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Various fluorodeoxyribonucleosides were evaluated for their antiviral activities against influenza virus
infections in vitro and in vivo. Among the most potent inhibitors was 2’-deoxy-2’-fluorocytidine (2'-FdC).
It inhibited various strains of low and highly pathogenic avian influenza H5N1 viruses, pandemic H1N1
viruses, an oseltamivir-resistant pandemic HIN1 virus, and seasonal influenza viruses (H3N2, H1N1, influ-
enza B) in MDCK cells, with the 90% inhibitory concentrations ranging from 0.13 to 4.6 M, as determined
by a virus yield reduction assay. 2'-FdC was then tested for efficacy in BALB/c mice infected with a lethal
dose of highly pathogenic influenza A/Vietnam/1203/2004 H5N1 virus. 2'FdC (60 mg/kg/d) administered
intraperitoneally (i.p.) twice a day beginning 24 h after virus exposure significantly promoted survival
(80% survival) of infected mice (p = 0.0001). Equally efficacious were the treatment regimens in which mice
were treated with 2’-FdC at 30 or 60 mg/kg/day (bid X 8) beginning 24 h before virus exposure. At these
doses, 70-80% of the mice were protected from death due to virus infection (p = 0.0005, p = 0.0001; respec-
tively). The lungs harvested from treated mice at day four of the infection displayed little surface pathology
or histopathology, lung weights were lower, and the 60 mg/kg dose reduced lung virus titers, although not
significantly compared to the placebo controls. All doses were well tolerated in uninfected mice. 2’-FdC
could also be administered as late as 72 h post virus exposure and still significantly protect 60% mice from
the lethal effects of the H5N1 virus infection (p = 0.019). Other fluorodeoxyribonucleosides tested in the
H5N1 mouse model, 2’-deoxy-5-fluorocytidine and 2’-deoxy-2’,2’-difluorocytidine, were very toxic at
higher doses and not inhibitory at lower doses. Finally, 2’-FdC, which was active in the H5N1 mouse model,
was also active ina pandemic H1N1 influenza A infection model in mice. When given at 30 mg/kg/d (bid X 5)
beginning 24 h before virus exposure), 2'-FdC also significantly enhanced survival of HIN1-infected mice
(50%, p = 0.038) similar to the results obtained in the H5N1 infection model using a similar dosing regimen
(50%, p < 0.05). Given the demonstrated in vitro and in vivo inhibition of avian influenza virus replication,
2'FdC may qualify as a lead compound for the development of agents treating influenza virus infections.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Usually, “avian influenza virus” refers to influenza A viruses
causing severe, epidemic infections in birds, although the severe

The impact of influenza infection is felt globally each year causing
apparent disease in approximately 20% of the world’s population
(Moscona, 2005). Human influenza causes a variety of infections
ranging from acute lower respiratory disease that can culminate in
acute respiratory distress syndrome (ARDS) to a mild, self-limiting
febrile illness (http://www.cdc.gov/flu/avian/gen-info/facts.htm).
Seasonal influenza A and pandemic HI1N1 influenza A viruses have
the potential to cause pandemic disease that periodically has been
associated with high mortality rates. In addition, there is great con-
cern that highly pathogenic avian influenza H5N1 viruses that infect
and cause inordinate amount of lethal disease in humans could
evolve to pose a pandemic risk (Kwon et al., 2011).
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and lethal infections with these viruses can occur in humans.
The risk of infection for humans from these highly pathogenic
avian influenza viruses is generally low because the viruses
are not readily transmissable to humans from birds or from in-
fected to uninfected humans (Kwon et al.,, 2011). However, the
virus can be very lethal in humans with mortality rates
approaching 50% (http://www.who.int/csr/disease/avian_influ-
enza/country/en/), thus making this a virus of extreme concern.
The H5N1 viruses are endemic in Asia and have spread into
Europe and America (http://www.who.int/csr/disease/avian_influ
enza/country/en/). Human H5N1 influenza infection was first
recognized in 1997 when this virus infected 18 people in Hong
Kong, causing six deaths (Centers for Disease Control and Pre-
vention, 1997, 1998a-c; Claas et al, 1998; Suarez et al,
1998). Almost all cases of avian influenza infection in humans
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have resulted from contact with infected chickens or ducks or
surfaces contaminated with secretion/excretions from infected
birds (http://www.cdc.gov/flu/avian/gen-info/facts.htm). Up to
16 March 2011, more than 534 human H5N1 cases have been
diagnosed around the world and more than half of those in-
fected have died as a result of the virus (http://www.who.int/
csr/disease/avian_influenza/country/en/). The Centers for Disease
Control and Prevention (CDC) anticipate that there will be more
cases, more hospitalizations and more deaths associated with
this virus because the population has little to no effective pro-
tective immunity against these virus strains (http://
www.cdc.gov/flu/avian/gen-info/facts.htm).

Although vaccination is the primary strategy for the prevention
of influenza infections, vaccines are ineffective against rapidly
emerging mutant viral antigens (Verity et al.,, in press). Vaccine
production by current methods cannot be carried out with the
speed required to halt the progress of a new influenza virus strain
(Hayden, 2004), although recently some experimental H5N1 and
H1N1 pandemic influenza virus vaccine candidates have been
rapidly developed using synthetic DNA approaches, including
site-directed mutagenesis of DNA encoding related virus strains,
and rapid generation of virus using synthetic DNA cloned into plas-
mid vectors (Verity et al.,, in press). In addition, vaccines that are
specific for newly arising strains require several months of prepa-
ration, and although the development of a vaccine against H5N1
influenza has been under way for a number of years, none is yet
approved for use in the United States (http://www.cdc.gov/flu/
avian/gen-info/facts.htm). Efforts have been intensified in recent
years to understand pathogenesis of influenza infections and to
develop antiviral therapies to treat seasonal, pandemic as well as
H5N1 influenza disease.

There are four anti-influenza drugs approved for use in the Uni-
ted States. The M2 ion channel inhibitors amantadine and rimanta-
dine and the influenza virus neuraminidase (NA) inhibitors
oseltamivir and zanamivir (Preziosi, 2011). Some studies have indi-
cated that many of the avian influenza H5N1 viruses are resistant
to both amantadine and rimantadine (Trampuz et al., 2004), with
the viruses having an M gene containing mutations associated with
this resistance (Puthavathana et al., 2005). Oseltamivir (Tamiflu) is
a widely used, effective treatment for all strains of influenza. In
addition, i.v.-administered peramivir has been approved by the
United States Food and Drug Administration for emergency use
(Hernandez et al., 2011). It is orally administered to directly target
the site of infection, the respiratory tract. However, of the existing
antiviral drugs, only oseltamivir and zanamivir seem to inhibit the
avian H5N1 viruses, although the inhibition in some cases is mod-
est and there is the concern of development of resistance if these
two drugs were routinely used to treat H5N1 infections (Govork-
ova et al., 2001; Leneva et al., 2000; Naughtin et al., 2011). There-
fore, there is a great need to develop easily synthesizable,
alternative potent anti-influenza drugs to combat human disease
caused by highly pathogenic avian influenza H5N1 viruses (HPAIV)
and to address the potential need to treat newly emerging drug-
resistant strains of influenza viruses (Aoki et al., 2007; Thorlund
et al,, 2011; Ujike et al., 2011). In this regard, a promising experi-
mental anti-influenza drug, favipiravir (6-fluoro-3-hydroxy-2-pyr-
azinecarboxamide, T-705) has been shown to inhibit a variety of
influenza viruses, including HPAIV (Furuta et al., 2002; Sidwell
et al., 2007).

The antiviral effects of 2’-deoxy-2’-fluorocytidine (2'FdC) were
first reported for the herpes virus, pseudorabies virus and equine
abortion virus (Wohlrab et al., 1985). Bajramovic et al. reported
that 2’-fluoro-2’-deoxycytidine exhibited potent antiviral activity
against Borna disease virus (BDV) (Bajramovic et al., 2004). Stuyver
et al. demonstrated that 2'FdC is a potent inhibitor of the hepatitis
C virus RNA replicon in Huh-7 cells (Stuyver et al., 2004). They sug-

gested that 2'FAC was shown to affect both a viral target and a
cellular target. On the other hand, Skoog et al. first reported that
2’-azido-2'-deoxycytidine is an inhibitor of DNA replication in
mammalian cells (Skoog et al., 1977). Bjursell et al. further con-
firmed that 2’-azido-2’-deoxycytidine blocked the initiation of
polyoma virus DNA synthesis (Bjursell et al., 1977). It also has been
previously reported that 2’-azido-2’-deoxycytidine inhibited HIV
(Bianchi et al., 1994; Giacca et al., 1996). In addition, 5-fluoro-2’-
deoxycytidine was found to inhibit thymidine kinase-deficient
(TK-) mutant strains of herpes simplex virus (HSV) (De Clercq
et al., 1987).

