1) (PR8) virus,
which was synthesized de novo. The amino acid sequence was
completely conserved, and previously described NS packaging sig-
nals (49) and sequences involved in splicing (16) were excluded
from the deoptimization for the successful generation of recom-
binant viruses (Fig. 1A and B). The NS codon-deoptimized gene
included 113 (32%) codon changes through 135 (15.17%) nucle-
otide substitutions. Each mRNA processed from the NS codon-
deoptimized gene incorporated 98 (27.76%) or 15 (4.25%)
codons through 115 (12.92%) or 20 (2.25%) nucleotide changes
in NS1 and NEP, respectively (Fig. 1C and D). These three NS gene
deoptimization strategies were used to evaluate independently or
in combination the effect of each codon-deoptimized viral prod-
uct in the context of both protein expression and virus replication.

Downregulation of protein synthesis by the codon-deopti-
mized NS gene. To determine whether the codon deoptimization
of NS1 or NEP ORFs could lead to a reduction in protein expres-
sion levels in the absence of other viral factors, human 293T cells
were transfected with 20, 100, and 500 ng of plasmids pCAGGS-
NS1-GFP and pCAGGS-NS1cd-GFP (Fig. 2A) or pCAGGS-NEP-
GFP and pCAGGS-NEPcd-GFP (Fig. 2B) and characterized for
protein expression 24 h later by epifluorescence microscopy. A

FIG 2 Analysis of the transitory expression of NS1cd and NEPcd in human 293T cells. (A and B) Fluorescence microscopy. Human 293T cells were transiently
transfected with the indicated amounts of pCAGGS-NS1-GFP (NS1) and pCAGGS-NS1cd-GFP (NS1cd) (A) or pCAGGS-NEP-GFP (NEP) and pCAGGS-
NEPcd-GFP (NEPcd) (B). Protein synthesis was evaluated 24 h posttransfection by determination of the level of GFP expression using fluorescence microscopy.
Representative images are shown. Magnification, �10. Bars, 500 �m. (C and D) Western blot analysis. Extracts from human 293T cells transiently transfected
for 24 h with different amounts of pCAGGS-NS1-HA (lanes NS1) and pCAGGS-NS1cd-HA (lanes NS1cd) (C) or pCAGGS-NEP-HA (lanes NEP) and
pCAGGS-NEPcd-HA (lanes NEPcd) (D) and empty pCAGGS (lanes E) were probed with anti-HA (top) or anti-actin (bottom) antibodies as described in
Materials and Methods. Protein molecular sizes (in kDa) are indicated to the left. Western blots were quantified by densitometry using the software ImageJ
(v1.46). Relative band intensities (as described in Materials and Methods) are indicated.
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large reduction in the fluorescent signal and the number of fluo-
rescent cells was observed in cells transfected with NS1cd con-
structs compared with the results for cells transfected with the
WT, while no differences were observed with the NEP constructs.

The effects of codon deoptimization on protein expression
were also tested by Western blotting. For that, the C termini of the
WT, the NS1cd construct (Fig. 2C), and the NEPcd construct (Fig.
2D) were fused to an HA epitope tag and used to transfect human
293T cells. Protein expression was evaluated at 24 h posttransfec-
tion using an anti-HA MAb. In this case, higher concentrations of
pCAGGS NEP-HA expression plasmids were required for protein
detection due to the small size of the viral protein (12 kDa) (32).
The pattern of expression of both proteins correlated with that
previously observed for GFP-tagged constructs. Whereas abun-
dant polypeptide corresponding to the expected size of NS1 WT
was clearly detected, the polypeptide corresponding to NS1cd was
drastically reduced (Fig. 2C), while no differences between NEP
WT and NEPcd polypeptides were observed (Fig. 2D). Protein
densitometry of Western blot bands confirmed this observation.
Overall, these data indicate that codon deoptimization of NS1
reduces protein expression, while codon deoptimization of NEP
does not reduce protein levels, which may be attributed to differ-
ences in the percentage of codon changes introduced into the two
viral proteins, the relative length of the mRNAs, or a combination
thereof.

