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ABSTRACT A DNA copy of the influenza virus hemagglu-
tinin gene, derived from influenza virus A/Jap/305/57 (H2N2)
was inserted into the genome of vaccinia virus under the control
of an early vaccinia virus promoter. Tissue culture cells infected
with the purified recombinant virus synthesized influenza hem-
agglutinin, which was glycosylated and transported to the cell sur-
face where it could' be cleaved with trypsin into HAI and HA2
subunits. Rabbits and hamsters inoculated intradermally with re-
combinant virus produced circulating antibodies that inhibited
hemagglutination by influenza virus. Furthermore, vaccinated
hamsters achieved levels of antibody similar to those obtained upon
primary infection with influenza virus and were protected against
respiratory infection with the A/Jap/305/57 influenza virus.

The construction of infectious hybrid- viruses by genetic en-
gineering provides a method of producing live vaccines. A can-
didate vaccine of this type was constructed by inserting the
hepatitis B virus surface antigen gene into vaccinia virus (1, 2).
Vaccinia virus was selected as a vector because the large ge-
nome size and absence of stringent packaging constraints allow
the introduction of foreign DNA without loss of infectivity (3-
5). In addition, vaccinia virus has a wide host range, permitting
veterinary and medical applications, and has been used suc-
cessfully worldwide for mass immunization against smallpox.
The strategy we use to insert and express foreign DNA in

vaccinia virus has been described elsewhere in detail (6, 7). Es-
sentially, the construction of vaccinia virus recombinants is car-
ried out in two stages. First, recombinant DNA techniques are
used to assemble a plasmid containing a chimeric gene flanked
by vaccinia virus DNA. The chimeric gene has the transcrip-
tional regulatory signals and RNA start site of a vaccinia virus
gene (8-10) adjacent to the translational start site and foreign
protein coding sequence of a foreign gene. The next stage is the
insertion of the chimeric gene into vaccinia virus. This occurs
by homologous recombination in cells that have been infected
with vaccinia virus and transfected with the plasmid containing
the chimeric gene by using protocols similar to those described
for marker rescue (11-13). The site of insertion is determined
by the flanking DNA sequences present in the plasmid. Al-
though any nonessential region of the vaccinia genome could
be 'used to flank the chimeric gene, we routinely use segments
of the vaccinia virus gene for thymidine kinase (TK) (10) be-
cause recombinants will then have a TK-negative phenotype
and can be selected by plaque formation in the presence of
BrdUrd. This process has been simplified by the construction
of plasmid insertion vectors that have properly positioned re-

striction sites for the insertion of the foreign gene segment (6,
7).

In this communication, we describe the formation and prop-
erties of a vaccinia virus recombinant that contains the influ-
enza virus gene for hemagglutinin (HA). The HA genes from
several influenza subtypes have been cloned and their se-
quences determined (14-18), and some of these have been ex-
pressed in simian virus 40 (SV40) virus vectors (19-22). The
product -of this gene is probably the most thoroughly studied
integral membrane protein: its three-dimensional structure has
been determined (23), antigenic sites have been mapped (24),
and mutations affecting antigenicity, post-translational pro-
cessing, and transport have been described (19, 22, 25). Of cen-
tral importance is the fact that antibodies against this protein
neutralize the infectivity of influenza virus (26). The purpose
of the present study was to determine whether a cDNA copy
of the HA gene could be expressed in a vaccinia virus vector.
We found that the HA polypeptide was glycosylated and trans-
ported to the surface of the cell and that intradermal inocu-
lation of experimental animals with the vaccinia virus recom-
binant led to the production of circulating antibodies to HA and
protection against respiratory infection with influenza virus.

MATERIALS AND METHODS

Viruses. Vaccinia virus (strain WR) was obtained from the
American Type Culture Collection, grown in HeLa cells, and
purified from cytoplasmic extracts by sucrose gradient cen-
trifugation (27). Influenza virus A/Jap/305/57 (H2N2) was ob-
tained from the Research Resources Branch of the National In-
stitute of Allergy and Infectious Diseases and grown in 10-day-
old chicken embryos.

