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Avian influenza A virus A/teal/HK/W312/97 (H6N1) possesses seven gene segments that are highly homol-
ogous to those of highly pathogenic human influenza H5N1 viruses, suggesting that a W312-like H6N1 virus
might have been involved in the generation of the A/HK/97 H5N1 viruses. The continuous circulation and
reassortment of influenza H6 subtype viruses in birds highlight the need to develop an H6 vaccine to prevent
potential influenza pandemics caused by the H6 viruses. Based on the serum antibody cross-reactivity data
obtained from 14 different H6 viruses from Eurasian and North American lineages, A/duck/HK/182/77,
A/teal/HK/W312/97, and A/mallard/Alberta/89/85 were selected to produce live attenuated H6 candidate vac-
cines. Each of the H6 vaccine strains is a 6:2 reassortant ca virus containing HA and NA gene segments from
an H6 virus and the six internal gene segments from cold-adapted A/Ann Arbor/6/60 (AA ca), the master donor
virus that is used to make live attenuated influenza virus FluMist (intranasal) vaccine. All three H6 vaccine
candidates exhibited phenotypic properties of temperature sensitivity (ts), ca, and attenuation (att) conferred
by the internal gene segments from AA ca. Intranasal administration of a single dose of the three H6 ca vaccine
viruses induced neutralizing antibodies in mice and ferrets and fully protected mice and ferrets from homol-
ogous wild-type (wt) virus challenge. Among the three H6 vaccine candidates, the A/teal/HK/W312/97 ca virus
provided the broadest cross-protection against challenge with three antigenically distinct H6 wt viruses. These
data support the rationale for further evaluating the A/teal/HK/W312/97 ca vaccine in humans.

Influenza type A viruses cause seasonal epidemics and oc-
casional pandemics in humans. There are a total of 16 hem-
agglutinin (HA) subtypes (H1 to H16) and 9 neuraminidase
(NA) subtypes (N1 to N9) of influenza virus A identified (10,
42). While only a limited number of HA and NA subtypes are
circulating in humans and other mammalian species, all the
HA and NA subtypes are found in avian species. Avian influ-
enza (AI) viruses are the source of novel subtypes that infect
humans. In the past century, AI viruses caused three influenza
pandemics when a pandemic strain with a novel HA from an
avian virus infected immunologically naïve humans and spread
efficiently from person to person. The H1N1 virus that caused
the 1918 catastrophic pandemic was possibly derived from an
avian-like virus that had been adapted in a mammalian host
(31, 39). The 1957 Asian H2N2 and 1968 Hong Kong H3N2
pandemic strains were reassortants generated by reassortment
between an avian and a human influenza virus (18).

Thus, pandemic influenza virus strains could emerge from
direct transmission of AI viruses or from reassortment between
an AI and a currently circulating human strain. Direct trans-
mission of AI viruses to humans has occurred for H5N1 viruses
since 1997. During the 1997 Hong Kong outbreak of the highly
pathogenic AI (HPAI) H5N1 virus in chickens, there were at

least 18 confirmed human cases of infection by an avian H5N1
virus (9, 37). Additional human cases of avian H5N1 infections
have been reported since 2003; there have been 376 confirmed
cases and 238 fatalities reported in many countries in Asia,
Europe, and Africa as of April 2008 (http://www.who.int/csr
/disease/avian_influenza/en/). In addition to the HPAI H5N1
viruses, avian viruses from other subtypes, including H9N2,
H5N1, H7N7, H7N3, and H10N7, have been implicated in
human infections. An HPAI H7N7 virus caused 89 human
infections including one fatal case during a severe disease
outbreak in domestic poultry in Netherlands in 2003 (11, 22).
Thus, avian viruses could constitute a potential pandemic
threat to public health.

The H6 subtype is one of the most commonly recognized
subtypes in domestic ducks in southern China (7, 34) and in
migratory birds in North America and Europe (27, 35). H6
viruses have caused several outbreaks in commercial poultry
worldwide that resulted in decreased egg production and in-
creased mortality (1, 40, 41). Although natural human infec-
tion with this virus subtype has not yet been reported, H6N1
viruses can replicate in the upper respiratory tract and cause
mild clinical symptoms in experimental infection (3). A recent
study showed significantly elevated antibody titers against H5,
H6, and H7 AI viruses in United States veterinarians who have
been exposed to birds, suggesting that human infections with
H6 viruses could have occurred (29). The continuing preva-
lence of H6 viruses and frequent reassortment in avian popu-
lations highlight the potential for H6 viruses and H6 reassor-
tants to cross the species barrier to infect humans and cause
human-to-human transmission. In addition, studies of HPAI
H5N1 viruses showed important contributions of internal pro-
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tein genes such as PB2 and NS1 to virus replication and viru-
lence in hosts (14, 17, 33). The high level of homology of the
internal protein genes of H6N1 A/teal/Hong Kong/W312/97
(tl/HK/97)-like viruses to those of the 1997 human H5N1 vi-
ruses raises concerns about W312-like H6 viruses. The contin-
ued cocirculation of H5N1, H6N1, and H9N2 influenza viruses
in southern China could lead to frequent reassortment, which
would greatly increase the genetic diversity of influenza viruses
in this region (7, 8).

