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a b s t r a c t

Oseltamivir and peramivir are being considered for combination treatment of serious influenza virus
infections in humans. Both compounds are influenza virus neuraminidase inhibitors, and since peramivir
binds tighter to the enzyme than oseltamivir carboxylate (the active form of oseltamivir), the possi-
bility exists that antagonistic interactions might result when using the two compounds together. To
study this possibility, combination chemotherapy experiments were conducted in vitro and in mice
infected with influenza A/NWS/33 (H1N1) virus. Treatment of infected MDCK cells was performed with
combinations of oseltamivir carboxylate and peramivir at 0.32–100 �M for 3 days, followed by virus
yield determinations. Additive drug interactions with a narrow region of synergy were found using the
MacSynergy method. In a viral neuraminidase assay with combinations of inhibitors at 0.01–10 nM, no
significant antagonistic or synergistic interactions were observed across the range of concentrations.

Infected mice were treated twice daily for 5 days starting 2 h prior to virus challenge using drug doses of
0.05–0.4 mg/kg/day. Consistent and statistically significant increases in the numbers of survivors were
seen when twice daily oral oseltamivir (0.4 mg/kg/day) was combined with twice daily intramuscular
peramivir (0.1 and 0.2 mg/kg/day) compared to single drug treatments. The data demonstrate that com-
binations of oseltamivir and peramivir perform better than suboptimal doses of each compound alone
to treat influenza infections in mice. Treatment with these two compounds should be considered as an

option.

. Introduction

Combinations of antiviral agents are being explored for the
reatment of influenza virus infections as a means to improve effi-
acy and to help suppress the emergence of drug-resistant viruses.
he recent H1N1 pandemic starting in the spring of 2009 (Centers
or Disease Control and Prevention, 2009) highlights the need for
ffective antiviral therapy in a largely naïve population. Three
lasses of anti-influenza virus compounds with different modes of
ction have been identified. They are viral neuraminidase inhibitors
i.e. oseltamivir carboxylate, zanamivir and peramivir), viral M2
hannel blockers (i.e. amantadine and rimantadine), and viral RNA

olymerase inhibitors (i.e. ribavirin, viramidine and T-705 [favipi-
avir]). Amantadine and rimantadine have been rendered largely
neffective due to the high prevalence of resistant viruses in nature
Cheung et al., 2006; Ilyushina et al., 2006; Deyde et al., 2007; Hata

∗ Corresponding author. Tel.: +1 435 797 2897; fax: +1 435 797 3959.
E-mail address: don.smee@usu.edu (D.F. Smee).
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© 2010 Elsevier B.V. All rights reserved.

et al., 2007; Mossad, 2009). After many years of only low preva-
lence of oseltamivir resistance, a transmissible seasonal H1N1 virus
variant carrying the H275Y resistance mutation emerged in 2007
in Europe and spread worldwide until early 2009 (Besselaar et al.,
2008; Dharan et al., 2009; Meijer et al., 2009). This seasonal H1N1
virus disappeared during 2009, concomitantly with the emergence
of the 2009 pandemic H1N1 virus, sensitive to oseltamivir (Wang
et al., 2010). Other drug-resistant virus variants may continue to
emerge in the future, requiring new treatment strategies that may
include combination treatments. Studies have been reported using
combinations of compounds from these different classes either as
double drug (Galabov et al., 2006; Ilyushina et al., 2007, 2008; Smee
et al., 2002, 2009) or, more recently, triple drug (Nguyen et al., 2009,
2010) combinations. Treatment of influenza virus infections with
these combinations has generally resulted in additive to synergistic

interactions.