Generation of recombinant codon-deoptimized PR8 virus
NS. Since NS1 and NEP constructs were efficiently expressed in
transfected cells, we wanted to ascertain whether recombinant in-
fluenza viruses encoding codon-deoptimized NS products could
be rescued, as well as assess the effect of the deoptimization of viral
NS products individually or in combination in the context of viral
replication. To this end, codon-deoptimized viral NS RNA seg-
ments were incorporated into plasmid-based reverse genetics
techniques (52) in order to generate recombinant, codon-deopti-
mized viruses. We generated three different viruses containing
codon-deoptimized synonymous mutations in coding regions
comprising the entire NS gene (NScd) or the individual viral pro-
teins (NS1cd and NEPcd). The identity of the recombinant viruses
was confirmed by RT-PCR using restriction analysis and sequenc-
ing of the NS segments. Sequence data revealed that the NS seg-
ment in all recombinant viruses did not contain additional
changes (data not shown). To ascertain whether the splicing of NS
mRNA was affected upon infection, MDCK cells were infected
with WT NS or codon-deoptimized recombinant viruses, and to-
tal RNA was harvested and used to amplify the mRNAs by semi-
quantitative RT-PCR (Fig. 3). Using primers specific for the
mRNAs of NS1 and NEP, we observed comparable levels of both
segment 8 products for all viruses, suggesting that the splicing was
not affected as a consequence of the nucleotide modifications in-
troduced during codon deoptimization. To control for levels of
viral infection and cellular transcription, influenza viral NP and
canine GAPDH mRNA levels, respectively, were also evaluated by
RT-PCR in the same cell samples.

Growth properties of codon-deoptimized recombinant in-
fluenza viruses in tissue culture. To analyze the replicative prop-
erties of recombinant codon-deoptimized viruses, multicycle
growth curves of viruses with WT NS, NScd, NS1cd, or NEPcd in
MDCK cells (MOI, 0.001) were assessed at 12, 24, 48, and 72 h
postinfection (Fig. 4A). Despite the codon alterations in the NS
gene, codon-deoptimized viruses displayed replication kinetics

comparable to that of WT NS virus. Only at 12 h postinfection did
the NScd show a slightly delayed kinetics, suggesting that reduced
protein levels did not grossly impair virus growth in MDCK cells.
Moreover, comparable plaque phenotypes in MDCK cells were
observed (Fig. 4B), suggesting that the viruses with codon-deop-
timized NS could propagate to levels comparable to those of vi-
ruses with WT NS in vitro. Next, we evaluated NS1 and NEP ex-
pression levels in the context of viral infection by Western blotting
(Fig. 4C). Extracts from either mock-infected or infected (MOI,
0.001) MDCK cells were examined at 24 h postinfection using
antibodies specific for NS1 (MAb 1A7), NEP (pAb NEP), or NP
(MAb HT103). Actin was used as a protein loading control. West-
ern blot analysis demonstrated that the levels of NP were not al-
tered significantly in any codon-deoptimized virus infections,
which was expected on the basis of virus growth kinetics. The
amount of NS1 was not altered for NEPcd virus; however, it was
significantly reduced in NS1cd and NScd viruses, correlating with
codon deoptimization. Interestingly, under these experimental
conditions, the level of NEP expression was slightly reduced for all
recombinant viruses compared with that for WT NS virus.

To evaluate if the influenza viruses carrying codon-deopti-
mized NS showed different replication kinetics in a cell line that
more accurately represents the cells targeted in a natural human
infection, A549 human lung epithelial cells were used (59, 60). To
that end, human A549 cells were infected with WT NS or codon-
deoptimized NS viruses (MOI, 0.001), and at 12, 24, 48, and 72 h
postinfection, viral titers were evaluated (Fig. 5A). Contrary to
observations in MDCK cells, viruses in which NS1 was codon
deoptimized did not achieve levels of replication similar to those
of WT NS viruses. However, NEPcd viruses replicated similarly to
WT NS viruses. These data suggest that the influenza viruses with
codon-deoptimized NS have an attenuated phenotype when
tested in cells targeted during natural human infection. To evalu-
ate if infection with codon-deoptimized viruses led to differential
expression of NS1 and NEP proteins, lysates of infected A549 hu-
man cells were evaluated by Western blotting (Fig. 5B). For this
purpose, A549 cells were either mock infected or infected at a high

FIG 3 Analysis of segment 8 splicing in MDCK cells infected with wild-type
and codon-deoptimized viruses by semiquantitative RT-PCR. MDCK cells
were mock infected (mock) or infected with WT NS or codon-deoptimized
viruses (NS1cd, NEPcd, and NScd) at an MOI of 5, and total RNA was har-
vested at 12 h postinfection. RT-PCRs were performed as described in Mate-
rials and Methods. NS vRNA or NS1 and NEP mRNAs were analyzed using
specific primers. Primers for viral NP or cellular GAPDH mRNAs were in-
cluded as internal controls.
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MOI (3) to achieve similar levels of infection. Then, cell extracts
were collected at 24 h postinfection and probed using the antibod-
ies indicated above. The levels of NP were not altered significantly
in any codon-deoptimized virus infections, suggesting similar lev-

els of infection. The amount of NS1 was notably reduced in NS1cd
and NScd viruses, and the amount of NEP detected was markedly
reduced in NEPcd virus, correlating with codon deoptimization.
Altogether, these data suggest that the influenza viruses with

