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We have generated new influenza A virus live attenuated vaccine candidates by site-directed mutagenesis and
reverse genetics. By mutating specific amino acids in the PB2 polymerase subunit, two temperature-sensitive
(ts) attenuated viruses were obtained. Both candidates have 38°C shutoff temperatures in MDCK cells, are
attenuated in the respiratory tracts of mice and ferrets, and have very low reactogenicity in ferrets. Infection
of mice or ferrets with either mutant conferred significant protection from challenge with the homologous
wild-type virus. Three tests for genetic stability were used to assess the propensity for reversion to virulence:
14 days of replication in nude mice, growth at 37°C in tissue culture, and serial passage in ferrets. One
candidate, which contains mutations intended to reduce the ability of PB2 to bind to cap structures, was stable
in all three assays, whereas the second candidate, which contains mutations found only in other #s strains of
influenza virus, lost its s phenotype in the last two assays. This approach has therefore enabled the creation
of live attenuated influenza A virus vaccine candidates suitable for human testing.

Influenza viruses are responsible for annual epidemics of
respiratory disease associated with excess morbidity and mor-
tality, particularly in the elderly and others with high-risk con-
ditions (10, 12, 13). Many of the more serious effects of infec-
tion can be mitigated by prior vaccination against influenza
with an inactivated, parenterally administered vaccine (22).
However, the efficacy of the inactivated vaccine is suboptimal
in children and in the elderly (11, 18, 35, 37). An alternative is
vaccination with live attenuated viruses, which can be admin-
istered intranasally. Such live vaccines induce an immune re-
sponse which more closely mimics that raised after natural
infection and theoretically should be more protective and
longer lasting than that induced by injection of the killed vac-
cine (14-17). Provided that the attenuating mutations lie in
genes which encode proteins other than the hemagglutinin
(HA) or neuraminidase (NA), the attenuated “donor” strain
can be used on an annual basis to generate vaccines by reas-
sortment with the HA and NA genes of currently circulating
wild-type viruses.

A candidate live influenza virus vaccine, the cold-adapted
variant of A/Ann Arbor/6/60, has been developed by Maassab
et al. (26). This vaccine appears to be efficacious in children
and young adults but may be too attenuated to stimulate an
ideal immune response in individuals who have been exposed
to many influenza virus infections during their lifetimes (39,
40). While the vaccine has phenotypes of cold adaptation,
temperature sensitivity, and attenuation in ferrets and humans,
the mechanism for these phenotypes is not well understood.
The stability of the attenuation may be explained by evidence
that there are mutations in as many as four genes (6, 19, 20,
43).

An established basis for attenuation of influenza viruses is
temperature sensitivity (32). Such temperature-sensitive (zs)
viruses are able to replicate only in the upper respiratory tract
(URT), which is usually several degrees cooler than the lower
respiratory tract (LRT). They are thus unable to cause LRT
disease but are capable of stimulating a local and systemic
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immune response as a result of their replication in the URT.
Previously described ts vaccine candidates have not been found
to be genetically stable and have not been developed further
(48, 51). All future candidates must therefore be highly resis-
tant to reversion in order to be useful.

Our approach toward the goal of an improved live vaccine is
to introduce discrete mutations into the genome of a wild-type
influenza virus to attenuate its virulence. Previously, we (36)
and others (45, 46) have described the generation by reverse
genetics techniques of s mutants of influenza A virus bearing
mutations in the PB2 polymerase subunit. We expect that by
combining several different types of mutations, each of which
has a small effect on replication in the host, the level of atten-
uation can be fine-tuned appropriately. The greatest level of
genetic stability will be achieved by combining a sufficient num-
ber of independently acting mutations which, because of the
nature of the defect they impose on viral gene function(s), are
unlikely to revert.

One potential way to generate a stable attenuated mutant
would be to target, by site-directed mutagenesis of multiple
nucleotides within multiple codons, essential functional sites
within a viral protein which interacts directly with a host factor.
Such mutations are less likely to be suppressible by a second
mutation in a viral gene than are those which target residues
that interact with another viral protein or RNA. Their effects
should therefore be more stable. We have attempted to do this
by targeting the cap-binding function of the viral polymerase
subunit PB2. Binding to the cap 1 structure at the 5’ end of
host cell mRNAs followed by endonucleolytic cleavage of the
mRNA 10 to 14 nucleotides downstream is the mechanism by
which influenza virus RNA polymerase generates primers for
transcription of its mRNAs (4, 38, 50). Our results indicate that
viruses containing these mutations are more stable than a
comparably attenuated #s strain without mutations in the po-
tential cap-binding domain, suggesting that this approach may
be useful in generating a live attenuated influenza virus vac-
cine.

