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Influenza vaccines that induce greater cross-reactive or heterosubtypic immunity (Het-I) may overcome
limitations in vaccine efficacy imposed by the antigenic variability of influenza A viruses. We have compared
mucosal versus traditional parenteral administration of inactivated influenza vaccine for the ability to induce
Het-I in BALB/c mice and evaluated a modified Escherichia coli heat-labile enterotoxin adjuvant, LT(R192G),
for augmentation of Het-I. Mice that received three intranasal (i.n.) immunizations of H3N2 vaccine in the
presence of LT(R192G) were completely protected against lethal challenge with a highly pathogenic human
HS5N1 virus and had nasal and lung viral titers that were at least 2,500-fold lower than those of control mice
receiving LT (R192G) alone. In contrast, mice that received three vaccinations of H3N2 vaccine subcutaneously
in the presence or absence of LT(R192G) or incomplete Freund’s adjuvant were not protected against lethal
challenge and had no significant reductions in tissue virus titers observed on day 5 post-H5N1 virus challenge.
Mice that were i.n. administered H3N2 vaccine alone, without LT(R192G), displayed partial protection against
heterosubtypic challenge. The immune mediators of Het-I were investigated. The functional role of B and CD8*
T cells in Het-I were evaluated by using gene-targeted B-cell (IgH-6"'7)- or B2-microglobulin (B2m~'")-
deficient mice, respectively. B2m ™'~ but not IgH-6'~ vaccinated mice were protected by Het-I and survived a
lethal infection with HSN1, suggesting that B cells, but not CD8" T cells, were vital for protection of mice
against heterosubtypic challenge. Nevertheless, CD8" T cells contributed to viral clearance in the lungs and
brain tissues of heterotypically immune mice. Mucosal but not parenteral vaccination induced subtype cross-
reactive lung immunoglobulin G (IgG), IgA, and serum IgG anti-hemagglutinin antibodies, suggesting the
presence of a common cross-reactive epitope in the hemagglutinins of H3 and HS5. These results suggest a
strategy of mucosal vaccination that stimulates cross-protection against multiple influenza virus subtypes,

including viruses with pandemic potential.

The introduction of an influenza A virus possessing a novel
hemagglutinin (HA) into an immunologically naive human
population has the potential to cause the next influenza pan-
demic. Avian species are the natural host of influenza A viruses
of 15 different HA and nine neuraminidase (NA) subtypes. In
1997, an avian influenza A (H5N1) virus emerged in humans in
Hong Kong and caused 18 cases of human respiratory disease,
six of them fatal. The outbreak resulted from the direct trans-
mission of H5N1 viruses from infected poultry to humans and
was the first known occurrence of a wholly avian virus causing
respiratory disease and death in humans (4, 7, 8, 27, 32, 52, 57,
58, 72). The severity of the HSN1 infections in apparently
healthy individuals aged 13 to 60 years was of particular con-
cern. This event created a new awareness of the potential of
avian influenza A viruses to cause a pandemic and renewed
interest in developing vaccine strategies capable of inducing
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more broadly cross-reactive immunity against novel influenza
variants.

Protective immunity provided by current, parenterally ad-
ministered influenza vaccine is largely based on the induction
of strain-specific immunoglobulin G (IgG) neutralizing anti-
bodies directed against the HA. The vaccine provides optimal
protection against viruses that are antigenically closely matched
with those in the vaccine, but it is less effective against anti-
genic variants within a subtype and provides little, if any, re-
sistance to infection with a different subtype of virus (1). In
contrast, immunity induced by influenza virus infection or live
intranasal (i.n.) vaccines in mice provides not only protection
against the homologous virus but also cross-protection against
heterologous strains (2, 17, 28, 34, 46, 51, 60). In humans,
natural infection or i.n. vaccination with live-attenuated viruses
can also provide protection against heterologous viruses (3,
20).

Infection with an influenza A virus of one subtype can pro-
vide partial protection against challenge with an influenza A
virus of a different subtype, and this effect is termed hetero-
subtypic immunity (Het-I) (17, 28, 39, 51, 63). Heterotypically
immune animals show decreased viral titers and duration of
viral shedding in the respiratory tract 3 to 7 days following virus
challenge. Most efforts to induce Het-I in mice have used
either live virus infections (17, 28, 41, 51), influenza recombi-
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nant viruses (16, 48, 61), or DNA-expressed influenza proteins
(15, 67, 68), but the specific immune effector(s) responsible for
mediating this cross-protection has not been fully elucidated.
The role of T cells in Het-I has been given the most consider-
ation (15-17, 28, 39, 67, 69). While a consistent role for CD4™
T cells has not been identified (15, 17, 28), many studies have
provided evidence that CD8" cytotoxic T lymphocytes (CTL)
directed against viral epitopes conserved among influenza A
viruses, such as those within the nucleoprotein (NP), contrib-
ute to Het-I (18, 70, 71). Influenza virus NP-specific CTL
generated through vaccination or introduced by adoptive
transfer lead to a more rapid viral clearance and recovery of
the host and protection from death (1, 31, 50, 64, 70). How-
ever, mice depleted of CD8" T cells or made devoid of the
T-cell subset through the targeted disruption of B2-micro-
globulin (B2m) were protected against heterosubtypic lethal
challenge (16, 17). These results suggest that immune compo-
nents other than T cells may also mediate effector function(s)
in Het-I.

While a role for anti-HA, anti-NA, and anti-matrix protein 2
(M2) antibodies in virus clearance and recovery from infection
has been established (1, 22, 38, 73), their role as antiviral
antibodies in Het-I is still uncertain. Although several studies
have identified antibody responses to infection with broader
cross-reactive properties (6, 29, 33, 62), the transfer of serum
or mucosal antibody generated by infection with a live virus has
generally failed to protect naive recipients from heterosubtypic
challenge (17, 62).