FIG 4 Analysis of wild-type and codon-deoptimized viruses in vitro in MDCK cells. (A) Multicycle growth kinetics. Virus titers in tissue culture supernatants of
MDCK cells infected (MOI, 0.001) with WT NS or codon-deoptimized (NS1cd, NEPcd, and NScd) viruses were analyzed at the indicated times postinfection (12,
24, 48, and 72 h) by immunofocus assay (FFU/ml) using the anti-NP MAb HT103. Data represent the means � SDs of the results determined for triplicate wells.
(B) Plaque phenotype. MDCK cells were infected with WT NS or codon-deoptimized (NS1cd, NEPcd, and NScd) viruses, and at 2 days postinfection, monolayers
were stained with crystal violet. (C) Analysis of protein expression levels in infected cells by Western blotting. MDCK cells were mock infected (mock) or infected
with WT NS or codon-deoptimized (NS1cd, NEPcd, and NScd) viruses at an MOI of 0.001, and NS1, NEP, and NP expression levels were analyzed (24 h
postinfection) by Western blotting with specific antibodies. Actin was used as a loading control. The protein molecular sizes (in kDa) are indicated to the left.
Western blots were quantified by densitometry using the software ImageJ (v1.46). The bands were normalized to the level of actin expression for protein
quantitation and then to the level of viral NP expression for determination of viral infection. The expression of WT protein was considered 100% for comparison
with the level of expression by the corresponding codon-deoptimized viruses.

FIG 5 Analysis of wild-type and codon-deoptimized viruses in vitro in A549 cells. (A) Multicycle growth kinetics. Human A549 cells were infected (MOI, 0.001)
with WT NS or codon-deoptimized (NS1cd, NEPcd, and NScd) viruses. At the indicated times postinfection (12, 24, 48, and 72 h), tissue culture cell supernatants
were collected and analyzed for virus titers by immunofocus assay (FFU/ml) using the anti-NP MAb HT103. Data represent the means � SDs of the results
determined for triplicate wells. *, P � 0.05 by an unpaired two-tailed Student’s t test (n � 3 per time point). (B) Analysis of protein expression levels in infected
cells by Western blotting. A549 cells were mock infected (mock) or infected with WT NS or codon-deoptimized (NS1cd, NEPcd, and NScd) viruses at an MOI
of 3, and NS1, NEP, and NP expression levels were analyzed (24 h postinfection) by Western blotting with specific antibodies. Actin was used as a loading control.
The protein molecular sizes (in kDa) are indicated to the left. Western blots were quantified by densitometry using the software ImageJ (v1.46). The bands were
normalized to the level of actin expression for protein quantitation and then to the level of viral NP expression for determination of viral infection. The expression
of WT protein was considered 100% for comparison with the level of expression by the corresponding codon-deoptimized viruses.
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codon-deoptimized NS have an attenuated phenotype and an ex-
pected decrease in protein expression levels when tested in cells
targeted during natural human infection (i.e., human airway epi-
thelial [A549] cells).

In vivo characterization of codon-deoptimized viruses. Due
to the delayed growth in human A549 cells, we postulated that
NScd and NS1cd viruses would be attenuated in vivo, as A549 cells
more accurately reflect the target cells in the respiratory airway
(59, 60). Thus, we compared the virulence of WT NS and codon-
deoptimized viruses in mice. To ascertain whether the loss of NS1,
NEP, or both NS1 and NEP expression impacts the course of an in
vivo virus infection, groups of mice (n � 4) were inoculated i.n.
with 10 or 100 PFU of WT NS, NS1cd, NEPcd, or NScd virus and
monitored for 14 days for signs of illness, weight loss, and mortal-
ity. As expected, codon-deoptimized viruses showed levels of at-
tenuation and pathogenicity different from those for WT NS vi-
ruses. Animals infected with 10 PFU of NScd or NS1cd virus lost
less than 5% of their initial body weight (Fig. 6Ai), and all survived
(Fig. 6Bi). In spite of the limited attenuation observed in vitro,
mice infected with NEPcd virus showed less weight loss and mor-
tality than mice infected with WT NS virus (Fig. 6Ai and Bi). In
mice infected with 100 PFU, all mice infected with NScd virus
survived, whereas only 50% of mice infected with NS1cd virus

survived. In contrast, all mice infected with the same dose of
NEPcd or WT NS virus succumbed to viral infection by day 8 (Fig.
6Aii and Bii). The MLD50 (56) for each virus was �300 PFU for
NScd virus, �200 PFU for NS1cd virus, �20 PFU for NEPcd
virus, and �10 PFU for WT NS virus (Table 1). We also evaluated
the viral titers in lungs at days 3 and 6 postinfection (Fig. 6Ci and
Cii). Animals infected with NS1cd virus and, more markedly,
those infected with NScd virus showed significantly lower viral
titers at day 3 postinfection than animals infected with NEPcd and
WT NS viruses, regardless of whether 10 (Fig. 6Ci) or 100 (Fig.
6Cii) PFU was used. However, at day 6 postinfection, differences
in viral titers were significant only with 10 PFU of NScd virus.
Overall, viral titers correlated with the virus dose and the degree of

