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parental gene constellation were recovered, and two of these
virus clones (virus clones 3 and 4) were found to be identical to
the parental virus and rg-Ck/Yamaguchi/04 (H5N1) in that all
three had the capability to replicate in pigs; therefore, the
isolation of entire HSN1 virus clones could be due to concur-
rent infection of cells lining the upper respiratory tract of the
inoculated pigs, with different reassortant viruses present in the
inoculum which might have provided all eight gene segments
of Ck/Yamaguchi/04 (H5N1).

The role of the PB2 protein in determining the host range
has been studied extensively using squirrel monkeys (7), mice
(9, 29), and mammalian cells (57). In the present study, we
found that the PB2 gene of Ck/Yamaguchi/04 (H5N1) re-
stricted its replication in pigs, since its replacement by the PB2
gene of Sw/Hokkaido/81 (H1N1) enabled it to replicate in the
pigs, as observed for naturally selected virus clones 1 and 2 and
rg-Ck-Sw/PB2 virus. Kida et al. (25) isolated triple-gene reas-
sortants deriving the NP, NA, and M or NP, NA, and NS genes
from the replicating strain Sw/Hokkaido/81 (HIN1) and the
remaining five genes from the nonreplicating strain A/duck/
Hokkaido/8/1980 (H3N8). In the present study, single-gene
reassortant virus clones deriving the PB2 gene from Sw/Hok-
kaido/81 (HIN1) were isolated. It could be due to differences
in the gene constellations of nonreplicating influenza virus
strains bearing different host range determinants (28, 49), as
used by Kida et al. (25) and in the present study.

The restrictive effect of the PB2 gene of Ck/Yamaguchi/04
(H5N1) virus was evaluated by studying the replication of
rg-Sw-Ck/PB2 virus in pigs. Interestingly, the viruses were re-
covered on day 3 p.i. and replicated to moderate levels for a
shorter duration than rg-Sw/Hokkaido/81 (HIN1) (Table 3).
These findings indicate that during the first 2 days p.i., the virus
might have undergone adaptive changes. This assumption was
supported by examining the predicted amino acid sequences of
the two virus isolates, Pig 7-day 3 and Pig 8-day 3, whose PB2
proteins had E627K and D256G amino acid substitutions, re-
spectively. Amino acid substitution at position 256 in the PB2
protein has not been reported previously, while amino acid
substitution at position 627 has been reported to be a host
range determinant. Li et al. (29) inoculated mice with two duck
isolates of contrasting pathogenicity for mice. They found that
more than 50% of the virus isolates recovered from mouse
lungs had E627K substitutions in the PB2 protein. Similarly,
viruses recovered from mice inoculated with Ck/Yamaguchi/04
(H5N1) had the E627K substitution in the PB2 protein (31);
therefore, these studies suggested that the presence of E or K
at position 627 is host dependent and is an indicator of avian-
to-mammalian adaptation. The finding that the Pig 7-day 3 and
Pig 8-day 3 isolates were isolated from pigs on day 1 p.i. and
previous findings suggest that the E627K and D256G substitu-
tions enabled the Pig 7-day 3 and Pig 8-day 3 isolates to rep-
licate in pigs like that of parental or rg-Sw/Hokkaido/81
(HIN1) virus.

The in vivo replicative behavior of virus clones 1 and 2 or of
virus isolates Pig 7-day 3 and Pig 8-day 3 was further supported
by the luciferase assay. The E627K amino acid substitution has
been shown to increase the polymerase activity (9), while the
D256G amino acid substitution found in the present study has
not been reported previously. The findings suggest that repli-
cation of virus clones 1 and 2 or virus isolates Pig 7-day 3 and
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Pig 8-day 3 in pigs may be due to enhancement of viral poly-
merase activity in the epithelial cells lining the upper respira-
tory tract of pigs.

The PB2, PB1, and PA proteins make up the viral RNA
polymerase complex. The presence of overlapping PB1 and NP
functional regions on the PB2 protein has suggested their role
in switching the transcriptase to replicase activity (40, 47). The
D256G substitution is located in the functional domain of the
PB2 protein. This region has been shown to be related to a cap
binding function (18, 40), interaction with NP protein (40), and
interaction with PB1 protein (38). Similarly, the E627K sub-
stitution is located in the C-terminal region of the PB2 protein,
which interacts with both the PB1 and NP proteins (40). La-
badie et al. (27) suggested that the presence of K at position
627 in the PB2 protein helps to stabilize the PB2-NP interac-
tion in human cells through an unknown host cellular factor,
while K at this position impairs this interaction in avian cells.
Many host cell proteins have been shown to interact with
different subunits of influenza virus polymerase complex, and
some of these were involved either in translocation of viral
RNPs such as importin « (10), Ran binding protein 5 (8), or
heat shock protein 90 (37) or in regulation of polymerase
activity (33, 34). Recently, Jorba et al. (21) identified many
influenza virus polymerase-interacting nuclear and cytosolic
proteins involved in transcription, modification, and transloca-
tion. Those findings suggest that interaction of polymerase
components with each other to carry out transcription or rep-
lication involves host cellular factors; thus, adaptive changes to
host cellular factors might play an important role in host range
determination.

The role of the D256G and E627K amino acid substitutions
in the adaptation of influenza viruses to new hosts is reflected
by a significant increase in the polymerase activity of both
homologous and heterologous polymerase complexes (Table
5). This result indicates that the D256G and E627K amino acid
substitutions might be critical changes to control polymerase
activities independently, not only for the reassortant virus rg-
Sw-Ck/PB2 but also for the original Ck/Yamaguchi/04 (HSN1).
It was interesting to find that out of 3,146 predicted amino acid
sequences of the PB2 gene obtained from GenBank (http://www.
ncbi.nim.nih.gov/genomes/FLU/FLU.html), only one isolate,
A/swine/Wisconsin/1/1967 (H1N1), had the D256G amino acid
substitution, while one swine and one duck isolate had the
D256R and D2561 amino acid substitutions, respectively. This
finding indicates that D256G might not be a common mutation
in the process of virus evolution. In any case, it is speculated
that the mutations D256G and E627K might have appeared as
a result of the interaction of the PB2 protein of Ck/Yamagu-
chi/04 (H5N1) with pig cellular proteins, resulting in enhanced
replication of virus isolates Pig 7-day 3 and Pig 8-day 3 in pigs.

In light of earlier and present findings, it is reasonable to
conclude that the PB2 protein of Ck/Yamaguchi/04 (H5N1)
determined its host range. However, the molecular events
which lead to the appearance of D256G and E627K substitu-
tions have yet to be elucidated.
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Introduction

Abstract

Background Highly pathogenic avian influenza virus (HPAIV) infection has
a high mortality rate in humans. Secondary bacterial pneumonia with
HPAIV infection has not been reported in human patients, whereas seasonal
influenza viruses sometimes enhance bacterial pneumonia, resulting in
substantial morbidity and mortality. Therefore, if HPAIV infection were
accompanied by bacterial infection, an increase in mortality would be
expected. We examined whether a vaccine against HPAIV prevents severe
morbidity caused by mixed infection with HPAIV and bacteria.

Methods HTNT subtype of HPAIV and Streptococcus pneumoniae were
inoculated into cynomolgus macaques with or without vaccination of
inactivated whole virus particles.

Results Vaccination against H7N7 HPAIV decreased morbidity caused by
HPAIV and pneumonia caused by S. preumoniae. Bacterial replication in
lungs was decreased by vaccination against HPAIV, although the reduction
in bacterial colonies was not significant.