MATERIALS AND METHODS

Cells and viruses. Primary chicken kidney (PCK) cells were obtained from
3-day-old chicken kidneys as described previously (24). MDCK cells were ob-
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tained from the American Type Culture Collection and maintained in Eagle
minimal essential medium containing 10% fetal bovine serum and antibiotics.

Influenza virus A/Los Angeles/2/87 (H3N2) and the PB2 host range helper
virus, a single-gene-reassortant (SGR) virus containing the PB2 gene from
A/Mallard/New York/6750/78 (H2N2) and the remaining seven segments from
A/LA/2/87 (lot E-287) described by Clements et al. (5), were obtained from L.
Potash (DynCorp/PRI, Rockville, Md.). The ts1A2 vaccine candidate was ob-
tained from Brian Murphy (Laboratory of Infectious Diseases, National Institute
of Allergy and Infectious Diseases), plaque purified once in MDCK cells, and
grown in specific-pathogen-free eggs (SPAFAS) at 33°C.

DNA manipulations and site-directed mutagenesis. The PB2 gene of A/LA/
2/87 was cloned and sequenced as described previously (36). The P112S mutant
PB2 cDNA was generated by cassette mutagenesis with fragments amplified by
PCR. A primer which contained the sequence of a nearby unique restriction site
(TthIII1), as well as the sequence of the mutation, was used in conjunction with
a primer of the opposite sense distal to a unique restriction site in the pUC19
vector (BamHI). All other mutations were generated with the Chameleon mu-
tagenesis kit (Stratagene, La Jolla, Calif.) and appropriately designed oligonu-
cleotides, the sequences of which are available upon request. Combination mu-
tations were constructed either by subcloning, when restriction sites allowed it, or
by additional rounds of site-directed mutagenesis. The following mutants were
assembled by these methods: E65G/P112S/N265S (3ts), E65G/P112S/N265S/
N556D/Y658H (5ts), W552F/W557F/W564 (3WF), and E65G/P112S/N265S/
W552F/W557F/W564F (3ts/3WF). The nucleotide sequences of all junctions of
clones assembled by subcloning and the complete cDNA sequence of the 5ts and
3ts/3WF clones were determined. No changes apart from those introduced in-
tentionally were found.

Reverse genetics. Transfection of PCK cells with altered PB2 genes, using the
PB2 single-gene reassortant helper virus, were performed as described previously
(36). Transfectant viruses were identified after selection in MDCK cells by
reverse transcription-PCR and restriction enzyme digestion, plaque purified, and
amplified in specific-pathogen-free eggs.

Phenotypic analysis. Temperature sensitivity was assayed by plaque assay in
MDCK cells at various temperatures; stringent temperature control was
achieved by incubating the six-well dishes in watertight containers submerged in
waterbaths regulated with Lauda immersion circulators (36). Replication in mice
and replication and reactogenicity in ferrets were carried out as described pre-
viously (36). Briefly, the animals were anesthetized and infected intranasally; 3
days after infection, nasal turbinates and lungs were removed, homogenized in a
volume of medium to approximate a 10% (wt/vol) homogenate, and subjected to
titer determination by infectivity assays in MDCK cells (mice) or eggs (ferrets).

HI assay. Serum samples taken from the tail veins of immunized mice were
treated with receptor-destroying enzyme (Denka Seiken, Tokyo, Japan) and
heated to 56°C for 30 min before use. Hemagglutination inhibition (HI) was
performed with 8 HA units of A/LA/2/87 and 0.5% chicken erythrocytes, as
described previously (2).

Assays for genetic stability. (i) Nude mice. Studies with nude mice were
performed at Sierra Biosource, Inc. (Gilroy, Calif.). Forty BALB/c nu/nu mice (3
to 4 weeks old) were anesthetized and infected intranasally with 10° PFU of
ts1A2 virus (due to the low titer obtained from eggs, this is the maximum possible
dose in 50 1) or with 10° PFU of 5ts or 3ts/3WF. The mice were sacrificed 13 or
14 days later; in a previous study, replication was still detected at this time (46).
Homogenates (approximately 10% wt/vol) prepared from nasal turbinates and
lungs were subjected to titer determination by the 50% tissue culture infective
dose (TCIDs) assay in MDCK cells at 34°C in 96-well plates. Once the cyto-
pathic effect (CPE) was complete in the wells of the 96-well plate, the medium
was harvested and pooled (when more than one well was positive). To determine
if virus in this pool was still s, it was subjected to titer determination by the
TCIDs, assay at 34 and 37°C (ts1A2), or 34 and 39°C (5ts and 3ts/3WF). The
choice of nonpermissive temperature was based on the shutoff temperature of
the infecting virus. Viral pools which showed evidence of reversion were exam-
ined by plaque assay to confirm the phenotypic alterations.

