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ABSTRACT

Influenza infection causes severe disease and death in humans. In traditional vaccine research and development, a single high-
dose virus challenge of animals is used to evaluate vaccine efficacy. This type of challenge model may have limitations. In the
present study, we developed a novel challenge model by infecting mice repeatedly in short intervals with low doses of influenza A
virus. Our results show that compared to a single high-dose infection, mice that received repeated low-dose challenges showed
earlier morbidity and mortality and more severe disease. They developed higher vial loads, more severe lung pathology, and
greater inflammatory responses and generated only limited influenza A virus-specific B and T cell responses. A commercial triva-
lent influenza vaccine protected mice against a single high and lethal dose of influenza A virus but was ineffective against re-
peated low-dose virus challenges. Overall, our data show that the repeated low-dose influenza A virus infection mouse model is
more stringent and may thus be more suitable to select for highly efficacious influenza vaccines.

IMPORTANCE

Influenza epidemics and pandemics pose serious threats to public health. Animal models are crucial for evaluating the efficacy of
influenza vaccines. Traditional models based on a single high-dose virus challenge may have limitations. Here, we describe a new
mouse model based on repeated low-dose influenza A virus challenges given within a short period. Repeated low-dose challenges
caused more severe disease in mice, associated with higher viral loads and increased lung inflammation and reduced influenza A
virus-specific B and T cell responses. A commercial influenza vaccine that was shown to protect mice from high-dose challenge
was ineffective against repeated low-dose challenges. Overall, our results show that the low-dose repeated-challenge model is
more stringent and may therefore be better suited for preclinical vaccine efficacy studies.

Influenza viruses, through annual outbreaks and occasional pan-
demics, pose a significant threat to public health. Each year,

influenza causes the hospitalization of millions of people and is
linked to �250,000 to 500,000 deaths worldwide (1). Influenza
virus infection causes acute respiratory disease in humans and the
sudden onset several symptoms, such as high fever, coryza, cough,
headache, prostration, malaise, and inflammation of the upper
respiratory tree and trachea, which can progress to pneumonia
(2–4).

Vaccines can prevent influenza virus infections (5, 6). They are
relatively ineffective at protecting highly vulnerable populations
such as immunocompromised or aged individuals. They also per-
form poorly in years when the vaccine strains are mismatched to
the circulating strains. A universal vaccine against all subtypes and
strains of influenza virus would provide broader protection, but
such constructs are not yet commercially available (7–10).

Novel vaccines, prior to their testing in humans, are evaluated
in experimental animal models, which have limitations, as they
incompletely mirror human infections and disease progression
(11, 12). In humans, influenza virus replication reaches a peak at
�48 h after infection in both the upper and lower respiratory
tracts and then decreases slowly; virus shedding declines by nearly
1 week after infection (2). The virus is transmitted mainly through
airborne droplets and direct contact of virus with mucosa sur-
faces. Intriguingly, there is evidence that aerosol transmission of
influenza viruses in a low infectious dose may result in more se-
vere disease (3, 4).

Traditionally, influenza vaccines have been evaluated preclini-
cally in animals that upon vaccination are challenged with a single
high dose of virus (8, 10, 13). This procedure uses more virus than
is typically transmitted in natural infections. We therefore devel-
oped a model of repeated low-dose influenza virus challenge to
more closely mimic viral doses transmitted during natural infec-
tions of humans. Such models of repeated low-dose infection are
already being used for vaccines for other viruses, such as human
immunodeficiency virus type 1 (HIV-1)/simian immunodefi-
ciency virus (SIV) (14–16) and hepatitis B virus (HBV) (17). As
our results show, this new animal challenge model provides a
more stringent platform for influenza vaccine evaluation. Our re-
sults show that mice that received repeated low-dose challenges
showed earlier morbidity and mortality and more severe disease
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than with a single high-dose infection. These mice developed
higher vial loads and more serious lung pathology. In addition,
they had greater inflammasome responses and developed only
limited influenza A virus-specific B and T cell responses. A com-
mercial trivalent influenza vaccine (TIV) protected mice against a
single high dose of influenza A virus but was ineffective against
repeated low-dose virus challenges.

MATERIALS AND METHODS
Ethics statement. All animal procedures in this study were performed in
strict accordance with the regulations in the guide for the care and use of
laboratory animals by the Ministry of Science and Technology of the Peo-
ple’s Republic of China (http://www.most.gov.cn/fggw/zfwj/zfwj2006/20
0609/t20060930_54389.htm). The protocol was approved by the Institu-
tional Animal Care and Use Committee of the Institut Pasteur of
Shanghai, Chinese Academy of Science (permit number A2012001).

