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Two attenuated influenza A donor viruses, the A/Udorn/72 ¢s-1A2 and the A/
Ann Arbor/6/60 cold-adapted (ca) viruses, are being evaluated for their ability to
reproducibly attenuate each new variant of influenza A virus to a specific and
desired level by the transfer of one or more attenuating genes. Each of these
donor viruses has been able to attenuate influenza A viruses belonging to the
H3N2 subtype by the transfer of one or more attenuating genes. To determine
whether these two donor viruses could attenuate a wild-type virus that belonged
to a different influenza A subtype, ts-1A2 and ca recombinants of a wild-type
virus representative of the A/USSR/77 (HIN1) Russian influenza strain were
prepared and evaluated in adult doubly seronegative volunteers at several doses.
The recombinants derived from both donor viruses were attenuated for the
doubly seronegative adults. Less than 5% of infected vaccinees developed a febrile
or systemic reaction, whereas five of six recipients of wild-type virus developed
such a response. The 50% human infectious dose (HIDs) for each recombinant
was approximately 10> 50% tissue culture infective doses. The virus shed by the
ts-1A2 and ca vaccinees retained the ts or ca phenotype, or both. This occurred
despite replication of the recombinant viruses for up to 9 days. No evidence for
transmission of the ca or ¢s-1A2 recombinant virus to controls was observed. A
serum hemagglutination inhibition response was detected in less than 50% of the
infected vaccinees. However, with the more sensitive enzyme-linked immunosor-
bent assay, a serological response was detected in 100% of the ca vaccinees given
300 HIDs, and approximately 70% of ca or ts vaccinees who received 10 to 32
HIDs, of virus. These results indicate that the recombinants derived from both
donor viruses were satisfactorily attenuated and were stable genetically after
replication in doubly seronegative adults although they induced a lower serum
hemagglutination inhibition response than that found previously for H3N2 ¢s and
ca recombinants.

Attenuation of new strains of influenza A virus
can be accomplished rapidly by transferring at-
tenuating genes from an attenuated donor virus
to each new epidemic or pandemic strain by
genetic reassortment (14). In the United States,
temperature-sensitive (¢s) and cold-adapted (ca)
donor viruses are being evaluated for their abil-
ity to reproducibly attenuate each new variant
of influenza A virus to a specific and desired
level by the transfer of one or more attenuating
genes (14). One donor virus, the influenza A/
Udorn/72-ts-1A2 virus, is a temperature-sensi-
tive recombinant virus that has a 37°C shutoff
temperature of plaque formation in vitro and

has ¢s mutations on the genes coding for the P1
and P3 polymerase proteins (10, 18). The ts
mutations in this virus were originally induced
by mutagenesis of its parent viruses with flu-
rouracil (18, 24). The A/Udorn/72-ts-1A2 par-
ent virus and its A/Victoria/75-ts-1A2 (H3N2),
A/Alaska/77-ts-1A2 (H3N2), and A/Hong
Kong/77 (A/HK/77)-ts-1A2 (HIN1) recombi-
nants that possessed both ¢s-1A2 ts lesions ex-
hibited a 10,000-fold reduction of virus replica-
tion in the lungs of hamsters and a 100-fold
reduction in the nasal turbinates (19, 20; B. R.
Murphy, N. T. Hosier, and R. M. Chanock,
unpublished observations). These results indi-
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cated that the two ¢s-1A2 ts genes could impose
a specific and reproducible restriction of viral
replication in animals. The A/Victoria/75-ts-
1A2 (H3N2) and A/Alaska/77-ts-1A2 (H3N2)
recombinants have subsequently been found to
be satisfactorily attenuated in adult seronegative
volunteers (11, 12).

