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ABSTRACT

Live attenuated cold-adapted (ca) H5N1, H7N3, H6N1, and H9N2 influenza vaccine viruses replicated in the respiratory tract of
mice and ferrets, and 2 doses of vaccines were immunogenic and protected these animals from challenge infection with homolo-
gous and heterologous wild-type (wt) viruses of the corresponding subtypes. However, when these vaccine candidates were eval-
uated in phase I clinical trials, there were inconsistencies between the observations in animal models and in humans. The vaccine
viruses did not replicate well and immune responses were variable in humans, even though the study subjects were seronegative
with respect to the vaccine viruses before vaccination. Therefore, we sought a model that would better reflect the findings in hu-
mans and evaluated African green monkeys (AGMs) as a nonhuman primate model. The distribution of sialic acid (SA) receptors
in the respiratory tract of AGMs was similar to that in humans. We evaluated the replication of wt and ca viruses of avian influ-
enza (AI) virus subtypes H5N1, H6N1, H7N3, and H9N2 in the respiratory tract of AGMs. All of the wt viruses replicated effi-
ciently, while replication of the ca vaccine viruses was restricted to the upper respiratory tract. Interestingly, the patterns and
sites of virus replication differed among the different subtypes. We also evaluated the immunogenicity and protective efficacy of
H5N1, H6N1, H7N3, and H9N2 ca vaccines. Protection from wt virus challenge correlated well with the level of serum neutraliz-
ing antibodies. Immune responses were slightly better when vaccine was delivered by both intranasal and intratracheal delivery
than when it was delivered intranasally by sprayer. We conclude that live attenuated pandemic influenza virus vaccines replicate
similarly in AGMs and human subjects and that AGMs may be a useful model to evaluate the replication of ca vaccine candi-
dates.

IMPORTANCE

Ferrets and mice are commonly used for preclinical evaluation of influenza vaccines. However, we observed significant inconsis-
tencies between observations in humans and in these animal models. We used African green monkeys (AGMs) as a nonhuman
primate (NHP) model for a comprehensive and comparative evaluation of pairs of wild-type and pandemic live attenuated influ-
enza virus vaccines (pLAIV) representing four subtypes of avian influenza viruses and found that pLAIVs replicate similarly in
AGMs and humans and that AGMs can be useful for evaluation of the protective efficacy of pLAIV.

Ahighly pathogenic (HP) H5N1 avian influenza (AI) virus has
caused numerous outbreaks in wild and domestic birds and

has infected several mammalian species, including humans, since
it emerged in Hong Kong in 1997 (1) and reemerged in China (2,
3) in 2003 and in Vietnam (4) and Thailand (5) in 2004. From
2003 through 2013, there have been more than 600 laboratory-
confirmed human H5N1 cases and more than 300 deaths in 15
countries (6). In addition to H5N1 virus infections, outbreaks of
H7 AI in poultry have been associated with sporadic transmission
to humans (7, 8) and H9N2 subtype AI viruses have also crossed
the species barrier and transmitted to humans (9–11). In 2009, a
swine-origin H1N1 virus emerged in humans and caused the first
influenza pandemic in 40 years. In response to the threat of a
pandemic caused by animal influenza viruses, several pandemic
vaccines have been developed and evaluated in humans (12–18).

The two types of seasonal influenza vaccines that are li-
censed and widely distributed in the United States are inacti-
vated and live attenuated virus vaccines; both of these plat-

forms have been used to develop vaccines against pandemic
influenza (19, 20). Clinical studies with inactivated split-virion
or whole-virion H5N1 vaccines indicate that multiple doses, a
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large antigen dose, or an oil-in-water adjuvant is necessary to
elicit the level of immunity required to meet the serologic cri-
teria for vaccine licensure (13, 14, 21–23), and in the absence of
adjuvant, whole-virus vaccines induced more robust immune
responses than split-virion vaccines (18).

There are several features of live attenuated influenza virus
vaccines (LAIV) that may be advantageous in the event of a pan-
demic. First, LAIV induce broad cross protection against heterol-
ogous strains in naive individuals (24, 25). Because the identity of
a pandemic strain cannot be predicted, a vaccine that induces a
broadly cross-reactive immune response is desirable. Second, in-
tranasally (i.n.) delivered LAIV elicit mucosal antibodies (Abs)
and cellular immune responses as well as serum antibodies (26).
Third, the yield of LAIV doses in embryonated eggs is greater than
that of inactivated influenza virus vaccines, making it possible to
manufacture vaccine for larger numbers of people. Two LAIV
backbones are licensed for seasonal influenza in different parts of
the world. The influenza A virus strains contained in the LAIV
licensed in the United States are composed of 6 internal protein
genes of the influenza A/Ann Arbor/6/60 (H2N2) cold-adapted
(ca) (AA ca) virus and the two surface glycoprotein genes, hem-
agglutinin (HA) and neuraminidase (NA), of the circulating strain
of interest. The LAIV licensed in Russia uses the A/Leningrad/137/
17/57 ca virus as a backbone (27, 28). Both platforms were used to
develop pandemic influenza virus vaccines (20), and several AA
ca-virus-based vaccine candidates, including the H5N1, H6N1,
H7N3, and H9N2 subtypes, have been tested in preclinical studies
in mice and ferrets and in phase I clinical trials in humans (12, 15,
29–34). Although the vaccine viruses replicated well in the upper
respiratory tract tissues of mice and ferrets, they were restricted in
the lower respiratory tract as was anticipated based on their tem-
perature-sensitive phenotype. The immune responses induced by
two doses of the AA ca virus pandemic vaccines were sufficient to
protect animals against lethal infection and/or viral replication in
the lower respiratory tract upon challenge with wild-type (wt)
viruses (31–34). However, the replication of and immune re-
sponses to these vaccines were variable in humans (12, 15, 29, 30).
Therefore, we sought an animal model that would better reflect
the findings in humans and considered nonhuman primates
(NHPs) because of their genetic and physiological similarity to
humans. Several species of NHPs have previously been used to
study AI virus infection and vaccine efficacy (35–38). African
green monkeys (AGMs) have been successfully used as NHP mod-
els for other respiratory viruses, including parainfluenza viruses
(39, 40), respiratory syncytial virus (41), and severe acute respira-
tory syndrome (SARS) coronavirus (42). Therefore, we under-
took an evaluation of several different subtypes of influenza A
viruses in AGMs.

MATERIALS AND METHODS
Viruses and cells. A/Vietnam/1203/2004 (H5N1) wt (H5N1 wt), A/teal/
Hong Kong/W312/97 (H6N1) wt (H6N1 wt), A/chicken/British Colum-
bia/CN-7/2004 (H7N3) wt (H7N3 wt), and A/chicken/Hong Kong/G9/97
(H9N2) wt (H9N2 wt) virus strains were kindly provided by Alexander
Klimov and Nancy Cox of the Centers for Disease Control and Preven-
tion, John Pasick, Canadian Food Inspection Agency, National Centre for
Foreign Animal Disease, Winnipeg, Canada, and Robert G. Webster, St.
Jude Children’s Research Hospital, Memphis, TN. The reassortant
A/Vietnam/1203/2004 (H5N1) ca virus strain in which the multibasic
amino acid site in the HA was deleted (H5N1 ca) and the A/teal/Hong
Kong/W312/97 (H6N1) ca (H6N1 ca) and A/chicken/British Columbia/

CN-6/2004 (H7N3) ca (H7N3 ca) virus strains were generated by reverse
genetics as described previously (32). The A/chicken/Hong Kong/G9/97
(H9N2) ca (H9N2 ca) virus strain was generated by genetic reassortment
(33). Viruses were propagated in 10-to-11-day-old embryonated hen’s
eggs.

Madin-Darby canine kidney (MDCK) cells were maintained in mod-
ified Eagle’s medium with 10% fetal calf serum and L-glutamine.

Animals. Adult male or female African green monkeys (AGMs [Chlo-
rocebus aethiops]) were used. All experiments, including animal studies
with HPAI viruses H5N1 and H7N3, were conducted in enhanced bio-
safety level 3 (BSL-3) containment laboratories approved for use by the
U.S. Department of Agriculture and Centers for Disease Control and Pre-
vention. Animal experiments were done at Bioqual, Inc. (Rockville, MD)
and at the NIH in compliance with the guidelines of the respective Insti-
tutional Animal Care and Use Committees.