(ii) Tissue culture stress test. MDCK cells were infected in 35-mm dishes at
low multiplicity of infection (approximately 0.01) and incubated at temperatures
ranging from 34 to 38°C (33, 49). Supernatants were harvested 2 to 3 days later
from cultures incubated at the highest temperatures still showing CPE (36°C for
ts1A2, 37°C for Sts and 3ts/3WF). Viruses present in these supernatants were
then tested for changes in the ¢s phenotype by plaque assay at various temper-
atures.

(iii) Serial passage in ferrets. All ferret studies were performed in the labo-
ratory of H. F. Maassab, University of Michigan. Virus from the nasal turbinate
homogenates of four ferrets infected with 3ts/3WF or 5ts was amplified in eggs,
pooled, and used to infect two new ferrets each; after another amplification in
eggs, this process was repeated. The ferrets were sacrificed 3 days after infection
in each cycle. The body temperatures of the live, infected ferrets were recorded
twice daily. The #s phenotype was assessed after each cycle of infections by
performing plaque assays at 34°C and 38°C in MDCK cells with the egg fluid
from the infectivity titer determinations of turbinate homogenates. After the last
cycle, two plaques were picked from each of the two animals turbinate virus pools
(grown at 34°C), amplified in eggs, and subjected to titer determination at 34, 38,
and 39°C.
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TABLE 1. Mutations introduced into A/LA/2/87 PB2

Mutation” Wild-type codon Mutant codon
E65G GAA GGC
P112S CCA AGC
N265S AAC TCG
1310T ATA ACG
N556D AAT GAC
Y658H TAC CAC
WS552F TGG TTC
W557F TGG TTC
W564F TGG TTC

“ Mutations are named by using the single-letter code for the wild-type amino
acid, followed by its position and the mutant amino acid.

RESULTS

Rationale for selection of PB2 mutations. We chose the PB2
gene as a target for mutagenesis for several reasons: mutations
in PB2 have been associated with #s and attenuated (a#f) phe-
notypes (29, 43, 52), several ts mutations in PB2 have been
molecularly characterized (6, 20, 23), and a helper virus for
rescue of PB2 into infectious influenza viruses has been de-
scribed (45). We chose to generate the following mutations: (i)
mutations associated with ¢s phenotypes, for which it was pos-
sible to introduce new codons that would require more than
one nucleotide change to reencode the wild-type amino acid
(E65G, P112S, N265S, or I310T); (i) mutations which are as-
sociated with marked attenuation in other fs viruses of partic-
ular interest (Y658H, found in the PB2 gene of the fs mutants
ts1A2 and ts1E) (23); or (iii) mutations which have potential
functional importance by virtue of their location within a re-
gion of partial sequence similarity with the cellular cap-binding
protein, eIF-4E (7). Because biophysical studies (21) and mu-
tational analysis (1) have implicated tryptophan residues in the
binding of eIF-4E to the cap structure, the tryptophan residues
at positions 552, 557, and 564 were mutated to phenylalanine,
in each case by introducing two nucleotide changes per codon.
The N556D and Y658H mutations could not be engineered
such that more than one nucleotide change would be required
for reversion to the wild-type amino acid. The precise nature of
the nucleotide changes made at each codon is summarized in
Table 1.

Initially, PB2 genes bearing each individual mutation were
rescued with the single-gene reassortant helper virus and
tested for temperature sensitivity in MDCK cells. Most of the
single-mutant viruses, including the P112S, N265S, and Y658H
mutants, were all only mildly affected. None, with the excep-
tion of I310T, had shutoff temperatures less than 40°C, al-
though some (e.g. E65G, N556D, and W557F) showed a 10- to
20-fold reduction in plaque number at 40°C relative to the
wild-type PB2 transfectant control (data not shown). The
I310T transfectant virus had a shutoff temperature of 39°C.
Analysis of the ability of these single-mutant viruses to repli-
cate in the respiratory tracts of mice did not reveal evidence of
non-ts, attenuating effects (data not shown). Since previous
studies have strongly suggested that an acceptable level of
attenuation is approached when the shutoff temperature is
38°C or lower (31), combination mutants were created to ac-
centuate the s phenotype.

Phenotypes of combination mutant transfectant viruses in
vitro and in vivo. Transfectant viruses containing the following
combinations of mutations in PB2 were generated: E65G/
P112S/N265S (3ts), E65G/P112S/N265S/N556D/Y658H (5ts),
W552F/W557F/W564 (3WF), and E65G/P112S/N265S/W552F/
W557F/W564F (3ts/3WF). The two triple mutants (3ts and
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TABLE 2. Temperature-dependent growth properties of PB2 combination mutants in MDCK cells
) Titer at 34°C Reduction in log,, PFU/ml (relative to that at 34°C) at*: Shut-off

Virus (log,o PFU/ml = SEM) poms C 0°C 0C temp (°C)*
LA wt 8.57 = 0.09 —0.02 0.18 0.21 0.37 >40
3WF 845 +0.21 -0.05 0.02 1.08 4.62 40
3ts 8.30 = 0.08 0.23 0.33 0.92° 3.08° 40
Sts 7.24 = 0.06 1.06 339 439 >5.54 38
3ts/3WF 7.29 x0.24 0.35" 2.25" 4.76" >6.68 38

“ The shutoff temperature is defined as the lowest temperature at which a reduction in the EOP of 100-fold is observed (indicated by numbers in boldface type).

