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Mice immunized with two intragastrically administered doses of a replication-deficient recombinant vaccinia
virus containing the hemagglutinin and nucleoprotein genes from H1N1 influenza virus developed serum
anti-H1 immunoglobulin G (IgG) antibody that completely protected the lungs from challenge with H1N1.
Almost all of the mice given two intragastric doses also developed mucosal anti-H1 IgA antibody, and those
with high anti-H1 IgA titers had completely protected noses. Intramuscular injection of the vaccine protected
the lungs but not the noses from challenge. We also found that the vaccine enhanced recovery from infection
caused by a shifted (H3N2) influenza virus, probably through the induction of nucleoprotein-specific cytotoxic
T-lymphocyte activity. A replication-deficient, orally administered, enteric-coated, vaccinia virus-vectored vac-
cine might safely protect humans against influenza.

The standard influenza virus vaccine induces serum immu-
noglobulin G (IgG) antibody but is much less effective at in-
ducing secretory IgA antibody and cellular immunity, both of
which are important in host defense against the influenza virus.
The serum neutralizing antibodies protect the lungs from viral
infection and thereby save lives, but the inconsistent induction
of mucosal anti-influenza virus IgA antibody—which prevents
infection of the upper respiratory tract (15, 46, 47)—explains
the inability of the killed vaccine to prevent infection and stop
the spread of the infection (22, 53). The usefulness of this
vaccine is further limited by the continual antigenic changes of
the influenza virus envelope proteins, which may result in the
inability of the induced serum antibodies to protect against
new circulating strains. Once infection occurs, there is a re-
dundancy in recovery mechanisms. Recovery is primarily me-
diated by CD81 class I major histocompatibility complex
(MHC)-restricted cytotoxic T-lymphocyte (CTL) activity (29,
30, 38, 64, 67). However, transgenic mice that lack b2 micro-
globulin (b2m2/2 mice) and therefore class I CTLs can also
recover from an influenza virus challenge (17), though at a
slower rate than heterozygous controls (3). Influenza virus-
infected SCID mice can also clear their infection by the trans-
fer of neutralizing anti-influenza virus antibodies (44, 51).
Heterotypic immunity (also referred to as heterosubtypic

immunity) is another important aspect of influenza virus host
defense. Mice that have recovered from an infection caused by
an influenza A virus (e.g., H1N1) are significantly protected
from a subsequent challenge with a shifted influenza A virus
(e.g., H3N2) (6, 52, 68). This heterotypic immunity can be
mediated by cross-reactive CTLs directed against the nucleo-
protein (NP) (63, 70), a conserved gene product (21, 23), but it
can also be generated in b2m2/2 mice (2, 18). Studies of
heterotypic immunity in humans have clearly shown that in-
fection with one strain of influenza A virus may not prevent

infection with a shifted influenza A virus (57); however, the
subsequent disease course in individuals infected during the
same season may be less severe (20, 56).
Recombinant vaccinia viruses are potential human and vet-

erinary vaccines. A foreign gene is flanked with nonessential
vaccinia virus DNA sequences and introduced via a plasmid
into a vaccinia virus-infected cell in which recombination oc-
curs (42, 45). The foreign proteins synthesized by the recom-
binant vaccinia virus vectors are processed (including post-
translational modifications) by the host cells and are similar to
the proteins synthesized following infection with the parental
organism (42). Animals vaccinated with recombinant vaccinia
viruses produce neutralizing serum antibodies and specific
class I MHC-restricted CTLs and are protected from subse-
quent challenge with the relevant pathogen (4, 8, 9, 54, 55, 71).
Safety issues are of concern when recombinant vaccinia vi-

ruses are used as human vaccines. Because of the risk of dis-
semination, during the Smallpox Eradication Programme, vac-
cination was contraindicated in infants with eczema or anyone
suffering from immune dysfunction (14, 19). There should be
negligible risks with an avian host-restricted poxvirus, such as
canarypox virus, which had no significant side effects in a phase
I study (13), or modified vaccinia virus Ankara (MVA). MVA
was derived for use as a smallpox vaccine by repeated passag-
ing in chicken embryo fibroblasts (25). Genetic analysis re-
vealed that MVA had suffered six major deletions of its ge-
nome, resulting in the loss of 30,000 base pairs (15% of its
genome), so that it became host restricted and replication
deficient in mammalian cell lines (41). MVA was found to be
avirulent in both normal and immunocompromised animals,
and during the Smallpox Eradication Programme it was given
to 120,000 people, many at high risk for complications from
administration of the standard vaccine, without significant side
effects (25, 31–33, 58, 65). The block in replication of MVA in
human cells occurs at a step in virion assembly (rather than at
an early stage of infection), so recombinant gene expression is
unimpaired (59). Mice immunized with recombinant MVA
that expresses the genes of influenza virus H1N1 hemaggluti-
nin (HA) and NP (referred to as MVA HA-NP) developed
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anti-H1 serum IgG antibodies and CTL activity and were pro-
tected from a lethal challenge with a homologous influenza
virus (60).
Another potential disadvantage of vaccinia virus vectors was