Virus inoculation and sample collection. Groups of AGMs were in-
oculated with 2 � 106 50% tissue culture infectious doses (TCID50) (1.0
ml of 1 � 106 intranasal [i.n.] doses plus 1.0 ml of 1 � 106 intratracheal
[i.t.] doses) of each virus. The FluMist seasonal vaccine approved for
humans is administered intranasally using prefilled sprayers containing
106.5 to 107.5 fluorescent focus units (FFU) in 0.2 ml. Blood samples and
nasal/pharyngeal swabs were collected daily, and tracheal lavage fluid was
collected every other day and on the day of necropsy. In each experiment,
at least two AGMs were sacrificed 2 and 4 days postinfection (pi) and in
some studies on day 7 pi. Tissue samples, including nasal turbinates, tra-
chea, and lungs, were collected at necropsy. Samples from two areas (distal
and proximal) of each upper and lower lobe were collected from each
lung. Tissues were frozen immediately after harvest and stored at �80°C
until they were processed for virus titration. Sample collection was mod-
ified as results of earlier experiments became available. For example, nasal
washes were collected daily from animals inoculated with H6N1, H7N3,
and H9N2 (wt and ca) viruses and samples from nasal and pharyngeal
swabs were analyzed separately for H6N1 and H9N2 studies. Data on
replication of the HPAI H5N1 wt virus were obtained from two separate
experiments. The data for the shared time points from the two experi-
ments were pooled for analysis. Brain and spleen samples were collected at
necropsy from AGMs that received the H5N1 virus.

Viral titration. Harvested tissues were homogenized in Leibovitz L-15
medium at 10% (wt/vol). The swabs were immersed in 1 ml of L-15
medium at room temperature for 5 min, and after the swab was removed,
the samples were clarified by centrifugation at 2,500 rpm for 10 min. The
nasal washes were collected by flushing each nostril with 1 ml of phos-
phate-buffered saline (PBS), and tracheal lavage fluid was obtained
through intratracheal intubation/washes with 2 to 3 ml of PBS; these
samples were also clarified by centrifugation. Clarified homogenates or
secretion samples (swabs, nasal washes, or tracheal lavage fluid) were
titrated on MDCK cell monolayers, and titers were expressed as TCID50

per gram or per ml, respectively, as previously described (32).
Immune responses and protective efficacy. AGMs were immunized

with one or two doses of 2 � 106 TCID50 ca vaccine virus 28 days apart.
AGMs immunized with the H7N3 ca vaccine virus received only one dose.
The monkeys were challenged with H5N1 wt or with H7N3 wt virus on
day 59 or day 63 after the first inoculation, respectively. The challenge
infection with H6N1 and H9N2 wt viruses was done on day 56 after the
first vaccine dose. Tissues were harvested for virus titration when peak
replication of the wt virus was anticipated, which was 2 days after chal-
lenge as indicated above. Sera were collected weekly and tested for hem-
agglutination inhibition (HAI) antibodies (Abs) and neutralizing Abs as
previously described (32). Two-fold dilutions of heat-inactivated serum
were tested in a microneutralization (MN) assay for the presence of anti-
bodies that neutralized the replication of 100 TCID50 of wt viruses in
MDCK cells, with four wells per dilution on a 96-well plate. The presence
of viral cytopathic effect was read on days 3 and 4. The dilution of serum
that completely prevented cytopathic effect in 50% of the wells was calcu-
lated by the Reed-Muench formula (43).
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ELISA for IgA in nasal wash. Enzyme-linked immunosorbent assays
(ELISA) were performed as previously described (44). Briefly, plates were
coated with baculovirus-expressed recombinant HA protein from the A/
Vietnam/1203/04 (H5N1) virus (NR10510), A/teal/Hong Kong/W312/97
(H6N1) virus (NR-653), or A/chicken/G9/97 (H9N2) virus (NR-659) ob-
tained through the National Institutes of Health Biodefense and Emerging
Infectious Diseases Repository and used at 1 �g/ml (50 �l per well). Nasal
wash samples in 2-fold serial dilutions were incubated on the plates at 4°C
overnight. Bound antibodies were detected with biotinylated goat anti-
monkey IgA (�-chain) and horseradish peroxidase (HRP)-conjugated
streptavidin (Dako, Carpinteria, CA). Wells with an optical density (OD)
of �0.2 after subtraction of background OD at 450 nm were considered to
represent positive results.

Lectin histochemistry. Lectin histochemistry using linkage-specific
lectins was carried out essentially as described by Kuchipudi et al. (45)
with some modifications. Lectins used in the current study included Sam-
bucus nigra agglutinin (SNA) and Maackia amurensis I (MALI), MALII, or
MAH agglutinins (all provided by Vector Laboratories, Burlingame, CA).
Briefly, sections from formalin-fixed paraffin-embedded tissues from an
uninfected AGM were cut at 5 �m thickness, deparaffinized in xylenes,
and rehydrated through graded concentrations of ethanol. Tissue sections
were microwave pretreated for 20 min using a citrate-based antigen un-
masking solution (Vector Laboratories, Burlingame, CA), followed by a
1-h incubation at room temperature (RT) with fluorescein isothiocyanate
(FITC)-labeled SNA or FITC-labeled MALI and biotinylated MALII lec-
tin, each at a dilution of 1:100. Sections were washed in PBS containing
2% fish skin gelatin (FSG; Sigma) (PBS/FSG) and then incubated with
streptavidin-Alexa Fluor 594 conjugate (Invitrogen, Grand Island, NY)
for 30 min at RT. Nuclei were stained with DAPI (4=,6-diamidino-2-
phenylindole) (Vector Laboratories, Burlingame, CA), and sections were
mounted with ProLong Gold antifade reagent (Invitrogen, Grand Island,
NY). Negative controls were performed by omitting primary reagents. To
rule out nonspecific binding of the lectins, selected tissue sections were
treated prior to microwaving and lectin staining with sialidase A (neur-
aminidase; New England BioLabs, Ipswich, MA) at 12.5 U/�l for 24 h at
37°C.

For double-label lectin and immunofluorescence studies, sections
were processed as described above and incubated with FITC-labeled SNA
for 1 h at RT. Sections were washed in PBS/FSG and then incubated with
a primary Ab, either cytokeratin (AE1/AE3) or Von Willebrand factor
(VWF), both provided by Abcam (Cambridge, MA), for 1 h at RT. Bound

Ab was detected using a biotinylated anti-mouse secondary Ab for cyto-
keratin or an anti-rabbit secondary Ab for VWF (both supplied by Vector
Laboratories, Burlingame, CA), followed by streptavidin-Alexa Fluor 594
conjugate (Invitrogen, Grand Island, NY). Nuclei were stained with
DAPI, and sections were mounted with ProLong Gold antifade mounting
medium (Invitrogen, Grand Island, NY). Images were captured using an
Olympus BX51 microscope outfitted with an Olympus DP70 camera.
Composite images were generated using Adobe Photoshop software.

Statistical analysis. Virus titers in tissues and secretions in animals
inoculated with wt and ca viruses as well as in animals inoculated with a
sprayer and by the intranasal and intratracheal (i.n. plus i.t.) routes were
compared using the Mann-Whitney U test. Comparisons were excluded
from statistical analysis if the number of samples in the groups was �3
because of the small sample size.

RESULTS
Distribution of �2,3- and �2,6-linked sialic acid (SA) recep-
tors in the respiratory tract of AGMs. To evaluate the distribu-
tion of sialic acid receptors along the respiratory tract of AGMs,
lectin histochemistry using Sambucus nigra agglutinin (SNA) and
Maackia amurensis I (MALI) and Maackia amurensis II (MALII)
agglutinins was carried out on formalin-fixed paraffin-embedded
sections of nasal turbinates, larynx, trachea, and lung. SNA binds
SA�2,6-Gal glycans. MALI and MALII lectins, which are widely
used to identify SA�2,3-glycans, preferentially bind sulfated sug-
ars (46).