The second donor virus, the A/Ann Arbor/6/
60 (A/AA/6/60) ca virus, also has a 37°C shutoff
temperature for plaque formation and is cold
adapted; i.e., it can replicate and produce
plaques with much greater efficiency than wild-
type virus in chick kidney monolayer cultures
incubated at 25°C (7, 8). This donor virus was
produced by multiple passages at successively
lower temperatures (33 to 25°C) in primary
chick kidney cultures (8). The A/AA/6/60 ca
virus gene(s) that confers the ¢s and the ca
phenotype and those that confer attenuation
have not been identified. However, it is believed
that they reside on one or a combination of the
RNA1, RNA3, and NP genes because these
genes are present in all ca recombinants pro-
duced to date that possess both the ca and ts
phenotypes (1). The transfer of five or six genes
from this donor virus to several wild-type viruses
was regularly achieved during gene reassortment
at 25°C and resulted in attenuation of such
recombinants for ferrets (1, 2, 9). Evaluation of
three H3N2 ca recombinants, A/Queensland/72,
A/Victoria/75, and A/Alaska/77, in seronega-
tive volunteers indicated that these were satis-
factorily attenuated and antigenic (2, 4, 13). In
contrast, an A/Scotland/74 ca recombinant vi-
rus retained the capacity to induce febrile dis-
ease at doses of 10”° 50% tissue culture infective
doses (T'CIDs) and higher, although this febrile
illness was milder and of shorter duration than
that caused by wild-type virus (13).

To determine whether these two donor viruses
could attenuate a wild-type virus that belonged
to a different influenza A subtype, ts-1A2 and ca
recombinants of a wild-type virus (A/HK/123/
77) that was antigenically representative of the
A/USSR/77 (HIN1) “Russian” influenza strain
were prepared and evaluated in adult seronega-
tive volunteers at several doses. The adult vol-
unteers were selected by age and by serological
status so that they lacked known experience
with both the H1 hemagglutinin (HA) and N1
neuraminidase (NA); i.e., they were doubly ser-
onegative. The majority of these volunteers were
born after the disappearance of H1N1 strains
during 1957 and had not been infected with
H1N1 virus during the 1977-78 influenza season.
The recombinant vaccine viruses, therefore,
should replicate in these hosts without restric-
tion resulting from immunity to the HA and NA
antigens and thus provide a stringent test of the
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level of residual virulence and of the antigenicity
of the attenuated viruses. The results indicate
that the recombinants derived from both donor
viruses were satisfactorily attenuated for doubly
seronegative adults although their antigenicity
was less than that found previously for H3N2
recombinants (11-13).

MATERIALS AND METHODS

Viruses. The A/HK/123/77 (H1N1) wild-type vi-
rus, antigenically similar to the A/USSR/90/77 pro-
totype strain, was isolated from throat swab material
in the allantoic cavity of specific-pathogen-free embry-
onated hen eggs. The virus was then passaged twice in
primary calf kidney (BK) cultures at 34°C and cloned
by plaque passage in monolayer cultures at 34°C and
then at 39°C as described (11). The virus was passaged
once more at 37°C in BK cultures and inoculated into
the allantoic cavity of the embryonated hen egg (Spa-
fas, Inc., Norwich, Conn.). This A/HK/123/77 virus
suspension (passage history of egg 1, BK-5, egg 1)
titered 10”7 TCIDso/ml in Madin-Darby canine kidney
(MDCK) monolayer cultures. The cloned wild-type
virus was used as the wild-type parent in matings with
the donor viruses and was evaluated for virulence in
volunteers in the present study.

The preparation of the A/HK/123/77-ts-1A2 clone
144 virus (passage history after recombination BK-3,
egg 1) has been described (B. R. Murphy et al., sub-
mitted for publication). This virus possessed a 37°C
shutoff temperature and both ¢s-1A2 ts lesions (Mur-
phy et al., submitted for publication). The virus was
cloned at 34°C in BK cultures and inoculated into the
allantoic cavity of embryonated hen eggs. This sus-
pension had a titer of 10%® TCIDs/ml in MDCK
cultures.

The A/HK/123/77 ca recombinant virus (CR-35,
clone 2) was produced by mating the A/AA/6/60
(H2N2) ca virus with the cloned A/HK/123/77
(H1N1) wild-type virus, and the ca recombinant was
selected and cloned as described previously (1, 9). The
CR-35 clone 2 virus had a 37 to 38°C shutoff temper-
ature of plaque formation in MDCK monolayer cul-
tures and received all genes except those coding for
the HA and NA proteins from the A/AA/6/60 ca
parent (1). The virus suspension (passage history after
recombination, chick kidney, egg 1) titered 10™*
TCIDso/ml on MDCK monolayer cultures.

