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We assessed the relative susceptibilities to disease of the DBA.2 and C57BL/6 mouse models upon infection
with a range of influenza A and B viruses. DBA.2 mice were more susceptible to disease upon inoculation with
human HIN1 influenza A virus strains, several swine influenza viruses, and influenza B viruses but were not
overtly susceptible to infection with human seasonal H3N2 strains. Hemagglutination inhibition and immu-
noglobulin isotype profiling indicated that DBA.2 and C57BL/6 mice generate comparable humoral responses
upon equivalent 50% mouse lethal dose (MLD,,) challenges with influenza virus. Our data demonstrate the
utility of DBA.2 mice for the elucidation of influenza virus pathogenicity determinants and the testing of

influenza vaccines.

Seasonal influenza constitutes a significant public health
problem, causing an estimated 200,000 hospitalizations (25)
and an average of 25,000 to 35,000 excess deaths yearly in the
United States (6, 7, 26). Additionally, infrequent influenza
pandemics cause considerable disease, with associated mor-
tality ranging from approximately 50 million deaths during
the 1918 pandemic (11) to 1 to 4 million deaths in 1957 and
approximately 1 million deaths in 1968 (5). In 2009, a novel
HI1N1 virus emerged and spread rapidly in humans (17, 21),
causing severe disease in susceptible populations, as well as
an unusually high number of hospitalizations of young peo-
ple (8).

The most practical model for the study of influenza virus
pathogenicity is the mouse; nevertheless, commonly utilized
mouse strains such as C57BL/6 and BALB/c carry a signif-
icant drawback in that there is typically an absence or rel-
ative lack of disease generated by human seasonal and an-
imal influenza viruses (4). For this reason, pathogenicity
studies are conducted predominantly using highly pathogenic
or mouse-adapted strains of influenza virus (14, 23, 27).

The low virulence of primary influenza virus isolates in
mouse models further limits the number of challenge viruses
that can be used in the development of influenza vaccines and
therapeutics. Efforts to circumvent this problem by adapting
influenza virus strains to mice can lead to mutations in the viral
genome which are not reflective of human influenza viruses
and which may alter the susceptibility of the virus to vaccines
or therapeutics, as has been shown to be the case for egg-
adaptive changes (15).
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Recent reports indicate that DBA.2 mice are highly suscep-
tible to H5N1 influenza viruses (2) as well as the mouse-
adapted strain A/Puerto Rico/8/1934 (HIN1) (PRS) (23). Fur-
thermore, a majority of avian viruses with low pathogenicity in
natural hosts are pathogenic in this model and are more patho-
genic than in C57BL/6 mice (3). For these reasons, use of the
DBA.2 model in influenza virus research has increased re-
cently (1, 9, 10, 12, 22). Despite the rising popularity of this
model, the breadth of susceptibility of DBA.2 mice to influ-
enza viruses isolated from mammalian hosts is as yet unclear.
Herein we addressed this knowledge gap in the field. Specifi-
cally, we demonstrated that relative to C57BL/6 mice, DBA.2
mice are more susceptible to seasonal human HIN1 subtype
influenza viruses, pandemic strains of both H1 and H3 sub-
types, swine influenza viruses of H1 and H3 subtypes, and
some influenza B viruses. In contrast, DBA.2 mice were found
not to have increased susceptibility to seasonal human H3N2
subtype viruses. Further, we showed that the DBA.2 mouse
mounts a humoral immune response to influenza virus that is
qualitatively similar to that of C57BL/6 mice, suggesting that in
principle, DBA.2 mice present a suitable model for influenza
vaccination studies.

A disparate range of influenza virus isolates cause disease
in DBA.2 mice. To evaluate the utility of the DBA.2 mouse for
the study of human influenza viruses, we assessed the relative
sensitivities of DBA.2 and C57BL/6 mice to a panel of human
isolates. The 50% mouse lethal dose (MLDs,) was determined
once each for pandemic, seasonal, and mouse-adapted human
HIN1 and H3N2 subtype influenza viruses, as well as for in-
fluenza B virus strains (Table 1). Significance was ascertained
by determination of 95 percent confidence intervals (CIs) (19,
24). Overall, the results obtained demonstrate that the DBA.2
mouse represents a more sensitive system in which to evaluate
influenza virus pathogenicity than the C57BL/6 mouse, al-
though several observations that limit this generalization were
noted. In DBA.2 mice, all mouse-adapted, human pandemic,
and human seasonal HIN1 virus strains were shown to be
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TABLE 1. Lethal doses of influenza A and B viruses in DBA.2 and C57BL/6 mice