Because oseltamivir carboxylate and peramivir are both viral
neuraminidase inhibitors, the use of these two agents together
would not be anticipated to produce synergistic interactions. Addi-
tivity would be more likely. Peramivir has a tighter binding affinity

dx.doi.org/10.1016/j.antiviral.2010.07.003
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:don.smee@usu.edu
dx.doi.org/10.1016/j.antiviral.2010.07.003
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o the neuraminidase than oseltamivir carboxylate (Bantia et al.,
006). Oseltamivir and peramivir both bind to the neuraminidase
ctive site. Contributions of active site residues to binding affinity
or both compounds differ slightly, which results in a slightly dif-
erent resistance profile. Compound specific resistance mutations
ave been observed, e.g. E119 V in N2 neuraminidase conferred
esistance to oseltamivir, but not peramivir, whereas E119D con-
erred higher resistance to peramivir (Mishin et al., 2005; Hurt
t al., 2006). Other viral isolates resistant to both inhibitors have
een identified (Gubareva et al., 2001; Memoli et al., 2010; Okomo-
dhiambo et al., 2010). Most importantly, H275Y mutations in N1
euraminidase confer resistance to both oseltamivir and peramivir.

A clear advantage to the use of oseltamivir to treat patients is
ts oral bioavailability (Li et al., 1998). Peramivir is orally active in

ice (Bantia et al., 2001; Sidwell et al., 2001), but proved to be very
oorly absorbable by this route in humans (Barroso et al., 2005;
antia et al., 2006). For this reason, recent studies have focused on
reatment with peramivir by intramuscular injection (Bantia et al.,
006; Boltz et al., 2008; Yun et al., 2008). Intravenous studies with
eramivir in hospitalized patients are underway.

The purpose of the present investigation was to explore whether
he use of oseltamivir combined with peramivir would prove to be
dverse or beneficial in treating influenza virus infections. Studies
ere conducted in vitro and in mice infected with an oseltamivir-

ensitive influenza A (H1N1) virus.

. Materials and methods

.1. Compounds

Oseltamivir carboxylate was kindly provided by Roche, Basel,
witzerland. Oseltamivir phosphate (as Tamiflu® capsules, here
eferred to merely as oseltamivir), the orally active prodrug form
f oseltamivir carboxylate, was purchased from a local pharmacy.
eramivir was provided by Biocryst Pharmaceuticals (Birming-
am, AL). Oseltamivir carboxylate and peramivir were dissolved in
ell culture medium for in vitro studies. Oseltamivir was used for
nimal studies. Because oseltamivir was obtained from pharmaceu-
ical capsules that also contained other ingredients as filler material
esides the drug, the contents of entire capsules minus the shell
ere added to sterile water to make up the highest mg/kg/day dose

f drug for oral administration. Lower doses of oseltamivir were
ade by dilution into sterile water. We recently demonstrated

hat oseltamivir from Tamiflu is as active as the pure ingredient,
seltamivir phosphate (Smee et al., 2010). The mg/kg/day doses
f oseltamivir reported here represent the active form of the drug
75 mg in the capsule), not the prodrug form. Peramivir was pre-
ared in sterile saline for intramuscular (i.m.) treatment of mice.
he i.m. route for peramivir was selected based upon the published
iterature.

.2. Virus

Influenza A/NWS/33 (H1N1) was originally obtained from Ken-
eth Cochran (University of Michigan, Ann Arbor). The virus was
assaged three times in mice and one time in Madin–Darby canine
idney (MDCK) cells (obtained from the American Type Culture Col-
ection, Manassas, VA). The virus pool was pre-titrated in MDCK
ells and in mice prior to performing these studies to determine
ppropriate doses.
.3. Cell culture antiviral studies

Antiviral activities of oseltamivir carboxylate and peramivir
ere determined in confluent cultures of MDCK cells. The assays
earch 88 (2010) 38–44 39

were performed in 96-well microplates infected with approxi-
mately fifty 50% cell culture infectious doses (CCID50) of virus, by
quantifying virus yield after 3 days in culture. The plates of samples
were frozen at −80 ◦C. Medium from two microwells were later
pooled and used to produce samples for titration. Virus yields at
each inhibitor concentration were determined by titration of sam-
ples (in 10-fold dilution increments) on fresh monolayers of MDCK
cells in 96-well microplates by endpoint dilution method (Reed
and Muench, 1938) using four microwells per dilution. Microplates
were examined at 3 and 6 days of infection for the presence or
absence of viral cytopathology. Virus titers were expressed as
log10 CCID50 per 0.1 ml.