FIG 6 Attenuation of codon-deoptimized viruses in mice. Female 6- to-8-week-old C57BL/6 mice were infected i.n. with 10 (Ai, Bi, and Ci) or 100 (Aii, Bii, and
Cii) PFU of WT NS, NScd, NS1cd, or NEPcd virus and then monitored daily for 2 weeks for body weight loss (Ai and Aii) and survival (Bi and Bii). Mice that lost
25% of their body weight were sacrificed. Data represent the means � SDs of the results determined for individual mice (n � 4). To evaluate viral lung replication
(Ci and Cii), mice were sacrificed at 3 and 6 days postinfection and whole lungs were harvested, homogenized, and used to quantify viral titers by immunofocus
assay (FFU/ml). Symbols represent data from individual mice. Bars, geometric mean lung virus titers; dotted lines, limit of detection (20 FFU/ml). Statistical
analyses were conducted using the Mann-Whitney test. *, P �0.05 (n � 3).

TABLE 1 Recombinant influenza virus MLD50s

Virus NSa MLD50 (no. of PFU/mouse)

WT 10
NScd 316.2
NS1cd 215.4
NEPcd 21.54
a Ten, 100, and 1,000 PFU (n � 4) of each recombinant WT NS virus and codon-
deoptimized virus were inoculated i.n., and mortality was determined over 2 weeks.

Nogales et al.

10532 jvi.asm.org Journal of Virology

http://jvi.asm.org


morbidity and mortality, indicating that NS codon deoptimiza-
tion of influenza virus results in viral attenuation in vivo that cor-
relates with the amount of codon changes introduced in the viral
segment (NScd 	 NS1cd 	 NEPcd 	 WT NS).

NS codon-deoptimized influenza virus protects mice from
homologous and heterologous lethal viral challenges. Given
that NScd virus was attenuated in mice, we hypothesized that
NScd virus could potentially be used as a vaccine. To evaluate this
possibility, mice were vaccinated i.n. with 100 PFU of the NScd
virus or mock vaccinated with PBS. Mice were then rested for 2
weeks to clear any residual vaccine virus. At 14 days postvaccina-
tion, either homologous or heterologous protection was evaluated
by challenging vaccinated mice with 10 (Fig. 7) or 100 (Fig. 8)
MLD50s of PR8 (H1N1) or X31 (H3N2) virus. All eight segments
of PR8 virus should carry proteins identical to NScd, whereas X31
virus carries the same six internal segments as PR8 virus, but the
HA and NA segments are derived from A/Hong Kong/1/1968
(H3N2) virus. None of vaccinated animals showed any weight loss
(Fig. 7Ai and Aii), and all vaccinated animals survived both ho-
mologous and heterologous challenge with 10 LD50s (Fig. 7Bi and

Bii), while all mock-vaccinated mice drastically lost weight and
died after challenge. In addition, virus replication levels in the
lungs from vaccinated mice were significantly lower than those in
the lungs from mock-vaccinated mice at day 3 following homol-
ogous and heterologous challenge (Fig. 7Ci and Cii).

When the animals were challenged with 100 LD50s, all immu-
nized mice survived challenge with either PR8 or X31 virus. In
contrast, all mock-vaccinated mice showed a progressive loss of
body weight (Fig. 8Ai and Aii) and succumbed to viral infection
(Fig. 8Bi and Bii). Although immunized animals challenged with
X31 virus suffered severe body weight loss (20%), all recovered
and survived. To determine the inhibition of viral replication in
lungs, viral titers were analyzed at days 3 and 6 postchallenge (Fig.
8Ci and Cii). Mock-vaccinated mice showed high viral titers at day
3, while immunized mice showed no detectable virus with homol-
ogous challenge (Fig. 8Ci) or a 100-fold decrease with heterolo-
gous challenge (Fig. 8Cii). Strikingly, no detectable levels of chal-
lenge virus were observed in vaccinated animals at day 6
postchallenge with homologous or heterologous viruses, in direct
contrast to the results for mock-vaccinated animals, in which all