Studies in volunteers. Volunteers were 25 years
old or younger (most were less than 20 years old) and
had a hemagglutination inhibition (HAI) antibody
titer of <1:8 and a neuraminidase inhibition (NI) an-
tibody titer of <1:2. The facilities for isolation of the
volunteers, the collection and testing of specimens,
and the methods for evaluation of clinical response
have been described (11, 15). For the HAI test, the
split vaccine A/USSR/92/77 (Parke, Davis & Co.,
Detroit, Mich.) was used as antigen to increase the
sensitivity of detection of antibody (5; G. Noble and
A. Kendal, unpublished observations). For the NI test,
a recombinant was used that had the hemagglutinin
of the A/equine 1/Prague/56 virus and the neuramin-
idase of the A/USSR/92/77 virus. This recombinant
was incubated with the fetuin substrate at 30°C rather



350 MURPHY ET AL.

than at 37°C because preliminary analysis suggested
that the N1 enzyme was more stable at 30°C than at
37°C during the overnight incubation period. To de-
termine whether a serological response occurred in
vaccinees, the highly sensitive enzyme-linked immu-
nosorbent assay (ELISA) was used, with whole inac-
tivated A/USSR/92/77 as antigen (16). The sera from
volunteers who did not develop an HAI antibody
response were tested by ELISA with a goat anti-hu-
man immunoglobulin G (IgG) enzyme conjugate. Sera
that were negative with the anti-IgG conjugate were
then tested with an anti-IgM conjugate as described
previously (16).

RESULTS

Evaluation of A/HK/123/77 (HIN1) wild-
type virus. Six adult volunteers received 10*2
TCIDs, of cloned wild-type virus, and each was
infected as determined by recovery of virus (Ta-
ble 1). Five of the volunteers developed a febrile
response or systemic symptoms, or both, which
lasted for 48 to 96 h. This indicated that the A/
HK/77 wild-type virus was virulent, and there-
fore attenuation resulting from the acquisition
of genes derived from the ¢s and ca donor viruses
could be determined.

Attenuation of the A/HK/123/77-ts-1A2
and -CR-35 recombinants for adults. The
ts-1A2 and CR-35 viruses were administered at
several doses intranasally to adult volunteers
(Table 1). Both viruses were found to be satis-
factorily attenuated for volunteers. The few up-
per respiratory tract illnesses observed with the
recombinant viruses were milder and of shorter
duration than those observed with wild-type
virus, i.e., a mean of 2.1 days for the attenuated
viruses versus 3.5 days for wild-type virus. Only
one of 26 volunteers infected with the ts-1A2
recombinant developed a mild febrile illness
(maximum temperature, 39°C) which lasted for
12 h. None of the 41 volunteers infected with
CR-35 virus became febrile.

The human 50% infectious dose (HIDs,) was
approximately 10°° TCIDs, for both recombi-
nants. An HAI antibody response was detected
in only approximately one-half of inoculated vol-
unteers, whereas each of the six volunteers ad-
ministered wild-type virus developed a serum
HAI antibody response. An NI antibody re-
sponse was detected in two of six volunteers
infected with wild-type virus and in less than 5%
of individuals given either recombinant. Pre-
and postvaccination sera from those vaccinees
who failed to develop an HAI antibody response
were tested by ELISA to determine whether this
more sensitive assay could detect evidence of
infection in additional volunteers. A significant
number of additional infections were detected
by ELISA. For example, each of the 13 volun-
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teers who were given 300 HIDs, (10™ TCIDs)
of the CR-35 virus and who failed to develop a
serum HAI antibody response developed a se-
rum antibody response detectable by ELISA.
Thus, 100% of these volunteers appeared to have
been infected with CR-35 virus. Similarly, addi-
tional infections were detectable by ELISA
among recipients of 10 to 32 HIDs, (10%° to 10%°
TCIDs) of the ts-1A2 recombinant, and this
increased the estimate of proportion of volun-
teers infected from 38 to 73%. Finally, antigenic-
ity of the CR-35 at a level of 10 to 100 HID5,
(10%° to 107° TCIDs;) appeared to be similar to
that of the ¢s-1A2 recombinant in approximately
the same dose range, 63 versus 73%.