Here we test the ability of an inactivated H3N2 vaccine to
induce heterosubtypic protection against a highly pathogenic
avian H5N1 virus isolated from a fatal human case. This non-
mouse-adapted virus replicates most efficiently in the respira-
tory tract, disseminates to nonrespiratory organs including the
brain, induces lymphocytic depletion, and is highly lethal for
mice (21, 24, 30, 66). Thus, this vaccine model provides a most
stringent test for protective Het-I. In an attempt to induce
strong cross-protective immunity, we administered the vaccine
i.n. together with a mutant derivative of heat-labile enterotoxin
(LT) from Escherichia coli LT(R192G). The genetically altered
LT(R192G) protein possesses negligible toxicity, retains adju-
vant properties similar to those of the native LT molecule (11,
25, 26), and as a result has been given consideration as a useful
mucosal adjuvant in humans (M. L. Oplinger, S. Baqar, A.
Trofa, J. D. Clements, P. Gibbs, G. Pazzaglia, A. L. Bourgeois,
and D. A. Scott, Abstr. 37th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. G-10, 1997). We demonstrate that mice
immunized i.n. with H3N2/LT(R192G) vaccine were protected
against heterosubtypic challenge, whereas mice immunized
subcutaneously (s.c.) were not. Subtype cross-reactive anti-HA
antibody responses were associated with heterosubtypic pro-
tection against lethal infection, whereas CD8™ T cells reduced
the level of virus replication in the respiratory tract and brain.

MATERIALS AND METHODS

Mice. Six- to eight-week-old female BALB/c mice were purchased from Jack-
son Laboratories (Bar Harbor, Maine). Mouse strains with a targeted disruption
of the locus carrying the B2-microglobulin (82m /") gene (BALB/cJ-p2mtmiUne)
or a targeted mutation in the gene (C57BL/6-IgH-6"'°e") for immunoglobulin
heavy chain 6 (IgH-6 /") were also obtained from Jackson Laboratories. Female
mutant (—/—) mice and their wild-type (wt) (+/+) counterparts were used at 6
to 10 weeks of age. For the IgH-6"/" mice, the lack of CD45R/B220" B cells and
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serum antibody was confirmed by fluorescence-activated cell sorter analysis and
enzyme-linked immunosorbent assay (ELISA) (see procedures below), respec-
tively.

Virus. The influenza viruses used in this study were A/Hong Kong/483/97
(H5N1) (HK/483); the reassortant human influenza A virus, X-31 (which pos-
sesses the surface glycoprotein genes of A/Aichi/2/68 [H3N2] and the internal
protein genes of A/Puerto Rico/8/34); B/Harbin/7/94 (B/Har); and mouse-
adapted A/Taiwan/1/86 (HINT1) (A/TW), originally derived by P. Wyde (Baylor
College of Medicine, Houston, Texas) and kindly provided by J. Matthews
(Aventis Pasteur, Swiftwater, Pa.). Additional influenza A viruses used as anti-
gens for serologic and CTL assays were A/Duck/Singapore/Q/F119-3/97 (H5N3)
(dk/Sing) and A/Hong Kong/156/97 (H5N1) (HK/156). Virus stocks were prop-
agated in the allantoic cavity of 10-day-old embryonated hens’ eggs at 34°C
(X-31, A/TW, B/Har, and dk/Sing) or 37°C (HK/483 and HK156). The allantoic
fluids were harvested 24 (HK/483 and HK/156), 48 (A/TW, dk/Sing, and X-31),
or 72 h (B/Har) postinoculation. Infectious allantoic fluid was divided into
aliquots and stored at —70°C until use. Fifty percent egg infectious dose (EIDs)
titers were determined by serial titration of viruses in eggs calculated by the
method of Reed and Muench (45). HK/483 and X-31 had infectivity titers in eggs
of 9.0 and 8.5 log;, EIDsy/ml, respectively. Fifty percent mouse infectious dose
(MIDs,) titers were determined as previously described (30). MIDsy, titers were
calculated by the method of Reed and Muench and are expressed as mean log,
EIDsy/ml *+ standard error. All experiments using infectious pathogenic avian
HS5NI viruses, including work with animals, were conducted using biosafety level
3" containment procedures (47).

Vaccine preparation. Viruses used as vaccines or purified proteins on ELISA
plates were concentrated from allantoic fluid and purified by equilibrium density
centrifugation through a 30 to 60% linear sucrose gradient as previously de-
scribed (10). The X-31 (H3N2), B/Har, and A/TW (HIN1) inactivated whole-
virus vaccines were prepared by treating purified virus at a concentration of 1
mg/ml with 0.025% formalin at 4°C for 3 days. The treatment resulted in the
complete loss of infectivity of virus, as determined by titration of vaccine prep-
arations in eggs. The vaccine doses given throughout are expressed as amounts
of total protein measured by Bradford assay (Bio-Rad Laboratories, Hercules,
Calif.). Evaluation of the HA protein content of purified X-31 and B/Har used
in vaccine studies was determined using a high-resolution sodium dodecyl sulfate
polyacrylamide gel system as previously described (43). The HA protein was
estimated to make up 29.3 and 28.5% of the total protein of purified X-31 and
B/Har, respectively.

Immunization of mice. For immunization with formalin-fixed viruses, groups
of mice were lightly anesthetized with CO, and vaccinated i.n. three times at
weekly intervals with 50 pl containing 20 pg of purified X-31 (H3N2), A/TW
(HINT1), or B/Har suspended in phosphate-buffered saline (PBS) in the presence
or absence of a previously optimized dose (2 pg) of E. coli mutant LT(R192G).
The LT mutant R192G used in these studies was genetically engineered and
purified as previously described (11). For the parenteral vaccinations, mice
received a volume of 0.1 ml containing 20 pg of protein in the presence or
absence of 2 pg of LT(R192G) administered s.c. In one experiment, H3N2
antigen was diluted in PBS, emulsified with equal volumes of incomplete
Freund’s adjuvant (IFA) (Sigma, St. Louis, Mo.), and administered s.c. Control
mice received LT(R192G) or IFA only. For the live X-31 infections, CO,-
anesthetized mice were inoculated i.n. with 50 ul containing 100 MIDs5, of virus
diluted in PBS.

