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The ribonucleoprotein transfection system for influenza virus allowed us to construct an influenza A virus
containing a chimeric neuraminidase (NA) gene in which the noncoding sequence is derived from the NS gene
of influenza B virus (T. Muster, E. K. Subbarao, M. Enami, B. P. Murphy, and P. Palese, Proc. Natl. Acad.
Sci. USA 88:5177-5181, 1991). This transfectant virus is attenuated in mice and grows to lower titers in tissue
culture than wild-type virus. Since such a virus has characteristics desirable for a live attenuated vaccine strain,
attempts were made to characterize this virus at the molecular level. Our analysis suggests that the attenuation
of the virus is due to changes in the cis signal sequences, which resulted in a reduction of transcription and
replication of the chimeric NA gene. The major finding concerns a sixfold reduction in NA-specific viral RNA
in the virion, causing a reduction in the ratio of infectious particles to physical particles compared with the ratio
in wild-type virus. Although the NA-specific mRNA level is also reduced in transfectant virus-infected cells, it
does not appear to contribute to the attenuation characteristics of the virus. The levels of the other RNAs and
their expression appear to be unchanged for the transfectant virus. It is suggested that downregulation of the
synthesis of one viral RNA segment leads to the generation of defective viruses during each replication cycle.
We believe that this represents a general principle for attenuation which may be applied to other segmented

viruses containing either single-stranded or double-stranded RNA.

Influenza, an acute infectious respiratory disease, remains
a constant worldwide threat to human health and, in the
absence of effective antiviral agents, can best be prevented
or limited by vaccination (1, 13). The influenza virus vac-
cines currently in use in the United States are derived
from inactivated influenza virus, and they provide only
limited protection in vaccinees (2, 13). An alternative ap-
proach would involve the development of safe live attenu-
ated vaccines; these vaccines should be longer-lasting and
afford greater protection (1). An ideal way to generate
such an attenuated vaccine would be to use genetic engineer-
ing techniques. However, until recently, influenza virus—
like all other negative-strand RNA viruses—was not amena-
ble to site-specific genetic manipulation. The situation has
changed for influenza virus, because synthetic RNAs recon-
stituted in vitro with purified viral polymerase complex can
now be rescued into infectious influenza virus particles (5,
10, 12).

Applying this novel reverse genetic approach, we gener-
ated a transfectant influenza virus which possesses a chi-
meric neuraminidase (NA) gene containing the coding se-
quence of the NA gene of influenza A/WSN/33 virus and the
noncoding sequence from the NS segment of influenza
B/Lee virus. The virus was shown to be attenuated in mice
and to induce a protective immune response against chal-
lenge virus. These features suggested that the virus has
many properties desirable for an attenuated live influenza
virus vaccine (14). In order to understand the molecular
characteristics responsible for the attenuation of this trans-
fectant virus, we carried out a series of experiments to
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analyze the virus at the molecular level. The data presented
in this report suggest that attenuation results from the effect
of the altered cis elements on the replication of the chimeric
NA gene. A low level of the NA gene in the virus preparation
results in a higher proportion of defective particles than is
found in a wild-type virus preparation. In addition, the data
support a random mechanism for the packaging of virion
RNAs (VRNAS) into influenza virus particles.

MATERIALS AND METHODS

Viruses and cells. The stocks of influenza A/WSN/33 virus
and the NA/B-NS transfectant virus were prepared from
purified plaques by growing them in Madin-Darby bovine
kidney (MDBK) cells in reinforced minimal essential me-
dium containing 2 pg of trypsin per ml. MDBK cells were
used for the plaquing of viruses and the study of virus-
specific RNA synthesis.

Plasmids. In order to generate riboprobes, several plas-
mids were constructed. pSP64-NS DNA contains the entire
NS segment of A/WSN/33 virus inserted into the Sall site of
the pSP64 vector (Promega, Madison, Wis.) in the orienta-
tion by which positive-sense NS RNA can be made by using
SP6 RNA polymerase. To create plasmid pIBI30-NS, the
entire NS DNA fragment derived from pSP64-NS was in-
serted between the HindIIl and EcoRI sites of the pIBI30
vector (IBI, New Haven, Conn.) in the orientation by which
negative-sense NS RNA can be generated by using T7 RNA
polymerase. In order to obtain plasmid AT3NAv, which
produces the negative-sense NA-specific RNA probe, the
DNA in the pT3NAv plasmid (5) was shortened by deleting
nucleotides 1 to 1096 of the NA vRNA. In addition, we
created a plasmid, designated IBI30-NA, by inserting the
entire NA fragment derived from pT3NAwv (5) into the Xbal
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and EcoRI sites of the IBI30 vector. This plasmid can
produce positive-sense NA-specific RNA by T7 RNA poly-
merase transcription.