Vaccination is one of the most effective preventive measures
for the control of influenza (36). FluMist, a live attenuated
influenza virus (LAIV) vaccine, was licensed in the United
States in 2003 and elicits both systemic and local mucosal
immunity (4, 28). This live attenuated vaccine approach has
been used to generate live attenuated H5N1, H7N3, and H9N2
vaccine viruses. These candidate vaccines were found to be
safe and efficacious in conferring protection against wild-type
(wt) virus challenge in mice and ferrets (5, 21, 24, 38) and are
being evaluated in phase 1 clinical studies.

In this study, we describe the selection and generation of
three live attenuated H6 vaccine candidates that contain the
HA and NA gene segments from wt H6 viruses and the six
internal protein gene segments from the cold-adapted A/Ann
Arbor/6/60 (AA ca) vaccine donor virus, which is used to
produce seasonal LAIV. We analyzed the H6 vaccine candi-
dates for their temperature sensitivity (ts), ca, and attenuation
(att) phenotypes and for their immunogenicity and protective
efficacy in ferrets and mice. We conclude that tl/HK/97 ca is a
promising H6 vaccine candidate that provides broad protection
against diverse influenza H6 viruses.

MATERIALS AND METHODS

Viruses and cells. wt H6 AI viruses used in this study were obtained from the
influenza virus repository at St. Jude Children’s Research Hospital, Memphis,
TN (Table 1). Virus stocks were propagated in the allantoic cavities of 9- to
11-day-old embryonated specific-pathogen-free hen’s eggs (Charles River Lab-
oratories, North Franklin, CT) at 37°C. The allantoic fluids were harvested at
72 h postinoculation and tested for hemagglutinating activity using 0.5% turkey
red blood cells (Lampire Biological Laboratories, Pipersville, PA). Allantoic
fluids were pooled, aliquoted, and stored at �80°C until use. Fifty-percent tissue
culture infectious dose (TCID50) titers were determined in Madin-Darby canine
kidney (MDCK) cells (ATCC, Manassas, VA) as described previously (12).

Chicken embryo kidney (CEK) cells were obtained from Charles River Lab-
oratories (North Franklin, CT) and maintained in M199 medium (HyClone,
Logan, UT). Vero (African green monkey kidney) cells were maintained in
OptiPRO serum-free medium (Invitrogen, Carlsbad, CA), and MDCK cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum (Invitrogen).

Generation of reassortant H6 ca viruses by plasmid rescue. Reassortant H6 ca
viruses were generated using the eight-plasmid reverse genetics system (16).
Viral RNA was extracted from H6 wt viruses by use of the QIAamp viral RNA

extraction kit (Qiagen, Valencia, CA). The HA and NA cDNAs of H6 wt strains
were amplified by one-step reverse transcriptase-PCR using viral RNA as a
template and HA- or NA-specific oligonucleotide primers (primer sequences are
available upon request). The HA and NA cDNAs were cloned into the BsmBI
site of the pAD3000 vector, and the sequences of the resulting clones were
confirmed. The six internal gene segments of AA ca were also cloned into the
pAD3000 vector (20). To produce the 6:2 reassortant H6 ca viruses, Vero cells
were transfected with the six AA ca internal gene plasmids and the HA and NA
plasmids derived from selected wt H6 viruses by electroporation. Briefly, 3 �g of
each of the eight plasmids was added to a suspension of approximately 5.0 � 106

viable Vero cells in Opti-MEM I in a volume of 300 �l and electroporated at a
setting of 220 V, 950 microfarads by use of a Bio-Rad gene pulser Xcell system
(Bio-Rad, Hercules, CA). The electroporated cells were resuspended in 2 ml of
Opti-MEM I and overlaid onto a 50%-confluent CEK cell monolayer that had
been washed once with Opti-MEM I. The electroporated Vero cells were cocul-
tured with CEK cells at 33°C for approximately 20 h and replenished with fresh
Opti-MEM I containing 0.5 �g/ml N-p-tosyl-L-phenylalanine chloromethyl
ketone trypsin (Sigma-Aldrich, St. Louis, MO). After 3 to 7 days of incubation at
33°C, the culture supernatants were harvested, filtered with a 0.8-�m Minisart
syringe filter (Sartorius, Edgewood, NY), and inoculated into embryonated hen’s
eggs followed by incubation at 33°C for 3 days. The egg-amplified viruses were
titered by plaque assay in CEK cells or by a TCID50 assay in CEK cells or MDCK
cells.