Cells. HeLa cells were grown in Eagle's medium supple-
mented with 5% horse serum. Human 143 TK- cells (obtained
from K. Huebner, Wistar Institute) were grown in Eagle's me-
dium with 10% fetal bovine serum and 25 jug of BrdUrd per ml.
CV-1 cells were grown in Dulbecco's modified medium con-
taining 10% fetal bovine serum.

Preparation of DNA. DNA was extracted from purified vac-
cinia virus as described (28). Plasmid recombinants were con-
structed and used to transform bacteria by standard methods
(29). After chloramphenicol amplification (30), bacteria were
lysed by the alkaline NaDodSO4 method (31), and plasmid DNA
was purified by CsCl/ethidium bromide equilibrium density
gradient- centrifugation. DNA fragments were isolated from
agarose gels by electroblotting onto DEAE paper (32).

Abbreviations: bp, base pair; HA, hemagglutinin; kb, kilobase; TCID50,
tissue culture infectious dose that infects 50%; TK, thymidine kinase;
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Transfection and Isolation of Recombinant Virus. CV-1 cells
infected with wild-type vaccinia virus were transfected with cal-
cium phosphate-precipitated plasmid DNA as described (13).
TK- recombinants were isolated by plaque assay in TK- cells
in the presence of BrdUrd and were distinguished from spon-
taneous mutants by dot-blot DNA:DNA hybridization (4). After
two successive plaque purifications, virus was amplified by in-
fecting TK- cell monolayers in the presence of BrdUrd and then
grown in HeLa cells without selection.

Antibody Binding to Viral Plaques. Monolayers of CV-1 cells
(25 cm2), containing plaques formed by virus addition 2 days
earlier, were rinsed with phosphate-buffered saline and then
fixed to the plastic Petri dishes by addition of 4 ml of cold
methanol. After 10 min, the monolayers were washed three times
with buffered saline and incubated successively for 1-hr inter-
vals at room temperature on a rocking platform with (i) 4 ml of
4% bovine serum albumin/0.02% sodium azide; (ii) the same,
supplemented with either goat anti-influenza anti-serum or rabbit
anti-vaccinia antiserum; (iii) the same, supplemented with 0.5
,uCi (1 Ci = 37 GBq) of 125I-labeled staphylococcal A protein.
The plates were washed extensively with buffered saline before
and after addition of staphylococcal A protein.

Polypeptide Analysis. CV-1 monolayers were infected with
30 plaque-forming units per cell of vaccinia virus or similar
amounts of influenza virus. From 2 to 6 hr after infection, ap-
proximately 3 x 106 cells were labeled with 80 1Ci of [3S]me-
thionine (1,000 Ci/mmol, Amersham) in medium otherwise
lacking this amino acid. As described (1), cells were lysed with
0.5% Nonidet P40 and incubated with preimmunization goat
serum followed by formalin-treated staphylococcal cells (ref.
33; Calbiochem-Behring). After centrifugation, the superna-
tant was incubated with goat anti-influenza virus A/Jap/305/
57 antiserum followed by staphylococcal cells. Immunoprecip-
itated polypeptides were resolved by electrophoresis through
a 15% polyacrylamide gel and detected by autoradiography.

Animal Studies. Twenty-week-old Golden Syrian hamsters
were anesthetized with ether, and their lateral abdominal walls
were shaved. One side received an intradermal injection of 108
plaque-forming units of either wild-type vaccinia or vaccinia
recombinant vlnfl-in 0.1 ml, and the other side received the
same amount of virus by scarification. A separate group of an-
imals received 1050 TCID50 units (TCID50 = tissue culture in-
fectious dose that infects 50%)-of influenza virus A/Jap/305/
57 intranasally in 0.1 ml. The three groups of animals (10 per
group) were bled through the retro-orbital plexus on days 0, 12,
22, and 40, and sera from each animal were tested individually
for antibodies to influenza HA by the hemagglutination inhi-
bition test (34) with influenza virus A/Jap/305/57 as antigen.
On day 40, each hamster was anesthetized by intraperitoneal
injection of pentabarbital and inoculated intranasally with 105-0
TCID50 units of influenza virus A/Jap/305/57 in 0.1 ml. One
or 2 days later, the lungs and nasal turbinates were removed
(five animals per day per group) and 10% (wt/vol) tissue ho-
mogenates were prepared and assayed for influenza infectivity
on MDCK cell monolayers as described (35).