MALI and MALII lectins. In the nasal turbinates, patchy MALI
staining was observed in the ciliated cells of the epithelium (Fig.
1A). In addition, there was strong staining of macrophages and
blood vessels. Patchy MALI staining of ciliated epithelial cells con-
tinued into the larynx, trachea, and bronchi, though a majority of
areas gave results that were completely negative. Representative
areas of positive staining are shown in Fig. 1B to D. In the bronchi,
MALI staining was also seen on macrophages and goblet cells. In
the lung, MALI staining was present only on alveolar macro-
phages (Fig. 2B). In contrast to the binding of MALI to ciliated
epithelial cells of the upper respiratory tract, binding of MALII
was restricted to the submucosal connective tissue and goblet cells

FIG 1 Distribution of �2,3- and �2,6-linked sialic acid receptors in the respiratory tract of AGMs. Double-label lectin histochemistry demonstrates SNA binding
to ciliated respiratory epithelial cells in the nasal turbinates, whereas MALI binding was most prominent on lining epithelial cells of the larynx, trachea, and
bronchus. Original magnification, �400.
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of submucosal glands and was not present along the surface of the
ciliated epithelium (Fig. 1A and E). This pattern of lectin binding
continued into the larynx and trachea, whereas in the bronchi,
MALII binding was also present on ciliated epithelial cells (Fig. 1B
to D and F to H). In the lungs, MALII binding was seen primarily
on type II pneumocytes (Fig. 2B and C).

SNA lectin. In the upper respiratory tract (nasal turbinates),
SNA, which binds the SA �2,6-Gal glycans, was the prominent
signal and was expressed along the apical surface of ciliated epi-
thelial cells and in goblet cells of the submucosal glands (Fig. 1E).
SA �2,6-Gal receptor expression was less prominent in the larynx
and trachea, where patchy staining of epithelial cells and macro-
phages was present (Fig. 1F and G). In the lung, SNA binding was
seen primarily in goblet cells of the main-stem bronchi, in alveolar
macrophages, and in cells within the alveolar walls that were mor-
phologically compatible with vascular endothelial cells (Fig. 2C).
To further characterize the phenotype of these SA �2,6-Gal recep-
tor-expressing cells in the alveolar walls and to discriminate be-
tween lectin binding of endothelial cells and of type I pneumo-
cytes, lung sections were doubly labeled with SNA and either
cytokeratin (type I pneumocytes) or Von Willebrand factor
(VWF:endothelial cells). SNA colocalized exclusively with VWF,
indicating that endothelial cells, and not type I pneumocytes, are
the SA �2,6-Gal receptor-expressing cells in the alveolar walls
(Fig. 2D and E).

Clinical signs in AGMs infected with avian influenza viruses.
Animals were observed and body weight and temperature were
monitored daily. No signs of illness were observed in any of the
animals that received any of the viruses, wild type (wt) or cold
adapted (ca), and no significant change in weight or temperature

was recorded (data not shown). However, the study design would
preclude detection of late symptoms of disease.

Virus replication was assessed in secretion samples collected
daily and tissue samples collected at necropsy. The data are pre-
sented for wt virus followed by ca virus in the text and in tables
organized by type of sample.

Replication of H5N1 viruses. The H5N1 wt virus replicated
efficiently in the upper and lower respiratory tract of AGMs
(Tables 1 and 2). Virus titers in the nasal turbinates and trachea
peaked on day 2, though the titers in individual animals ranged
from 102.0 to 106.5 TCID50/g. The titer of virus in nasal/pharyngeal
swabs and tracheal lavage fluid was highest on day 1 (103.5

TCID50/ml in nasal/pharyngeal swab samples and 103.6

TCID50/ml in tracheal lavage fluid) (Table 2) and gradually de-
creased, but the titer was detectable until day 7 postinfection (pi;
data not shown). High titers of virus were detected in the lungs,
with average titers of 105.2, 104.3, and 102.2 TCID50/g on days 2, 4
and 7, respectively (Table 1). Virus was not detected in the spleen
or brain of any AGM infected with the H5N1 wt virus (data not
shown).

Among animals infected with the H5N1 ca virus, a relatively
high titer of virus (�103.7 to �105.9 TCID50/g) was detected in
nasal turbinate tissues on day 2 pi and in one of two animals on
day 4 pi (Table 1). Virus was not detected in nasal/pharyngeal
swabs. There was no detectable virus in the trachea and a low titer
of virus (101.6 TCID50/g) was detected in the lungs on day 2 pi
(Table 1). Thus, the H5N1 wt virus replicated well in the upper
and lower respiratory tract, while the H5N1 ca virus replicated
efficiently only in the nasal turbinates. Interestingly, although the
H5N1 ca virus was detected in nasal turbinate tissue, it was not

FIG 2 Distribution of �2,3- and �2,6-linked sialic acid receptors in the lungs of AGMs. (A) Hematoxylin and eosin (H&E) staining on lung showing normal
alveolar architecture. (B) Double-label lectin histochemistry on lung shows MALII binding to type II pneumocytes in the alveoli. MALI binding was restricted
to alveolar macrophages. (C) Double-label lectin histochemistry on lung showing SNA binding to alveolar macrophages and cells resembling vascular endothelial
cells. (D and E) Lectin histochemistry combined with immunofluorescence shows that SNA-expressing cells in the alveoli are VWF-positive endothelial cells and
not epithelial cells. Original magnification, �400.
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detected in nasal/pharyngeal swabs (Table 2). The difference in
virus titers in nasal/pharyngeal swabs and tracheal lavage fluid
between H5N1 wt virus- and H5N1 ca virus-infected animals was
statistically significant (P � 0.05).

Replication of H7N3 viruses. The H7N3 wt virus was detected
in both upper and lower respiratory tissues collected from all
AGMs (Tables 1 and 2). The mean virus titers were 103.5 TCID50/g
and 103.2 TCID50/g in nasal turbinates and 105.3 TCID50/g and

TABLE 1 Replication of H5N1 and H7N3 wt and ca viruses in the respiratory tissues of African green monkeysa

Virus Day pi

Nasal turbinates Trachea Lung

No. of culture-
positive AGMs/
total no. of
AGMsb

Individual or
mean
titer(s) 	 SEc

No. of culture-
positive AGMs/
total no. of
AGMsb

Individual or
mean
titer(s) 	 SEc

No. of culture-
positive AGMs/
total no. of
AGMsb

Individual or
mean
titer(s) 	 SEc

H5N1 wt 2 4/4 5.2 	 0.4 4/4 3.7 	 0.6 4/4 5.2 	 0.4
4 1/4 2.5 4/4 3.5 	 0.8 4/4 4.3 	 0.5
7 1/2 3.0 2/2 2.2, 1.7 2/2 2.0, 2.3

H5N1 ca 2 2/2 3.7, 4.4 0/2 �1.5 2/2 1.6, 1.6
4 1/2 5.9 0/2 �1.5 0/2 �1.5
7 0/2 �1.5 0/2 �1.5 0/2 �1.5

H7N3 wt 2 2/2 2.7, 4.4 2/2 5.2, 5.4 2/2 5.5, 6.6
4 2/2 3.0, 3.4 2/2 5.3, 6.7 2/2 3.7, 5.3

H7N3 ca (expt 1) 2 0/2 �1.5 0/2 �1.5 0/2 �1.5
4 0/2 �1.5 0/2 �1.5 0/2 �1.5

H7N3 ca (expt 2) 2 4/4 4.3 	 0.6 1/4 2.0 NDd ND
a wt, wild type; ca, cold adapted.
b Data represent numbers of AGMs with detectable virus titer (�1.5 log10 TCID50/g).
c Titers are expressed as log10 TCID50/g; individual titers are presented in italics if only one or two AGMs were culture positive; mean titers are presented if more than three animals
were culture positive. SE, standard error.
d ND, not done.