Virus purification and RNA extraction. Influenza
A/WSN/33 virus and NA/B-NS transfectant virus were
grown in MDBK cells and then purified by 30 to 60% sucrose
gradient centrifugation as described previously (5). Virus
purified from four 175-cm? flasks of MDBK cells was resus-
pended in 0.3 ml of TMK buffer (10 mM Tris [pH 7.5], 1.5
mM MgCl,, 10 mM KCl) and disrupted by incubation with 9
wl of 10% sodium dodecyl sulfate (SDS) and 7.5 nl of
proteinase K (10 mg/ml) at 56°C for 10 min, followed by
addition of 35 pl of SLN buffer (5% SDS, 1.4 M LiCl, 100
mM sodium acetate [pH 7.0]). Virion RNAs were extracted
with phenol-chloroform and collected by ethanol precipita-
tion. For isolating viral RNAs from infected cells, MDBK
cells were infected with either influenza A/WSN/33 virus or
NA/B-NS transfectant virus at a multiplicity of infection of 1
and harvested at the indicated time points. Cells were
washed twice with ice-cold phosphate-buffered saline and
lysed with 4 M guanidinium isothiocyanate (Sigma). Total
RNA was then purified by equilibrium centrifugation in 5.7
M cesium chloride (Fisher) (9).

Determination of the ratio of infectious and physical parti-
cles. In order to determine the total number of physical
particles of influenza A/WSN/33 virus and NA/B-NS trans-
fectant virus, the virus preparations were mixed with an
equal volume of a suspension of carboxylate polystyrene
beads (0.1 wm in diameter) at a concentration of 4.5 x 10°
particles per ml (Polyscience, Inc., Warrington, Pa.) and
then stained with phosphotungstic acid. The ratio of virus
and polystyrene beads was determined by counting the two
different particles under the electron microscope. For mea-
suring the number of infectious particles in the preparations,
the virus stocks were serially diluted and plaqued in MDBK
cells.

RNA electrophoresis. RNAs extracted from influenza
A/WSN/33 virus and NA/B-NS transfectant virus were elec-
trophoresed on a 3% polyacrylamide gel containing 7.7 M
urea at 150 V for 2 h. The RNA segments were visualized by
silver staining as described previously (5).

RNase protection assay. The RNase protection assay was
used for quantitation of virion RNA in viral particles as well
as for the measurement of viral mRNAs and cRNAs in
infected MDBK cells. The NS segment was chosen as an
internal control. For measuring virion RNAs, positive-sense
NS- and NA-specific RNA probes were generated by run-off
transcription with phage SP6 or T7 RNA polymerase and
plasmid pSP64-NS DNA linearized by Ncol (nucleotide [nt]
265) or plasmid IBI30-NA digested with Fokl (nt 240),
respectively. The NS-specific RNA probe spans the region
between nt 1 and 265 of the NS cRNA, and the NA-specific
RNA probe covers nt 1 to 240 of the NA cRNA.

To determine the amounts of mRNAs and cRNAs, nega-
tive-sense NS- and NA-specific RNA probes were tran-
scribed from Ddel (nt 465)-digested IBI30-NS DNA and
Pyull (nt 306 in pUC19)-cut AT3NA DNA, respectively,
with phage T7 or T3 RNA polymerase, respectively. The
negative-sense NS-specific RNA probe is 470 nt long, con-
taining nt 465 to 890 of the NS vRNA and a vector sequence
of 45 nt. The negative-sense NA-specific RNA probe is 403
nt long, covering the region between nt 1096 and 1409 of the
NA vRNA and containing a vector sequence of 90 nt.

The RNA probes were labeled with [a->PJUTP (800
Ci/mmol; Du Pont, NEN, Boston, Mass.). In general, 50 ng
of virion RNA extracted from purified virus was hybrid-

J. VIROL.

ized to 5 x 10* cpm each of the positive-sense NS- and
NA-specific probes, or 5 ug of total RNA isolated from
virus-infected cells was hybridized to 5 X 10* cpm each
of the negative-sense NS- and NA-specific probes. After
12 h of incubation at 45°C, the hybridization mixture was
digested with RNases A and T,, following the manufactur-
er’s instruction (Ambion Inc., Austin, Tex.), and the result-
ing products were analyzed on a 6% acrylamide denaturing
gel (9).

