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FIG. 7. IHC evaluation of AGM tissues 4 days after challenge with HPAIV. (A to D) IHC evaluation of tissues from AGM immunized with
an empty NDV vector and challenged with HPAIV, all demonstrating evidence of bronchointerstitial pneumonia. Challenge virus HA antigen
(stained brown) was detected with polyclonal goat anti-HA antibodies and a horseradish peroxidase detection system. (A) Prominent viral antigen
in the bronchiolar epithelium (black arrow), alveolar epithelium (green arrows), and alveolar macrophages (red arrows). Captured by a 20X
objective. (B) Scattered antigen-positive epithelial cells (arrows) in the terminal bronchus. Captured by a 40X objective. (C) Bronchiole (center)
with intraluminal hemorrhage, inflammatory exudates, cell debris, and prominent immunostaining along the intact and denuded epithelial surface
(arrow). Captured by a 20X objective. (D) Alveoli with prominent immunostaining in pneumocytes (black arrow) and alveolar macrophages (red
arrows). Captured by a 40X objective. (E) Semiquantitative evaluation of HPAIV HA antigen in AGM immunized with the indicated construct
and challenged with HPAIV. Antigen distribution in bronchial and bronchiolar epithelia, bronchus-associated lymphoid tissue, alveolar type I and
type II pneumocytes, and alveolar macrophages was scored according to the number of antigen-positive cells per high-power field (magnification,
X400): 0, no cells; 1, 1 to 2 cells; 2, 3 to 10 cells; 3, >10 cells. Each symbol represents an individual animal and is the average from a total of four
slides representing the left lung hilus, the left lung periphery, the right lung hilus, and the right lung periphery, respectively. The horizontal bars
represent the mean for each group.

tibody titers against A/egret/Egypt/1162-NAMRU3/06 were al-
most identical to those observed against the homologous
A/Vietnam/1203/04 virus for all groups (Fig. 9C). These data
indicate that vaccination by NDV expressing the HA or NA
protein of the A/Vietnam/1203/04 virus is likely to be equally
effective against a closely related but heterologous strain, such
as A/Hong Kong/213/03, and also would be highly protective
against a more divergent strain, such as A/egret/Egypt/1162-

NAMRU3/06. In addition, as was observed in assessing serum
antibody reactivity against the homologous virus (Fig. 4), the
titers of antibodies induced by NDV/HA(RV) reactive with the
heterologous viruses were consistently higher than those in-
duced by NDV/HA. For example, the increase in the mean
titer of antibodies against A/egret/Egypt/1162-NAMRU3/06
induced by NDV/HA(RYV) over that induced by NDV/HA was
4.6-fold (P < 0.001), as determined by an HAI assay (Fig. 9B)
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FIG. 8. Induction of cytokines (A), chemokines (B), and IFN-in-
duced antiviral genes (C) following HPAIV challenge. The levels of
mRNAs for selected host genes were measured by QRT-PCR analysis
of lung tissue samples harvested on day 4 following HPAIV challenge
of animals that had been immunized with the empty NDV vector
(unprotected from the challenge) or NDV/HA (protected). Changes in
gene expression were calculated relative to expression in four addi-
tional uninfected, unchallenged animals using the AA“” method and
were expressed as the mean log, fold change. The error bars represent
the absolute maximum and minimum values obtained by adding the
standard error of the calibrator threshold cycle (i.e., unimmunized,
unchallenged animal) and the standard error of the threshold cycle for
the experimental group. Statistical differences were calculated by one-
way analysis of variance with a Tukey posttest. f, P < 0.05; £, P < 0.01;
*, P < 0.001. Symbols directly above vertical bars indicate statistically
significant differences from the unimmunized/unchallenged group.
Symbols above horizontal lines indicate statistically significant differ-
ences between the empty NDV vector- and NDV/HA-immunized
groups.

and 5.3-fold (P < 0.01) as determined by virus neutralization
(Fig. 9C). Thus, the modified HA(RV) protein was at least as
immunogenic and protective as the wild-type HA protein and
may even demonstrate enhanced immunogenicity relative to
that of the wild-type protein.

DISCUSSION

This study describes the development of live, mucosally
delivered NDV-vectored vaccines against HSN1 HPAIV
and their evaluation for immunogenicity and protective ef-
ficacy against HSN1 HPAIV challenge in a nonhuman pri-
mate model. Several important conclusions can be drawn from
this study. First, i.n. and i.t. immunization with two doses of
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NDV/HA in a liquid form induced high levels of HPAIV-
neutralizing antibodies in serum and completely or almost
completely protected monkeys against a high dose of challenge
HPAIV. Second, these high levels of immunogenicity and
protective efficacy were also observed with the modified
HA(RV) protein, which lacked the polybasic cleavage site.
Third, the requirement of a second dose for effective induc-
tion of HPAIV-neutralizing antibodies is not only related to
the increase in antibody concentration, as measured by ELISA,
but is also due to enhanced affinity maturation associated
with the second dose. Fourth, expression of the NA protein
alone also induced high levels of HPAIV-neutralizing serum
antibodies and protective efficacy. Fifth, aerosol delivery of
NDV/HA was highly immunogenic and protective, thereby
providing a potentially feasible method by which lower respi-
ratory tract delivery to a human can be achieved. Sixth, serum
antibodies induced by NDV-vectored HA and NA were highly
reactive against heterologous HSN1 HPAIV strains, suggesting
that NDV vectors can provide broad protective immunity.
These results, taken together with the observation that NDV
vectors are highly restricted and attenuated in nonhuman pri-
mates (7, 18-20), indicate that NDV-vectored vaccines against
HPAIV should be evaluated for safety and immunogenicity in
clinical studies.