TABLE 2 Recovery of H5N1 and H7N3 wt and ca viruses from nasal and pharyngeal swabs and respiratory tract secretionsa

Virus Day pi

Nasal and pharyngeal swab Tracheal lavage fluid Nasal wash

No. of culture-
positive AGMs/
total no. of
AGMsb

Individual or mean
titer(s) 	 SEc

No. of culture-
positive AGMs/
total no. of
AGMsb

Individual or mean
titer(s) 	 SEc

No. of culture-
positive AGMs/
total no. of
AGMsb

Individual or mean
titer(s) 	 SEc

H5N1 wt 1 10/10 3.5 	 0.5 10/10 3.6 	 0.5 NDd ND
2 8/10 3.5 	 0.5 10/10 2.9 	 0.4
3 3/6 2.5 	 0.5 5/6 2.9 	 0.3
4 6/6 2.1 	 0.5 6/6 3.5 	 0.3

H5N1 ca 1 0/6 �0.5 0/6 �0.5 ND ND
2 0/6 �0.5 0/6 �0.5
3 0/4 �0.5 0/4 �0.5
4 0/4 �0.5 0/4 �0.5

H7N3 wt 1 4/4 4.6 	 0.3 ND ND 2/4 1.0, 1.5
2 4/4 4.6 	 0.3 2/2 3.2, 4.4 4/4 2.9 	 0.6
3 2/2 4.4, 4.4 ND ND 1/2 4.4
4 2/2 3.4, 3.7 1/2 1.0 1/2 1.5

H7N3 ca 1 2/4 3.0, 3.0 ND ND 1/4 1.5
2 4/4 3.9 	 0.3 0/2 �0.5 4/4 1.7 	 0.2
3 2/2 2.7, 4.0 ND ND 2/2 2.7, 3.2
4 1/2 1.5 0/2 �0.5 1/2 3.0

a wt, wild type; ca, cold adapted.
b Data represent numbers of AGMs with detectable virus titer (�0.5 log10 TCID50/ml).
c Titers are expressed as log10 TCID50/g; individual titers are presented in italics if only one or two AGMs were culture positive; mean titers are presented if more than three animals
were culture positive. SE, standard error.
d ND, not done.
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106.0 TCID50/g in the trachea on days 2 and 4 pi, respectively. Virus
was also detected in secretions, including nasal/pharyngeal swabs,
nasal washes, and tracheal lavage fluid (Table 2). The mean titers
in the lungs were 106.1 TCID50/g and 104.5 TCID50/g on days 2 and
4, respectively (Table 1).

In contrast, the H7N3 ca virus was initially not detected in any
of the respiratory tract tissue samples (Table 1). However, the
virus was detected in nasal/pharyngeal swabs and nasal wash of all
animals at titers of �102.7 to �103.9 TCID50/ml and �101.7 to
�102.7 TCID50/ml, respectively, on days 2 and 3 postinfection
(Table 2). Due to the small number of animals we tested, the
possibility of sampling problems could not be excluded. There-
fore, we repeated the study of the H7N3 ca virus in 4 additional
AGMs. In addition to nasal turbinates and trachea, additional
respiratory tissues, including those of nasal passages, conjunctiva,
nasopharynx, lingual tonsil, oropharynx, laryngopharynx, larynx,
and esophagus, were collected. Lung tissue was not collected in
this study. H7N3 ca virus was detected in nasal turbinates of all
four AGMs in this study with a range of �102 to �105.2 TCID50/g.
Virus was also detected in other tissues, but a higher titer of vi-
rus and a more frequent presence of virus was noted in upper
respiratory tract tissues, including conjunctiva (2 of 4 [2/4]
AGMs), nasopharynx (3/4), lingual tonsil (3/4), oropharynx (3/
4), laryngopharynx (2/4), larynx (1/4), esophagus (1/4), upper
trachea (1/4), middle trachea (1/4), and lower trachea (1/4) (data
not shown).

In summary, the H7N3 wt virus replicated well in upper and
lower respiratory tract tissues and was present in respiratory se-
cretions. The H7N3 ca virus was detected only in the upper respi-
ratory tract, including nasal turbinates as well as nasal/pharyngeal
swabs and nasal washes, but not in the lungs or tracheal lavage
fluid.

Replication of H6N1 viruses. As in the second experiment
with the H7N3 ca virus, in the study of H6N1 AI virus replication,
we collected samples from the pharynx and larynx for virus titra-
tion and processed the pharyngeal and nasal swabs separately in-
stead of combining them. The H6N1 wt virus showed the most
efficient replication among the AI viruses we had tested. High
titers of virus ranging from 104.0 to 105.5 TCID50/g were recovered

from the upper and lower respiratory tract tissues from all AGMs
on days 2 and 4 (Table 3). Virus was also found in respiratory
secretions, with peak titers on day 2 of 102.9 (nasal wash) to 103.8

(tracheal lavage fluid) TCID50/ml and recovery rates of 87.5% to
100% (Table 4).

The H6N1 ca virus was detected in the nasal turbinates of only
50% (day 2) and 25% (day 4) of AGMs at titers of 102.0 to 104.0

TCID50/g (Table 3). Virus was not recovered from any other tis-
sues or respiratory secretions (Table 4). Thus, the replication pat-
tern of the H6N1 ca virus was similar to that of the H5N1 ca virus.
The difference in virus titers in all tissues and secretions between
H6N1 wt virus- and H6N1 ca virus-infected animals was statisti-
cally significant (P � 0.05).

Replication of H9N2 viruses. The H9N2 wt virus replicated
poorly in the upper respiratory tract tissue samples compared to
the other AI viruses we had tested. Virus was recovered from nasal
turbinates, pharynx, larynx, and trachea at titers ranging 102.5 to
104.4 TCID50/g from only 25% to 50% of the animals (Table 3).
The detection of virus in respiratory secretions was sporadic (Ta-
ble 4). Virus was detected in 2 of 4 AGMs on day 4 in nasal swabs
and in only 1 of 4 AGMs on days 3 and 4 (in the same animal) in
nasal wash, while virus was recovered from the tracheal lavage
fluid of 37.5% to 75% of animals that received the virus. Virus was
detected in the lungs of all AGMs, with an average virus titer of
102.9 TCID50/g (Table 3).

The H9N2 ca virus was detected in the nasal turbinates of only
1 of 4 AGMs on day 2 at a titer of 104.2 TCID50/g (Table 3). Virus
was not recovered from any other tissues or respiratory secretions
(Table 4). With the exception of the lung samples, the difference in
virus titers between H9N2 wt virus- and H9N2 ca virus-infected
animals was not statistically significant (P � 0.05).

In summary, most of the wt AI viruses tested replicated effi-
ciently in the respiratory tract of AGMs. The H9N2 wt virus rep-
licated less efficiently than the other AI viruses in respiratory tract
tissues other than the lung. On the other hand, replication of the ca
vaccine viruses was limited to the upper respiratory tract and was
moderately to highly restricted in titer. In this regard, the findings
in AGMs were consistent with the clinical experience with these
vaccine candidates. Although the immunogenicity of the vaccine

TABLE 3 Replication of H6N1and H9N2 wt and ca viruses in respiratory tissues of African green monkeysa

Virus Day pi

Nasal turbinates Pharynx Larynx Trachea Lung

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual
or mean
titer(s) 	
SEc

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual
or mean
titer(s) 	
SEc

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual
or mean
titer(s) 	
SEc

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual
or mean
titer(s) 	
SEc

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual or
mean
titer(s) 	 SEc

H6N1 wt 2 4/4 5.6 	 0.3 4/4 5.4 	 0.9 4/4 5.0 	 0.6 4/4 5.2 	 0.5 4/4 4.5 	 0.4
4 4/4 5.5 	 0.7 4/4 5.7 	 0.8 4/4 5.0 	 0.5 4/4 5.1 	 0.5 4/4 4.0 	 0.3

H6N1 ca 2 2/4 2, 4.3 0/4 �1.5 0/4 �1.5 0/4 �1.5 0/4 �1.5
4 1/4 2.0 0/4 �1.5 0/4 �1.5 0/4 �1.5 0/4 �1.5

H9N2 wt 2 1/4 2.5 2/4 3.7, 5.5 2/4 2.5, 4.2 2/4 4.4, 3.7 4/4 2.9 	 0.1
4 1/4 3.4 1/4 4.2 2/4 4.2, 3.2 2/4 3.7, 2.0 4/4 2.9 	 0.4

H9N2 ca 2 0/4 �1.5 0/4 �1.5 0/4 �1.5 0/4 �1.5 0/4 �1.5
4 1/4 4.2 0/4 �1.5 0/4 �1.5 0/4 �1.5 0/4 �1.5

a wt, wild type; ca, cold adapted.
b Data represent numbers of AGMs with detectable virus titer (�1.5 log10 TCID50/g).
c Titers are expressed as log10 TCID50/g; individual titers are presented in italics if only one or two AGMs were culture positive; mean titers are presented if more than three animals
were culture positive. SE, standard error.
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viruses has been evaluated in humans, the efficacy of pandemic
influenza virus vaccines cannot be assessed in humans. Therefore,
we were particularly interested in determining whether the low
level of vaccine virus replication was sufficient to immunize and
protect AGMs from challenge with the wt viruses.