Pairs of female white rabbits also were inoculated by in-
tradermal injection of 108 plaque-forming units of either wild-
type vaccinia or recombinant vInfl in 0.1 ml. Rabbits were bled
from their ears on days 0, 14, 33, and 62, and sera were tested
for antibodies to influenza HA as above.

RESULTS
Construction of Plasmid and Virus Recombinants. The con-

struction of a chimeric gene containing the transcriptional reg-
ulatory signals and RNA start site of an early vaccinia virus gene
and the translational start site and coding sequences of the in-
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FIG. 1. Construction of recombinant plasmids. ---, Influenza HA
DNA; cj, vaccinia transcriptional regulatory sequence (P) including
RNA start site; -, flanking vaccinia virus DNA including inter-
rupted TK gene;-, plasmid DNA.

fluenza HA gene are diagrammed in Fig. 1. The starting plas-
mids were pJHB16, which contains a 1.7-kilobase (kb) segment
of the HA gene of influenza virus A/Jap/305/57 (20), and pGS20,
which contains a 265-base-pair (bp) segment including the tran-
scriptional regulatory signals and RNA start site of an early vac-
cinia virus gene translocated within the body of the TK gene
(4, 6, 7). In pJHB16, a synthetic HindIII linker precedes the
first nucleotide of the HA translation initiation codon, and a
BamHI site occurs at the distal end of the gene. The HindIII
site of pJHB16 was changed to a BamHI site so that the HA
segment could be cloned into the unique BamHI site of pGS20.
The resulting plasmids, pGS36 and pGS37, contain the HA gene
correctly and incorrectly oriented with respect to the vaccinia
promoter and were distinguished by agarose gel electropho-
resis of Sal I restriction endonuclease digests. The two plasmids
were then used to transfect CV-1 cells infected with wild-type
vaccinia virus. Homologous recombination between vaccinia
TK sequences in the plasmid and virus genome resulted in in-
sertion of the HA gene into vaccinia virus. The virus progenies
were then plaque-assayed on TK- cells in the presence of BrdUrd
to select TK- recombinants. The latter were distinguished from
spontaneous TK- mutants by dot-blot hybridization to 32P-la-
beled influenza virus HA DNA. After two plaque purifications,
recombinant virus stocks derived from pGS36 and pGS37 were
called vInfl and vInf2, respectively.

Analysis of Recombinant Virus DNA. DNA was extracted
from purified virus particles, digested with appropriate restric-
tion endonucleases, and separated by agarose gel electropho-
resis. DNA fragments were transferred to duplicate nitrocel-
lulose sheets by bidirectional blotting and hybridized to 32p-
labeled DNA from the TK-containing HindIII J fragment of
vaccinia virus or the HA gene of influenza virus. Autoradio-
graphs of HindIII digests demonstrated that the 5-kb HindIII-
J fragment of wild-type vaccinia virus was replaced by a 7-kb
fragment in both vInfl and vInf2 (Fig. 2 Left). As predicted,
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FIG. 2. Analysis of recombinant vi-
rus DNA. DNA extracted from purified
virus was digested with restriction endo-

-'6.5 nucleases HindllI, BamHI, or Sal I. DNA
fiagments were resolved by electrophore-
sisthrough a 0.6% agarose geland trans-
ferred by blotting to sheets of nitrocellu-
lose placed above and below the gel. The

Lam. 41.9 sheets ofnitrocellulose were hybridized to
either the purified Hindu J DNA frag-
ment of vaccinia virus or the HA gene of
influenza virus labeled with 32p by nick-
translation (36). WT, wild-type vaccinia
virus; vInf1 and vInf2, recombinant vac-
cinia viruses derived from plasmids pGS36
and pGS37, respectively. The sizes of DNA
fragments are indicated in kb.

the 7-kb fragments hybridized to influenza virus HA DNA (Fig.
2 Right). Upon BamHI digestion, two bands of 4.6 kb and 1.7
kb that hybridized to the vaccinia HindIII J fragment were pro-
duced from each recombinant instead of the single 6-kb frag-
ment produced from wild-type virus (Fig. 2 Left). The sizes of
these fragments are consistent with the presence of a BamHI
site upstream of the TK gene (J. Weir, personal communica-
tion) and the introduction of new BamHI sites in the recom-
binants. A single 1.7-kb fragment that hybridized to the influ-
enza HA gene (Fig. 2 Right) was released from both vlnfl and
vlnf2. This represents the entire inserted HA fragment, and its
similarity in size with the BamHI fragment that hybridized to
vaccinia HindIII J DNA is coincidental.