The present study showed that HA and NA are major inde-
pendent protective HPAIV antigens. Evaluation of NA as an
immunogen independent of HA for influenza virus in general
has not been vigorously pursued, probably because of the idea
that antibodies against NA would not block attachment and
penetration and thus would provide incomplete immunity to
replication and disease (36, 40, 54). However, NA-specific se-
rum antibodies are associated with resistance to infection with
seasonal influenza virus in humans (47). Immunization against
NA achieved with DNA or baculovirus-expressed protein was
protective in mice against challenge and was observed both for
human influenza virus and for HPAIV (12, 34, 51, 56). Fur-
thermore, NA-specific antibodies were more broadly protec-
tive against heterologous strains than HA-specific antibodies
(34), indicating conservation of neutralizing epitopes on the
NA proteins of evolving H5N1 viruses. Similarly, chickens
that were immunized against HSN1 NA using baculovirus-
expressed proteins, DNA, or other vectors exhibited in-
creased survival after HPAIV challenge (52, 65). However,
it remained unclear how effective immunization with the NA
of H5N1 would be in a nonhuman primate with a highly
attenuated vector. Thus, we were surprised to find that immu-
nization with NA alone induced a high titer of HPAIV-neu-
tralizing serum antibodies and almost complete protection
against HPAIV challenge replication. Indeed, the immunoge-
nicity and protective efficacy of NA approached those of HA.
This indicates that NA, along with HA, should be included in
vectored vaccines against influenza virus, which should result
in broader, more effective protection than HA alone.

Replacement of the polybasic HS HPAIV HA cleavage site
with a cleavage site containing fewer basic residues taken from
a nonpathogenic influenza virus was associated with increased
immunogenicity and protective efficacy in this study. The ap-
parently greater immunogenicity of this altered HA remains to
be confirmed with a larger number of animals. Why immuno-
genicity might be improved by removal of the polybasic se-
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FIG. 9. Reactivities of serum antibodies induced by the various vaccines against heterologous strains of HSN1 HPAIV. (A and B) HAI
titers against A/Hong Kong/213/03 (A) and A/egret/Egypt/1162-NAMRU3/06 (B) H5N1 HPAIV. (C) Neutralizing (Neut.) titers against
Alegret/Egypt/1162-NAMRU3/06 HSN1 HPAIV. Means * standard errors are shown. Statistical differences are represented as explained
in the legend to Fig. 4. Values below the limit of detection (dashed lines) were assigned a value of 2 log, for calculation of the mean.

quence is unclear. This effect did not appear to be due to
increased replication of the NDV/HA(RV) construct, based on
the levels of vector shedding (Fig. 3A and B) and vector-
specific antibody responses (Fig. 4F). One possibility is that
this change affected the processing and major histocompatibil-
ity complex (MHC) presentation of the HA antigen, based on
a precedent in which point mutations in the group-associated
antigen (Gag) of human immunodeficiency virus greatly af-
fected proteasomal degradation and subsequent MHC class I
presentation of the protein, strongly modifying the resulting
T-cell response (66). Another possibility is that the conforma-
tion of the antigen might have been modified somewhat, re-
sulting in a difference in the repertoire of induced antibodies.
In any event, the removal of the polybasic site, which should
eliminate any safety concerns regarding this sequence, was
associated with immune responses that were as great as or
greater than those against wild-type HA. This indicates that
this modified gene is the gene of choice for further evaluation.

The strong serum neutralizing antibody response detected in
all animals immunized with NDV expressing HA, HA(RV),
or NA likely was a major determinant of protection against
the HPAIV challenge. We did not specifically measure mu-
cosal antibody responses in the present study, but we pre-
viously demonstrated substantial HPAIV-specific antibody
responses in respiratory secretions from monkeys immu-
nized with NDV/HA (20). Therefore, it is reasonable to expect
that mucosal antibodies also contributed to the protection
against HPAIV challenge in the present study. In previous
reports, NA-specific antibodies have been described as “infec-
tion permissive” (36), acting primarily by inhibiting virus re-
lease from infected cells and restricting cell-to-cell spread (40).
Consistent with this, assays in the present study with two dif-

ferent microneutralization formats suggested that HA-specific
antibodies appeared to be more effective at preventing the
initial infection, whereas NA-specific antibodies acted primar-
ily to inhibit virus spread (Fig. 4C and D). However, the two
NA-immune animals with the highest antibody titers, as as-
sessed by an NAI assay (Fig. 4B) and by general neutralization
(Fig. 4C), also were able to neutralize the initial infection in
vitro at a dilution of 1:20 (Fig. 4D). This suggests that a high
titer of NA-specific antibodies can neutralize HPAIV, perhaps
through steric hindrance of attachment or penetration mediated
by HA. The possibility of steric hindrance of HA-mediated at-
tachment is supported by the observation that sera from the
NA-immune animals had HAI activity, presumably due to steric
hindrance of the interaction between HA and sialic acid residues
on the surfaces of erythrocytes by antibodies bound to NA.