Viral challenge. Two weeks after final vaccination, mice were challenged i.n.
with 100 MIDs, of HK/483 (H5N1) or A/TW in a volume of 50 pl. Following
infection, mice were monitored daily for disease signs for 14 days postinfection
(p.i.). Individual body weights were recorded for each group on various days p.i.
For determination of infectious virus, nose, lung, and brain tissue samples of 4 or
5 mice per group were removed on day 5 p.i. Clarified homogenates were titrated
for virus infectivity in eggs from initial dilutions of 1:10 (lung and nose) or 1:2
(brain). The limit of virus detection was 10> EIDsy/ml for lung and nose and
10%8 EIDs/ml for brain tissue.

Antibody sample collection. Two weeks after the final vaccine boost, 4 or 5
mice from each group were anesthetized by intraperitoneal (i.p.) administration
of avertin (2,2,2-tribromethanol; Sigma) at 0.15 ml/10 g of body weight; blood
samples from the orbital plexus were used to prepare immune sera. Bron-
choaveolar (lung) wash samples were obtained from euthanatized animals as
previously described (25).

Antibody assays. Serum and lung washes were tested by ELISA for the pres-
ence of antiviral IgG and IgA. All sera were initially diluted 1:10 in receptor-
destroying enzyme from Vibrio cholerae (Denka Seiken, Tokyo, Japan) and
incubated at 37°C overnight to destroy nonspecific serum inhibitor activity. Im-
munolon ITI plates (Dynatech Laboratories, Chantilly, Va.) were coated with 50
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hemagglutinating units of purified homologous H3N2 (X-31), heterologous
H5N1 (HK/483), or control B/Har virus in PBS and incubated at room temper-
ature overnight. Some ELISA plates were coated with 2 ug of bromelain-cleaved
(13), purified H3HA (from X-31) or 2 pg of purified HSHA recombinant (rHA)
protein (derived from HK/483; Protein Sciences Corporation, Meriden, Conn.).
The bound antibody was detected by the addition of goat anti-mouse IgG or IgA
conjugated to horseradish peroxidase (Kirkegaard & Perry, Gaithersburg, Md.).
The absorbance was measured at 405 nm 30 min following the addition of
2,2"-azinobis(3-ethylbenzthiazoline sulfonic acid) (Kirkegaard & Perry). Titers
are expressed as the highest dilution that yielded an optical density greater than
the mean plus two standard deviations of similarly diluted LT(R192G) control
sera. Hemagglutination inhibition (HAI) assays were performed in V-bottom
96-well microtiter plates (Corning Costar Co., Cambridge, Mass.) with 0.5%
turkey erythocytes by standard methods. Titers of neutralizing antibody were
determined essentially as previously described (49) and were determined as the
reciprocal of the highest dilution of serum that gave 50% neutralization of 100
50% tissue culture infectious doses. Serum and lung wash collection were per-
formed 2 weeks after the final vaccine boost. Five mice from each vaccine and
LT(R192G) control group were analyzed from two independent experiments. A
positive control of goat antiserum to A/Term/South Africa/61 (H5N2) gave a
titer of 3,200 on H5N1 virus and <100 on H3N2 virus. The H3-immune sera were
also analyzed for cross-reactive anti-HA antibodies by Western immunoblotting
with the purified rHSHA (Protein Sciences) as previously described (49).

In vivo depletion of functional subpopulations of T cells. Groups of mucosally
vaccinated mice were depleted of their CD4™ and/or CD8™" T-cell population by
in vivo treatment of rat monoclonal antibodies (MAD) specific for L3T4 (clone
GKI1.5; 1 mg per injection) and Lyt 2.2 (clone 2.43; 1 mg per injection; American
Type Culture Collection, Manassas, Va.), respectively. Control mice received 1
mg of rat IgG (Sigma) or rat MADb specific for human HLA DRS5 (clone SFR3-
DRS5; ATCC). The mice received i.p. injections of MADb 2 days before live HSN1
virus challenge and 2, 6, and 10 days after challenge to maintain depletion. Two
or three individual mice were included in each study to monitor the efficacy of in
vivo lymphocyte depletion. Flow cytometry analysis was performed on cells from
spleen, lungs, and mediastinal lymph nodes of mice collected on day 2 post-
challenge (p.c.) as previously described (66). Briefly, 1 ml of cell suspensions
containing 10° cells were incubated on ice for 40 min with combinations of
fluorescein isothiocyanate (FITC)- and phycoerythrin (PE)-labeled antibodies
(PharMingen, San Diego, Calif.). Accordingly, lymphocyte populations were du-
ally stained with either FITC-anti-mouse CD4 (clone RM4-5) and PE-anti-
mouse CD8a (53-6.7) or FITC-anti-mouse CD3 (17A2) and PE-anti-mouse
CD45R/B220 (RA3-6B2). The cells were then washed, resuspended in 1 ml of
2% paraformaldehyde, and analyzed on a FACScan with CellQUEST software
(Becton Dickinson, Mountain View, Calif.). A total of 10,000 events, gated for
lymphocytes, were performed in three independent experiments. In vivo treat-
ment with anti-L3T4 MAD resulted in a 94 to 96% reduction of CD4 cells, with
no reduction of the CD8 population. Similarly, in vivo treatment with anti-Lyt 2.2
resulted in a 95 to 98% depletion of CD8 cells, with no reduction in the CD4
population.