Influenza A virus and commercial flu vaccine. A/Puerto Rico/8/1934
H1N1 (A/PR/8) influenza virus was stored in our laboratory. Reassortant
pandemic H1N1 (pdm H1N1) virus was generated with the surface gly-
coproteins hemagglutinin (HA) and neuraminidase (NA) from Califor-
nia/7/2009 H1N1 virus and the other six internal genes from A/PR/8 by
using an eight-plasmid reverse-genetics system. The viruses were grown in
the chorioallantoic fluid of 9-day-old specific-pathogen-free (SPF) em-
bryonated chicken eggs (Merial Vital Laboratory Animal Technology Co.,
Ltd., Beijing, China) and titrated in 6- to 8-week-old mice to determine
the median lethal dose (LD50) upon intranasal (i.n.) infection.

A trivalent influenza vaccine (Fluarix) was purchased from Glaxo-
SmithKline (GSK). This inactivated split influenza vaccine contains three
different strains: A/Texas/50/2012, A/Christchurch/16/2010, and B/Mas-
sachusetts/02/2012.

Mice. Six- to eight-week-old female C57BL/6 mice were purchased
from Shanghai Laboratory Animal Center, China. All mice were housed at
the Institut Pasteur of Shanghai Animal Facility.

Virus infection, vaccine immunization, and measurement of weight
loss as well as survival. Groups of mice were anesthetized with 0.5%
(wt/vol) pentobarbital sodium dissolved in phosphate-buffered saline
(PBS) by intraperitoneal injection (18 �l/g body weight). Anesthetized
mice were infected intranasally with 30 �l influenza A/PR/8 virus diluted
in PBS at doses of 0.5 LD50, 1.0 LD50, and 2.0 LD50 once or three times on
three consecutive days or at a dose of 10.0 LD50 once (Fig. 1A). Mice in the
control group were anesthetized and inoculated with PBS on three con-
secutive days (Fig. 1A). Animals were weighed once daily for 3 weeks.
Mice with a weight loss of �30% of their initial body weight were eutha-
nized and recorded as dead.

In the vaccination experiment, 6- to 8-week-old female C57BL/6J
mice were immunized intramuscularly with the inactivated split influenza
vaccine (Fluarix) with a dose of 1.5 �g HA per strain (total, 4.5 �g HA)
twice within a 2-week interval, and control mice were injected with PBS
(see Fig. 6A). Three weeks after the last immunization, vaccinated groups
(TIV groups) of mice were anesthetized with pentobarbital sodium and
challenged with pdm H1N1 virus by intranasal inoculation at doses of 2.0
LD50 three times at 24-h intervals, 6.0 LD50 once, and 10.0 LD50 once (see
Fig. 6A). Mice in the control group were anesthetized and challenged with
6.0 LD50 pdm H1N1 virus once intranasally (see Fig. 6A). Survival and
body weight were monitored daily after challenge for 21 days, and mice
were euthanized when they lost in excess of 30% of their prechallenge
body weight.

All infection work was performed in the biosafety level 2 facility of the
Institut Pasteur of Shanghai and approved by the Biosafety Committee of
the institute.

Viral load measurements. The viral load measurement assay was ad-
opted from a previously reported method (10). Lung tissue samples were
harvested from mice 5 days after the first infection, and the weights of
tissues were recorded. Lung tissue samples were mechanically homoge-
nized by using a Precellys 24 instrument (Bertin Technologies, France),

and RNA was isolated by using TRIzol reagent (Invitrogen, Carlsbad, CA).
The RNA concentration of each sample was determined spectrophoto-
metrically at an absorbance of 260 nm. cDNA was obtained from 1 �g of
total RNA by using the Transcriptor First Strand cDNA synthesis kit
(Roche). Reactions were run on a thermal cycler (Mastercycler; Eppen-
dorf, Hamburg, Germany) with one cycle at 65°C for 10 min, 25°C for 10
min, 50°C for 60 min, and 85°C for 5 min. The M genes of the A/PR/8
viruses were cloned into the pMD18-T vector, which was used to create a
standard curve by 10-fold serial dilution. Viral cDNA was quantified by
using a SYBR green real-time PCR assay on a 7900HT real-time PCR
system (Applied Biosystems, USA). A SYBR Premix Ex Taq kit (TaKaRa,
Dalian, China) was used for real-time PCR, according to the manufactur-
er’s instructions. The primers for viral cDNA quantification were specific
for the influenza A virus matrix protein (MP) gene, which were MP sense
primer 5=-AAG ACC AAT CCT GTC ACC TCT GA-3= and MP antisense
primer 5=-CAA AGC GTC TAC GCT GCA GTC C-3=. The cDNA samples
from each individual were quantified in triplicate. Real-time PCR was
performed with a 20-�l solution containing 10 �l SYBR Premix Ex Taq
(Tli RNase H Plus) (2�), 0.4 �l PCR forward primer (10 �M), 0.4 �l PCR
reverse primer (10 �M), 0.4 �l ROX reference dye II (50�), 2 �l cDNA,
and 6.8 �l double-distilled water (ddH2O). The real-time PCR was per-
formed according to the following protocol: an initial denaturation step at
95°C for 30 s followed by 40 cycles at 95°C for 5 s and 60°C for 30 s and a
dissociation stage at 60°C for 1 min and 95°C for 15 s. All of the samples
were analyzed in triplicate for each reaction. The data were analyzed by
using the 7900HT SDS version 2.4 system (Applied Biosystems, Foster
City, CA, USA). For analysis of the spectral curves, the cycle threshold was
defined just above the emission baseline to stay within the exponential
amplification phase of the PCR. Viral copy numbers were normalized to
the original tissue sample masses and calculated based on the standard
curve described above.

