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a b s t r a c t

Cyanovirin-N (CV-N), a protein derived from Nostoc ellipsosporum, neutralizes influenza virus infectivity by
binding to specific high-mannose oligosaccharides (oligomannose-8 and -9) at glycosylation sites on the
viral hemagglutinin HA1 subunit. Mouse-adapted viruses lose sensitivity to CV-N due to HA1 mutations
that eliminate these glycosylation sites. Recently we created a hybrid (reassortant) influenza A/WSN/33
(H1N1) virus containing the HA gene of A/New Caledonia/20/99 (H1N1) with an Asp225Gly mutation in
the HA1, that was lethal to mice yet retained sensitivity to CV-N. We then utilized this model system to
test the efficacy of CV-N against influenza. CV-N efficacy was dose-responsive from 0.0625 to 1 mg/kg/day
when administered intranasally (i.n.) twice daily for 4 days starting 4 h prior to virus exposure. In a
second study, survival benefit was seen with CV-N treatments (0.5 mg/kg/day for 4 days) beginning at
−4 or +6 h, but was significantly reduced at +12 h. The early treatment resulted in up to 100% survival
and 1000-fold reduction in lung virus titer on day 3 of the infection. In contrast, ribavirin (a positive
control—75 mg/kg/day) treatment resulted in 30% survival and 30-fold decrease in lung virus titers. Lung
consolidation scores and lung weights were significantly reduced by CV-N and ribavirin treatment on day

6 of the infection. Ferrets infected with a non-animal adapted influenza A/Charlottesville/31/95 (H1N1)
virus were treated intranasally with CV-N (50 �g twice daily for 5 days starting 24 h before virus challenge).
They exhibited 100-fold lower viral titers in nasal washes than placebos 1 day after treatment, but virus
titers were equivalent on days 2–7. CV-N has the potential for prophylaxis and early initiation of treatment

ns.
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. Introduction

Cyanovirin-N (CV-N) is a 101 amino acid protein derived from
he cyanobacterium Nostoc ellipsosporum. The compound was origi-
ally discovered as an inhibitor of HIV, but was later found to inhibit
ther enveloped viruses such as influenza and Ebola (Boyd et al.,

997; Shenoy et al., 2001; Barrientos et al., 2003; O’Keefe et al.,
003). CV-N binds to envelope glycoproteins on the surface of each
f these viruses. Binding to influenza occurs through high-mannose
ligosaccharides (oligomannose-8 and oligomannose-9) on glyco-
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ylation sites of the viral hemagglutinin HA1 molecule (O’Keefe et
l., 2003). Loss of these glycosylation sites due to mutations leads
o decreases in CV-N binding and antiviral activity (O’Keefe et al.,
003; Smee et al., 2007).

CV-N is a representative member of a class of proteins, termed
arbohydrate-binding agents (CBAs) that inhibit a variety of
nveloped viruses (Balzarini, 2007). CV-N has been investigated
s a microbicidal agent against SIV and HIV in monkeys (Tsai et
l., 2003, 2004). It also demonstrated systemic activity against
bola virus infections following subcutaneous (s.c.) injection in
ice by delaying the time to death, but not preventing mortality

Barrientos et al., 2003). Until this present investigation, treatment
f influenza virus infections in mammals with CV-N has not been

eported. Most investigators use mouse models for assaying anti-
nfluenza virus activities of substances in vivo. However, adaptation
f viruses to become lethal to mice results in mutations that render
he viruses resistant to CV-N (Smee et al., 2007). These mutations
re in the viral hemagglutinin HA gene, and cause the elimination

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:dsmee@cc.usu.edu
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f certain glycosylation sites important for CV-N binding and virus
eutralization. One key mutation is at position 94A (in universal H3
umbering, corresponds to position 87 in H1 subtype) of the HA1
olecule that by itself confers CV-N resistance. Another mutation

hat arises during mouse adaptation is at position 225. We reported
94A mutation and an Asp225Gly mutation that arose during adap-

ation of influenza A/New Caledonia/20/99 (H1N1) virus to mice
Smee et al., 2007). The Asp225Gly substitution is a mutation that
ffects the receptor binding site for the HA1 that appears to aid in
irus adaptation to a new host as previously reported in the context
f the 1918 pandemic influenza virus (Tumpey et al., 2007).