2.4. Viral neuraminidase inhibition assay

The effects of compounds on viral neuraminidase activity were
determined using a commercially available kit (NA-Star® Influenza
Neuraminidase Inhibitor Resistance Detection Kit, Applied Biosys-
tems, Foster City, CA) in 96-well solid white microplates following
the Manufacturer’s instructions and as has been reported (Smee et
al., 2010). Compounds in half-log dilution increments were incu-
bated with virus (as the source of neuraminidase). The amount of
influenza A/NWS/33 (H1N1) virus in each microwell was approxi-
mately 500 cell culture infectious doses. Plates were pre-incubated
for 10 min at 37 ◦C prior to addition of chemiluminescent sub-
strate. Following addition of substrate the plates were incubated for
30 min at 37 ◦C. The neuraminidase activity was evaluated using a
Centro LB 960 luminometer (Berthold Technologies, Oak Ridge, TN)
for 0.5 s immediately after addition of NA-Star® accelerator solu-
tion. Percentages of chemiluminescent counts at each compound
concentration were based upon counts normalized to 100% under
untreated conditions.

2.5. Animal experiment design

Female BALB/c mice (18–20 g, Charles River Labs, Wilm-
ington, MA) were anesthetized by i.p. injection of ketamine
(100 mg/kg) followed by intranasal infection with a 50-�l suspen-
sion of influenza virus; the infection inoculation of approximately
104.5 CCID50/mouse equaled three 50% mouse lethal challenge
doses (MLD50). Compounds were administered p.o. (oseltamivir)
by gavage or i.m. (peramivir) twice a day at 12-h intervals for 5 days
starting 2 h before virus challenge. Placebo-treated mice received
both p.o. and i.m. treatments. Ten drug-treated infected mice and
10 placebo-treated controls were observed daily for death through
21 days. Mice that died during the treatment phase were excluded
from the total count. Body weights were determined every other
day.

2.6. Drug combination analysis

Drug–drug interactions were analyzed by the three-
dimensional model of Prichard and Shipman (1990), using the
MacSynergy II software program. Theoretical additive interactions
were calculated from the dose–response curves for each com-
pound used individually. This additive surface was subtracted from
the actual dose–response curve to give regions of non-additive
interactions. These are expressed graphically and also reported
as volumes of synergy or antagonism. The MacSynergy software
automatically calculates volumes of synergy or antagonism for
each three-dimensional plot of data. Synergy plots and volumes

of synergy/antagonism were made at the 95% confidence limit.
Descriptions of synergistic or antagonistic interactions using this
computer model based upon volumes of synergy or antagonism
have been defined for data represented as percentages (Ilyushina
et al., 2008). Briefly, 0–25, 25–50, 50–100, and >100 �m2 unit%
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Table 1
Combination of oseltamivir carboxylate and peramivir against influenza A/NWS/33 (H1N1) virus infections in MDCK cell culture.

Oseltamivir carboxylate (�M) Peramivir (�M)

0 0.32 1.0 3.2 10 32 100

100 0.9 ± 1.0a 0.7 ± 1.0 0.8 ± 1.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
32 2.2 ± 2.0 2.6 ± 2.4 2.2 ± 2.1 1.6 ± 1.8 0.8 ± 1.7 0.0 ± 0.0 0.0 ± 0.0
10 4.2 ± 1.0 4.6 ± 0.9 3.7 ± 0.9 2.6 ± 1.3 0.3 ± 0.6 0.0 ± 0.0 0.0 ± 0.0

3.2 4.5 ± 0.9 4.9 ± 0.9 4.0 ± 0.8 2.8 ± 0.6 1.4 ± 2.1 0.0 ± 0.0 0.0 ± 0.0
1.0 5.3 ± 0.6 4.8 ± 0.8 4.4 ± 0.7 3.9 ± 1.1 1.3 ± 1.8 0.0 ± 0.0 0.0 ± 0.0