Conclusions Vaccination against HPAIV reduces pneumonia caused by
bacterial superinfection and may improve prognosis of HPAIV-infected
patients.

influenza virus infection alone results in pneumonitis,
secondary bacterial pneumonia may be a major cause

Influenza virus and Streptococcus pneumoniae are the
two pathogens that cause the majority of respiratory
infections in humans. Influenza virus infection results
in pneumonitis in which lymphocytes infiltrate into
lung interstices, whereas bacteria induce pneumonia in
which neutrophils infiltrate into lung alveoli. Although
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of substantial morbidity and mortality during typical
influenza pandemics, including the major pandemic of
1918-1919 [2, 21]. Although bacterial pneumonia has
not been reported in patients infected with H5NI or
H7N7 highly pathogenic avian influenza virus (HPAIV)
[5, 26], the possibility of mortality being increased by
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mixed infection with HPAIV and bacteria has not been
ruled out. Thus, it seems reasonable to assume that the
prevention of influenza virus replication will improve
bacterial pneumonia in case of mixed infection, result-
ing in decreased morbidity and mortality; however,
this assumption has not been examined, at least in
macaque models. In this study, as HPAIV A/chicken/
Netherlands/2586/2003 (H7N7) (NL2586) was more
pathogenic, i.e. duration of high fever and loss of
appetite, in cynomolgus macaques than A/Vietnam/
1194/2004 (H5N1) [8] (Itoh, Y., et al, unpublished
data), we examined the efficacy of inoculation with a
vaccine against H7N7 HPAIV for ameliorating bacte-
rial pneumonia in a non-human primate model with
mixed infection.

In recent years, results of epidemiological and
animal model studies have demonstrated that initial
respiratory tract infection alters immunity to a second
unrelated pathogen, even long after the resolution of
the first pathogen and in the absence of cross-reactive
immunity [15, 29]. Several factors have been proposed
to be involved in this altered immunity, including sup-
pression of neutrophil function [1, 4, 13] and induction
of inhibitory interleukin (IL)-10 [27, 28]. In another
study, it was shown that interferon-y produced by
T cells in the lung after viral infection inhibits alveolar
macrophage-mediated microbial clearance and, conse-
quently, leads to enhanced susceptibility to secondary
bacterial infection [24].

We previously demonstrated that whole virus particle
vaccines inactivated by formalin induced protective
immune responses, including antibody and cytotoxic
T lymphocyte responses, against HPAIV in mice [18]. We
selected vaccine strains of non-pathogenic H5NI1 and
H7N7 viruses, A/duck/Hokkaido/Vac-1/2004 (Vac-1)
and A/duck/Hokkaido/Vac-2/2004 (Vac-2) respectively,
from a virus library containing 144 different combina-
tions of 16 hemagglutinin (HA) and 9 neuraminidase
(NA) subtypes of non-pathogenic viruses [10] and
produced whole virus particle vaccines as described
previously [17, 20]. Then, we examined immune responses
induced by subcutaneous inoculation with the whole
virus particle vaccine and protective efficiency against
H5N1 and H7N7 HPAIVs in non-human primate models
[8] (Itoh, Y., et al., unpublished data). The whole virus
particle vaccines ameliorated morbidity including high
fever and appetite loss in cynomolgus macaques.
HPAIV was detected in samples from unvaccinated
macaques for 5-7 days after challenge with HPAIV,
whereas HPAIV was recovered from samples of the
vaccinated macaques only for 1-2 days after challenge.

In the present study, vaccination with Vac-2 against
H7N7 HPAIV decreased histopathological pneumonia
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caused by S. preumoniae in macaques simultaneously
infected with HTN7 HPAIV and S. preumoniae. Bacte-
rial growth in the lung was diminished by vaccination
with Vac-2, although the reduction was not significant.
Therefore, development of vaccines against influenza
virus might be crucial for preventing high rates of
morbidity and mortality in pandemics.

Materials and methods

Viruses

Non-pathogenic influenza virus A/duck/Hokkaido/
Vac-2/2004 (H7N7) (Vac-2, National Center for Biotech-
nology Information taxonomy database ID: 390987) is
a genetic reassortant generated by co-infection with
A/duck/Mongolia/736/2002 (H7N7) and A/duck/
Hokkaido/49/1998 (H9N2) in chicken embryos. PB2,
PBI1, PA, HA, NA and NS genes of Vac-2 were derived
from the H7N7 virus, and NP and M genes were derived
from the HIN2 virus [17]. HPAIV A/chicken/Nether-
lands/2586/2003 (H7N7) (NL2586, National Center
for Biotechnology Information taxonomy database ID:
533037) was provided by Dr Ilaria Capua [L’Office
International des Epizooties (OIE), Food and Agricul-
ture Organization of the United Nations (FAO), and
National Reference Laboratory for Newcastle
Disease and Avian Influenza, Istituto Zooprofilattico
Sperimentale delle Venezie, Italy]. The percent sequence
similarity between Vac-2 and NL2586 was 97% in HA
and 98% in NA at the amino acid level. The viruses were
propagated in the allantoic cavities of 10-day-old
embryonated hen’s eggs at 35°C for 48 hours. For an
inactivated vaccine, the infectious allantoic fluids were
concentrated and purified by high-speed centrifugation
through a 10-50% sucrose density gradient (112,500 g
for 90 minutes) and then treated with 0.1% formalin at
4°C for 1 week. The purified viruses were then suspended
in PBS. Inactivation of the viruses was confirmed by
the absence of detectable hemagglutination following
inoculation of the materials into 10-day-old embryo-
nated hen’s eggs after one passage [20]. The amount of
whole particle vaccines was indicated as that of entire
protein including HA and the other viral proteins. The
vaccine used in this study contained 42,667 HA units
of HA antigenin | mg vaccine.

For virus titration, serial dilutions of swabs and
whole blood samples were inoculated onto confluent
Madin-Darby canine kidney (MDCK) cells. The
MDCK cells were then cultured in MEM including
0.1% BSA. Cytopathic effects were examined with a
microscope 72 hours later, and mean tissue infectious
dose (TCIDsg)/ml was calculated [8].
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Bacteria

Streptococcus  pneumoniae was obtained from Dr
Takayuki  Ezaki (Gifu  University, GTC261,
NCTC7465). The bacteria were stored at —80°C in
10% (w/v) skimmed milk. For preparation of the
animal inoculation, 10-ul aliquots of bacteria were
removed from frozen stock and inoculated into 40 ml
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of brain—heart infusion broth (Becton, Dickinson and
Company, Sparks, MD, USA) and then incubated at
37°C for 17 hours. Bacteria were collected by centrifu-
gation at 700 g for 30 minutes and resuspended in
10 ml saline. A [-ml aliquot of the saline suspension
was used for inoculation into each animal, and the
remainder was used for quantification and colony
counting by serial dilution [16, 19].
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Fig. 1 Body temperatures and food consumption of macaques after inoculation of H7N7 HPAIV (NL2586) with or without Streptococcus
pneumoniae. NL25686 (4 x 107 TCIDso) was inoculated onto conjunctivas and into nasal cavities and tracheas with S. pneumoniae
(1.2 x 10° CFU) into tracheas of cynomolgus macaques (Nos 406, 435 and 464). The other macaques (Nos 327, 368 and 542} were
inoculated with NL2586 (4 x 107 TCIDso) onto conjunctivas and into nasal cavities and tracheas. (A) Body temperatures were monitored by
telemetry transmitters implanted in the peritoneal cavities. Average temperatures of the highest and lowest temperatures on one day are
time-dependently shown. Lines drawn horizontally indicate the average temperature levels at pre-infection. (B) Appetite was reflected by the
amount of food consumed, which was calculated from the numbers of residual and fed pellets.
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Swab samples were collected as described in the
following. To count the colony number, swab samples
were serially diluted. Diluted fluid was cultured on
blood agar plates with 5% sheep blood (Eiken Chemical
Co. Ltd, Tokyo, Japan) at 37°C for 21 hours.
Streptococcus pnewmoniae colonies were identified by
their hemolytic activity and counted. Streptococcus
pneumoniae colonies characteristically produce a zone of
alpha hemolysis (incomplete, green) on blood agar [16].