For several years we were faced with the lack of a mouse model
or evaluating the efficacy of CV-N or other carbohydrate-binding
gents in vivo because the mouse-adapted viruses in our possession
ere all resistant to such compounds (O’Keefe et al., 2003; Smee

t al., 2007). The idea was presented to create a hybrid (recombi-
ant) virus using a previously mouse-adapted virus strain with an
ngineered HA gene from another virus. The resulting recombinant
irus contained all but one gene segment of the mouse-adapted
ethal influenza A/WSN/33 (H1N1) virus. The HA gene of A/WSN/33
irus was replaced with the HA gene from A/New Caledonia/20/99
H1N1). In this case the HA gene of A/New Caledonia/20/99 was
enetically altered to contain an Asp225Gly mutation in the HA1
ubunit. The newly created recombinant virus was weakened in
ts virulence compared to wild-type A/WSN/33. It required further
assages in mice to re-establish virulence, suggesting further muta-
ions in regions of the virus that we did not analyze. Surprisingly, the

ouse-adapted recombinant virus retained its sensitivity to inhibi-
ion by CV-N. The HA gene of the mouse-adapted recombinant virus
as sequenced and found to contain no additional mutations other

han the introduced Asp225Gly. Other strains of influenza A (H1N1)
irus that we adapted to kill mice acquired the 94A mutation, which
bolished a glycosylation site but this recombinant virus did not.
his new virus became the tool we needed to evaluate CV-N in mice.

Mice are not the only species that can be used as a small
nimal model for testing compounds against influenza viruses in
ivo. Ferrets are another animal species that is used (Fenton et al.,
977; Mendel et al., 1998; Sidwell and Smee, 2000; Mishin et al.,
005a). Ferrets can be infected with non-animal adapted influenza
iruses. Human influenza viruses will not kill ferrets, and the mod-
rn human A (H1N1) viruses produce only mild disease in these
nimals. Antiviral and vaccine studies with them generally use
irus quantitation from nasal washes to assess antiviral activity.
ther disadvantages with the use of ferrets are cost, their limited
vailability, expense in housing, and amount of compound needed
or testing. Thus, the number of published studies with ferrets is
mall. Cotton rats have also been used in influenza infection studies
Eichelberger, 2007). Cotton rats can be infected with non-animal
dapted virus strains, thus, could be useful for evaluating CBAs.

In this report we examined the utility of CV-N to treat influenza
virus infections in mice and, to a more limited extent, in ferrets.

he results are the first indication that this compound may have
otential application for the treatment of influenza virus infections

n humans.

. Materials and methods

.1. Compounds and viruses

Recombinant CV-N was provided by the Center for Cancer

esearch, National Cancer Institute (NCI), Frederick, MD. It was
urified at NCI by applying the E. coli (strain BL21–DE3, containing
he cyanovirin-N gene from N. ellipsosporum) lysate to a column
f wide-pore C4 packing (Bakerbond prep LC packing) and suc-
essively eluting with 100% H2O, H2O–MeOH (2:1), H2O–MeOH

c
c
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h
e
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1:2), and 100% MeOH. The material that eluted with H2O–MeOH
2:1) was further purified by C18 HPLC using a linear gradient from
0:20 H2O–CH3CN to 60:40 H2O–CH3CN to provide >95% pure CV-
. Purity was assessed by SDS-PAGE, analytical HPLC and LC–MS
nalysis. Production methods were similar to those of Mori et al.
1998). After production the material was stored at −80 ◦C. CV-N
s stable at room temperature for months. However, since bacterial
ontamination might occur when used in mouse studies, the pro-
ein in solution was kept at 4 ◦C between treatments. Verification
f biological activity of recombinant CV-N was performed prior to
se in the influenza virus experiments. Briefly, the anti-HIV activity
nd cytotoxicity of the protein were assessed by a screen measur-
ng the ability of CV-N to prevent the cytotoxicity of HIV against
-lymphoblastic (CEM-SS) cells challenged by HIV-1 (RF strain). The
ecombinant CV-N was also tested for HIV-1 gp120 binding using
direct protein-binding assay. This same batch of CV-N was evalu-
ted later in influenza cell culture studies (Smee et al., 2007) prior
o being used in the present experiments in mice.