To determine the virus titer in lung tissues of infected mice by a 50%
tissue culture infective dose (TCID50) assay, lungs from 4 mice per group
were aseptically extracted at days 3 and 5 after the first infection and
homogenized in virus growth medium (VGM) (10% wt/vol) in which the
Dulbecco modified Eagle medium (DMEM) contains an antibiotic-anti-
mycotic (HyClone; Thermo Scientific, USA) as well as 1% bovine serum
albumin (BSA). Tenfold serial dilutions of the sample were added in qua-
druplicate to Madin-Darby canine kidney (MDCK) cells seeded in micro-
well plates 1 day earlier and allowed to absorb for 2 h at 37°C in an
incubator. Fresh VGM was then added to the cells, and the cells were
incubated at 37°C for another 48 h. The viral titer was determined by a
hemagglutination inhibition assay. Briefly, the culture supernatants were
mixed with the same volume of 1% (vol/vol) SPF chicken red blood cells
(RBCs) (in PBS) and incubated for 15 to 20 min at room temperature. The
virus titers were calculated by the Reed-Muench method (48) and ex-
pressed as the log10 TCID50 per milliliter of lung tissue.

Histology. Mice were euthanized 5 days after the first infection. The
lung tissues were perfused and washed with PBS containing 1% BSA. The
lungs were then gently inflated with a buffered formaldehyde solution
(pH 7.4), fixed for 24 h at 4°C in the buffered formaldehyde solution,
dehydrated in a series of graded ethanol, and embedded in paraffin. Sec-
tions (5 �m) were cut and stained with hematoxylin and eosin, and two
random sections of each lung sample were examined. Histopathological
changes were scored by an investigator “blind” to sample identity as fol-
lows: a score of 1 indicates no pathology, 2 indicates perivascular infil-
trates, 3 indicates perivascular and interstitial infiltrates affecting �20%
of the lobe section, 4 indicates perivascular and interstitial infiltrates af-
fecting 20 to 50% of the lobe section, and 5 indicates perivascular and
interstitial infiltrates affecting �50% of the lobe section.

Microneutralization assay. A microneutralization (MN) assay was
performed as described previously (18), with some modifications. Briefly,
MDCK cells were seed into microwell plates at 25,000 cells/well in com-
plete DMEM (Invitrogen Life Technologies) supplemented with 10% fe-
tal bovine serum (FBS; Invitrogen Life Technologies), 2 mM L-glutamine,
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1 mM sodium pyruvate, penicillin (100 U/ml), and streptomycin (100
�g/ml) and cultured at 37°C overnight. On the second day, mouse sera
were serially diluted in DMEM supplemented with 1% BSA and anti-
biotics (HyClone; Thermo Scientific, USA) and mixed with influenza
virus A/PR/8 or pdm H1N1. After 1 h of incubation at room temper-
ature, virus-serum mixtures were added to MDCK cells prewashed
with PBS and incubated at 37°C for 2 days. The culture supernatants
were then cultured with same volume of 1% (vol/vol) chicken RBCs
(in PBS) and incubated for 15 to 20 min at room temperature. The
neutralizing titer was the highest dilution of serum that inhibited vi-
rus-induced hemagglutination.

ELISA for detection of vaccine-specific antibody in sera. Sera were
collected 2 weeks after prime and boost. They were tested on plates coated
with the trivalent inactivated influenza vaccine. Sera from the PBS-in-
fected mouse group were used as a control. Briefly, wells of a flat-bottom

enzyme-linked immunosorbent assay (ELISA) plate (Costar, NY, USA)
were coated overnight at 4°C with the trivalent inactivated influenza vac-
cine diluted in 50 �l of coating buffer (0.05 M sodium bicarbonate buffer,
pH 8.6). The plates were then washed 3 times with PBST (PBS with 0.1%
Tween 20) and blocked with 100 �l 5% skim milk at 37°C. Two hours
later, plates were washed with PBST 3 times, and 100 �l of serially diluted
sera (1:50 to 1:6,400) was added to the plates and incubated at 37°C for 2
h. Plates were washed, a 1:10,000 dilution of horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG (Sigma-Aldrich, MO, USA) was
then added to the plates, and the plates were incubated for 1 h at 37°C.
After the final wash, 50 �l 3,3=,5,5=-tetramethylbenzidine (TMB) (eBio-
science, CA, USA) was added to the plates for 5 min. The reaction was
stopped by adding 50 �l 2 M H3PO4 to each well. The plates were read at
450 nm by using a Varioskan Flash multimode reader (Thermo Scientific,
USA). All samples were tested in triplicate.