Plaque assay in CEK cells. Confluent CEK cells in six-well plates were in-
fected with 10-fold serially diluted virus and absorbed for 1 h with constant
rotation. The inoculum was removed and cells were overlaid with 0.8% low-
melting-point agarose in 1� minimal essential medium (MEM) and incubated at
33°C for 4 days. Plaques were immunostained with a chicken polyclonal serum
against AA.

Phenotypic assays. The ts and ca phenotypes of H6 wt and ca viruses were
assessed by virus titration at 39, 33, and 25°C in CEK cells by the TCID50 assay.
In brief, serial 10-fold dilutions of virus samples in MEM were added to the
washed CEK cell monolayers in 96-well plates and incubated at 39, 33, and 25°C.
Replicates of eight wells were used for each dilution. Cells incubated at 33 or
39°C were examined for cytopathic effect (CPE) at 6 days postinfection (dpi), and
cells incubated at 25°C were examined for CPE at 10 dpi. A virus is defined as
ts if its titer at 39°C is at least 100-fold lower than its titer at 33°C. A virus is
defined as ca if the difference in titers at 33 and 25°C is less than 100-fold (20).

Ferret studies. Male ferrets of 7 to 8 weeks of age (Triple F Farm, Sayre, PA)
were used in the study. Ferret study protocols were approved by MedImmune’s
Animal Care and Use Committee. To examine the replication of H6 wt and ca
viruses in the respiratory tracts of ferrets, groups of two ferrets were inoculated
intranasally (i.n.) with 107 PFU of H6 wt or ca viruses. At 3 and 5 dpi, ferrets
were euthanized, and their lungs and nasal turbinates (NT) were harvested.
Ten-percent (wt/vol) tissue suspensions of lung homogenate were prepared and
virus titers were determined by infection in eggs and calculated as the 50% egg
infectious dose (EID50) per gram of tissue as described previously (15). Virus
titers in the NT tissue homogenate were determined by plaque assay in CEK cells
and expressed as log10 PFU per gram of tissue.

To examine H6 ca viruses for their immunogenicity and protective efficacy,
groups of three or four ferrets were inoculated i.n. with 107 PFU of H6 ca virus,
namely, A/duck/Hong Kong/182/77 (dk/HK/77 ca), A/mallard/Alberta/89/85 (ma/
Alb/85 ca), tl/HK/97 ca, or H1N1 A/New Caledonia/20/99 ca or with MEM
(mock immunized) in a volume of 0.25 ml/nostril. Serum was collected prior to
virus inoculation and at 32 dpi the animals were challenged with homologous and
heterologous H6 wt viruses at a dose of 107 PFU administered i.n. The body
weights and temperatures of these animals were measured prior to challenge
infection and daily after challenge infection. On day 3 postchallenge, the NT and
lungs were collected and virus titers were determined as log10 PFU per gram of
NT or log10 EID50 per gram of lung tissue as described above. Ferret serum
antibody levels against homologous or heterologous H6 wt or ca viruses were
measured by hemagglutination inhibition (HAI) and microneutralization assays
as described previously (12).

Mouse studies. Six- to 8-week-old female BALB/c mice (Taconic Farms, Inc.,
Germantown, NY) were used in all mouse experiments. Mouse experiments were
approved by the National Institutes of Health Animal Care and Use Committee
and were conducted at the NIH.

One-dose study. Groups of 44 lightly anesthetized mice were inoculated i.n.
with 106 TCID50 of H6 ca viruses, namely, tl/HK/97 ca, dk/HK/77 ca, and
ma/Alb/85 ca. Each virus was diluted in Leibovitz (L15) medium (Invitrogen,
Carlsbad, CA) to a final volume of 50 �l/mouse. Mock-inoculated controls were
administered L15 medium alone. Neutralizing antibody (NtAb) responses to H6
wt viruses (dk/HK/77, ma/Alb/85, tl/HK/97, and A/quail/HK/1721-30/99 [qu/HK/

