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The efficacy of intravenous peramivir against influenza A (H1N1) 2009 virus infection was evaluated in mice in which the im-
mune system was suppressed by cyclophosphamide (CP) treatment. The mortality rate of the vehicle control group was 100%,
and the mice lost 20% of their body weight on average by day 13 postinfection (p.i.). Repeated administration of peramivir (40
mg/kg of body weight once a day, given intravenously for 20 days), starting at 1 h p.i., significantly reduced mortality, body
weight loss, viral titers, and cytokine production in infected mice compared with results for administration of vehicle (P < 0.01).
In addition, repeated administration of peramivir, starting at 24 h, 48 h, or 72 h p.i., also resulted in increases in survival rates
and reduction of viral titers in the lungs (P < 0.01). The mean days to death (MDD) of the vehicle group was 14.5 days, while in
the groups treated with peramivir starting at 24 h, 48 h, and 72 h p.i., the MDDs were >23.0, 20.9, and 21.8 days, respectively. In
comparison, repeated administration of oseltamivir phosphate (5 mg/kg twice a day, given orally for 20 days), starting at 24 h, 48
h, and 72 h p.i., also significantly prevented body weight loss, whereas no significant differences in mortality rates and viral titers
in the lungs were observed compared with results for the vehicle group. These data indicated that repeated administration of
peramivir was effective in promoting the survival and reducing virus replication in immunosuppressed mice infected with influ-
enza A (H1N1) 2009 virus.

The pandemic 2009 influenza (A/H1N1pdm) virus emerged in
April 2009, and in June the World Health Organization

(WHO) raised the warning level to phase 6, indicating a global
epidemic (pandemic). Although the pathogenicity of the pan-
demic virus was clearly higher than that of seasonal influenza virus
in animal models and humans (1–3) and many cases of
A/H1N1pdm virus infection in Japan were reported during the
2009-2010 epidemic (4), the mortality rate of A/H1N1pdm in
Japan was similar to that of seasonal influenza. One of the reasons
was that the Japanese, especially children, did not develop serious
illnesses because of treatment with neuraminidase (NA) inhibi-
tors (5). In vitro and in vivo studies demonstrated that
A/H1N1pdm was sensitive to NA inhibitors, e.g., oseltamivir,
zanamivir, laninamivir, and peramivir (6–8). Although vaccina-
tion plays a critical role in influenza prophylaxis, there is usually
insufficient time to prepare and distribute new vaccines before the
peak of a pandemic. Therefore, antivirals are important for miti-
gating the impact of influenza pandemics.

Most people infected with influenza virus develop transient
fever and respiratory symptoms but recover within 7 days without
developing any complications. However, influenza virus infection
occasionally causes serious and fatal outcomes in patients whose
immune system is compromised by genetic factors, treatment
with anticancer drugs, or use of immunosuppressive drugs after
organ transplantation (9, 10). Therefore, it is recommended that
high-risk patients be immediately treated with anti-influenza
drugs to prevent serious conditions (11, 12), but it is often difficult
to administer oral or inhaled drugs, such as oseltamivir or zana-
mivir, to patients with severe symptoms and those who require
respiratory management. Furthermore, it is well recognized that
immunosuppression results in prolonged periods of viral replica-
tion and provides an environment conducive to the emergence of
drug-resistant mutation (13–17). Therefore, anti-influenza virus

agents need to be administered intravenously for long periods to
immunosuppressed patients.

Peramivir is an anti-influenza drug that selectively inhibits NA
of human type A and type B influenza viruses. It was developed as
an intravenous preparation and approved in Japan at the begin-
ning of 2010 after clinical trials (18, 19). In randomized, con-
trolled, and double-blinded studies in adults, a single dose of
peramivir was demonstrated to significantly reduce the duration
of influenza virus infection without safety concerns. On the basis
of these results, the U.S. Food and Drug Administration issued an
emergency use authorization for intravenous peramivir exclu-
sively for patients hospitalized due to infection associated with
A/H1N1pdm virus on 23 October 2009, even though it was still
under development in the United States (20). The most important
characteristic of peramivir is its rapid bioavailability on intrave-
nous administration. Therefore, peramivir can be used as a first-
line therapy, especially for patients at risk for complications or
who cannot take oral or inhaled drugs.