noted with the demonstration that while parenteral immuni-
zation stimulates protective levels of serum IgG antibody and
cellular immunity, it does not induce mucosal immunity (54).
Mucosal administration of a recombinant vaccinia virus, how-
ever, induces solid mucosal, humoral, and cellular immunity
(27, 40), and vaccinia virus-rabies virus recombinants given as
oral bait have successfully immunized animals in the wild,
probably as a result of viral replication in the tonsils (10, 49,
50). We report here that enteric administration of a recombi-
nant replication-deficient vaccinia virus to mice effectively in-
duces mucosal IgA, serum IgG, and CTL activity and protects
them from a homotypic and heterotypic influenza virus chal-
lenge.
i.g. administration of MVA HA-NP induces serum and mu-

cosal anti-influenza virus antibody. Female BALB/c mice, 5 to
6 weeks of age (Taconic Laboratories, Germantown, N.Y.),
were housed in specific-pathogen-free conditions. One hour
before intragastric (i.g.) inoculations, each mouse received an
intraperitoneal injection of a combination of 3 mg of cimeti-
dine HCl (SmithKline Beecham, Philadelphia, Pa.) and 0.02
mg of sincalide (the C-terminal octapeptide of cholecystokinin)
(Squibb, Princeton, N.J.) in 100 ml of phosphate-buffered sa-
line (PBS) to inhibit stomach acid secretion and empty the
gallbladder. Mice received 200 ml of MVA HA-NP (59, 60) in
50 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesul-
fonic acid) buffer (Mediatech, Washington, D.C.) containing
108 PFU via a 1-in. (2.54-cm) feeding needle. For some mice,
i.g. inoculation was repeated 5 weeks later. For intramuscular
(i.m.) inoculations, 100 ml of wild-type MVA or MVA HA-NP,
containing 0.5 3 108 PFU, was injected into each quadriceps
muscle. Stock influenza viruses used for intranasal (i.n.) inoc-
ulation or challenge were grown in the allantoic cavities of
10-day-old embryonated chicken eggs for 3 days at 358C, har-
vested, and clarified (68). Mice used as convalescent controls
were infected i.n., without anesthesia, with 20 ml of influenza
virus A/Puerto Rico/8/34 (PR8; an H1N1 virus) containing
107.1 50% tissue culture infective doses (TCID50). For chal-
lenge studies at 9 weeks post-initial immunization, mice were
anesthetized with sodium pentobarbital and inoculated i.n.
with H1N1.
High levels of serum anti-H1 IgG antibody, as determined

by enzyme-linked immunosorbent assay (ELISA) (39), were
found in all mice receiving MVA HA-NP (either i.m. or i.g.) or
H1N1 influenza virus (Fig. 1A), though levels were about five-
fold lower in the i.g. immunized mice.
Vaginal-wash samples were frozen at2208C and later tested

by ELISA for anti-H1 IgA antibodies. To dissolve mucous
strands, an equal quantity of 0.01 M dithiothreitol (Sigma, St.
Louis, Mo.) was added and the samples were vortexed, incu-
bated at room temperature for 30 min, and centrifuged for 1
min at 15,0003 g. Duplicate twofold dilutions of samples were
placed in wells precoated with influenza virus HA and in wells
not containing antigen, followed by addition of goat anti-
mouse IgA (Sigma). The labelling reagent was alkaline phos-
phatase linked to rabbit anti-goat IgG (ICN Immunobiologi-
cals, Irvine, Calif.), and p-nitrophenyl phosphate (Sigma) was
used as the substrate. Color was allowed to develop for 45 min
at room temperature, and the A405 was read on a Titertek
Multiscan (Flow). Each titer was expressed as the highest di-
lution for which the optical density of the positive (antigen-
containing) well divided by the optical density of the respective