TABLE 1. AI virus isolates of the H6 subtype included
in this study

Virus name Abbreviation Subtype Phylogenetic
lineagea

A/duck/HK/182/77 dk/HK/77 H6N9 Eurasian
A/teal/HK/W312/97 tl/HK/97 H6N1 Eurasian
A/quail/HK/1721-30/99 qu/HK/99 H6N1 Eurasian
A/mallard/Alberta/89/85 ma/Alb/85 H6N2 North American

a Phylogenetic analysis based on HA amino acid sequence was generated using
the neighbor joining method rooted on the AA H2 HA.
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99]) were determined for sera collected prior to inoculation (prebleed) and at 4
weeks postinoculation by the method described previously (12). The NtAb titer
was defined as the reciprocal of the highest dilution of serum that completely
neutralized the infectivity of 100 TCID50 of virus in MDCK cells, identified by
the absence of CPE from the neutralized samples on day 4. A NtAb titer that was
fourfold lower than the homologous NtAb titer was considered significantly
different and indicative of a lack of cross-reactivity as previously described (2). At
4 weeks postinoculation, groups of eight mice were challenged i.n. with 105

TCID50 of the H6 wt viruses dk/HK/77 and ma/Alb/85. Groups of 14 mice were
challenged with 105 TCID50 of wt tl/HK/97 or wt qu/HK/99. Four mice per H6
challenge virus were sacrificed on days 2 and 4 postchallenge, and lungs and NT
were harvested and stored at �80°C. Organs were weighed and homogenized in
L15 medium containing 1� antibiotic-antimycotic (Invitrogen) to make 10% and
5% (wt/vol) tissue homogenates of lung and NT, respectively. Tissue homoge-
nates clarified by centrifugation at 1,500 rpm for 5 min were titered in MDCK
cells as described previously (38). Virus titers in TCID50/g were calculated by the
method of Reed and Muench (30).

Two-dose study. Groups of 44 lightly anesthetized mice were inoculated i.n.
with 106 TCID50 of H6 ca viruses tl/HK/97 ca, dk/HK/77 ca, and ma/Alb/85 ca on
day 0 and administered a second dose of each virus 4 weeks after the first dose.
Mock-inoculated controls were administered L15 medium alone. At 4 weeks
after the second dose of H6 ca virus, groups of eight mice were challenged i.n.
with H6 wt viruses as follows: 105 TCID50 of dk/HK/77 and 105 TCID50 of
ma/Alb/85. Groups of 14 mice were challenged with wt viruses as follows: 105

TCID50 and tl/HK/97 or 105 TCID50 of qu/HK/99. As described for the one-dose
study, immunogenicity and viral replication were determined following virus
challenge. NtAb responses to H6 wt viruses (dk/HK/77, ma/Alb/85, tl/HK/97, and
qu/HK/99) were determined for sera collected prior to inoculation with the H6
ca viruses, 4 weeks after the first dose, and 2 weeks after the second dose.

RESULTS

Generation of H6 ca viruses. Based on genetic analysis and
the antigenic cross-reactivity of postinfection sera of mice and
ferrets infected with 14 H6 viruses (including H6N1, H6N2,
H6N5, H6N8, and H6N9 viruses) isolated from different con-
tinents from 1973 to 2001 (12), three H6 viruses (Table 1),
namely, dk/HK/77 (H6N9), ma/Alb/85 (H6N2), and tl/HK/97
(H6N1), were selected for vaccine development. These three
H6 strains represent diverse strains in the H6 HA phylogenetic
tree (8, 13).

The six internal protein gene segments of AA ca, the master
donor virus, confer the characteristic ts, ca, and att phenotypes
to the seasonal influenza virus FluMist (i.n.) vaccines (20). This
AA ca donor virus was used to generate live attenuated H6
vaccine candidates. The 6:2 H6 AA ca reassortant (H6 ca)

viruses contained the HA and NA gene segments from an H6
wt virus and the six internal gene segments from the AA ca
virus, which were generated using the eight-plasmid reverse
genetics system (16). Viruses rescued from transfected Vero/
CEK cocultures were amplified once in embryonated hen’s
eggs, and virus titers were determined by plaque assay in CEK
cells at 33°C. Each of the H6 ca virus had a plaque morphology
similar to that of the corresponding wt virus (data not shown).
tl/HK/97 ca formed the largest plaques and ma/Alb/85 ca
formed the smallest plaques among the three ca viruses. All
three H6 ca viruses replicated efficiently in eggs to titers
greater than 108 PFU/ml.

