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Influenza viruses are seasonally recurring human pathogens.
Vaccines and antiviral drugs are available for influenza.
However, the viruses, which often change themselves via
antigenic drift and shift, demand constant efforts to update
vaccine antigens every year and develop new agents with
broad-spectrum antiviral efficacy. An animal model is critical
for such efforts. While most human influenza viruses are
unable to kill BALB/c mice, some strains have been shown
to kill DBA/2 mice without prior adaptation. Therefore, in
this study, we explored the feasibility of employing DBA/2
mice as a model in the development of anti-influenza drugs.
Unlike the BALB/c strain, DBA/2 mice were highly suscep-
tible and could be killed with a relatively low titer (50%
DBA/2 lethal dose = 10> plaque-forming units) of the A/
Korea/01/2009 virus (2009 pandemic HIN1 virus). When
treated with a neuraminidase inhibitor, oseltamivir phos-
phate, infected DBA/2 mice survived until 14 days post-
infection. The reduced morbidity of the infected DBA/2
mice was also consistent with the oseltamivir treatment.
Taking these data into consideration, we propose that the
DBA/2 mouse is an excellent animal model to evaluate anti-
viral efficacy against influenza infection and can be further
utilized for combination therapies or bioactivity models of
existing and newly developed anti-influenza drugs.

Keywords: adaptation, animal model, antiviral, DBA/2 mouse,
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Introduction
Influenza viruses cause acute respiratory illnesses that range

from mild to lethal (Neumann and Kawaoka, 2011). Pro-
phylactic vaccinations or therapeutic antiviral drugs are used
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to address seasonally recurring influenza infections. However,
due to the constantly changing nature of the virus (Palese
and Shaw, 2007; Wright and Webster, 2007; Kim and Park,
2012b; Kim et al., 2013), vaccines must be constantly re-
evaluated (Kim and Park, 2012a; Lee et al., 2013), and new
drugs must be developed to cope with emerging resistant
strains (Ison, 2011; Park et al., 2012). Hence, an animal model
is critical for all such evaluations. Ferrets are deemed to be
closest to humans in terms of the manifestation of influen-
za-like symptoms and transmission patterns (Bouvier and
Lowen, 2010; Belser et al., 2011). Diverse indicators of symp-
tomatic morbidity and mortality after highly pathogenic avian
influenza (HPAI) H5N1 virus infection are also considered
to be similar between ferrets and humans (Long et al., 2012).
However, the high expenses involved in purchasing and keep-
ing ferrets have deterred the use of these animals in large
numbers, and an alternative model has been sought (Bouvier
and Lowen, 2010). Guinea pigs may serve as an alternative
to ferrets because they can represent aerosol transmission
of human influenza viruses (Lowen et al., 2006). However,
the lack of information regarding viral pathogenicity hinders
the feasibility of guinea pigs in influenza virus research. Other
than transmission studies, mice have been used successfully
as animal models for influenza virus infections and for eva-
luations of factors affecting viral virulence (Maines et al.,
2005; Salomon et al., 2006; Chen et al., 2008), vaccine efficacy
(van der Laan et al., 2008), and antiviral drug efficacy (Sidwell
et al., 2007; Yun et al., 2008; Kiso et al., 2010). However, not
all influenza viruses are lethal to certain mice, necessitating
the use of a cumbersome viral adaptation process to enhance
lethality in the mice (Bouvier and Lowen, 2010).

The DBA/2 mouse garnered attention due to its much
higher susceptibility to H5N1 virus infection than C56BL/6
mice (Boon et al., 2009). Subsequently, a variety of influenza
viruses, including influenza B viruses, were shown to be lethal
to DBA/2 mice without prior adaptation (Boon et al., 2010;
Pica et al., 2011). Adaptation of the virus in mice, which
transforms the virus to be lethal to mice, was deemed nec-
essary to clearly minimize the possibility of false negativity
(Sidwell et al., 1995) between the control and experimental
conditions in virus infection experiments. However, evalu-
ation of antiviral drug efficacy with a mouse-adapted virus
in vivo can be complicated by genetic changes in the virus
genome during the mouse adaptation process (Sakabe et al.,
2011; Zhu et al., 2012). Thus, DBA/2 mice, which do not re-
quire prior adaptation of most influenza viruses, have been
actively utilized in studies on the functions of influenza viral
proteins (Hai et al., 2010), potentials of antibody therapy
(Boon et al., 2010; Kashyap et al., 2010), and vaccine efficacy
(Solorzano et al., 2010; Dengler et al., 2012). Using an un-