RESULTS

Mucosal but not parenteral influenza virus vaccination in-
duces Het-I which is augmented by LT (R192G). We first com-
pared mucosal (i.n.) vaccination with parenteral (s.c.) vaccina-
tion for the ability to induce Het-I. Formalin-inactivated
purified whole X-31 (H3N2) vaccine (20 pg) was coadminis-
tered in. with LT(R192G) (2 ng) three times at weekly inter-
vals. Parenterally vaccinated mice received 20 pg of H3N2
vaccine with or without IFA in an attempt to generate optimal
immunity. Two weeks after the final vaccine boost, mice re-
ceived a lethal heterosubtypic challenge with 100 MIDs, of
HK/483 (HS5N1) virus. For comparison, an additional group of
mice were infected i.n. with live H3N2 virus 4 weeks previously
and were challenged at the same time as the other groups. The
extent of Het-I was measured as (i) survival over a 14-day p.c.
period and (ii) virus titers in the upper respiratory tract (nose),
lower respiratory tract (lung), and brain tissue of individual
mice 5 days p.c. Mucosally vaccinated mice that received live or
fixed H3N2/LT(R192G) virus vaccine were completely pro-
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FIG. 1. Mucosal but not parenteral influenza virus vaccination in-
duces Het-I that is augmented by adjuvant. Groups of BALB/c mice
received three i.n. or s.c. inoculations at weekly intervals of 20 pg of
formalin-fixed H3N2 virus in the presence or absence of the indicated
adjuvant. One additional group was vaccinated i.n. with live H3N2
virus. Control mice received adjuvant only. Four weeks after live virus
vaccine boost and 2 weeks after the final fixed vaccine boost, mice were
challenged i.n. with lethal HSN1 (A/Hong Kong/483/97) (A and B) or
nonlethal HIN1 virus (A/Taiwan/1/86) (C) and monitored for survival
(A) or euthanatized 5 days later for collection of lung, nose, and brain
tissue. Individual tissues were homogenized in 1 ml of PBS and titrated
for virus infectivity in eggs. Virus endpoint titers are expressed as
mean log;, EIDsy/ml (B and C). An asterisk indicates the H3N2/
LT(R192G)-vaccinated group was significantly (P < 0.05) different
from the adjuvant-only control group by analysis of variance.

tected from death, whereas 50% of mice that were i.n. admin-
istered vaccine alone, without LT(R192G), survived the lethal
HSNI1 heterosubtypic challenge (Fig. 1A). In contrast, all an-
imals vaccinated by the s.c. route, whether or not they received
adjuvant, succumbed to the lethal HSN1 infection. Mean lung
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virus titers in mice administered H3N2/LT(R192G) vaccine by
the i.n. route were at least 2,500-fold lower than those of
control mice receiving LT(R192G) alone and were 63-fold
lower than those of mice administered H3N2 vaccine alone
(Fig. 1B). Virus was recovered from brain and nose tissue of
LT(R192G) control mice on day 5 p.c., but virus was not
detected in the tissues of mice vaccinated i.n. with H3N2/
LT(R192G). Infectious virus was still detectable in the brain
tissue of mice that received H3N2 vaccine alone. Live H3N2
virus immunization resulted in 1,500-fold lower mean lung
virus titers than those of control mice receiving LT(R192G)
alone. As with H3N2/LT(R192G) i.n. immunization, the live-
virus-immunized group had undetectable virus in brain and
nose tissue on day 5 p.c. Heterosubtypic protection of H3N2-
immune mice was also observed when a non-lethal HIN1 (TW/
86) virus was used as the challenge virus. These mice displayed
significant reductions (10°-fold) in lung virus titers compared
with LT(R192G) control mice, and these titers were 25,000-
fold lower than those of mice administered H3N2 vaccine
alone. In contrast to mice that received mucosal vaccination,
mice that received H3N2 vaccine by the s.c. route, either with
or without IFA, showed only minimal reduction in lung virus
titers and no reduction of nose and brain titers (Fig. 1B and C).
These results suggest that mucosal influenza immunization can
provide greater Het-I than parenteral influenza vaccination
and that the adjuvant LT(R192G) augments Het-I induced by
mucosal vaccine.

Mucosal vaccination with influenza B virus vaccine fails to
protect against lethal influenza A virus challenge. To examine
whether Het-I induced by mucosal vaccination was influenza A
virus specific, we next determined whether mice immunized i.n.
with an influenza B virus (B/Har) vaccine in the presence or
absence of LT(R192G) were protected from lethal influenza
H5NT1 virus challenge. Two weeks after the third weekly vac-
cination, mice were challenged with H5N1 virus and monitored
daily for weight loss and survival. Mucosal administration of
H3N2/LT(R192G) vaccine again resulted in 100% survival
(Fig. 2A) compared with that of mice that received vaccine s.c.
or adjuvant alone. Mice administered B/Har vaccine in the
presence or absence of LT(R192G) succumbed to infection,
indicating that protection from death was specific for influenza
A virus. Interestingly, the onset of death of B/Har/LT(R192G)-
vaccinated animals was delayed by 2 days, and a modest but
significant (P = 0.04) reduction of virus titers in the lung and
nose tissue was detected on day 5 p.c. compared with that of
LT(R192G)-vaccinated mice (Fig. 2B). In addition, no weight
loss was observed in the B/Har/LT(R192G)-vaccinated group
the first 6 days p.c., whereas the LT(R192G) control group had
significant weight loss from day 3 until the death of these mice
on days 6 through 8 (data not shown). These results suggest
that an influenza A virus-specific immune effector(s) is needed
for complete heterosubtypic protection against the lethal
HS5N1 virus challenge but that nonspecific mechanisms may
contribute to minimal reduction of virus titers and morbidity.

CD8™" and/or CD4* T cells are not required for survival, but
CD8* T cells do contribute to virus clearance in Het-I. Other
studies have demonstrated that CD8* CTL recognizing deter-
minants that are conserved among influenza A virus subtypes
may contribute to Het-I (18, 31, 69). To assess the role of
CD8" and/or CD4" T cells in Het-I induced by mucosal vac-
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FIG. 2. Mucosal vaccination with influenza B virus vaccine fails to
protect against lethal influenza A virus challenge. Groups of BALB/c
mice received three i.n. inoculations of 20 pg of formalin-fixed H3N2
or B/Harbin/7/94 virus in the presence or absence of 2 pg of
LT(R192G). An additional group of mice received three s.c. inocula-
tions of 20 wg of fixed H3N2 virus together with 2 pg of LT(R192G).
Two weeks after the final vaccine boost, mice were challenged i.n. with
a lethal dose of HSN1 virus and monitored for survival (A) or euthana-
tized 5 days later for collection of lung and nose tissue (B). An asterisk
indicates the vaccinated group was significantly (P < 0.05) different
from the adjuvant-only control group by analysis of variance.