? Reduced plaque size.

3WF) were ts with a shutoff temperature of 40°C, and they
formed small plaques at 39°C (Table 2). The 5ts and 3ts/3WF
transfectants both had shutoff temperatures of 38°C, and their
efficiency of plaque formation (EOP) and plaque size were
slightly reduced at 37°C as well (Table 2).

We next examined the ability of the transfectant viruses
containing multiple mutations in their PB2 genes to replicate
in the respiratory tract of mice. Three-week-old BALB/c mice
were infected intranasally with 10° PFU of each virus and
analyzed for virus replication in lungs and nasal turbinates 3
days postinfection. The replication of the mutant viruses is
summarized in Table 3. The two triple-mutant viruses, which
both had a shutoff temperature of only 40°C, grew very poorly
(3WF) or not at all (3ts) in mouse lungs. This suggests that the
restriction of replication is due to factors other than simply
thermosensitivity, since the core body temperature of a mouse
is approximately 37°C. Neither 5ts nor 3ts/3WF viruses were de-
tected in lungs, and 3ts/3WF also showed a significant reduction
in nasal turbinate titer (300-fold compared to the wild-type).

Ferrets can be used as an animal model to assess the viru-
lence and reactogenicity of influenza viruses (25, 42). Attenu-
ation of replication in nasal turbinates and lungs can be quan-
titated as above, and body temperature can be monitored as a
measure of reactogenicity. The average normal body temper-
ature of ferrets is approximately 39°C (102.2°F), although
there can be some variation in the upper and lower limits of the
normal temperatures in individual ferrets (e.g., 101.0 to
103.0°F). We have used a body temperature of 39.9°C
(103.8°F) or above as an operational definition for fever (25a).
A virulent virus usually induces a fever on the first day after
infection and is usually also able to replicate in the lungs.

The reduction in virus titers in lungs and nasal turbinates of
ferrets infected with 5ts or 3ts/3WF was similar to that seen in
mice, with 3ts/3WF replicating about 75-fold less well than the
wild type in nasal turbinates (Table 3). Only one of eight
ferrets infected with either virus became febrile, both with

delayed onset (day 2 after infection). In contrast, all 12 ferrets
infected with the wild-type transfectant control developed fe-
vers on the first day after infection (Table 3).

Protection from homologous wild-type virus challenge. To
determine whether immunization by 5ts or 3ts/3WF stimulates
a protective immune response, an immunization-challenge
study was performed in mice. Mice were infected on day 0, as
described above, with 5ts, 3ts/3WF, or the parental wild-type
virus, A/LA/2/87; on day 28, the mice (including an unimmu-
nized, age-matched control group) were bled and then chal-
lenged with 10° PFU of A/LA/2/87. Viral titers in lungs and
turbinates were measured 3 days later (Table 4).

The titer of serum antibodies which could inhibit hemagglu-
tination of the challenge virus was below the level of detection
in the HI assay (<1:40) for 5ts- or 3ts/3WF-infected mice. The
HI titer in mice infected with A/LA/2/87, however, was approx-
imately 1:80.

Mice infected with the wild-type virus A/LA/2/87, which
replicates to high titers in the lungs and nasal turbinates, were
effectively protected from infection following challenge with
the same virus; replication was reduced by more than 10,000-
fold in the lungs (only 1 of the 10 mice had detectable virus in
the lung homogenate) and was undetectable in turbinates (Ta-
ble 4). The experimental vaccines both evoked a similar pro-
tective immune response, as shown by the 1,000- to 2,000-fold
reduction in titers achieved by the challenge virus in lungs or
nasal turbinates (only 50 to 80% of the samples were positive,
compared to 100% for the unimmunized controls). Thus, in
spite of its lower replication in turbinates, the degree of pro-
tection conferred by 3ts/3WF is equal to that conferred by Sts.