H6 ca viruses are ca and ts. The six internal gene segments
from AA ca were expected to confer the ts, ca, and att pheno-
types to the reassortant ca viruses. The H6 wt viruses repli-
cated equally well at 39 and 33°C, but all three ca viruses were
restricted in replication at 39°C, with a 1,000-fold reduction in
titer compared to what was seen at 33°C, confirming the ts
phenotype (Table 2). The three ca viruses replicated better at
25°C than did the H6 wt virus counterparts. The wt H6 viruses
did not exhibit the ca phenotype; in each case, the replication
of the wt virus at 25°C was reduced by more than 1,000-fold
compared to the replication of the same virus at 33°C. As
expected, the H6 ca viruses expressed the ca phenotype; the
titer of each virus at 25°C was within 100-fold of its titer at 33°C
(6, 26). Thus, the three H6 ca viruses displayed the expected ts
and ca phenotypes.

H6 ca viruses are attenuated in ferrets. To determine
whether the H6 ca viruses were attenuated in vivo, the levels of
replication in the NT and lungs 3 and 5 days following i.n.
administration were compared with those of H6 wt viruses
(Table 3). The three H6 wt viruses replicated efficiently in the
upper and lower respiratory tracts of ferrets and caused fever
and weight loss. The titers of the H6 ca viruses in the NT were
significantly lower than the corresponding wt viruses and were
not detected in the lungs of ferrets at 3 or 5 dpi, confirming the
att phenotype of the H6 ca viruses. No signs of disease were
observed in ferrets infected with H6 ca viruses.

Immunogenicity of the H6 ca viruses in ferrets. The immu-
nogenicity of the three H6 ca viruses was evaluated in ferrets.
A single dose of each H6 ca virus elicited neutralizing and HAI

TABLE 2. H6 ca viruses exhibit ts and ca phenotypesa

Virus
Virus titer (log10 TCID50/ml) at: Phenotype

39°C 33°C 25°C �33/39°C �33/25°C tsb cac

dk/HK/77
wt 8.5 8.3 4.0 �0.2 4.3 � �
ca 4.2 8.1 6.3 3.9 1.8 � �

tl/HK/97
wt 9.0 8.7 4.2 �0.3 4.5 � �
ca 5.2 8.7 8.2 3.5 0.5 � �

ma/Alb/85
wt 8.5 8.0 4.2 �0.5 3.8 � �
ca 5.0 8.2 7.3 3.2 0.9 � �

AA ca 5.2 9.3 8.2 4.1 1.1 � �

a CEK cells were inoculated with H6 wt and ca viruses or AA ca and were
incubated at 39, 33, and 25°C. After incubation for 6 days at 39°C and 33°C or 10
days at 25°C to reach peak titers, cells were examined for CPE, and virus titers
(TCID50) at each temperature were determined.

b ts, difference between the mean TCID50 at 33°C and 39°C of �100-fold.
c ca, difference between the mean TCID50 at 33°C and 25°C of �100-fold.

TABLE 3. Replication of wt and ca H6 viruses in ferretsa

Virus dpi

Virus titer in:

Lungs (log10
EID50/g � SE) NT (log10 PFU/g � SE)

wt ca wt ca

dk/HK/77 3 7.0 � 0.5 �1.5b 5.4 � 0.1 2.5 � 0.2
5 6.0 � 0.5 �1.5 6.1 � 0.0 2.6 � 0.6

tl/HK/97 3 6.3 � 0.2 �1.5 6.0 � 0.3 2.1 � 0.0
5 7.2 � 0.3 �1.5 5.4 � 0.0 2.4 � 0.3

ma/Alb/85 3 6.5 � 0.0 �1.5 3.9 � 0.0 2.0 � 0.0
5 5.8c NTd 2.1c NTd

a Groups of four ferrets were inoculated i.n. with 107.0 PFU (0.25 ml per
nostril) of the indicated H6 wt and ca viruses. At 3 and 5 dpi, NT and lungs of
two ferrets were collected and virus titers were determined. Each data set
represents the mean for two ferrets.

b Below the limit of detection.
c Data from one ferret.
d NT, not tested.
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antibodies to the homologous wt viruses at titers that ranged
from 160 to 269 in NtAb and from 128 to 861 in HAI assays
(Table 4). However, both the HAI and NtAb titers against
heterologous viruses were significantly lower than the titers
against the homologous virus. dk/HK/77 ca and tl/HK/97 ca
postinfection sera cross-reacted with each other at a low level
but were poorly reactive with ma/Alb/85. ma/Alb/85 ca postin-
fection antiserum did not cross-react well with tl/HK/97 and
dk/HK/77 viruses. These data indicate that a single dose of the
three H6 ca viruses is immunogenic in ferrets; however, the
serum antibodies had limited cross-reactivity against heterol-
ogous H6 viruses.