Primer extension. The genomic RNAs (VRNAs) of the NA
and NS segments of influenza A/WSN/33 virus and of
NA/B-NS transfectant virus were quantitated by primer
extension (11). The primers for detecting NS- and NA-
specific VRNA are 21 nt long and are complementary to
negative-sense VRNA. The NS primer, 5'-GGGAACAATT
AGGTCAGAAGT-3', spans the region between nt 695 and
714 of the NS cRNA. The NA primer, 5'-GTGGCAATAAC
TAATCGGTCA-3', covers nt 1151 to 1171 of the NA cRNA.
Both the NS and NA primers were 5'-end labeled by
incubation with [y*?P]ATP (3,000 Ci/mmol; Du Pont, NEN)
and T4 DNA kinase (Biolabs, Beverly, Mass.). Then, 100 ng
of RNA extracted from virus or 5 pg of total RNA isolated
from infected MDBK cells was reverse transcribed by
RNase H-minus murine leukemia virus reverse transcriptase
(BRL, Gaithersburg, Md.) in the presence of 3 x 10° cpm
each of the 5'-end-labeled NS and NA primers. After incu-
bation at 37°C for 2 h, the reaction was stopped by addition
of EDTA to 10 mM, and the reaction mix was subjected to
phenol-chloroform extraction and alkali treatment (11). The
products were analyzed on a 6% polyacrylamide gel contain-
ing 7 M urea. The amount of product was measured by
directly counting the radioactivity of the gel piece corre-
sponding to each band on the film.

Neuraminidase assay and Western immunoblot analysis.
For the assay of neuraminidase activity of the influenza
A/WSN/33 and NA/B-NS transfectant viruses, 2'-(4-methyl-
umbelliferyl)-a-D-N-acetylneuraminic acid (Sigma) was used
as the substrate. The reaction mixture consisted of 25 ul of
2 mM substrate, 25 pl of virus, and 50 pl of 0.2 M phosphate
buffer (pH 6.0) containing 2 mM CaCl,. After incubation at
37°C for 10 min, the reaction was stopped by addition of 2 ml
of 0.5 M glycine-NaOH buffer (pH 10.6), and then the
neuraminidase activity was determined by measuring the
fluorescence with excitation at 365 nm and emission at 450
nm, with methylumbelliferone as a standard. The protein
concentration of the viruses was measured with the Bio-Rad
protein assay kit. For the Western analysis of the NA and
HA proteins of the WSN/33 and NA/B-NS viruses, viral
proteins were electrophoresed on a 10% polyacrylamide
Laemmli gel (7) and subsequently transferred to a nitrocel-
lulose membrane (Schleicher & Schuell, Keene, N.H.). A
monoclonal antibody directed against carbohydrates was
used to detect the NA and HA glycoproteins of the viruses.
The Western blot was developed with a rat antibody against
mouse kappa chains, which was labeled with I and was
generously provided by Thomas Moran.

Analysis of protein synthesis in infected cells. MDBK cells
(35-mm dish) were infected with either WSN/33 virus or
NA/B-NS transfectant virus at a multiplicity of infection of
approximately 3. This multiplicity was used because the
NA/B-NS transfectant virus did not grow to higher titer. At
indicated times, the proteins were labeled in cysteine-free
medium with [**S]cysteine (1,027 Ci/mmol; Du Pont, NEN)
at 100 pCi/ml of medium for 30 min. The cells were then
washed twice with ice-cold phosphate-buffered saline and
lysed in 150 pl of lysis buffer containing 1% Nonidet P-40,



VoL. 66, 1992

NA of Influenza A WSN/33 Virus

5' AGUAGAAACAAGGA UUUGAACAAACUA
3 U::[GCUUU cG UGCEUEEZ.T.UUUAC

NA of NA/B-NS Transfectant Virus

5' AGUAG UAACA,?GA(I; Ayy uuAUUUUACAUUCA

3'UCGI
UCUUCGUCUC cua AAUAAAUCAGUGACCGUUUGCCUEUCUAC

FIG. 1. Noncoding sequences of the NA segments of influenza
A/WSN/33 virus and the NA/B-NS transfectant virus. The 5'- and
3'-terminal sequences are drawn in a panhandle structure, which
consists of two base-paired stems and one mismatched internal loop
in the middle. The noncoding nucleotides of the chimeric NA gene
of the NA/B-NS virus are derived from the NS gene of influenza
B/Lee virus. The large letters indicate nucleotides in the 5'- and
3'-terminal regions which are different for the two NA genes. The
open triangle marks the altered Kozak sequence in the NA gene of
the NA/B-NS virus.