A similar immunogenicity and protection study was also
performed in ferrets. Six animals per group were immunized
with 107 egg infective doses (EIDs,) of 5ts or 3ts/3WF. In this
experiment, none of the infected animals developed a febrile
response (compared to one of eight [Table 3]). Two of these
ferrets were sacrificed after 3 days to measure the titers in

TABLE 3. Replication of PB2 combination mutant viruses in BALB/c mice and ferrets

Log,y TCIDs/g tissue” = SEM in:

Log,, EIDsy/g of tissue’? = SEM in:

Virus Shut-off No. of feryets with No. of ferrets With positive
temp (°C) Mouse NT¢ Mouse lungs fever/no. infected Ferret NT Ferret lungs lungs/no. infected
LA wt >40 5.42 = 0.09 4.21 = 0.26 12/12 7.64 = 0.16 333 +0.31 3/12
3WF 40 5.62 = 0.10 2.13 +0.10¢ 2/2 6.35 = 1.35 =275 0/2
3ts 40 4,93 + 0.10¢ =1.95 ND¢ ND ND ND
Sts 38 4.39 + 0.08¢ =195 1/8 6.54 + 0.16¢ =275 0/8
3ts/3WF 38 2.96 + 0.13¢ =1.95 1/8 5.77 = 0.23¢ =2.75 0/8

“ There were 10 mice per group except for the wild type, for which there were five mice per group in each experiment; results shown are pooled from four experiments
and thus represent data from 20 mice. The limit of detection of the TCIDj5, assay is 2.2 log,, TCIDs, per g; negative samples were assigned a value of 1.95 and included

in the calculation of mean titers.

b The limit of detection of the EIDs, assay is 3.0 log;, EIDs, per g; negative samples were assigned a value of 2.75 and included in the calculation of mean titers.

¢ NT, nasal turbinates.
4P < 0.001 with respect to the wild type (wt).
¢ ND, not done.
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TABLE 4. Response of immunized mice or ferrets to challenge with A/LA/2/87
Log,o TCIDs/g of tissue* = SEM Response of ferrets to immunization Response of ferrets to challenge
Immunizing
virus No. with fever/ Day 3 NT titer Day 21 HAI titer® No. with fever/ Day 3 NT titer
Mouse NT” Mouse lungs total no. (log,o EIDsy/g) (range) total no. (log,o EIDsy/g)
None 6.10 = 0.13 6.27 = 0.36 0/4 <8 2/2 8.50
3ts/3WF 3.02 = 0.41°¢ 3.27 = 0.41° 0/6 6.34 768 (512-1,024) 0/4 =2.75
Sts 3.12 = 0.34¢ 2.75 = 0.33¢ 0/6 7.60 896 (512-1,024) 1/4 =2.75
A/LA/2/87 =1.95¢ 2.02 = 0.08° ND“ ND ND ND ND

“ Groups of 10 mice were used.
> NT, nasal turbinates.

¢ P < 0.001 with respect to titers from the same tissue of unimmunized animals.

4 ND, not done.
¢ Reciprocal of the mean.

nasal turbinates and lungs. Both groups of immunized ferrets
developed a good HAI response, measured 21 days after in-
fection (range, 1:512 to 1:1,024 [Table 4]). The remaining four
ferrets, as well as two previously uninfected controls, were then
challenged on day 21 with 10° EIDs, of A/LLA/2/87 (wt). The
unimmunized controls both developed fevers and had high
virus titers in the nasal turbinates. Ferrets immunized with
3ts/3WF were completely protected from fever, and only one
of four Sts-immunized animals developed a fever, which was
very mild (Table 4). No virus was detected in the nasal turbi-
nates of the 5ts- or 3ts/3WF-infected ferrets. Thus, the immu-
nized ferrets were protected from challenge, at least with re-
spect to URT virus replication and febrile reactions. No virus
was detected in the lungs of any of the ferrets after challenge,
including the two unimmunized animals (data not shown);
thus, conclusions about protection of the LRT cannot be
drawn reliably from this experiment.

Genetic stability. The main advantage of the genetic engi-
neering method of attenuating virulence over previously used
empirical ones is the potential to be able to design a mutant
virus with a high level of genetic stability. As a point of com-
parison in some of our stability tests, we have used the fs
mutant, ts1A2, which was previously found to be genetically
unstable in a seronegative young vaccinee (34, 47, 48). This
virus has a shutoff temperature of 37°C and contains mutations
in both the PB1 and PB2 genes (23, 27, 28).

We have used three assays for genetic stability: replication in
immunodeficient mice, growth at elevated temperatures in cell
culture, and multiple passage through ferrets. After each test,
the #s phenotype was reevaluated; in the ferret passage test, the
passaged viruses were also evaluated for the attenuation pheno-
type.
The first assay exploits the prolonged virus replication (at
least 14 days) that occurs in nude mice (46), which approxi-
mates the duration of shedding in completely susceptible hu-
mans (up to 11 days) (51). Forty BALB/c nu/nu mice (3 to 4
weeks old) were anesthetized and infected intranasally with
ts1A2, Sts, or 3ts/3WF. The mice were sacrificed 13 to 14 days
later. Homogenates prepared from nasal turbinates or lungs
were used to infect MDCK cell cultures at 34°C. None of the
lung homogenates contained detectable virus (=2.2 log,,
TCIDsy/g). Virus was detected in 30 of 40 nasal turbinate
samples from ts1A2-infected mice, 21 of 40 Sts-infected mice,
and 23 of 36 3ts/3WF-infected mice (four mice died on days 3
to 4 due to unknown causes). To determine if the recovered
viruses retained the s phenotype, their infectivity in MDCK
cells at permissive (34°C) and nonpermissive (37°C for ts1A2,
39°C for 5ts and 3ts/3WF) temperatures was compared.

