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Influenza A viruses are the cause of annual epidemics of human disease with occasional outbreaks of
pandemic proportions. The zoonotic nature of the disease and the vast viral reservoirs in the aquatic birds of
the world mean that influenza will not easily be eradicated and that vaccines will continue to be needed. Recent
technological advances in reverse genetics methods and limitations of the conventional production of vaccines
by using eggs have led to a push to develop cell-based strategies to produce influenza vaccine. Although
cell-based systems are being developed, barriers remain that need to be overcome if the potential of these
systems is to be fully realized. These barriers include, but are not limited to, potentially poor reproducibility
of viral rescue with reverse genetics systems and poor growth kinetics and yields. In this study we present a
modified A/Puerto Rico/8/34 (PRS8) influenza virus master strain that has improved viral rescue and growth
properties in the African green monkey kidney cell line, Vero. The improved properties were mediated by the
substitution of the PR8 NS gene for that of a Vero-adapted reassortant virus. The Vero growth kinetics of
viruses with HIN1, H3N2, H6N1, and HIN2 hemagglutinin and neuraminidase combinations rescued on the
new master strain were significantly enhanced in comparison to those of viruses with the same combinations
rescued on the standard PR8 master strain. These improvements pave the way for the reproducible generation
of high-yielding human and animal influenza vaccines by reverse genetics methods. Such a means of produc-
tion has particular relevance to epidemic and pandemic use.

The potential of influenza A viruses to generate new human
pathogenic strains from a vast natural reservoir in aquatic birds
means that eradication of influenza is not feasible. Corre-
spondingly, disease control requires the monitoring of virus
reservoirs and the development of improved antiviral therapies
and vaccines. The most widely used human influenza vaccines
are those made from subunits of inactivated viruses propa-
gated in embryonated chickens’ eggs. These influenza vaccines
are essentially genetic modifications of those generated in the
mid-1970s, when production was improved by reassorting the
circulating strain with A/Puerto Rico/8/34 (PRS8), an HIN1
virus adapted for high growth in eggs (49). Since the mid-
1970s, the influenza vaccine has been a so-called 6 + 2 reas-
sortant containing the surface hemagglutinin (HA) and neur-
aminidase (NA) genes from the vaccine target strain and the
remaining genes from PRS8. Such reassortants are made by
coinfecting eggs with both viruses and screening progeny for
the desired 6 + 2 configuration.

Although routinely used to prepare human influenza virus
vaccines and diagnostic reagents, embryonated chickens’ eggs
have potentially serious limitations as a host system, not least
of which is that the cultivation of influenza viruses in eggs can
lead to the selection of variants characterized by antigenic and
structural changes in HA (19, 36, 40). Other problems include
the lack of reliable year-round supplies of high-quality eggs,
the possible presence of adventitious pathogens, and the low
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susceptibility of summer eggs to infection with influenza virus
(27). The current cycle of interpandemic influenza vaccine
production requires detailed planning up to 6 months before
vaccine manufacture to ensure an adequate supply of embry-
onated eggs (10). Because a pandemic event cannot be pre-
dicted and a 6-month delay in vaccine production is unaccept-
able, there is an urgent need to develop improved cell culture
systems for vaccine production. Such an improvement is a
priority for the World Health Organization (WHO). As part of
their Global Agenda on Influenza, the WHO has urged the
development of novel vaccines and production strategies or
technologies (44).

An additional need for improved cell-based protocols for the
production of influenza vaccines has emerged with the devel-
opment of reverse genetics, which enables the production of
influenza vaccines from cloned viral cDNA (7, 16, 30). The
ability to custom make influenza viruses by using this technol-
ogy may dramatically improve the speed with which we can
respond to pandemic emergencies. Advantages include the
ability to attenuate pathogenic strains (45) and the elimination
of the need to screen reassortant viruses for the 6 + 2 config-
uration, a procedure that can be time-consuming. The poten-
tial of reverse genetics to generate vaccine candidates has
already been described (15, 39). The main drawback of this
methodology is the need to use vaccine-approved cell lines;
those commonly used to obtain influenza viruses from cDNA
are 293T and Madin-Darby canine kidney (MDCK) cells. The
293T cell line is a transformed cell line and is therefore un-
likely to be used for human vaccine production, and there are
lingering concerns over the tumorigenic potential of MDCK
cells (12). In addition, the use of host-specific RNA polymer-
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ase I promoters in reverse genetics systems limits usable cell
lines to those of primate origin.