The orientation of the inserted HA gene was demonstrated
by Sal I digestion. Cleavage of vInfl DNA produced a fragment
of 6.5 kb that hybridized to both influenza HA and vaccinia
HindIll J DNA probes (Fig. 2). This band contained the entire
HA gene (except for 90 bp at the 5' end) and nearly 5 kb of
vaccinia DNA including sequences downstream of the TK gene.
Another 1.3-kb fragment containing sequences upstream of the
TK gene hybridized only to the vaccinia probe. A smaller frag-
ment of 390 bp, representing 90 bp of the HA gene joined to
the translocated vaccinia promoter, ran off the gel. Cleavage of
vInf2 DNA with Sal I produced 5-kb and 1.3-kb fragments that
hybridized to vaccinia DNA and a 1.9-kb fragment that hy-
bridized to influenza HA DNA (Fig. 2) and represented the
translocated vaccinia promoter joined to the distal 1.64 kb of
the HA gene. Hybridization of the 5-kb fragment to HA DNA
was not detected because only 90 bp of the latter was present.

These data indicate that both vInfl and vlnf2 contain the en-
tire influenza HA gene inserted into the TK gene of vaccinia
virus. However, in vInfl the HA gene is correctly oriented with
respect to the translocated vaccinia promoter, whereas in vInf2
it is incorrectly oriented. Additionally, the absence of the 5-kb
HindIII J fragment in either of the recombinants indicates that
there is no detectable wild-type virus. The latter conclusion was
reached independently by the finding of identical virus titers
upon plaque assay in TK- cells in the presence and absence of
.BrdUrd (not shown), and by plaque-antibody binding experi-
ments described below.

Expression of the Influenza HA Gene. Evidence for the
expression of influenza HA in cells infected with vlnfl was ob-

tained by the binding of antibody prepared against influenza
A/Jap/305/57 to virus plaques. Antibody binding was de-
tected by incubation with "2I-labeled staphylococcal A protein
followed by autoradiography (Fig. 3). A direct comparison of
the stained cell monolayer with the autoradiograph indicated
that all vInfl plaques bound antibody. In contrast, binding of
antibody was not detected with plaques formed by wild-type
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FIG. 3. Detection of HA expression by individual virus plaques.
Duplicate monolayers of CV-1 cells containing plaques produced by wild-
type vaccinia virus (WT) or recombinant viruses (vInfl and vInf2) were
washed and fixed to the plastic Petri dishes. Binding of anti-vaccinia
(Left) or anti-influenza (Right) antibodies followed by incubation of 125I-
labeled staphylococcal A protein was carried out as described. Auto-
radiographs are shown.
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FIG. 4. Characterization ofHA polypeptide made by vaccinia virus
recombinant. CV-1 monolayers were mock-infected (lane U) or infected
with wild-type (laneWT) or recombinant (lanes vInfl or vInf2) vaccinia
virus or influenza virus (lane Flu) and then incubated from 2 to 6 hr
later in methionine-free medium supplemented with 80 gCi of [3S1me-
thionine. Additional monolayers were incubated in parallel with tu-
nicamycin (2 pg/ml) or trypsin (2 ug/ml). HA polypeptides were then
immunoprecipitated with goat anti-influenza A/Jap/305/57 anti-
serum and fixed staphylococcal cells. Bound polypeptides were resolved
by electrophoresis on a 15% polyacrylamide gel. An autoradiograph is
shown. HAO, polypeptide of -75,000 daltons; NA/NP, neuraminidase/
nucleoprotein.

vaccinia virus or vInf2. However, plaques formed with all three
viruses bound antibodies prepared against vaccinia virus (Fig.
3).