Efficacy of H6 ca viruses in ferrets. The ability of the three
H6 ca vaccine candidates to provide protection against H6 wt
virus challenge infection was examined in ferrets (Fig. 1). H6
wt viruses, namely, dk/HK/77, tl/HK/97, and ma/Alb/85, repli-
cated well in the upper and lower respiratory tracts of mock-
vaccinated ferrets, with NT titers of 105.9, 106.3, and 104.9

PFU/g, respectively, and lung titers of 105.3, 106.7, and 103.9

EID50/g, respectively. Vaccination with the H6 ca viruses fully
protected ferrets from the replication of homologous H6 wt
viruses in the lungs, except for a single animal vaccinated with
dk/HK/77 ca, for which a low titer of challenge virus was

detected. Homologous challenge virus titers in the NT were
significantly reduced to 103.5, 102.5, and 101.9 PFU/g in ferrets
immunized with dk/HK/77 ca, tl/HK/97 ca, and ma/Alb/85 ca,
respectively.

The three H6 ca viruses differed in their abilities to protect
ferrets from heterologous wt virus challenge. Vaccination with
dk/HK/77 ca offered partial protection against replication of
the heterologous tl/HK/97 and ma/Alb/85 wt viruses in the
lungs. tl/HK/97 ca vaccine provided complete protection from
replication of the three diverse wt H6 viruses in the lungs and
a low level of protection from heterologous challenge virus
replication in the NT. ma/Alb/85 ca offered significant protec-
tion against replication of dk/HK/77 wt virus in the lungs but
no protection in the NT, and it did not offer significant pro-
tection against the replication of tl/HK/97 wt virus in the lungs.
A/New Caledonia/20/99 (H1N1) ca vaccine offered partial pro-
tection from replication of the dk/HK/77 wt virus in the lungs
and from replication of the tl/HK/97 wt virus in the NT. Thus,
among the three H6 ca vaccine candidates, tl/HK/97 ca offered
the broadest protection against heterologous H6 wt virus chal-
lenge infection.

The effect of vaccination on the morbidity of ferrets was
assessed by reference to weight loss after H6 wt virus challenge
infection (Fig. 2). Although the body weight changes varied
among different ferret studies, it was consistently observed that
among the three wt H6 viruses, the weight loss was greatest for
tl/HK/97- and the least for dk/HK/77-infected ferrets. The
greatest reductions in body weight in tl/HK/97 wt virus- and
ma/Alb/85 wt virus-infected ferrets were observed 1 day after
infection and were �4.77% and �3.10%, respectively. The
ferrets started to recover from weight loss from the second day
after challenge. dk/HK/77 wt was less virulent and caused min-
imal weight loss. Vaccination with H6 ca vaccines prevented
weight loss in the ferrets that received homologous H6 wt virus
challenge infection and offered varied degrees of protection
against heterologous wt virus challenge. dk/HK/77 ca did not
prevent weight loss resulting from tl/HK/97 and ma/Alb/85
infection. tl/HK/97 ca reduced weight loss caused by ma/Alb/85
and tl/HK97 on day 1 postchallenge, and the ferrets recovered

FIG. 1. Efficacy of H6 ca viruses in ferrets. Groups of three or four ferrets were inoculated i.n. with phosphate-buffered saline (mock), dk/HK/77
ca, tl/HK/97 ca, ma/Alb/85 ca, or H1N1 A/New Caledonia/20/99 (A/NC ca), and 32 days later, the animals were challenged with H6 wt viruses
dk/HK/77, tl/HK/97, and ma/Alb/85. Three days postchallenge, virus titers in the lungs and NT tissues were determined by PFU (NT) or EID50
(lungs) assay. Bars represent the means and standard errors of titers. The lower limit of detection is represented by the dotted line. *, P value of
�0.05 compared to that for mock-immunized ferrets.

TABLE 4. Immunogenicity of H6 ca viruses after a single dose of
vaccine in ferretsa

Test antigen
used in

serological
assay

Geometric mean titer of serum antibody in
ferrets immunized withb:

dk/HK/77 ca tl/HK/97 ca ma/Alb/85 ca

NtAb HAI NtAb HAI NtAb HAI

dk/HK/77 ca 160 215 48 27 25 4
tl/HK/97 ca 57 16 269 128 20 4
ma/Alb/85 ca 24 4 34 4 190 861

a Groups of four ferrets were inoculated i.n. with 107.0 PFU of the indicated
H6 ca viruses. Serum was collected 14 days after immunization.

b NtAb and HAI titers were determined by microneutralization assay and HAI
assay using horse erythrocytes. Antibody titers against homologous viruses are
underlined. An undetectable serum NtAb titer was assigned a value of 20 and an
undetectable HAI antibody titer was assigned a value of 4.
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on day 2 postchallenge. ma/Alb/85 ca prevented weight loss
from homologous wt virus infection only and provided limited
protection against tl/HK/97 wt virus infection. Thus, consistent
with the protective effect observed for the H6 ca viruses against
the replication of H6 wt challenge viruses in the respiratory
tract, tl/HK/97 also offered great protection against weight loss
from H6 wt virus infection compared to what was seen for
dk/HK/77 ca and ma/Alb/85 ca.