6 ± 1.1 3.9 ± 1.4 1.0 ± 1.4 0.0 ± 0.0 0.0 ± 0.0
9 ± 1.0 4.0 ± 1.0 1.5 ± 2.1 0.0 ± 0.0 0.0 ± 0.0
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0.32 5.2 ± 0.7 5.1 ± 0.8 4.
0 5.3 ± 0.6 5.2 ± 0.6 4.

a Values are mean virus titers (log10 CCID50/0.1 ml) ± SD for five independent exp

alculated values in either a positive or negative direction using
acSynergy software are defined as insignificant synergy or

ntagonism (indifference), minor synergy or antagonism, mod-
rate synergy or antagonism, or strong synergy or antagonism,
espectively. Definitions of what is considered weak, moderate,
r strong antagonism or synergism have not been defined in the
ublished literature for logarithmic data (such as viral titers).

.7. Statistical analysis for animal studies

Survival curves comparisons of all groups were analyzed by the
antel-Cox Log-rank test. Pairwise comparisons of differences in

umbers of survivors were made by the two-tailed Fisher’s exact
est. The two-tailed Mann–Whitney U-test made pairwise com-
arisons of the mean day of death. The analysis of survival curves
as made using Prism software, whereas the other tests were per-

ormed using InStat software, both from GraphPad, Inc. (San Diego,
A). Most comparisons were made between placebo and treated
roups, and between combination treatment versus single drug
reatment.

. Results

.1. Antiviral activity in cell culture

Oseltamivir carboxylate and peramivir were evaluated in com-
ination for inhibition of virus yield in MDCK cell cultures using
oses of 0.32–100 �M (Table 1). Oseltamivir carboxylate alone
educed virus yield by 4.4 log10 at 100 �M. Peramivir at 32 and
00 �M reduced virus yield by ≥5 log10 below the detection limit
f the assay. Greater than 10-fold inhibition of virus titer from
xpected was found at three specific conditions, when 10 �M
seltamivir carboxylate was combined with either 3.2 or 10 �M
eramivir, and using the combination of 3.2 �M of each inhibitor.

three-dimensional MacSynergy plot of the data showing values

bove and below expected are shown in Fig. 1. A region of sig-
ificant synergy was evident between 1 and 10 �M oseltamivir
nd 1 and 10 �M peramivir, giving a volume of synergy of 9.1.
region of minor antagonism occurred when 0.32 �M peramivir

able 2
ombinations of oseltamivir carboxylate and peramivir against influenza A/NWS/33 (H1N

Oseltamivir carboxylate (nM) Peramivir (nM)

0 0.01 0.032

10 7 ± 0.3a 6 ± 0.5 6 ± 0.4
3.2 18 ± 1.1 16 ± 1.3 15 ± 0.4
1.0 39 ± 3.5 34 ± 2.8 33 ± 2.4
0.32 65 ± 6.9 58 ± 6.5 55 ± 0.8
0.1 88 ± 6.7 84 ± 4.6 72 ± 4.0
0.032 99 ± 3.7 93 ± 9.1 78 ± 2.8
0.01 103 ± 3.0 95 ± 4.1 79 ± 7.8
0 100 ± 0.0 102 ± 5.1 87 ± 8.3

a Values are percentages of untreated control ± SD for three independent assays.
Fig. 1. Three-dimensional plot of the interaction of oseltamivir carboxylate and
peramivir on influenza A/NWS/33 (H1N1) virus titers produced from MDCK cells.
The MacSynergy plot was derived from the data in Table 1. The synergy or antago-
nism for the various combinations was significant at the 95% confidence limit.

was combined with 3.2–32 �M oseltamivir carboxylate, for a calcu-
lated volume of antagonism of −1.7. The net effect across the entire
surface was a volume of synergy of 7.4.

The degree of synergy exhibited here for these logarithmic data
is similar to that reported for other drug combinations (Nguyen et
al., 2009).

3.2. Viral neuraminidase inhibition studies

The effects of the combination of oseltamivir carboxylate and

peramivir on neuraminidase activity are presented in Table 2. Min-
imal neuraminidase activity was evident in the presence of 10 nM
oseltamivir carboxylate treatment or 1–10 nM peramivir treat-
ment. The majority of the low-dose combinations (0.01–3.2 nM
oseltamivir carboxylate combined with 0.01–0.32 nM peramivir)

1) neuraminidase.

