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Evaluation of Influenza Virus Mutants for
Possible Use in a Live Virus Vaccine*

JOHN MILLS, M.D., J. VAN KIRK, M.D., D. A. HILL, M.D. & R. M. CHANOCK, M.D.

Two approaches to the attenuation of influenza A2 virus were studied: adaptation to a
sub-optimum growth temperature and the production of temperature-sensitive mutants.

A strain of A2/Hong Kong/68 virus was adapted to growth at 25°C in calf kidney
tissue culture, and a virus suspension was prepared for administration to volunteers after
cloning by 2 terminal dilution purifications. The results indicated that the low-temperature-
adapted strain had reduced infectivity for man, but was not attenuated since illness occurred
when sufficient virus was administered to infect all volunteers.

More encouraging results were obtained with 2 temperature-sensitive mutants ofinfluenza
A2/1965 virus. One of these mutants was unable to form plaques in calf kidney tissue
culture at temperatures above 36°C; the other showed restriction ofplaque formation only
at 38°C and above. Both mutants were able to infect hamsters, but compared with the
wild-type virus there was marked restriction of replication in the lungs. Prior infection of
hamsters or mice with either mutant induced significant resistance to subsequent challenge
with wild-type influenza A2 virus.

Live, attenuated vaccines against influenza virus
infection may offer some potential advantages over
inactivated vaccines, including greater ease of
administration, better stimulation of local antibody
formation, and-possibly-greater rapidity of devel-
opment. Previous live vaccines grown in eggs have
been variably attenuated, and further progress has
been hindered by a lack of suitable laboratory
markers to determine the degree of attenuation
(Beare et al., 1967, 1968; Hobson, Gould & Flock-
ton, 1967; Smorodincev & Calkina, 1955; Zdanov,
1967). We were interested in developing new
methods of attenuating influenza viruses that would
produce reliable loss of virulence and that might be
implemented rapidly, permitting their use for
vaccine development when new antigenic variants
appear. An important secondary interest was the
investigation of various laboratory characteristics
that might be useful in determining the degree of
attenuation of a live vaccine strain.
We have recently studied two different approaches

to the problem of developing an attenuated vaccine:
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adapting the virus to sub-optimum growth temper-
atures, and producing temperature-sensitive (ts)
mutants.

COLD-ADAPTED VIRUSES

In 1966, Maassab (1967a) succeeded in adapting
various strains of influenza viruses to growth at
25°C. He showed that virus adapted to low temper-
atures showed reduced growth at 40'C-410C and
acid pH and reduced virulence for mice and ferrets
(Maassab, 1967a, 1967b). These studies encouraged
us to evaluate one of Maassab's variants in adult
volunteers.

Initial studies were undertaken in collaboration
with Dr Y. Togo, R. Homick, and T. Kitayma of the
University of Maryland, using Maassab's 1960 influ-
enza A2 (Ann Arbor/6/60) strain that had been
adapted to growth at 25°C in calf kidney tissue
culture. From 105 to 106 TCID5O of this virus were
administered to 13 men, all of whom possessed low
to moderate levels of serum neutralizing antibody.
None of the men became ill, and efforts to isolate
virus from throat washings taken 1-10 days after
inoculation failed. There were definite antibody
responses in 7 of the men; these responses included
4-8-fold rises in serum neutralizing antibody and
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lesser rises in antibody levels in nasal washings and
sputum. We considered these results encouraging,
but further studies with this virus were unfortunately
not possible because seronegative volunteers were

not available.
The emergence of the Hong Kong strain of

influenza A virus in the summer of 1968 provided us

with an opportunity to test the efficacy of cold-
adaptation as a means of attenuating influenza
virus. An isolate in its first human embryonic
kidney culture passage was adapted to growth in
calf kidney tissue culture at 34°C. It was abruptly
shifted to growth at 25°C after 2 passages at 34°C
(Fig. 1). Compared with the older A2 strains that
we have studied, the Hong Kong virus grew well in
tissue culture on first passage at 25°C, and we had
no difficulty in adapting it to grow to reasonably
high titre at this temperature. After 4 rapid passages
in tissue culture and double cloning by terminal

FIG. 1

PASSAGE HISTORY OF COLD-ADAPTED INFLUENZA
A2/Hong Kong/68 VIRUS
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dilution, all at 25°C, a virus suspension was prepared
for subsequent administration to volunteers. This
suspension was shown to be free of extraneous
infectious agents by a variety of procedures that have
been described elsewhere (Knight, 1964).