Both 5ts and 3ts/3WF retained their #s phenotypes; the dif-
ferences in the TCIDs, per milliliter between 34 and 39°C for
the inoculum or for the pools of viruses recovered from the

MDCK cell cultures infected with the turbinate homogenates
were all greater than 1,000-fold (range, 1,000- to >100,000-fold).

In contrast, 10% (3 of 30) of the isolates from ts1A2-infected
mice showed a reduction in titer at 37°C compared to 34°C of
less than 1,000-fold (range, 20- to 200-fold); this reduction in
titer, while indicating that the viruses are still £s, was signifi-
cantly smaller than that observed for the inoculating virus or
for the other isolates (>2,000-fold reduction). That this was
indeed indicative of a profound alteration in the phenotype of
the virus was later confirmed by plaque assays, where plaques
formed by the revertant isolates were larger and more numer-
ous at the nonpermissive temperature (37°C) than were those
of the controls (data not shown).

While the differences in frequency of reversion between
ts1A2 (3 of 30) and either recombinant virus (0 of 21 or 0 of
23) are not statistically significant, the data suggest that 5ts and
3ts/3WF are more genetically stable than ts1A2.

The second test for genetic stability involves growth in
MDCK cells at temperatures which approach the shutoff tem-
perature. This temperature “stress test” has been used previ-
ously to isolate ts™ revertants of other #s vaccine candidates,
such as ts1A2 (33), or of a ts virus containing the PB2 gene of
the A/AA/6/60 ca strain (49). MDCK cells were infected at low
multiplicity of infection and incubated at 34, 36, 37, or 38°C.
Supernatants were harvested from cultures incubated at the
highest temperatures and still showing CPE (36°C for ts1A2,
37°C for 5ts and 3ts/3WF). Virus present in these supernatants
was then tested for changes in the ts phenotype by plaque assay
at various temperatures. Since the probability of a specific
genetic change occurring which causes a phenotypic change
may vary and may be low enough that it would not be detected
after only one round of replication at high temperature, the
experiment was performed at least twice for each virus.

In three independent experiments, the phenotype of 3ts/
3WF was unchanged after growth at 37°C (the reduction in the
PFU per milliliter at 38 versus 34°C remained greater than
500-fold); however, Sts showed loss of the ts phenotype every
time the experiment was performed (the reduction in the PFU
per milliliter at 38 versus 34°C was less than 10-fold). This
result is striking in relation to the stability observed in nude
mice and suggests that the stress test is a more rigorous test for
genetic stability. The shutoff temperature of ts1A2 grown at
36°C increased in one of two experiments (the reduction in
PFU per milliliter at 37 versus 34°C was 10-fold, compared to
>10,000-fold for the original ts1A2 virus); in the second case,
an additional round of replication at 37°C was required before
reversion was observed.

The third genetic stability assay is multiple passage in fer-
rets. Virus present in the nasal turbinate homogenates of four
of the ferrets infected with 3ts/3WF or 5ts (Table 3) was am-
plified in eggs, pooled, and used to infect two additional ferrets
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TABLE 5. Genetic stability of 3ts/3WF and 5ts in ferrets

Sts

3ts/3WF

ts phenotype of recovered virus

ts phenotype of recovered virus

Infection Animal o. Peak ferret Peak ferret
temp (°F)* Log,, reduction Log,, reduction temp (°F)* Log,, reduction Log,, reduction
38 vs. 34°C 39 vs. 34°C 38 vs. 34°C 39 vs. 34°C

First infection 1 103.0 0.8 ND? 102.8 >3.9 ND

2 102.8 0.7 ND 104.2 >3.8° ND

3 102.6 0.9 ND 103.2 2.34 ND

4 103.2 0.4 ND 103.0 3.8¢ ND

Second infection (pool 5 104.4 0.5 ND 103.6 2.74 ND

of animals 1-4) 6 103.8 0.4 ND 102.8 2.67 ND

Third infection (pool 7 103.2 0.9 ND 102.8 1.44 ND

of animals 5 and 6) 8 103.8 0.3 ND 103.6 2.34 ND
Animal 7

plaque A ND 0.74 1.7 ND >3.9 >4.9

plaque B ND 0.7 2.5¢ ND >3.8 >4.8
Animal 8

plaque A ND 0.4 0.7 ND >3.5 >4.5

plaque B ND 0.0¢ 0.9 ND >2.7 >3.7

“ Temperatures above 103.6°F (bold type) are considered febrile; normal body temperatures ranged from 101.0 to 103.0°F.