adapted virus is critically important for testing the efficacy
of anti-influenza drugs against human-infecting viruses,
particularly during the drug development stage, as the anti-
viral effect of the drug should not be against the mouse-
adapted virus but ultimately against the original human-
infecting virus. However, there have been no reports on the
use of DBA/2 mice in antiviral efficacy studies. Therefore,
we evaluated the DBA/2 mouse as an animal model for test-
ing efficacies of anti-influenza drugs in vivo. Here, as a
proof of principle, we present the effect of a globally licensed
anti-influenza drug, oseltamivir phosphate, on the repli-
cation and pathogenicity of a 2009 pandemic HIN1 (pHIN1)
virus in infected DBA/2 mice.

Materials and Methods

Virus and cells

The pHINI virus, A/Korea/01/2009 (K/09), was provided
by the Korea Centers for Disease Control and Prevention
(KCDC; Osong, Korea). The virus was propagated in 10-day-
old embryonated chicken eggs. To determine virus titer, a
standard plaque assay was performed in Madin-Darby ca-
nine kidney (MDCK) cells, which were obtained from the
American Type Culture Collection (ATCC, USA). MDCK
cells were maintained with Eagle’s minimum essential me-
dium (Lonza, Switzerland) supplemented with 10% fetal
bovine serum (FBS; Hyclone, USA), 100 U/ml of penicillin,
and 100 pg/ml streptomycin (Gibco, USA) at 37°C in a 5%
CO; incubator.

Animal experiments

BALB/c mice (female, 5 weeks old; NaraBiotech, Korea) and
DBA/2 mice (female, 5 weeks old; Japan SLC, Inc., Japan)
were used in this study, and all of the animal experiments
were conducted in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory
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Animals of the Animal, Plant, and Fisheries Quarantine and
Inspection Agency of Korea. The experimental protocol was
approved by the Institutional Animal Care and Use Com-
mittee of Hallym University (permit number: Hallym 2013-
11).

Determination of 50% mouse lethal dose

To determine 50% mouse lethal dose (MLDs,) titers of mice
and their body weight changes, five BALB/c and five DBA/2
mice per group were anesthetized and intranasally inoculated
with 10, 10*, 10, or 10° plaque-formingsunits (PFU) (BALB/c
mice) and 10°, 10',10% 10°, 10*, or 10° PFU (DBA/2 mice)
of the K/09 virus. Body weight changes and survival rates
were monitored daily until 14 days post-infection (dpi). The
percentage of body weight loss was determined by compar-
ing the body weight of each mouse in the experiment to its
initial body weight. Mice that experienced more than 25%
weight loss were considered experimentally dead and hu-
manely euthanized. The MLDs, was determined using the
Reed and Muench method (Reed and Muench, 1938).

Virus titers in the lungs of infected mice

DBA/2 mice were infected intranasally with 10 MLDs, (equi-
valent to 10*** PFU) of the K/09 virus. Lung samples of three
infected mice were collected at each indicated dpi and ho-
mogenized, and the virus titers were then determined by a
standard plaque assay in MDCK cells.

Anti-influenza drug efficacy test

An influenza neuraminidase inhibitor, oseltamivir phos-
phate (oseltamivir; Toronto Research Chemicals, Canada),
was used as a test anti-influenza chemical. Six DBA/2 mice
per group were anesthetized and intranasally infected with
10 MLDsy of the K/09 virus. Oseltamivir (90 mg/kg/day) or
PBS (mock group) was orally administered to the infected
mice twice daily for eight days, beginning two days before
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Table 1. Lethal doses of A/Korea/01/2009 virus in BALB/c and DBA/2 mice.
MLDs,’" in the indicated mouse model
BALB/c DBA/2
K/09 >10° 10**
* The MLDs, was determined by the Reed and Muench method.

Virus

infection. Body weight changes and survival rates were moni-
tored daily until 14 dpi. To evaluate the antiviral efficacy
against virus replication in the lungs of mice, the same pro-
cedures above (see ‘Materials and Methods’ section ‘Virus
titers in the lungs of infected mice’) were performed after
the oseltamivir treatment (90 mg/kg/day, twice daily until
3 or 6 dpi).

Statistical analysis

The statistical significance of the differences in virus titers
in the lungs of infected mice between PBS- and oseltami-
vir-treated mice was assessed using Student’s ¢-test.