2’-Fluororibosides have also specifically been investigated as
potential antiviral agents. A series of 2’-fluororibosides were eval-
uated for anti-influenza activity in cell culture and in a mouse
pneumonia model (Tisdale et al., 1993; Tuttle et al., 1993). Many
were found to be inhibitors of influenza A. Of the compounds
tested in MDCK cells, 2’-deoxy-2'-fluoroguanosine and 2’-deoxy-
2'-fluorocytosine were the most potent inhibitors of influenza
virus replication with ECsq values of 18.2 and 2.6 M, respectively.
2’-Deoxy-2’-fluoroguanosine was a more potent inhibitor of influ-
enza virus replication in chicken embryo fibroblasts and both com-
pounds were found to be equally inhibitory for influenza virus
replication in human tracheal cultures. 2’-Deoxy-2'-fluoroguano-
sine was found to be broad-spectrum in vitro inhibitor of influenza
viruses, inhibiting influenza AH1N1, H2N2, H3N2, and influenza B
viruses nearly equally. 2’-Deoxy-2'-fluoroguanosine was found to
selectively inhibit the influenza transcriptase complex and was less
inhibitory to transcriptase complexes isolated from 2’-deoxy-2’-
fluoroguanosine partially resistant influenza virus (Tisdale et al.,
1995) In another study, it was shown that the differences of
in vitro anti-influenza virus activity of twenty purine fluororibonu-
cleosides was based on the amount of nucleoside triphosphates of
each compound that was generated in MDCK cells and CEF cells
(Tuttle et al., 1993). In vivo, 2'-deoxy-2'-fluoroguanosine (40
mg/kg) delivered orally at 0.5, 4 and 20 h after virus exposure
was shown to reduce lung virus titers at 24 after treatment more
effectively than amantadine or ribavirin and to protect 50% of mice
from death when administered subcutaneously twice a day for
5 days beginning 4 h prior to exposure to virus (Tisdale et al.,
1993). In that same study, 2'FdC had in vitro activity, but did not
reduce virus lung titers in the mouse model at 24-48 h post virus
exposure. In ferrets, 2’'-deoxy-2'-fluoroguanosine at 20 mg/kg gi-
ven 1 h after virus exposure reduced virus replication in the lungs,
amelioration of fever, and nasal inflammation (Jakeman et al.,
1994). Thus,
2'-fluororibosides may warrant further evaluation of influenza
virus inhibition in vitro and in vivo, especially against highly path-
ogenic avian influenza A viruses such as the H5N1 strains.

In the current study, we tested the effects of fluorocytidine ana-
logs for inhibition of highly pathogenic avian influenza H5N1
viruses as well as other influenza viruses in vitro. Several inhibitory
analogs were then tested for efficacy in BALB/c mice infected with
a lethal dose of the highly pathogenic influenza A/Vietnam/1203/
2004 H5N1 virus or with a pandemic H1N1 virus.

2. Materials and methods
2.1. Viruses and cells

Influenza A/Vietnam/1203/2004 (H5N1), A/Thailand/2(Kan-1)/
16/2004 (H5N1), A/Hong Kong/213/2003 (H5N1), and A/CA/04/09
(H1N1) viruses were obtained from the CDC (Atlanta, GA). Influ-
enza A/Hong Kong/213/2003 (H5N1), A/Gull/PA/4175/83 (H5NT1),
and A/Duck/MN/1525/81 (H5N1) viruses were provided by
Dr. Robert G. Webster, St. Jude Children’s Research Hospital (Mem-
phis, TN). Influenza A/Hong Kong/213/2003 x Ann Arbor/6/60
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strain (A/Hong Kong/213/2003H) and A/Vietnam/1203/04 x Ann
Arbor/6/60 (A/Vietnam/1203/04H) hybrid viruses were also used
(George Kemble, Medlmmune Vaccines, Inc., Mountain View, CA).
These latter viruses are attenuated hybrid viruses expressing the
A/Vietnam/1203/2004 or A/Hong Kong/213/2003 hemagglutinin
(HA) and NA proteins, but with a replication core from the cold-
adapted Ann Arbor HINT1 virus, which contains the PB1, PB2, PA,
NP, M, and NS gene segments of the latter virus generated by the
use of reverse genetics. The HA gene was genetically modified to
remove the stretch of basic amino acids connecting the HA1 and
HA2 domains of HA, as described by Suguitan et al. (2006). A/Influ-
enza A/Sydney/05/97 (H3N2), A/Brisbane/10/2007 (H3N2), influ-
enza A/CA/07/2009 (H1NT1) viruses and A/Hong Kong/2369/2009
(H1IN1) virus with the NA 274Y mutation for oseltamivir resistance
were from CDC (Chen et al., 2009). The influenza B viruses, B/
Malaysia/2506/2004 and B/Florida/4/2006, were received from
CDC. All the viruses used in cell culture experiments were passaged
through Madin-Darby canine kidney (MDCK) cells (American Type
Culture Collection, Manassas, VA) at least once to prepare pools.
The pools were then titrated in MDCK cells before use. The cells
were grown in MEM containing 5% fetal bovine serum (Thermo
Fisher Scientific Inc., Logan, UT) and 0.18% sodium bicarbonate
with no antibiotics in a 5% CO, incubator. Viral propagation and as-
says were done in MDCK cells in MEM, 0.18% sodium bicarbonate,
10 units of trypsin/ml, and 1.0 pg EDTA/ml.

A novel mouse adapted HIN1 strain was originally obtained
from Elena Govorkova (St. Jude Children’s Research Hospital, Mem-
phis, TN). It has been designated as influenza A/CA/04/09 pandemic
H1N1 virus (SJ#175190) and was adapted to mice by Natalia A. Ily-
ushina (St. Jude Children’s Research Hospital, Memphis, TN). The
influenza A/CA/04/09 strain used in this study was first passaged
in MDCK cells and then grown in embryonated chicken eggs. It
was adapted to mice by nine sequential passages through mouse
lungs. The virus from the last lung passage was then plaque puri-
fied in MDCK cells and amplified in embryonated chicken eggs.
The virus was amplified in MDCK cells to prepare stocks for mouse
studies. Mice were exposed to 3 LDso (10°3° PFU) of virus by the
intranasal (i.n.) route.

2.2. Test compounds

Ribavirin was provided by Z. Hong of Valeant Pharmaceuticals,
Inc. (Costa Mesa, CA). Oseltamivir was purchased from a local phar-
macy. 2-Fluoro-2’-deoxyadenosine, 2’-deoxy-2’-fluorouridine,
2'-deoxy-2'-fluoroguanosine, 2’-azido-2’-deoxyctidine-5'-tripho-
sphate, 2’-deoxy-5-fluorocytidine, and 2’-deoxy-2’-fluorocytosine
were tested in this study. 2'FdC was obtained from ChemGenes
Corporation (Wilmington, MA 01877) and from Carbosynth Ltd.
(Compton, Berkshire, RG20 6NE, UK). 2’-Deoxy-2’-fluorouridine
and 2'-deoxy-2'-fluoroguanosine were from Carbosynth Ltd. (Comp-
ton, Berkshire, RG20 6NE, UK). 2'-Azido-2’-deoxyctidine-5'-tripho-
sphate was provided by TriLink BioTechnologies (San Francisco,
CA). 2’-Fluoro-2'-adenosine and 2’-deoxy-5-fluorocytidine were ob-
tained from Sigma-Aldrich (St. Louis, MO). See Fig. 1 for structures.
All preparations used for in vivo animal studies were suspended in
0.4% carboxymethyl cellulose (CMC) or solubilized in physiologi-
cally sterile saline (PSS), and stored at 4 °C until they were used. Test
compounds were dissolved in dimethyl sulfoxide (DMSO) for in vitro
studies and diluted 1:100 in MEM for efficacy testing.