0.1 0.32 1.0 3.2 10

6 ± 0.9 5 ± 1.1 4 ± 0.4 2 ± 0.4 1 ± 0.2
15 ± 1.3 12 ± 1.3 6 ± 0.2 2 ± 0.4 1 ± 0.1
26 ± 2.7 15 ± 1.6 6 ± 0.6 2 ± 0.3 1 ± 0.2
43 ± 4.4 18 ± 1.3 5 ± 0.5 2 ± 0.3 1 ± 0.2
50 ± 3.6 18 ± 1.2 5 ± 0.5 2 ± 0.3 1 ± 0.2
52 ± 7.1 23 ± 4.2 4 ± 1.0 2 ± 0.3 1 ± 0.3
55 ± 6.8 18 ± 2.2 4 ± 0.2 2 ± 0.2 1 ± 0.9
58 ± 6.6 21 ± 2.1 5 ± 0.4 2 ± 0.1 1 ± 0.2
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Fig. 3. Three-dimensional plot of the impact of oseltamivir and peramivir on the
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ig. 2. Three-dimensional plot of the interaction of oseltamivir carboxylate and
eramivir on influenza A/NWS/33 (H1N1) neuraminidase activity. The MacSynergy
lot was derived from the data in Table 2. The synergy or antagonism for the various
ombinations was significant at the 95% confidence limit.

aused greater inhibition than either compound used alone. Higher
oncentrations of each inhibitor used in combination (0.32–10 nM)
aused less inhibition than expected. This was in a region where
eramivir alone was highly inhibitory to enzymatic activity, with
ot much potential for further inhibition by a drug combination.
he three-dimensional MacSynergy plot of the data is shown in
ig. 2. The percentages of increase or decrease for the combinations
ere small. The low-dose combination region had a volume of syn-

rgy of 86 (moderate synergy), whereas the high-dose combination
egion had a volume of antagonism of −65 (moderate antagonism)
or a net effect across the entire surface of 21 (indifference).

.3. Animal chemotherapy experiments

Results of combination treatment of a lethal infection in mice
ith various doses of oseltamivir and peramivir are reported
n Table 3. Oseltamivir alone at 1 mg/kg/day protected 70% of
ice from death, 0.4 and 0.2 mg/kg/day were 10% protective and

ower doses showed no protection. Peramivir alone was 100% pro-
ective at 0.4 and 1 mg/kg/day, 60% protective at 0.2 mg/kg/day,
0% protective at 0.1 mg/kg/day, and not protective at lower

able 3
urvival results for the treatment of an influenza A/NWS/33 (H1N1) virus infection in mic
eramivir and oral treatments with oseltamivir were given twice a day for 5 days starting

Oseltamivir, mg/kg/day Survivors/total (MDDa ± SD)

Peramivir, mg/kg/day

0 0.05 0.1

1 7/10*** (14.1 ± 2.6**) – –
0.4 1/10 (11.0 ± 1.6***) 1/9 (12.0 ± 2.1***) 8/10
0.2 1/10 (9.8 ± 1.1**) 0/10 (10.2 ± 0.6***) 3/9*

0.1 0/10 (9.2 ± 0.6) 0/10 (10.1 ± 0.9***) 0/10
0.05 0/10 (9.2 ± 1.3) 0/10 (10.2 ± 1.0***) 1/10
0 0/20 (8.7 ± 0.5) 0/10 (9.4 ± 0.8*) 1/10

a Mean day of death of mice that died prior to day 21 of the infection.
* P < 0.05, compared to placebo (oseltamivir – 0/peramivir – 0).