FIG 1 Repeated low-dose influenza virus infection causes earlier weight loss and mortality. (A) Virus infection experiment schedule. C57BL/6 mice were
intranasally infected with 0.5, 1.0, and 2.0 LD50 of A/PR/8 virus once or three times or with 10.0 LD50 of virus once. Control mice were inoculated with PBS three
times. (B to D) Weight loss of mice infected with different doses of A/PR/8 virus once or repeatedly. The weight of each mouse was monitored daily until day 21
postinfection. Data are shown as means � standard errors of the means. (B) Weight loss of the 0.5 LD50 single- and repeated-infection groups, the 10.0 LD50

single-infection group, and the PBS group. (C) Weight loss of the 1.0 LD50 single- and repeated-infection groups, the 10.0 LD50 single-infection group, and the
PBS group. (D) Weight loss of the 2.0 LD50 single- and repeated-infection groups, the 10.0 LD50 single-infection group, and the PBS group. (E) All infected mice
were monitored daily for survival until day 14 postinfection. Each graph represents the combined results from 3 separate experiments, each with 6 mice per group
per experiment.
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Tetramer staining and FACS analysis. Virus-specific CD8� T cell
responses were evaluated by using nucleoprotein (NP)-specific tetramer
staining and flow cytometry, as previously described (19). Lymphocytes
were isolated from the blood of each mouse on day 7 after the first infec-
tion. Cells were stained with an allophycocyanin-labeled major histocom-
patibility complex class I (MHC-I) NP peptide tetramer (ASNENTETM)
(Tetramer Core Facility, Emory University, GA, USA) and with an anti-
CD8a-peridinin chlorophyll protein (PerCP)-Cy5.5 antibody (BD Biosci-
ences, CA, USA) for 45 min at 4°C. Flow cytometry was performed on a
BD LSRII instrument (BD Biosciences, CA, USA), and fluorescence-acti-
vated cell sorter (FACS) data were analyzed by using FlowJo software
(TreeStar, Ashland, OR, USA).

Analysis of inflammasome responses. Inflammasome responses were
determined by detection of interleukin-1	 (IL-1	) and IL-18 production
in both bronchoalveolar lavage fluid (BALF) and lung homogenates using
ELISA kits purchased from eBioscience (San Diego, CA, USA), according
to the manufacturer’s instructions. Lung homogenates and BALF were
collected 5 days after the first infection, as previously described (20).

Statistical analysis. Statistical significance between groups was ana-
lyzed by using one-way analysis of variance (ANOVA). A Kaplan-Meier
curve was used for analysis of survival rates, and statistical significance was
determined by chi-square tests. In all statistical analyses, P values of �0.05
were considered statistically significant. GraphPad Prism v6.0 software
(GraphPad, San Diego, CA, USA) was used for statistical analysis.

RESULTS
Repeated low-dose infection with influenza virus causes earlier
morbidity and mortality in mice. Groups of 6- to 8-week-old
female C57BL/6 mice were infected intranasally (i.n.) with
A/Puerto Rico/8/1934 H1N1 (A/PR/8) influenza virus at low
doses (0.5, 1.0, and 2.0 LD50) once or three times at 24-h intervals.
Another group of mice was inoculated once i.n. with a high dose of
A/PR/8 virus (10.0 LD50) (Fig. 1A). PBS-inoculated mice served as
negative controls. The groups that received repeated low-dose
challenge began to lose weight by day 3 after infection, and most
died by days 7 to 8 (Fig. 1B to D). Mice that received a single low
dose of virus lost weight later, and most of them survived (Fig. 1B
to D). As expected, mice that received high doses of A/PR/8 virus
(10.0 LD50) lost weight although with a delay compared to the
group that received a repeated low-dose challenge; they then died
within the same time frame. The weight loss of the group that
received repeated infection with 0.5 LD50 (0.5 LD50 repeated-in-
fection group) was significantly different from that of the
matched-dose single-infection group from days 4 to 7 (P � 0.0001
at days 4 to 6 and P 
 0.0006 at day 7) (Fig. 1B), and the same was
true for the 1.0 LD50 repeated-infection group compared to the
matched-dose, single-infection group (P 
 0.0001 at day 4, P �
0.0001 at days 5 to 6, and P 
 0.0014 at day 7) (Fig. 1C), while the
weight loss of the 2.0 LD50 repeated-infection group was signifi-
cantly different from that of the matched single-dose infection
group only at day 4 (P 
 0.0003) and day 5 (P 
 0.0014) but not
at day 6 or 7 (Fig. 1D). Compared with the 10.0 LD50 single-
infection group, the weight loss of the 0.5 LD50 repeated-infection
group was significantly different at day 4 (P 
 0.0418) and day 5
(P 
 0.0401); weight loss of the 1.0 LD50 repeated-infection group
was significantly different at days 4 to 6 (P 
 0.0013 at day 4, P 

0.0001 at day 5, and P 
 0.0478 at day 6), and weight loss of the 2.0
LD50 repeated-infection group was significantly different only at
day 4 (P 
 0.0044) (Fig. 1B to D). Differences in survival between
the 0.5 LD50 and 1.0 LD50 repeated-infection groups compared to
those that received a matched single dose were significant, while
survival rates were not different between 2.0 LD50 single- and re-

peated-infection groups (Fig. 1E). Compared to the high-dose
(10.0 LD50) single-infection group, survival of the 1.0 LD50 and 2.0
LD50 but not the 0.5 LD50 repeated-infection groups was signifi-
cantly different (Fig. 1E). Overall, these data show that repeated
infection with low doses of influenza virus causes significant mor-
bidity and mortality in mice.