> ND, not done.

¢ This isolate was plaque purified and reamplified before titer determination due to the low titer of the original egg stock.

4 Small plaques.

each; this process was repeated once more, giving a total of
three sequential passages in ferrets. The body temperatures of
the infected ferrets was recorded for 3 days following each
infection; the peak temperatures are indicated in Table 5.

The two ferrets infected with Sts virus passaged once in
ferret turbinates (animals 5 and 6 in Table 5) both showed a
febrile response, as did one of the two ferrets (animals 7 and 8)
in the next cycle. All three febrile responses were observed on
the first day after infection. In contrast, none of the ferrets
infected with turbinate-derived 3ts/3WF virus (one or two pas-
sages, animals 5 to 8) developed fevers (Table 5).

The ts phenotype of viruses in the egg fluids obtained after
each cycle of infection was determined by plaque assays in
MDCK cells at 34 and 38°C. Since this test was performed with
the egg material obtained directly from the titer determination
of the turbinate homogenates and was not biologically cloned,
the data are reflective only of the pool of viruses present. For
this reason, the EOP at 38°C was used as an indication of the
presence of revertants in the population, and complete char-
acterization of the shutoff temperatures was not performed.
However, two plaques were picked from the 34°C plates in-
fected with virus derived from the last cycle of ferret infections
(animals 7 and 8) and analyzed at 38 and 39°C (Table 5).

Compared to the 1,000-fold reduction in EOP at 38 versus
34°C observed for the original Sts virus (Table 2), isolates of 5ts
recovered after one, two, or three passages in ferrets showed a
reduction in the severity of the zs phenotype (<10-fold [Table
5]). Plaque-purified isolates showed similar phenotypes. Anal-
ysis of the PB2 gene from these clonal viruses by RT-PCR and
restriction enzyme digestion indicated that all five of the re-
striction enzyme sites which were introduced along with the
missense mutations were still present. Thus, the emergence of
ts* viruses during the experiment was not due to contamination
with wild-type A/LA/2/87 virus or other, unrelated #s™ virus.

In contrast, viruses recovered from ferrets infected with 3ts/
3WEF retained the ts phenotype, with all but one pool of viruses
showing a reduction in EOP at 38°C of at least 100-fold (Table

5). The virus pool recovered from ferret 7, while demonstrating
a lower reduction (25-fold), still formed small plaques at high
temperature. In addition, the two plaques picked from the
34°C plate were just as ts as the input virus (compare the
reduction in EOP in Table 5 to those in Table 2).

DISCUSSION

The results presented in this report demonstrate that influ-
enza A viruses generated by rational design have the potential
to serve as live attenuated vaccines in humans. Two candidate
vaccine strains, Sts and 3ts/3WF, were found to be ts in MDCK
cells, attenuated in the respiratory tracts of mice and ferrets,
immunogenic in mice and ferrets, and almost completely non-
reactogenic in ferrets. In addition, one of the two viruses,
3ts/3WF, was genetically stable in three different assays, in
which other viruses (ts1A2 or 5ts) lost their temperature sen-
sitivity.

The basis for the ts phenotype caused by the E65G, P112S,
N265S, I1310T, N556D, or Y658H mutation, originally identi-
fied in the PB2 genes of other fs strains, is unknown. When
tested singly, none of these substitutions (except 1310T) had a
strong effect on the phenotype of the transfectant viruses:
while the viruses formed small plaques at 39 or 40°C, they had
shutoff temperatures over 40°C (our unpublished results).
Thus, in spite of these mutations being the only ones found in
the PB2 genes of the original ¢s strains, some of which had
shutoff temperatures of 39°C or lower, the effect of most of
these single-amino-acid substitutions in the context of the
A/LA/2/87 background is subtle. This suggests either that the
original fs viruses, which were generated by chemical mutagen-
esis, had mutations in other genes which also contributed to
their phenotypes, or that the effect of these mutations is highly
dependent on the genetic background of the virus. Nonethe-
less, the phenotype of each mutant was affected to some extent
as evidenced by the reduction in plaque size and number at
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39°C (E65G) or 40°C (P112S, N265S, N556D, and Y658H)
relative to the wild-type control.