Immunogenicity of H6 ca viruses in mice. To determine the
magnitude and breadth of the immune response induced by
infection with the three H6 ca viruses, mice were inoculated
i.n. with one or two doses of dk/HK/77 ca, ma/Alb/85 ca, or
tl/HK/97 ca. Inoculation with each of the H6 ca viruses induced
significant NtAb titers against homologous H6 wt viruses, with
a further increase in titer observed following a second dose of
vaccine (Table 5). The breadth of the NtAb responses induced
by a single dose or two doses of dk/HK/77 ca and ma/Alb/85 ca
vaccines was narrow, as demonstrated by the lack of NtAb
titers against heterologous H6 wt viruses. In contrast, one or
two doses of tl/HK/97 ca induced a more broadly cross-reactive
NtAb response, as demonstrated by NtAb titers against heter-
ologous wt viruses dk/HK/77 and qu/HK/99.

Efficacy of H6 ca viruses in mice. To determine whether
infection with the H6 ca viruses induced protection, we inoc-
ulated mice with either a single dose or two doses of the H6 ca
viruses and subsequently challenged them with both homolo-

gous and heterologous H6 wt viruses. Four weeks after a single
dose, or 2 weeks after a second dose of H6 ca virus, the mice
were challenged with the homologous virus or heterologous
H6 wt virus dk/HK/77, tl/HK/97, ma/Alb/85, or qu/Hk/99, an
H6N1 virus that is antigenically related to tl/HK/97 (12). Virus
titers in the lungs and NT of mock-immunized mice 4 days
postchallenge with each of the H6 wt viruses were similar to
titers observed in previous studies (12) (Fig. 3). A single dose
of each of the H6 ca viruses provided complete protection
against challenge with homologous wt virus in the upper and
lower respiratory tracts (Fig. 3A.). Vaccination with a single
dose of dk/HK/77 ca and ma/Alb/85 ca resulted in a significant
decrease in virus titers in the upper and lower respiratory tracts
of mice challenged with lethal doses of heterologous tl/HK/97
and qu/HK/99. A single dose of tl/HK/97 ca completely pro-
tected mice against challenge with the three heterologous dk/
HK/77, ma/Alb/85, and qu/HK/99 viruses. A similar pattern of
results was observed for mice administered two doses of H6 ca
virus prior to challenge with H6 wt viruses (Fig. 3B). A signif-
icant reduction in the virus titers was observed in the upper
and lower respiratory tracts of mice challenged with a lethal
dose of tl/HK/97 wt and qu/HK/99 wt following two doses of
either dk/HK/77 ca or ma/Alb/85 ca compared to what was
seen for a single dose of ca virus. Thus, the mice data also
demonstrated that tl/HK/97 offered protection against H6 wt
virus challenge.

DISCUSSION

H6 subtype viruses are phylogenetically diverse. To select
H6 strains that can provide a broader protection against H6 wt
viruses, we previously evaluated 14 different H6 wt viruses for
their replication, immunogenicity, and cross-reactivity in mice
and ferrets (12). The tl/HK/97 (H6N1) wt virus elicited the
most broadly cross-reactive antibodies and provided complete
protection against homologous and heterologous virus chal-
lenge in mice. dk/HK/77 (H6N9) and ma/Alb/85 (H6N2) wt
viruses also protected mice from homologous virus challenge
and provided significant protection against heterologous H6 wt
virus challenge. Thus, these three viruses, belonging to differ-
ent clades in the phylogenetic tree, were selected for further
vaccine development.

The three live attenuated H6 ca vaccines were generated by

FIG. 2. Ferret body weight change following H6 wt virus challenge.
Groups of ferrets were mock vaccinated or vaccinated with dk/HK/77
ca, tl/HK/97 ca, or ma/Alb/85 ca. After 32 days, ferrets were challenged
with homologous and heterologous H6 wt viruses dk/HK/77 (A), tl/
HK/97 (B), and ma/Alb/85 (C). Body weight was measured each day
from day 0 to day 3 after challenge and is represented as mean body
weight loss or gain from the body weights of four ferrets at the time of
challenge.