2.3. In vitro antiviral evaluations

Antiviral activity was determined in vitro by the following
methods: inhibition of virus-induced cytopathic effect (CPE), as
determined by visual (microscopic) examination of the cells;
increases in the uptake of the vital dye neutral red into cells (NR

assay); and virus yield reduction (VYR assay). These methods have
been described previously (Smee et al., 2001). Cytopathic effect
observations measure virus effects on cell morphology, which
may or may not reflect physiological changes in the cell induced
by virus infection. Neutral red is a vital dye, which stains function-
ing lysosomes and thus reflects the over all physiological status of
the cell, and virus yield reduction assay measures the effects of a
compound on the amount of virus released from a cell. Thus, one
could expect a compound may have profound effect on one of
the parameters measured, but not one of the other parameters
measured that are described above. Eight one-half log;o concentra-
tions of the test compounds were evaluated in triplicate wells con-
taining influenza virus-MDCK cells. Standard placebo-treated virus
controls, toxicity controls, and normal-medium controls were
included in all assays. In vitro assays were done in MDCK cells
grown in MEM supplemented with 0.18% sodium bicarbonate with
10 units of trypsin/ml, 1.0 pg EDTA/ml, and 50 pig gentamicin/ml
added for the antiviral assays. All assays were incubated at 37 °C.
CPE inhibition data were expressed as the 50% inhibitory (viral
CPE-inhibitory) concentration (ICsg); the 50% cytotoxic (cell-
inhibitory) concentration (CCso); and the selectivity index (SI),
which was determined as CCso/ICsq.

The neutral red (NR) uptake assay was performed as described
(Kumaki et al., 2011). Briefly, medium was removed from each well
of a plate, 0.011% neutral red (NR) was added to each well of the
plate, and the plate was incubated for 2 h at 37 °C in the dark.
The neutral red (NR) solution was removed from the wells, the
wells were rinsed and any remaining dye was extracted using
Sorenson’s citrate buffered ethanol. Absorbances at 540/405 nm
were read with a microplate reader (Opsys MR™, Dynex Technol-
ogies, Chantilly, VA). Absorbance values were expressed as per-
centages of untreated controls and ICsg, CCsq, and SI values were
calculated as described above.

The titers of infectious virus produced from supernatant fluids
of infected cells from antiviral CPE inhibition assays were deter-
mined as previously described (Smee et al., 2001). After scoring
the CPE in each test well of a plate, each plate was frozen at
—80 °C and then thawed. Sample wells for one compound concen-
tration tested were pooled and titered in MDCK cells for infectious
virus by CPE assay. A total of eight test concentrations for each
compound tested were titered for virus production. The virus yield
reduction ICgg value for each compound was determined by linear
regression analysis and was defined as the concentration that
inhibited the virus yield from cell supernatants by a factor of
one-logo (ICgp) and was used to confirm the results of the CPE
inhibition/NR uptake assays.

2.4. Animals

Specific pathogen-free female 14-18 g BALB/c mice were
obtained from Charles River Laboratories (Wilmington, MA) for
this study. They were maintained on Wayne Lab Blox and fed with
standard mouse chow and tap water ad libitum. The BALB/c mice
were quarantined for 24 h prior to use. The highly pathogenic
avian influenza H5N1 virus animal studies were carried out in a
certified bio-safety level 3+ animal facility. Animal procedures
complied with the guidelines set forth by USDA and the Utah State
University Institutional Animal Care and Use Committee.

2.5. Animal experimental design

Many highly pathogenic H5N1 avian influenza A viruses readily
infect mice without adaptation and often cause lethal disease in
these animals (Gubareva et al., 1998; Hatta et al., 2007; Lu et al.,
1999). A number of parameters can be used to monitor influenza
virus infections in mice with some of the more common measures
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including mean time to death, arterial oxygen saturation decline,
lung pathology scores, lung weights, change in host weights, lung
virus titers, and histopathological changes in the lung (Sidwell
and Smee, 2000).

Female BALB/c mice were anesthetized with a 0.1 ml intraperi-
toneal (i.p.) injection of 50 mg/kg of Ketamine® and influenza
A/Vietnam/1203/2004 H5N1 virus (5 PFU=1 LD90) or A/CA/04/
09 H1N1 virus (10** PFU = 3 LD50) was administered intranasally
(i.n.) in a volume of 0.05 ml. Groups of 10 mice were administered
varying concentrations of 2'FdC per os (p.o.) or i.p. twice a day for
8 days (bid X 8) beginning 24 h before virus exposure. Ribavirin
(75 mg/kg/d), when used a positive control drug, was also admin-
istered p.o. or i.p. 24 h before virus exposure, depending on the
experiment. Other fluorocytidine compounds were only adminis-
tered by the i.p. route. Fifteen mice were either treated p.o. with
water or 0.4% CMC or i.p. with PSS or 0.4% CMC 24 h prior to virus
exposure and then twice a day for 8 days. Mice in these two groups
represented the placebo controls. Animal deaths were recorded for
up to 21 days post virus exposure. Avian influenza virus-inoculated
and mock-infected mice were weighed every day and clinical signs
were observed. Weight loss was determined in all infected and
uninfected groups of mice. Animals that lost greater than 30% of
their initial body weight were humanely euthanized by CO,
asphyxiation, and the day of euthanization was designated as the
day of death due to infection. For certain experiments, five mice
from each group were sacrificed on day 4 after virus exposure. Each
mouse lung was collected and homogenized for virus titer determi-

nation. The samples were assayed in triplicate in MDCK cells by
cytopathic effect assay, and the 50% cell culture infectious dose val-
ues calculated. Parameters for determining the effects of treatment
included the prevention of death through 21 days, inhibition of
lung consolidation (lung score and lung weight), and lessening of
lung virus titers. Toxicity controls, consisting of three mice for each
compound concentration tested, were evaluated daily for weight
loss and adverse events such as ruffling of fur, lethargy, paralysis,
incontinence, repetitive circular motion, and aggression.

2.6. Compound toxicity determination

For the fluorocytidines tested for efficacy in mice, a dose range
finding experiment was usually done to determine the maximum
tolerated concentration. Five mice were used per treatment group;
with weights taken prior to the start of treatment, and the animals
were observed for overt signs of toxicity and death for 21 days.
Adverse events for which observations were made included ruf-
fling of fur, lethargy, paralysis, incontinence, repetitive circular
motion, and aggression. Mice were also weighed every day from
24 h prior to virus infection to day 21 post virus exposure.
Untreated controls were also included in each study and evaluated
for healthiness as described above.

2.7. Lung score/lung weight determinations

Lungs were scored based on surface appearance (gross pathol-
ogy, hemorrhage) of lungs. Lungs were assigned a score ranging
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from O to 4, with 0 indicating that the lungs looked normal and 4
denoting that the entire surface area of the lung was inflamed
and showed plum colored lung discoloration (Sidwell et al., 1995).

2.8. Lung virus titer determinations

Lung virus titers were analyzed from mice sacrificed on day 4
post virus exposure. A lobe from each mouse lung was homoge-
nized and the tissue fragments were allowed to settle. The various
dilutions of the supernatant fluids were assayed in triplicate for
infectious virus in MDCK cells by CPE assay, as described previ-
ously (Sidwell et al., 2001). The titers (CCIDsq values) were calcu-
lated using the Reed and Muench (1938) method.

2.9. Statistical analysis

Mice were weighed in groups prior to treatment and then every
day thereafter to determine the average weight change for all ani-
mals in each treatment group. Weights were expressed as group
averages for each day and evaluated for statistical significance by
the two-way analysis of variance. Differences between two treat-
ment groups were analyzed for significance by Bonferroni’s pair-
wise comparison tests (Jaccard et al.,, 1984). Survival analyses
were analyzed using the Kaplan-Meier graphical method and a
Logrank test (Lee and Wang, 2003). When significant differences
among the treatment groups were observed, pairwise comparisons
of survivor curves (placebo versus any treatment) were analyzed
by the Gehan-Breslow-Wilcoxon test (GraphPad Prism® for MAC
v5), and the relative significance was adjusted to a Bonferroni-
corrected significance threshold for the number of treatment com-
parisons done (Bland, 2000). Hazard ratios, which compare how
rapidly groups of treated mice die relative to untreated control
groups of mice, were determined by the Mantel-Haenszel tests
as part of the survival analysis program used above (GraphPad
Prism® for MAC v5). Mean day of death (deaths caused by disease)
was calculated and analyzed by the Kruskal-Wallis test followed
by Dunn’s posttest for evaluating the significant pairwise compar-
isons (Dunnett and Tamhane, 1992). Live numbers per total mice in
a group differences were evaluated by contingency table analysis.
Significant differences in lung weights and lung virus titers were
detected by ANOVA. Subsequent pairwise comparisons were made
by Newman-Keuls posttests. Significant differences in lung scores
were determined by Kruskal-Wallis test followed by Dunn’s
pairwise comparison posttests.