Initial laboratory characterization of this virus
showed that it had acquired the property of partial
temperature sensitivity-that is, its ability to re-
plicate at elevated temperatures was reduced when
compared with the wild type (Table 1). In roller

TABLE I

COMPARISON OF GROWTH AT 39°C OF
A21Hong Kong/68 VIRUSES (1) ADAPTED TO
LOW TEMPERATURE AND (2) GROWN AT 340C

Passage history in calf kidney 390C.340C
tissue culture titre ratio

Cultivation Purification No. of
temperature Pure pas- RMKe" BKb

(OC) sages

34 none 4 0.8 1.3

34 2 clonings 12 - 1.2

25 2 clonings 12 0.007 0.5

a TCIDso in rhesus monkey kidney tissue culture tubes;
geomretric mean of the results of 2 experiments.

b Efficiency of plaque formation (PFU) in calf kidney tissue
cultures in Petri dishes.

tube cultures of rhesus monkey kidney its titre at
39°C was about 100-fold lower than at 34°C, a
temperature at which growth was unimpaired when
compared with growth at 25°C. The efficiency
of plaque formation in bovine kidney cell mono-
layers, however, was only slightly reduced at 39°C,
in the single experiment performed so far. In any
case, the replication of this virus strain at 39°C is
less impaired than that of the ts mutants discussed
below.
The haemagglutinin of both the parent virus and

the low-temperature-adapted virus was sensitive to
inhibition by horse serum (i.e., it was inhibitor
sensitive, or SI), but their infectivity was not
neutralized by undiluted horse serum. The 25'C
and 34°C high-passage (BK-12) strains differed
from the low-passage parenteral virus (BK-4) in
that their elution from red cells was very slow.
We have given the Hong Kong virus grown at

25°C to 23 volunteers lacking detectable serum
neutralizing antibody (<1: 2), and the results are
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TABLE 2

RESPONSE OF SERONEGATIVE a VOLUNTEERS TO LOW-TEMPERATURE-ADAPTED A/2Hong Kong/68 VIRUS

No. of men with a rise Over-all increase
Virus in the following antibodies in immune response b Tot I

inoculum No. of No. who No. who >4-fold (n-fold) of men with
(logo men developed excreted evidence of

rhesus MK tested respiratory virus SCerum Serum Nasal Serum Naser infection
TCID5o) illness CF ~~~~~~neut. secretion ret erto
TCID5o) illness CF ~~~and Hi nneut. net neut.

3.0 7 0 0 0 0 0 1.4 1.0 0

5.0 8 0 1 d 1 1 1 1.2 1.1 2

6.0 8 5 e 8f 5 7 7 19.0 7.4 8

a Serum neutralizing antibody titre <1 : 2.
b Initial geometric mean titre compared with geometric mean of the titre 14, 21, and 28 days after inoculation.
c Corrected to a standard IgA concentration of 20 mg/100 ml.
d Virus was isolated only on the day after inoculation.
e All men were febrile; peak oral temperature was 100.0°F-102.2°F (37.81C-39.00C).
f Mean duration of excretion was 3.5 days; the range was 1-6 days.