** P < 0.01, compared to placebo (oseltamivir – 0/peramivir – 0).
*** P < 0.001, compared to placebo (oseltamivir – 0/peramivir – 0).
� P < 0.05, compared to either compound alone.
� P = 0.0573 (not quite significant), compared to peramivir alone.
number of surviving mice from an influenza A/NWS/33 (H1N1) infection. The Mac-
Synergy plot was derived from the data in Table 3. Two points of synergy and one
point of antagonism were significant at the 95% confidence limit.

doses. The 0.4 mg/kg/day dose of oseltamivir combined with
0.1–0.2 mg/kg/day doses of peramivir resulted in 80 and 100% pro-
tection, respectively. The effect at combination of 0.4 mg/kg/day
oseltamivir plus 0.1 mg/kg/day peramivir (80% protection) sub-
stantially exceeded that observed by the sum of survivors of
either compound alone (20% protection). The 0.2 mg/kg/day dose
of oseltamivir combined with 0.1 or 0.2 mg/kg/day peramivir
was 33 and 80% protective, respectively. The effect of treat-
ment with 0.1 mg/kg/day oseltamivir combined with 0.2 mg/kg/day
peramivir resulted in 70% survival. This was not significantly dif-
ferent from treatment with peramivir alone (60% survival). The
0.05 mg/kg/day dose of oseltamivir combined with 0.2 mg/kg/day
peramivir produced fewer (10%) survivors than 0.2 mg/kg/day
peramivir alone (60%). Although not statistically significant, this
result either reflected a possibility of antagonism, or an outlier due
to dose–effect variability. A MacSynergy plot of the data is shown in
Fig. 3, showing points of synergy (0.4 mg/kg/day oseltamivir plus

0.1 or 0.2 mg/kg/day peramivir) and antagonism (0.05 mg/kg/day
oseltamivir plus 0.2 mg/kg/day peramivir). Volumes of synergy and
antagonism for these results were 134 and −80, respectively, for a
net volume of synergy across the entire surface of 54.

e with combinations of oseltamivir and peramivir. Intramuscular treatments with
2 h prior to virus exposure.

0.2 0.4 1

– – –
*** ,� (13.0 ± 4.2**) 10/10*** 10/10*** –
(16.5 ± 3.1*** ,�) 8/10*** (14.5 ± 2.1**) 10/10*** –
(11.3 ± 2.1***) 7/10*** (12.3 ± 2.3**) 9/10*** (10.0) –
(12.3 ± 3.9**) 1/10� (12.3 ± 1.8***) 10/10*** –
(10.1 ± 1.5**) 6/10*** (10.8 ± 1.5***) 10/10*** 10/10***
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Fig. 4. Effects of combination treatment of an influenza A/NWS/33 (H1N1) virus
infection with oseltamivir (0.4 mg/kg/day) and peramivir (various doses) on mouse
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Fig. 5. Three-dimensional plot of the impact of oseltamivir and peramivir on the
number of surviving mice from an influenza A/NWS/33 (H1N1) virus infection. This
ody weights. Intramuscular treatments with peramivir and p.o. treatments with
seltamivir were given twice a day for 5 days starting 2 h prior to virus exposure.
ody weights accompany the survival data of Table 3.

Mean day of death determinations for the experiment are also
hown in Table 3. The majority of single drug treatments and com-
ination chemotherapy doses significantly increased the mean day
f death compared to the placebo group. Treatment with the drugs
n combination resulted in longer delays in the time to death than
ither compound used alone, although most comparisons were not
tatistically significant.

Oseltamivir treatment alone at 0.4 mg/kg/day did not prevent
evere weight loss (or death) in 90% of the mice during the first
1 days of the infection, and the weight of the lone survivor
emained low through day 21 (Fig. 4). Improvement in body weight
as seen when oseltamivir (0.4 mg/kg/day) was combined with
eramivir (0.1–0.4 mg/kg/day). Combinations using lower doses of
seltamivir combined with peramivir did not provide additional
enefits to body weight (data not shown).