Groups with repeated low-dose virus infection have higher
viral loads and more severe pathological changes. Viral loads
were measured by real-time reverse transcription-PCR (RT-PCR)
of lung homogenates from mice in the same groups described
above 5 days after the first virus inoculation as well as by determi-
nation of the TCID50 in lung homogenates at days 3 and 5 after the
first infection. As shown in Fig. 2A, lung virus titers in mice that
had been repeatedly challenged with 1.0 or 2.0 LD50 of A/PR/8
virus were significantly higher than those in mice that had received
the same doses once or the highest dose of 10.0 LD50 of A/PR/8
virus. The viral titers in the 0.5 LD50 repeated-infection group,
however, were not significantly different from those in the
matched-dose single-infection group or the high-dose (10.0 LD50)
single-infection group (Fig. 2A). TCID50 assays showed that viral
titers in the repeated-infection groups at day 5 were significantly
higher than those at day 3 and also much higher than those of
either the group infected with matched doses or the 10.0 LD50

single-infection group at day 5 (Fig. 2B). Vial titers of single-in-
fection groups showed no significant difference between days 3
and 5, and viral titers at day 3 showed no significant difference
among infection groups (Fig. 2B). Further analysis showed that
the viral genome copy numbers and TCID50 titers at day 5 in lung
tissues had a positive correlation (r 
 0.4432; P 
 0.0125) (Fig.
2C). Lung lobes harvested at day 5 after the first infection were
stained with hematoxylin and eosin and scored for pathology (Fig.
2D and E). The low-dose repeated-infection groups had signifi-
cantly higher pathological sores than did the groups that received
the matching virus dose once (Fig. 2D). Mice injected repeatedly
with 2.0 LD50 of virus also had more severe pathology (average
score of 4.67) than did those that were inoculated once with 10.0
LD50 of virus, with a mean score of 3.83 (P 
 0.01) (Fig. 2D).
Histological analysis revealed that the low-dose repeated-infec-
tion groups with higher viral titers and higher pathology scores
had more severe perivascular infiltrates and interstitial infiltrates
in lung tissues than did the low-dose single-infection groups (Fig.
2E). The 10.0 LD50 single-infection group showed similar pathol-
ogy changes, while the mice from the PBS group had no sign of
inflammation (Fig. 2E). These results demonstrate that mice in
the low-dose repeated-infection groups develop higher vial titers
in lung tissues 5 days after the first infection, with more severe
virus-associated pathology.

Antibody responses. To evaluate humoral immune responses
to influenza virus infection, mice of all groups were bled 1 week
after infection. Sera were tested for influenza A virus-specific an-
tibodies by microneutralization assays. As shown in Fig. 3, only
the 10.0 LD50 single-infection group had significantly higher neu-
tralizing titers (ranging from 1:80 to 1:320) than those of the low-
dose repeated-infection groups (�1:80). In the low-dose single-
infection groups, some mice had neutralizing titers of �1:80,
indicating that a single low-dose virus infection could elicit neu-
tralizing antibody responses to some extent. These data show that
repeated low-dose infection in most mice failed to induce anti-
body responses within 7 days, while a single infection with low or
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higher virus doses elicited only very limited neutralizing antibody
responses.

Virus-specific CD8� T cell response. Mouse peripheral blood
mononuclear cells (PBMCs) were collected 7 days after challenge,

and virus-specific CD8� T cell responses were analyzed by stain-
ing with an NP-specific MHC-I tetramer. As shown in Fig. 4, all
mice developed virus-specific CD8� T cell responses after virus
infection, and there were no significant differences among the

FIG 2 Mice with repeated low-dose influenza virus infection have higher virus titers in lung tissues and more severe lung pathology. (A) Five days after infection,
lung virus titers were determined by quantitative PCR. The graph shows titers of viral genomes (copies) per microgram of total RNA in lung tissue of individual
mice (n 
 6 to 8) in each group, with mean values � standard errors of the means. (B) Viral titers lung tissues at days 3 and 5 after the first infection were
determined by a TCID50 assay. Data are shown as mean values � standard errors of the means. dpi, days postinfection. (C) Correlation between viral genome
copy numbers and TCID50 titers in lung tissues on day 5 after the first infection. (D) Histological scoring for virus-infected mice (n 
 6 to 8). Mean values for
each group are shown. ***, P � 0.0001; n.s., no significance. (E) Representative hematoxylin- and eosin-stained sections were derived from mice (n 
 6 to 8) from
each group killed on day 5 after the first infection. �1, mice were infected once; �3, mice were infected three times. Original magnification, �100.
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infection groups. Compared to the PBS-treated group, however,
the frequencies of NP tetramer-specific CD8� T cells in all single-
infection groups as well as the 2.0 LD50 repeated -infection group
were significantly higher (Fig. 4). These data demonstrate that
virus-specific CD8� T cell responses were induced after virus in-
fection. The magnitude of T cell responses, however, did not cor-
relate with virus dose or the number of infections.