summarized in Table 2. When 103 TCID5O were
given to 7 seronegative volunteers, definite evidence
of infection was not observed. Several of these men
developed rises in serum neutralizing antibody, but
these were at a level below that usually considered
significant (i.e., from <1: 2 to 1: 2 or 1: 3). When
105 TCID50 were given, virus was isolated from 1 man
on the day after inoculation, and another man
developed a > 4-fold rise in serum neutralizing and
CF antibody. Again, illness was not observed.
However, when 106 TCID50 were given, a mild
febrile influenza-like illness developed in 5 of the
men, and each of the 8 volunteers shed virus. In
addition, 7 of the men showed definite increases in
antibody levels in serum and local respiratory tract
secretions.
From these findings we conclude that the cold-

adapted strain of A2/Hong Kong/68 influenza virus
was not attenuated. Although the virus apparently
exhibited reduced infectivity for man, when sufficient
virus was given to infect volunteers they developed
illness. Cold-adaptation may therefore not be a
reliable means of attenuating influenza virus for man

TEMPERATURE-SENSITIVE MUTANTS

In addition to evaluating cold-adapted influenza
virus we have produced temperature-sensitive (ts)
mutants and studied their properties in an experi-
mental animal system. This approach to the devel-
opment of live attenuated vaccines has been applied,
with preliminary success, to respiratory syncytial

virus and Mycoplasma pneumoniae (Wright & Stein-
berg, unpublished data). This approach is based on
the temperature differential between the nasal
mucosa (32°C-34°C) and the lungs (37°C). It was
our aim to take advantage of this temperature
differential and select influenza virus mutants that
would grow in an unrestricted manner in the naso-
pharynx at 32°C-34°C but not in the lung at 37°C.
Theoretically, mutants of this type would not be
able to produce lower respiratory tract disease
because of their failure to reproduce at the temper-
ature of the lower tract.
The strain of virus we selected for study was an

A2 strain (Abbott/0389) isolated from a recruit at
Great Lakes Naval Training Center in 1965, and
sent to us by Dr J. Holper of Abbott Laboratories,
Inc. The virus was serially passaged and plaque-
purified 3 times in calf kidney tissue culture (Leh-
man-Grube, 1963), and then grown in the presence
of 10-2.5 M 5-fluorouracil (5-FU); this concentration
of the mutagen 5-FU produced a 100-fold inhibition
of virus growth. We have examined approximately
200 viable plaque progeny of mutagen-exposed virus
for inability to replicate at 38°C, and thus far have
isolated 2 stable temperature-sensitive mutants
(numbered 1 and 2 in order of isolation). These
were plaque-purified twice and then used to prepare
a stock virus suspension for the experiments de-
scribed below.
The results of an experiment to determine the

temperature range of growth of these 2 mutants are

601



J. MILLS AND OTHERS

shown in Fig. 2. Confluent calf kidney tissue
culture in 60-mm Petri dishes was inoculated with
0.25-ml amounts of various dilutions of virus.
Absorption was allowed to occur for 2 hours at
room temperature (by which time over 95% of the
virus was absorbed), and the tissue was washed and
overlayed with 0.5% agarose in L-15 medium.
Incubation temperatures are indicated on the graph.
Mutant ts-i was unable to form plaques at temper-
atures above 36°C, and the growth of ts-2 was
markedly restricted at 38°C and above. Plaque
formation by the wild type showed little effect of
temperature over the range from 32°C to 39°C.

FIG. 2

EFFICIENCY OF PLAQUE FORMATION IN CALF KIDNEY
MONOLAYERS OF ts MUTANTS AND WILD-TYPE VIRUS
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Fig. 3 shows the results of an experiment com-

paring the growth of these 2 ts-mutants with the
wild-type parental strain in rhesus monkey tissue
culture at permissive (320C) and restrictive (39°C)
temperatures. Tissue culture tubes were inoculated