Repeated intravenous injections of peramivir for 5 days had
beneficial effects in influenza virus-infected patients at high risk
for complications, and no major safety issues were identified (21).
However, high-risk patients, e.g., immunocompromised patients,
might require administration of peramivir for more than 5 days,
since virus has been detected for extended periods in these patients
(17). Therefore, to examine the effects of peramivir administra-

Received 20 November 2012 Returned for modification 17 December 2012
Accepted 26 February 2013

Published ahead of print 11 March 2013

Address correspondence to Akihiko Sato, akihiko.sato@shionogi.co.jp.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.02324-12

2286 aac.asm.org Antimicrobial Agents and Chemotherapy p. 2286–2294 May 2013 Volume 57 Number 5

http://dx.doi.org/10.1128/AAC.02324-12
http://aac.asm.org


tion for more than 5 days, we used an immunosuppressed-mouse
model by administration of cyclophosphamide (CP), a drug used
widely in antitumor therapy. Due to reduction of NK cell activity
and inhibition of T and B cell proliferative responses (22–24),
immunosuppression induced by CP converted harmless infection
with influenza virus in immunocompetent mice into a fatal pul-
monary illness in immunocompromised mice infected with a low
titer of virus. Using CP treatment for immunosuppression, as de-
scribed for a previous experiment that examined the efficacy of
oral administration of peramivir in mice infected with influenza
A/NWS/33(H1N1) virus (25), we examined the efficacy of intra-
venous peramivir against A/H1N1pdm virus infection, since in-
travenous injection of peramivir rather than oral or inhaled ad-
ministration might be required in patients with severe symptoms.

In the present study, we found that the virus replicated for
longer periods in immunosuppressed mice than in normal mice
due to suppression of immune responses. We demonstrated that
intravenous administration of peramivir was more effective than
oral administration of oseltamivir in immunosuppressed mice in-
fected with A/H1N1pdm virus with respect to mortality, body
weight change, and virus titers in lungs. These results suggest that
peramivir has the potential to be used to treat patients with
A/H1N1pdm virus infection, especially immunosuppressed pa-
tients.

MATERIALS AND METHODS
Compounds. Peramivir was synthesized by BioCryst Pharmaceuticals
(Birmingham, AL). Oseltamivir phosphate was purchased from Sequoia
Research Products (Oxford, United Kingdom). Oseltamivir carboxylic
acid was purchased from Toronto Research Chemicals (Ontario,
Canada).

Virus and cells. A pandemic 2009 influenza virus, A/Osaka/129/2009
(A/H1N1pdm), not mouse adapted, was kindly provided by Osaka Pre-
fectural Institute of Public Health. Madin-Darby canine kidney (MDCK)
cells were obtained from the American Type Culture Collection (Manas-
sas, VA) and were grown in minimum essential medium (MEM) (Invit-
rogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Invit-
rogen) and 100 �g/ml kanamycin sulfate (Invitrogen) in a humidified
atmosphere of 5% CO2 at 37°C.

Animals. Specific-pathogen-free 6-week-old female BALB/c mice
(Charles River Laboratories Japan, Inc.) were used in the challenge exper-
iments. Their body weights and survival rates were monitored daily, and
the mice were euthanized when they lost more than 30% of their body
weight compared to their weight at preinfection. All mouse studies were
conducted under applicable laws and guidelines and with the approval of
the Shionogi Animal Care and Use Committee.

NA inhibition assay. Whole viruses inactivated by Nonidet P-40 were
used as the source of NA activity (26). The substrate was 2=-(4-methylum-
belliferyl)-�-D-N-acetylneuraminic acid (MUNANA) (Sigma-Aldrich, St.
Louis, MO). The virus, a compound, and MUNANA (final concentration,
10 �M) were mixed in reaction buffer and then incubated at 37°C for 30
min. Virus solution was diluted to obtain a 5,000 to 20,000 fluorescence
intensity of NA activity in the reaction mixture. The fluorometric inten-
sity of 4-methylumbelliferon released from MUNANA was measured, the
percent inhibition at each drug concentration was determined, and the
50% inhibitory concentration (IC50) was calculated. The results were re-
ported as the averages for three experiments.

Antiviral study with immunosuppressed mice. BALB/c mice were
treated intraperitoneally (i.p.) with 100 mg/kg of body weight of cyclo-
phosphamide (Endoxan; Shionogi and Co., Ltd., Osaka, Japan) at 24 h
pre-virus exposure and days �3, �7, �11, �15, and �19 after infection.
Infection was achieved by intranasal (i.n.) administration of 100 �l of
A/Osaka/129/2009 (1,000 mean 50% tissue culture infective dose

[TCID50]) in phosphate-buffered saline (PBS) except where indicated.
This dose of virus was approximately 10 times higher than the 90% mouse
lethal dose (MLD90) (1.1 � 102 TCID50) as described in Results. Mice
were treated intravenously with peramivir at a dose of 40 mg/kg once daily
for 1, 5, 10, or 20 days, beginning at 1, 24, 48, or 72 h after virus inocula-
tion. Oseltamivir phosphate at a dose of 5 mg/kg was administered orally
twice daily for 20 days with 0.5% methylcellulose solution (MC). Control
animals inoculated with virus were treated with 0.5% MC for 20 days. Ten
of these animals were observed daily for 20 to 23 days.