Immunogenicity and protective efficacy of the H5N1, H6N1,
H7N3, and H9N2 ca vaccine viruses in AGMs. In order to assess
the immunogenicity and efficacy of one or two doses of the H5N1
ca vaccine, two groups of three AGMs were inoculated with 2 �
106 TCID50 H5N1 ca virus delivered in 1 ml each intratracheally
and intranasally (i.n. plus i.t.). This dose is consistent with doses
used in other studies of viral replication in NHPs (47, 48). One
group of AGMs received a second dose of vaccine 28 days after the
first dose. A single dose of H5N1 ca vaccine did not elicit a serum
HAI Ab or neutralizing Ab response by day 59. However, all three
AGMs that received two doses of H5N1 ca vaccine developed HAI
Abs (at titers of 80, 160, and 320) and neutralizing Abs (403, 508,
and 640) 1 week after the second dose of vaccine (day 35; data not
shown). The Ab titers peaked on day 42 (Table 5) and decreased
somewhat by the day of challenge (day 59). H5 HA-specific IgA
antibody was detected in nasal washes at dilutions of between 1:2
and 1:16 of three of four or all four AGMs that received one dose
or two doses of H5N1 ca vaccine, respectively (data not shown).
The protective efficacy of the H5N1 ca vaccine virus against H5N1
wt virus challenge was evaluated at necropsy 2 days after challenge.
High titers of challenge virus (�104.2 to �106.7 TCID50/g) were
detected in the trachea and lungs of the mock-immunized AGMs
(Table 5). Virus was not detected in any respiratory tissues or
secretion samples from the AGMs that received two doses of the
H5N1 ca vaccine virus. In contrast, one dose of vaccine did not
prevent challenge virus replication in respiratory tissues; a high
titer of challenge virus was detected in the lungs of all three ani-
mals, with titers of 104.3, 104.4, and 107.1 TCID50/g, respectively.

Challenge virus was also detected in nasal/pharyngeal swabs
and/or tracheal lavage samples of the AGMs that were subjected to
mock immunization or received a single dose of H5N1 ca vaccine.

On the basis of the results from the H5N1 ca vaccine efficacy
study, we expected that two doses of H7N3 ca vaccine would also
provide complete protection against challenge infection with
H7N3 wt virus. Therefore, we investigated the correlation between
the level of HAI or neutralizing Abs and the level of protection by
evaluating the effect of only one dose of the H7N3 ca vaccine. All
three AGMs immunized with a H7N3 ca virus developed HAI Abs
and neutralizing Abs; the neutralizing Ab titers increased between
day 42 and the day of challenge. The HAI Ab titers were lower than
the neutralizing Ab titers and did not rise between day 42 and the
day of challenge. The challenge virus replicated efficiently in the
respiratory tissues and nasal swabs, washes, and tracheal lavage
fluid of the mock-immunized animal. The AGMs with prechal-
lenge neutralizing Ab titers of 256 and 362 and HAI Ab titers of 40
and 80 were completely protected from wt virus infection (Table
5). Challenge virus was detected in tracheal lavage fluid and nasal/
pharyngeal swabs but not in tissue homogenates of the AGM with
a prechallenge neutralizing Ab titer of 128 and an HAI Ab titer of
20. Thus, the level of protection correlated with the level of neu-
tralizing Abs and HAI Abs.

AGMs were immunized with 1 or 2 doses of H6N1 and
H9N2 ca vaccine viruses. Similarly to the AGMs that received 2
doses of H5N1 ca vaccine, all AGMs that received 2 doses of
H6N1 or H9N2 ca vaccines developed high levels of HAI Abs
(�160 to �1,280 or �80 to �640, respectively) and neutraliz-
ing Abs (�254 to �1,280 or �101 to �1,016, respectively) on
day 58. The vaccinated AGMs were completely protected from
challenge virus replication in the respiratory tract except for a
small amount of virus (102 TCID50/g) detected in the trachea of
one AGM that received the H6N1 ca vaccine, and the difference

TABLE 4 Recovery of H6N1 and H9N2 wt and ca viruses from swabs and respiratory tract secretionsa

Virus Day pi

Nasal swab Pharyngeal swab Tracheal lavage fluid Nasal wash

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual or
mean
titer(s) 	 SEc

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual or
mean
titer(s) 	 SEc

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual or
mean
titer(s) 	 SEc

No. of culture-
positive
AGMs/total
no. of AGMsb

Individual or
mean
titer(s) 	 SEc

H6N1 wt 1 1/8 1.0 7/8 2.5 	 1.3 8/8 3.8 	 1.2 4/8 2.0 	 0.9
2 7/8 3.5 	 1.5 7/8 3.6 	 0.8 8/8 3.8 	 1.3 7/8 2.9 	 1.6
3 3/4 3.0 	 2.0 3/4 3.6 	 1.1 3/4 3.5 	 1.7 3/4 3.9 	 0.7
4 3/4 4.1 	 0.8 2/4 5.0 	 0.4 3/4 4.8 	 0.6 3/4 2.6 	 1.1

H6N1 ca 1 0/8 �0.5 0/8 �0.5 0/8 �0.5 0/8 �0.5
2 0/8 �0.5 0/8 �0.5 0/8 �0.5 0/8 �0.5
3 0/4 �0.5 0/4 �0.5 0/4 �0.5 0/4 �0.5
4 0/4 �0.5 0/4 �0.5 0/4 �0.5 0/4 �0.5

H9N2 wt 1 0/8 �0.5 1/8 4.2 6/8 3.9 	 0.4 0/8 �0.5
2 0/8 �0.5 1/8 4.7 3/8 4.0 	 0.3 0/8 �0.5
3 0/4 �0.5 0/4 �0.5 2/4 4.5, 4.4 1/4 4.2
4 2/4 4.7, 3.4 2/4 4.7, 4.7 2/4 1.0, 5.0 1/4 5.2

H9N2 ca 1 0/8 �0.5 0/8 �0.5 0/8 �0.5 0/8 �0.5
2 0/8 �0.5 0/8 �0.5 0/8 �0.5 0/8 �0.5
3 0/4 �0.5 0/4 �0.5 0/4 �0.5 0/4 �0.5
4 0/4 �0.5 0/4 �0.5 0/4 �0.5 0/4 �0.5

a wt, wild type; ca, cold adapted.
b Data represent numbers of AGMs with detectable virus titer (�0.5 log10 TCID50/ml).
c Titers are expressed as log10TCID5/g; individual titers are presented in italics if only one or two AGMs were culture positive; mean titers are presented if more than three animals
were culture positive. SE, standard error.
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in virus titer between animals that received 1 or 2 doses of
H6N1 or H9N2 ca vaccine and mock-vaccinated animals was
statistically significant (Table 6).

AGMs that received 1 dose of H6N1 ca vaccine developed un-
detectable to moderate levels (��10 to �226) of serum MN Abs,
and 50% of the AGMs developed HAI Abs (�20 to �40) on day
58. Challenge virus was not detected in the respiratory tissues of
AGMs that received 1 dose of H6N1 ca virus vaccine though virus
was recovered from the nasal swab of one AGM. H6 HA-specific
IgA antibodies were not detected in nasal washes of H6N1 ca vi-
rus-vaccinated AGMs (data not shown).

All AGMs that received 1 dose of H9N2 ca virus vaccine devel-
oped moderate levels of neutralizing Abs (�28 to �113) and 50%
had low HAI Abs (40) on day 58. Challenge virus was isolated
from the lungs of two AGMs that had received 1 dose of the H9N2
ca virus vaccine and developed low neutralizing Abs and no de-
tectable HAI Ab titers. Thus, low or undetectable serum Ab levels
of H9N2 Ab correlated with the lack of protection against chal-
lenge infection. IgA was also detectable in nasal wash in both
groups that received 1 or 2 doses of vaccine, starting from day 28
postvaccination. H9 HA-specific IgA antibody was detected in
nasal washes at dilutions of between 1:2 and 1:16 of all four AGMs
that received one or two doses of H9N2 ca virus vaccine (data not
shown).