with 0.05 PFU/cell of mutant or wild-type virus.
The virus was absorbed for 2 hours at 250C, after
which the tissue culture tubes were washed twice,
fresh medium was added, and the cultures were
incubated at either 32°C or 390C. After 2 hours of
incubation (4 hours after inoculation) the tubes
were again washed and re-fed with medium equi-
librated to the incubation temperature. At appro-
priate times thereafter combined cells and super-
natant fluid were harvested and stored at -600C
for subsequent plaque titration in calf kidney tissue
culture dishes (2 tubes were harvested for each
point). Under these conditions hc growth of the
wild-type virus was approximately the same at
both 32°C and 39°C, although the rate of virus
synthesis (the slope of the line between 10 and
16 hours after infection) may have been faster at
39°C. Both the ts mutants grew well at 32°C, ts-1
perhaps growing somewhat less well than the wild
type and ts-2 perhaps growing somewhat better.
At 390C, growth of ts-I or ts-2 was not detected.
This indicates that these mutants were unable
partially to overcome their temperature-sensitive
defect (they were " non-leaky ").

In a similar experiment, rhesus monkey kidney
tissue culture tubes inoculated with ts-i or ts-2 were
tested for haemadsorption at intervals after infection.
Neither cells infected with ts-i nor those infected
with ts-2 absorbed guinea-pig red cells when in-
cubated at the restrictive temperature, suggesting
that these mutants are defective in functions which
are expressed before haemagglutinin protein syn-
thesis is completed.
The differing growth temperature ranges of the

2 mutants suggested that they might differ genetic-
ally, and this was confirmed by demonstrating
complementation between them (Table 3). This
experiment was performed in a slightly unorthodox
manner: confluent calf kidney tissue culture dishes
were inoculated with equal mixtures of ts-l and
ts-2 or with either virus alone. Two observations
were of interest. First, the number of plaques pro-
duced at the restrictive temperature by a concen-
trated mixture of ts-l and ts-2 was considerably
greater than that produced by either virus alone,
indicating that complementation had occurred despite
the small viral inoculum (low " multiplicity input ").
Further, even if one assumes 1000% efficiency of
complementation in doubly-infected cells (a very
unlikely possibility), the observed number of plaques
was greater than the expected number in every
instance. This suggests that non-plaque-forming but
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FIG. 3
GROWTH OF ts MUTANTS AND OF WILD-TYPE VIRUS

AT 320C AND AT 390C IN RHESUS MONKEY
KIDNEY CULTURE

VIRUS GROWTH TEMP.
TYPE 32° 390

Wild * * --O-
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TABLE 3
COMPLEMENTATION BETWEEN ts-1 AND ts-2 MUTANTS

OF INFLUENZA A211965 VIRUS
IN CALF KIDNEY TISSUE CULTURE

Size of viral
Virus(es) inoculum (PFU
inoculated per cell at

32°C) a

ts-1 10'

ts-2 10-2

Expected no. of
plaques at 390C

Plaques per if complementa-
ml at 390C b tion in doubly

infected cells
was 100%

<0.3 -
1.2 -

10-2 c-.2 000

10_3 go90

10-4 0.4

1 000

a The largest inoculum was a 1 : 5 dilution of the stock virus
suspension.

b Each entry represents the mean of 3-5 Petri dish monolayer
cultures each containing 3x 106 to 4x 106 cells. Virus was ab-
sorbed (in 0.25-ml volume) for 2 hours at room temperature,
after which an overlay was added and the culture was incu-
bated at either 320C or 390C until there was no further increase
in the number of plaques.

genetically active virus particles were present in the
stock suspension, as has been previously suggested
(Simpson & Hirst, 1968). Second, the curve of
plaque number versuts relative virus concentration

was convex, rather than a straight line, as would be
expected since plaque formation by complementation
presumably follows multi-hit (rather than single-hit)
kinetics. Plaque formation by the wild-type virus and
both ts-mutants at permissive temperatures followed
single-hit kinetics. In summary, it appeared that the
phenotypic difference observed between ts-I and
ts-2 had a genetic basis and that the temperature-
sensitive defects of these 2 mutants affected different
cistrons of the virus genome.
We next studied the behaviour of these mutants