To monitor virus replication, inflammatory cytokine/chemokine pro-
duction, and the emergence of resistant variants in lungs, three mice in
each group were euthanized on days 2, 6, 10, 14, and 18 postinfection
(p.i.). The collected samples were stored at �80°C until use. For virus
quantitation, serial dilutions of lung homogenates were inoculated onto
confluent MDCK cells in 96-well plates. After a 1-h incubation, the sus-
pension was removed, and the cells were cultured in MEM, including
0.5% bovine serum albumin (BSA) (Sigma-Aldrich) and 3 �g/ml trypsin.
The cells were incubated at 37°C in 5% CO2 for 3 days. The presence of
cytopathic effects (CPE) was determined under a microscope, and viral
titers were calculated as log10 TCID50/ml. When no CPE was observed
using undiluted viral solution, the undetectable level was defined as being
less than 1.4 log10 TCID50/ml. To monitor the emergence of resistant
variants, dilutions of lung homogenates were inoculated onto confluent
MDCK cells in 12-well plates, and MDCK cells were cultured as described
above for 2 days. The supernatant was used in the NA inhibition assay.

Levels of inflammatory cytokines and chemokines (interleukin 6 [IL-
6], IL-10, IL-12p70, tumor necrosis factor alpha [TNF-�], monocyte che-
motactic protein 1 [MCP-1], and gamma interferon [IFN-�]) in lung
homogenates were assessed using a cytometric bead assay (Becton, Dick-
inson and Company, Franklin Lakes, NJ) according to the manufacturer’s
instructions. The results of the assays were analyzed using the FCAP Array
software program (Becton, Dickinson and Company).

HI assay. Sera from mice were treated with receptor-destroying en-
zyme (RDEII; Denka Seiken, Tokyo, Japan). Serially diluted sera were
mixed with 4 hemagglutinin (HA) units of virus antigen for 1 h at room
temperature. The mixture was then incubated with 0.5% chicken red
blood cells for 30 min at room temperature. The hemagglutination inhi-
bition (HI) titers were expressed as the reciprocal of the highest dilution of
serum samples that completely inhibited hemagglutination.

Sequence analysis of NA genes. Viral RNA was isolated from lung
homogenates of infected mice by using the RNeasy Mini kit (Qiagen,
Duesseldorf, Germany). The neuraminidase region of influenza virus was
amplified by PCR using the OneStep reverse transcriptase PCR (RT-PCR)
kit (Qiagen) and specific primers: 5=-TATTGGTCTCAGGGAGCAAAAG
CAGGAGT-3= and 5=-ATATGGTCTCGTATTAGTAGAAACAAGGAG
TTTTTT-3=. The amplified DNA was sequenced in an Applied Biosystems
3730xl DNA analyzer by the TaKaRa sequencing service. The sequences of
the NA region derived from isolated viruses were compared with those of
the inoculated virus, and amino acid substitutions were analyzed.

Pathological examination. After autopsy, lung tissue samples fixed
with 10% formalin were processed for hematoxylin and eosin (H&E)
staining.

Statistical analysis. Differences in survival rates on day 20 or 23 after
virus inoculation between the control and antiviral agent-treated groups
were analyzed by Fisher’s exact test. Virus titers, body weights, and cyto-
kine levels on each day were compared with those of the control group and
analyzed by using Dunnett’s multiple comparison method. The efficacy of
peramivir for body weight loss was compared with that of oseltamivir by
Student’s t test. Statistical analysis was performed using the statistical
analysis software program SAS version 9.2 for Windows (SAS Institute,
Cary, NC). P values below 0.05 were considered statistically significant.

RESULTS
In vitro NA inhibition activity of peramivir against
A/H1N1pdm virus. Initially, we examined the sensitivity of NA of
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A/H1N1pdm virus to peramivir and oseltamivir carboxylate in
vitro. The IC50s of peramivir and oseltamivir carboxylate against
NA activity of A/Osaka/129/2009 were 0.67 � 0.04 nM and 0.80 �
0.03 nM (means and standard deviations), respectively. These val-
ues were comparable to previous IC50s for peramivir against NA
activities of other strains of A/H1N1pdm virus of 0.05 to 0.75 nM
and to IC50s of oseltamivir carboxylate of 0.10 to 2.27 nM (6,
8, 27).

Virulence and virus replication of pandemic virus in mice
treated with cyclophosphamide. To evaluate the effects of treat-
ment with CP on the virulence and replication of influenza virus
in mice, we infected both normal and immunosuppressed BALB/c
mice with 102 to 107 TCID50 of H1N1 pandemic virus A/Osaka/
129/2009. This virus showed mild pathogenicity in mice without
immunosuppression(MLD50 and MLD90 [mouse lethal dose: a
dose required to kill 50% or 90% of the mice] � 1.1 � 106 TCID50

and 1.3 � 106 TCID50, respectively), whereas the same virus ex-
hibited high virulence in CP-treated mice (MLD50 	 102 TCID50

and MLD90 � 1.1 � 102 TCID50) (Fig. 1A). These data indicated
that immunosuppression made the hosts more susceptible to the
virus than immunocompetent hosts.