150 mM NaCl, 50 mM Tris-HCl (pH 8.0), and 1 mM
phenylmethylsulfonyl fluoride. About 1/20 of the sample was
loaded onto a 10% polyacrylamide Laemmli gel (7).

RESULTS

Ratio of infectious to physical particles. The genome of the
transfectant NA/B-NS virus differs from that of wild-type
influenza A/WSN/33 virus only in the noncoding region of
the NA gene (Fig. 1). It is thus likely that the altered
biological properties of the transfectant virus are the result
of altered cis signals located in the noncoding region of the
chimeric NA gene (9, 15, 18). Specifically, it was noted
earlier that the transfectant virus grew to lower titers than
wild-type virus in MDBK cells, MDCK cells, and mice. In
addition, the low-multiplicity growth curves in tissue cul-
ture were significantly delayed relative to those of wild-type
virus (14). We then proceeded to examine whether the
transfectant virus had a temperature-sensitive phenotype,
which could explain the altered growth characteristics.
However, the pattern of the growth curve at 30, 33, 37,
and 38°C for NA/B-NS virus was not different from that
of wild-type virus at the corresponding temperatures. We
next asked whether defective particles were present in
the NA/B-NS virus preparation. The virus was characterized
by counting the physical particles under the electron
microscope and comparing this number with the PFU of
the preparation. Interestingly, the NA/B-NS transfectant
virus showed a similar number of physical particles as
the wild-type virus but consistently lower PFU titers (14)
(Table 1). Thus, the NA/B-NS virus grown in MDBK cells
shows at least a 5- to 10-fold-lower infectious particle-to-
physical particle ratio than is seen with the WSN/33 wild-
type virus.

Characterization of the RNA of the NA/B-NS virus. Since

TABLE 1. Ratio of infectious particles to physical particles of
influenza A/WSN/33 virus and NA/B-NS transfectant virus

Physical particles Infectious particles

Virus (pp) (no./ml) (ip) (no_/ml) Ratio, pp/ip
‘WSN/33 1.8 x 10° 1.2 x 108 15
NA/B-NS 1.2 x 10° 1.0 x 107 120
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the NA/B-NS virus contains many defective particles, the
viral RNA was examined for the presence of defective
RNAs. Following extraction from purified virus, the ge-
nomic RNA was separated on a 3% polyacrylamide gel
containing 7.7 M urea. As shown in Fig. 2A, the chimeric
NA RNA of the NA/B-NS transfectant virus is almost
invisible on the gel, whereas the other seven segments are
present in approximately equimolar concentrations. When
the amount of RNA on the gel was increased, the chimeric
NA RNA was shown to migrate at the same position as the
control RNA in lane 3 (data not shown). However, electro-
phoresis and silver staining did not permit the quantitation of
the chimeric NA RNA packaged in virions. For this purpose,
the RNase protection assay and primer extension experi-
ments were performed.

Positive-sense NS-specific and NA-specific probes were
hybridized in the same reaction to purified virion RNA from
either WSN/33 virus (Fig. 2B, lane 3) or NA/B-NS transfec-
tant virus (Fig. 2B, lane 4) and then digested with RNases A
and T,. The resulting products were analyzed on a 6%
polyacrylamide gel containing 7 M urea (9), and the amounts
of vVRNA were calculated by counting the radioactivity of the
gel slices corresponding to the bands on the film. As shown
in Fig. 2B, the probe protected by the chimeric NA RNA
migrates faster than that of the wild-type gene because the 5
noncoding sequences are different in the two NA genes.
Compared with the NA segment of WSN/33 virus, the
amount of chimeric NA RNA in the transfectant virus is
about six times lower, with the NS gene used as an internal
control. The primer extension experiment, as shown in Fig.
2C, shows a similar reduction in the amount of chimeric NA
RNA packaged in virions relative to the NS gene, suggesting
a specific lower representation of the chimeric NA gene in
the transfectant virus preparation.