FIG 7 Protection efficacy of virus with codon-deoptimized NS. Female 6- to-8-week-old C57BL/6 mice were immunized with 100 PFU of the NScd virus or
mock vaccinated with PBS. At 2 weeks postvaccination, animals were challenged with 10 LD50s of PR8 (H1N1) virus (Ai, Bi, and Ci) or X31 (H3N2) virus (Aii,
Bii, and Cii) to evaluate homologous and heterologous protection, respectively. Relative body weight (Ai and Aii) and survival (Bi and Bii) were evaluated for 14
days after the challenge. Mice that lost 25% of their body weight were euthanized. Data represent the means � SDs of the results determined for individual mice
(n � 4). To evaluate viral lung replication at 3 and 6 days postchallenge (Ci and Cii), mouse lungs were prepared as described in the legend to Fig. 5 and used to
quantify viral titers by immunofocus assay (FFU/ml). Symbols represent data from individual mice. Bars, geometric mean lung virus titers; dotted line, limit of
detection (20 FFU/ml). Statistical analyses were conducted using the Mann-Whitney test. *, P � 0.05 (n � 3). Statistics could not be calculated for day 6, because
most mock-vaccinated mice died from infection and vaccinated mice showed no signs of virus replication. §, dead animals; nd, not determined.
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animals succumbed to challenge (Fig. 8Ci and Cii). These results
indicate that NScd virus can induce protective immune responses
against both homologous (PR8 virus) and heterologous (X31 vi-
rus) lethal challenges.

Induction of humoral responses. Humoral immune re-
sponses induced by vaccination with 0, 10, or 100 PFU of NScd
virus were evaluated in sera collected 2 weeks after immunization.
The responses were characterized by ELISA using cell lysates from
mock-, PR8 virus-, or X31 virus-infected MDCK cells (Fig. 9A and
B) or using H1 and H3 purified proteins (Fig. 9C and D). As
expected, mice responded to NScd vaccination by eliciting higher
serum IgG titers against PR8 virus antigens (Fig. 9A) and H1 pro-
tein (Fig. 9C) but not H3 protein (Fig. 9D). Antibodies against
X31 virus antigens were, however, detected (Fig. 9B), although the
levels were less than those in convalescent-phase sera from ani-
mals infected with X31 virus, presumably due to the lack of
anti-H3 antibodies induced by NScd (H1) vaccination. In addi-
tion, protective HAI titers against PR8 virus but not X31 virus
were observed in NScd-vaccinated animals (Table 2). These data
suggest that vaccination with NScd virus, besides its humoral ac-
tivation, likely induces a cellular response that is responsible for

the observed heterologous protection against X31 virus. Overall,
this provides evidence that immunization with NScd safely con-
fers protection from both homologous and heterologous virus
infections.

Reduced interferon antagonism may contribute to attenua-
tion of NS codon-deoptimized virus. One of the main functions
of the viral NS1 protein is to counteract the IFN-I response during
infection (18, 19). Thus, we sought to test whether attenuation of
NScd virus correlated with a diminished antagonism of IFN-I. To
that end, tissue culture supernatants of A549 cells infected with
either NS or NScd viruses were collected at various times postin-
fection (0, 6, 12, 24, and 48 h). Comparable levels of infection in
A549 cells were verified by NP expression (Fig. 10B), and the levels
of secreted IFN-I were then analyzed using two complementary
bioassays (Fig. 10A). In the virus-based assay, inhibition of rNDV-
GFP infection is dependent on IFN-I pretreatment (46, 54), which
was recapitulated by the dose-dependent addition of recombinant
IFN-I (Fig. 10C and D). Although tissue culture supernatants
from cells infected with WT NS at 24 and 48 h postinfection led to
the modest inhibition of rNDV-GFP, a significant decrease of
rNDV-GFP infection was observed when cells were pretreated

FIG 8 NScd-immunized mice are protected after a lethal challenge (100 LD50s) of wild-type viruses. Female 6- to-8-week-old C57BL/6 mice were immunized
with 100 PFU of NScd or mock vaccinated with PBS. Fourteen days after the immunization, animals were challenged with 100 LD50s of PR8 (H1N1) virus (Ai,
Bi, and Ci) or X31 (H3N2) virus (Aii, Bii, and Cii) to evaluate homologous and heterologous protection, respectively. The relative body weight (Ai and Aii) and
survival (Bi and Bii) were evaluated daily for 2 weeks, and mice that lost 25% of their body weight were sacrificed. Data represent the means � SDs of the results
determined for individual mice (n � 4). To evaluate viral lung replication at days 3 and 6 postchallenge (Ci and Cii), an immunofocus assay was performed as
described in the legend to Fig. 5 (FFU/ml). Symbols represent data from individual mice. Bars, geometric mean lung virus titers; dotted lines, limit of detection
(20 FFU/ml). Statistical analyses were conducted using the Mann-Whitney test. *, P �0.05 (n � 3).
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with supernatants from cells infected with NScd virus, as deter-
mined by GFP expression using a fluorescence microscope (Fig.
10C) or a GFP microplate reader (Fig. 10D). In the cell-based
assay, reporter gene (mRFP and Fluc) expression is driven by the
ISRE promoter, which is activated with the presence of IFN-I in
tissue culture supernatants (42). The assay was validated by detec-
tion of a dose-dependent increase in reporter gene expression
upon exposure of cells to recombinant IFN-I at various concen-
trations (Fig. 10E and F). Similar to the virus-based assay, super-
natants from cells infected with NScd virus collected at 24 and 48
h postinfection induced higher levels of reporter gene expression
than supernatants from WT NS virus-infected cells, as determined
by mRFP (Fig. 10E) or luciferase (Fig. 10F) expression. Interest-
ingly, tissue culture supernatants from NScd virus-infected cells
contained less IFN-I at 48 h than at 24 h postinfection, probably
due to the accumulation of NS1 protein. Altogether, these results
suggest that the mechanism of NScd PR8 virus attenuation in vitro