As an alternative cell-based system, the well-characterized
African green monkey kidney (Vero) cell line has potential.
Vero cells are suitable for the production of several human
virus vaccines, including those against poliomyelitis and rabies
(26). Despite earlier findings that influenza viruses do not
replicate well in Vero cells (24, 28), the repeated addition of
trypsin to the culture medium improves virus yields (20), and
preliminary studies with a limited number of strains have in-
dicated that Vero cells support the primary isolation and rep-
lication of influenza A viruses (11). Influenza virus vaccines
derived from Vero cells have been produced and evaluated for
immunogenicity, and their production has been scaled up to
commercial levels (2, 23). These Vero-derived vaccines elicit
humoral responses comparable to those elicited by the egg-
grown vaccines but are more potent stimulators of the cellular
response (2). These Vero-based vaccines have, however, con-
sisted of unreassorted viruses rather than the accepted 6 + 2
PRS reassortants.

The aim of the present study was to develop a reproducible,
high-yielding Vero-based reverse genetics system to produce
influenza vaccine. Govorkova and colleagues (11) previously
derived a high-yielding influenza virus by passaging an HIN1
reassortant isolate, A/England/1/53 [HG], several times in
Vero cells. This reassortant virus was reported to contain the
surface glycoprotein genes from A/England/1/53 and the re-
maining genes from PRS, the standard vaccine master strain.
Our aims were to identify the molecular changes responsible
for this high-yielding phenotype and to produce an altered PR8
vaccine master strain adapted for optimal efficiency of viral
rescue from cDNA in the eight-plasmid reverse genetics sys-
tem and for growth in Vero cells.

MATERIALS AND METHODS

Viruses, cells, and plasmids. Influenza viruses were obtained from the repos-
itory at St. Jude Children’s Research Hospital, Mempbhis, Tenn., and propagated
in 10-day-old embryonated chickens’ eggs. MDCK cells and Vero cells approved
by the WHO for use in vaccines were obtained from the American Type Culture
Collection and maintained in minimal essential medium (MEM; Invitrogen)
containing 10% fetal bovine serum. Three variants of A/England/1/53 were used
in this study. These viruses were A/England/1/53, which is the wild-type virus,
A/England/1/53 [HG], which is a reassortant between A/England/1/53 and PR8
with high growth in eggs, and Vero-adapted A/England/1/53 (Eng53/v-a), which
is a Vero-adapted version of A/England/1/53 [HG].

The plasmids carrying the eight gene segments of the high-growth PR8
(HINT) virus (pHW191 to pHW198) and the HA and NA genes of A/Panama/
2007/99 (H3N2) (pHW444 and pHW446, respectively), A/New Caledonia/20/99
(HINT) (pHW244 and pHW?246, respectively), and A/quail/Hong Kong/G1/97
(H9N2) (pHW409 and pHW422, respectively) have been described previously
(15). The plasmids carrying the eight gene segments of A/teal/Hong Kong/
W312/97 (H6N1) were the same as those used by Hoffmann et al. (16).

Viral RNA extraction, reverse transcriptase PCR, and DNA sequencing. Total
RNA was extracted from virus-infected allantoic fluid by using the RNeasy kit
(Qiagen). Production of cDNA and PCR were carried out under standard con-
ditions with previously described primers (17). The Hartwell Center for Bioin-
formatics and Biotechnology at St. Jude Children’s Research Hospital deter-
mined the sequence of template DNA by using synthetic oligonucleotides and
rhodamine or dRhodamine dye terminator cycle sequencing ready reaction Kits
with AmpliTaq DNA polymerase FS (Perkin-Elmer Applied Biosystems Inc.,
Foster City, Calif.). Samples were subjected to electrophoresis, detection, and
analysis on Perkin-Elmer Applied Biosystems model 373, model 373 stretch, or
model 377 DNA sequencers.

Viral gene cloning. Full-length cDNA copies of viral genes were amplified by
reverse transcriptase PCR as described above. The PCR fragments were cloned
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into the vector pCRII-TOPO (Invitrogen) according to the manufacturer’s in-
structions. After transformation of TOP10 cells (Invitrogen) and purification of
the plasmid by using a plasmid midi kit (Qiagen), the plasmid was digested with
the restriction enzyme BsmBI (New England Biolabs) and ligated into the vector
pHW2000 (16). All clones were confirmed by full-length sequencing.