We infected BALB/c mice with 104 TCID50 of A/Osaka/129/
2009 and determined the viral titers in their lungs on days 2, 6, 10,
and 14 p.i. (Fig. 1B). After intranasal inoculation with virus, viral
titers in normal mice reached a maximum level on day 6 p.i. and
then decreased rapidly to an undetectable level. In contrast, in

CP-treated mice, the viral titers remained from day 6 to day 14 p.i.
We also examined the effects of CP on the production of anti-HA
antibodies by the HA inhibition (HI) test. Increases in HI titers in
sera of normal mice were observed on days 10 and 14 p.i., whereas
no HI activity was detected in sera of CP-treated mice (Fig. 1C).
These results indicate that the virus replicated for a longer period
in CP-treated mice than in normal mice due to the lack of anti-HA
antibodies caused by the CP treatment.

We measured the production of inflammatory cytokines and
chemokines in the lungs after infection (Fig. 1D). Levels of IFN-�,
IL-10, IL-12p70, IL-6, and TNF-� secretion were significantly in-
creased on day 6 p.i. in normal mice over those in CP-treated
mice. Significant increases of IL-6, MCP-1, and TNF-� produc-
tion were observed on days 10 and 14 p.i. in CP-treated mice
compared to those in normal mice. These results suggested that
the cytokines and chemokines detected on day 6 p.i. were pro-
duced by cells affected by CP but those detected on days 10 to 14
p.i. were produced by another cell population.

Effects of duration of treatment with peramivir in CP-
treated mice. We evaluated the efficacy of peramivir and oselta-
mivir on the basis of weight changes, survival rates measured for
20 days p.i., and viral titers in lungs. BALB/c mice treated with CP
and infected with A/Osaka/129/2009 (1 � 103 TCID50) were ad-
ministered 40 mg/kg of peramivir intravenously once daily for 1,
5, 10, or 20 days, starting at 1 h post-virus inoculation (Fig. 2). The
40-mg/kg dose of peramivir used in this study was approximately

FIG 1 Effects of cyclophosphamide on survival, replication of influenza virus in lungs, and production of anti-HA antibodies in mice infected with pandemic
influenza virus A/Osaka/129/2009 (A/H1N1pdm). BALB/c mice were treated intraperitoneally with 100 mg/kg of cyclophosphamide on days �1, �3, �7, �11,
�15, and �19 after virus infection. (A) The numbers of live and dead mice were monitored for 21 days. (B) Viral titers in lung samples collected on indicated days
after virus inoculation are indicated as means � SD for three animals. (C) Sera were collected on indicated days after infection. Diluted sera were incubated with
4 HA units of virus antigen for HI tests. HI titers were expressed as reciprocals of the highest dilution that completely inhibited hemagglutination and are
indicated as means � SD for three animals. (D) Levels of cytokine and chemokine production in lungs collected on indicated days were measured by the bead
array assay and are indicated as means � SD for three animals. Levels of IFN-�, IL-10, IL-12p70, IL-6, and TNF-� secretion were significantly increased on day
6 p.i. in normal mice (open circles) compared with those in CP-treated mice (filled circles). Levels of IL-6, MCP-1, and TNF-� secretion on days 10 and 14 p.i.
in CP-treated mice were significantly higher than those in normal mice (�, P 	 0.05: ��, P 	 0.01: ���, P 	 0.001).
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equivalent to the area under the concentration-time curve (AUC)
for the injection of 600 mg of peramivir in humans (unpublished
results). Since 10 mg/kg/day of oseltamivir in mice was equivalent
to the oral administration of 75 mg of oseltamivir in humans (28),
we administered 5 mg of oseltamivir orally twice a day for 20 days
as a comparison. All untreated mice inoculated with A/Osaka/
129/2009 died by day 18 p.i., giving a mean days to death (MDD)
of 16.4 � 1.3 days (Fig. 2A). Survival rates on day 20 of mice

treated with peramivir for 5, 10, and 20 days were 20%, 78% (P 	
0.01), and 90% (P 	 0.001), and their MDD were 18.2 � 2.1,
19.4 � 1.3, and 19.9 � 0.3 days, respectively. On the other hand,
mice treated with oseltamivir phosphate died by day 19, and their
MDDs were 17.9 � 1.0 days (Fig. 2B).