Ribavirin, a positive control, was obtained from ICN Pharma-
euticals (Costa Mesa, CA). Although not clinically approved for the
reatment of influenza, ribavirin has often been used as a positive
ontrol in influenza studies in mice. We use it because it is consis-
ently active against a broad number of influenza viruses (Sidwell
t al., 2005). Ribavirin and CV-N were dissolved in sterile saline for
reatment of mice, and sterile saline served as the placebo control.

The hybrid (recombinant) influenza A/WSN/33 (H1N1) virus
ontaining the HA gene of influenza A/New Caledonia/20/99
H1N1) was generated by reverse genetics as described previously
Hoffmann et al., 2000; Mishin et al., 2005b). The Asp225Gly muta-
ion was introduced in the HA gene encoding the HA1 subunit
y PCR based site-directed mutagenesis. The recombinant virus
as designated influenza A/WSN/33 HAnc-Asp225Gly (H1N1). The

irus became lethal after 7 serial passages in the lungs of the
nimals. An aliquot of the virus pool was titrated for lethality
n mice to obtain the proper dose for antiviral studies. A stock
f non-adapted influenza A/Charlottesville/31/95 (H1N1) virus
A/Bayern/7/95-like) was prepared in Madin-Darby canine kid-
ey (MDCK) cells, aliquoted, and stored at −80 ◦C. The 50% cell
ulture infectious virus titers (CCID50 per ml) in the viral stocks
ere determined in MDCK cells. The virus infectious dose 50%

ID50) was assessed in a ferret model as described (Mishin et al.,
005a).

.2. Mouse infection studies

Female BALB/c mice (11–13 g, from Charles River Labs, Wilm-
ngton, MA) were anesthetized with ketamine (100 mg/kg) by
ntraperitoneal (i.p.) injection. They were infected intranasally (i.n.)

ith approximately 1 × 103 cell culture infectious doses (CCID50) of
nfluenza A/WSN/33 HAnc-Asp225Gly (H1N1) virus per mouse in a
0-�l inoculum volume. Treatments with CV-N and ribavirin were
iven twice a day for 4 days by subcutaneous or i.n. route. The s.c.
ose of CV-N was 5 mg/kg/day based upon the dose given to combat
bola virus infections in mice (Barrientos et al., 2003), whereas the
.n. dose varied from 0.0625 to 2 mg/kg/day to cover the non-toxic
ange. Ribavirin was administered at 75 mg/kg/day, which is an
ctive dose in mice by oral route against various strains of influenza
iruses (Sidwell et al., 2005). The i.n. treatments in a 50-�l volume
ere given while the mice were under ketamine anesthesia similar

o what was done for the infection. We found that the i.n. treatments

ould not continue too long into the infection due to the weakening
ondition of the animals, making recovery from anesthesia difficult.
en treated animals per group and 20 placebo control mice were
eld 21 days to observe for death, and were weighed as a group
very other day. An additional 10 animals per group were sacri-
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ced to assess lung infection parameters. Uninfected mice treated
n parallel were weighed daily and served as toxicity controls.

Lung infection parameters were determined on days 3 and 6
f the infection, using groups of 5 mice at each time point. Dis-
ected lungs were assigned a consolidation score ranging from 0
normal appearing) to 4 (100% of lung exhibiting a plum color), and
hen the lungs were weighed and frozen at −80 ◦C until titrated for
irus. Homogenization of each lung was done in 1 ml of cell culture
edium using a stomacher. Samples were serially diluted in 10-

old increments in 96-well plates of MDCK cells. Four wells were
sed per virus dilution. Cytopathic effect induced by the virus was
etermined at 6 days, with virus titers calculated by the method of
eed and Muench (1938). Fifty percent cell culture infectious doses
ere converted to CCID50 per gram of lung tissue.