negative (control) well gave a ratio greater than or equal to 2
(27).
Mucosal anti-H1 IgA antibody was detected in the vaginal

secretions of 31 of 33 mice that received MVA HA-NP i.g. and
in 9 of 9 positive controls (having recovered from an H1N1
infection). At 8 weeks, vaginal IgA anti-H1 titers of mice re-
ceiving two i.g. doses of MVA HA-NP were about twofold
lower than those of mice that had recovered from an influenza
virus infection (Fig. 1B). In another set of experiments, two i.g.
doses of MVA HA-NP induced anti-influenza virus serum
neutralizing antibody, nasal-wash IgA antibody, and gut wash
IgA antibody while two i.m. doses of MVA HA-NP induced
only serum antibody (data not shown). Furthermore, three i.g.
doses of MVA HA-NP induced serum anti-H1 IgG antibody
levels (as determined by ELISA) that were essentially identical
to three doses given i.m. (data not shown).
For i.g. administration to be effective, we found that the

vaccine must elude the stomach acid and bile. We and others
have found that bile and gastric acid can inactivate vaccinia
virus (1a, 24), so direct surgical implantation of a replicating
recombinant vaccinia virus into the jejunum was more immu-
nogenic than i.g. administration (40). We also studied the
effect of pretreatment of mice with cimetidine and cholecysto-
kinin and found that this pretreatment enhanced the propor-
tion of animals responding to i.g. administration of MVA
HA-NP from ;60 to ;100% (data not shown). The appear-
ance of anti-influenza IgA in vaginal and nasal washes follow-
ing i.g. administration is consistent with the induction of the
immune response in the intestine and migration of the immu-
nocytes to other mucosal sites, a phenomenon recognized as
part of the common mucosal immune system (12, 36, 37). We
therefore believe that the induction of mucosal IgA antibodies
was due to abortive infection of the epithelial cells of the small
intestine with MVA HA-NP.
i.g. administration of MVA HA-NP prevents influenza virus

infection of the nose and lungs following a homotypic chal-
lenge. To evaluate the functional significance of these antibod-
ies, vaccinated mice with a wide range of antibody titers were
chosen for challenge with H1N1 influenza virus. Following this
challenge, the noses of naive mice shed influenza virus on days
1 and 3 postchallenge at titers of ;3 and ;4 log10 TCID50,
respectively (Fig. 2A). The noses were protected only in those
mice receiving i.g. doses of MVA HA-NP and in convalescent
mice (Fig. 2A). Five of the 12 mice receiving two i.g. doses of
MVA HA-NP shed no virus from their noses on day 1 post-
challenge, and the mean titer (6 the standard error) of the
total group (0.7 6 0.2) was significantly lower than that of
naive mice (3.06 1.2), mice vaccinated i.m. with MVAHA-NP
(2.5 6 0.4), or mice vaccinated i.m. with MVA (2.5 6 0.4). All
five mice immunized twice with MVA HA-NP i.g. that were
sacrificed 3 days postchallenge had high prechallenge vaginal
IgA antibody titers and shed no virus from their noses. Pro-
tection of the MVA HA-NP i.g.-immunized mice correlated
strongly with the vaginal-wash anti-HA titer; 6 of 6 mice with
titers of#1/8 shed virus, compared with 1 of 11 mice with titers
of $1/16 (P 5 0.0004, Fisher’s exact test). As expected from
the low anti-H1 IgA titers induced by one i.g. dose of MVA
HA-NP, the noses of these mice were not protected from
H1N1 challenge (1.8 6 0.4).
Pulmonary virus shedding was ;4.5 log10 TCID50 on days 1

and 3 postchallenge in the naive or i.m.-immunized MVA mice
(Fig. 2B). Two i.g. doses of MVA HA-NP completely pro-
tected the lungs of 12 of 12 mice on the day following the
challenge (Fig. 2B), as did i.m. MVA HA-NP in 8 of 9 mice.
One i.g. dose provided partial, but significant (P , 0.001),
protection of the lungs on day 1 following challenge (1.16 0.3)
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compared with naive (4.7 6 0.3) or i.m.-vaccinated MVA
(4.6 6 0.3) mice.
i.g. administration of MVA HA-NP induces in vitro and in