cination, T-cell subsets were depleted from H3N2/
LT(R192G)-immune mice by administration of MAb 2 days
before H5NT1 virus challenge. Depletion of CD8™ T cells had
no effect on survival (Fig. 3A) but resulted in 100-fold higher
lung virus titers and 10-fold higher brain virus titers on day 5
p.c. than those of the rat IgG-treated control mice (Fig. 3B)
(P < 0.01). Depletion of CD4™" T cells had no significant effect
on survival or level of virus titers in the lung and brain tissue.
The difference between the CD8" -depleted and dually (CD8*
and CD4™") depleted mice was not significant, and the majority
of mice depleted of both T-cell subsets survived heterosubtypic
challenge. As a second approach, 2m/~ mice deficient in
CD8™ T cells and their wt counterparts received the H3N2/
LT(R192G) vaccine i.n. Two weeks after the third vaccination,
mice received a lethal challenge of HSN1 virus and were mon-
itored for survival and weight loss. The B2m ™/~ mice vacci-
nated in. with H3N2/LT(R192G) survived H5N1 virus chal-
lenge and displayed transient weight loss similar to that of
vaccinated wt controls. In contrast, unvaccinated wt and
B2m ™/~ mice failed to survive virus challenge (data not
shown). Taken together, these results indicate that an immune
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FIG. 3. Effect of T-cell depletion on survival of H3N2-immune
mice. Groups of mice were vaccinated with H3N2 in the presence of
LT(R192G) as described in Materials and Methods. The adjuvant
control mice received LT(R192G) only (®). Mice received 1 mg of the
anti-CD4 (O), anti-CD8 (<), a combination of both MADbs (anti-CD4/
CD8) (O), or rat IgG (A) control antibody on days —2, +2, +6, and
+10 relative to the time of challenge. Mice were challenged i.n. with a
lethal dose of H5SN1 and were monitored for survival (A) or euthana-
tized for collection of tissues on day 5 (B). Individual lung and brain
tissues were titrated for virus infectivity as described in the legend to
Fig. 1. An asterisk indicates the T cell-depleted group was significantly
(P < 0.05) different from the rat IgG control group by analysis of
variance.

effector(s) other than T cells is required for survival following
heterosubtypic challenge.

Heterosubtypic protection against a lethal influenza virus
infection is primarily mediated by B cells. We used B-cell-
deficient (IgH-6"'") mice defective in antibody production to
assess the role of B cells and antibody in Het-1. Two groups of
eight IgH-6"/" mice were vaccinated three times i.n. with
inactivated H3N2/LT(R192G) vaccine as described above. The
contribution of CD8" T cells in heterosubtypic protection of
IgH-6"'~ mice was also examined by administering anti-CD8
MAD 2 days before HSN1 challenge. A similar number of
age-matched C57BL/6 wt control mice were also included. As
shown in Fig. 4, lethal virus challenge of IgH-6"/~ H3N2/
LT(R192G)-vaccinated mice resulted in a progressive loss of
body weight from day 3 p.c. and failure to survive virus chal-
lenge. The depletion of CD8" T cells in B cell-deficient mice
slightly accelerated the onset of death and resulted in in-
creased weight loss and mortality in wt H3N2/LT(R192G)-
immune mice, consistent with the ability of these cells to con-
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trol virus levels. However, without B cells the CD8* T-cell
response appears incapable of providing protection against
lethal heterosubtypic challenge.

Induction of cross-reactive antibodies by mucosal vaccina-
tion with H3N2/LT(R192G). To further assess the contribution
of antibody in Het-I, lung wash and serum samples obtained
from mucosal and parenterally vaccinated mice 2 weeks after
the third vaccination were initially tested for the presence of
neutralizing antibodies. The virus neutralization (v.n.) anti-
body response to H3N2 (X-31) and H5N1 (HK/483) viruses
were measured in individual serum and lung wash samples

A wt (+/+)
H3N2/LT(R192G)
— 100 —p—pg—0—0 o3 O0—-O0—0
w —————
2 wt (+/+)
g 80 IgH-6 (/) H3N2/LT(R192G)
a H3N2/LT(R192G) Ds-epleed
% 60 - CD8-depleted
= IgH-6 (-/-)
2 g \ H3N2/LT(R192G)
= 40 IgH-6 () _—7
N LT(R192G)
e B wt (+/4)
20 LT(R192G)
0 T T T T T T T
0 2 4 6 8 10 12 14
[}
0
o
it
=
Ry
[
3
[
(=]
R

Days after infection

FIG. 4. Susceptibility of B-cell-deficient mice to heterosubtypic
challenge. Four groups (eight per group) of mice were vaccinated i.n.
three times with H3N2/LT(R192G) vaccine at weekly intervals. The
immunized groups of IgH-6~/~ (@) and wt ((J) control mice were
treated with 1 mg of anti-CD8 (clone 2.43) ascites on days —2, +2, and
+6 relative to the time of virus challenge. In addition, immunized
groups of IgH-6"'" (®) and wt (O) mice received control ascites (clone
SFR3-DRS5) in place of anti-CD8 MAb. Control wt (A) and IgH-6"/~
(A) mice received LT(R192G) adjuvant only. Two weeks after the final
vaccine boost, mice received a lethal heterosubtypic challenge with 100
MIDys, of H5N1 virus. Blood samples were collected from the orbital
plexus on day 3 p.c. from all mice and were tested for the presence of
serum IgG and IgA antiviral titers by ELISA and HAI as described in
Materials and Methods. No IgG, IgA, or HAI antibodies could be
detected in IgH-6"/~ H3N2-immunized mice, whereas wt-immunized
mice had mean HAI titers of 2,560 and IgA or IgG serum titers of
=64,000 to X-31 virus. In addition, two mice from each group were
euthanatized on day 3 p.c. to confirm depletion of CD8™ T cells and/or
CD45R/B220" B cells by flow cytometry. Cells from the spleen were
analyzed for CD3*, CD4*, CD8*, and CD45R/B220" B cells as de-
scribed in Materials and Methods. Anti-CD8 treatment resulted in
more than 95% reduction of the T-cell subpopulation in IgH-6—"~ (m)
and wt (OJ) mice. Analysis of CD45R/B220" B cells in the wt mice
revealed a normal range (55 to 65%) of spleen cells in comparison to
1.9 to 2.2% detected in IgH-6"/" mice.
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TABLE 1. Antiviral antibody responses to whole homologous H3N2 or heterologous H5N1 viruses after vaccination with H3N2 virus