.3. Ferret model

Young female ferrets (0.5–0.8 kg) seronegative for the influenza
(H1N1) virus (HI titers <1:10) were obtained from Marshall

arms, North Rose, NY. The ferrets were placed two per cage. Food,
ater and plastic toys were provided. Following a 2-day acclima-

ion period, the animals were lightly anesthetized by intramuscular
njection of ketamine (25 mg/kg) and inoculated i.n. with 1 ml
f MDCK-grown, A/Charlottesville/31/95 (H1N1) virus diluted in
hosphate buffered saline (PBS). The challenge dose was approx-

mately 105 CCID50 per ferret (equal to 104 ferret infectious dose
0%) (Mishin et al., 2005a).

To collect nasal washes, the animals were lightly anesthetized
nd 0.5 ml of sterile PBS was inoculated into each nostril. The
xpelled liquid was collected into a centrifuge tube and placed
n ice. The nasal washes were centrifuged and the supernatants
ere used to assess viral titers in MDCK cells. Nasal washes were

ollected daily for 7 days.
CV-N was given at dose 50 �g twice daily (100 �g/day) for 5 days

tarting 1 day before virus challenge. The placebo-treated group
eceived PBS instead of CV-N.

.4. Statistical analysis
Differences in numbers of survivors were determined using the
wo-tailed Fisher exact test. Differences in the mean day to death,
ung consolidation scores, lung weights, and lung virus titers were

ade using the two-tailed Mann–Whitney U-test. Comparisons
ere made between drug-treated and placebo groups.

t
r
o
e
l

able 1
ose-responsive effect of i.n. treatment with CV-N compared to one dose of ribavirin on a

reatmenta Dose (mg/kg/day) Toxicity controls

Survivors/total MDD ± S

V-N 2 0/5 3.8 ±
1 5/5 >21
0.5 4/4 >21
0.25 5/5 >21
0.125 4/4 >21
0.0625 4/4 >21

ibavirin 75 4/4 >21
lacebo – 4/4 >21

ormal controlsd – 10/10 >21

a I.n. treatments were given twice a day for 4 days starting 4 h prior to virus exposure.
b Mean day of death of mice that died prior to day 21.
c Difference between initial weight and weight after final treatment.
d Uninfected, untreated.
** P < 0.01.

*** P < 0.001 compared to placebo-treated controls.
rch 80 (2008) 266–271

. Results

.1. Dose-responsive CV-N treatment of mice

An experiment was conducted to determine safe and effective
oncentrations of CV-N for uninfected mice (Table 1). I.n. treatment
f mice with CV-N at 2 mg/kg/day was overtly toxic, killing all ani-
als. The 1 mg/kg/day dose caused weight loss exceeding that of

he placebo group, as did the ribavirin group, but no animals died
rom these treatments. CV-N doses of 0.0625–0.5 mg/kg/day were
onsidered to be well tolerated. I.n. treatments were stressful since
hey have to be given under anesthesia, thus, even the placebo
roup experienced some weight loss.

Mice infected with the influenza A/WSN/33 HAnc-Asp225Gly
H1N1) virus were treated with doses of CV-N starting 4 h prior to
irus exposure (Table 1). The 2 mg/kg/day dose provided no sig-
ificant protection due to toxicity. Doses of 0.0625–1 mg/kg/day
rovided statistically significant protection from death, with doses
f 0.25–1 mg/kg/day being the most beneficial. The 1 mg/kg/day
ose also caused delays in death of animals that died. Ribavirin
reatment was 70% protective, and significantly delayed death in

ice that died.

.2. Prophylaxis and delayed treatment with CV-N on infections
n mice

Infected mice were treated at varying times with CV-N
0.5 mg/kg/day) by i.n. route (Table 2). Treatments were effective
hen initiated either 4 h pre- or 6 h post-virus exposure (80% and