Virus rescue from cloned cDNA. Vero cells were grown to 70% confluency in
a 75-cm? flask and then trypsinized with trypsin-EDTA (Invitrogen) and resus-
pended in 10 ml of Opti-MEM I (Invitrogen). Twenty milliliters of fresh Opti-
MEM I was added to 2 ml of cell suspension, and 3 ml of this suspension was
seeded into each well of a 6-well tissue culture plate (approximately 10° cells per
well). The plates were incubated at 37°C overnight. The following day, 1 pg of
each plasmid and 16 wl of TransIT LT-1 (Panvera) transfection reagent were
added to Opti-MEM I to a final volume of 200 pl and the mixture was incubated
at room temperature for 45 min. After incubation, the medium was removed
from one well of the 6-well plate, 800 pl of Opti-MEM I was added to the
transfection mix, and this mixture was added dropwise to the cells. Six hours
later, the DNA-transfection mixture was replaced by Opti-MEM 1. Twenty-four
hours after transfection, 1 ml of Opti-MEM I containing L-(tosylamido-2-phenyl)
ethyl chloromethyl ketone (TPCK)-treated trypsin (0.8 pg/ml) was added to the
cells.

The efficiency of virus rescue was calculated by determining the numbers of
PFU in the culture supernatants at various intervals after transfection. The
number of PFU in MDCK cells was determined as previously described (24).

Viral growth kinetics in Vero cells. The ability of viruses of different genotypes
to grow in Vero cells was determined by analyzing multiple replication cycles.
Before infection of Vero cells, the rescued viruses were amplified in 10-day-old
embryonated chickens’ eggs. Confluent Vero cell monolayers grown on 25-cm?
plates were washed with phosphate-buffered saline, overlaid with 0.5 ml of
diluted virus suspension (to achieve a multiplicity of infection [MOI] of 0.01
PFU/cell), and incubated at room temperature for 60 min. The virus suspension
was then removed by aspiration, and 3 ml of MEM containing 0.4 ng of TPCK-
trypsin/ml was added. Twenty-four hours later, another 0.4 pg of TPCK-tryp-
sin/ml was added. Sample supernatants were collected at 12-h intervals until 72 h
after inoculation. The virus titer of the sample was determined by plaque assay
on MDCK cells or by hemagglutination assay with 0.5% chicken erythrocytes.
Antigenic analysis was performed with polyclonal antisera against PR8 (HIN1)
(goat sera), A/New Caledonia/20/99 (HIN1) (sheep sera), A/Panama/2007/99
(H3N2) (sheep sera), A/teal/Hong Kong/W312/97 (H6N1) (chicken sera), and
A/quail/Hong Kong/G1/97 (HIN2) (chicken sera) in hemagglutination inhibition
(HI) assays (22). HI assays were performed on three independently rescued virus
stocks of each recombinant.

Statistical evaluation of virus replication. The viral growth curves were fitted
with logistic function, a nonlinear regression model commonly used for modeling
the sigmoid growth curves in biology and chemistry (5, 31, 33). The logistic
function in this analysis is given by the following: In(virus titer) = ¢,/{1 + exp[(9,
— 1)/¢5]}, where ¢ is the time postinoculation (in hours), ¢, is the peak titer (in
In[number of PFU per milliliter]), ¢, is the half time to peak titer, and @5 is the
time from half to 73% peak titer. The model was fitted using a nonlinear
least-square procedure (1) implemented with statistical software S-PLUS (33).
Each growth curve was fitted with data from three replicate experiments. Based
on the estimates of parameters and their standard errors from fitted models, we
compared the parameters for different strains of viruses (PR8, PR8/Eng-NS, and
Al/teal/Hong Kong/W312/97) by using ¢ tests. Titers of PR8 and PR8/Eng-NS
were also compared using the two-way analysis of variance (ANOVA) method
separately at 12, 24, 36, and 48 h postinoculation. The two factors of the two-way
ANOVA are virus type and master strain backbone.