Effect of different immunization routes on virus replication
and immune responses. A combination of intranasal and intra-

tracheal (i.n. plus i.t.) administration of influenza viruses is com-
monly used in NHP models (35, 48, 49). However, seasonal and
pandemic LAIVs are administered to humans as a nasal spray
using a prefilled sprayer (12). In order to investigate this method
of vaccine delivery, we anesthetized AGMs and immunized them
with 0.2 ml H5N1 ca virus vaccine using a prefilled sprayer as is
used in humans or with 1 ml each by i.n.-plus-i.t. administration.
Two of three AGMs immunized by either method developed se-
rum HAI Abs and neutralizing Abs after 2 doses of vaccine (Table
7). The Ab titers were slightly higher following i.n.-plus-i.t. ad-
ministration than following the nasal spray administration. When
AGMs immunized by the i.n.-plus-i.t. route were challenged with
H5N1 wt virus, all three AGMs were protected from replication of
wt virus in the upper respiratory tract and two of the three were
protected from virus replication in the lungs. In contrast, two of
three and one of three AGMs immunized with a sprayer were
protected from challenge virus replication in the upper respira-
tory tract and in the lungs, respectively. However, the difference in
virus titers in tissues or in antibody levels between animals that
received vaccine administered by sprayer or i.n. plus i.t. was not
statistically significant.

Although there was no gross pathological change detected in
any animals, including the mock-immunized ones, mild pneu-
monia was observed in animals in all groups at a microscopic
level following challenge infection. The pattern of pneumonia
is a multifocal bronchointerstitial pneumonia centered pri-

TABLE 5 Immunogenicity and protective efficacy of H5N1 and H7N3 ca vaccines in AGMsa

Vaccine/no.
of doses

Challenge
virus AGM no.b

Serum Ab response

Titer of challenge
virus in respiratory tissues
(log10 TCID50/g)

Titer of challenge
virus in swabs and
lavage fluid
(log10 TCID50/ml)

HAI MN

Day 42c

Day of
challenged Day 42e

Day of
challenge

Nasal
turbinates Trachea Lung

Nasal/
pharyngeal
swab

Tracheal
lavage
fluid

Mock/1 H5N1 wt H5-M 1 �20 �20 �20 �20 �1.5 4.2 6.6 �1.5 �1.5
H5-M 2 �20 �20 �20 �20 4.4 5.4 5.5 2.7 3.2
H5-M 3 �20 �20 �20 �20 3.4 6.7 5.8 4.2 �1.5

H5N1 ca/1 H5N1 wt H5-1D 1 �20 �20 �20 �20 �1.5 �1.5 4.4 �0.5 1.5
H5-1D 2 �20 �20 �20 �20 �1.5 3.7 7.1 3.5 3.7
H5-1D 3 �20 �20 �20 �20 2.5 4.2 4.3 �0.5 3.0

H5N1 ca/2 H5N1 wt H5-2D 1 1280 320 1810 905 �1.5 �1.5 �1.5 �0.5 �0.5
H5-2D 2 80 20 254 113 �1.5 �1.5 �1.5 �0.5 �0.5
H5-2D 3 640 160 1613 226 �1.5 �1.5 �1.5 �0.5 �0.5

Mock/1 H7N3 wt H7-M �20 �20 �20 �20 �1.5 5.7 4.2 4.0 4.4

H7N3 ca/1 H7N3 wt H7-1D 1 40 40 81 256 �1.5 �1.5 �1.5 �0.5 �0.5
H7-1D 2 20 20 102 128 �1.5 �1.5 �1.5 3.37 4.0
H7-1D 3 80 80 162 362 �1.5 �1.5 �1.5 �0.5 �0.5

a ca, cold adapted.
b AGM numbers are expressed as follows: subtype of vaccine (H5, H5N1 ca vaccine; H7, H7N3 ca vaccine)-number of doses (1D, one dose; 2D, two doses; M, mock [L15 medium])
followed by animal identification number.
c The HAI assay was performed using 1% horse red blood cells, and titers are expressed as the highest dilution of serum that inhibited agglutination of 8 hemagglutination units
(HAU) of virus. The lower limit of detection was 20. Antibody titers from individual animals are listed.
d AGMs were challenged on day 59 with H5N1 wt virus and on day 63 with H7N3 wt virus. Serum samples from AGMs were collected before challenge infection. The lower limit of
detection of virus in tissues was 1.5 log10 TCID50/g and in swabs and lavage fluid was 0.5 log10 TCID50/ml.
e MN titers are expressed as the serum dilution that inhibited infectivity of 100 TCID50 of virus in a microneutralization assay using MDCK cells. The lower limit of detection was
20. Antibody titers from individual animals are listed.
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marily on terminal bronchioles with extension into the imme-
diately adjacent alveoli. The pneumonia was generally milder
in the i.n.-plus-i.t.-vaccinated group than in the sprayer-vac-
cinated and mock-immunized groups. In addition, there was
more prominent and consistent lymphocytic perivascular cuff-
ing noted in the i.n.-plus-i.t. group than in the sprayer group,
in which the inflammatory response was predominantly neu-
trophilic (Fig. 3).

DISCUSSION

Mice and ferrets are the most commonly used animal models for
influenza research, including the evaluation of influenza virus
vaccines. However, in our experience of evaluating pandemic
LAIVs generated against various subtypes of AI viruses, we found
inconsistencies in the findings in preclinical studies in mice and
ferrets and in studies in humans (12, 15, 29–34). Therefore, we
sought an alternative animal model that would better mimic the

findings in humans and in which we could explore the efficacy
against wt virus challenge.

We made three important observations in AGMs related to
infection with wt AI virus and the corresponding ca vaccine
viruses representing 4 different subtypes. First, although infec-
tion was not associated with clinical illness in the 7 days of
observation, the wt AI viruses replicated efficiently in the upper
and lower respiratory tracts. Reports of clinical illness associ-
ated with influenza virus infection in NHPs vary from asymp-
tomatic infection (viral replication without clinical illness) in
cebus and owl monkeys (50), squirrel monkeys (51), and rhe-
sus macaques (36) to clinical illness seen in pig-tailed ma-
caques (48) and cynomolgus macaques (35, 47). Several clades
of H5N1 wt viruses have been shown to replicate in the respi-
ratory tract and induce respiratory disease in cynomolgus ma-
caques (35, 47, 52). On the other hand, only mild symptoms,
although to different degrees depending upon the virus strains,

TABLE 6 Immunogenicity and protective efficacy of H6N1 and H9N2 ca vaccines in AGMsa

Vaccine/no.
of doses

Challenge
virus AGM no.b

Serum Ab response

Titer of challenge virus in
respiratory tissues
(log10 TCID50/g)

Titer of challenge virus in swabs
and lavage fluid
(log10 TCID50/ml)

HAIc MNd

Nasal
turbinates Trachea Lung

Nasal
swab

Pharyngeal
swab

Tracheal
lavage fluidDay 42 Day 58e Day 42 Day 58e

Mock/1 H6N1 wt H6-M 1 �20 �20 �10 �10 �1.5 2.5 2.8 �0.5 �0.5 1.0
H6-M 2 �20 �20 �10 �10 5.2 4.7 3.7 4.0 �0.5 1.0
H6-M 3 �20 �20 �10 �10 5.4 6.7 3.6 4.2 2.7 3.2
H6-M 4 �20 �20 �10 �10 3.7 3.6 3.6 3.4 �0.5 3.0

H6N1 ca/1 H6N1 wt H6-1D 1 40 20 50 50 �1.5 �1.5 �1.5 3.2 �0.5 �0.5
H6-1D 2 80 40 50 226 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H6-1D 3 �20 �20 28 �10 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H6-1D 4 �20 �20 32 25 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5

H6N1 ca/2 H6N1 wt H6-2D 1 1280 1280 2560 1016 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H6-2D 2 160 160 453 254 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H6-2D 3 320 160 905 453 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H6-2D 4 1280 640 2560 1280 �1.5 2 �1.5 �0.5 �0.5 �0.5