0% survival, respectively), but not when begun at +12 h. Ribavirin
75 mg/kg/day, initiated at −4 h) was weakly active (30% survival,
ignificant [P < 0.05] by one-tailed but by not two-tailed analysis),
ut greatly extended the time to death in mice that died. In the −4 h
roups, CV-N treatment reduced lung virus titers 1000-fold on day
, and reduced lung consolidation scores and lung weights on day
. Virus titer in the CV-N treated mice rose 40-fold between days
and 6. Ribavirin treatment reduced lung virus titers 30-fold on

ay 3, and caused reductions in lung scores and weights on day 6.
irus titers on day 6 were 4-fold less than in the placebo group, but
he results were not statistically significant. Lung consolidation was
educed by CV-N treatment started at +6 h after infection, but no
ther parameters were significantly reduced. Minimal positive ben-
fit was seen with CV-N treatments started at +12 h. The increase in
ung virus titer in the CV-N group compared to placebo was statis-

lethal influenza A/WSN/33 HAnc-Asp225Gly (H1N1) virus infection in mice

Infected, treated mice

.D.b Mean host wt Changec (g) Survivors/total MDD ± S.D.b

1.0 −2.0 2/10 3.4 ± 0.5***

−1.6 8/10*** 10.0 ± 0.0**

−0.2 10/10*** >21
0.6 9/9*** >21
1.0 4/10** 7.2 ± 3.8
0.4 6/10** 7.0 ± 3.4

−1.4 7/10*** 10.7 ± 0.6**

−0.8 0/20 7.9 ± 0.8

1.0 – –
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Table 2
Effects of i.n. treatment with CV-N and ribavirin on a lethal influenza A/WSN/33 HAnc-Asp225Gly (H1N1) virus infection in mice

Compounda (mg/kg/day) Start timea (h) Survivors/total MDD ± S.D.b Mean lung parameters (day 3) Mean lung parameters (day 6)

Score Weight (mg) Virus titerc Score Weight (mg) Virus titerc

CV-N (0.5) −4 8/10*** 7.5 ± 0.7 0.4 ± 0.2 124 ± 13 4.3 ± 2.2** 0.4 ± 0.2** 134 ± 21* 5.9 ± 1.4
Ribavirin (75) −4 3/10 13.4 ± 2.0*** 0.2 ± 0.3 102 ± 13* 6.0 ± 0.4** 0.1 ± 0.2** 140 ± 12* 5.8 ± 0.6
Placebo −4 1/20 6.8 ± 1.2 0.0 ± 0.0 136 ± 11 7.5 ± 0.4 3.4 ± 0.8 210 ± 46 6.3 ± 0.2

CV-N (0.5) +6 6/10** 6.8 ± 0.5 0.5 ± 0.0 116 ± 15 6.7 ± 1.1 1.7 ± 1.7* 190 ± 59 6.3 ± 0.6
Placebo +6 0/20 6.3 ± 1.7 0.2 ± 0.3 116 ± 5 7.3 ± 0.3 3.7 ± 0.7 266 ± 31 5.8 ± 0.3

CV-N (0.5) +12 2/10 7.5 ± 0.9 0.4 ± 0.2 112 ± 11** 6.5 ± 0.9 2.5 ± 0.9 178 ± 49 6.7 ± 0.2**

Placebo +12 0/20 6.4 ± 0.7 0.3 ± 0.3 136 ± 9 7.1 ± 0.3 3.7 ± 0.4 236 ± 52 5.9 ± 0.3

a I.n. treatments were given twice a day for 4 days starting at the time indicated relative to virus exposure.
b Mean day of death of mice that died prior to day 21 of the infection.
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Replication in a new host (ferret) may result in the loss of CV-N’s
ability to neutralize virus infectivity, as described for mice (Smee
et al., 2007). To investigate this possibility, we tested the virus in
nasal washes collected from the infected ferrets that did not receive
log10 CCID50/g.
* P < 0.05.

** P < 0.01.
*** P < 0.001, compared to placebo-treated controls.

ically significant, but not necessarily indicative that this treatment
nhanced virus infection, due to the positive benefits seen with the
ther treatments.

Mean body weights during the infections are presented in Fig. 1.
V-N treatments starting at −4 or +6 h resulted in minimal weight

oss. CV-N treatments starting 12 h after infection resulted in more
ubstantial weight loss prior to the recovery phase of the two ani-
als that survived. Mice treated with ribavirin lost considerable
eight before the survivors rebounded starting after day 13.