RESULTS

Viral growth characteristics in Vero cells. Upon multiple
passaging of A/England/1/53 [HG] in Vero cells, Govorkova
and colleagues (11) produced a high-yielding virus, Eng53/v-a.
This reassortant virus was reported to contain the surface gly-
coprotein genes from A/England/1/53 and the six remaining
genes from PRS. To confirm this strain’s high-growth pheno-
type in Vero cells, we evaluated the growth kinetics of the
three strains of viruses in Vero cells over 72 h by using hem-
agglutination activity in culture supernatants as a marker of
viral growth. We confirmed the results of Govorkova et al. (11)
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FIG. 1. The efficiency of rescue of PR8 from Vero cells is improved
by replacement of the NS gene segment with that from Eng53/v-a. We
used the eight-plasmid reverse genetics system to transfect Vero cells
and rescue PR8 and PR8 containing the NS gene segment of Eng53/v-a
(PR8/Eng-NS). The numbers of PFU in culture supernatants were
determined at 12-h intervals. The results shown are from three inde-
pendent experiments conducted with each virus.

by showing that Eng53/v-a grew faster and to higher titers than
did the unpassaged parental A/England/1/53 or PRS.

Genetic characterization of the high-growth phenotype. The
Eng53/v-a strain had better growth characteristics in Vero cells
than did PRS8. To compare the replicative genes of Eng53/v-a
and PRS8 and thereby identify the molecular differences re-
sponsible for the high-growth phenotype, we first sequenced
the complete genome of Eng53/v-a. Eng53/v-a contained not
only the HA and NA genes from A/England/1/53 but also the
nonstructural (NS) gene segment. The genes encoding the
remaining Eng53/v-a proteins (PB2, PB1, PA, NP, and M) had
more than 99% nucleotide identity to those of PR8. The NS
genes from Eng53/v-a had only 90% identity to the corre-
sponding genes in PRS, the HA gene had 98% identity, and the
NA gene had 97% identity.

Effect of the NS genes of Eng53/v-a on the efficiency of virus
rescue from cDNA in Vero cells. The greatest number of ge-
netic differences between Eng53/v-a and PRS8 were in the NS
genes. This finding suggested that the NS genes are involved in
Vero adaptation. To determine the effect of the NS genes on
virus rescue from Vero cells, we cloned the NS gene segment
of Eng53/v-a into the plasmid pHW2000 and set up two simul-
taneous virus rescue experiments. In one we used the plasmids
necessary to rescue PRS, and in the other we used plasmids
necessary to rescue a reassortant virus containing seven gene
segments from PR8 and the NS gene segment of Eng53/v-a
(PR8/Eng-NS). Supernatants from each experiment were as-
sayed for virus titers every 12 h. The rescue efficiency of the
PRS8/Eng-NS virus was superior to that of PR8 12, 24, and 36 h
after transfection (P < 0.001 [ANOVAY]) (Fig. 1), demonstrat-
ing that the gene product(s) of the NS genes can influence viral
growth characteristics in Vero cells. There was no significant
difference between virus titers at times over 36 h posttransfec-
tion. The half time to peak titer was significantly (P < 0.0001)
reduced for PR8/Eng-NS compared to that for PR8 (17.8 = 0.6
and 22.9 = 0.7 h, respectively). As a comparison of the virus
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FIG. 2. The growth characteristics of PR8 in Vero cells are im-
proved by inclusion of the NS gene segment of Eng53/v-a. Vero cell
monolayers were infected with PR8 or PR8 containing the NS gene
segment of Eng53/v-a (PR8/Eng-NS) at a MOI of 0.01. The numbers
of PFU in culture supernatants were determined at 12-h intervals. The

results shown are from three independent experiments conducted with
each virus.

rescue efficiency of PR8/Eng-NS in different culture systems,
we also rescued this virus on 293T cells alone and on 293T cells
in coculture with MDCK cells. At 24, 48, and 72 h after the
addition of trypsin, the titers of virus in the supernatant of the
coculture system were comparable to those in Vero (within a
fivefold difference), whereas the titers in 293T cells alone were
substantially reduced (10°- to 10*-fold lower). To assess the
suitability of the PR8/Eng-NS virus as a master strain for vac-
cine purposes, we performed experiments in which we rescued
the HA and NA of contemporary HIN1 (A/New Caledonia/
20/99), H3N2 (A/Panama/2007/99), H6N1 (A/teal/Hong Kong/
W312/97), and HIN2 (A/quail/Hong Kong/G1/97) viruses on
both the PR8 and PR8/Eng-NS backbones in Vero cells. We
were able to rescue all HA and NA combinations on both
backbones, although the kinetics of virus rescue (half time to
peak titer) were significantly faster with the PR8/Eng-NS vi-
ruses (P, <0.01 for all virus subtypes).