The s phenotype of the single tryptophan-to-phenylalanine
mutants (i.e. W552F, W557F, and W564F) was unanticipated.
Mutations of this type have not been described in any s strain
of influenza virus, and analogous mutations in the yeast cap-
binding protein, eIF-4E, were not reported to be s (1). It is
possible that the cap-binding activity of PB2 containing the
3WF mutations, or of other mutations in the same region, does
indeed reduce the affinity of PB2 for the cap structure. This
would be consistent with the prediction that a virus which
contains mutations which reduce the affinity of a viral protein
(PB2) for a host factor (the cap structure) should be more
genetically stable than those which affect its interaction with
other viral proteins. The temperature sensitivity of the viruses
may or may not be directly related to any possible effects on
cap binding; we are currently conducting experiments to ad-
dress this issue.

The complete protection from challenge afforded by previ-
ous infection with the wild-type virus, compared to the lower
level of protection observed with the attenuated viruses, may
be related to a higher level of circulating antibody titers, which
in turn may be a result of the ability of the virus to replicate in
the lungs of the infected mice (9). A weak HAI response was
detected in the sera of mice infected with the parental wild-
type virus, but none was detected in mice infected with either
recombinant (HAI titer, <1:40). Thus, the ability of the im-
munizing virus to replicate in turbinates and lungs confers
greater protection than does replication in turbinates only.
However, the results obtained in the protection study with
ferrets were different; all the immunized ferrets were com-
pletely protected from replication in the nasal turbinates, and
all developed a high titer of reactive antibodies detected in the
HALI test. Thus, the two model systems differ in their response
to the attenuated vaccine candidates; it is presently unclear
which model is more predictive of the human situation.

It is clear from the results summarized in Table 5 that the Sts
transfectant virus is not genetically stable in ferrets. The fever
profiles, combined with the clear change in ts phenotype after
only one passage in ferrets, demonstrate that 5ts is able to
rapidly revert to virulence. In a sense, this result is similar to
that obtained in the MDCK stress test, since the temperature
in the nasal turbinate of a ferret is estimated to be 37°C (2°C
cooler than the core body temperature of 39°C). This genetic
instability is of considerable interest. The rapidity with which
revertants arose was surprising, since the ts phenotype is due to
five separate mutations. However, it is not known how many
independent functions are affected. Thus, reversion could the-
oretically occur as a result of fewer than five, and perhaps as
few as one, second-site suppressor mutations. The mechanism
of reversion is currently being addressed by sequence analysis
and functional assays.

The propensity of the 5ts virus to lose its ts phenotype after
growth at 37°C in vitro or in the nasal epithelium of ferrets
would seem to exclude it as a vaccine candidate. However, it is
unlikely that the virus would grow under similar conditions in
humans, since the temperature in the upper airway is likely to
be closer to 35°C and since lung replication is unlikely. In
addition, since the ferrets were seronegative and thus more
permissive for influenza virus replication than would be mildly
seropositive humans, they may not accurately reflect the ge-
netic stability of the virus in the probable target population,
i.e., older adults and the elderly.

There are several advantages of a genetic engineering ap-
proach to the development of a live attenuated influenza virus
vaccine. Given a sufficient number of mutations from which to

GENETICALLY ENGINEERED LIVE INFLUENZA VIRUS VACCINE 2777

choose, it is feasible to generate, by combination of the right
kind and number of mutations, a panel of genetically stable
mutants possessing different degrees of attenuation. This “fine-
tuning” of virulence should enable the selection of a live vac-
cine strain optimally suited to any target population. The abil-
ity to target functional domains of viral proteins, especially
those which interact with host as opposed to viral factors, and
to introduce more than one nucleotide change per codon is
particularly important in the design of genetic stability.

The level of attenuation of our most stable virus, 3ts/3WF,
may not be optimal for vaccination of the elderly population,
where the clinical need is currently the greatest. The level of
replication observed in the nasal turbinates of seronegative
naive mice and ferrets was reduced 75- to 300-fold compared
to the wild-type control (Table 3); the amount of replication in
the URT of a person who has some immunological memory as
a result of previous exposures to related influenza viruses
would be expected to be even lower. While preclinical models,
again in naive animals, suggest that the virus can protect from
homologous viral challenge, only clinical trials in adults or the
elderly will answer the question whether the virus is appropri-
ately attenuated and sufficiently immunogenic for use in sero-
positive individuals.

Another potential drawback of the PB2-based engineering
approach is that only one gene contains attenuating mutations.
The success of the cold-adapted vaccine in children and young
adults is probably a result of specific sequences in at least four
of the genes which encode internal proteins (6, 19, 20, 43).
Mutations which lie in different genes are likely to affect dif-
ferent functions, reducing the likelihood of phenotypic rever-
sion by a single suppression event. However, it is possible that
multiple independently acting mutations in a single gene can
provide the same level of genetic stability as single mutations
distributed among multiple genes. The targeting of the cap-
binding function of PB2, as shown here, or of other functions
such as endonuclease activity (41), nuclear targeting (30), or
interaction with PB1 and/or PA (3, 8, 44), should allow the
engineering of such a virus.
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