is due, at least in part, to reduced IFN-I antagonism, which may
also account for its attenuation in vivo.

DISCUSSION

Using plasmid-based reverse genetics techniques and de novo
cDNA synthesis, we have engineered recombinant influenza PR8
viruses carrying a synonymous codon-deoptimized NS segment.
Recombinant viruses were designed under the hypothesis that in-
troduction of many underrepresented codons into the NS gene
should lead to a reduction of protein expression and thus an at-
tenuated phenotype. Viruses harboring deoptimized codons in
the NS gene (NScd viruses) or the ORFs for NS1 or NEP (NS1cd
and NEPcd viruses, respectively) were evaluated in vitro and in
vivo and showed levels of attenuation that correlated with the
amount of codon changes introduced in the viral segment. Addi-
tionally, the most attenuated NScd virus demonstrated applicabil-
ity as a safe, live attenuated vaccine that produced immunogenic-
ity and provided protection against both homologous and
heterologous influenza virus lethal challenges in mice.

In MDCK cells, protein expression by NScd and NS1cd viruses
was decreased in relation to that by WT virus, while protein ex-
pression by NEPcd virus was only slightly decreased. These results
were expected because only 4.25% of the NEP ORF codons were
altered (Fig. 1). Generally, an optimal coadaptation of codon us-
age and tRNA concentration evolves within a species to obtain a
highly efficient rate of translation (61–63). Our data suggest that
the phenotypes of codon-deoptimized viruses may be determined
in part by the rate of gene translation, as also shown by a reduction
in protein expression in transiently transfected human 293T cells
(Fig. 2). However, other mechanistic explanations for the attenu-

FIG 9 Humoral responses to NS codon-deoptimized vaccination. Female 6- to-8-week-old C56BL/6 mice were mock infected with PBS or infected with 10 or
100 PFU of NScd virus. At 14 days postinfection, mice were bled and the sera were collected and evaluated by ELISA for IgG antibodies against total influenza virus
protein using cell extracts of MDCK cells infected with PR8 virus (A) or X31 virus (B) or against recombinant protein H1 (C) or H3 (D). Serum obtained from
a mouse infected with X31 virus was used as an internal control. OD, optical density. Data represent the means � SDs of the results for 5 individual mice.

TABLE 2 Immunogenicity of NS codon-deoptimized virusa

Immunization and
dose (PFU)

Mean (SD) HAI titer

PR8 virus X31 virus

PBS �16 (ND) �16 (ND)

NScd
10 49 (41.72) �16 (ND)
100 147 (57.24) �16 (ND)

a Data were calculated from 5 immunized or 2 mock-immunized individual animals.
ND, not determined.
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ation of codon-deoptimized viruses may also be possible. First,
polypeptide elongation is determined in part by the concentration
of aminoacyl-tRNA; therefore, the dependence of an mRNA on
many underrepresented tRNAs could increase the time of trans-
lation (64). This would result in ribosomal stalling, premature
dissociation of the translation complex from the RNA, and subse-
quent protein truncation and degradation. Second, changes in the
mRNA secondary structure could contribute to the observed de-

creases in protein synthesis because the mRNA secondary struc-
ture is an important element for codon selection (65, 66).