3. Results
3.1. Effects of 2’FdC on H5N1 avian influenza virus infection in vitro

We first examined the effect of 2'FdC and 2’-deoxy-5-fluorocyti-
dine (5’-FdC) (Fig. 1), two of the compounds shown to inhibit other
RNA viruses, for inhibition of replication of various avian H5N1
influenza viruses in MDCK cells at 37 °C. 2’-FdC most potently
inhibited the Hong Kong/213/2003 (H5N1) virus with ICsq values
of 0.05 uM by visual assay with an ICsq value of 0.27 puM by neutral
red uptake assay (Table 1). This activity was confirmed by virus
yield reduction assay; ICgo=1.54 pM. 2’-FdC also inhibited the
A/Thailand/2(Kan-1)/16/2004 in a similar fashion (NR ICso = 0.16,
NR ICs0=0.72, VYR ICgo = 0.69). This inhibition was independent
of cell cytotoxicity; the SI values for this compound ranged from
251-1954. However, the A Vietnam/1203/2004 virus was some-
what less sensitive to inhibition with ICsq values=8.0 and
0.9 UM by visual and NR assays and an ICgp = 2.9 pM.

5-FdC also potently and selectively inhibited the A/Vietnam/
1203/2004 virus with an ICso value of 0.19 uM by visual assay

and 0.09 uM by neutral red uptake assay. SI values ranged from
>535 to >1100. This inhibitory activity was confirmed by virus
yield reduction assays with an ICgy calculated to be equal to
0.13 pM. However, the other two viruses from clade 1 were com-
pletely insensitive to inhibition by this compound. These observa-
tions were seen in three different experiments.

3.2. Effects of other fluororibonucleosides and 2'-azido-2'-deoxyctidine
-5'-triphosphate on H5N1 avian influenza virus replication in vitro

We further examined the effects of other fluorodeoxyribonucle-
osides for inhibition of H5N1 influenza virus replication to see how
important the nucleoside was for inhibiting virus replication (Table
2). 2'-Azido-2'-deoxyctidine-5'-triphosphate (Fig. 1) was also eval-
uated to see if the azide group contributed significantly to the anti-
viral effect seen previously and because 4’ azidocytidine analogs
have been shown to inhibit Hepatitis C virus (Smith et al., 2009).
The Hong Kong/213/2003 and Vietnam/1203/2004 viruses were
modestly inhibited by 2’-deoxy-2’'-fluoroguanosine (Fig. 1) with
ICsp values ranging from 8.5 to 21 uM, but this activity was only
slightly selective for virus inhibition when tested up to a concen-
tration of 100 uM. The Thailand/2/(KAN1)/16/2004 virus was not
inhibited by the compound. 2-Deoxy-2'-fluoroadenosine (Fig. 1)
and 2’-deoxy-2'-fluorouridine (Fig. 1) essentially did not inhibit
any of the H5N1 viruses. 2'-Azido-2'-deoxyctidine-5'-triphosphate
exhibited the same strain specific inhibition that was demon-
strated for 5'-FdC; it only inhibited the A/Vietnam1203/2004 virus
and not the other two strains. We assume that in order to enter
cells, 2’-azido-2'-deoxycytidine-5'-triphosphate will dephosphory-
late and become 2’-azido-2’-deoxycytidine. The triphosphate form
was the only source of this compound that we found commercially
available. This inhibition of the A/Vietnam/1203/2004 strain was
very potent with ICsg values averaging from 0.05 puM for the three
visual assays done to 0.09 uM for the three neutral red uptake
assays that were performed. The activity was very selective with
SI values ranging from >2030 to >2045.

3.3. Effects of 2'FdC on other influenza viruses in vitro

From the data previously presented, it appears that 2’-FdC con-
sistently inhibited all viruses tested. Thus, further experiments
were done to describe the spectrum of virus inhibition by this com-
pound. To determine the broad spectrum anti-influenza activity of
2'-FdC, the in vitro sensitivity of two hybrid strains of influenza
expressing H5N1 NA from an HIN1 backbone, A/Hong Kong/213/
2003H (H5N1) and Vietnam/1203/2004H (H5N1), two low patho-
genic avian influenza H5N1 strains, A/Duck/MN/1525/81 and
A/Gull/PA/4175/83H, two H3N2 viruses A/Sydney/05/97 and
A/Brisbane/10/2007, two strains of 2009 H1N1 viruses (A/CA/07/
2009 and A/Hong Kong/2369/2009 (oseltamivir resistant, H275Y
mutation), and two strains of influenza B Malaysia/2506/2004
and Florida /4/2004 virus were evaluated in CPE inhibition assays,
in neutral red (NR) uptake assays, and in virus yield reduction as-
says (Table 3). In addition, the difluoro analog of 2’-FdC approved
for cancer therapy (Sai and Saito, 2011), gemcitabine, was also
evaluated for virus inhibition. All viruses tested were potently sen-
sitive (ICsp <15 puM) to inhibition by 2’-deoxy-2’-fluorocytidine.
Among the viruses tested, the A/Duck/MN/1525/81(H5N1) strain
was sensitive to inhibition by 2’-FdC with ICsy values equal to
0.25 and 0.21 puM by visual and NR assay, respectively (Table 3).
The broad-spectrum inhibition activity of influenza viruses by
2'FdC also translated into a strong reduction in virus yield for al-
most all the viruses. ICqq values ranged from 0.69 uM for the Thai-
land/2(Kan1)/16/2004 H5N1 strain (Table 1) to 7.3 uM for the B/
Malaysia/2506/2004 strain (Table 3). The ICgy values for the
H3N2 and H1NT1 viruses tested were in the range of 4.6-6.8 uM
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Table 1
Effects of 2’-deoxyfluorocytidines on the replication of highly pathogenic avian H5N1 influenza A viruses in MDCK cells.
Virus Compound Visual Assay Neutral Red Uptake Assay VYR Assay*®
(T CCso" sid ICso CCso St 1Coo°
Vietnam/1203/2004 2'-Deoxy-2'-fluorocytidine 8.0+£104 >100+0 >36 +28.0 09+1.2 82+31.2 196 +137.2 29
2'-Deoxy-5-fluorocytidine 0.19 £0.03 >100+0 >535+78 0.09 £0.1 >100+0 >1100 £ 0.0 0.13
Thailand/2(Kan1)/16/2004  2’-Deoxy-2’-fluorocytidine 0.16+0.04 >100%0 >676 + 204 0.72+0.51 >100+0 >251 £ 249 0.69
2'-Deoxy-5-fluorocytidine >100+0 >1000 0+0 >100+0 >1000 0+0 >100
Hong Kong/213/2003 2'-Deoxy-2'-fluorocytidine 0.05+0.01 >100+0  >1954+553 027+0.14 >100%0 >447 £ 216 1.54
2'-Deoxy-5-fluorocytidine >100+0 >100+0 0+0 >100+0 >100£0 0+0 >100
Values for CPE and NR assays represent the arithmetic means of three independent experiments. VYR assays were done one time.
2 Virus yield reduction assay.
b 1Cs0: 50% virus inhibitory concentration.
€ CCso: 50% cell cytotoxic concentration of drug.
d Selective index: Visual and neutral red (NR) SI = CCs/ICso.
€ ICgp: 90% virus inhibitory concentration (1log;o drop in virus titer).
Table 2
Effects of other cytidine analogs (}tM) on the replication of highly pathogenic avian H5N1 influenza A viruses in MDCK cells.
Virus Compound Visual Assay Neutral Red Uptake Assay
1Cs0? CCso SI¢ ICso CCsp SI
Vietnam/1203/2004 2'-Deoxy-2'-fluoroadenosine >100 >100 0 >100 >100 0
2'-Deoxy-2'-fluoroguanosine 21 >100 >4.8 8.6 >100 >12
2'-Deoxy-2’-fluorouridine >100 >100 0 >100 >100 0
2'-lodo-2’-deoxycytidine >100 >100 0 >100 >100 0
2'-Azido-2’-deoxycytidine’ 0.05 £0.01¢ >100+0 >2045 + 248 0.09 + 0.09 >100+0 >2030 + 1347
Thailand/2(Kan1)/16/2004 2'-Deoxy-2’-fluoroadenosine >100 >100 0 >100 >100 0
2'-Deoxy-2'-fluoroguanosine >100 >100 0 31 >100 >3.2
2'-Deoxy-2'-fluorouridine >100 >100 0 62 >100 >1.6
2'-lodo-2'-deoxycytidine >100 >100 0 >100 >100 0
2'-Azido-2'-deoxycytidine >100 +0¢ >100+0 0+0 >100+0 >100+0 0+0
Hong Kong/213/2003 2'-Deoxy-2’-fluoroadenosine >100 >100 0 >100 >100 0
2'-Deoxy-2'-fluoroguanosine 8.5 >100 >12 17 >100 >5.9
2'-Deoxy-2’-fluorouridine 32 >100 >3.1 32 >100 >3.1
2'-lodo-2’'-deoxycytidine >100 >100 0 >100 >100 0
2'-Azido-2'-deoxycytidine >100 +0¢ >100+0 0+0 >100+0 >100+0 0+0

Values for CPE and NR assays are arithmetic means of three independent experiments.