We compared body weight loss on day 13 among the various
groups, since the earliest mortality was observed in the control
group on day 14. The mean weight with standard deviation of the

FIG 2 Therapeutic efficacy of single or repeated administration of peramivir and repeated administration of oseltamivir against A/Osaka/129/2009 (A/
H1N1pdm) in immunosuppressed mice. Eight to ten mice per group were treated with CP as described in the legend for Fig. 1, intranasally infected with 1,000
TCID50 (
10 MLD50), and then administered peramivir intravenously (40 mg/kg/day), oseltamivir orally (10 mg/kg/day), or 0.5% methylcellulose (control)
orally on indicated days. The administration started at 1 h p.i. (A) Comparison of survival rates among peramivir treatments. The survival rate in groups that
received peramivir for 10 days was significantly higher than those in other groups (�, P 	 0.01). (B) Comparison of survival rates between peramivir and
oseltamivir treatments. The survival rate in the group that received peramivir for 20 days was significantly higher than that in the group treated with oseltamivir
or methylcellulose for 20 days (��, P 	 0.001). (C) Body weight changes in infected mice on day 13 p.i. The values are means � SD for 8 to 10 mice. The groups
treated with peramivir for 10 days and 13 days showed significantly less body weight loss than did the control group (���, P 	 0.001). (D) Viral titers in lungs
collected on indicated days after virus inoculation are given as means � SD for three animals. Significant differences were observed in groups treated with
peramivir for 5, 10, and 20 days in comparison with the control group on day 2, days 2 to 10, and days 10 to 14 p.i., respectively. The group administered with
oral oseltamivir showed a reduction in viral titers on day 14 in comparison with the control, but the difference was not statistically significant. (E) Levels of
cytokines/chemokines in lungs from immunosuppressed mice 14 days p.i. were measured by the bead array assay and given as means � SD for three animals. The
levels of MCP-1 production in the groups treated with peramivir for 10 and 14 days (QD�20days) were significantly lower than that in the control group (�, P 	
0.05; ��, P 	 0.01; ���, P 	 0.001).
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control group on day 13 was 79% � 8% of that before infection
(Fig. 2C). The groups treated with peramivir once daily (QD) for
10 days (QD�10 days) and 13 days (mice in group QD�20 days)
showed significantly less reduction of body weight than the con-
trol group (10 days, 97% � 4%; 13 days, 98% � 4%) (P 	 0.0001),
while the group treated with oseltamivir phosphate (twice daily
[BID] for 20 days [BID�20 days]; 83% � 7%) showed decreases
in body weight comparable to those for the control group.

On day 10 p.i., although viral titers in lungs of the groups
treated with peramivir for 10 days were significantly lower than
those in the control group (P 	 0.01) (Fig. 2D), viral titers in mice
injected with peramivir for 5 days increased after discontinuation
of treatment, and the viral titers were comparable to the viral titers
in the control group. On day 14 p.i., a significant reduction of viral
titers was observed in the group treated with peramivir for 14 days
(three mice in group QD�20 days), but no significant difference
was observed in the group treated with peramivir for 10 days
(three mice in group QD�10 days). On day 18 p.i., the reduction
of viral titers was maintained in the group treated with peramivir
for 18 days (three mice in group QD�20 days), although statisti-
cal analysis was not conducted due to a lack of mice in the control
group. We did not observe any obvious signs of drug-related tox-
icity in groups treated repeatedly with 40 mg/kg of peramivir. No
significant reduction in virus titers was observed in the group
treated with oseltamivir compared to findings for the control
group.

The production of inflammatory cytokines and chemokines in
lung homogenates was examined on day 14 p.i. (Fig. 2E). Levels of
MCP-1 production in the groups treated with peramivir for 10
days (QD�10 days) and 14 days (three mice in group QD�20
days) were significantly lower than those of the control group. The
level of IL-6 production in the group treated with peramivir for 14
days (group QD�20 days) was lower than that in the control
group, although the difference was not statistically significant. On
the other hand, there was no significant effect of drugs on TNF-�
production.

We histologically examined inflammation in the lungs of mice
treated with peramivir. Lung tissues collected on day 15 p.i. from
mice infected with the pandemic virus without CP and antiviral
treatment revealed severe focal infiltration of lymphocytes and
neutrophils in the alveoli and thickened alveolar walls (Fig. 3A),
though no virus was detected (Fig. 1B). In immunosuppressed
mice (Fig. 3B to D), lymphocytes were sparse in the alveoli but
lymphoid and neutrophilic infiltration was not apparent in the
alveolar walls. In mice treated with methylcellulose or oseltamivir
(Fig. 3B and D), bronchial metaplasia of alveolar epithelial cells
was observed. However, the mice treated with peramivir showed
no bronchial metaplasia of alveolar epithelial cells in the observed
lung sections (Fig. 3C). Since we found significant effects on viral
titers, body weight, cytokine production, and lung inflammation
in the groups treated with peramivir for more than 10 days con-

FIG 3 Histological analysis of lung tissues. Three mice per group were intranasally infected with 1,000 TCID50 (
10 MLD50) of A/Osaka/129/2009 (A/
H1N1pdm). The mice were treated from 1 h p.i. for 15 days and were autopsied on day 15 p.i. to collect lung tissues. Representative pictures with H&E staining
of each group are shown. (A) Normal infected mice; (B) immunosuppressed and infected mice treated with 0.5% methylcellulose (control); (C) immunosup-
pressed and infected mice treated with peramivir (40 mg/kg/day); (D) immunosuppressed and infected mice treated with oral oseltamivir (10 mg/kg/day).
Arrows indicate metaplasia.
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secutively, the daily regimen was chosen for subsequent assess-
ments.