Characterization of the protein of the NA/B-NS virus. The
next question was whether the NA/B-NS transfectant virus
also contained less neuraminidase protein. We carried out
neuraminidase assays and a Western analysis of the NA
protein in virus particles. For the enzymatic assay of the
neuraminidase, the total concentration of viral proteins was
first determined by the protein assay, and then the same
amount of purified virus was used. The NA/B-NS transfec-
tant virus showed only a twofold-lower NA activity than the
WSN/33 wild-type virus. A similar finding was obtained by
Western analysis, which showed 1.9-fold less NA protein
but the same amount of HA protein in virions of the
NA/B-NS transfectant virus compared with those of
WSN/33 virus (see Fig. 5A).

Virus-specific RNA synthesis in infected cells. Based on the
vRNA analysis of the NA/B-NS transfectant virus, there is
little doubt that less chimeric NA RNA is contained in the
viral particles. The lower level of the chimeric NA RNA in
the virions could be caused either by a change in the
packaging signal, leading to less efficient packaging of the
NA RNA, or by a change in the synthesis of genomic NA
RNA, which could be the result of inefficient recognition of
the influenza B virus-specific promoter by the influenza A
viral polymerase. To pinpoint the exact mechanism, we
examined the VRNA synthesis of the chimeric NA gene in
infected MDBK cells. Considering that vRNA is mainly
synthesized in the late phase of infection (19), we used RNA
extracted from cells at 7, 8.5, and 10 h postinfection. Total
RNA (5 ng) extracted from virus-infected cells was used for
the primer extension analysis. The data in Fig. 3 show that
vRNA synthesis of the chimeric NA gene was remarkably
decreased relative to that of control virus. Compared with



4682 LUO ET AL.

J. VIROL.

A. B. &
2 3 & %
WSN/33 NA/B-NS Control o % z @
e o ¥ <«
: a O = =z
3P "
H "
P <4-NS
18s "
NP | - <NA
i . | <4-NA/B-NS
NA}
NA/B-NS 2 3 4
C. i 2
- (3] ]
£z @
& i
" T
31 73
28
27
23

NS

FIG. 2. Characterization of the RNA of the NA/B-NS virus. (A) RNA electrophoresis. The RNAs extracted from purified viruses were
analyzed on a 3% polyacrylamide gel containing 7.7 M urea and visualized by silver staining. Lane 1, RNA of influenza A WSN/33 virus; lane
2, RNA of NA/B-NS transfectant virus; lane 3, RNA obtained by run-off transcription from plasmid pT,NA/B-NS, which produces the
chimeric NA RNA. (B) Analysis of NA RNA in virions by the RNase protection assay. RNA (50 ng) extracted from purified virus was used
in the hybridization reaction with positive-sense NS- and NA-specific riboprobes as described in Materials and Methods. The protected
probes were electrophoresed on a 6% acrylamide gel containing 7 M urea. Lane 1, riboprobes without RNase A or T, digestion; lane 2,
riboprobes following RNase A and T, digestion; lane 3, riboprobes protected by the RNA of influenza A/WSN/33 virus; lane 4, riboprobes
protected by the RNA of NA/B-NS transfectant virus. (C) Quantitation of NA-specific RNA in virus by primer extension. The vVRNA
extracted from either WSN/33 virus (lane 2) or NA/B-NS transfectant virus (lane 3) was reverse transcribed by RNase H-minus reverse
transcriptase with NS and NA segment-specific primers as described in Materials and Methods. The products for the NS RNAs are 195 nt
long, and those for the NA RNAs are approximately 260 nt long. The products were analyzed on a 6% polyacrylamide gel containing 7 M urea.

Size markers are shown on the left (in nucleotides).

the synthesis of the NA RNA of WSN/33 virus, synthesis
from the chimeric NA gene is reduced by a factor of 9, 8, and
8at 7, 8.5, and 10 h postinfection, respectively. However, no
reduction of VRNA synthesis was observed with respect to
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FIG. 3. Analysis of NA-specific vVRNA synthesis in infected cells
by primer extension. RNA isolated from infected cells was reverse
transcribed with reverse transcriptase and NA and NS vRNA-
specific primers, as described in Materials and Methods. vVRNAs
extracted from purified virus were used as a control (right). The
resulting products were displayed on a 6% acrylamide denaturing
gel. The reverse transcripts of the NS RNAs are 195 nt long, and
those of the NA-specific segments are approximately 260 nt long, as
indicated by arrows at the right. The numbers on the top indicate
times postinfection. Virion represents the RNA obtained from
purified virus. Size markers are shown in nucleotides.

the NS segment of the NA/B-NS transfectant virus. This
result suggests that the reduction of the chimeric NA RNA
in transfectant virus is similar to the reduction in synthe-
sis observed in infected cells. Thus, the lower representa-
tion of the chimeric NA segment in virus particles is most
likely not due to a defect in the packaging of the chimeric NA
RNA.