Inflammasome responses in lungs. It has been reported that
the NLRP3 inflammasome response is activated during influenza
virus infection, causing increased secretion of the proinflamma-
tory cytokines IL-1	 and IL-18 (21). To define the relationship of
the inflammasome response to the virus dose used for challenge,
we measured levels of IL-1	 and IL-18 expression in lung tissues 5
days after single or repeated challenges with different doses of
A/PR/8 virus. Lung homogenates and bronchoalveolar lavage
fluid (BALF) were collected after virus infection. As expected, the
high-dose challenge with 10.0 LD50 of A/PR/8 virus given once
increased IL-18 and IL-1	 levels at both sites. Repeated low-dose
challenges further increased the levels of IL-18 and IL-1	 (Fig. 5).
In lung homogenates, the levels of IL-18 in the 0.5 LD50 and 1.0
LD50 repeated-infection groups were significantly different from
those in the matched single-dose infection groups, while there was
no statistical difference between the 2.0 LD50 repeated- and single-
infection groups (Fig. 5A). Similar results for IL-1	 expression
were obtained with lung homogenates (Fig. 5C). In lung homog-
enates, IL-18 concentrations in the 0.5 LD50 and 1.0 LD50 repeat-
ed-infection groups were significantly higher than those in the
10.0 LD50 single-infection groups, while IL-18 levels in the 2.0
LD50 repeated-infection group were comparable (Fig. 5A). In lung
homogenates, IL-1	 levels in the three repeated-infection groups
showed significant differences from those in the 10.0 LD50 single-
infection group (Fig. 5C). In BALF, IL-18 levels in the three re-
peated-infection groups showed significant differences from the
corresponding matched-dose single-infection groups, and similar
patterns were found for IL-1	 levels in BALF, except for the 0.5
LD50 infection group (Fig. 5B and D). Levels of IL-1	 in BALF in
the repeated-infection groups were significantly higher than those
in the 10.0 LD50 single-infection group (Fig. 5D); the same was
observed for IL-18 levels in BALF, except for the 0.5 LD50 group

(Fig. 5B). Overall, these data show that repeated low-dose chal-
lenges with influenza A virus cause more pronounced inflam-
masome responses than a single challenge with a high dose of
virus.

Commercial influenza vaccine protects mice from a single
high-dose virus infection but not repeated low-dose infection.
To assess whether repeated low-dose challenges of mice provide a
more stringent model for preclinical efficacy testing of vaccines,
we immunized mice (10 to 13 mice per group) with a commercial
trivalent influenza vaccine (Fluarix; GSK) twice at a 2-week inter-
val. As shown in Fig. 6A, mice were injected intramuscularly with
a vaccine dose equal to 1.5 �g HA per strain (total, 4.5 �g HA).
Mice inoculated with PBS served as controls. Three weeks after the
boost, all mice in the vaccine groups were challenged with pan-
demic H1N1 virus given at 10.0 LD50 once, 6.0 LD50 once, and 2.0
LD50 three times. The PBS group was challenged with 6.0 LD50 of
the same virus once.

HA-specific antibody responses were significantly greater in
sera from immunized mice after the prime (P � 0.05) and the
boost (P � 0.0001) than those in sera of the PBS controls (Fig. 6B).
The neutralizing antibody titer was not detected postprime, but 2
weeks after the boost, the serum neutralization activities in vac-
cine-immunized mice were increased and significantly different
from those in sera from either the control group or those after the
prime (Fig. 6C). After challenge, the vaccine group (TIV group)
infected repeatedly with a low dose of virus lost weight more rap-
idly than did mice in the high-dose-challenge vaccine groups (Fig.
6D). Most mice died, and survival curves were similar to those of
PBS-injected control mice (Fig. 6E). In contrast, all of the TIV-
immunized mice challenged with 6.0 LD50 of H1N1 virus sur-
vived; comparable results were obtained upon challenge with 10.0
LD50 of H1N1 virus (80% survived) (Fig. 6E).

Three days after the first challenge, viral titers were signifi-
cantly higher in lung tissues of mice with repeated infection than
in those of the immunized groups with single infection and the
control group (Fig. 7A). Although not reaching statistical signifi-
cance, the viral titers of immunized mice with a single challenge
dropped dramatically at day 5, with �102 TCID50 per g, approach-

FIG 4 Virus-specific CD8� T cell responses in mice after virus infection.
Seven days after the first infection, PBMCs were isolated, and tetramer staining
was performed to analyze the CD8� T cell responses to the immunodominant
epitope of NP in mice (n 
 8 to 10). PBS-inoculated mice (n 
 8) served as
negative controls. tet�, tetramer positive.