Mock/1 H9N2 wt H9-M 1 �20 �20 �10 �10 �1.5 5.2 2.4 1.0 1.0 2.7
H9-M 2 �20 �20 �10 �10 �1.5 2.5 3.0 �0.5 �0.5 1.0
H9-M 3 �20 �20 �10 �10 6.0 2.0 3.6 3.2 1.0 3.4
H9-M 4 �20 �20 �10 �10 �1.5 4.0 3.4 �0.5 2.4 4.0

H9N2 ca/1 H9N2 wt H9-1D 1 �20 �20 50 32 �1.5 �1.5 1.6 �0.5 �0.5 �0.5
H9-1D 2 �20 �20 25 28 �1.5 �1.5 2.3 �0.5 �0.5 �0.5
H9-1D 3 80 40 403 80 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H9-1D 4 80 40 113 113 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5

H9N2 ca/2 H9N2 wt H9-2D 1 640 640 403 1016 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H9-2D 2 160 80 320 101 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H9-2D 3 320 160 901 160 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5
H9-2D 4 160 80 453 113 �1.5 �1.5 �1.5 �0.5 �0.5 �0.5

a ca, cold adapted.
b AGM numbers are expressed as follows: subtype of vaccine (H6, H6N1 ca vaccine; H9, H9N2 ca vaccine)-number of doses (1D, one dose; 2D, two doses; M, mock [L15 medium])
followed by animal identification number.
c The HAI assay was performed using 1% horse red blood cells for H6N1 virus and 0.5% turkey blood cells for H9N2 virus, and titers are expressed as the highest dilution of serum
that inhibited agglutination of 8 HAU of virus. The lower limit of detection was 20. Antibody titers from individual animals are listed.
d MN titers are expressed as the serum dilution that inhibited infectivity of 100 TCID50 of virus in a microneutralization assay using MDCK cells. The lower limit of detection was
10. Antibody titers from individual animals are listed.
e AGMs were challenged on day 56 with wt viruses, and tissues and secretions were collected from AGMs 2 days after the challenge infection (day 58). The lower limit of detection of
virus in tissues was 1.5 log10 TCID50/g and in swab and lavage fluid was 0.5 log10 TCID50/ml.
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were reported in rhesus macaques (36, 53). In contrast, we did
not see any signs of illness in AGMs infected with the A/Viet-
nam/1203/04 (VN04) clade 1 H5N1 virus although the virus
replicated efficiently in the respiratory tract.

Second, while the replication of the ca LAIV vaccines was re-
stricted to the upper respiratory tract, likely as a consequence of
the temperature-sensitive phenotype of the vaccine viruses, the
levels of recovery of the H5N1, H6N1, H7N3, and H9N2 ca viruses
in tissue homogenates and secretions, including nasal and pharyn-

geal swabs, nasal washes, and tracheal lavage fluid, differed signif-
icantly. The H5N1, H6N1, and H9N2 ca viruses were isolated
from nasal turbinate tissues but not from nasal and pharyngeal
swabs or tracheal lavage fluid. In contrast, the H7N3 ca virus was
recovered from nasal turbinate tissue but high titers of viruses
were also detected in nasal/pharyngeal swabs and nasal washes. As
reported previously, the H7N7 ca virus was also recovered from
nasal/pharyngeal swabs (54).

The clinical trial subjects had daily nasal washes for a week after

TABLE 7 Immunogenicity and protective efficacy of H5N1 ca vaccine administered by sprayer or by intranasal and intratracheal routesa

Vaccine/route
AGM
no.b

Serum Ab response

Titer of challenge virus in
respiratory tissues
(log10 TCID50/g)

Titer of challenge virus in swab and lavage
fluid (log10 TCID50/ml)

HAIc MNd

Nasal
turbinates Trachea Lung

Nasal
swab

Pharyngeal
swab

Nasal
wash

Tracheal
lavage
fluidDay 42 Day 49 Day 42 Day 49

Mock/sprayer M1 �20 �20 �20 �20 6.0 7.4 7.0 4.7 3.4 �0.5 �0.5
M2 �20 �20 �20 �20 6.4 6.2 6.0 5.0 4.2 �0.5 �0.5

Mock/intranasal 

intratracheal

M3 �20 �20 �20 �20 5.4 7.2 7.6 4.2 4.2 �0.5 �0.5
M4 �20 �20 �20 �20 5.7 6.0 6.5 3.2 4.2 �0.5 �0.5

H5N1ca/sprayer S1 40 40 202 202 �1.5 �1.5 �1.5 1.0 1.0 �0.5 �0.5
S2 �20 �20 16 �20 �1.5 �1.5 5.0 3.2 1.0 �0.5 �0.5
S3 �20 �20 �20 �20 2.0 6.2 5.6 1.0 3.37 �0.5 �0.5

H5N1 ca/intranasal 

intratracheal

i.n.
i.t.1 160 160 905 508 �1.5 �1.5 1.6 �0.5 3.2 �0.5 �0.5
i.n.
i.t.2 �20 �20 �20 �20 �1.5 �1.5 �1.5 �0.5 4.2 �0.5 �0.5
i.n.
i.t.3 160 160 202 254 �1.5 �1.5 �1.5 �0.5 4.2 �0.5 �0.5

a ca, cold adapted.
b M, mock; S, sprayer; i.n.
i.t., intranasal and intratracheal.
c The HAI assay was performed using 0.5 % turkey red blood cells, and titers are expressed as the highest dilution of serum that inhibited agglutination of 8 HAU of virus. The lower
limit of detection was 20. Antibody titers from individual animals are listed.
d Neutralizing Ab titers are expressed as the serum dilution that inhibited infectivity of 100 TCID50 of virus in a microneutralization assay using MDCK cells. The lower limit of
detection was 20. Antibody titers from individual animals are listed.

FIG 3 Comparison of lung pathology results 2 days postchallenge with H5N1 wt virus in AGMs immunized i.n. with a sprayer versus i.n.-plus-i.t. immunization. (A)
Section of lung from an intranasally (sprayer) vaccinated monkey (AGM7). There are low to moderate numbers of neutrophils and macrophages visible adjacent to a
bronchus (lower right) and bronchiole (lower left). Black arrows indicate neutrophils within the lumen of these airways. Perivascular lymphocyte cuffing is absent. (B)
Section of lung from an i.n.-plus-i.t.-vaccinated monkey (AGM8). Arrowheads indicate small-caliber blood vessels surrounded by low to moderate numbers of
lymphocytes (perivascular lymphocyte cuffing). The open arrow indicates aggregated lymphocytes adjacent to a bronchiole (lymphocyte hyperplasia).
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intranasal administration of each dose of vaccine. The H5N1 ca
vaccine virus was not detected after the first dose of vaccine and
was isolated from nasal washes from 2 of 19 subjects on a single
day following the second dose of vaccine (12). The H6N1 ca virus
was not detected in any subject, and the H9N2 ca virus was recov-
ered by culture from only 2 of 39 subjects who received one dose of
vaccine (29, 30). The H7N3 ca virus was recovered by culture from
nasal washes of 24% of vaccine recipients, with peak titers ranging
from 100.75 to 102.25 TCID50/ml (15). Although it is difficult to
compare these data directly, the higher recovery rate of the H7N3
ca virus in human nasal wash samples correlates well with the high
titer of virus in respiratory secretions of AGMs. With a few excep-
tions, tissue samples were generally more sensitive than secretion
samples for detection of virus in AGMs. However, nasal wash or
nasal swab samples are used to evaluate the replication of LAIVs in
humans since it is not feasible to collect tissue samples.