Animals

Five- to seven-year-old cynomolgus macaques (Macaca
fascicularis) from Vietnam were used with permission
of the Shiga University of Medical Science Animal
Experiment Committee and Biosafety Committee and
in accordance with Guidelines for the Husbandry and
Management of Laboratory Animals of Research Cen-
ter for Animal Life Science at Shiga University of

Fig. 2 Lung histology of cynomolgus
macaques inoculated with NL2586 with or
without Streptococcus pneumoniae. Cyno-
molgus macaques were subcutaneously
vaccinated with inactivated whole particles
of Vac-2 twice. Seven weeks after the first
vaccination (5 weeks after the second
vaccination), the macaques were inoculated
with pathogens. After autopsy (i.e. 14 days
after the challenge), the lungs were fixed in
10% formalin. Hematoxylin and eosin (H&E)
staining was conducted as described in
Materials and methods. The figures

(A-C) show the low power magnification
and (D-F) high power magnification.

(A, D) An unvaccinated macaque (No. 542)
inoculated with NL2586 alone; (B, E) an
unvaccinated macaque (No. 406) inoculated
with NL2586 and S. pneumoniae; (C, F) a
vaccinated macaque (No. 410) inoculated
with NL2586 and S. pneumoniae.
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Medical Science. In the text and figures, individual
macaques are distinguished by identification numbers.
The absence of H7N7-specific antibody in the sera was
confirmed before experiments using antigen-specific
enzyme-linked immunosorbent assays (ELISA). Under
anesthesia 2 weeks before virus inoculation, telemetry
probes (TA1I0CTA-D70; Data Sciences International,
St Paul, MN, USA) to monitor body temperature were
implanted in the macaques’ peritoneal cavities. The
macaques used in this study did not carry B virus,
hepatitis E virus, Mycobacterium tuberculosis, Shigella
spp., Salmonella spp. or Entamoeba histolvtica [8].

The vaccines (1 mg/dose) were inoculated subcutane-
ously with syringes with alum (500 ul; Superfos Biosec-
tor, Vaerloese, Denmark) twice with a 2-week interval
between injections. Saline (500 pl) was injected into
control animals. Five weeks after the second vaccina-
tion, NL2586 (4 x 107 TCIDs,) was inoculated on
conjunctivas (1 x 10° TCIDsy/50 ul for each eye) and
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Fig. 3 Antibody responses specific for H7N7 vaccine antigens in cynomolgus macagues immunized with whole virus particle vaccines.
Cynomolgus macaques were subcutaneously inoculated with whole virus particle vaccines of Vac-2 (1 mg/dose) with alum twice with a
2-week interval between injections. Sera were collected before (0 week) and after vaccination (2, 4 and 5 weeks after the first vaccination).
IgG antibodies specific for Vac-2 antigens in sera were analyzed at indicated dilutions using ELISA. Optical densities at 450 nm are shown.

into nasal cavities (9 x 10° TCIDso/450 ul for each
nasal cavity) with pipettes and into tracheas (2 x 107
TCIDso/1 ml) with catheters. Streptococcus pneumoniae
(1.2x 10° CFU/1 ml) was inoculated into tracheas
with catheters. Experiments using NL2586 were
performed in the biosafety level 3 facility of the
Research Center for Animal Life Science, Shiga
University of Medical Science.

Under anesthesia, two cotton sticks were used to
collect each swab; subsequently, the sticks were
immersed in 1 ml of PBS containing 0.1% BSA. A
bronchoscope (MEV-2560; Machida Endoscope Co.,
Ltd, Tokyo, Japan) and brushes (BC-203D-2006;
Olympus, Tokyo, Japan) were used to collect samples
of bronchi [25]. The brushes were immersed in 1 ml of
PBS containing BSA.

Histological examination

After autopsy, the lungs were fixed in 10% formalin
for at least 1 week. Hematoxylin and eosin staining
was conducted as previously described [8].

Enzyme-linked immunosorbent assays

The antibody titers of serum samples against Vac-2
antigens were determined using ELISA. Then 96-well
plates were coated with 50 ul of purified Vac-2 (20 ug/
ml) [8]. For analysis of antibody responses against
S. pneumoniae, S. pneumoniae was cultured as described
previously. Thereafter, S. pneumoniae was suspended in
PBS and inactivated by heat (100°C, 10 minutes).
ELISA plates were coated with 50 ul of inactivated
S. preumoniae (2 X 10° CFU) [22]. Serially diluted sam-
ples were incubated overnight in the coated plates. After
washing five times, horseradish peroxidase-conjugated
anti-monkey IgG antibody (MP Biomedicals, Inc./
Cappel, Aurora, OH, USA) (1:1000 x 50 pl) was added
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and incubated for 1 hour at room temperature. Horse-
radish peroxidase activity was assessed using 3, 3/, 5, 5'-
tetramethyl benzidine substrate (100 ul). The reaction
was stopped by the addition of 1 M hydrogen chloride
(100 ul). Optical density was measured at 450 nm.

For detection of IL-10, a monkey IL-10 ELISA kit
was used as according to a manufacturer’s instruction
(Bender MedSystems GmbH, Vienna, Austria). IL-10
secretion was expressed as relative changes comparing
with IL-10 production after infection and before
infection.

Virus neutralization assay

The serum samples were pretreated with receptor
destroying enzyme (RDEIL; Denka Seiken, Tokyo,
Japan) at 37°C overnight and then inactivated at 56°C
for 1 hour. Diluted samples were mixed with 50 TCIDs,
of NL2586 for 1 hour. Then the mixture was added
onto an MDCK monolayer. After 1-h incubation, the
suspension was removed, and the cells were cultured in
MEM containing 0.1% BSA. After incubation at 35°C
for 3 days, the number of wells with cytopathic effects
was counted in quadruplicate culture. Neutralization
titers were expressed as the dilution in which cytopathic
effects were observed in 50% of the wells.

Results

Pathogenicity of simultaneous infection with H7TN7
HPAIV and Streptococcus pneumoniae in cynomolgus
macaques and efficacy of ameliorating pneumonia with
Streptococcus pneumoniae by a vaccine against H7TN7
HPAIV

H7N7 HPAIV NL2586 (4 x 107 TCIDsy) or both
NL2586 and S. pneumoniae were inoculated on conjunc-
tivas and in nasal cavities and tracheas of cynomolgus
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Table 1 Streptococcus pneumoniae titers in bronchial swabs

A flu vaccine in macaques with superinfection

Number of colonies (x10% CFU/m)

Animal (dpi) 0 1 2 3 4 5 6 7 8
Without Vac-2 406 0 0 0 0 0 0 0 0 o]
435 ¢] 1 33 2 0 0 0 0 0
464 0 0 0 0 1 0 0 0 0
With Vac-2 370 0 0 0 0 0 0 0 0 0
373 0 0 0 0 0 0 0 0 0
410 0 0 0 0 0 0 0 0 0

Macaques were subcutaneously vaccinated with Vac-2 twice. Five weeks after the second vaccination, the macaques were inoculated with
NL2586 and S. pneumoniae. Bronchial swabs were collected with a bronchoscope on the indicated days. dpi, days post inoculation with

NL2586 and S. pneumoniae.

macaques. The body temperature was time-dependently
expressed by an average of highest and lowest tempera-
tures on 1 day, and the body temperature after the virus
challenge was compared with that before the virus
challenge. After NL2586 inoculation, higher body
temperature than that before the challenge was observed
for 6-13 days in the macaques (Nos 327, 368, 542;
Fig. 1A, left panels). After simultaneous inoculation
with NL2586 and S. preumoniae, high body temperature
was observed until day 4 (No. 406, followed by unstable
low temperature until day 12), day 6 (No. 464) and day
11 (No. 435) (Fig. 1A, right panels).