vivo heterotypic immunity to influenza. To assess anti-influ-
enza virus CTL activity, mice were immunized with MVA
HA-NP i.g. and 2 weeks later were challenged with influenza
virus A/Port Chalmers/1/73 (an H3N2 virus). Primary anti-
influenza virus CTL activity was evaluated using pulmonary
lymphocytes (7), and secondary CTL activity was evaluated
using splenic lymphocytes and an in vitro culture system (5, 6).
Table 1 demonstrates that one i.g. dose of MVA HA-NP
primed for levels of splenic CTL activity similar to the levels
achieved by a prior H1N1 infection. Primary pulmonary CTL
activity, however, was significantly lower in the MVA HA-NP-
immunized mice, suggesting that i.g. immunization may not be
as efficient in inducing migration of these lymphocytes to the
target organ. However, unlike killed vaccines, which are poor
inducers of CTL activity because CD81 CTLs are typically

generated via intracellularly processed peptides (43, 62, 69),
MVA HA-NP clearly induces CTL activity.
As a measure of the efficacy of this cell-mediated immune

response, MVA HA-NP-immunized mice were challenged
with influenza virus H3N2. As these mice did not have protec-
tive antibodies, initial (day 1) virus titers of the nose and lung
were statistically indistinguishable in the immunized and con-
trol mice (data not shown). Enhanced recovery of mice that
had been immunized with one or two i.g. doses of MVA
HA-NP was apparent from both the nasal and pulmonary
influenza virus titers 5 days postinfection (Fig. 3). Mice immu-
nized i.g. twice with MVA HA-NP had nasal titers (1.1 6 0.3)
that were significantly lower than mice immunized i.m. with
MVA HA-NP (2.2 6 0.3) (Fig. 3A). Although not as low as
lung titers in mice immunized with MVA HA-NP i.m. (2.0 6
0.4), lung virus titers of mice immunized with MVA HA-NP
i.g. (2.3 6 0.3) were significantly lower than negative control
(naive or MVA-immunized [i.m.]) mice (Fig. 3B). Our finding

FIG. 1. Production of serum IgG (A) and vaginal IgA (B) anti-H1 antibodies. Mice were given 108 PFU of MVA HA-NP in each of two i.g. inoculations (F) at
weeks 0 and 5 (1). Control mice were either inoculated i.n. with influenza virus H1N1 (PR8) ({) or i.m. with MVA (Ç) or MVA HA-NP (E) or were naive (É). Serum
was obtained from the tail vein, and vaginal wash fluid was obtained by flushing the vagina six to eight times with the same 80 ml of PBS during weeks 2, 4, and 8. The
results are plotted as the geometric means of the ELISA values (n 5 5 to 6 per group) versus time after the first inoculation.
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that i.g. administration of MVA HA-NP enhanced recovery of
both the upper and lower respiratory tracts while i.m. admin-
istration enhanced recovery of only the lower respiratory tract
is consistent with the observation that recovery mechanisms
differ in these two sites (28a).
Although recovery correlated with anti-NP CTL activity,

other factors may be involved. For example, heterotypic im-
munity can be induced in b2m2/2 mice (2, 18), so the mech-
anism of protection in these animals cannot involve class I
MHC-restricted T cells. Further, other experiments have dem-
onstrated that vaccinia virus constructs that induce anti-NP
CTL activity are not protective (1, 28). The protection may
have been due to induction of class II MHC-restricted CD41

T cells or mucosal IgA (2); recent data show that IgA can
neutralize intracellular viruses (34, 35).
Several areas of research need to be evaluated prior to

further promotion of MVA HA-NP as a vaccine. First, the
doses used in these experiments, ;108 PFU per animal, may
be more than is required to induce immunity. While the ma-
jority of mice given 104 PFU of MVA HA-NP by the i.m.
route were protected from a lethal challenge with influenza
virus and 105 PFU was 100% successful, higher doses were
needed for effective i.n. administration (60). Second, the du-
ration of the immune response needs to be determined. We
challenged the animals 3 to 4 weeks after inoculation, when
protection (especially that mediated by IgA) would be ex-