Antiviral antibody titer”

. . Vaccination
Coating antigen Treatment a
route Serum IgG Lung 1gG Serum IgA Lung IgA

Whole H3N2 LT(R192G) in. <250 <25 <250 <25
H3N2 in. 1x10° 25,600 16,000 6,400
H3N2 and LT(R192G) in. 4 X 10° 102,400 64,000 25,600
LT(R192G) s.C. <250 <25 <250 <25
H3N2 s.C. 1x10° 1,600 250 <25
H3N2 and LT(R192G) s.C. 1x10° 6,400 250 <25

Whole H5N1 LT(R192G) in. <250 <25 <250 <25
H3N2 in. 64,000 1,600 1,000 1,600
H3N2 and LT(R192G) in. 256,000 6,400 4,000 6,400
LT(R192G) S.C. <250 <25 <250 <25
H3N2 s.C. 16,000 25 <250 <25
H3N2 and LT(R192G) S.C. 64,000 400 250 <25

“ Mice received three inoculations at weekly intervals of 20 pg of formalin-inactivated H3N2 (X-31) virus plus 2 pg of LT(R192G) or 2 ng of LT(R192G) alone. Two
weeks after the final vaccine boost, mice from each vaccine and LT(R192G) control group were euthanatized for serum and lung wash collection. Samples pooled from

five mice per group were used.

b Titers are expressed as the highest dilution of serum having a mean optical density at 405 nm greater than the mean plus two standard deviations of similarly diluted

LT(R192G) control serum.

from 4 or 5 mice per group. The H3N2/LT vaccine adminis-
tered either i.n. or s.c. induced mean serum neutralizing anti-
body titers against H3N2 virus of =2,100, whereas only vaccine
administered i.n. induced neutralizing antibody in the lung
wash samples (titer was 160). Neutralizing antibody against
HS5N1 virus was not detected in any group of H3N2-vaccinated
mice. We next performed ELISAs to investigate the presence
of H5N1 cross-reactive antibodies in mice administered H3N2
vaccine by the mucosal or parenteral route. Antiviral IgG and
IgA antibodies in the sera and lung washes of i.n.- and s.c.-
vaccinated mice were detected by using ELISA plates coated
with purified whole H3N2 (X-31) or heterologous HSN1 (HK/
483) virus. This protocol detected antibodies directed against
internal NP or M1 proteins, as well as antibodies directed
against the surface glycoproteins. As shown in Table 1, i.n.
immunization with H3N2 vaccine resulted in a substantial in-
duction of IgG and IgA antibody responses to homologous
virus, and LT(R192G) enhanced both isotypes by fourfold. The
H3N2/LT(R192G) vaccine given i.n. induced the highest level
of IgA among all groups, in striking contrast to s.c., which
induced little or no detectable IgA in lung washes or sera. The
mucosal route of vaccination also induced lung IgG titers that
were approximately 16-fold higher than those induced by s.c.
vaccination. Serum IgG titers induced by either route of ad-
ministration were similar. Cross-reactive IgG and IgA antibod-
ies to heterologous whole H5N1 virus were also examined
(Table 1, bottom). Mucosal vaccination induced cross-reactive
serum IgG and IgA responses that were 4- to 16-fold higher
and cross-reactive lung antibodies that were 16- to 256-fold
higher than those elicited by parenteral vaccination. To exam-
ine the anti-HA antibody response to vaccination, ELISAs
were next performed using plates coated with either a brome-
lain-cleaved purified H3HA (X-31) protein or a baculovirus-
expressed H5 rHA derived from HK/483. As shown in Table 2,
i.n. and s.c. vaccination induced detectable levels of antibody to
the homologous H3HA protein; however, cross-reactive anti-
HS5HA antibodies were detected only in mice that received
H3N2 vaccine by the mucosal route. Similar levels of cross-
reactive anti-HSHA antibodies were also detected in samples

collected from mice that were mucosally vaccinated with an
H1Nl-inactivated vaccine in the presence of LT(R192G) (Ta-
ble 2, bottom). Serum IgG represented the highest titers of
cross-reactive anti-HSHA, while lung IgG and IgA antibody
titers were considerably lower. Live H3N2 virus vaccine failed
to induce detectable anti-HSHA antibody in the lung wash
samples, and these mice had considerably lower cross-reactive
serum antibody levels than mice that received fixed H3N2/
LT(R192G) vaccine. Western immunoblotting was performed
as a second serologic assay to detect the presence of cross-
reactive serum IgG antibodies to HSHA. The Western blot test
confirmed the ELISA results by detecting cross-reactive anti-
H5HA antibodies only in mice that received H3N2 vaccine by
the mucosal route (data not shown). Taken together, these
results demonstrated that mucosal vaccination with fixed virus
and adjuvant induced a population of v.n.-negative, cross-re-
active anti-HA antibodies that were not detectable following
parenteral vaccination.