FIG 3 Antibody responses in mice after virus infection. Mice (n 
 8 to 10)
from each group were bled at day 7 after the first infection, and sera were
collected to determine antibody responses by a microneutralization assay.
Graphs show titers of individual mice in each group, with mean values indi-
cated by lines. Sera from PBS-inoculated mice served as negative controls. ***,
P � 0.0001; n.s., no significance.
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ing the lower limit of detection of the assay, while the viral titers
were still high in the control group and even higher in immunized
mice with repeated challenge (Fig. 7A). Pathogenic scores of im-
munized mice with repeated challenge were significantly higher
than those of immunized groups with a single challenge but not
those of the control group (Fig. 7B). Histology analysis revealed
that the immunized mice with repeated challenge and the control
group had more severe lung tissue damage (Fig. 7C). Although the
immunized mice challenged with 6.0 LD50 had some pathological
changes and higher pathogenic scores than did those challenged
with 10.0 LD50 of virus, both groups showed protection after vac-
cination, with lower viral titers, lower pathogenic sores, and lim-
ited pathology changes in lungs at day 5 (Fig. 7). Taken together,
these results lead us to conclude that the commercial vaccine can
protect mice from a single high-dose virus infection but is ineffec-
tive against repeated low-dose challenges, confirming the higher
stringency of this challenge protocol.

DISCUSSION

In the present study, we developed a novel preclinical influenza
infection model by repeatedly inoculating mice intranasally with
low doses of influenza A virus. Compared to a single high-dose
infection, we found that repeated low-dose infections caused
more severe symptoms, such as early morbidity and mortality as
well as more rapid weight loss (Fig. 1). A more detailed analysis
showed that mice repeatedly inoculated with low-dose influenza

virus developed higher viral titers and more serious pathological
changes in their lung tissues than did mice that received a single
infection (Fig. 2). In humans, influenza A virus is shed from nasal
secretions very rapidly within the first 24 h after infection; viral
shedding peaks on day 2, and symptoms are commonly most se-
vere by day 3 after infection (3, 4). In our study, we observed that
mice in the low-dose repeated-infection groups began to lose
weight within 24 h after infection, and from day 3 on, weight loss
then accelerated, followed by early mortality compared to mice
that received a single dose of virus.

The more rapid onset of severe symptoms in mice infected
repeatedly with low doses of A/PR/8 virus could have been caused
by higher viral loads resulting in more pronounced lung tissue
damage. Several pathways could contribute to higher viral loads in
mice that received influenza A virus repeatedly. First of all, recep-
tors that allow for the uptake of virus in the mucosa of the respi-
ratory tract may be limiting, thus restricting the uptake of the
virus. This is rather unlikely, as morbidity and mortality rates
increased in the single-dose groups with increasing doses of chal-
lenge virus. More likely, the inflammatory response elicited by the
first dose of influenza A virus damaged the mucosal barrier, thus
allowing the virus given as a second or third dose to penetrate
more deeply into the lungs, as has been described for other anti-
gens (22).

The viral loads of A/PR/8 infection at day 5 were higher than

FIG 5 Repeated low-dose infection elicits greater inflammasome responses in mice. Mice (n 
 8 to 10) were killed on day 5 after the first infection. Lung
homogenates and BALF were collected for inflammasome response analysis using an ELISA. (A) IL-18 levels in lung homogenates. (B) IL-18 levels in BALF. (C)
IL-1	 expression in lung homogenates. (D) IL-1	 concentrations in BALF. Data are presented as means � standard errors of the means. ***, P � 0.0001; n.s., no
significance.
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those at day 3 and even reached statistical significance for mice
with repeated infection (Fig. 2B). In contrast, the PBS group chal-
lenged with pdm H1N1 appeared to have higher viral titers at day
3 than at day 5, although this was statistically insignificant (Fig. 7A).
The reason for this observation might be that different virus

strains have different kinetics of replication in lungs after infec-
tion. The inflammatory response was markedly greater in mice
that received several doses of influenza A virus than in mice that
received a single dose. Innate immune responses to influenza A
viruses are triggered by 3 different types of pathogen recognition