Effects of the NS genes from Eng53/v-a on growth charac-
teristics of PR8 in Vero cells. To assess the effect of the re-
placement of the NS gene segment in PR8 on subsequent virus
amplification in Vero cells, we infected triplicate samples of
near-confluent Vero cells with PR8 and PR8/Eng-NS at a low
MOI (0.01) and monitored virus replication by assaying culture
supernatants every 12 h. PR8/Eng-NS had a significantly (P <
0.0001) lower half time to peak titer than did PRS8 (16.8 = 0.6
and 25.3 = 0.7 h, respectively), although there was no signifi-
cant difference in peak titers (1.6 X 107 and 1.2 X 107 PFU/ml,
respectively) (Fig. 2). We conducted similar experiments with
recombinant PR8 and PR8/Eng-NS viruses carrying the sur-
face glycoproteins of A/New Caledonia/20/99 (H1IN1), A/Pan-
ama/2007/99 (H3N2), A/teal/Hong Kong/W312/97 (HO6N1),
and A/quail/Hong Kong/G1/97 (HIN2). The half times to peak
virus yield were significantly (P < 0.0001) lower in all PR8/
Eng-NS viruses than in their PR8 counterparts (Fig. 3). The
peak titers of the PR8/Eng-NS viruses carrying the surface
glycoproteins of the A/New Caledonia/20/99 and A/Panama/
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FIG. 3. The half time to peak yield of different subtypes of influ-
enza virus in Vero cells is reduced by inclusion of the NS gene segment
of Eng53/v-a. The HA and NA genes of contemporary human HIN1
and H3N2 viruses, contemporary avian H6N1 and HIN2 viruses, and
PRS8 were rescued on the master strains PR8 and PRS8 containing the
NS gene segment of Eng53/v-a (PR8/Eng-NS). Vero cell monolayers
were infected with each virus at a MOI of 0.01, and the numbers of
PFU in culture supernatants were determined at 12-h intervals. The
average half times to peak titer shown were calculated from three
independent experiments conducted with each virus; the error bars
indicate the 95% confidence intervals.

2007/99 viruses were significantly higher (P < 0.005) than those
of the PR8 viruses (Table 1). The increase in growth kinetics in
Vero cells did not affect the ability of the reassortant viruses to
grow in eggs. The PR8/Eng-NS variants all grew in eggs to HA
titers equivalent to those of their PR8 counterparts (data not
shown).

In a related experiment, we compared the growth character-
istics, in Vero cells, of two reverse genetics-derived viruses
containing the HA and NA genes of A/teal/Hong Kong/
W312/97 with those of the reverse genetics-derived wild-type
A/teal/Hong Kong/W312/97. The remaining gene segments of
the two variants were from PR8 or PR8/Eng-NS. Although the
peak titers of all three viruses at 72 h were similar (Fig. 4), the
half times to peak titer were significantly (P < 0.0001) shorter
for the PR8 and PR8/Eng-NS variants (29.3 + 1.0 and 20.7 =
0.8 h, respectively) than for A/teal/Hong Kong/W312/97 (60.3
+ 4.5 h) (Fig. 4).

To test whether changes in genes other than NS could lead
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FIG. 4. Growth kinetics of an H6N1 virus are significantly im-
proved by substituting all but the HA and NA genes of the HON1 virus
with genes from a master strain (PR8 or PR8/Eng-NS). We deter-
mined the growth kinetics, in Vero cells, of A/teal/Hong Kong/
W312/97 (W312) and of reassortant viruses carrying the HA and NA
genes of A/teal/Hong Kong/W312/97 and the remaining genes of the
PR8 or PR8/Eng-NS master strain. Vero cell monolayers were infected
with each virus at a MOI of 0.01, and the numbers of PFU in culture
supernatants were determined at 12-h intervals.

to further improvements in the growth characteristics of PR8/
Eng-NS, we determined the growth characteristics of PRS,
Eng53/v-a, and PR8/Eng-NS in Vero cells. If further improve-
ments were possible, they would be indicated by Eng53/v-a’s
having growth characteristics superior to those of PRS8/Eng-
NS. The growth characteristics of Eng53/v-a and PR8/Eng-NS
were substantially better than those of PRS8 but indistinguish-
able from each another (Fig. 5). This result suggests that the
high-yielding phenotype of Eng53/v-a is due solely to the NS
genes.

