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Cross-Protection against H5N1 Influenza Virus

Infection Is Afforded by Intranasal Inoculation
with Seasonal Trivalent Inactivated Influenza Vaccine

Takeshi Ichinohe,"* Shin-ichi Tamura,' Akira Kawaguchi,'** Ai Ninomiya, Masaki Imai, Shigeyuki itamura,’
Takato Odagiri, Masato Tashiro,” Hidehiro Takahashi,' Hirofumi Sawa,’ William M. Mitchell,® David R. Strayer’
William A. Carter® Joe Chiba,® Takeshi Kurata,' Tetsutaro Sata,' and Hideki Hasegawa'

Departments of 'Pathology and Virology HI, National Institute of Infectious Diseases, Musashimurayama-shi. Tokyo, *Department of Biological
Science and Technology, Tokyo University of Science, Noda-shi, Chiba, and *Department of Molecular Pathobiology and 21st Century COE
Program for Zoonosis Contral, Hokkaido University Research Center for Zoonosis Control, Kita-ku, Sapporo, Japan; *Vanderbilt University Medical
Center, Nashville, Tennessee; "Hemisperx Biopharma, Inc., Philadelphia, Pennsylvania

Background. Avian H5N1 influenza A virus is an emerging pathogen with the potential to cause substantial
human morbidity and mortality. We evaluated the ability of currently licensed seasonal influenza vaccine to confer
cross-protection against highly pathogenic H5N1 influenza virus in mice.

Methods. BALB/c mice were inoculated 3 times, either intranasally or subcutaneously, with the trivalent in-
activated influenza vaccine licensed in Japan for the 2005-2006 season. The vaccine included A/NewCaledonia/
20/99 (HIN1), A/NewYork/55/2004 (H3N2), and B/Shanghai/361/2002 viral strains and was administered together
with poly(1):poly(C,,U) (Ampligen) as an adjuvant. At 14 days after the final inoculation, the inoculated mice
were challenged with either the A/HongKong/483/97, the A/Vietnam/1194/04, or the A/Indonesia/6/05 strain of
H5N1 influenza virus.

Results. Compared with noninoculated mice, those inoculated intranasally manifested cross-reactivity of mu-
cosal IgA and serum IgG with H5N1 virus, as well as both a reduced H5N1 virus titer in nasal-wash samples and
increased survival, after challenge with H5N1 virus. Subcutaneous inoculation did not induce a cross-reactive IgA
response and did not afford protection against H5N1 viral infection.

Conclusions. Intranasal inoculation with annual influenza vaccine plus the Toll-like receptor—3 agonist, poly(I):
poly(C,,U), may overcome the problem of a limited supply of H5N1 virus vaccine by providing cross-protective

mucosal immunity against H5N1 viruses with pandemic potential.

In 1997, people in the Hong Kong area became infected
with a highly pathogenic avian influenza A virus, H5N1,
apparently before that virus adapted to a mammalian
species [1-3]. Of the 18 patients who developed re-
spiratory disease, 3 died. The World Health Organi-
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zation has reported 168 deaths for 278 cases of labo-
ratory-confirmed infection with H5N1 avian influenza,
in Southeast Asia, Europe, and Africa, between January
2003 and March 2007. In some instances, human-to-
human transmission of the H5N1 virus appears to have
occurred [4], suggesting that this virus has the potential
to cause an influenza pandemic [5]. Furthermore, an
H5N1 virus (A/Hanoi/30408/2005) resistant to oselta-
mivir was isolated from a Vietnamese girl [6], and
H5N1 viruses isolated from individuals in Hong Kong
in 1997 were found to be resistant to interferon and
tumor-necrosis factor-« [7]. The development of anti-
H5N1 vaccines is thus a priority in efforts to prevent
a human pandemic of H5N1 influenza,

We recently have shown that the combination of
poly(I:C), a synthetic double-stranded RNA, and in-
tranasal vaccine (split-product virus vaccine of either

Cross-Protection against H3N1 Influenza Virus
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strain A/PuertoRico/8/34 or strain A/HongKong/156/97) pro-
tects mice against infection with avirulent A/PuertoRico/8 or
highly pathogenic H5N1 (A/HongKong/483/97) influenza virus
[8, 9]. poly(L:C), however, has a poor safety profile. poly(1):
poly(C,,U) (Ampligen) is structurally similar to double-
stranded RNA and has exhibited a safe profile in double-blind
placebo-controlled phase 2/3 clinical trials [10-12], in which
it has been administered, in >75,000 intravenous doses (average
dose, 400 mg), to humans. Our preliminary observations in-
dicated that, as an adjuvant, Ampligen also has a protective
effect against A/PuertoRico/8 and H5N1 influenza viruses. Fur-
thermore, intranasal inoculation with either a formalin-inac-
tivated H3N1 vaccine or an adenovirus vector-based influenza
vaccine protected mice against lethal and heterologous H5N1
virus [13—15]. In 2003, Takada et al. [16] reported that intra-
nasal inoculation with a formalin-inactivated virus vaccine
(strain HINI, HIN2, H3N1, H3N2, H5N4, or HON2) at high
doses protected mice against infection with heterologous A/
HongKong/483/97 (H5N1) virus. These findings led us to ex-
amine whether intranasal inoculation with both Ampligen and
a trivalent inactivated influenza vaccine—A/NewCaledonia/20/
99 (HIN1), A/NewYork/55/2004 (H3N2), and B/Shanghai/361/
2002—prepared for the 2005-2006 season protected mice
against challenge with lethal and heterologous H5N1 virus.