A greater percentage of CR-35 than of ¢s-1A2
vaccinees shed virus. Vaccinees infected with
the CR-35 virus shed virus in slightly higher
titer and for a longer duration than did #s-1A2
vaccinees. The magnitude and duration of virus
shedding was much less for both groups of vac-
cinees than for volunteers infected with wild-
type virus. This observation is consistent with
the greatly reduced virulence of these recombi-
nants. Virus shed by both groups of vaccinees
retained the phenotypic properties of the re-
spective recombinant. Each of 62 isolates from
the CR-35 vaccinees retained the ¢s and ca phe-
notypes. Similarly, each of 19 isolates from the
ts-1A2 vaccinees were ¢s. To examine in more
detail the s phenotype of the virus shed by the
vaccinees, isolates from those vaccinees who
shed virus for 6 or more days were tested for
plaque formation at 34, 37, 38, and 39°C on
MDCK monolayer cultures (Tables 2 and 3).
The virus shed by the CR-35 vaccinees generally
retained the 37 to 38°C shutoff temperature of
the vaccine virus, with an occasional isolate ex-
hibiting a shutoff temperature of 39°C (Table
2). Virus shed by the two ts-1A2 vaccinees (Ta-
ble 3) retained the 37°C shutoff temperature.

Lack of transmission of recombinants.
No evidence for transmission of CR-35 or ¢s-1A2
recombinants to susceptible controls was ob-
served. Four doubly seronegative volunteers
were housed with ten CR-35 vaccinees (107
TCIDs), but virological or immunological evi-
dence of spread of virus was not observed. Sim-
ilarly, four susceptible controls were housed with
19 £s-1A2 vaccinees (10%° or 10°° TCIDs), 14 of
whom were infected. Similarly, no evidence for
transmission of the ts-1A2 recombinant to the
contacts was obtained.

DISCUSSION

The reappearance of the HIN1 virus in 1977,
20 years after it had last circulated in humans,
provided a unique opportunity to evaluate HIN1
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recombinant influenza A vaccine viruses in dou-
bly seronegative young adults (3). Two HIN1
recombinant vaccine viruses deriving attenuat-
ing genes from the A/Udorn/72-ts-1A2 virus or
from the A/AA/6/60 ca virus were found to be
satisfactorily attenuated in the volunteers. Fe-
brile or systemic illness was not observed among
41 volunteers infected with the CR-35 virus, and
only 1 of 26 volunteers infected with the #s-1A2
recombinant developed a mild, transient febrile
response. In contrast, wild-type virus induced
febrile or systemic illness in five of six volunteers
that lasted from 48 to 96 h. CR-35 and ¢s-1A2

INFECT. IMMUN.

recombinants induced upper respiratory symp-
toms less often than wild-type virus, and when
such symptoms occurred they were less severe
than those seen in association with wild-type
virus infection. No evidence for transmission of
CR-35 or ts-1A2 vaccine virus to controls was
observed.

The virus shed by vaccinees retained the ¢s or
ca phenotype, or both. This occurred despite
replication of the recombinant viruses for up to
9 days. In contrast, it had previously been found
that 25% of doubly seronegative children in-
fected with the A/HK/68-ts-1[E] virus shed vi-

TABLE 2. Characterization of isolates” from volunteers who received A/HK/123/77 ca recombinant (CR-35)
virus for level of temperature sensitivity and presence of the ca phenotype

Logo reduction of virus titer at

Day after .~ © L
Test Volunteer virus ad- mdz:::g trestnc't wit,:e;‘lﬁ f:om Shutoff ca pheno-
no. ministra- pe P temp (°C)* type”
tion 37°C 38°C  39°C