After NL2586 challenge, loss of appetite was
observed in two macaques for 2-5 days and in one
macaque for 10 days, and after challenge with both
NL2586 and S. pmeumoniae, loss of appetite was
observed in two macaques for 6 days and in one maca-
que for 10 days (Fig. 1B). We also compared weight
loss among macaques challenged with the pathogens.
All of the macaques had lost weight on day 14 after
the virus challenge; the average weight ratio (after/

Table 2 Streptococcus pneumoniae titers in lungs at autopsy

Number of colonies (x102 CFU/ml)

Without Vac-2 With Vac-2
Lung lobe 406 435 464 370 373 410
Upper right 0 1 5 0 4 1
Middle right 0 13 3 1 1 3
Lower right 0 0 6 4 1 2
Upper left 1 0 5 0 0 2
Middle left 0 2 1 1 1 1
Lower left 0 1 1 0 0 2
Total 1 17 21 8 7 11

Lung tissues were collected at autopsy (14 days after inoculation
with NL2586 and S. pneumoniae). Tissues were homogenized and
suspended in PBS to be adjusted to 10% (w/v) solution.
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before the challenge) in macaques challenged with
NL2586 alone was 90%, whereas that in macaques
challenged with NL2586 and S. pneumoniae was 88%.
These were not significantly different and coincide with
the findings for appetite loss (P = 0.33).

Next, we performed histological examination of
the lungs 14 days after the challenge. The lungs of
macaques infected with NL2586 alone indicated
interstitial lymphocyte infiltration in thick alveolar walls
(pneumonitis) (Fig. 2A,D), whereas pneumonitis and
alveolar lymphocyte infiltration with a few neutrophils

ry
N

© o o
BRSO O -

Ratio (after/before infection)
o
N

o

406 435 464

NL2586
+8. pneumoniae

370 373 410

327 368 542
NL2586

Vac-2
NL2586
+S. pneumoniae

Fig. 4 IL-10 secretions in nasal swab samples. The levels of IL-10
in the samples were analyzed by ELISA. Nasal swabs were col-
lected on day 0 before inoculation and day 8 after inoculation with
NL2686 with or without Streptococcus pneumoniae as described in
Table 3. The levels on day 8 were compared with the day 0 base-
line to determine the relative changes in each macaque. Average
fold-changes of IL-10 (day 8/day 0) are 0.83, 0.04 and 0.32 in maca-
ques inoculated with NL.2586 alone, unvaccinated macaques inocu-
lated with NL2586 and S. pneumoniae, and vaccinated macaques
inoculated with NL2586 and S. pneumoniae respectively, when the
concentrations below the detection limit were calculated as 0 unit/
ml (¥). The differences of IL-10 relative levels are significant in
NL2586 alone vs. NL2586 and S. pneumoniae (P = 0.002) and in
NL2586 alone vs. Vac-2 + NL2586 and S. pneumoniae (P = 0.02).
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(pneumonia) was observed in lungs of macaques
infected with both NL2586 and S. preumoniae
(Fig. 2B,E). It was likely that acute-phase inflammation
with neutrophils against S. preumoniae disappeared
following lymphocyte infiltration (i.e. tissue-repairing
phase) 2 weeks after the simultaneous infection.

The above findings indicated that simultaneous
infection resulted in histopathological pneumonitis and
pneumonia but did not result in enhanced morbidity in
the macaques. Thus, we histologically examined the
efficacy of a vaccine, Vac-2, against H7TN7 HPAIV for
improving the bacterial pneumonia. Macaques were
subcutaneously immunized twice with inactivated Vac-
2, and subsequent increase in vaccine antigen-specific
IgG in sera was confirmed (Fig. 3). Five weeks after
the second vaccination, NL2586 and S. prneumoniae
were inoculated into the macaques. Fourteen days
after the challenge, lung tissue was examined at
autopsy. The lungs of vaccinated macaques showed
slight pneumonitis, but only weak pneumonia was seen
in the lungs even after infection with both NL2586
and S. preumoniae (Fig. 2C,F). Thus, we concluded
that the vaccine against H7N7 HPAIV prevented
severe bacterial pneumonia.

Bacterial growth in the bronchi and lungs of
cynomolgus macaques infected with NL2586

We also examined bacterial growth in the bronchi and
lungs of macaques simultaneously infected with
NL2586 and S. preumonige. Bacterial colonies were
detected in the bronchi of macaques 435 and 464 until
day 4 after inoculation (Table 1), whereas bacterial
colonies were observed in the lungs of all three maca-
ques on day 14 (Table 2). On the other hand, bacterial
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colonies were decreased in the lungs of vaccinated
macaques compared with those in the non-vaccinated
macaques, although the reduction was not significant
(P = 0.47) (Table 2). In addition, no bacterial colony
was detected in the bronchi of vaccinated macaques,
whereas a few bacterial colonies were detected in the
bronchi of non-vaccinated macaques (Table 1). These
findings are compatible with the histological severity.

We analyzed IL-10 production after the infection as it
has been reported that IL-10 controlled lung inflamma-
tion during influenza virus infection [23, 28]. IL-10
production in nasal swab samples from macaques
infected with NL2586 alone was not altered on day 8
after the infection comparing with that before the
infection, whereas I1L-10 production after the inocula-
tion with NL2586 and S. pneumoniae was significantly
decreased in macaques with and without vaccination
(P = 0.002 in NL2586 alone vs. NL2586 + S. pneumo-
niae, P = 0.02 in NL2586 alone and Vac2 +
NL2586 + S. pneumoniae; Fig. 4). However, vaccinated
macaques infected with HPAIV and S. preumoniae
showed intermediate IL-10 reduction because of low
bacterial growth in the vaccinated macaques (Tables 1
and 2). These findings suggest that S. preumoniae
infection suppress IL-10 production in macaques and
that low production of IL-10 may enhance inflammation
in the lung of unvaccinated macaques as observed in
histological results (Fig. 2).

Virus replication in swab samples from cynomolgus
macaques after challenge with NL2586 or both NL2586
and Streptococcus pneumoniae

We examined virus replication in nasal swab samples
from cynomolgus macaques after challenge with

Table 3 Virus recovery from nasal swabs of macagues inoculated with NL2586

Virus titer [log 10 (TCIDgo/mi)]

Inoculation Animal' (dpi) 1 2 3 4 5 6 7 8 10 12
NL2586 327 3.50 3.67 3.00 5.33 3.60 2.67 < < < <
368 2.67 2.33 2.00 2.23 < <* < < < <
542 <* < <* 1.67 1.67 2.50 < < < <
NL2586 406 4.23 2.00 2.50 <* < <* <* < < <
+S. pneumoniae 435 3.50 3.00 2.50 2.00 2.50 3.00 <* <* < <
464 3.33 1.50 2.67 2.50 <* <* < < < <
Vac-2 370 2.33 2.33 < < < < < < < <
NL2586 373 <* < < < < < < < < <
+S. pneumoniae 410 < < < < < < < < < <

dpi, days post infection.

The symbol ‘<’ indicates that the virus titer was less than the detection limit (<10 TCIDso/ml).

The symbol '<*" indicates that one cytopathic effect-positive well was observed in quadruplicate culture of undiluted sample solution.
"Each macaque was inoculated with NL2586 (4 x 107 TCIDso) and/or S. pneumoniae (1.2 x 10° CFU) on day 0.
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NL2586 or both NL2586 and S. preumoniae. The virus
was detected in nasal swab samples from the macaques
until day 6 after inoculation with NL2586 (average
6 days; Table 3). Similarly, after simultaneous infection
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Fig. 5 Body temperatures and food consumption of vaccinated
macaques after inoculation of H7N7 HPAIV (NL2586) with Strepto-
coccus pneumoniae. Cynomolgus macaques (Nos 370, 373 and
410) were subcutaneously vaccinated twice. Seven weeks after
the first vaccination (5 weeks after the second vaccination),
NL2586 (4 x 107 TCIDgo) was inoculated onto conjunctivas and into
nasal cavities and tracheas with S. pneumoniae (1.2 x 10° CFU) into
tracheas. (A) Body temperatures were monitored by telemetry
transmitters implanted in the peritoneal cavities. Average tempera-
tures of the highest and lowest temperatures on one day are time-
dependently shown. Lines drawn horizontally indicate the average
temperature levels at pre-infection. (B) Appetite was reflected by
the amount of food consumed, which was calculated from the
numbers of residual and fed pellets.