In the present report, we demonstrate that intranasal inoc-
ulation with the current trivalent inactivated influenza vaccine
combined with Ampligen as a mucosal adjuvant elicited pro-
tective immunity against both an H5N1 strain (A/HongKong/
483/97) isolated in 1997 and more-recent H5N1 isolates (A/
Vietnam/1194/04 and A/Indonesia/6/05) and that it signifi-
cantly improved the survival rate after challenge with H5NI
virus. The results of our study suggest that the cross-protective
immunity induced by such vaccination is mediated by a mu-
cosal immune response, most likely by secretory IgA antibodies
specific for influenza-virus proteins.

MATERIALS AND METHODS

Mice.
from Japan SLC and were kept under specific-pathogen—free

Female BALB/c mice 6-8 weeks old were purchased

conditions.

Viruses. The wild-type strains A/HongKong/483/97 (H5N1),
A/Vietnam/1194/04 (H5N1), and A/Indonesia/6/2005 (H5N1)
were used in the present study. The A/HongKong/483/97 virus
{17], isolated from patient with fatal influenza, was prepared in
Mardin-Darby canine kidney (MDCK) cells without any special
step for adaptation to mice. The Vietnam/1194/04 virus and the
Indonesia/6/05 virus were propagated in 10-day—old embryon-
ated chicken eggs, for 2 days at 37°C. These viruses were stored
at —80°C, and virus titers were quantified by plaque assay using
MDCK cells.

Vaccine and adjuvant. The trivalent inactivated influenza
vaccine (split-product virus vaccines, hemagglutinin {HA] vac-
cine) prepared for the 2005-2006 season and including A/
NewCaledonia/20/99 (HIN1), A/NewYork/55/2004 (H3N2),
and B/Shanghai/361/2002 was purchased from Kitasato Insti-
tute (Saitama, Japan). poly(I):poly(C,,U) (Ampligen) was pro-
vided by Hemispherx Biopharma.
Inoculation and viral challenge. Mice were anesthetized
with diethyl ether and were inoculated 3 times (at consecutive
intervals of 3 and 2 weeks), either intranasally or subcutane-
ously, with 1 ug of the trivalent vaccine (0.33 pg of each vaccine
strain) with or without 10 pg of Ampligen. According to a
modification of a procedure described elsewhere [18-20], each
mouse (5-10 mice/group) was anesthetized and then subjected
to infection by inoculation with 4 L of H5N1 virus suspension
(1000 pfu) in PBS into both nostrils (2 pL/nostril) at 14 days
after the final inoculation (1000 pfu corresponds to ~63 times
the 50% mouse lethal dose for the A/Vietnam H5N1 strain in
the 10-uL infection model). All animal experiments were per-
formed in accordance with the Guides for Animal Experiments
Performed at the National Institute of Infectious Diseases
(NIID) and were approved by the Animal Care and Use Com-
mittee of NIID; infection with H5N1 virus was performed un-
der Biosafety Level 3 containment and was approved by NIID.
Measurement of virus titers and anti-vaccine antibodies.
From mice euthanized while anesthetized with chloroform, na-
sal-wash and serum samples were collected for measurement
of virus titers and vaccine-specific antibodies. ELISA for de-
termination of the levels of specific IgA and IgG antibodies was
performed as described elsewhere [19], with plates coated either
with the trivalent vaccine (split-product virus vaccines, HA
vaccine) used for vaccination (table 1) or with a formalin-
inactivated H5N1 virus vaccine (NIBRG14) [21] derived from
a recombinant avirulent avian virus that contains modified HA
and neuraminidase (NA) from the highly pathogenic avian in-
fluenza strain A/Vietnam/1194/04 and other viral proteins from
influenza virus A/PuertoRico/8/34 (HIN1) (table 2). Before the
hemagglutination inhibition (HI) tests were performed, recep-
tor-destroying enzyme II (Denka Seiken) was added to the red
blood cell-treated serum samples overnight at 37°C, to inac-
tivate nonspecific hemagglutination inhibitors, followed by in-
cubation for 1 h at 56°C, to inactivate receptor-destroying en-
zyme. HI tests were performed according to the microtiter
method of Sever [22]. Virus titers were measured by a plaque
assay using MDCK cells, as described elsewhere [23, 24].
Antigen-specific T cell response.  Antigen-specific T cell re-
sponses were measured as described elsewhere [25]. The spleen
was removed from mice 10 days after the third vaccination. T
cells were purified from a single-cell suspension by depletion
of CD11b*, CD45R", DX5, and Ter-119" cells, by use of a
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Table 1. Titers of antibodies specific for the trivalent vaccine.