Effects of 24-, 48-, and 72-h-p.i. delayed treatment with
peramivir in CP-treated mice. We previously showed that early
treatment with a single injection with peramivir reduced virus
titers in immunocompetent animals (32). Therefore, we exam-
ined the effects of late administration of peramivir in CP-treated
mice to estimate the efficacy of peramivir after disease onset in
immunocompromised patients. We started injection of peramivir
at 24 h to 72 h p.i. and continued the treatment for up to 20 days

with observation until day 23. All mice inoculated with A/Osaka/
129/2009 (1 � 103 TCID50) without treatment died by day 18,
giving an MDD of 14.6 � 1.8 days. One of the 10 mice for which
treatment with peramivir was initiated at 24 h p.i. died on day 23
(90% survival; P 	 0.0001 versus results with vehicle) (Fig. 4A).
When peramivir treatment was delayed until 48 and 72 h p.i.,
survival rates were 22% and 20%, yielding MDDs of 20.9 � 2.4
and 21.8 � 1.9 days, respectively (Fig. 4B and C). Therefore, early
treatment with peramivir after infection resulted in a higher sur-
vival rate than late treatment in immunocompromised mice. In

FIG 4 Therapeutic efficacy of repeated administration of peramivir and oseltamivir against A/Osaka/129/2009 (A/H1N1pdm) in immunosuppressed mice. Nine
to ten mice per group were intranasally infected with 1,000 TCID50 (
10 MLD50) and then treated intravenously with peramivir (40 mg/kg/day), orally with
oseltamivir (10 mg/kg/day), or orally with 0.5% methylcellulose (control) for 20 days from 24 h p.i. (A), 48 h p.i. (B), or 72 h p.i. (C). Survival was monitored daily
for 23 days. Treatment periods were indicated with arrows and gray zones. The survival rate of the group that received peramivir for 20 days starting at 24 h was
significantly higher than those of the groups treated with oseltamivir or methylcellulose (���, P 	 0.0001). (D) Body weight changes in infected mice on day 10
p.i. The values are means � SD of 9 to 10 mice. The groups treated with peramivir and oseltamivir from 24, 48, or 72 h p.i. showed significantly less body weight
loss than did the control group (�, P 	 0.01; ��, P 	 0.001; ���, P 	 0.0001). (E) Viral titers for lungs collected on indicated days after virus inoculation are given
as means � SD for three animals. Significant differences were observed in groups treated with peramivir from 24, 48, and 72 h p.i. in comparison with the control
group (�, P 	 0.05; ��, P 	 0.01; ���, P 	 0.001). The group administered oral oseltamivir showed no significant reduction in viral titers in comparison with the
control. (F) Levels of cytokines/chemokines in lungs from immunosuppressed mice 14 days after infection were measured by the bead array assay and are given
as means � SD for three animals. The levels of MCP-1 production in the groups treated with peramivir were significantly lower than that in the control group
(�, P 	 0.05).
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contrast, when oseltamivir treatment was delayed until 24, 48, or
72 h p.i., the groups treated with oseltamivir survived for a longer
period than the control group (MDD, 24 h, 19.6 � 1.5 days; 48 h,
19.2 � 2.8 days; 72 h, 18.7 � 1.9 days) (Fig. 4A to C). However, no
significant difference in survival curves was observed among
groups treated with oseltamivir.

The mean relative weight on day 10, when all mice were alive,
was 82% � 9% in the vehicle-treated group (Fig. 4D). All three
groups treated with peramivir showed significantly less body
weight loss than the vehicle group (24 h, 99% � 3%; 48 h, 102% �
5%; 72 h, 99% � 5%) (P 	 0.0001). Significant decreases in body
weight loss were also observed in the groups treated with oselta-
mivir compared with results for the control (24 h, 95% � 3%; 48
h, 93% � 7%; 72 h, 94% � 5%,) (P 	 0.001 or 0.0001). Compar-
ing the efficacy of peramivir and oseltamivir for body weight loss
for the same starting points of treatment, the groups given
peramivir showed less decrease of body weight than those treated
with oseltamivir (P 	 0.01).