In this study, codon deoptimization of the NS gene of influenza
PR8 virus revealed interesting insights into the biology of the vi-
rus. Virus replication in vitro was not affected in MDCK cells (Fig.
4), despite protein expression changes, determined by Western
blotting, in transfected human 293T cells (Fig. 2) and infected
MDCK cells (Fig. 4). Unlike in MDCK cells, the replication capa-

FIG 10 Differences in induction of IFN-I with wild-type virus NS and viruses with codon-deoptimized NS. (A) Schematic representation of the IFN-I bioassays.
Human A549 cells were infected with WT NS or NScd PR8 viruses, and tissue culture supernatants (TCS) were collected at the indicated times postinfection (0,
6, 12, 24, and 48 h) and UV inactivated before they were used to treat Vero or 293T ISRE mRFP/ISRE Fluc cells. (B) Indirect immunofluorescence. WT NS and
NScd PR8 virus infections of A549 cells were evaluated at 12 h postinfection using the anti-NP MAb HT103. Mock-infected cells were included as a negative
control. (C and D) Analysis of IFN-I induction using a virus-based bioassay. Vero cells were treated with UV-inactivated tissue culture supernatants collected
from WT NS and NScd PR8 virus-infected A549 cells at different times postinfection (0, 6, 12, 24, and 48 h) and infected with rNDV-GFP (MOI, 1). The levels
of IFN-I were evaluated by determination of the ability to inhibit rNDV-GFP infection under a fluorescence microscope (C) and quantified by using a microplate
reader (D). Data are represented in relative GFP units, where mock-treated Vero cells infected with rNDV-GFP were considered to have a value of 100%. Vero
cells treated with 1, 10, and 100 U of IFN-I were used as internal controls. (E and F) Analysis of IFN-I using a cell-based assay. Human 293T cells expressing mRFP
and firefly luciferase under the control of an ISRE promoter were treated with the UV-inactivated tissue culture supernatants from WT NS and NScd PR8
virus-infected A549 cells. Activation of the ISRE promoter was evaluated by determination of mRFP expression under a fluorescence microscope (E) and
quantified by determination of firefly luciferase activity (F). Representative fields are shown in panels C and E. Data represented in panels D and F show the
means � SDs of the results determined for triplicate wells. *, P �0.05. hpi, hours postinfection; RLU, relative light units.
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bilities of codon-deoptimized influenza viruses were altered in
human A549 cells (compare Fig. 4A and 5A), perhaps due to sig-
naling pathways in human A549 cells that are different from those
in MDCK cells or absent in MDCK cells (59, 60). For instance,
since NS1 is an IFN-I antagonist protein, the differences in repli-
cation rates observed could correspond with species-specific
IFN-I production or be correlated with IFN-I-stimulated gene
(ISG) expression (20, 21, 54). Also, differences in preferred tRNA
usage between canine and human cells or kidney and lung tissues
could contribute to the differences in growth kinetics of the
codon-deoptimized viruses.

Codon deoptimization had no observable effect on NS splicing
in virus-infected MDCK cells, as assessed using semiquantitative
PCR (Fig. 3). This is important because inefficient splicing of in-
fluenza A virus NS controls the accumulation of NEP, which could
serve as an important switch from viral transcription to replica-
tion (17, 33). In accord with the results reported here, Robb et al.
showed that similar levels of spliced NEP mRNA were produced in
the presence and absence of the NS1 protein (17). In contrast,
Garaigorta and Ortin showed that segment 8 splicing is controlled,
in part, by the viral NS1 protein itself, since NS1 appears to inhibit
the splicing and nuclear export of NS1 mRNA transcripts within
infected cells (67). However, in our system, after decreasing the
expression of NS1 by codon deoptimization, there was no dimi-
nution of either NEP protein or mRNA.

Recently, Chua et al. showed that limiting NS1 accumulation
does not impact virus replication in vitro (68), which is similar to
our findings (Fig. 4). The authors also evaluated virus replication
in model systems that either decreased or enhanced NEP levels
and showed that deregulation of NEP abrogates viral replication,
likely due to NEP-mediated vRNP export. In our system, infection
of MDCK and A549 cells with NEPcd virus showed replication
kinetics similar to that obtained by infection with WT NS virus,
suggesting that the reduction of NEP levels by codon deoptimiza-
tion was not enough to significantly disrupt viral replication.
These observations correlated with the results of experiments per-
formed in vivo, where NEPcd virus produced levels of morbidity
similar to those produced by WT NS virus, whereas NScd and
NS1cd viruses were notably attenuated. However, since the NScd
virus was slightly more attenuated than the NS1cd virus in vitro
and in vivo, it remains possible that codon deoptimization of NEP
may modestly contribute to the higher attenuation observed with
NScd virus.

The in vitro results translated to mice, where codon-deopti-
mized NS and NS1 viruses also showed attenuated replication
compared to the replication of WT NS virus (Fig. 6). Mice infected
with NEPcd virus showed body weight loss and survival similar to
those of mice infected with WT NS virus. Notably, both NS1cd
viruses and, mainly, NScd viruses were significantly attenuated.
NScd virus-infected mice showed minimal body weight loss and
100% survival when animals were infected with both 10 and 100
PFU of virus. Furthermore, the virus titers recovered from the
lungs of NS1cd and NScd virus-inoculated mice were significantly
lower than those recovered from the lungs of NEPcd or WT NS
virus-infected mice, suggesting a more rapid viral clearance and a
shorter duration of viral shedding.