with NL2586 and S. prewmoniae, the virus was detected
in nasal swab samples from the macaques until days
6-8 after the challenge (average 7 days, P = 0.16 vs.
NL2586 alone). On the other hand, in swab samples
from the vaccinated macaques, the virus was detected
until day 2 after simultaneous challenge with NL2586
and S. pneumoniae (average 1 day, P = 0.002 vs.
without vaccination). Therefore, it was clearly shown
that pre-inoculation with whole particles of Vac-2
decreased H7N7 HPAIV replication in the respiratory
tract after simultaneous infection with H7N7 HPAIV
and S. prneumoniae. In addition, the average weight of
vaccinated macaques on day 14 after challenge was
92% of the weight on day 0. Therefore, loss of weight
was significantly reduced by vaccination (P = 0.025,
vs. 88% in unvaccinated macaques as stated above).
Furthermore, the average duration of abnormal body
temperature after inoculation with NL2586 and
S. pneumoniae was 2.67 days in vaccinated macaques
(Fig. 5A) but 10.67 days in unvaccinated macaques
(Fig. 1A) (P = 0.01). The average duration of appetite
loss was 2.67 days in vaccinated macaques (Fig. 5B)
but 7.33 days in unvaccinated macaques (Fig. 1B),
although the difference was not statistically significant
(P = 0.06). Thus, prevention of viral replication by the
vaccine would decrease bacterial growth, severity of
bacterial pneumonia and morbidity of infection.

Immune responses against HPAIV affected by mixed
infection with Streptococcus pneumoniae

We examined immune responses against H7N7 virus
and S. pneumoniage after infection to see whether mixed
infection altered responses against the pathogens. As it
was technically difficult to prepare purified antigen of
NL2586 for ELISA, we used Vac-2 antigen to examine
antibody responses against H7N7 virus. Serum IgG
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responses specific for Vac-2 antigen in the unvacci-
nated macaques were elevated on day 8 after infection
with NL2586 alone (Fig. 6, left panels) and the levels
on day 14 were higher than those on day 8. IgG
responses specific for the Vac-2 in sera from the unvac-
cinated macaques infected with NL2586 and S. preu-
moniae were comparable to those from the macaques
infected with NL2586 alone (Fig. 6, middle panels).
Recall IgG responses in the vaccinated macaques were
observed on day 8 after the infection as the antibody
responses on day 8 had rapidly increased to the similar
level on day 14 (Fig. 6, right panels). Infection with S.

NL2586
+S. pneumoniae

NL2586
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preumoniae did not affect IgG responses against H7N7
virus. This finding was also seen in a neutralization
assay against NL2586 (Table 4): no difference in neu-
tralization activities of sera between macaques infected
with NL2586 alone and macaques infected with
NL2586 and S. prneumoniae was observed.

Next, we examined IgG responses against S. preu-
moniae (Fig. 7). Two of the three unvaccinated maca-
ques (Nos 435 and 464) showed IgG specific responses
against S. pneumoniae after inoculation with NL2586
and S. pneumoniae, and one macaque (No. 406)
showed very weak IgG responses against S. prneumo-
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Fig. 6 Antibody responses specific for H7N7 vaccine antigens in cynomolgus macaques after challenge infection with NL25686. Sera were
collected before (day 0) and after inoculation with NL2586 with or without Streptococcus pneumoniae (days 8 and 14). IgG antibodies
specific for Vac-2 antigens in sera were analyzed at indicated dilutions as described in Fig. 2.
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Table 4 Neutralization activity of NL2586 with sera obtained after
challenge with NL2586 and Streptococcus pneumoniae

50% neutralization

Inoculation Animal titer (log 2)
NL2586 327 6.67

368 5.50

542 5.33
NL2586 406 5.17
+S. pneumoniae 435 4.00

464 5.67
Vac-2 370 4.67
NL2586 373 5.83
+S. pneumoniae 410 6.23

Serum samples were collected 14 days after challenge infection
with NL2586 with or without S. pneumoniae. The averages of 50%
neutralization titers against NL2586 were 5.83, 4.95 and 5.58 in
sera from macaques infected with NL2586 alone, macaques
infected with NL2586 and S. pneumoniae, and macaques infected
with NL2686 and S. pneumoniae after vaccination respectively.
P-values with Student's ttest are >0.05 (NL2586 vs.

NL2586 + S. pneumoniae, NL2586 vs. Vac-2 + NL286 + S. pneu-
moniae, and NL2586 + S. pneumoniae vs. Vac-2 + S. pneumoniae).

niae (Fig. 7, middle panels). A vaccinated macaque 370
showed higher increase in IgG specific for S. pneumo-
niae on day 8 than in that on day 14. This seems that
immunological memory against S. preumoniae has
been present due to previous infection (Fig. 7, right
panels). In two other vaccinated macaques (Nos 373
and 410), very weak or almost no IgG response was
detected in sera. These findings suggest that viral repli-
cation may enhance IgG responses against S. pneumo-
niae in naive animals, although IgG detected on day
14 was not sufficient to inhibit bacterial growth in the
lungs (Table 2). Alternatively, as bacterial colonies in
the vaccinated macaques were fewer than those in the
unvaccinated macaques (Tables1 and 2), IgG
responses against S. pneumoniae might not be signifi-
cant in the vaccinated macaques (Nos 373 and 410).

Discussion

Seasonal influenza virus infection occasionally induces
secondary bacterial infection that results in substantial
morbidity and mortality. Suppression of host
immunity, including neutrophil function and macro-
phage-mediated microbial clearance [1, 4, 13, 24], and
induction of inhibitory IL-10 [27, 28] are thought to be
involved in the increased morbidity and mortality. It
has not been determined whether mixed infection with
HPAIV and bacteria causes more severe morbidity and
higher mortality than infection with HPAIV alone,
although co-infection with HPAIV and bacteria has
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not been detected in patients {5, 26]. Thus, in order to
prevent severe morbidity and mortality in humans in
future pandemics, it should be determined whether
HPAIV infection with bacterial infection causes more
severe morbidity than does HPAIV infection alone and
whether regulation of HPAIV replication ameliorates
bacterial pneumonia in experimental mixed infection
using a macaque model as a preclinical study.

Some studies have shown that preceding influenza
virus infection enhanced bacterial pneumonia with
severe morbidity [6, 9, 11, 14]. Influenza viruses induce
lung epithelial apoptosis via macrophage activation,
resulting in the loss of defense capacity against bacte-
ria in lung epithelia and the establishment of appropri-
ate environment for bacterial growth [7]. Nonetheless,
simultaneous infection with H7N7 HPAIV and
S. pmeumonige in macaques did not induce severe
pneumonia including diffuse alveolar damage at
autopsy; only modest pneumonia immediately follow-
ing lymphocyte infiltration was observed. Histology of
the lungs of macaques simultaneously challenged with
H7N7 HPAIV and S. pneumoniae indicated that the
pneumonia seemed to be in a repairing phase with
inflammatory cells infiltrating the alveoli being mainly
lymphocytes with a few neutrophils, although pneumo-
nia caused by S. preumoniae occurred in addition to
pneumonitis caused by H7N7 HPAIV, and pneumonia
with neutrophils was not significant in lungs of maca-
ques inoculated with NL2586 alone. As lung epithelial
apoptosis via macrophage activation by influenza
viruses seems to be responsible for severe pneumonia
in co-infection, simultaneous infection but not preced-
ing influenza viral infection might induce modest pneu-
monia. Alternatively, it is possible that pathogenicity

- of S. pneumoniae in macaques was low or S. pneumo-

nige growth might be regulated in some degree by host
responses as S. pneumoniae might have been inoculated
before desensitization of TLR by influenza virus
infection in the simultaneous inoculation with HPAIV
and S. pneumonia [4]. Further study should be required
to reveal whether S. preumoniae infection after HPAIV
infection causes severe morbidity and mortality in a
macaque model.