The third interesting observation was that the low level of rep-
lication of the H5N1 ca virus in AGMs was sufficient to induce
serum neutralizing Abs after two doses of vaccine and that the
animals were fully protected from replication of the wt challenge
virus. Although the level of neutralizing Abs prior to challenge
ranged from 40 to 640, the AGMs were well protected, with no
detectable virus in tissues or secretions regardless of Ab titer. In
humans, the H5N1 ca vaccine virus was poorly immunogenic and
only 1 (5%) of 21 subjects developed detectable neutralizing Abs
after two doses of vaccine (12). When we compared the efficacies
of the H5N1 ca virus vaccine delivered by different routes to anes-
thetized AGMs, higher immune responses were observed in
AGMs that received vaccine by i.n.-plus-i.t. administration than
in the group that received vaccine by nasal spray. However, nasal
spray vaccine was more immunogenic in AGMs than in humans,
though it is important to note that the AGMs were anesthetized
for vaccination and that this may alter the delivery of the nasal
spray. Interestingly, the characteristics of the inflammatory re-
sponses after challenge infection were slightly different between
the animals vaccinated by sprayer and those vaccinated by i.n.-
plus-i.t. administration. The lymphocytic and macrophage re-
sponse noted in the lungs of i.n.-plus-i.t.-vaccinated animals was
more prominent than that noted in the lungs of animals vacci-
nated by sprayer. On the other hand, neutrophils were predomi-
nantly present in the lungs of animals immunized with the
sprayer. Thus, the route of immunization affected the outcome of
vaccination. Overall, the data from our studies in AGMs indicate
that a neutralizing Ab response was protective. A live attenuated
vaccine against the A/Anhui/2/05 (clade 2.3) H5N1 virus was gen-
erated on the AA ca (AH/AAca) virus background and tested in
Chinese-origin rhesus macaques (36). Macaques vaccinated with
the AH/AAca virus developed both HAI Abs and neutralizing Abs
4 weeks after one dose of vaccine, and following two doses of
vaccine, the monkeys were protected from replication of homol-
ogous and heterologous H5N1 wt challenge viruses. In contrast,
we did not detect HAI Abs or neutralizing Abs in AGMs after 1
dose of the VN04 ca virus vaccine; only AGMs that received two
doses of vaccine developed antibodies and were protected from
challenge infection with wt virus. These differences may due to the
virus strains used (clade 1 versus clade 2.3) or the susceptibilities
of the two primate species to these viruses. Although the replica-
tion kinetics of the AH/AAca virus in rhesus macaques was not
reported, it is possible that AH/AAca virus replicated more effi-
ciently in rhesus macaques than the VN04 ca virus did in AGMs.

An important finding from this study is that the other subtypes
of AI ca viruses tested also elicited protective immunity to wt chal-
lenge virus replication in AGMs. One dose of the H7N3 ca virus
vaccine was sufficient to induce a robust neutralizing Ab response
in AGMs, and prechallenge Ab titers correlated with the level of
protective efficacy. Virus was not detected in any samples from
AGMs with serum neutralizing Ab titers of 256 and 362, while 103

to 104 TCID50/ml of challenge virus was detected in the nasal swab
and tracheal lavage fluid of the monkey with a neutralizing Ab titer
of 128 (Table 5). AGMs immunized with H6N1 ca virus vaccine
developed high titers of neutralizing Abs and HAI Abs after two
doses of vaccine. On the other hand, despite rather poor replica-
tion of H9N2 ca virus compared to other subtypes of ca viruses,
immune responses, including development of serum neutralizing
Abs and HAI Abs, were comparable to those seen with H6N1 ca
virus. The serum neutralizing Ab titers prior to the challenge in-
fection were significantly lower with 1-dose vaccination with
H6N1 ca virus (undetectable to 226) and H9N2 ca virus (28 to
113) vaccines than the titers seen with 1-dose vaccination with
H7N3 ca virus vaccine. However, despite the relatively low serum
Ab titer, challenge virus replication was not detected in AGMs that
received 1 dose of H6N1 ca virus vaccine. On the other hand,
despite similar Ab titers, challenge virus was detected in the lungs
of two AGMs that received 1 dose of H9N2 ca virus vaccine (Table
6). Thus, the titers of neutralizing Ab that conferred protection
from challenge with wt virus differed among the different sub-
types, and there was a great variability in the immune responses
elicited by the different subtypes of AI ca virus vaccines although
they had similarly restricted replication profiles.

In humans, the H7N3 ca virus vaccine was moderately immu-
nogenic and 48% of vaccine recipients developed a 4-fold rise in
neutralizing Ab, 71% had serum IgA responses, and 33% had na-
sal wash IgA responses (15). None of the human subjects that
received the H6N1 ca virus vaccine had a �4-fold response in
neutralizing Abs or HAI Abs, but a �4-fold rise of serum IgG,
serum IgA, or nasal wash IgA was seen in 29%, 24%, or 5% of
vaccines, respectively (30). Interestingly, despite the poor replica-
tion, all of the human subjects who received the H9N2 ca virus
vaccine developed immune responses measured by one or more
methods (HAI, MN, or ELISA) (29). In previously seronegative
subjects, 50% and 21% of the vaccinees exhibited a �4-fold rise of
in the level of serum IgG and nasal wash IgA, respectively. Thus,
the immune response to pandemic LAIVs was generally more ro-
bust in AGMs than in humans.

We found that the distribution of the types of SA receptors in
the respiratory tract of AGMs was similar to that of humans. In
humans, SA�2,6-Gal predominates in the upper respiratory tract
epithelium, whereas SA�2,3-Gal or sulfated glycans are restricted
to the lower respiratory tract, mainly in nonciliated cuboidal
bronchiolar cells and type II pneumocytes; SA�2,6-Gal is also
expressed in type I pneumocytes (55, 56). In AGMs, we found
that the epithelium of the nasal turbinates exclusively ex-
pressed SA�2,6-Gal. Therefore, the ability of the AI viruses to
replicate efficiently in the upper respiratory tract of AGMs was
unexpected. The larynx and tracheal epithelial cells were
stained by MALI (preferential binding to SA�2,3-Gal�1–
4GlcNAc and 3-sulfoGal�1– 4GlcNAc) but not by MALII
(which binds to SA�2,3-Gal�1–3GlcNAc as well as to SA�2,3-
Gal�1– 4GlcNAc). It has been suggested that different isoforms
of SA�2,3-Gal receptors may be involved in binding of AI vi-
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ruses (56–58) and that this may even vary among subtypes. In
general, it was reported in previous studies that the pattern of
SA receptor distribution correlated with the differential bind-
ing of avian and human viruses in different parts of the respi-
ratory tree (55, 59). However, all the wt AI viruses tested in our
study except the H9N2 virus replicated efficiently in the upper
respiratory tract. Additional immunohistochemical analyses
are needed to identify the specific cell types in which different
subtypes of wt and ca AI viruses replicate. Interestingly, in the
lower respiratory tract, SA�2,6-Gal receptors were mostly ex-
pressed in endothelial cells, whereas SA�2,3-Gal receptors
were found in pneumocytes. SA�2,3-Gal receptor expression
was seen on type II pneumocytes that were identified by their
characteristic morphology. SA�2,6-Gal receptors have been
identified on type I pneumocytes in humans (55, 57); however,
identification of cells in these studies was based on cellular
morphology and the distinction between endothelial cells and
type I pneumocytes was not clearly demonstrated. The expres-
sion of SA�2,6-Gal receptors on endothelial cells was reported
in other animal species, including dogs, cats, tigers, pigs, fer-
rets, chickens, and ducks (60). Although the expression of
SA�2,6-Gal receptors on endothelial cells in alveoli could be
unique to animals, it is possible that the SNA-positive cells that
were identified as type I pneumocytes in humans could have
included endothelial cells. Although we were not able to per-
form dual staining with MALII and endothelial or epithelial
cell markers, elongated alveolar lining cells stained with MALII
could be type I pneumocytes and/or endothelial cells. Glycan
microarray analysis has been used to study the species specific-
ity of influenza viruses (61–63). A recent study identified a wide
diversity of glycans present in the human respiratory tract
which can be used by influenza viruses and found that currently
available glycan arrays do not represent the full spectrum of
glycans that exist in the human respiratory tract (64).

In summary, the distribution of SA�2,3-Gal and SA�2,6-Gal
receptors in the respiratory tract of AGMs was similar to that seen
with humans. The wt AI viruses replicated efficiently in the respi-
ratory tract of AGMs, while replication of the ca vaccine viruses
was highly restricted and limited to the upper respiratory tract.
The patterns and sites of ca virus replication differed among the
different subtypes and mimicked the replication of the pandemic
LAIVs that we observed in humans. However, the H5N1, H7N3,
H6N1, H9N2, and H7N7 (54) pandemic LAIV vaccines were im-
munogenic in AGMs and a neutralizing Ab response was associ-
ated with protective efficacy in this model. In addition, we found
that the immune responses and protective efficacy observed with
i.n.-plus-i.t. inoculation of vaccine were comparable to those ob-
served when the vaccine was administered intranasally with a
sprayer as in humans. This model can be used to evaluate the
efficacy of candidate LAIVs in the future.
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