Vaccine potential was further evaluated by homologous or het-
erologous challenge of immunized mice (Fig. 7 and 8). We found
that although the NScd virus is attenuated in mice, the virus can
still induce immune responses capable of providing significant

protection against homologous and heterologous viral challenges.
We hypothesize that the induction of neutralizing antibodies pro-
tects against homologous challenge (Fig. 9), and the induction of a
T cell response directed against conserved internal proteins might
likely protect against heterologous challenge, although this
hypothesis was not directly evaluated.

Among the first battles between the host and the virus, IFN-Is
play an important role in controlling viral infection (69). There-
fore, the attenuated phenotype observed with NScd virus could be
the consequence of the reduced production of the IFN-I antago-
nist NS1, which would hasten virus clearance from the respiratory
tract and lungs due to increased IFN-I antiviral activity and acti-
vation of the adaptive immune response (22, 23, 25–27). This
hypothesis was assessed using two complementary bioassays
aimed at the evaluation of differences in IFN-I production during
WT NS or NScd viral infections (Fig. 10). Our results indicate a
correlation between viral attenuation in vivo and the larger
amounts of IFN-I produced during NScd viral infection than dur-
ing WT NS viral infection, suggesting that lower NS1 protein ex-
pression levels at early times postinfection result in higher levels of
IFN-I production and in virus attenuation in vivo. However, our
conclusions are based on in vitro experiments, and in vivo ap-
proaches are needed to confirm the mechanism of viral attenua-
tion in an animal model. Additionally, we cannot rule out the
possibility that differences in NEP expression levels could also
contribute to viral attenuation.

Successful vaccine candidates must show attenuation in the
host while retaining immunogenicity and must also grow well in
manufacturing-suitable tissue culture platforms (70, 71). Impor-
tantly, we showed that NS codon-deoptimized viruses were atten-
uated in mice but replicated efficiently in the FDA-approved
MDCK cell line used for human vaccine production (41). There-
fore, our viruses may prove useful as safe alternatives in the gen-
eration of LAIV. Because the influenza virus NS1 protein can
antagonize IFN-I, LAIVs based on mutated or truncated NS1 pro-
teins have been previously proposed (24–26, 28, 72, 73). However,
this is the first time that influenza viruses have been attenuated
due to deoptimized codon use in the influenza viral NS segment,
resulting in decreased levels of NS1 protein expression. Our ap-
proach has several advantages over previously reported systems
that rely on mutated or truncated NS1 for virus attenuation. In
recombinant viruses containing mutant NS1, the possibility that
the virus will revert to the WT is high because the number of
changes in the NS1 sequence is limited. However, in our codon-
deoptimized NS virus, the possibility of reversion is diminished
due to the large number of modifications introduced. Moreover,
unlike other systems, we have also included changes in NEP. On
the other hand, compared to deltaNS1 virus (24–28, 35, 36, 72,
73), our codon-deoptimized NS virus is able to replicate, bringing
an optimal balance between viral attenuation and immunogenic-
ity, similar to the situation observed with current LAIV ap-
proaches.

In summary, we have shown that vaccination with a single dose
of the NScd LAIV can induce protective homo- and heterotypic
immunity in mice. These results suggest that codon-deoptimized
influenza viruses could be considered for use alone or in combi-
nation with current and/or experimental vaccine approaches in
the development of safe, immunogenic, and protective vaccine
approaches against influenza (39, 40, 74). Live attenuated vaccine
viruses engineered by codon deoptimization express the intact
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viral repertoire of antigenic sites because the amino acid sequence
is conserved, inducing both cellular and humoral immunity
against all viral immunogenic epitopes. To date, two similar ap-
proaches have been used to generate recombinant attenuated in-
fluenza viruses using codon permutations to modify the expres-
sion of different genes involved in viral replication or viral spread
(39, 40). In these studies, the authors made use of codon pair bias
to engineer codon-deoptimized viruses by creating a suboptimal
organization of pairs of codons, instead of modifying each codon
individually. Unlike these prior studies, where genes involved in
the synthesis of viral RNA and the spread of virus were modified,
we have deoptimized the coding sequence of the NS gene involved
in counteracting the antiviral host response. Although similar ap-
proaches modifying a gene involved in innate antagonism have
not yet been described, our results correlate well with those of
previous studies where viral IFN-I antagonists were affected (35,
37, 46, 75). Moreover, our studies provide the first evidence that a
viral segment undergoing splicing could be used for viral attenu-
ation and that the attenuation induced by codon deoptimization
is most probably regulated by the number of nucleotide changes
introduced in the viral genome. In fact, recombinant virus con-
taining several codon-deoptimized genes involved in different
steps of the virus life cycle could be used to generate controlled and
novel live attenuated vaccines.
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