A 1 1 3.1 >3.7 -3.7 37 +
2 1.7 >33 >33 38 +
5 1.8 >3.3 >3.3 38 +
6 1.5 >39 >39 38 +
7 18 >4.2 >4.2 38 +
9 2.1 >4.1 >4.1 37 +
A 2 1 24 >33 >33 37 +
2 33 >3.8 >3.8 37 +
3 >3.8 >3.38 >3.8 37 +
8 >4.6 >4.6 >4.6 37 +
A 3 1 >3.6 >3.6 >3.6 37 +
2 >3.9 >3.9 >3.9 37 +
3 0.8 18 >3.9 39 +
5 3.1 >3.8 >3.8 37 +
6 2.7 >3.6 >3.6 37 +
7 3.0 >3.6 >3.7 37 +
B 4 1 1.6 >4.0 >4.0 38 +
3 0.5 >3.6 >3.6 38 +
4 0.1 >4.6 >4.6 38 +
5 1.2 >4.8 >4.8 38 +
6 0.8 >4.8 >4.8 38 +
7 1.0 >4.8 >4.8 38 +
B 5 1 15 >4.1 >4.1 38 +

2 0.8 >44 >4.4 38 Not tested
3 0.2 >4.2 >4.2 38 +
4 16 >4.4 >4.4 38 +
5 1.5 >4.4 >4.4 38 +
[ 0.8 >4.8 >4.8 38 +
C 6 1 1.0 28 >3.8 38 +
2 1.8 >4.6 >4.6 38 +
3 12 1.8 >5.5 39 +
4 2.5 >3.8 >2.8 37 +
6 0.6 >2.0 >4.0 38 +

Virus controls

A, A/HK/127/77 ca virus (CR-35) A/HK/123/77 >4.9 >4.9 >4.9 37 +
B, A/HK/127/77 ca virus (CR-35) A/HK/123/77 1.7 >4.6 >4.6 38 +
C, A/HK/127/77 ca virus (CR-35) A/HK/123/77 32 >3.2 >3.2 37 +
A, A/HK/23/77 wild-type virus A/HK/123/77 0.1 0.6 1.2 >39 0
B, A/HK/23/77 wild-type virus A/HK/123/77 0.0 0.2 1.2 >39 0
C, A/HK/23/77 wild-type virus A/HK/123/77 0.3 0.4 0.6 >39 0

“ Virus was isolated from nasal wash in MDCK cells and passaged once more in this cell line.

* Expressed as plaque-forming units per milliliter.

¢ Defined as the lowest temperature at which a 100-fold reduction of plaque formation occurs in MDCK monolayer cultures

compared with the titer at the permissive temperature (34°C).

“ Defined as the ability of a virus to plaque with equal efficiency in primary chick kidney monolayer cultures incubated at 25

and 34°C.
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TABLE 3. Temperature sensitivity of isolates from volunteers who received A/HK/123/77-ts-1A2
recombinant virus

Logo reduction of virus titer at indicated restrictive

Volunteer no. lzaly afte t::::: temp from titer at permissive temp Shutoff temp (°C)®
37°C 38°C 39°C

1 1 >2.6 >2.6 >2.6 37

2 >4.0 >4.0 >4.0 37

3 >4.3 >4.3 >4.3 37

4 >34 >34 >34 37

5 2.8 >4.7 >4.7 37

6 3.0 >4.5 >4.5 37

7 >3.0 >3.0 >3.0 37

2 2 4.4 >5.3 >5.3 37

3 44 >5.3 >5.3 37

5 3.9 >4.5 >4.7 37

7 >4.0 >4.0 >4.0 37

Virus controls

HK/77-ts-1A2 3.5 >4.8 >4.8 37
HK/77 wild type 0.2 0.3 1.0 >39

%% See Table 2.

rus that lost the ¢s phenotype (25). This ts* virus
emerged during the late period of virus shedding
(25). In the present study, the recombinant vi-
ruses that were shed, in general, retained the
same level of temperature sensitivity as the in-
put virus, indicating a high degree of genetic
stability of this property. In no instance did a
ts* virus emerge, and only two isolates from CR-
35 vaccinees showed evidence of shift in its ¢s
property, i.e., 38 to 39°C shutoff. The signifi-
cance of such a shift is unknown, but a ca A/
Alaska/6/77 (H3N2) recombinant with a 39°C
shutoff has been shown to be attenuated for
humans (Murphy et al.,, unpublished observa-
tions).