In order to determine the level of mRNA synthesis of the
chimeric NA gene, MDBK cells were infected with either
WSN/33 virus or NA/B-NS transfectant virus, and total
RNA was then isolated from virus-infected cells at different
times postinfection. Subsequently, the level of virus-specific
mRNAs was quantitated by the RNase protection assay.
Again, the NS segment was used as a control. From the time
course, it is apparent that the level of chimeric NA mRNA is
markedly reduced relative to that of the wild-type virus and
that it only increases slightly with time (Fig. 4A). At 5 h
postinfection, the level of chimeric NA mRNA was fivefold
less than that of WSN/33 virus (Fig. 4B), whereas the
NS-specific mRNA synthesis of the NA/B-NS transfectant
virus was similar to that of WSN/33 virus at the indicated
times (Fig. 4C). It should be noted that the NS-specific
mRNA synthesis appears earlier and is more efficient than
NA-specific nRNA synthesis in both WSN/33 and NA/B-NS
transfectant virus-infected cells (probes of similar activity
were used in the experiment). This finding is in good
agreement with previous reports (4) and suggests that the
mRNA synthesis of different influenza virus RNA segments
is differentially regulated. The conditions of the assay did not
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FIG. 4. Time course of mRNA synthesis in MDBK cells. (A) Quantitation of NA- and NS-specific mRNAs at different times postinfection
(p-i.) by the RNase protection assay. The diagram on the top schematically illustrates the procedure. Both the NS and NA probes are negative
sense and contain sequences corresponding to the 3'-terminal side of the cRNA, flanked by vector sequences at the 3’ terminus, as indicated
by the open rectangles. The sizes of the probes are shown on the top, and the sizes of the resulting products are indicated at the bottom of
the diagram. The time points are indicated on the top. The positions of probes and products on the gel are indicated by arrows at the left and
right, respectively. (B) Time course of NA-specific mRNA synthesis. The amount of the NA mRNA was measured by directly counting the
radioactivity (counts per minute) in the corresponding band excised from the gel shown in panel A. (C) Comparison of NS-specific mRNA
synthesis of transfectant virus and A/WSN/33 virus in infected cells. The amount of mRNA for each time point was determined as described

for panel B.

permit us to quantitate the level of cRNA of the chimeric NA
gene because the cRNA synthesis was found to be only 3 to
5% of that of mRNA synthesis (10a).

Reduction of NA protein synthesis in vivo. The NA protein
was found to be reduced by a factor of 2 in virions of the
NA/B-NS transfectant virus, whereas the synthesis of chi-
meric NA mRNA was reduced by much more. The question
then arose whether the NA protein encoded by the chimeric
NA mRNA inside cells parallels the amount of its mRNA, or
whether there is a selective incorporation of the neuramini-

dase into the viral envelope. In order to answer this ques-
tion, we measured the synthesis of NA yrotein in infected
cells. Viral proteins were labeled with [>*S]cysteine at 1, 3,
5, and 7 h postinfection (Fig. 5B). The cell lysates were then
analyzed on a 10% polyacrylamide Laemmli gel (7), and the
proteins were quantitated by an AMBIS radioanalytic imag-
ing system (11). Synthesis of the NA protein of the NA/B-NS
transfectant virus was measured and shown to be two times
lower than that of wild-type virus at both 5 and 7 h
postinfection. From this experiment, we can conclude that
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FIG. 5. Analysis of NA protein in virions and in infected cells.
(A) Western analysis of NA protein in virions. As described in
Materials and Methods, a monoclonal antibody directed against
carbohydrate was used to quantitate the glycoprotein in the viruses.
The proteins are indicated by HAO (uncleaved HA), HA1 (subunit 1
of HA), and NA at the right. (B) Viral proteins synthesized in
infected cells. At different times postinfection (p.i.), the viral
proteins were labeled with [**S]cysteine for 30 min and analyzed on
a 10% acrylamide Laemmli gel. The different proteins are marked at
the right (see Fig. 2 legend). The position of the NA protein is
indicated by an arrow. The amount of NA protein was determined
by counting the radioactivity in the gel in a radioanalytic AMBIS
imaging system (11) with the NP and M1 proteins as controls.

the assembly of the NA protein into virions parallels its
synthesis in infected cells.