MLDs,? (PFU) for
indicated mouse model

95% CI¢ for MLDs, for
indicated mouse model

Virus®
DBA.2 C57BL/6 DBA.2 C57BL/6

Human pandemic viruses

A/Hong Kong/1/68 (H3N2) 10%° >10° 10*9-10°! N/A¢

A/Netherlands/602/09 (HINT) 100 10%3 1070110t 1034-10°3
Human seasonal viruses

A/Brisbane/10/07 (H3N2) >10° >10° N/A N/A

A/Wisconsin/67/05 (H3N2) >10° >10° N/A N/A

A/Panama/2007/99 (H3N2) >10° >10° N/A N/A

A/Brisbane/59/07 (HINT1) 10° >10° 10*1-10°° N/A

A/New Caledonia/20/99 (HIN1)* 1038, 10%7 103, 103 1028-10*7 10°2-10%%

A/Solomon Islands/03/06 (HINT1) 103 >10°3 10°-10*° N/A

B/Victoria/2/87 10% 10%7 10141032 1037-10°°

B/Yamagata/16/88* 10*°, 1054 10° 10*3-10°" 10*1-10>°
Swine influenza viruses

A/swine/Spain/53207/04 (HIN1) 10%2 1057 1010-10%8 10*7-10%¢"

A/swine/Kansas/77778/07 (HIN1) 10 10%° 100-13-10187 10881031

A/swine/Spain/40564/04 (HIN2) 103 10%7 10941023 1037-10°°

A/swine/Spain/54008/04 (H3N2) 10°° >10° 10*9-10%* N/A®

A/swine/Texas/4199-2/98 (H3N2) 1057 1052 10*7-10%° 10°-0-10%8
Avian influenza viruses

A/duck/Alberta/76 (HINT) >10° >10° N/A N/A

A/duck/Ukraine/63 (H3NS) >10° >10° N/A N/A
Recombinant viruses

A/duck/Alberta/76 (HIN1) (6:2 virus with PR8 10%2 103 10%4-10% 10%9-10*1

internal genes)
A/duck/Ukraine/63 (H3N8) (6:2 virus with PR8 10°° >10° 10*9-10%* N/A®
internal genes)

Mouse adapted viruses

A/Puerto Rico/8/34 (HIN1)* 10°3, 109> 103, 10' 100-01_10%¢ 10°9-101%°

X-31 (H3N2) 107 10%3 10794-10'8 10*4-10°3

B/Lee/40* 103%, 103 10%3, 10*3 1032-10%8 10%-10*°

“ MLDs, values were determined twice for a subset of viruses, marked with an asterisk, and CI values were calculated based on both data sets where appropriate.
Abbreviations: HK, Hong Kong; NL, Netherlands.

® For determination of MLDs, groups of four mice were inoculated intranasally with symmetrically spaced serial dilutions of the indicated strains. Mice were scored
as dead if >25% weight loss was observed.

¢ The stock titer of the A/Solomon Islands/03/06 virus did not allow inoculation at doses greater that 10> PFU.

4 N/A, not applicable.

¢ For the A/Hong Kong/1/68, A/swine/Spain/54008/04, and A/duck/Ukraine/63 (6:2) viruses, marginal or no weight loss was observed in C57BL/6 mice inoculated at
10° PFU. For this reason, the MLDs, was assumed to be greater than 10%! PFU for the purpose of assessing the significance of the differences between the DBA.2
and C57BL/6 groups.

/For determination of the 95% confidence interval for A/New Caledonia/20/99 and A/swine/Spain/53207/04 in C57BL/6 mice, 0% survival was assumed for a 10’-PFU
inoculum.

lethal, with MLDs, values of 10°! PFU or lower. In each case,
the MLDjy, values were significantly lower for DBA.2 mice
than for C57BL/6 mice. Seasonal H3N2 viruses, however,
showed no pathogenicity, either in C57BL/6 mice or in DBA.2
mice (Table 1). Among the influenza B virus strains tested,
B/Lee/1940 and B/Victoria/2/1987 were significantly more
pathogenic in DBA.2 mice than in C57BL/6 mice. The strain
B/Yamagata/16/1988, however, showed similar lethality in the
two mouse models (Table 1).