To characterize the influenza HA polypeptide, cells infected
with vaccinia recombinant vInfl were pulse-labeled with [3S]-
methionine. Cell extracts were then incubated successively with
goat anti-influenza A/Jap/305/57 and fixed staphylococcal cells.
Bound polypeptides were dissociated with NaDodSO4 and re-

solved by polyacrylamide gel electrophoresis. As seen in the
autoradiograph (Fig. 4), a polypeptide of ;75,000 daltons (HAO)
was specifically immunoprecipitated from cells infected with
recombinant vInfl but not from uninfected cells or from cells
infected with -wild-type vaccinia virus or recombinant vInf2.
Additionally, this band comigrated with authentic influenza HA
immunoprecipitated from cells infected with influenza virus
(Fig. 4). Because the antiserum was made against total influ-
enza virus, other polypeptides including the nucleoprotein (NP)

and neuraminidase (NA) also were precipitated.
In cell lines permissive for production of infectious influenza

virus, the HA is 'glycosylated, transported to the cell surface,
and cleaved into two subunits, HAL and HA2. Although the
CV-1 cell line used in these experiments does not produce sig-
nificant cleavage of HA into subunits during influenza infec-
tion, -HA is transported to the surface, where it is susceptible
to cleavage with exogenous trypsin (37). Because a significant
portion of the influenza HA synthesized in cells infected with
recombinant vaccinia virus was cleaved with added trypsin (Fig.
4), we could conclude that it also was transported to the cell
surface. Immunofluorescence studies on vInfl-infected cells
that were fixed with formaldehyde to prevent cell permeabil-
ization also indicated a surface location of HA.(not shown).

Tunicamycin, a drug that blocks glycosylation of newly syn-

thesized polypeptides in the rough endoplasmic reticulum by
preventing formation of the dolichol-oligosaccharide donor (38),
was used to investigate whether the HA was glycosylated. This
drug reduced the size of the HA polypeptide produced by in-
fluenza virus and by the vaccinia recombinant to %63,000 dal-
tons (Fig. 4), consistent with the previously determined size of
nonglycosylated HA (39). These data and direct labeling ex-

periments with [3H]glucosamine (not shown) demonstrate that
the HA produced by vInfl is glycosylated in a manner similar
to authentic influenza HA.

Vaccination of Animals. The; ability of vaccinia virus recom-
binants to elicit an antibody response to influenza HA was tested
initially in rabbits. The recombinant virus used was purified by
sucrose gradient centrifugation and, at concentrations 50-fold
higher than that used for immunization, had no detectable in-
fluenza HA as judged by -the inability to agglutinate chicken
erythrocytes. Accordingly, synthesis of influenza HA by the
recombinant vaccinia virus in inoculated animals would be re-

quired to stimulate antibody production. Two pairs of rabbits
were inoculated intradermally with either wild-type vaccinia
virus or vInfl, and sera were assayed for antibodies to influenza
HA by hemagglutination inhibition test on 0, 14, 33, and 62
days after vaccination. In both rabbits vaccinated with vInfl,
significant antibody levels were detected by day 14, and the
titers increased to 1:128 and 1:64 on day 62. No antibodies to
HA were detected in the sera of animals vaccinated with wild-
type virus.
To investigate whether immunization-with vaccinia virus re-

combinants would protect animals against influenza virus in-
fection, a hamster model system was used (35). Groups of 10
animals were inoculated with either wild-type vaccinia, recom-

binant vInfl, or influenza A/Jap/305/57, and serum taken from
each animal on days 0, 12, 22, and 40 was tested for antibodies

Table 1. Antibody responses of hamsters inoculated with wild-type vaccinia, vaccinia recombinant vInfl, and influenza
A/Jap/305/57, and their responses to challenge with influenza A/Jap/305/57

Response to challenge with influenza
Geometric mean HAI antibody N with A/Jap/305/57

titer on indicated days* >4-fold increase N yielding Mean log1o titer
Inoculum 0 12 22 40 in HAI titer virus (TCIDro/g lung day 1)

Vaccinia '2 -2 '2 _2 0 8 4.4 ± 0.6
Recombinant

vInfl -2 74 104 104 10 2t* 2.6 ± 0.1011
Influenza
A/Jap/305/57 -2 49 97 49 10 1tt 2.6 ± 0.1*11