DISCUSSION

In a previous report, we described a transfectant influenza
A virus containing a chimeric NA gene in which the noncod-
ing sequences are identical to those in the NS gene of
influenza B/Lee virus. This virus has many unique growth
characteristics in tissue culture, and it is highly attenuated in
mice (14). Since such a virus could be a prototype for live
influenza virus vaccines, attempts were made to understand
the molecular mechanism underlying these changed growth
characteristics. Several lines of evidence obtained from
these experiments suggest that the cis elements derived from
the influenza B/Lee virus gene are responsible for the
dramatic effects on transcription and replication of the
chimeric NA gene of the NA/B-NS transfectant virus. It was
found that the NA gene had a sixfold-lower representation in
the purified viral preparation than did the remaining seven
RNAs. This strikingly lower representation of one RNA is
compatible with the finding that the NA/B-NS transfectant
virus has an approximately 5- to 10-fold-lower infectious
particle-to-physical particle ratio than wild-type virus.

It is assumed that an infectious virus would require the
presence of a full complement of all eight influenza virus
RNA segments. Many of the NA/B-NS progeny virus,
however, lack an NA gene, so that more defective particles
are formed than is the case in a wild-type virus infection. It
is not clear whether this 5- to 10-fold reduction in titer is only
a reflection of the lower representation of the NA gene or
whether other factors also play a role. For example, some
viruses may contain defective interfering RNAs which
would lower the infectivity titer of the preparation. How-
ever, in this context it should be noted that there is no
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evidence for the presence of significant quantities of defec-
tive interfering RNAs in the NA/B-NS virus.

The mRNA synthesis of the NA is also considerably
reduced in transfectant virus-infected cells. Surprisingly,
this does not lead to a commensurate reduction in protein
synthesis. Both virus-infected cells and purified virus show
only a twofold-lower level of NA protein than wild-type
virus-infected cells or purified wild-type virus itself. This
higher-than-expected level of NA protein in the transfectant
virus may be the result of a good Kozak sequence present in
the chimeric NA gene. The chimeric NA gene has an A in the
-3 position instead of the U found in the wild-type NA RNA
(open triangle in Fig. 1). We believe that the twofold
reduction in NA activity does not significantly influence the
pathogenicity of the virus, since we have constructed trans-
fectant viruses in which the expression of the NA gene is
downregulated by a factor of 10 without affecting virus
growth in tissue culture (3a). It should be noted that in the
transfectant virus, expression of the other seven genes is not
altered. Specifically, the NA/B-NS virus produces the same
level of HA protein as found in wild-type virus, and compa-
rable amounts of HA are packaged into the envelope of the
virus. It appears that the attenuation characteristic is best
explained by the lower synthesis of NA-specific VRNA and
by the resulting lower representation of particles containing
a full complement of the eight RNA segments.

How influenza A virus packages its eight RNA genome
segments remains an interesting question. In the past, two
different mechanisms were proposed for the packaging of
influenza virus RNAs: one suggests that the eight RNAs are
selectively packaged, and the other suggests that viral RNAs
are packaged randomly (3, 8, 20). Evidence is now accumu-
lating to support the random-packaging mechanism. The
idea originated from the fact that influenza viruses have a
low ratio of infectious particles to physical particles (3, 8). If
one assumes that an average of 11 RNAs are packaged per
virion, the expected ratio is compatible with that found in
vivo (6). This model was also supported by the finding of a
reassortant virus which contained two copies of the same
segment derived from two different viruses (17), and further
support for this theory came from a recent report which
described an influenza A virus which required nine RNAs in
order to be infectious (6). Our data in the present study
concerning the characterization of the NA/B-NS transfec-
tant virus also seem to favor the random-packaging mecha-
nism rather than the selective one. The lower level of
chimeric NA RNA found in virions is consistent with the
reduction of its synthesis in infected cells. In a selective
packaging model, it would be expected that approximately
equimolar amounts of chimeric NA RNA would be packaged
into virus particles.

In summary, the present data suggest that influenza vi-
ruses for which the synthesis of a vVRNA segment is down-
regulated produce defective particles during replication.
Since the proteins of this virus are unaltered compared with
those of wild-type virus, attenuation must be the result of
inefficient cis-acting signals. We believe that this principle of
attenuation can be applied to other viruses with segmented
genomes. For example, the introduction of modifications
into the noncoding sequences of rotavirus genes or of genes
of other segmented double-stranded RNA viruses (16)
should also allow the pathogenicity of these viruses to be
altered. With the influenza virus system, we now plan to
identify the nucleotide sequences in the NA/B-NS virus
which are responsible for the regulation of the synthesis of
VvRNA and mRNA. This should help us to precisely deter-
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mine the cis elements required for the replication of influ-
enza viruses.

ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grants
AI-18998 and AI-11823 to P.P., a Max Kade Foundation fellowship
to M.B., and a NATO fellowship to A.G.-S.

REFERENCES

. Brown, F. 1990. Introduction: modern approaches to vaccines.

Semin. Virol. 1:1-2.

. Centers for Disease Control. 1992. Outbreak of influenza A in a

nursing home—New York, December 1991-January 1992. Mor-
bid. Mortal. Weekly Rep. 41:129-131.

. Compans, R. W, N. J. Dimmock, and H. Meier-Ewert. 1970. An

electron-microscopic study of the influenza virus-infected cell,
p. 87-108. In R. D. Barry and B. W. J. Mahy (ed.), The biology
of large RNA viruses. Academic Press, New York.

3a.Doymaz, M., P. Palese et al. Unpublished data.

4.

Enami, M., R. Fukuda, and A. Ishihama. 1985. Transcription
and replication of eight RNA segments of influenza virus.
Virology 142:68-77.

. Enami, M., W. Luytjes, M. Krystal, and P. Palese. 1990.

Introduction of site-specific mutations into the genome of influ-
enza virus. Proc. Natl. Acad. Sci. USA 87:3802-3805.

. Enami, M., G. Sharma, C. Benham, and P. Palese. 1991. An

influenza virus containing nine different RNA segments. Virol-
ogy 185:291-298.

. Laemmli, U. K. 1970. Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

. Lamb, R., and P. W. Choppin. 1983. The gene structure and

replication of influenza virus. Annu. Rev. Biochem. 52:467-506.

. Luo, G., W. Luytjes, M. Enami, and P. Palese. 1991. The

polyadenylation signal of influenza virus RNA involves a stretch

ATTENUATION OF CHIMERIC INFLUENZA A/B VIRUS

10.

4685

of uridines followed by the RNA duplex of the panhandle
structure. J. Virol. 65:2861-2867.

Luo, G. X., and P. Palese. 1992. Genetic analysis of influenza
virus. Curr. Opinion Genet. Dev. 2:77-81.

10a.Luo, G. X., and P. Palese. Unpublished data.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Luo, G., and J. Taylor. 1990. Template switching by reverse
transcriptase during DNA synthesis. J. Virol. 64:4321-4328.
Luytjes, W., M. Krystal, M. Enami, J. Parvin, and P. Palese.
1989. Amplification, expression and packaging of a foreign gene
by influenza virus. Cell 5§9:1107-1113.

Murphy, B. R., and R. G. Webster. 1990. Orthomyxoviruses, p.
1091-1152. In B. N. Fields and D. M. Knipe (ed.), Virology, 2nd
ed. Raven Press, New York.

Muster, T., E. K. Subbarao, M. Enami, B. P. Murphy, and P.
Palese. 1991. An influenza A virus containing influenza B virus
5' and 3' noncoding regions of the neuraminidase gene is
attenuated in mice. Proc. Natl. Acad. Sci. USA 88:5177-5181.
Parvin, J. D., P. Palese, A. Honda, A. Ishihama, and M. Krystal.
1989. Promoter analysis of influenza virus RNA polymerase. J.
Virol. 63:5142-5152.

Roner, M. R., L. A. Sutphin, and W. K. Joklik. 1990. Reovirus
RNA is infectious. Virology 179:845-852.

Scholtissek, C., W. Rohde, E. Harms, R. Rott, M. Orlich, and
C. B. Boschek. 1978. A possible partial heterozygote of an
influenza A virus. Virology 89:506-516.

Seong, B. L., and G. G. Brownlee. 1992. A new method for
reconstituting influenza polymerase and RNA in vitro: a study
of the promoter elements for cRNA and VRNA synthesis in
vitro and viral rescue in vivo. Virology 186:247-260.

Shapiro, G. 1., T. Gurney, Jr., and R. M. Krug. 1987. Influenza
virus gene expression: control mechanisms at early and late
times of infection and nuclear-cytoplasmic transport of virus-
specific RNAs. J. Virol. 61:764-773.

Smith, G. L., and A. J. Hay. 1982. Replication of the influenza
virus genome. Virology 118:96-108.