TABLE 5. Immunogenicity of a single dose and of two doses of H6
ca viruses in micea

Test antigen
used in NtAb

assay

Geometric mean titer of serum NtAb in
mice immunized withb:

dk/HK/77 ca ma/Alb/85 ca tl/HK/97 ca

1 Dose 2 Doses 1 Dose 2 Doses 1 Dose 2 Doses

dk/HK/77 wt 214 528 44 29 27 85
ma/Alb/85 wt 10c 10 314 3,044 10 15
tl/HK/97 wt 10 10 10 10 94 543
qu/HK/99 wt 10 10 10 10 86 388

a Groups of eight mice were inoculated i.n. with 106 TCID50 of H6 ca viruses.
NtAb titers were determined for sera collected 4 weeks after the first dose and
2 weeks after the second dose of vaccination by microneutralization assay in
MDCK cells.

b Antibody titers against homologous viruses are underlined.
c Undetectable titer was assigned as 10.
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plasmid-based reverse genetics using the same AA ca donor
virus that is used to produce seasonal live attenuated influenza
virus FluMist (i.n.) vaccines. The vaccine viruses were rescued
from the transfection of Vero cells suitable for vaccine manu-
facture with eight plasmids. The three H6 ca vaccine viruses
displayed ts and ca phenotypes in cell culture and the att
phenotype in ferrets, which are conferred by the internal pro-
tein gene segments of the AA ca virus.

The H6 ca vaccine viruses induced similar levels of neutral-
izing antibodies in mice and ferrets. A single dose of H6 ca
vaccine viruses produced a robust NtAb response, with a ho-
mologous titer of more than 100 after a single dose, and pro-
vided complete protection from replication of the homologous

wt virus in the lower respiratory tract. The vaccine induced
antibodies that cross-reacted with heterologous viruses less
well than with the homologous virus. The protective efficacy of
the H6 ca vaccines was consistent with the data obtained from
immunization of mice with the H6 wt virus (12). Although
tl/HK/97 ca produced very modest titers of NtAb to dk/HK/77
wt and ma/Alb/85 wt, a single dose of tl/HK/97 ca completely
protected mice and ferrets from pulmonary replication of these
three wt H6 viruses, indicating that the level of NtAb may not
predict the breadth of the cross-protective immune response in
these two animal models. In addition to the HA-mediated
cross-protective immunity, cellular immune responses against
the conserved internal proteins might also contribute to the

FIG. 3. Efficacy of H6 ca viruses in mice. Groups of four mice were inoculated i.n. with either one dose (A) or two doses (B) of 106 TCID50
of H6 ca viruses. Mice were challenged i.n. with homologous and heterologous H6 wt viruses 4 weeks after one dose or 4 weeks after two doses
of H6 ca virus. Virus titers were determined for lungs and NT on day 4 postchallenge. Each bar represents the mean and standard error of titers
for four mice. Statistical significance was determined using the nonparametric Mann-Whitney U test, and * indicates a P value of �0.05. The lower
limit of detection is represented by the dotted lines.
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protection against viral replication. The three H6 ca viruses
contain different NA subtypes, and it is not expected that the
NA-induced immunity would offer any protection against a
different NA subtype. It was noted that the A/New Caledonia/
20/99 (H1N1)-infected ferrets were partially protected from
dk/HK/77 (H6N9) wt virus replication in the upper respiratory
tract (�1,000-fold) and from tl/HK/97 (H6N1) wt replication
in the lungs (�10-fold). However, the magnitude of reduction
in challenge virus replication is much less than what was seen
for H6 ca virus-immunized animals. Heterosubtypic immunity
against seasonal influenza virus infection (32) and against
H5N1 wt virus infection has been reported for mice (19, 23,
25). The mechanistic basis of this type of immunity remains
undetermined; however, this type of immunity has been spec-
ulated to be mediated either by the NA or by the internal
proteins of the virus. Live attenuated vaccines have also dem-
onstrated induction of mucosal and cellular immune responses
that contribute to cross-protection from heterologous viruses.
Our data are consistent with our previous study on the H6 wt
viruses (12) in that tl/HK/97 ca offered a broader protective
efficacy in mice and ferrets.

Influenza pandemic preparedness has focused mostly on in-
fluenza virus H5 and H7 subtypes. However, it is not possible
to predict which influenza virus subtype will cause an influenza
pandemic. It is important to prepare influenza virus vaccines
against different influenza virus subtypes and carefully evaluate
the safety and immunogenicity of these candidate vaccines in
clinical studies prior to a pandemic. The preclinical evaluation
of the three H6 vaccine candidates described in this study
strongly indicated that H6N1 tl/HK97 ca is a promising vaccine
candidate and that further clinical evaluation of this vaccine is
justified.
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