Results and Discussion

Pathogenicity of the pHIN1 K/09 virus in BALB/c versus
DBA/2 mice

We first determined the pathogenicity of K/09 virus infec-
tion in BALB/c and DBA/2 mice. Because body weight loss
has been shown to be a good early indicator symptom of
eventual mortality in influenza virus-infected BALB/c mice
(Trammell and Toth, 2011), we measured body weight
changes as a marker of morbidity. The K/09 virus was non-
lethal to BALB/c mice, even with an intranasal inoculation
of 10° PFU (Fig. 1A and 1B). The maximum body weight
loss was observed at 6 dpi but reached less than 20%, and
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the infected BALB/c mice eventually recovered their initial
body weights after 10 dpi (Fig. 1A). In contrast, DBA/2
mice succumbed to the virus and started to die at 5 dpi (Fig.
1C and 1D). Fatahty was inevitable in DBA/2 mice infected
with as low as 10* PFU, and the MLDs value of the K/09
virus was determined to be 10** PFU (Table 1).

As reported previously (Itoh et al., 2009; Belser et al., 2010;
Kwon et al., 2010; Manicassamy et al., 2010), the K/09 virus
appeared to be less pathogenic in BALB/c mice compared
with other pHINT1 viruses (Fig. 1A and 1B). However, DBA/2
mice were highly susceptible to the K/09 virus, although they
recovered from exposure to a non-lethal dose of the K/09
virus (Fig. 1C and 1D), similar to BALB/c mice. This result
suggests that the high susceptibility of DBA/2 mice to influ-
enza viruses may not be due to impaired immune responses
against influenza viruses (Dengler et al., 2012) and that the
DBA/2 mouse model may be otherwise comparable with
other mouse models.

DBA/2 mice as an animal model for anti-influenza drug ef-
ficacy testing

Based on the characteristics of K/09 virus infection in DBA/2
mice, as a proof of principle, we sought to evaluate the glo-
bally licensed influenza neuraminidase inhibitor drug, osel-
tamivir, in the protection of DBA/2 mice against K/09 virus
infection. Oseltamivir has been previously tested alone or in
combination with other drugs in several other mouse systems
using mouse-adapted viruses (Mendel et al., 1998; Nguyen
et al., 2012) and using non-lethal mouse infection models
(Wong et al., 2011). The efficacy of oseltamivir treatment
in ferrets against pHIN1 Ca/04 virus infection has also been
measured by diverse non-lethal indicators (Govorkova et
al., 2011).

We used oseltamivir to determine the feasibility of emp-
loying DBA/2 mice in testing the in vivo efficacies of anti-

Fig. 2. Viral replication and the therapeutic
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determine K/09 virus replication characteristics
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oseltamivir against high-dose K/09 virus infec-
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nasally with 10 MLDs, of the K/09 virus. Admi-
nistration of oseltamivir 90 mg/kg/day or PBS
to the mice started from two days before infec-
tion and continued until 6 dpi. Lung titers at 3
and 6 dpi were plotted as percentages relative
to an average of the placebo group+SD (B). Body
weight changes were recorded daily until 14 dpi,
and mean body weight losses+SD were plotted
(C). Mice that experienced more than 25% body
weight loss were considered experimentally dead
(D). As a control, mice in the mock group were
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viral drugs in the future. Initially, we determined the K/09
virus replication profile in the lungs of DBA/2 mice after a
high-dose infection of 10 MLDs, (Fig. 2A). Lunég titers from
the infected mice reached a high titer plateau (10°° PFU/ml/g)
at 5 dpi, which was sustained until 7 dpi. Because there was
no reported precedence of using DBA/2 mice in antiviral
drug studies, we attempted to demonstrate the protective
efficacy of an antiviral drug in DBA/2 mice infected with a
high dose (10 MLDs) of the pHIN1 virus. A previous study
reported that BALB/c mice after lethal infection with mouse-
adapted Ca/04 virus could be treated with 50 mg/kg/day osel-
tamivir (Zarogiannis et al., 2012). However, another study
using ferrets suggested that higher virulence and a higher
viral input dose require a higher amount of oseltamivir ad-
ministration for therapeutic outcomes (Govorkova et al.,
2007). Based on those studies, we decided to try adminis-
tering oseltamivir 90 mg/kg/day to DBA/2 mice from two
days prior to K/09 virus infection. The virus titers in the
lungs of infected mice were 14- and 3.7-fold different at 3 dpi
and 6 dpi, respectively, between oseltamivir- and PBS-treated
placebo groups (Fig. 2B). The effect of oseltamivir under this
experimental condition was demonstrated by 100% survival
of the infected DBA/2 mice compared with 0% of the mice
in the placebo group (Fig. 2C and 2D).