@ ICs0: 50% virus inhibitory concentration.

b CCs0: 50% cell cytotoxic concentration of drug.

€ Selective index (SI = CCso/ICs0; virus titer).

4 5'_Triphosphate derivative; assay was done three times.

and for the hybrid HIN1 viruses expressing the H5N1 HA and NA
proteins, 2.9-5.1 M.

Gemcitabine (2'-deoxy-2',2'-difluorocytidine, Fig. 1) also pote-
ntly inhibited all the virus strains tested. ICso values ranged from
<0.032 uM (A/Hong Kong/213/2003H and B/Malaysia/2506/2004)
to 0.21 puM (A/Gull/PA//4175/83) by visual assay and from
<0.032 M (A/Vietnam/1203/2004) to 1.2 pM (A/Sydney/05/97) by
NR assay. In some assays, some toxicity was detected with CCsg val-
ues ranging from 2.1 to 530 uM by visual assay and from 1.1 to
280 uM by neutral up take assay. Nevertheless, the inhibitory activ-
ity for most viruses was overall very selective when cytotoxicity was
not a factor with SI values ranging from 5.6 to >3100. The activity
discovered by visual and neutral red assays was confirmed by virus
yield reduction assays with ICqg values ranging from 0.03 to 2.1 puM.

3.4. In vivo efficacy evaluation of 2'FdC against A/Vietnam/1203/2004
H5N1

Initial evaluation of 2'FdC efficacy in a mouse model was carried
out by infecting groups of 10 mice i.n. with a 100% lethal dose of
highly pathogenic influenza A H5N1 virus infection. This was done
by anesthetizing the mice by i.p. injection of ketamine (100/mg/kg)
and instilling 50 pl of 10*> CCIDso/ml virus into the nares. The mice
were then treated p.o. or i.p. with a total of 0.3, 3.0, and 30 mg/kg

of 2’'FdC per day twice a day for 8 days or with 75 mg/kg/day of
ribavirin twice a day for 8 days beginning 24 h before virus expo-
sure. As controls, 15 infected mice were treated p.o. with water
or i.p. with PSS in parallel with 2’-deoxy-2’-fluorocytidine. Of the
placebo-treated mice receiving the calculated LDgy dose 90% died
as expected (Fig. 2A, p.o. administration and 2A, i.p. administra-
tion). H5N1 influenza virus-infected mice treated with any dose
of 2'-FdC by the per os route of administration were not protected
from mortality due to the virus infection (Fig. 2A), although ribavi-
rin treatment delivered per os at 75 mg/kg/d did significantly pro-
tect mice from death (p <0.01). This lack of protection against
death in mice treated with 2’-FdC by the per os route correlated
with the data showing that the per os delivered 2’-FdC treatments
did not ameliorate weight loss either (Fig. 2B). On the other hand,
ribavirin-treated mice, the majority of which survived the effects
of the virus infection, lost much less weight. In contrast to the data
from mice treated by the p.o. route, H5N1 virus-infected mice trea-
ted with 2’-FdC at 30 mg/kg/day or ribavirin at 75 mg/kg/d by the
i.p. route were partially, but significantly protected from death
compared to infected mice receiving the placebo by the i.p. route
(Fig. 3A, p <0.05). The protection from death was also significant
for mice treated with ribavirin by the p.o. route (p <0.01). Mice
receiving these treatments did lose less weight than mice treated
with placebo (Fig. 3A). Surviving mice, including those receiving
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Table 3
Effects of 2’-deoxy-2'-fluorocytidine and 2’-deoxy-2',2'-difluorocytidine on the replication of influenza viruses in MDCK cells.
Influenza Virus Virus Subtype Compound (pM) Visual Assay Neutral Red Uptake Assay VYR Assay?
1C50° CCso¢ SI ICso CCso sI 1Coo®
HIN1 A/CA[07/2009 2'-Deoxy-2'-fluorocytidine 3.2 >100 >31 4.1 >100 >24 4.6
2'-Deoxy-2',2'-difluorocytidine 0.18 2.1 11.7 0.16 1.1 6.9 0.13
HIN1 A/Hong Kong/2369/2009R!  2'-Deoxy-2'-fluorocytidine 2.1 >100  >48 7.8 >100 >12.8 6.3
2'-Deoxy-2',2'-difluorocytidine 0.05 >100 >200 0.054 >100 >1900 0.03
H3N2 A//Sydney/05/97 2'-Deoxy-2'-fluorocytidine 0.59 >100 >170 2.5 >100 >40 6.7
2'-Deoxy-2’,2'-difluorocytidine 0.18 12 67 1.2 6.8 5.7 1.6
H3N2 A/Brisbane/10/2007 2'-Deoxy-2'-fluorocytidine 1.0 >100 >100 14 >100 >7.1 6.8
2'-Deoxy-2',2'-difluorocytidine 0.13 5.6 43 0.16 13 8.1 0.14
HIN1 X A/Hong Kong/213/2003H 2'-Deoxy-2'-fluorocytidine 13 >100 >77 7.2 >100 >14 5.1
H5N18 2'-Deoxy-2',2'-difluorocytidine <0.032 >100 >3100 0.065 >100 >1538 0.04
HIN1 X A/Vietnam/1203/2004H 2'-Deoxy-2'-fluorocytidine 21 >100 >48 3.4 >100 >29 2.9
H5N1 2'-Deoxy-2',2'-difluorocytidine <0.32 320 >1000 <0.32 160 >500 0.32
H5N1 A/Vietnam/1203/2004 2'-Deoxy-2'-fluorocytidine 1.4 >100 >71 <0.032 26 >81 1.2
2'-Deoxy-2’,2'-difluorocytidine <0.032 >100 >3100 <0.032 >100 >3100 0.03
H5N1 A/Gull/PA/4175/83 2'-Deoxy-2'-fluorocytidine 0.91 >100 >110 1.1 >100 >91 6.1
2'-Deoxy-2',2'-difluorocytidine 0.21 >100 >480 0.27 >100 370 0.13
H5N1 A/Duck/MN/1525/81 2'-Deoxy-2'-fluorocytidine 0.25 >100 >400 0.21 >100 >480 5.9
2'-Deoxy-2’,2'-difluorocytidine <0.32 530 >1700 <0.32 280 >880 0.25
B Malaysia/2506/2004 2'-Deoxy-2'-fluorocytidine 1.9 >100 >53 4.1 >100 >24 7.3
2'-Deoxy-2’,2'-difluorocytidine <0.032 >100 >3100 0.068 >100 >1500 0.11
B Florida/4/2006 2'-Deoxy-2'-fluorocytidine 1.0 >100 >100 1.4 >100 >71 2.1
2'-Deoxy-2’,2'-difluorocytidine <0.32 440 >1400 <0.32 140 >440 1.7

Values for CPE and NR assays are arithmetic means of three independent experiments. VYR assays were done one time.

2 Virus yield reduction assay.

ICs0: 50% virus inhibitory concentration.

CCso: 50% cell cytotoxic concentration of drug.

Selective index: visual and neutral red (NR) SI = CCs/ICsp.