in the Syrian hamster, an animal that has been
useful for evaluating ts mutants of Myco. pneumo-
niae and respiratory syncytial virus (Wright &
Steinberg, unpublished data). The growth of these
2 ts mutants and of the wild-type virus in hamsters
is shown in Table 4. The wild-type virus grew to a
moderately high level in the lungs, without pro-
ducing lung lesions or mortality. Peak virus titres
were seen on the day after virus was administered
and the level of virus fell steadily thereafter. The
CF antibody response was brisk and developed in
all the inoculated animals by the 9th day. In
contrast, ts-l replicated poorly or not at all in the
lungs, since virus was only detected in the lungs on
day 2, and then only in 2 of the 5 animals tested.
Although the subsequent CF antibody response to
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TABLE 4

GROWTH OF WILD-TYPE INFLUENZA A2/1965 VIRUS AND OF ts-MUTANTS IN HAMSTERS

Geometric mean (and range) of logio virus titre per ml Proportion Recip.
Virus Dose of 10 % lung suspension on indicated day after inoculation a o animls m .
inoculum (PFU per ______ ______ ________________ developing mean CF

animal) CF antibody titre
1 2 3 4 5 bydaygb (day 9)

Wild type 104.0 3.4 2.7 1.2 1.1 0.3 16/16 30C
(3.2-3.9) (2.2-2.9) (0.4-1.9) (0.0-1.9) (0-0.9)

ts-1 104.0 0.0 0.3 0.0 0.0 0.0
(0-1.2)111 20

ts-2 104.4 1.1 2.0 1.9 0.9 0.8 1/43
(0.7-1.9) (1.5-2.5) (0-3.5) (0-1.5) (0-1.5) 14/14 34C

a For inoculation, 7-8-week-old hamsters were anaesthetized with pentobarbital administered intraperitoneally and the virus
was given intranasally in 0.1-mi volume. For virus assay the animal was similarly anaesthetized, and exsanguinated by right ven-
tricular puncture after thoracotomy. Both lungs were removed, ground with alumina, suspended in 5 ml of Hanks' balanced salt
solution, clarified by centrifugation (500 g, 20 min), and frozen for storage. The virus titre of the tissue suspension was determined
in rhesus monkey kidney tubes (10-fold dilution, 2-3 tubes per dilution), and TCIDso end-points were calculated by the method of
Karber. Except for day 5, when 3 animals in each group were studied, each entry represents the results obtained in 5 animals.

b All animals were seronegative (<1: 2) by CF up to the end of day 5; in other experiments the antibody response began
6-8 days after inoculation.

c These differences were not significant (P>0.1).

ts-l occurred at about the same time as with the ts-2 in the lungs on day 2 was significantly lower than
wild-type virus, the titres observed were somewhat that observed with the wild type on either day 1 or
lower. Mutant ts-2 grew to higher titre than day 2 (P < 0.02). The CF antibody response to
mutant ts-1 in the lungs, and the peak of virus pro- ts-2 was indistinguishable from that to the wild type.
duction was also delayed until the 2nd day after In another experiment, hamsters were infected
inoculation. The maximum level of virus growth of via the nasal route with either of the ts mutants, with

TABLE 5

RESISTANCE OF HAMSTERS PREVIOUSLY INFECTED WITH ts-1 OR ts-2 MUTANT
OF INFLUENZA A2/1965 VIRUS OR WITH OTHER VIRUSES TO SUBSEQUENT CHALLENGE

Hamsters infected
4 weeks previously with

Influenza A2, wild type

Influenza A2, ts-2

Influenza A2, ts-1

Influenza B/1963

Not infected c

Hamsters
challenged

with
10' TCID5o of

Influenza A2,
wild type

No. in
group

13

13

12

13

12

Mean titre of virus
recovered 1-3 days

after challenge
(logio TCIDso ml of
10% lung susp.)