Vaccination against H7N7 HPAIV decreased mor-
bidity caused by H7N7 HPAIV and S. pneumoniae in
the macaques. Bacterial growth in the lungs was
decreased by vaccination against H7N7 HPAIV,
although the reduction in bacterial colonies was not
statistically significant. Similarly, mitigation of the
pneumonia was histologically observed in the lungs of
vaccinated macaques. It is likely that the aforemen-
tioned lung epithelial apoptosis caused by influenza
viruses is somehow involved in the enhancement
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Fig. 7 Antibody responses specific for Streptococcus pneumoniae antigens in cynomolgus macaques after challenge infection with NL2586.
Sera were collected before (day 0) and after inoculation of NL2586 with or without S. pneumoniae (days 8 and 14). IgG antibodies specific
for S. pneumonia antigens in sera were analyzed at indicated dilutions as described in Fig. 2.

of bacterial pneumonia and that H7N7 HPAIV and
S. prneumoniae interact with each other directly and
indirectly in the development of pneumonia and
pneumonitis.

In general, IL-10 expression is upregulated in influ-
enza virus and S. preumoniae infection of mice and
IL-10 inhibits severe inflammatory responses in the
lungs [12, 27, 28]. However, in the present study,
S. pneumonige infection suppressed IL-10 production,
supporting histological findings and efficacy of anti-
viral vaccination. Furthermore, the reduction of IL-10
is assumed to finally induce cytokine storm after mixed
infection with HPAIV and S. pneumoniae [3]. This
assumption should be evidenced in near future.

68

Vaccination against HPAIV decreased the severity
of pneumonia caused by bacterial superinfection, and
prognosis of HPAIV-infected patients might be
improved. Therefore, it might be crucial to prepare
vaccines against future pandemic strains in order to
prevent severe bacterial pneumonia as observed in the
HINI1 pandemic in 1918 [10].

Acknowledgments

This study was supported by the Program of Founding
Research Centers for Emerging and Reemerging Infec-
tious Diseases, MEXT Japan. We thank Dr Ilaria
Capua for providing NL2586, Dr Akira Yokoe for his

J Med Primatol 39 {2010) 68-70
© 2009 John Wiley & Sons A/S



Miyake et al.

help in histological examinations, and Drs Kunio
Ishibashi, Norio Okahara and Takahiro Nakagawa for
animal care.

References

1 Abramson JS, Giebink GS, Mills EL, Quie PG:
Polymorphonuclear leukocyte dysfunction during
influenza virus infection in chinchillas. J Infect Dis 1981,
143:836-45.

2 Brundage JF: Interactions between influenza and
bacterial respiratory pathogens: implications for
pandemic preparedness. Lancet Infect Dis 2006; 6:303—
12.

3 De Jong MD, Simmons CP, Thanh TT, Hien VM,
Smith GJ, Chau TN, Hoang DM, Van Vinh Chau N,
Khanh TH, Dong VC, Qui PT, Van Cam B, Ha DQ,
Guan Y, Peiris JS, Chinh NT, Hien TT, Farrar J: Fatal
outcome of human influenza A (HS5N1) is associated
with high viral load and hypercytokinemia. Nat Med
2006; 12:1203-7.

4 Didierlaurent A, Goulding J, Patel S, Snelgrove R, Low
L, Bebien M, Lawrence T, Van Rijt LS, Lambrecht BN,
Sirard JC, Hussell T: Sustained desensitization to
bacterial Toll-like receptor ligands after resolution of
respiratory influenza infection. J Exp Med 2008,
205:323-9.

5 Fouchier RA, Schneeberger PM, Rozendaal FW,
Broekman JM, Kemink SA, Munster V, Kuiken T,
Rimmelzwaan GF, Schutten M, Van Doornum GJ,
Koch G, Bosman A, Koopmans M, Osterhaus AD:
Avian influenza A virus (H7N7) associated with human
conjunctivitis and a fatal case of acute respiratory
distress syndrome. Proc Natl Acad Sci U S A 2004,
101:1356-61.

6 Gupta RK, George R, Nguyen-Van-Tam JS: Bacterial
pneumonia and pandemic influenza planning. Emerg
Infect Dis 2008; 14:1187-92.

7 Herold S, Steinmueller M, Von Wulffen W, Cakarova
L, Pinto R, Pleschka S, Mack M, Kuziel WA, Corazza
N, Brunner T, Seeger W, Lohmeyer J: Lung epithelial
apoptosis in influenza virus pneumonia: the role of
macrophage-expressed TNF-related apoptosis-inducing
ligand. J Exp Med 2008; 205:3065-77.

8 Itoh Y, Ozaki H, Tsuchiya H, Okamoto K, Torii R,
Sakoda Y, Kawaoka Y, Ogasawara K, Kida H: A
vaccine prepared from a non-pathogenic H5SN1 avian
influenza virus strain confers protective immunity
against highly pathogenic avian influenza virus infection
in cynomolgus macaques. Vaccine 2008; 26:562-72.

9 Jennings LC, Anderson TP, Beynon KA, Chua A,
Laing RT, Werno AM, Young SA, Chambers ST,
Murdoch DR: Incidence and characteristics of viral
community-acquired pneumonia in adults. Thorax 2008;
63:42-8.

J Med Primatol 39 (2010) 58-70
© 2009 John Wiley & Sons A/S

A flu vaccine in macaques with superinfection

10 Kida H, Sakoda Y: Library of influenza virus strains

for vaccine and diagnostic use against highly pathogenic
avian influenza and human pandemics. Dev Biol (Basel)

2006; 124:69-72.

11 Madhi SA, Klugman KP: A role for Streptococcus
preumoniae in virus-associated pneumonia. Nat Med
2004; 10:811-3.

12 Mckinstry KK, Strutt TM, Buck A, Curtis JD, Dibble
JP, Huston G, Tighe M, Hamada H, Sell S, Dutton
RW, Swain SL: IL-10 deficiency unleashes an influenza-
specific Th17 response and enhances survival against
high-dose challenge. J Immunol 2009; 182:7353-63.

13 Mcnamee LA, Harmsen AG: Both influenza-induced
neutrophil dysfunction and neutrophil-independent
mechanisms contribute to increased susceptibility to a
secondary Streptococcus pneumoniae infection. Infect
Immun 2006; 74:6707-21.

14 Morens DM, Taubenberger JK, Fauci AS: Predominant
role of bacterial pneumonia as a cause of death in
pandemic influenza: implications for pandemic influenza
preparedness. J Infect Dis 2008; 198:962-70.

15 Page KR, Scott AL, Manabe YC: The expanding realm
of heterologous immunity: friend or foe? Cell Microbiol
2006; 8:185-96.

16 Philipp MT, Purcell JE, Martin DS, Buck WR, Plauche
GB, Ribka EP, Denoel P, Hermand P, Leiva LE,
Bagby GJ, Nelson S: Experimental infection of rhesus
macaques with Streptococcus pneumoniae: a possible
model for vaccine assessment. J Med Primatol 2006;
35:113-22.

17 Sakabe S, Sakoda Y, Haraguchi Y, Isoda N, Soda K,
Takakuwa H, Saijo K, Sawata A, Kume K, Hagiwara
J, Tuchiya K, Lin Z, Sakamoto R, Imamura T, Sasaki
T, Kokumai N, Kawaoka Y, Kida H: A vaccine pre-
pared from a non-pathogenic H7N7 virus isolated from
natural reservoir conferred protective immunity against
the challenge with lethal dose of highly pathogenic avian
influenza virus in chickens. Vaccine 2008; 26:2127-34.

18 Sawai T, Itoh Y, Ozaki H, Isoda N, Okamoto K,
Kashima Y, Kawaoka Y, Takeuchi Y, Kida H,
Ogasawara K: Induction of cytotoxic T-lymphocyte and
antibody responses against highly pathogenic avian
influenza virus infection in mice by inoculation of
apathogenic H5NT1 influenza virus particles inactivated
with formalin. Immunology 2008; 124:155-65.