ICgp: 90% virus inhibitory concentration (1log;o drop in virus titer).
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' R = oseltamivir resistant; A/Ann Arbor/6/60 HI1N1 virus expressing hemagglutinin and neuraminidase from A/Vietnam/1203/2004 H5N1 virus.
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Fig. 2. Effects of 2'FdC administered per os on survival and weight change of female BALB/c mice infected with a lethal dose of avian influenza A/Vietnam/1203/2004 H5N1
virus. (A) Survival of infected BALB/c mice treated with PSS (@), 2'FdC at 30 (M), 3.0 (a), 0.3 (¥) mg/kg/day, or ribavirin at 75 mg/kg/day (#) twice a day for 8 days (bid X 8).
**p < 0.01, ribavirin versus PSS. (A) Survival of infected BALB/c mice treated with PSS (@), 2'FAC at 30 (M), 3.0 (a), 0.3 (¥) mg/kg/day, or ribavirin at 75 mg/kg/day (¢) (bid X 8),
beginning -24 h relative to virus exposure. **p < 0.01, ribavirin versus water. (B) Weight change through day 13 in Infected BALB/c mice treated with PSS (@), 2'FdC at 30 (M),
3.0 (a), 0.3 (¥) mg/kg/day, or ribavirin at 75 mg/kg/day (¢) (bid X 8), beginning —24 h relative to virus exposure.

ribavirin or 2’FdC went onto gain weight by the end of the exper-
iment that was nearly equal to the original body weight recorded
at the initiation of the study (Fig. 3B).

3.5. In vivo efficacy of higher dose 2'FdC against influenza A/Vietnam/
1203/2004 H5N1 virus

In a follow-up study, mice were administered a higher dose of
2’-FdC (60 mg/kg), using the same i.p. treatment regimen described
previously. As shown before, the 30 mg/kg dose significantly pro-
tected mice against death, with 70% of the treated mice surviving
in this experiment (Fig. 4), which was similarly efficacious as com-
pared to the 60 mg/kg dose, suggesting that the maximal protec-
tive effect was achieved at the 30 mg/kg dose.

80% of the mice survived the infection when treated with 60 mg/
kg/d of 2’-FdC. At this higher dose little toxicity was observed with
the exception of a tendency of a little more weight loss (data not

shown). Virus lung titers at day 4 post infection were somewhat
lower in mice receiving the 60 mg/kg/d treatment compared to
the mice receiving placebo or the 30 mg/kg/2’-FdC (Table 4),
although this difference was not statistically significant. Ribavirin
treatment resulted in a significant reduction of almost
1000-fold in virus titer (p < 0.01) compared to the lung virus titers
from placebo-treated mice. The gross pathology was very mild at
day 4 in all mice, yet there was some lessening of lung weights (pre-
sumably a reflection of less lung edema) in mice treated with 2’-FdC
at 60 mg/kg/d and a significant reduction in lung weights for mice
treated with 30mg/kg/d 2’-FAC or ribavirin at 75 mg/kg/d
(p<0.05 and p < 0.01, respectively). Microscopic inspection of lung
tissue (day 4 after virus exposure) after histological staining re-
vealed little or no pathogenesis, as would be expected early in this
infection even though peak virus lung titers were attained at this
time of the infection (Sidwell et al., 2005). In a subsequent experi-
ment, it was found that there were no additional benefits of treating
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Fig. 3. Effects of 2’FdC administered i.p. on survival and weight change of female BALB/c mice infected with a lethal dose of avian influenza A/Vietnam/1203/2004 H5N1 virus.
(A) Survival of infected BALB/c mice treated with PSS (@), 2'FdC at 30 (M), 3.0 (a), 0.3 (¥) mg/kg/day, or ribavirin at 75 mg/kg/day (#) (bid X 8), beginning —24 h relative to
virus exposure. *p < 0.05, 2’-FdC (30 mg/kg) or ribavirin versus PSS. (B) Weight change through day 14 in Infected BALB/c mice treated with PSS (@), 2’FdC at 30 (W), 3.0 (a),
0.3 (V) mg/kg/day, or ribavirin at 75 mg/kg/day (bid X 8), beginning —24 h relative to virus exposure.
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Fig. 4. Evaluation of higher dose of 2'FdC for efficacy against a highly pathogenic
influenza H5N1 virus infection in BALB/c mice. Vehicle placebo, 2’'-deoxy-2'-
fluorocytidine, or ribavirin were administered intraperitoneally. Experimental
groups, n=10; placebo group, n=15. 0.4% CMC (@), 2’-FdC at 60 (H). 30 (A) or
ribavirin at 75 mg/kg/day (O) (bid X 8), beginning —24 h relative to virus exposure.
**p =0.0014, 2'-FdC (60 mg/kg); **p =0.0016, 2’-FdC (30 mg/kg -24), **p = 0.0013
(ribavirin, 75 mg/kg/d).

with 80 mg/kg/d of 2'-FdC; on the contrary that dose was detrimen-
tal to weight recovery by the mice and only 40% of mice survived
the infection (data not shown). Thus, the 60 mg/kg/d dose of
2'-FdC given bid X 8 was the most effective dosing regimen in pro-
tecting mice against death due to virus infection and appeared to be
the maximum tolerated effective dose.

3.6. Effects of frequency of dosing with 2'FdC on survival of BALB/c
mice infected with influenza A/Vietnam/1203/2004 H5N1 virus

The next experiment was to determine if efficacy could be
achieved with less frequent or more frequent dosing with 2’-FdC.

Table 4

Groups of 10 mice were administered 2’-FdC i.p. at 60 or 30 mg/
kg/day i.p. for 8 days (bid, tid or qd X 8) beginning at 24 h before
virus exposure. In addition, some mice were treated with 60 mg/
kg/d of 2’-FdC i.p. bid X 8 beginning at various times post virus
exposure. For this experiment, 90% of the placebo-treated mice
receiving the calculated LDg, dose died as expected (Fig. 5). A num-
ber of the dosing regimens provided significant protection from
death as compared to vehicle, although there were no significant
differences between the treatment regimens. 2’FdC at 60 mg/kg/
day given twice a day for 8 days, beginning 24 h after virus expo-
sure was the regimen which had the greatest number of mice sur-
viving the infection (p = 0.0001, Fig. 5; Table 5, live per/total ratio,
p <0.05). It appeared that this treatment not only promoted total
survival, but also indicated that the mice in this treatment group
were 10-fold less likely to die than mice treated with placebo
(Table 5, hazard ratio = 10.6). In addition, treating infected mice
with 2’-FdC at 72 h post virus exposure significantly protected
60% of mice from the lethal effects of virus challenge (p = 0.0191)
and a hazard ratio of 4.04. Treatment with drug administered
48 h after infection prolonged the day of death to the point that
day 16 after virus exposure (Table 5, mean and median days of
death) was the day on which the largest number of mice died
(see median day of death) but did not significantly protect mice
against death (p > 0.05). Other treatment regimens evaluated were
designed to examine the effects of varying the frequency of treat-
ment beginning treatment at -24 h and then bid X 8 days, but
providing the mice with the same total doses per day that were
previously shown to provide protection. For example, the
treatment regimen which involved administering 2’FdC at 60 mg/
kg/day once a day for 8 days was significantly efficacious for
protecting mice from the lethality of the virus infection
(p =0.0048). In contrast, 30 mg/kg given once a day did not afford
mice significant protection against death compared to mice in the
vehicle control group, despite reaching 50% protection (p > 0.05).
However, mice receiving the dosing regimens involving adminis-
tration of drug three times a day were significantly protected
against death regardless of the dose of 2’-FdC used (60 mg/kg,

Effects of 2’'-FdC treatment of BALB/c mice infected with influenza/A/Vietnam/1203/2004 H5N1 virus on various lung parameters at day 4 post virus exposure.

Treatment Lung score + SD* Lung weight + SD? Virus lung titers * SD (log0/g)*
0.4% CMC 0.4+0.22 0.17 £0.011 4.10+1.052

2’-FDC (60 mg/kg/d) 0.4+0.25 0.14+0.014 3.60+1.303

2/-FDC (30 mg/kg/d) 02+027 0.13£0.012" 4.01+0.713

Ribavirin (75 mg/kg/d) 0.6+0.13 0.12+£0.014" 1.42 £0.000™"

2 Values represent the arithmetic the standard deviation.
" p<0.05.

.