Ten animals were tested with each inoculum. HAI, hemagglutination inhibition; N, number of animals.
* Antibody titers are reciprocals.
t Significantly different from animals inoculated with wild-type vaccinia virus; P < 0.05 by Fisher's exact test.
tVirus recovered from these animals was at the lowest level detectable (1030 TCIDro/g of lung).
§ Significantly different from animals inoculated with wild-type vaccinia virus; P < 0.01 by Student's t test.
IIFor calculation of mean titers, animals from which virus was not recovered were assigned maximum possible values of 10-5
TCID5o/g of lung.
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to influenza HA. Antibodies to HA were not found in animals
vaccinated with wild-type vaccinia virus; however, in all ani-
mals inoculated with recombinant vInf1 or influenza A/Jap/305/
57, antibodies to influenza HA were detected CTable 1). More-
over, the mean levels of antibodies in these two groups of an-
imals were only significantly different on day 40, when the level
of antibodies in animals vaccinated with recombinant vInfl sig-
nificantly exceeded the levels in animals inoculated with in-
fluenza virus (Table 1).

The results of challenging all hamsters with influenza virus
40 days after initial inoculation are also shown in Table 1. These
data show that hamsters that initially received either the vac-
cinia recombinant vInfl or influenza virus were resistant to
challenge as indicated by a reduction in the number of animals
from which virus was recovered and by a decrease in the quan-
tity of virus recovered. Additionally, the resistance of these two
groups of animals to influenza infection did not significantly
differ.

DISCUSSION
In this communication, we describe the construction and prop-
erties of a vaccinia virus recombinant that contains the influ-
enza HA gene. The recombinant is infectious and is stable upon
repeated passage in tissue culture cells. The influenza HA cod-
ing sequences are under control of an early vaccinia virus pro-
moter, and the chimeric gene is expressed in tissue culture cells.
The product appears to be authentic because it comigrates with
HA made by cells infected with influenza virus and is glyco-
sylated and transported to the cell surface, where it can be
cleaved to HAl and HA2 subunits.

This and other influenza HA genes previously have been ex-
pressed in SV40 vectors (19-22). The novel aspect of the vac-
cinia virus vector is that the infectivity and wide host range of
the original virus is retained. This feature can be important in
a variety of experimental situations particularly those in which
animals are involved. Animals inoculated intradermally with
vaccinia virus recombinant vInfI develop antibodies to influ-
enza HA. Moreover, the antibody levels were equivalent to or
higher than those obtained after infection with live influenza
virus. By inserting mutated HA genes into vaccinia virus, it
should be possible to analyze their effects on both humoral and
cell-mediated immunity. This would seem to be a unique method
of determining which regions of the HA molecule are impor-
tant for an immune response during a live infection.
The high level of antibody produced by hamsters vaccinated

with the recombinant virus was correlated with resistance of
those animals to challenge 6 weeks later with infectious influ-
enza virus. Perhaps most significant was the fact that the an-
imals were vaccinated intradermally on their backs and were
challenged by the intranasal route. The acquisition of sufficient
local immunity to prevent respiratory infection suggests that
vaccinia virus recombinants could be used as a vaccine to pre-
vent infection with influenza or other respiratory viruses in man
or other animals. Because at least 25 kb of foreign DNA can be
inserted into vaccinia virus vectors (5), different genes or mul-
tiple serotypes of the same gene can be used simultaneously.
In the case of influenza virus infections of man, the rapid an-
tigenic variation still poses serious problems. Although new
vaccinia virus recombinants could rapidly be constructed (7),
frequent vaccinations would undoubtedly limit the intradermal
growth of the recombinant and the production of antigen. At-
tempts are currently being made to produce high expression
vectors that might produce sufficient antigen after relatively
few rounds of virus replication during secondary vaccinations.
It also should be possible to produce more attenuated forms of
vaccinia virus that produce milder primary vaccination reac-
tions.

We thank Mary-Jane Gething and Joe Sambrook for generously pro-
viding cloned influenza HA, Norman Cooper for maintaining cell lines
and purifying vaccinia virus, and Jeanne Carolan for editorial services.
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