Viral titers in the groups treated with peramivir from 24, 48,
and 72 h p.i. were significantly lower than those in the control
group on days 10 and 14 p.i. (P 	 0.01) (Fig. 4E). On the other
hand, no significant reduction in viral titers was observed in the
groups treated with oseltamivir compared with results for the con-
trol. On day 14 p.i., levels of MCP-1 production in all groups
treated with peramivir until day 14 were significantly lower than
those in the control group (Fig. 4F). On the other hand, there was
no significant effect of both drugs on IL-6 and TNF-� production.

To monitor the emergence of resistant variants during or after
repeated peramivir and oseltamivir phosphate treatment, we con-
ducted an NA inhibition assay and determined NA gene sequences
by using isolated virus obtained from lung homogenates on days
6, 10, 14, and 18 p.i. There were no changes in IC50s of isolates
recovered from 0.5% MC-treated mice. Although viruses isolated
in the groups treated with oseltamivir phosphate showed a similar
IC50 to oseltamivir, the virus isolated on day 18 from one mouse
treated with peramivir for 17 days starting at 1 h p.i. showed a
reduction in susceptibility to peramivir (change in IC50 from 0.67
nM to 17.91 nM, a 26-fold increase in the IC50 compared to that of
the wild-type virus). The isolated virus also showed a reduction in
susceptibility to oseltamivir (from 0.80 nM to 105.13 nM IC50, a
131-fold increase in the IC50 compared to that of the wild-type
virus) and a mutation resulting in an amino acid change at posi-
tion 275 (H to Y) of the NA in the N1 numbering by direct se-
quencing (dominant virus population). The viruses isolated from
samples of other mice (98.8%) treated with peramivir were sus-
ceptible to peramivir.

DISCUSSION

We used an immunosuppressed-mouse model by treatment with
CP to evaluate the efficacy of repeated intravenous injections of
peramivir against A/H1N1pdm virus infection. Treatment with
CP has been reported to induce a reduction in NK cell activity,
inhibition of T and B cell proliferative responses, and decrease in
interferon production and also to enhance susceptibility to viral
infection (22–24). The immunosuppressed-mouse model mim-
icked to some extent immunocompromised human patients, in
whom prolonged viral replication induced progressive illness
(17). In the present study, we found that IFN-�, IL-10, IL-12p70,
IL-6, and TNF-� responses in the lungs of immunosuppressed
mice on day 6 p.i. were lower than those in mice without CP

treatment. However, the levels of IL-6, MCP-1, and TNF-� pro-
duction in the lungs of immunosuppressed mice on days 10 and
14 p.i. were higher than those in mice not given CP treatment (Fig.
1). These results suggested that cytokine and chemokine responses
after viral infection in immunosuppressed mice might be limited
in the early phase of infection because of impaired leukocyte func-
tion and the responses caused by nonlymphoid cells in the later
phase might not be early enough to regulate viral propagation and
cause severe symptoms. Furthermore, we observed metaplasia of
alveolar epithelial cells replaced by bronchiolar-type epithelium in
lungs of immunosuppressed mice on 15 days p.i. without treat-
ment (Fig. 3). This change was thought to be a regenerative change
after severe alveolar injury (29, 30). In the present study, metapla-
sia was observed in immunosuppressed mice without treatment
and with oseltamivir treatment, in which viral titers were higher
than those in mice treated with peramivir (Fig. 2). Therefore, we
thought that histological changes might be one of the criteria for
evaluating the efficacy of antiviral agents.

Our results demonstrated that repeated intravenous injection
of peramivir, starting at 1 h p.i., was effective for the reduction in
viral titers, prevention of death, inhibition of body weight loss,
and amelioration of the mild histological changes in immunosup-
pressed mice infected with A/H1N1pdm virus (Fig. 2). A single
injection or repeated injections for 5 days with peramivir reduced
viral replication for only a short period, and viral titers in these
groups after discontinuation of treatment reached levels similar to
those in the untreated group due to the suppression of immune
responses against influenza virus. However, treatment with
peramivir for 20 days led to a significant reduction in viral titers
during the treatment period and improved survival and body
weight loss. These results suggested that suppression of viral rep-
lication not only in the early phase but also in the late phase during
infection was crucial for ameliorating symptoms in the immuno-
suppressed-mouse model.

When the treatment was initiated at 24 h p.i., treatment with
peramivir for 20 days was more effective for reduction of viral
titers, prevention of death, and inhibition of body weight loss than
treatment with peramivir beginning at 48 h and 72 h p.i. (Fig. 4),
though early oral treatment with peramivir did not improve sur-
vival rates and MDDs of immunocompromised mice compared
with results with delayed initiation of treatments (25). When
treatment with peramivir was initiated at 48 h or 72 h p.i., the
MDDs were longer than that of the vehicle control group but the
differences were not statistically significant for protection from
mortality, despite significant reductions in viral titers and preven-
tion of body weight loss (Fig. 4). These results agreed with those of
a previous study, in which early initiation of treatment with
peramivir intramuscularly was strongly associated with a reduc-
tion of mortality in mice infected with a lethal dose of
A/H1N1pdm virus (6). When repeated treatment with peramivir
was initiated at 24 h p.i., viral titers on days 14 and 18 p.i. were
substantially lower than those of mice treated with peramivir with
starting at 48 h and 72 h p.i. This result suggested that continued
viral replication in the late phase of infection contributed to the
severity of symptoms, including lethality, and that suppression of
viral replication in the late phase of infection was crucial to ame-
liorating symptoms in the immunosuppressed-mouse model.