1.0 a

1.0 a

1.7 a

3.2

3.3

No. of hamsters with
indicated pulmonary

virus titre (logio
TCID5o,'ml of 10% lung

susp.)

< 1.2 > 2.0

12 a

1 0 a

8 b

2

3

5

11

11

Influenza B/1963 9 07a ga

Influenza A2, wild type Influenza 11 3.5 2 9

Influenza A2, ts- 11 3.6 1 10

Not infected c 10 3.8 1 9

a Significantly different from previously uninfected controls (P<0.005).
b Significantly different from previously uninfected controls (P = 0.02).
c Inoculated with medium at time of infection.
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the wild-type influenza A2 parent strain, or with
wild-type influenza B virus. Approximately 4 weeks
later they were challenged with either wild-type
influenza A2 or wild-type influenza B virus (Table 5).
Both ts-I and ts-2 provided significant protection
against wild-type influenza A2 challenge, although
ts-l provided somewhat less protection under these
conditions than prior immunization with either the
wild type or ts-2. The protection appeared to have
certain " all-or-none" features in that the pulmonary
virus titres of the immunized animals were either
very low or nearly as high as those of the control
animals. No protection was offered by previous
heterotypic infection, and this specificity of the
protective effect makes it extremely unlikely that
the protection observed was due to interferon.
A similar protection experiment was performed in

mice, although in this instance the challenge virus
was another A2 strain (Taiwan/64) that had been
adapted to produce lung lesions in mice (Table 6).

TABLE 6

RESISTANCE OF MICE PREVIOUSLY INFECTED WITH ts-1
OR ts-2 MUTANT OR WITH WILD TYPE OF INFLUENZA

A2/1965 TO SUBSEQUENT CHALLENGE WITH A
MOUSE-PATHOGENIC STRAIN OF INFLUENZA

A21Taiwan ;1964

Ir
A

a 10 pneumonia dose5o (103-'ElDso) per mouse given intra-
nasally in 0.05 ml.

b Severity of pneumonia was graded from 0 to 4, based
upon extent of consolidation in mice with lesions.

c Compared with previously uninfected mice, P<0.0001 (x',
Yates correction).

Prior infection with either ts-l, ts-2, or the wild-
type influenza A2/1965 strain provided significant
protection against the development of pneumonia
after challenge with mouse pathogenic influenza
A2/Taiwan/64.

CONCLUSIONS

The cold-adapted variant of influenza virus A2/
Hong Kong/68 that we tested in volunteers was not
attenuated, although its infectivity was apparently
reduced, and thus it appears that cold adaptation
does not offer a reliable means of attenuating in-
fluenza virus. This virus did not exhibit marked
reduction in growth at 39°C compared with growth
at 34°C.
The development of ts mutants for use in vaccines

appeared to be more promising on the basis of
studies performed in experimental animals. Both of
the 2 ts mutants thus far selected produced a modified
infection in hamsters when compared with the wild
type, and the degree of growth restriction in vivo
(as measured by pulmonary virus titre) correlated
with the degree of temperature restriction in vitro.
Restriction of growth of the 2 mutants in the
hamster lung was of particular interest since these
mutants complemented each other, and thus pre-
sumably had temperature-sensitive lesions in differ-
ent cistrons. This suggests that the temperature
sensitivity of the mutations, rather than the bio-
chemical nature of the genetic lesions, was of
primary importance in producing a modified pattern
of growth.

Prior infection with both ts mutants offered
specific protection against subsequent challenge by
wild-type virus of either the same or a slightly
different strain. This protection could be demon-
strated either as a reduction in pulmonary virus
titre or as a decrease in the incidence of pneumonia.

Further studies with these and other ts mutants in
animals and volunteers will determine whether the
degree of temperature restriction in vitro is a reliable
measure of growth restriction and attenuation of
influenza viruses in vivo, and whether such genetic-
ally modified viruses are suitable for use as im-
munizing agents against influenza virus disease.
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