A second animal experiment was conducted to confirm the
oints of synergy (0.4 mg/kg/day of oseltamivir combined with 0.1
nd 0.2 mg/kg/day of peramivir) and the single point of antago-
ism (0.05 mg/kg/day of oseltamivir combined with 0.2 mg/kg/day
f peramivir) shown in Table 3 and Fig. 3. A small number of doses

ere used, but group sizes were increased from 10 (first experi-
ent, Table 3) to 20 mice each to obtain greater statistical power

han in the first study. In this second experiment, treatment with
seltamivir alone at 0.4 mg/kg/day resulted in 45% survival com-
second experiment used large group sizes for greater statistical power. The Mac-
Synergy plot was derived from the data in Table 4. Two points of synergy were
significant at the 95% confidence limit.

pared to 5% in the placebo group (Table 4). This was substantially
higher than observed in the first experiment (10% survival) for this
dose. Treatment with peramivir alone at 0.2 mg/kg/day resulted in
10% survival compared to 5% in the placebo group. This was sub-
stantially lower than observed in the first experiment (60% survival)
for this dose. Treatment results with 0.1 mg/kg/day peramivir were
identical to placebo (5% survival).

Combining 0.4 mg/kg/day of oseltamivir with 0.1 and
0.2 mg/kg/day of peramivir resulted in 80 and 90% survival,
respectively. This level of protection in combination was similar
to that observed in the first experiment (80 and 100% survival,
respectively). Fig. 5 is a MacSynergy plot of the results of the second
animal experiment. The volume of synergy for this second exper-
iment was 81, and there was no antagonism. The 0.05 mg/kg/day
dose of oseltamivir alone was not different from placebo, similar
to the result from the first experiment. When 0.05 mg/kg/day of
oseltamivir was combined with peramivir (0.1 and 0.2 mg/kg/day),
protection was identical to peramivir alone at these doses, thus
no antagonism occurred. The prior study of peramivir alone at
0.2 mg/kg/day gave 60% protection (Table 3), compared to 10%
protection (Table 4). Thus, there was variability in survival at this
dose from one study to the next. Treatment with 0.4 mg/kg/day
oseltamivir either alone or combined with peramivir significantly
increased the mean day of death for mice that died (Table 4).
Improvements in body weight for combination treatment were
moderate compared to single drug treatments (data not shown).

Toxicity evaluations for drug combinations in uninfected mice
were not performed in conjunction with the infection studies. The
doses used were quite low, and the survival and body weight data
for the infection studies support the conclusion that these two
agents used together at the highest combined doses were not toxic
to the animals.

4. Discussion
The primary assumption that was made when beginning this
research was that the combination of these two neuraminidase
inhibitors, oseltamivir and peramivir, would lead to additive
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Table 4
Survival results for the combination treatment of an influenza A (H1N1) virus infection in mice using oseltamivir and peramivir at selected doses.

Compound (mg/kg/day) Survivors/total (MDDa ± SD)

Peramivir (0) Peramivir (0.1) Peramivir (0.2)

Oseltamivir (0.4) 9/20** (7.9 ± 1.1*) 16/20*** ,� (8.3 ± 0.5**) 18/20*** ,�� (9.0 ± 0.0)
Oseltamivir (0.05) 1/20 (6.4 ± 0.9) 1/20 (7.2 ± 0.8) 2/20 (7.8 ± 1.3*)
Oseltamivir (0) 1/20 (7.1 ± 0.5) 1/20 (7.0 ± 0.8) 2/20 (7.5 ± 0.9)

a Mean day of death ± SD of mice during the infection period of 21 days.
* P < 0.05, compared to placebo.
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** P < 0.01, compared to placebo.
*** P < 0.001, compared to placebo.
� P < 0.05, compared to oseltamivir alone.

�� P < 0.01, compared to oseltamivir alone.

ffects. This was based upon combining two compounds with
he same mode of action. Synergy is generally expected for com-
ounds having different modes of antiviral action. Because of the
ighter binding of peramivir to the neuraminidase (Bantia et al.,
006), antagonistic interactions were also possible at specific ratios
f the two compounds. To test these possibilities, we performed
irus infection studies in cell culture, viral neuraminidase inhi-
ition assays, and infections with influenza A (H1N1) virus in
ice. Overall, the results showed additive to synergistic interac-

ions when oseltamivir carboxylate and peramivir were combined.
he small region of antagonism reported for the neuraminidase
ssay occurred where enzymatic activity was highly inhibited by
eramivir alone, and the effect appeared inconsequential in terms
f overall enzyme inhibition.