19 Seki M, Higashiyama Y, Tomono K, Yanagihara K,
Ohno H, Kaneko Y, Izumikawa K, Miyazaki Y,
Hirakata Y, Mizuta Y, Tashiro T, Kohno S: Acute
infection with influenza virus enhances susceptibility to
fatal pneumonia following Streptococcus preumoniae
infection in mice with chronic pulmonary colonization
with Pseudomonas aeruginosa. Clin Exp Immunol 2004,
137:35-40.

20 Soda K, Sakoda Y, Isoda N, Kajihara M, Haraguchi Y,
Shibuya H, Yoshida H, Sasaki T, Sakamoto R, Saijo K,

112

69



A flu vaccine in macaques with superinfection

24

25

26

70

Hagiwara J, Kida H: Development of vaccine strains

of H5 and H7 influenza viruses. Jpn J Vet Res 2008;
55:93-8.

Stiver HG: The threat and prospects for control of an
influenza pandemic. Expert Rev Vaccines 2004; 3:35-42.
Sugasawara RJ, Prato CM, Sippel JE: Enzyme-linked
immunosorbent assay with a monoclonal antibody for
detecting group A meningococcal antigens in cerebrospi-
nal fluid. J Clin Microbiol 1984; 19:230-4.

Sun J, Madan R, Karp CL, Braciale TJ: Effector T cells
control lung inflammation during acute influenza virus
infection by producing IL-10. Nar Med 2009; 15:277-84.
Sun K, Metzger DW: Inhibition of pulmonary anti-
bacterial defense by interferon-y during recovery from
influenza infection. Nat Med 2008; 14:558-64.

Thomas MJ, Flanary LR, Brown BA, Katze MG,
Baskin CR: Use of human nasal cannulas during
bronchoscopy procedures as a simple method for
maintaining adequate oxygen saturation in pigtailed
macaques (Macaca nemestrina). J Am Assoc Lab Anim
Sci 2006; 45:44-8.

Tran TH, Nguyen TL, Nguyen TD, Luong TS, Pham
PM, Nguyen VC, Pham TS, Vo CD, Le TQ, Ngo TT,

113

Miyake et al.

Dao BK, Le PP, Nguyen TT, Hoang TL, Cao VT, Le
TG, Nguyen DT, Le HN, Nguyen KT, Le HS, Le VT,
Christiane D, Tran TT, Menno De J, Schultsz C, Cheng
P, Lim W, Horby P, Farrar J: World Health Organiza-
tion International Avian Influenza Investigative Team:
Avian influenza A (H5N1) in 10 patients in Vietnam.

N Engl J Med 2004; 350:1179-88.

27 Van Der Sluijs KF, Nijhuis M, Levels JH, Florquin S,

Mellor AL, Jansen HM, Van Der Poll T, Lutter R:
Influenza-induced expression of indoleamine 2,3-dioxy-
genase enhances interleukin-10 production and bacterial
outgrowth during secondary pneumococcal pneumonia.
J Infect Dis 2006; 193:214-22.

28 Van Der Sluijs KF, Van Elden LJ, Nijhuis M,

Schuurman R, Pater JM, Florquin S, Goldman M,
Jansen HM, Lutter R, Van Der Poll T: IL-10 is an
important mediator of the enhanced susceptibility to
pneumococcal pneumonia after influenza infection.
J Immunol 2004; 172:7603-9.

29 Walzl G, Tafuro S, Moss P, Openshaw PJ, Hussell T:

Influenza virus lung infection protects from respiratory
syncytial virus-induced immunopathology. J Exp Med
2000; 192:1317-26.

J Med Primatol 39 {2010) 58-70
® 2009 John Wiley & Sons A/S



P,
{ f\;

S7) HOKKAIDO UNIVERSITY

&

|

”
e

<L

Generation of congenic mouse strains by introducing the virus-
Title resistant genes, Mx1 and Oasl1b, of feral mouse-derived inbred
strain MSM/Ms into the common strain C57BL/6]

Moritoh, Kanako: Yamauchi, Hideto; Asano, Atsushi; Yoshii,
Author(s) Kentaro; Kariwa, Hiroaki; Takashima, Ikuo; Isoda, Norikazu;

Sakoda, Yoshihiro; Kida, Hiroshi; Sasaki, Nobuya; Agui,
Takashi

Citation Japanese Journal of Veterinary Research, 57(2): 89-99

Issue Date | 2009-08

Doc URL | http:/hdl.handle.net/2115/39327

Right

Type bulletin (article)

Additional
Information

®

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP
114




Japanese Journal of Veterinary Research 57(2): 89-99, 2009

FULL PAPER

Generation of congenic mouse strains by introducing
the virus-resistant genes, MxI and Oasl1b, of feral

mouse-derived inbred strain MSM/Ms into the common
strain C57BL/6J

Kanako Moritoh”, Hideto Yamauchi”, Atsushi Asano”, Kentaro Yoshii®,
Hiroaki Kariwa?, Ikuo Takashima®, Norikazu Isoda®, Yoshihiro Sakoda?,
Hiroshi Kida®, Nobuya Sasaki” and Takashi Agui®®

"Laboratory of Laboratory Animal Science and Medicine, Department of Disease Control, Graduate
School of Veterinary Medicine, Hokkaido University, Sapporo 060-0818, Japan

Laboratory of Public Health, Department of Environmental Veterinary Sciences, Graduate School of
Veterinary Medicine, Hokkaido University, Sapporo 060-0818, Japan

9Taboratory of Microbiology, Department of Disease Control, Graduate School of Veterinary Medicine,
Hokkaido University, Sapporo 060~0818, Japan

Received for publication, May 6, 2009; accepted, June 1, 2009

Abstract

Mx1 (Myxovirus resistance protein) and Oaslb (Oligoadenylate synthetase-1), induced by type 1
interferon (IFN), play a role in early antiviral innate immunity by inhibiting the replication of
viruses. In mice, Mx1 and Oaslb confer resistance to the infection of orthomyxoviruses including
influenza viruses and flaviviruses including West Nile viruses, respectively. Laboratory mice have
been used to study the mechanisms of the pathogenesis of these virus infections; however, it is
possible that they are not a suitable model system to study these viruses, since most of the inbred
laboratory mouse strains lack both genes. It has been reported that feral mouse-derived inbred
strains show resistance to the infection of these viruses due to the presence of intact both genes. In
this study, we generated congenic strains in which the Mx or Oas locus of the MSM/Ms (MSM)
mouce was introduced to the most widely used mouse strain, C57BL/6J (B6). B6.MSM-Mx mice
showed resistance to the infection of influenza virus but not of West Nile virus. On the other hand,
B6.MSM-Oas mice showed resistance to the infection of West Nile virus but not of influenza virus.
Our results indicate that Mx1 and Oaslb show highly antiviral specificity in mice possessing the
same genetic background. Therefore, these congenic mice are useful for not only infection study
but also investigation of host defense mechanism to these viruses.
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Introduction

Type 1 interferons (IFNs), IFN o/f, are
produced and secreted from virus-infected cells
and cause the surrounding cells to induce a
number of cellular proteins, including the Mx
(Myxovirus resistance protein) and Oas (Oligo-
adenylate synthetase)®. These IFN-inducible
proteins play important roles in the host’s innate
defense by inhibiting wviral replication. Mx
proteins can be found in a wide variety of
organisms including mammals, birds, fish, and
even invertebrate species*®®*® and belong to
the dynamin superfamily of high molecular
weight GTPases™. In mice, two Mx genes, Mx1
and M=x2, have been identified to locate in the
Mx locus on Chromosome (Chr) 16. MxI has
been identified as a gene encoding an anti-viral
protein to orthomyxoviruses including influenza

28.33)

viruses™™”. QOas family proteins are also highly

conserved among many species’®”*?. In virus-
infected cells, Oas proteins are activated by the
binding of viral double-stranded RNAs and are
known to synthesize 2'-5 oligoadenylate (2-5A).
The 2-5A subsequently binds to and activates
latent ribonuclease RNase L, resulting in the
degradation of viral RNAs and the enhancement
of IFN signaling®®®*? In mice, the Oas locus
locates on Chr 5 and is composed of the Oas gene
cluster, consisting of Oasla-h, Oas2, and Oas3.
Among these genes, OasIb has been identified as
a flavivirus-resistant genem’ls'lg'%m.