Stability of viruses rescued from Vero cells. Vaccine pro-
duction procedures must allow the virus produced to retain the
antigenic properties of the parent viruses. Any benefit from an
increase in yield would be negated by changes in the antige-
nicity of a vaccine. To determine whether antigenic changes
occurred upon rescue of viruses in Vero cells, we used HI
assays to compare the antigenic profiles of the rescued PR/
Eng-NS viruses with those of their wild-type counterparts. HI

TABLE 1. Estimated peak titers of viruses with HA and NA combinations rescued on different vaccine backbones in Vero cells

Estimated peak

95% Confidence

Source of HA and NA Backbone titer interval P value

PR3 PR8/Eng-NS 16.59 16.15-17.03 0.4854
PR8 16.33 15.76-16.90

A/New Caledonia/20/99 PR8/Eng-NS 16.87 16.44-17.30 0.0041°
PR8 15.81 15.27-16.34

A/Panama/2007/99 PR8/Eng-NS 16.48 15.99-16.96 0.0001?
PR8 14.90 14.34-15.46

A/quail/Hong Kong/G1/97 PRS8/Eng-NS 16.29 15.88-16.70 0.2589
PR8 15.87 15.28-16.46

A/teal/Hong Kong/W312/97 PRS8/Eng-NS 13.66 13.18-14.14 0.0011°
PR8 12.18 11.59-12.78

“ Expressed as natural log of number of PFU per milliliter.

® Indicates subtypes for which the peak titer of the PR8/Eng-NS variant was statistically higher than that of the PRS variant.
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FIG. 5. The NS gene segmet of Eng53/v-a is alone sufficient to
confer a high-growth phenotype on PR8. Vero cell monolayers were
infected with PRS8, Eng53/v-a, or PRS8 containing the NS gene segment
of EngS53v-a (PR8/Eng-NS) at a MOI of 0.01. Virus titers in culture
supernatants were estimated by using hemagglutination assays at 12-h
intervals. The data represent median titers from three independent
experiments, and the error bars indicate the range of values.

assays were performed using polyclonal antisera against the
corresponding wild-type virus. All PR8/Eng-NS rescued vi-
ruses were antigenically indistinguishable from the corre-
sponding wild-type viruses. To confirm the genetic stability of
the PR8/Eng-NS rescued viruses, we compared the HA gene
sequences of the rescued and wild-type viruses. We found no
changes in any of the viruses. This result demonstrates that
introduction of the NS gene segment from Eng53/v-a into the
PRS8 vaccine master strain does not lead to changes in the HA
gene.

DISCUSSION

Recent discoveries in influenza pathogenicity and reverse
genetics have the potential to revolutionize the way we prepare
and manufacture pandemic and interpandemic influenza vac-
cines. Much of this technology has, however, been confined to
experimental protocols; the realization of this potential awaits
refinements of the methods. The results we report here go a
long way toward helping to fulfill the potential of these tech-
nologies. By incorporating the NS gene segment of Eng53/v-a
into the standard PR8 vaccine master strain, we have shown a
reproducible improvement in vaccine virus rescue and growth
in Vero cells with no drop in virus titers in eggs. Although we
were able to rescue these viruses with the standard PRS8 vac-
cine strain, the improved efficiency of rescue with our system
may be crucial with other HA and NA combinations that are
poorly infective in Vero cells.

With each of the HA and NA subtypes we tested, the PRS/
Eng-NS viruses reached peak titers significantly faster than did
the corresponding PR8 virus (Fig. 3). The peak titers of the
PRS8/Eng-NS variants containing the surface glycoproteins of
the two contemporary vaccine strains (A/New Caledonia/20/99
and A/Panama/2007/99) and of A/teal/Hong Kong/W312/97, a
virus implicated in the genesis of the 1997 H5N1 human vi-
ruses (18), were also significantly higher than those of the PRS8
viruses (Table 1). In contrast, there was no difference in the
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peak titers of the PR8/Eng-NS and PRS viruses carrying the
surface glycoproteins of A/quail/Hong Kong/G1/97 or PRS it-
self. However, by the time these peak titers were reached with
the PRS8 variants, the cells infected with the PR8/Eng-NS vari-
ants had been completely destroyed by cytopathic effects, and
a manufacturing process in which cells and fresh media can be
continually added or replenished is likely to produce higher
yields for those viruses on the PR8/Eng-NS backbone.