The HIDs, for each virus was approximately
10°° TCIDs. At 300 HIDs, the CR-35 virus
infected each of 24 volunteers. Only 45% of these
volunteers had a rise in HAI antibody titer, but
each manifested a seroresponse demonstrable by
the HAI or ELISA. The proportion of volunteers
infected by 10 to 32 HIDs, of the ts-1A2 recom-
binant increased from 38 to 73% when the results
of the ELISA were combined with those of the
HALI test. A similar increase in serological rec-
ognition was seen for volunteers given 10 to 100
HIDs, of the CR-35 virus: 25 to 63%. The low
frequency of serum HAI antibody response ob-
served with the HIN1 recombinants was signif-
icantly less than that seen previously with ca
and ?s-1A2 recombinants prepared from H3N2
wild-type viruses (2, 11-13). In light of the low
HAI response, it will be important to evaluate
the resistance induced by the CR-35 and ¢s-1A2
HI1N1 recombinants by using homologous wild-
type HIN1 virus challenge. The significance of

the antibodies detected by the ELISA remains
unknown.

If ts mutations are to be used for the construc-
tion of live influenza A virus vaccines, it is essen-
tial that such ¢s mutations regularly confer the
properties of attenuation, genetic stability, and
immunogenicity upon any new epidemic or pan-
demic virus into which they are transferred by
genetic reassortment. The two ¢s-1A2 ts genes
have regularly conferred a satisfactory level of
attenuation on two H3N2 viruses and one HIN1
virus in susceptible adults or children (11, 12; P.
Wright, unpublished observations). However,
emergence of virus that had lost the ¢s pheno-
type during infection of a young vaccinee with
the A/Alaska/77-ts-1A2 recombinant indicates
that the goal of complete genetic stability in this
highly permissive host has not been met (17). Of
interest, the A/Victoria/75-ts-1A2 (H3N2) re-
combinant and, in the present study, the A/HK/
123/77-ts-1A2 (H1N1) recombinant did not un-
dergo a change in the ¢s phenotype similar to
that seen with the A/Alaska/77-ts-1A2 recom-
binant (Wright, personal communication). The
basis for the differences in the genetic stability
of these three ¢s-1A2 recombinants is unclear.

The genes of the ca A/AA/6/60 virus that
confer the ca and ts phenotype have not been
completely defined, and it is not known whether
these mutations are responsible for attenuation.
Since the ca donor virus was passaged over 30
times in chick kidney tissue, it is possible that
this donor virus bears host range or other non-
ca, non-ts mutations that contribute to the at-
tenuation of the virus and its recombinants (14).
Irrespective of the identification of the genes
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that confer attenuation, it is clear that A/AA/
6/60 ca parent and its recombinant viruses are
attenuated for lower animals and humans (2, 8,
9, 13). Previously, the level of attenuation of the
A/AA/6/60 ca H2N2 parent virus could not be
fully determined in humans because the virus
was tested in volunteers who had experience
with virus(es) possessing H2N2 antigens (6). The
present study provided information bearing
upon this issue in that the CR-35 ca recombinant
virus, which possessed all non-glycoprotein
genes from the A/AA/6/60 parent, was satisfac-
torily attenuated in doubly seronegative adults.
P. Wright and colleagues (unpublished obser-
vations) have demonstrated that the CR-35 vi-
rus is also satisfactorily attenuated in doubly
seronegative children. These results indicate
that the genes present in this ca donor virus can
render an epidemic influenza A virus satisfacto-
rily attenuated for fully susceptible individuals.
However, some variation in the ¢s phenotype of
other ca recombinant viruses derived from the
A/AA/6/60 ca donor virus has been observed,
as well as some variation in their level of atten-
uation (9, 14, 23). In addition, viruses with al-
tered ca phenotype have been isolated from
vaccinees who received an H3N2 ca recombi-
nant (13). It is not known whether these altera-
tions in phenotypic markers are associated with
changes in the level of attenuation of the recom-
binants. Additional recombinants prepared from
other H3N2 and H1N1 wild-type viruses should
be evaluated in seronegative adults and the most
permissive host, the doubly seronegative child,
in order to identify those genetic properties of
ca recombinant viruses that are reproducibly
associated with attenuation, genetic stability,
and immunogenicity.
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