Most strains of laboratory mice such as
Ch7BL/6J (B6), BALB/c, and DBA/2, lost the
functional Mxi1, Mx2, and Oaslb genes during
selective breeding®®?®%®  Therefore, laboratory
mice are susceptible to both viruses, whereas
feral mouse-derived inbred strains are known to
possess intact Mx1, Mx2, and Oaslb genes' '*5*%
Because of its widespread use in medical and
basic science, the B6 strain was selected as the
reference strain for the mouse genome sequencing.
Additionally, B6 mice are also commonly used in
the production of both transgenic and knockout

mice as well as many mutagenesis projects™.

Susceptibility to viruses has been believed to be
associated with a genetic background in humans
and other animals. This genetic effect is often
complex and difficult to identify, since it is further
modified by environmental factors. Laboratory
mice such as B6 afford a useful alternative for
the study of host defenses against infections,
because variations among strains allow the
identification of the genes associated with
resistance or susceptibility to virus infection.
However, as B6 mice lack the important Mx1 and
Oaslb genes, they are not, perhaps, the most
suitable model system for the study of both
orthomyxo- and flaviviruses. Therefore, we
established the congenic strains, B6.MSM-Mx
and B6.MSM-Oas that carry the Mx and Oas
locus, respectively, from the Japanese feral
mouse-derived inbred strain, MSM/Ms. These
congenic mice were found to be more resistant to
lethal challenge with the two highly pathogenic
viruses than were the original B6 mice. These
congenic mice provide a useful model for the
study of not only the antiviral function of Mx1
and Oaslb, but also the infectious mechanism of
these viruses in humans and other animals.

Materials and Methods

Generation of congenic strains: The laboratory
mouse strain, B6 was purchased from Charles
River Japan (Tokyo, Japan) and the feral mouse-
derived inbred strain MSM/Ms was provided by

Prof. T. Shiroishi, National Institute of Genetics,
Japan. Mx and Oas congenic mice were generated
using the speed congenic method'”. Animal
breeding rooms were maintained at 22 = 4°C and
50 + 20% relative humidity with a 12-hr light-
dark cycle. Research was conducted according to
the Guidelines for the Care and Use of Labora-
tory Animals of the Graduate School of Veterinary
Medicine, Hokkaido University. The experimental
protocol was approved by the Institutional Animal
Care and Use Committee of the Graduate School
of Veterinary Medicine, Hokkaido University.
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Genotyping was performed by polymerase chain
reaction (PCR) with tail DNA. The forward and
reverse primers for the MxI gene were designed
based on the sequence of the MSM genome
corresponding to the deleted-region of the B6
genome; GTGACCTTTGAACCTGCTTCCT (intron
10) and GCAGACTCTTCCAGGGCTTTGA (exon
11) as described previously®. PCR products were
electrophoresed in 1% agarose gels and visualized
by ethidium bromide staining. The forward and
reverse primers for the OasIb (accession number:

NM_001083925) were, GCTCAAGGGCAGGT
CAGAC (nt 15-33 of exon 3) and TCAAAC
TTCACCTCCTTCAGC (nt 231-251 of exon 3),
respectively. PCR products were digested with
2U Hinfl for 1 hr, followed by electrophoresis in
8% acrylamide gels and visualization by ethidium
bromide staining. Microsatellite markers used for
genotyping are listed in Table 1.

Expression of intact Mxl and Oaslb genes in
congenic mice: Eight-week-old female B6, B6.

Table 1. List of microsatellite markers used for the marker-assisted speed congenic methods

M&’f;’ﬁfﬁe Chr oM Ml;ﬁiznje Chr oM Mxﬁﬁm M Mﬁiﬁi‘;&i@ Chr oM M;’::iff:te Chr M
DIMits16 1 7.0|DaMitill 4 219|D8Mit94 8 13|Di2Mit6s 12 19|DIMurI 16 707
DIMit58 1 83| D4Mitso 4 337|DSMits39 8 23|DieMitil4 12 29|DI6Mitlo6 16 L5
DIMit123 1 21|D4Mit166 4 44.5|DSMit7 8  32|DI2Mit229 12 41|DI7Miigss 1T 16
DIMit1s 1 29.7| DaMit52 4 549 | DEMits3 8  45|DizMit277 12 50|DI7Mitd9 17 23.2
DiMiit251 1 88.1|DaMiti3 4 71|DsMit21s 8  54|DISMit1l6 13 10|DI7Mi251 17 31
DIMita15 1 52| DaMitd2 4 s1|DsMitsoo 8  58|DIsMiis9 13 47|DITMits9 17 36
DIMit30 1 70|DsMitiso 5 10| DMits6 8 73|DisMitz26 13 59|DI7Mi93 17 445
DiMit14 1 816|DsMiti76 5 18.2|D9Mit2 9o 17|DisMitze0 13 65| DITMig2l 17 56.7
DIMit145 1 89|DsMitlos 5  s4|DoMises 9 23|DIsMurr 13 73|DisMit12 18 11
DIMit03 1 100 |DsMir24 5 60| DIMiL49 o 35|DIdMit49 14 3| DISMuI77 18 20
DIMit20 | 106|DsMits67 5 65|D9Mitiss 9 43 |DI4Mitds 14 125|DISMit5] 18 37
DeMitsiz 2 1|DsMi42 5 66| D9Mit76 o 49|DIdMit2és 14 19|DISMiisd 18 41
DoMits94 2 15|DsMitlés 5 78| DIMitls o 71|D1aMit37 14 275|DISMitis6 18 45
DeMitd33 2 317|DéMit166 6 06|DIoMit24s 10 7|DI4Mill5 14 40| DISMitlo6 18 50
DEMits7 9 45| D6Mit74 6 205|DI0Mitizd 10  15|DI4MII96 14  47|DisMitd 18 57
DeMit10l 2 525 |DéMit1ss 6 82.5|DIOMits 10 21|DIsMilo 15 99|DI9Mi69 19 6
DoMit2s5 2 69|DéMitio4 6 455|DI0Mit221 10 81|DIsMi1ll 15 17.8|DI9Mis0 19 22
DEMis43 2 842|DeMit1sd 6 615|DIOMit69 10  52|DIsMils6 15 39.1|DI9MitI3 19 33
DoMit229 2 99| DIMit76 7 3.4|DI0Mit10 10  64|DISMit7TI 15 46.7|DI9Mitl0 19 47
DsMitl64 3 2.4|D7Mit117 7 11|DiIMie2 11 15|DISMi79 15 66.2|DI9Mitsd 19 53
D3Mits05 3 1..2|D7Mit26 7 93|DIIMits3 11 16|DI6Mitl65 16 103|DXMil66 X 155
DsMitsss 3 22|DrMitsd 7 984|DIIMit4 11 37|DI6Mi2iz 16 27.3|DXMitzs X 278
D3Mitg4l 3 33|D7Mit173 7 43|DIiMitss 11 ##|DI6Mild7 16 28.2|DXMitlé X 37
DaMiti2 3 492|D7Mit321 7 48.5|DiiNds? 11 62|DI6Mitdz 16 33| DXMitl9 X 432
DsMiti4 3 641|D7Mi222 7 52.6|DIIMitsl 11 70|DI6Miti40 16 42.8|DXMit130 X 55
D3Mit129 3 849 |DIMit66 7 575|DIIMitds 11 77|DI6Mit70 16 57|DXMitlo X 632
DaMi149 4 O|D7Mit105 7 635|DieMit270 12 13|DI6Mit20 16 695
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