End point-dilution titer,

Vaccine means * SEs®
Vaccine- Vaccine-
Trivalent specific IgA specific IgG HI titer
vaccine, ug Ampligen, pg Route Virus strain in nasal wash in serum in serum®

1 10 in A/NewCaledonia (H1N1) 64 12,800 20
A/NewYork (H3N1) 64 19,200 = 6400 20

8/Shanghai 32 19,200 + 6400 10

1 in A/NewCaledonia (HIN1)} ND ND <10
A/NewYork (H3N1) ND ND <10

B/Shanghai ND ND <10

10 in A/NewCaledonia (H1N1) ND ND <10

A/NewYork (H3N1) ND ND <10

B/Shanghai ND ND <10

1 10 sC A/NewCaledonia (H1N1) ND 204,800 320
A/NewYork (H3N1) ND 204,800 320

B/Shanghai ND 102,400 160

1 s¢ A/NewCaledonia (H1N1) ND 204,800 160
A/NewYork {H3N1) ND 204,800 160

B/Shanghai ND 204,800 160

10 sC A/NewCaledonia (H1N1) ND ND <10

A/NewYork (H3N1) ND ND <10

B/Shanghai ND ND <10

A/NewCaledonia (HIN1) ND V ND <10

A/NewYork (H3N1) ND ND <10

B/Shanghai ND ND <10

NOTE. At Q, 3, and 5 weeks, mice were immunized with 1 ug of trivalent vaccine and 10 g of Ampligen, as indicated. Nasal-wash and serum samples
were collected 2 weeks after the final immunization. HI, hemagglutination inhibition; in, intranasal; ND, not detected; sc, subcutaneous.

® Data are for 5 mice. These titers were achieved by diluting the samples until optical-density values reached background levels.

5 M titers against homologous viruses in serum were measured at 2 weeks after the final immunization and are expressed as reciprocals of the highest
dilution that completely inhibits hemagghstination of 4 hemaggtutinin units of virus.

magnetic cell-sorting system (Miltenyi Biotec). For preparation
of antigen-presenting cells, splenocytes from normal BALB/c
mice were depleted of CD90 (Thyl.2)-positive cells and were
irradiated at 2000 cGy. Purified splenic T cells (1 X 107 cells/
well) were cultured for 4 days with irradiated antigen-pre-
senting cells (5 X 107 cells/well) in the absence or presence of
viral antigens (at concentrations of 0.1 pg/mL and 1 pg/mL).
The concentration of interferon (IFN)-y in culture superna-
tants was then measured by use of ELISA for the mouse cy-
tokine (Biosource International). T cell proliferation was mon-
itored by the addition of [*H]thymidine (18.5 kBg/well) (ICN
Biomedicals) 8 h before the cells were harvested. The cells were
harvested onto a 96-well microplate bonded with a GF/B filter
(Packard Instruments). Incorporated radioactivity was calcu-
lated by a microplate scintillation counter (Packard Instru-
ments). Data are means * SDs of values from 2 independent
experiments, each performed with T cells from 5 mice/group.

Statistics,  All data are presented as means + SEs or means
+ SDs, and experimental groups were compared by use of

Student’s ¢ test for paired observations. P < .05 was considered
to be statistically significant.

RESULTS

Ampligen’s effects as a mucosal adjuvant for seasonal in-
fluenza vaccine. To evaluate the efficacy of Ampligen as a
mucosal adjuvant for the trivalent inactivated influenza vac-
cine, we examined the IgA and IgG responses to each of the 3
component strains—A/NewCaledonia (HIN1), A/NewYork
(H3N2), and B/Shanghai—in mice inoculated intranasally or
subcutaneously with 1 ug of the vaccine with or without 10 ug
of Ampligen. A high concentration of IgA antibodies to HA
was apparent in the nasal-wash samples from mice inoculated
intranasally with both the trivalent vaccine and Ampligen (table
1); in contrast, a mucosal IgA response was not observed either
in mice inoculated intranasally with the trivalent vaccine with-
out Ampligen or in mice inoculated subcutaneously with the
trivalent vaccine with or without Ampligen. Compared with
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