In cell culture assays, a narrow region of additivity to syn-
rgy occurred with two points depicted as antagonistic (Fig. 1).
ariability in virus titer at each data point for this assay was
igh (Table 1), which suggests a cautious interpretation of the
ata. The two points of antagonism may merely be due to bio-

ogical variability. Conservatively, it is concluded that interactions
etween peramivir and oseltamivir in vitro were overall additive.
seltamivir and peramivir are not particularly active in cell cul-

ure against this strain of virus, as has been previously reported
Smee et al., 2001, 2010), even though they are potent inhibitors
f the specific viral neuraminidase (Bantia et al., 2006; Smee et al.,
010). The low potency of the inhibitor in cell culture is an arti-
act of replication of the virus in MDCK cells, where the binding
f viral hemagglutinin to the cells is undoubtedly weak, reduc-
ng the need for viral neuraminidase activity in the cell culture
ystem.

The viral neuraminidase assay had much less variability than
he virus yield reduction assay. Less than 10% increase or decrease
rom expected was seen for the various combinations. Interaction
as therefore overall indifferent. Importantly, combinations of the

nhibitors did not produce antagonism.
Two independent combination studies were performed in mice

nder comparable infection and treatment conditions. Both ani-
al studies demonstrated that a combination of oseltamivir and

eramivir at suboptimal dose for each could result in overall effec-
ive protection from death. Oseltamivir dosed orally twice daily
t 0.4 mg/kg/day alone protected 10 and 45% of mice respectively
n the two studies. Peramivir dosed intramuscularly twice daily at
.2 mg/kg/day alone protected 60 and 10% of mice respectively in
he two studies. In combination, 100 and 90% of mice were pro-
ected. Therefore, despite apparent variability in efficacy at the
uboptimal doses, the high protective effect in combination was
eproducible. The first study also produced a result indicative of

ntagonism, when 0.05 mg/kg/day oseltamivir was combined with
.2 mg/kg/day peramivir. This combination only protected 10% of
nimals from death, although oseltamivir alone was identical to
lacebo and peramivir alone at this dose protected 60% of ani-
als from death in the same experiment. The second experiment
using 2-fold larger groups failed to demonstrate this antagonism.
In this experiment, 0.05 mg/kg/day oseltamivir remained identical
to placebo, whereas 0.2 mg/kg/day peramivir only protected 10% of
animals from death and the combination also protected 10%. These
results are consistent with higher variability at suboptimal doses.
Variability in survival at particular low doses may shift mortality in
one direction or another to skew results and conclusions. Thus, the
repeated study was essential to gain a clearer picture of the drug
interactions. Importantly, higher doses of both compounds have
demonstrated ability to completely protect mice from death in this
model (Smee et al., 2010). These experiments support the use of
oseltamivir and peramivir in combination to treat serious human
infections.

Besides providing added protection to mice in terms of mor-
bidity (weight loss) and mortality during the infection when
treated with suboptimal doses of the compounds, there is also
the possibility that treatment with peramivir and oseltamivir in
combination might delay the emergence of drug-resistant viruses.
This is because the overall exposure to neuraminidase inhibitor
may be higher in combination and not all oseltamivir-resistant
viruses are cross-resistant to peramivir (Mishin et al., 2005; Hurt
et al., 2006), although some are, especially H1N1-H275Y viruses
(Gubareva et al., 2001; Memoli et al., 2010). Cell culture stud-
ies showing inhibition of virus with drug combinations support
the premise that combination chemotherapy will suppress the
emergence of drug resistance (Ilyushina et al., 2006), although com-
binations of oseltamivir carboxylate and peramivir were not tested
in their studies. Resistance development to either oseltamivir or
peramivir was not assessed in the combination study described
here.

In summary, these experiments demonstrated that combina-
tion treatment of influenza A (H1N1) virus infections in vitro
and in mice with oseltamivir (or oseltamivir carboxylate) and
peramivir did not lead to antagonism. Instead, particular dosage
combinations produced additive to synergistic responses. The
data suggest that treating humans with the combination may be
beneficial.
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