Virus-specific CD8" cytotoxic T lymphocytes also are an im-
portant factor in influenza virus immunity (23, 31, 67) and may be
particularly important for the control of infection with viruses that
evade antibody neutralization due to antigenic drift of the enve-
lope proteins. Influenza infection of humans induces a cytotoxic
T-cell response that can be transiently detected in the peripheral
blood (22); however, most of the influenza virus-specific CD8*
T cells accumulate in human lung tissue rather than in the
peripheral blood (17). In the present study, we did not detect
a significant T-cell response in the peripheral blood (data not
shown). This might reflect a reduced response due to the
limited replication of NDV in the nonhuman primate lung (7)
or the limited number of H5N1 antigens in the NDV vectors
tested, as well as the likelihood that the cell-mediated response
was localized in the lung and was not efficiently detected by
sampling of peripheral blood.

NDV is highly attenuated in nonhuman primates, with very
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little virus shedding, and replication appears to be restricted to
the respiratory tract. These observations suggest that NDV
would be a very safe vector for humans. In studies to date, we
have evaluated three different NDV backbones, namely, the
mesogenic Beaudette C strain (as in the present study), the
lentogenic LaSota strain, and a modified LaSota strain bearing
a polybasic cleavage site in the F protein derived from the
Beaudette C strain. These viruses appeared to have compara-
ble safety, immunogenicity, and protective efficacy profiles (7,
18, 19), suggesting that any of these strains would be appro-
priate for human use. We recently showed that NDV-vectored
vaccines require delivery to the lower respiratory tracts of
nonhuman primates: i.n. delivery alone was insufficient to
provide sufficient virus replication to be immunogenic (19).
Whether the same limitation would apply to humans is un-
known, since one cannot precisely predict permissiveness in
humans based on results in nonhuman primates. For example,
whereas several species of monkey support moderate levels of
replication of human parainfluenza viruses and metapneumo-
virus, replication of human respiratory syncytial virus is inex-
plicably more restricted (15, 21). Thus, whether i.n. adminis-
tration of NDV vectors is effective for humans can be
determined only by a clinical study. However, in anticipation of
the possibility that lower respiratory tract delivery might also
be necessary for humans, in the present study we also evalu-
ated the alternative method of delivery by nebulizer. This em-
ployed a device that is being evaluated by the World Health
Organization (43) and is based on a previous device that was
used successfully to vaccinate 4 million children against
measles virus (26, 27). Thus, initial clinical evaluation of an
NDYV construct can compare the i.n. and the aerosol route
of delivery.

NDV offers a number of advantages as a vaccine vector
against HPAIV. One advantage is that topical administration
to the respiratory tract is likely to be particularly effective
against a respiratory pathogen such as HPAIV. A second ad-
vantage is that the expression of foreign viral glycoprotein
genes by NDV or other respiratory paramyxoviruses, such as
human parainfluenza virus type 3, did not appear to alter the
replication, pathogenesis, or cell tropism of the vector, indi-
cating that the foreign gene is a silent passenger (7, 8, 10, 18,
20). In particular, we and others previously confirmed that
expression of HA from a highly pathogenic H5N1 virus by
NDV did not increase the replication, tropism, or pathogenesis
of the NDV vector in embryonated eggs or young chickens (20,
73). The lack of effect on the vector provides for biological and
environmental safety. Additional safety is provided by the use
of an H5 HA lacking the polybasic cleavage site, which would
restrict potential NDV infection mediated by the H5 HA to the
respiratory tract of the host. Conversely, expression of the
foreign protein is not involved in the replication of the vector,
and thus, there is no need for a functional match with the
vector proteins. As a consequence, HA and NA genes from
diverse HPAIV strains can be expressed by NDV with the
expectation that the properties of the vector will remain largely
unaffected. This would provide for a more predictable and
therefore a more rapid response against new HPAIV strains.
This contrasts with chimeric reassortant influenza viruses bear-
ing the HA and NA of HPAIV in the background of internal
genes derived from attenuated human influenza virus, a situ-
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ation in which the replication of the virus depends on the
compatibility between the HPAIV HA/NA and the human
virus internal genes. This can result in unpredictable effects on
growth, including overattenuation in vivo (24, 38). A third
advantage is that NDV and other nonsegmented negative-
strand RNA viruses are highly refractory to genetic exchange,
which greatly reduces concerns about genetic exchange be-
tween NDV-vectored vaccines and circulating viruses (14, 61).
This contrasts with live attenuated influenza virus vaccines,
which have the potential to exchange gene segments with cir-
culating influenza virus strains. A fourth advantage is that
NDV is used under BSL-2 conditions, providing a significant
benefit in terms of safety for lab personnel as well as reduced
costs for manufacture.
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