Our data also provide support for the continued use of 6 +
2 high-growth reassortants for vaccine production in Vero
cells. For example, the PR8/Eng-NS variant of the H6N1 virus
had growth characteristics significantly superior to those of the
wild-type HO6N1 virus; half times to peak titers were three times
longer in the wild-type virus. The use of 6 + 2 reassortants also
reduces the risks of growing adventitious agents with influenza
viruses isolated directly from clinical samples.

One of the benefits of cell-based production of vaccines is
that it appears to allow the amino acid sequences of influenza
virus HA molecules to remain unchanged; these molecules are
altered during the adaptation of viruses to eggs (19, 36, 40). It
should, however, be noted that changes in the biologic activity
of a virus can occur in the absence of sequence changes. It has
been shown that differences in the abilities of the same human
H3N2 strain to agglutinate human and chicken red blood cells
were associated with the type of cells from which the strain was
isolated (MDCK or Vero) (13). Romanova and colleagues
have recently shown that the inability of the Vero-grown vari-
ant to grow in eggs and agglutinate chicken red blood cells is
related to the higher proportion of oligosaccharides of high
mannose type in this variant than in the corresponding
MDCK-derived isolates. This observation was made in the
absence of any amino acid differences between the variants
(37). We found that the HA genes of the PR8/Eng-NS-derived
viruses were the same before and after rescue and propagation
from Vero cells. This stability is an advantage in a vaccine that
derives much of its protective qualities from the production of
neutralizing antibody directed against the HA molecule. How-
ever, as discussed by Kemble and Greenberg (21), such bene-
fits will be lost unless candidate vaccine viruses are first iso-
lated in approved cell lines rather than in the widely used
MDCK cells or eggs. The retention of these benefits of cell-
based vaccine production requires a commitment from many
agencies, including the WHO influenza network.

Host range in influenza viruses is a polygenic trait for which
many influenza virus proteins have been implicated (14, 41, 43,
46). Likewise, many genes, including the NS genes, have been
implicated in the attenuation of influenza viruses in different
hosts (4, 25, 43). However, in our system, the transfer of the NS
gene segment from Eng53/v-a to PR8 was alone sufficient to
confer the high-growth phenotype (Fig. 5). Although many
factors have been reported to determine the efficiency of
growth of influenza viruses, the NS1 protein (one of the two
proteins expressed by the NS gene segment) is thought to play
a significant role in translation and replication. For example,
NSI1 and its interaction with host proteins have been reported
to play central roles in inhibiting the nuclear export and splic-
ing of host mRNA (8, 29, 34, 35, 47, 48). Furthermore, NS1
protein plays an important role in regulating interferon activity
(42). It is unlikely, however, that the interferon pathway is
involved in viral growth in Vero cells, because Vero cells do
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not produce interferon (6). Another study failed to identify
major changes in the shutoff of host protein synthesis or in viral
protein expression in Vero cells after infection with NS1 de-
letion mutant viruses (38). Garcia-Sastre et al. showed, how-
ever, that a mutant virus that did not express NS1 protein
(deINS1) grew approximately 10 times slower on Vero cells
than did the wild-type strain (9). The second protein encoded
by the NS gene segment is the NS2 protein, or nuclear export
protein (NEP). Although little is known about the function of
NEP, this polypeptide interacts with nucleoprotein and con-
tributes to the nuclear export of the viral ribonucleoproteins
(32). Additionally, amino acid residues of the NEP have been
shown to be crucial for viral replication (3). Studies are ongo-
ing to identify the NS gene products responsible for increased
viral replication in Vero cells and the mechanisms involved.

The applicability of reverse genetics to the production of
influenza vaccines depends on the use of a suitable cell culture
system. Technical constraints and the limited number of cells
licensed for vaccine production severely limit the options avail-
able. It is therefore likely that timely improvements in reverse
genetics-derived vaccines will arise from optimization of cur-
rent protocols rather than identification of alternative systems.
The data presented in this paper show that use of the Vero cell
system with an improved master strain virus is a viable option
for the rapid manufacture of influenza vaccines in pandemic
emergencies and for the production of vaccines during annual
epidemics. Although the technologies are now available, use of
the vaccines created by them requires approval by regulatory
agencies, which must be prepared and equipped to rapidly give
such approval.
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