" p<0.01 versus 0.4% CMC treatment group by ANOVA and Newman-Keuls pairwise comparison test.
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Fig. 5. Evaluation of different dosing regimens of 2'FdC in 0.4% CMC for efficacy
against a highly pathogenic influenza H5N1 virus infection in BALB/c mice. Vehicle
placebo, 2’-deoxy-2'-fluorocytidine, or ribavirin were administered intraperitone-
ally. Experimental groups, n = 10; placebo group, n =15. 0.4% CMC (@), 60 (V) and
30 (#) mg/kg/day three times a day (tid); 60 (O) and 30 (OJ) mg/kg/day, once a day
(qd) 24 h prior to challenge with virus; 60 mg/kg/day twice a day 24 h post virus
exposure (A), 48 h post virus exposure (v7), 72h () post virus exposure, or
ribavirin at 75 mg/kg/day (x). All were administered a total of 8 days, regardless of
time of addition. ***p = 0.0005, 2’-FdC (60 mg/kg, tid, -24 h); ***p = 0.0005, 2'-FdC
(30 mg/kg, tid, -24 h); **p = 0.0048, 2'-FdC (60 mg/kg, qd, -24 h); ***p = 0.0001, 2'-
FdC (60 mg/kg, bid,+24 h); **p = 0.0019, 2’-FdC (60 mg/kg, bid,+72 h); *p = 0.0013,
ribavirin (75 mg/kg, bid, -24 h) all versus 0.4% CMC.

p =0.0005; 30 mg/kg, p = 0.0005). These latter treatment regimens
were as effective as treating with 2'FdC at 60 mg/kg/day given
twice a day for 8 days.

Table 5

337

3.7. Invivo efficacy of 2’-deoxy-5-fluorocytidine and 2'-deoxy-2',2'-
difluorocytidine on the survival mice infected with influenza A/Vietn
am/1203/2004 H5N1 virus

In the in vitro screens of various fluorocytidines, it was found that
by moving the fluoro group to the 5 position of the nucleoside base,
that the A/Vietnam/1203/2004 virus was even more potently inhib-
ited by 2’-deoxy-5-fluorocytidine (5-FdC) than by 2’-deoxy-2'-fluor-
ocytidine, although the other HPAIV strains tested were not
sensitive to inhibition by 5-FdC(Table 1). In addition, adding another
fluoro group to the 2’ position of the sugar to get 2'-deoxy-2',2'-dif-
luorocytidine (gemcitabine) also greatly enhanced the potency
against the influenza viruses (Table 3), although in some assays
gemcitabine was cytotoxic. Thus, evaluation of 5-FdC and gemcita-
bine was carried out by infecting groups of mice i.n. with a 100%
lethal dose of highly pathogenic influenza A H5N1 virus infection.
Treatment for each compound was by the i.p. route, since this route
of administration was found to be the most efficacious way of deliv-
ering 2'-FdC. For 5-FdC, the mice were treated i.p. with 2’-deoxy-5-
fluorocytidine at 60, 30, and 3.0 mg/kg/d in 0.4% CMC twice a day for
8 days beginning 24 h before virus exposure. As controls, the
infected mice were treated i.p. with 0.4% CMC in parallel with
2'-deoxy-5-fluorocytidine. H5N1 influenza virus-infected mice
receiving 5-FdC by the i.p. route were not shielded from death com-
pared to infected mice receiving 0.4% CMC (Fig. 6A). Mice treated
with the 60 and 30 mg/kg doses died in greater numbers than did
untreated mice (p < 0.0001). In fact, in untreated mice there was
considerable toxicity in the form of severe weight loss at the 30
and 60 mg/kg/d doses and some deaths (data not shown). The
3.0 mg/kg dose, although well-tolerated, was not very effective in
promoting survival of infected mice suggesting this structure
enhanced toxicity and while lowering efficacy compared to 2’-FdC.

Effects of 2'-FdC treatment of BALB/c mice infected with influenza/A/Vietnam/1203/2004 H5NT1 virus on various death parameters.

Treatment Live/Total Median day of death Mean day of death + SD Hazard ratio (95% CI)?
0.4% CMC 1/14 9.5 10.5+£2.0 -

2/-FDC (60 mg/kg/d, tid X 8 beg. —24 h) 6/10 10 13.0+2.2 6.81 (2.27-20.4)
2/-FDC (30 mg/kg/d, tid X 8 beg. —24 h) 6/10 Undefined 13.0£0.0 7.64 (2.47-23.7)
2'-FDC (60 mg/kg/d, qd X 8 beg. —24 h) 5/10 Undefined 12.3+33 4.73 (1.62-13.8)
2/-FDC (30 mg/kg/d, qd X 8 beg. —24 h) 5/10 Undefined 9.80+0.8 3.13 (1.08-9.12)
2/-FDC (60 mg/kg/d, bid X 8 beg. +24 h) 8/10" Undefined 15.0+2.8 10.6 (3.34-33.8)
2/-FDC (60 mg/kg/d, bid X 8 beg. +48 h) 4/10 16 122+34 3.26 (1.17-9.01)
2/-FDC (60 mg/kg/d bid X 8 beg. +72 h) 6/10 Undefined 103 +2.1 4.04 (1.40-11.6)
Ribavirin (75 mg/kg/d, bid X 8 beg. —24 h) 8/9 Undefined 9.00+0.0 8.87 (2.72-29.0)

@ Hazards ratios are relative to the 0.2% CMC control.

" p<0.05 versus 0.4% CMC treatment group by Chi-square analysis and Fisher’s exact test for pairwise comparisons.
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Fig. 6. Evaluation of other 2’-deoxy-fluorocytidine analogs on survival of female BALB/c mice infected with a lethal dose of avian influenza A/Vietnam/1203/2004 H5N1 virus.
(A) Survival of infected BALB/c mice treated i.p. with 0.4% CMC (@), gemcitabine at 0.75 mg/kg (M), 0.25 mg/kg (a), 0.01 mg/kg (V) (bid X 8), beginning —24 h prior to virus
exposure. ***p < 0.001, 5’-FdC (60, 30 mg/kg) versus 0.4% CMC. (B) Survival of infected BALB/c mice treated i.p. with 0.4% CMC (®), 2'-deoxy-5-fluorocytidine at 60 (M), 30 (a),

3 (¥) mg/kg/day (bid X 8), beginning —24 h prior to virus exposure.
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Fig. 7. Effects of 2’'FdC on the survival of female BALB/c mice infected with a lethal
dose of influenza A/CA/04/09 pandemic HI1N1 virus. 0.4% CMC (@), 2'FdC at 30 (H),
3.0(a), 0.3 (V) mg/kg/day, or ribavirin at 75 mg/kg/day (O), (bid X 5) beginning 24 h
prior to virus exposure. *p = 0.038, 2'-FdC (30 mg/kg) versus 0.4% CMC; ***p < 0.001
ribavirin versus 0.4% CMC.

Using a similar treatment regimen, a maximum tolerated dose
study was done with gemcitabine in on the suspicion that doses
similar to those doses used for 2’-FdC would be toxic as was shown
for 5-FdC. Indeed, the data from that study suggested that only a
dose below 3 mg/kg/d could be used without the mice quickly suc-
cumbing to death (data not shown). Thus, for the efficacy study
mice were administered gemcitabine at 0.75, 0.25, and 0.01 mg/
kg/d in 0.4% CMC, bid X 8 beginning 24 h before virus exposure.
Although these doses were well tolerated in uninfected mice (data
not shown), they were not significantly effective in protecting mice
against the lethal challenge dose of A/Vietnam/1203/2004 virus
(Fig. 6B).

These data suggest that altering the substitutions on sugar, be
either moving the fluoro group to the 5 position of he nucleoside
base or adding another fluoro to the 2’ position of the sugar, results
in a less efficacious and more toxic compound when administered
to mice.

3.8. Effects of 2’FdC on survival of BALB/c mice infected with influenza
A/CA/04/2009 pandemic HINT1 virus

Finally, 2’-FdC was evaluated against a pandemic H1N1 influenza
a virus from 2009 to determine if 2’-FdC was as also a broad-
spectrum inhibitor of influenza viruses in vivo as it was invitro. Using
the same dosing regimen as described for the initial evaluation of
2’-FdC for efficacy against H5N1 A/Vietnam/1203/2004 virus,
2’-FdC was administered to mice 24 h before virus exposure at 30,
3,and 0.3 mg/kg/d (bid X 8) (Fig. 7). The 30 mg/kg dose significantly
protected 50% of the mice from the lethal effects of the HIN1 virus
infection (p = 0.038) as did this dose with mice infected with the

Table 6

H5N1 virus in the initial efficacy study. In addition, mice in the
30 mg dosage group were almost 3 times less likely to die from infec-
tion than the mice in placebo treatment group (Table 6, see hazards
ratio). Thus, the data suggest that 2’-FdC is a broad spectrum, rela-
tive non-toxic inhibitor of influenza viruses in vitro and in vivo.