.3. Treatment of infections in mice by s.c. route

Infected mice were treated s.c. with CV-N at a non-toxic dose
f 5 mg/kg/day or with ribavirin at 75 mg/kg/day, twice a day for
days starting 4 h prior to virus exposure. Survival rates were as

ollows: CV-N—10%, ribavirin—100%, and placebo—30% (data not
hown). The lack of efficacy of CV-N by s.c. route suggests failure to
each the lungs in sufficient concentration to be active.

.4. Treatment of ferrets

Ten ferrets were challenged with the influenza A/Charlottesville
H1N1) virus at a high dose of 105 CCID50. CV-N was administered

o six ferrets i.n. starting 24 h before virus exposure. On the day
f virus challenge, the compound was administered i.n. 4 h before
nd 4 h after virus challenge followed by twice daily treatment for
additional days. The remaining four ferrets were used as a con-

rol and received PBS only. In the placebo-treated control group,

ig. 1. Effects of i.n. treatment with CV-N and ribavirin on mean body weights during
lethal influenza A/WSN/33 HAnc-Asp225Gly (H1N1) virus infection in mice. I.n.

reatments (CV-N, 0.5 mg/kg/day; ribavirin, 75 mg/kg/day) were given twice daily for
days starting at the indicated times relative to virus exposure. Initial body weights
f treated mice were 12.1 ± 0.2 g. Note: normal controls are uninfected, untreated
ice.

F
o
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he nasal wash virus titers peaked on day 1 post-infection and
anged from 5.5 log10CCID50/ml to 6.2 log10 CCID50/ml (Fig. 2). On
ay 1 post-infection, the viral titers were lower (ranged from 2.9
o 4.2 log10 CCID50/ml) in the six CV-N-treated ferrets compared to
he placebo-treated animals (P < 0.01). No virus was recovered from
ne of the CV-N-treated ferrets on day 1 post-infection. Thereafter
days 2–7), there was no statistically significant difference in the
iral titers between the placebo- and the CV-N-treated groups (data
ot shown). CV-N was well tolerated and no signs of apparent tox-

city were observed at the dose administered. Proof-of-principal
as obtained from this experiment, although the antiviral effect
bserved was moderate.

.5. CV-N neutralization of virus recovered from ferrets
ig. 2. Effects of i.n. treatment with CV-N on nasal virus titers recovered from ferrets
n day 1 of a non-lethal influenza A/Charlottesville/31/95 (H1N1) virus infection. I.n.
reatments with CV-N (100 �g/animal) or placebo were given twice daily for 7 days
tarting 24 h prior to virus exposure. On the day of infection CV-N was administered
h prior to and 4 h after virus exposure. Mean virus titers are shown by the horizontal
ars. The difference between CV-N-treated and placebo is statistically significant
P < 0.01).
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V-N-treatment. The infectivity of this virus was completely neu-
ralized after 30 min pre-incubation with CV-N (4.5 log10 CCID50/ml
efore pre-incubation with CV-N vs. <1.4 log10 CCID50/ml after pre-

ncubation). These data indicate that the A/Charlottesville/95 virus
etains susceptibility to CV-N following a single passage in ferrets.

. Discussion

In this report we demonstrated that a hybrid (reassortant)
nfluenza A/WSN × A/New Caledonia HA virus was susceptible to
nhibition by CV-N in an mouse model. Inhibition occurred with
rophylaxis and early treatment after infection, but not when treat-
ent initiation was delayed to 12 h post-infection. The hybrid virus

hould be useful for evaluating in vivo other carbohydrate-binding
gents the have a similar binding mode of action for the influenza
irus HA1 molecule.

Activity of CV-N in the mouse model was associated with reduc-
ion in lung virus titers and pneumonitis, as well as with improved
ody weight during the infection. The 1000-fold reduction in virus
iter (compared to placebo) on day 3 of the infection seen with
he −4 h start of treatment was clearly superior to that of rib-
virin (30-fold reduction), and exceeded the degree of inhibition
enerally reported for other antiviral compounds in the scientific
iterature (e.g., Sidwell et al., 2001; Smee et al., 2004). The higher
irus titers observed on day 6 are likely attributed to the ability of
irus to replicate to high titers after cessation of treatment, since
V-N treatments were only given through day 3 of the infection.
V-N treatment may simply have altered the dynamics of influenza
eplication in mice by shifting the timing of the peak viral load from
ay 3 to a later day. In this respect, the antiviral activity of CVN is
ot different from that of the neuraminidase inhibitor oseltamivir
10 mg/kg) used to treat mice lethally infected with A/NWS/33
H1N1) virus (Mendel et al., 1998). Noteworthy, the major outcome
f both studies (the present study and Mendel et al., 1998) is the
lear protective effect seen in the CVN or oseltamivir-treated ani-
als. The reduction of the lung viral titers during the early days of