FIG 6 TIV cannot protect mice from repeated low-dose infection with influenza virus. (A) Immunization and challenge schedule. Mice (n 
 12 to 13) were
immunized intramuscularly with an inactivated split influenza vaccine (Fluarix; GSK) twice at a 2-week interval. Three weeks after the boost, mice were
challenged with repeated low-dose infection and single high-dose infection with pandemic H1N1 virus. PBS-injected mice (n 
 10) were used as controls. (B)
Antibody titers of postprime and postboost sera were measured by an ELISA with serial serum dilutions. Sera of the PBS group served as negative controls. Data
are presented as means � standard errors of the means. OD450, optical density at 450 nm. (C) Sera of all mice from the vaccine groups and the control group were
collected 2 weeks after the prime and boost. Neutralizing antibody titers in MDCK cells were determined by a microneutralization assay. Data are presented as
means � standard errors of the means. (D) Weight loss of all mice was monitored every day for 21 days. Data are presented as means � standard errors of the
means. (E) Survival of all mice was monitored for 2 weeks after challenge. ***, P � 0.0001; n.s., no significance.
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receptors, i.e., endosomal Toll-like receptor 3 (TLR-3) and TLR-7,
the cytoplasmic RNA helicase RIG-1, and nucleotide-binding do-
main- and leucine-rich-repeat-containing proteins (NLRP3) (21,
23). NLRP3 senses influenza viruses through an M2 ion channel as
well as M2-mediated perturbation of ionic concentrations or viral
RNA (21, 24–28) and can be activated to recruit caspase-1 to the
inflammasome, which in turn cleaves immature cytokines such as
pro-IL-1	 and pro-IL-18, resulting in their secretion into the ex-
tracellular space (21, 28–30). In our study, we found that inflam-
masome responses were elicited in mice after virus infection and
that the low-dose repeated-infection groups had greater inflam-
masome responses, as indicated by increased IL-1	 and IL-18
concentrations in lung tissues and BALF (Fig. 5). The intensity of
the inflammasome responses correlated with viral loads, as shown
previously (24). Others have shown that exaggerated innate im-
mune responses can lead to enhanced pathology, including influ-
enza-induced acute respiratory distress syndrome (ARDS) (23,
31). It has been reported that there are two types of innate immune
cytokine responses to influenza infection: the proinflammatory
response and the antiviral response. The proinflammatory cyto-
kine response is likely to recruit immune effector cells that help
clear the virus and cells that participate in adaptive immunity (21,
32). The antiviral response facilitates the intracellular control of
viral replication through the induction of interferons, interferon-
mediated antiviral signaling, and hundreds of interferon-stimu-
lated genes (ISGs) (21, 33–35).

Virus infections, including those with influenza viruses, elicit

adaptive immune responses to clear virus-infected cells and pre-
vent subsequent infections (36–38). Our data show that prior to
death, infected mice developed low titers of neutralizing antibod-
ies. Seven days after infection, we could detect influenza virus-
specific T cells; however, this response was detectable by 2 weeks
after infection in surviving animals (data not shown). Similar re-
sults were found in HBV studies, where high-risk individuals were
exposed to multiple small doses of HBV, as well as in the wood-
chuck model, in which animals were repeatedly exposed to small
quantities of infectious HBV. In both cases, viral infection was
molecularly evident and there were detectable virus-specific
CD8� T cell responses but undetectable virus-specific antibody
responses. These data are in agreement with clinical findings in
humans (17). Animals that survived the initial challenge(s) were
protected against a subsequent challenge (data not shown), fur-
ther confirming that the initial challenges had induced protective
immunity.

The TIV Fluarix (GSK) is one of the vaccines approved for
influenza virus infection with proven efficacy (39–41). In our
present study, we found that vaccination with a TIV protected
mice from a single high-dose virus infection but was inefficacious
against repeated low-dose influenza virus infection (Fig. 6). Al-
though the viral titers in lungs decreased from day 3 to day 5 in all
the challenged groups, only immunized single-dose infection
groups had viral titers that decreased below the limit of detection
and manifested little lung pathology (Fig. 7). This result indicates
that repeated low-dose challenges provide a more stringent mode

FIG 7 TIV-immunized mice with repeated virus challenge have higher viral titers and more pathogenic damage in the lungs. (A) Viral titers were determined by
a TCID50 assay of lung tissues from immunized mice and controls at days 3 and 5 after the first challenge. Data are presented as mean values � standard errors
of the means. dpi, days postinfection. (B) Mouse lung tissue damage was analyzed and scored at day 5 after the first challenge. Data are shown as mean values �
standard errors of the means. ***, P � 0.0001; n.s., no significance. (C) Representative hematoxylin- and eosin-stained sections from each group of mice scarified
on day 5 after the first infection. Original magnification, �100.
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to evaluate vaccine efficacy. Vaccines for other viruses, such as
HIV-1/SIV, HBV, and others, rely on animal models of repeated
low-dose virus infection, as they may more closely resemble nat-
ural infections in humans. These models have been used in assess-
ments of HIV vaccine efficiency in experimental models (14, 17,
42–44). More studies are needed to test this influenza virus model,
including the testing of other strains of influenza A virus and the
use of other animal models such as ferrets, the animal model of
choice for preclinical influenza vaccine studies (3, 4, 45–47).

In summary, here we describe a novel mouse model of repeated
low-dose influenza virus infection. This type of challenge causes
increased morbidity and mortality and may thus be more suitable
for preclinical evaluation of vaccine efficacy.
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