DISCUSSION

The global spread of the next pandemic virus will likely be
rapid, allowing little time for the development and production
of a traditional strain-specific vaccine. This limitation will be
particularly true if the pandemic strain is an avian virus with
high pathogenicity for its avian host as well as its human host,
as was the case with the Hong Kong H5N1 viruses. Production
of vaccines against such viruses may be complicated by the
higher levels of biosafety containment required in the initial
stages of development. The H5N1 influenza virus outbreak and
the recent emergence of HON2 viruses in Hong Kong (44) have
shown us that influenza virus subtypes that were not thought to
infect humans are able to cross the species barrier and cause
disease. This observation further highlighted the need for de-
velopment of vaccines that are protective against multiple sub-
types of influenza virus. In this study we have used a formalin-
fixed whole H3N2 virus vaccine coadministered with LT(R192G)
adjuvant to induce cross-protection from an HSNT1 virus iso-
lated from a fatal human case in Hong Kong in 1997. This virus
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TABLE 2. Antiviral antibody responses to recombinant H3HA or HSHA antigen after vaccination with H3N2 virus

Antiviral antibody titer”

. . Vaccination
Coating antigen Treatment a
route Serum IgG Lung 1gG Serum IgA Lung IgA

H3HA LT(R192G) in. <250 <25 <250 <25
H3N2 in. 1x10° 6,400 16,000 1,600
H3N2 and LT(R192G) in. 1x10° 6,400 64,000 25,600
LT(R192G) s.C. <250 <25 <250 <25
H3N2 S.C. 256,000 <25 <250 <25
H3N2 and LT(R192G) s.C. 1x10° 1,600 <250 <25

H5HA LT(R192G) in. <250 <25 <250 <25
H3N2 in. 16,000 100 250 400
H3N2 and LT(R192G) in. 64,000 400 250 400
HIN1 and LT(R192G) in. 64,000 1,600 1,000 1,600
Live H3N2 in. 1,000 <25 <250 <25
LT(R192G) S.C. <250 <25 <250 <25
H3N2 s.C. <250 <25 <250 <25
H3N2 and LT(R192G) S.C. <250 <25 <250 <25

“ Mice received three inoculations at weekly intervals of 20 pg of formalin-inactivated H3N2 (X-31) or HIN1 (A/TW) virus plus 2 pg of LT(R192G) or 2 ng of
LT(R192G) alone. Two weeks after the final vaccine boost, five mice from each vaccine and LT(R192G) control group were euthanatized for serum and lung wash

collection. Samples pooled from five mice per group were used.

> ELISA plates were coated with 2 pg of bromelain-cleaved, purified H3HA or 2 p.g of purified rHSHA protein. Titers are expressed as the highest dilution of serum
having a mean optical density at 405 nm greater than the mean plus two standard deviations of similarly diluted LT(R192G) control serum.

was among a group of H5N1 viruses previously characterized
to be of high pathogenicity in mice (21, 24, 30, 66) and there-
fore provided a stringent evaluation of protective efficacy. We
compared the traditional parenteral route and a mucosal route
of vaccination. Mucosal (i.n.) vaccination was clearly superior
to parenteral (s.c.) vaccination for the induction of Het-I, and
LT(R192G) delivered with vaccine serves as a potent mucosal
adjuvant that enhanced protection. H3N2/LT(R192G)-im-
mune mice were protected against mortality and significant
weight loss and had accelerated virus clearance from the brain,
nose, and lung tissues following a lethal H5N1 virus challenge.
The cross-protective effect of mucosal vaccination was associ-
ated with the induction of subtype cross-reactive anti-HA an-
tibodies not detected in mice that received s.c. delivery of
vaccine in the presence or absence of adjuvant. We found that
nasal vaccination of a fixed-virus vaccine together with
LT(R192G) had similar cross-protective efficacy compared
with the response in mice that received live H3N2 virus for
induction of Het-I. Both methods of priming resulted in com-
plete protection against death and a comparable reduction in
viral titers in lung, brain, and nose tissue 5 days after HSN1
virus challenge (Fig. 1). For the vaccine dose and regimen
tested in this study, the results also demonstrate a requirement
for LT(R192G) adjuvant, since mice that received H3N2 vac-
cine alone were not completely protected against death.

To understand the immunologic bases of Het-I, we initially
tested whether CD4 ™" and/or CD8™ T cells accounted for the
cross-protection. Acute depletion of CD4" T cells did not
significantly reduce the strength of Het-I. These results are
consistent with those of previous studies on Het-I induced by
infection of mice where depletion of CD4" T cells had no
effect on survival or reductions in lung virus titers (15, 17).
However, in the study by Liang et al., depletion of CD4" T
cells led to partial reduction of Het-I in the upper respiratory
tract but was without effect in the lower respiratory tract (28).
By depleting CD8™ T cells in heterotypically immune mice, the
present study demonstrated that this T-cell subset aids in con-

trolling virus levels in the lung and brain tissue but was not vital
for the host’s survival following lethal virus challenge. These
results were confirmed using $2m '~ mice genetically deficient
in functional CD8™" T cells, which were protected against lethal
heterosubtypic challenge. Using live virus for induction of
Het-I, Epstein et al. also observed Het-I in B2m /" mice or
mice depleted of CD8" T cells (15-17). However, Stevenson et
al. found that CD8" T cells induced by i.n. infection of mice
with an H3N2 virus were critical for protection in the brain
following intracerebral challenge with A/WSN/33 virus (56).
CD8™ T cells may control virus levels through direct lysis of
infected cells; however, we could detect only a secondary virus-
specific CTL response following restimulation of spleen cells
from mice vaccinated with live H3N2 virus and not inactivated
H3N2/LT(R192G) vaccine (data not shown). These results
suggest that this mucosal vaccination strategy induces CD8* T
cells that control virus replication in vivo by mechanisms other
than the direct lysis of virus-infected cells. CD8" T cells may
be mediating their effect indirectly by the secretion of antiviral
cytokines such as gamma interferon or tumor necrosis factor
alpha (12). Recently, using a knockout mouse model, Nguyen
et al. (40) demonstrated that gamma interferon was not re-
quired for Het-I induced by i.n. infection of mice with a live
virus.