nfection (Day 3) seems to play a key role in the animals’ survival.
Antiviral activity of CV-N in the mouse model was demonstrated

y i.n. but not s.c. treatments. Because CV-N is a large protein, it may
ot be able to penetrate well into the respiratory tract, making i.n.
or aerosol) treatments obligatory. In contrast, the ability of CV-

to reduce the severity of Ebola virus infection in mice may be
ttributed to the fact that this virus is found in the blood stream
here CV-N can interact with it (Barrientos et al., 2003).

The positive control ribavirin was more protective in the first
Table 1, 70% survival) than in the second experiment (Table 2,
0% survival), although the same experimental conditions were
mployed. The delay in the time to death was long in the sec-
nd experiment, but the treatment was not quite sufficient to keep
hem alive. The placebo-treated animals died 1 day sooner than in
he first experiment, indicating that the group of mice were more
uickly overcome by the infection. These results suggest that rib-
virin at this dose and regimen is borderline in efficacy. Four days
f i.n. treatment with ribavirin was not as effective as seven days
f s.c. treatment that afforded 100% protection from death (Section
.3).

Ferrets are susceptible to un-adapted human influenza viruses
nd develop signs of illness similar to those in humans (Potter et al.,
975; Sweet et al., 1991; Sidwell and Smee, 2000). Several impor-
ant features (e.g., similarity of the receptor structure of the ferret

nd the human respiratory epithelial cell) make a ferret a viable
reclinical model for testing of drug and vaccine candidates (Fenton
t al., 1977; Mendel et al., 1998; Mishin et al., 2005a). The useful-
ess of the ferret model for the assessment of the influenza virus
usceptibility to drug candidates is well recognized. The results of
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ur studies provide proof-of-principal for anti-influenza potential
f CV-N in this animal model.

The observed antiviral effect of CV-N was superior to that
chieved by the treatment of ferrets infected with influenza A
H3N2) virus and treated with oseltamivir, the potent oral NA
nhibitor (less than a 3-fold reduction in the nasal wash virus titers),

hen given at 5 mg/kg twice daily starting 2 h prior to infection
Sweet et al., 2002). In another study, oseltamivir-treatment of fer-
ets with the higher dose (25/mg/kg) was accompanied by a 8-fold
eduction in the nasal wash virus titers (Mendel et al., 1998). Side-
y-side assessment of antiviral potencies of CV-N and NA inhibitors
ould be desirable. CV-N exerted a potent inhibitory effect on the
uman influenza virus replication in the ferret upper respiratory
ract. The i.n. delivery of CV-N (and other drugs) has certain lim-
tations such as insufficient and uneven drug distribution within
he ferret respiratory tract. Therefore, we anticipate that alterna-
ive routes of delivery of the compound could potentially produce
more potent antiviral effect in the ferret model.

A single passage in the ferret did not result in loss of ability of
V-N to neutralize virus recovered from nasal washes. Virus is not
enerally passaged from ferret to ferret to enhance its virulence as is
one with mice, probably due to expense of ferrets. It took multiple
assages in mice to develop virus that was resistant to CV-N, and
he same may apply to ferrets.

In summary, CV-N demonstrated antiviral activity in mice and
errets by i.n. delivery and early initiation of treatment, causing
eductions in mortality and pneumonitis in mice, and nasal virus
iter reductions in ferrets. CV-N lacked activity by the s.c. treat-

ent route in the mouse model, suggesting poor ability to reach
he lungs. CV-N may have potential through the inhalation route
or the prophylaxis or early treatment of influenza virus infections
n humans.
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