Intravenous administration of medicines can reliably provide
stable pharmacokinetics in compared to oral administration or
inhalation. After oral administration of a 10-mg/kg dose of osel-
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tamivir phosphate, the AUC and maximum concentration (Cmax)
of oseltamivir carboxylate in plasma of mice were 3.9 �g · h/ml
and 1.2 �g/ml, respectively (31). In contrast, intravenous admin-
istration of a 10-mg/kg dose of peramivir achieved a 16.0-�g ·
h/ml AUC and 44.3 �g/ml C0 (extrapolated plasma concentration
at time 0), which were 4 and 40 times higher than those of 10
mg/kg of oseltamivir phosphate (data not shown). The high con-
centration of peramivir in plasma after injection was thought to be
effective to reduce virus replication in the early phase of infection.
Furthermore, the low AUC and Cmax of oseltamivir carboxylate in
immunosuppressed mice were thought to result in low efficacy in
reduction of A/H1N1pdm virus titers.

After repeated intravenous injection of peramivir at a dose of
40 mg/kg/day for 20 days, we did not observe any obvious signs of
drug-related toxicity in mice. In addition, when peramivir was
administered continuously by intravenous infusion to macaques
at a dose of 720 mg/kg/day for 30 days, no toxic findings were
evident in the clinical observations (32). In a clinical study of
peramivir in high-risk patients, no clear increases in the incidence
of any adverse events were identified as a result of repeated
peramivir dosing for 5 days (21).

Prolonged replication of influenza virus in recipients of anti-
viral agents might be a risk factor in the emergence of drug-resis-
tant variants (14, 16). In the present study, H275Y NA mutant
virus with low susceptibility to peramivir was detected in a mouse
treated with repeated administration of peramivir for 20 days
from 1 h p.i., whereas the mutant virus was not detected in mice
treated for 1, 5, or 10 days with peramivir or for 20 days with
oseltamivir. In addition, no mutant virus was recovered from
mice treated with repeated peramivir for 20 days from 24, 48, and
72 h p.i. These results might be dependent on the strength and
period of selective pressure with antiviral agents, since selective
pressure by host immune responses was minimal in the immuno-
compromised model and peramivir showed tighter binding to
and a slower off-rate from the NA enzymatic catalytic site in vitro
than did oseltamivir carboxylate (33). Indeed, repeated intrave-
nous injection of peramivir for 20 days starting at 1 h p.i. was more
effective for reducing viral titers and preventing death than other
treatment regimens in the immunosuppressed-mouse model. On
the other hand, no significant reduction in viral titers and no
prevention of death was observed in the mice treated with oselta-
mivir for 20 days compared with results for the control, indicating
that the selective pressure of repeated oseltamivir treatment was
not sufficient to suppress viral replication and select mutant virus.

Although the H275Y NA mutant virus detected in a mouse
treated with repeated administration of peramivir showed re-
duced susceptibility to peramivir, the viral titer of H275Y NA
mutant virus was lower than those of other viruses without H275Y
mutation obtained from mice treated with the same regimen of
peramivir (data not shown). In addition, peramivir has been
shown to be effective against an influenza A/WSN/33(H1N1) vi-
rus containing the H275Y NA mutation in a lethal mouse model
when treatment was initiated at 24 h or 48 h p.i., since peak plasma
concentrations of peramivir were higher than the in vitro IC50 of
peramivir against H275Y NA mutants (34). Moreover, a single
intravenous injection of 600 mg of peramivir resulted in a peak
plasma concentration of 34,100 ng/ml in healthy volunteers, and
repeated intravenous peramivir was thought to be effective in pa-
tients infected with influenza virus, including H275Y NA mutants
that prevailed worldwide in the 2008-2009 season at high risk for

complications (21, 35). Therefore, repeated administration of
peramivir might regulate propagation of H275Y mutants even
when they might be detected during the treatment. In the present
study, we demonstrated that repeated intravenous injection of
peramivir had beneficial effects on viral titers and symptoms
in immunosuppressed mice infected with a lethal dose of
A/H1N1pdm virus. Therefore, repeated intravenous injection of
peramivir could be an alternative to oseltamivir for treating im-
munosuppressed patients with severe influenza virus infection.
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