We next assessed the relative sensitivities of the DBA.2
mouse model to infection with swine and avian influenza vi-
ruses of the H1 and H3 subtypes. The MLDs, values of five
swine and two low-pathogenicity avian viruses were deter-
mined once in DBA.2 mice and once in C57BL/6 mice (Table
1). H1 subtype swine viruses were lethal in both strains of mice,

but the MLDy, values were significantly lower for DBA.2 mice
than for C57BL/6 mice. As was observed with the human
strains, the H1 subtype swine viruses were in general more
virulent than the H3 subtype swine viruses (Table 1). The two
avian viruses tested were not lethal in DBA.2 or C57BL/6 mice,
although both corresponding 6:2 reassortant viruses carrying
the avian HA and NA genes in the PR8 background were
significantly more lethal in the DBA.2 model (Table 1). For
virus strains that caused mortality in both mouse models, the
mean times to death were not found to be significantly differ-
ent (data not shown).

Pathogenicity in DBA.2 mice correlates with viral lung ti-
ters. To address whether the range of pathogenicity pheno-
types observed was related to the ability of the viruses to
replicate in mice or was due rather to specific virulence factors,
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FIG. 1. Human HIN1 and swine influenza viruses grow to high titers in DBA.2 and C57BL/6 mouse lungs. DBA.2 and C57BL/6 mice were
infected intranasally with 10> PFU of the indicated human or swine influenza viruses in 50-ul inoculum volumes. Viral titers obtained in the
homogenates of lungs harvested on day 2 (A) and day 4 (B) postinfection are shown. The experiment was performed once with three mice per
group, and Student’s ¢ test was applied, with Welch’s correction when appropriate, to ascertain the significance of the data. Abbreviated strain
names are as follows: PR8, A/Puerto Rico/8/1934 (HIN1); Bris59, A/Brisbane/59/2007 (HIN1); swTx98, A/swine/Texas/4199-2/1998 (HIN1);
Pan99, A/Panama/2007/1999 (H3N2); swKan07, A/swine/Kansas/77778/2007 (HIN1).

we determined titers in the lungs of mice infected with five
selected viruses. DBA.2 mice were inoculated with one of the
following strains at a dose of 10*7 PFU: A/Panama/2007/1999
(H3N2), A/Brisbane/59/2007 (HIN1), PRS8, A/swine/77778/
Kansas/2007 (HIN1), and A/swine/Texas/4199-2/1998 (H3N2).
Consistent with the hypothesis that virulence in the DBA.2
model would correlate with replicative capacity, lung tissue
collected from mice given A/Panama/2007/1999 virus did not
carry detectable viral loads. In contrast, all other virus strains
tested grew efficiently (Fig. 1). The highly pathogenic PRS8
and A/swine/Kansas/77778/2007 (HIN1) viruses produced the
highest titers, with each reaching approximately 107> PFU/
lung on day 2 postinfection. A/Brisbane/59/2007 (HIN1) virus
yielded somewhat lower titers, with a peak of 10®7 PFU/lung
on day 2 postinfection, while the H3N2 strain A/swine/Texas/
4199-2/1998 grew to about 10° PFU/lung. The differences be-
tween the day 2 lung titers reached by the highly pathogenic
viruses and those obtained by the A/Brisbane/59/2007 and
A/swine/Texas/4199-2/1998 viruses in the DBA.2 mice were
significant (P < 0.05); furthermore, these differences corre-
lated with the virulence observed.

When the same experiment was carried out in C57BL/6
mice, very similar results were obtained, except that viral titers
in C57BL/6 mice were up to 10-fold lower than those seen in
DBA.2 mice. On day 2, the PRS, A/swine/Kansas/77778/2007,
and A/swine/Texas/4199-2/1998 viruses grew to higher titers
(P < 0.05) in DBA.2 mice than in C57BL/6 mice. The differ-
ence following infection with the A/Brisbane/59/2007 virus ap-
proached significance (P = 0.071). A similar trend was seen on
day 4, when all viruses tested (with the exception of A/Panama/
2007/1999) grew to higher titers in DBA.2 mice than in
C57BL/6 mice (P < 0.05).