Symptoms of influenza infection observed in humans, such
as sneezing and lethargy, have been observed in ferrets in-
fected with high doses of a human-infecting HPAI H5N1
virus (Long et al., 2012). Mice non-lethally infected with
influenza virus also began to show signs of sickness, meas-
ured by locomotor activity, from 3 dpi (Majde et al., 2010).
The difference in the viral titers in the lungs of the infected
DBA/2 mice at 3 dpi (Fig. 2B) might have been sufficient to
determine whether the mice would succumb to death or
eventually recover. In ferrets with lethal infections with the
HPAI H5NT1 virus, administration of the same amount of
oseltamivir was shown to result in either eventual survival
or death of all of the ferrets according to the time of oselta-
mivir administration (4 h or 24 h post-infection, respec-
tively) (Govorkova et al., 2007). In addition to the results
in Fig. 2, these data are in agreement with the reported
benefits of early intervention with oseltamivir treatment after
the onset of influenza-like symptoms in patients (Aoki et al.,
2003). Because DBA/2 mice were as competent as C57BL/6
mice in immune responses against influenza (Dengler et al.,
2012), the small difference in the lung titers at 6 dpi might
suggest a start of the contribution of the immune responses
in DBA/2 mice to maintaining viral titers at a certain level.

Our data also showed that the DBA/2 mouse could be a
good model for measuring the effects of an anti-influenza
drug against the morbidity caused by influenza virus in-
fection. Despite lethal infection with a 10 MLDs, dose of the
virus, 90 mg/kg/day oseltamivir notably reduced body weight
loss in infected DBA/2 mice (Fig. 2C). At 6 dpi, when all
placebo mice reached experimental death by losing more
than 25% of their body weight, oseltamivir treatment pro-
tected mice from excessive weight loss and severe viral rep-
lication in the lungs (Figs. 2B and 2C).

To verify whether 25% weight loss indeed eventually leads
to death, we observed body weight changes of three mice in
the PBS-treatment group because it was reported that body
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weight loss alone might not be an early indicator of even-
tual death for DBA/2 mice (Trammell and Toth, 2011). All
three mice actually died at 9 dpi (data not shown). Accor-
ding to our observation, body weight loss of more than
25% led to the eventual death of the animal. Therefore, the
efficacy of an anti-influenza drug against pH1N1 virus could
clearly be demonstrated in DBA/2 mice by the simple in-
dicator of body weight loss.

Perspective of the DBA/2 mouse model

Although ferrets are believed to best reflect humans among
influenza virus infection models (Bouvier and Lowen, 2010;
Belser et al., 2011), a mouse model could be used more widely
and effectively. In vivo drug tests using animal models as-
sume that the bioactivities of the drugs in the animals can
be extrapolated to humans. There is no evidence that ferrets
are better than mice in that regard. In fact, while the bio-
availability of oseltamivir was higher than 90% in humans
(Wattanagoon et al., 2009), it was 30% and 11% in mice
and ferrets, respectively (Li et al., 1998). Therefore, an ani-
mal model should represent only certain aspects of human
infection.

In terms of anti-influenza drug studies, in vivo drug efficacy
has been associated with reduction of viral titers in test ani-
mals (Govorkova et al., 2007). If there is a clear measure,
such as viral titers or the viral RNA copies, to differentiate
the experimental from the control conditions, a non-lethal
mouse model with mouse-adapted or non-adapted viruses
or any other non-lethal animal model could be used without
concerns of false negativity (Sidwell et al., 1995). However,
occasionally, the differences in viral titers are unclear (Govor-
kova et al., 2011), and it is difficult to determine if the time
point and the degree of difference alone can serve as critical
indicators of drug efficacy. We observed a 14-fold difference
in the viral lung titers between oseltamivir- and PBS-treated
groups (Fig. 2B). However, without information on survival
rates (Fig. 2D), it would have been difficult for us to evaluate
significant differences as beneficial effects of the drug in
animals.

From the survival rate data, we conclude that DBA/2 mice
can be effectively used as a non-adapted influenza virus in-
fection model in which the effects of an anti-influenza drug
on morbidity and mortality can be clearly determined by body
weight measurement. DBA/2 mice may be especially useful
for evaluating combination therapies or testing newly screened
anti-influenza drugs for in vivo bioactivity against multiple
influenza virus strains.
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