FIG. 2. Nasal (A) and pulmonary (B) influenza virus titers of mice following challenge with influenza virus H1N1 (PR8). Twenty-four days after the second
inoculation with MVA HA-NP, mice were challenged, under anesthesia, with H1N1 (PR8) and then sacrificed 1 day (closed symbols) or three days (open symbols)
later. The data are a summary of two experiments; experiment 1 used 107.0 TCID50 (å) and experiment 2 used 104.1 TCID50 (F, E) of H1N1 for the challenge. Virus
titers were determined by a tissue culture microassay (5). Log10 of undetectable virus was defined as 0. Results obtained in a separate experiment after i.g. administration
of MVA were virtually identical to those obtained for naive mice or for mice administered MVA i.m. and are not shown. Day 1 nasal viral titers were significantly lower
than titers of control (naive and MVA i.m.) mice administered MVA HA-NP i.g. (P , 0.001, experiment 1; P , 0.05, experiment 2) and PR8-convalescent mice (P ,
0.001, experiment 1; P , 0.05, experiment 2) but not mice immunized with MVA HA-NP i.m. (P . 0.05, experiments 1 and 2). Day 1 pulmonary viral titers were
significantly lower than titers of control mice inoculated with MVA HA-NP i.g. (P , 0.001, experiments 1 and 2), PR8-convalescent mice (P , 0.001, experiments
1 and 2), and mice administered MVA HA-NP i.m. (P , 0.001, experiments 1 and 2). The numbers at the top of each group are the mean log10 TCID50 viral titers
(6 standard error).
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pected to be at its maximum. Third, the results of experi-
ments with MVA HA-NP need to be directly compared with
those of experiments using other host-restricted poxviruses so
that the most promising vector can be evaluated in clinical
trials.
The additional studies seem to be worth pursuing because

oral immunization with a replication-deficient recombinant
vaccinia virus such as MVA offers many potential advantages
over other vaccine candidates. First, as demonstrated here, this
method is not only effective in inducing immune response in all
three arms of the immune system—serum IgG antibody, mu-
cosal IgA antibody, and cell-mediated immunity—but is also
efficacious. Use of an oral rather than a parenteral vaccine may
enhance patient (and/or parental) acceptance and would obvi-
ate the need for syringes and needles. Second, MVA is an

extremely safe vector that has undergone extensive safety test-
ing in humans and animals (24, 25, 31–33, 58, 61, 65). Third,
multivalent recombinant MVA can be constructed. Even if it
proves to be too difficult to transfer more than a few genes into
MVA or have their products expressed in appropriate concen-
trations, a cocktail of recombinant MVA viruses, each contain-
ing several genes, might also work. Fourth, lyophilized vaccinia
virus is extremely heat stable. Heating it to 1008C for 2 hours
led to a loss of only 1 log of infectivity, and after storage at
458C for 2 years, it was still 100% successful in vaccination of
volunteers (16). On the basis of these data, one would also
expect MVA to be heat stable. These four properties also
suggest that oral recombinant MVA might meet all the re-
quirements of the Children’s Vaccine Initiative (11, 48, 66). It
could provide children in the developing world with an ideal

FIG. 3. Nasal (A) and pulmonary (B) viral titers of mice 5 days following challenge with H3N2 influenza virus. Four weeks after the second inoculation with MVA
HA-NP, mice were challenged with H3N2 and sacrificed 1 and 5 days later. The data are a combination of two separate experiments; experiment 1 used 106.5 (å) and
experiment 2 used 104.6 (F) TCID50 of H3N2 for the challenge. Day 1 titers (data not shown) varied from 1.8 to 2.5 log10 TCID50 in the nose and from 3.0 to 3.6 log10
TCID50 in the lungs and were not significantly different between groups. Day 5 nasal viral titers were significantly lower than titers of control (naive and MVA i.m.)
mice inoculated with MVA HA-NP i.g. (P, 0.05, experiments 1 and 2) and PR8-convalescent mice (P, 0.01, experiments 1 and 2) but not mice immunized with MVA
HA-NP i.m. (P . 0.05, experiments 1 and 2). Day 5 pulmonary viral titers were significantly lower than titers of control mice administered MVA HA-NP i.g. (P , 0.05,
experiments 1 and 2), PR8-convalescent mice (P , 0.001, experiments 1 and 2), and mice inoculated with MVA HA-NP i.m. (P , 0.05, experiment 1; P , 0.01,
experiment 2). The numbers at the top of each group are the mean log10 viral titers (6 standard error).
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vaccine and save children throughout the developed world
from the fear of shots. We will “. . .continue to prosecute this
inquiry, encouraged by the hope of its becoming essentially
beneficial to mankind” (26).
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