In the case of the C57BL/6 mice, two viruses that were not
lethal did give moderately high lung titers: A/Brisbane/59/2007
(HIN1) and A/swine/Texas/4199-2/1998 (H3N2). These titers
were, however, lower (P < 0.05) than lung titers of mice in-
fected with the lethal virus PR8 or A/swine/Kansas/77778/2007,

suggesting that a threshold level of viral growth must be
reached to result in severe disease.

Viral-receptor-binding preference does not correlate with
virulence. We hypothesized that replication efficiency and, in
turn, pathogenicity in the DBA.2 model might correlate with
the receptor binding preference of the virus. Using a cell-
based assay employing a-2,3-linked or a-2,6-linked N-acetyl
neuraminic acid substrates obtained from the Consortium of
Functional Glycomics (20), we determined the receptor bind-
ing preferences of a number of viruses (data not shown). We
did not, however, observe any clear correlation between sialic
acid binding specificity and virulence in DBA.2 mice.

CS57BL/6 and DBA.2 mice mount similar humoral immune
responses to infection with PR8 virus. One aim of our study
was to assess the utility of the DBA.2 mouse model for the
testing of influenza vaccines. The neutralizing antibody re-
sponse elicited by an influenza vaccine, as measured in the
hemagglutination inhibition (HI) assay, is frequently used as a
correlate of protection. Since one might argue that the in-
creased susceptibility of DBA.2 mice to influenza disease is
due to a defect in their immune response, it was important to
test whether these animals would mount a humoral immune
response following influenza virus infection. To this end, we
infected groups of 10 DBA.2 and C57BL/6 mice with approx-
imately 1 MLDs, of PRS8 virus and monitored the infected
animals for 2 weeks by taking daily weights. At 3 weeks postin-
fection, convalescent-phase sera were obtained and HI and
serum antibody titers specific for influenza virus were mea-
sured. All surviving mice in each group were found to sero-
convert (defined as a =4-fold increase in serum HI titer over
that of a naive mouse). Titers obtained in the HI assay ranged
from 80 to 640 HI units for the C57BL/6 group (n = 4) and
from 40 to 1,280 HI units for the DBA.2 group (n = 6).
Geometric mean titers calculated for each group were not
significantly different. Four surviving mice from each group
that showed weight losses of between 10 and 25% were in-
cluded in an analysis of influenza-specific antibody titers, as
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FIG. 2. DBA.2 and C57BL/6 mice display similar influenza virus-specific antibody isotype profiles following sublethal infection. Sera were
collected from mice 3 weeks following sublethal infection with PR8 virus, and ELISA was performed on plates coated with purified PR8 virus. Sera
from infected mice (n = 4) were compared to that from a single naive animal representing each mouse strain. Values shown are means, and error

bars represent standard deviations. OD, optical density.

measured by enzyme-linked immunosorbent assay (ELISA).
Titers were also found to be similar between strains, with
elevated levels of influenza-specific IgM, IgG1, 1gG2a, 1gG2b,
and IgG3 relative to those of naive mice (Fig. 2). Thus, while
a more comprehensive analysis of the immune response would
further increase confidence in the utility of the DBA.2 model,
both quantitatively and qualitatively, the humoral immune re-
sponse to influenza virus infection was found to be similar in
DBA.2 and C57BL/6 mice.

Conclusions. Our study demonstrates that DBA.2 mice are
susceptible to infection with a wide range of influenza A and B
viruses. Our results are in agreement with those of Boon et al.
and Srivastava et al., who previously reported the susceptibility
of DBA.2 mice to infection with avian influenza A viruses
(subtypes H2, H4 to H7, H9 to H10) and the mouse-adapted
virus PRS, respectively (3, 23). Our data further extend these
reports to show that influenza A viruses from human and
porcine hosts, as well as influenza B viruses, are pathogenic in
DBA.2 mice and that these mice are more susceptible to such
infections than C57BL/6 mice. One limitation of the DBA.2
model was highlighted: in the case of the H3 subtype,
mouse-adapted influenza virus variants are still needed in
vaccine challenge tests. Nevertheless, the DBA.2 model
presents a significant advantage over traditional mouse
models in that it enables testing for heterologous protection
against human H1 strains. This capability is highly desirable
at a time when interest in cross-protective vaccines is in-
creasing (13, 16, 18).
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