Because we identified only an accessory role for T cells in
Het-I, we next evaluated the role of B cells and antibody in
Het-I by using B-cell-deficient mice incapable of antibody pro-
duction. Unlike wt control animals, H3N2-immune, B-cell-
deficient mice do not survive heterosubtypic challenge with
HSNI1 virus. Our observations are consistent with the recent
results of Nguyen et al., where Het-I was not observed in
B-cell-deficient mice, although these mice could mount cross-
reactive CTL responses (41). The protective role of B cells in
Het-I may relate to a functional role of B cells, the production
of cross-reactive antibodies, or a combination of both. The
ability of B cells to secrete cytokines and act as antigen-pre-
senting cells suggests that B cells may be needed for optimal
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activation of T-cell responses in some models (22), although
others have shown that the development of CD4* and CD8"
T-cell responses to influenza virus infection did not require B
cells (14, 23, 36, 37, 65). Our results suggest that the induction
of potent Het-I in mucosally vaccinated mice was due to the
production of antibodies directed against cross-reactive viral
determinants. Characterization of the postvaccination anti-
body responses identified a difference between antibody re-
sponses induced by the mucosal and parenteral routes of vac-
cination. Although s.c. and i.n. administration of vaccine
together with LT(R192G) induced comparable levels of H3-
specific IgG and v.n. activity in the serum, only i.n. adminis-
tration of vaccine induced a substantial local H3-specific IgA
antibody response. These results are consistent with those of a
previous study, where i.n. administration of H3N1 vaccine in-
duced both mucosal and systemic antibody responses and pro-
tected mice from lethal HSN1 virus challenge (59). In this
study we also observed that mucosal vaccination with H3N2
vaccine induced antibodies that reacted with HSHA whereas
parenteral vaccination did not, suggesting that these subtype
cross-reactive antibodies may be responsible for conferring
protection from lethal HSN1 virus challenge. The highest lev-
els of cross-reactive antibody were the IgG isotype found in the
serum, whereas lower levels of anti-HSHA IgG and IgA were
detected in lung wash samples. Although these antibodies
failed to neutralize H5N1 virus in vitro, it is possible that the
cross-reactive anti-HA antibodies act by additional mecha-
nisms in vivo to neutralize progeny virus and/or enhance clear-
ance of virus-infected cells (22). While the overall mammalian
antibody response to HA is primarily directed against the glob-
ular head region (1), antibodies to the conserved stem region
are produced in small amounts (6, 42, 54), and passive immu-
nization with a MAb directed to a conformational epitope in
the middle of the HA stem region protects mice from lethal
influenza virus infection (54). Studies are under way to delin-
eate the cross-reactive epitope(s) on HA. Such studies may
provide further insight for the development of vaccine strate-
gies against multiple influenza virus subtypes. Antibodies to
the conserved viral transmembrane M2 have also been associ-
ated with control of influenza virus in mice challenged with
heterologous viruses (19, 22, 38, 53, 73). Since the present
study used purified whole virus vaccine that would contain very
minimal quantities of M2 (73), it is unlikely that induction of
anti-M2 antibody contributes significantly to Het-I in this
model system. Antibodies to other serologically cross-reactive
proteins, such as NP and M1, are induced following influenza
A virus infection; however, antibodies to NP and M1 appear
not to provide protective immunity (17, 22, 68).

The underlying mechanism responsible for generating cross-
reactive anti-HA antibodies in mucossally vaccinated mice is
unknown. However, the type of professional antigen-present-
ing cells and cytokines released during the inductive phase of
the immune response may influence the antibody responses.
Recently, Moran et al. demonstrated that an inactivated influ-
enza vaccine given parenterally failed to provide Het-I unless
mice received interleukin-12 (IL-12) and antibodies to IL-4
which converted Th2 immunity to a Th1 (high IL-12, low IL-4)
cytokine response (35). Identification of the nature of the cy-
tokine profile and the isotype antibody response following mu-
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cosal vaccination might suggest ways to augment such re-
sponses.

An interesting finding was the delayed protection observed
in B/Har-vaccinated mice challenged with an immunologically
unrelated influenza A (H5N1) virus. The delay in morbidity
and mortality and moderate reductions in lung and nose virus
titers on day 5 p.c. indicated that innate immunity contributes
to the control of the infection. Nonspecific immune mecha-
nisms may be local inflammatory responses accompanying vac-
cination that results in the recruitment and activation of cells
into the respiratory tract. The restimulation of cells such as NK
or yd T cells could result in partial reduction of virus replica-
tion and morbidity observed after viral challenge (12). It has
been observed that NK and y8 T cell numbers increase in the
lung tissue of mice following i.n. infection with influenza virus
(12, 61), and yd T cells proliferate nonspecifically in response
to virus-infected cells (5). Nonetheless, in the absence of virus
type-specific immune effectors, the influenza B virus-immu-
nized mice rapidly succumb to infection beyond the first week
of virus challenge (Fig. 2).

In this study, we have shown that mucosal vaccination with
an inactivated whole virus vaccine coadministered with a mu-
cosal adjuvant is as effective as live virus vaccine for the induc-
tion of Het-I. It is noteworthy that the H3N2/LT(R192G)-
immune mice remained fully protected against HSN1 lethal
challenge for at least 32 weeks postvaccination (data not
shown). Our studies using BALB/c mice depleted of T cells or
mice deficient in B cells or CD8" T cells revealed that B cells
and antibodies are vital to Het-I, whereas CD8™ T cells control
virus replication in the respiratory tract. These results are
consistent with induction of cross-reactive anti-HA antibodies
following a mucosal but not parenteral vaccination. Whether a
formalin-fixed influenza virus vaccine coadministered with a
mucosal adjuvant would induce Het-I in humans is not known.
Steinhoff et al. (55) failed to demonstrate Het-I in young chil-
dren previously infected with one subtype of human influenza
virus and subsequently immunized i.n. with live attenuated
virus vaccine of another subtype. Evaluation of the efficacy of
Het-I induction in mice previously infected with influenza vi-
rus(es) and the use of fewer doses of vaccine will indicate
whether this vaccine strategy would be relevant for humans in
a pandemic situation or for annual vaccination. Another con-
sideration is that although LT adjuvant itself is immunogenic,
the adjuvant effect of LT is not abrogated in the presence of an
anti-LT antibody response (9; J. Katz, unpublished data). Re-
cently, a live-attenuated, cold-adapted influenza vaccine ad-
ministered by nasal spray to children was shown to be highly
effective against an H3N2 drift variant that was not well
matched with the H3N2 vaccine virus (3). This result suggests
that mucosal delivery of vaccines may indeed induce cross-
reactive immunity to influenza viruses in humans, at least
within a subtype. A vaccine that could induce or boost Het-I in
humans could be an important first line of prevention against
a novel subtype, allowing time for the development of a pan-
demic strain-specific vaccine.
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