4. Discussion

In this report, we have demonstrated that 2'FdC was inhibitory
to a broad spectrum of influenza A and influenza B viruses, includ-
ing three strains of highly pathogenic avian influenza H5N1 virus
in MDCK cells, with the 90% inhibitory concentrations ranging
from 0.69 to 7.3 uM, as determined by a virus yield reduction assay
(Tables 1 and 3). We found that selected substitutions on the sugar
moiety of the cytidine nucleoside, specifically the addition of a sec-
ond fluoro group at the 2’ position or moving the fluoro group to
the 5 position of the nucleoside enhanced the potency of inhibition
of influenza viruses in vitro, although adding the second fluoro
group to the 2’ position might have resulted in increased cytotox-
icity in some in vitro assays that were done. Overall, gemcitabine
appeared to be a slightly more potent inhibitor of influenza A virus
replication as assessed by virus yield reduction assay (ICgo
values =0.03-1.7 uM) than 2/-FdC (ICyp values=1.2-7.3 uM),
although there was cytotoxicity detected in some assays when
using gemcitabine. Other fluorodeoxyribonucleosides were either
not inhibitory to the influenza viruses or marginally active (guano-
sine fluorodeoxynucleoside). In a much earlier report, 2’-deoxy-2'-
fluoroguanosine and 2’-deoxy-2'-fluorocytosine were shown to be
the most potent inhibitors of influenza virus replication with ECsg
values of 18.2 and 2.6 puM, respectively. In that study 2’-deoxy-2’-
fluoroguanosine was a more potent inhibitor of influenza virus
replication in chicken embryo fibroblasts, but 2’-deoxy-2’-fluoro-
cytodine was totally inactive (Tisdale et al., 1993). Both com-
pounds were found to be equally inhibitory of influenza virus
replication in human tracheal cultures (Tisdale et al., 1993; Jak-
eman et al., 1994). Based on the efficacy data from CEF cells, the
investigators reporting the earlier study chose to pursue the
2'-deoxy-2'-fluoroguanosine ribonucleoside for animal testing.
Our data support some of these previous findings. We found that
2’-deoxy-2’'-fluoroguanosine and 2’'FdC inhibited influenza A highly
pathogenic H5N1 avian influenza species in CPE reduction assays
(4-5day duration) in MDCK cells (ICso=8.5-21, 0.05-8 puM,
respectively) as potently as the two compounds inhibited the
H1N1 virus in the previous study in which plaque reduction assays
(2 day duration)) in MDCK cells (ICso =18, 2.6 uM, respectively)
were used, with 2’FdC being the more potent of the two com-
pounds in MDCK cells in that study. In both our study and the
study done by Tisdale et al. (1993), both compounds were rela-
tively non-toxic. In the current study as well as in the study by Tis-
dale et al. (1993), 2’-deoxy-2’-fluoroadenosine was not active. In
the previous study, the higher ICsq value for 2’-deoxy-2'-fluorogu-
anosine (2’-FdG) in MDCK cells was shown to be due the rate lim-
iting step of triphosphate formation in MDCK cells. Interestingly,

Effects of 2’-FdC on various death parameters for BALB/C mice infected with pandemic influenza A/CA/04/09 H1N1 virus.

Treatment Live/total Median day of death Mean day of death + SD Hazard ratio (95% CI)?
PSS Dunn’s posttest 1/14 10.0 89+1.6 -

2'-FdC (30 mg/kg/d) 5/10 Undefined 78+13 2.95 (1.06-8.17)
2/-FdC (3 mg/kg/d) 4/10 10.0 89+1.2 2.17 (0.81-5.82)
2/-FdC (0.3 mg/kg/d) 0/10 6.0 93+2.1 0.76 (0.29-1.99)
Ribavirin (75 mg/kg/d) 10/10™" Undefined >21"" 47.7 (14.1-162)

¢ Hazards ratios are relative to the PSS control.

"* p<0.001 versus PSS control by Kruskal-Wallis test and Dunn’s posttest for pairwise comparisons.
" p=0.0095 versus PSS control by Chi-square analysis and Fisher’s exact test for pairwise comparisons.
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other guanosine nucleoside-like analogs such as favipiravir and
ribavirin that inhibit influenza viruses and perhaps the virus trans-
criptase complex seem likely to be phosphorylated to the triphos-
phate form quite well in MDCK cells (Furuta et al., 2005).

It has been suggested that 2’-fluorodeoxyribonucleosides may
very well act as ribonucleosides, since it has been confirmed that
both 2’-deoxy-2'-fluororibonucleosides and ribonucleosides adopt
a 3’-endo conformation (Blandin et al., 1974). Because 2’'-FdC
may assume a 3’-endo conformation and thus act as a ribonucleo-
side, 2’-FdC may actually act as a substrate for the influenza RNA
polymerase complex. 2’-FdG-triphosphate has already been dem-
onstrated to be a substrate and inhibitor of influenza polymerase
(Tisdale et al., 1995). 2’-FdC may also inhibit other RNA polymer-
ases. Shi et al. reported that 2’-FAC may also act as a substrate
for the HCV RNA polymerase and that the 2’ fluoro group is the
group that is actually recognized by the HCV polymerase (Shi
et al.,, 2005). Thus, it is conceivable that 2’-FdC might be acting
as a general viral RNA polymerase inhibitor. Alternatively, 2'FdC
may act as an immunomodulator in vivo, since it has been shown
to be cytostatic in cells (Stuyver et al., 2004). In addition, other
cytidine analogs such as the closely related gemcitabine (2',2'-dif-
luorodeoxycytidine) have been shown to inhibit ribonucleotide
reductase (Shao et al., 2006) and cytidine synthetase (Heinemann
et al,, 1995), the inhibition of which may also be mechanisms for
inhibiting influenza virus infections. The lack of protection and
toxicity at high doses of 2’FAC may be due to inhibition of host
DNA polymerases (Richardson et al., 2000).

We further examined the efficacy of 2’FdC in a BALB/c mouse
model infected with a lethal dose of highly pathogenic influenza
A/Vietnam/1203/2004 H5N1 virus. The dosing regimen of 60 mg/
kg administered intraperitoneally 24 h after virus exposure twice
a day for eight days resulted in an 80% survival rate and some
reduction in virus lung titers and probably in edema of the lungs
associated with the virus pathogenesis. Using 2’'-FdC at 30 mg/kg/
d was nearly as effective as the higher dose of 2'FdC, but neither
dose reduced virus lung titers comparable to those virus titers from
lungs of mice treated with ribavirin. This could suggest that immu-
nomodulation, as discussed above, may have contributed to the
efficacy of 2’-FdC in facilitating the survival of influenza-infected
mice. Other regimens of almost equal efficacy in significantly
inhibiting mortality of mice due to virus infection included dosing
24 h prior to virus exposure (bid X 8). Parceling the 60 mg/kg/d
dose out as three equal doses over a period of 12 h (tid X 8) was
also very efficacious. Even a single dose at 60 mg/kg given over a
period of 8 days significantly protected mice against death due to
virus infection compared to placebo-treated mice. The inherent
variability in this experiment is apparent from the treatment group
starting 72 h post infection providing numerically better protec-
tion against death compared to the number of deaths in the treat-
ment group receiving compound starting at 48 h post infection. In
summary, the data suggests that 30 and 60 mg/kg dosing regimens
provide similar levels of protection within the variability of the
experiment with the exception of the 30 mg/kg dose administered
once a day. Dosing starting before infection does not provide any
significant benefit as compared to dosing starting after infection.
It is also interesting to note that dosing at 60 mg/kg tid versus
QD administration of the same dose provided similar levels of
protection.

Finally, similar efficacy against influenza A virus H1N1-infected
mice treated with 2'FdC at 30 mg/kg/d twice a day for 5 days was
achieved as was attained for mice infected with H5N1 highly path-
ogenic avian influenza A virus in mice using the same dose and
treatment regimen. However, this treatment of influenza A virus
H1N1-infected mice with 2'FdC at 30 mg/kg/d twice a day for
5days was not as effective as the treatment of influenza A
H1N1-infected with ribavirin at 75 mg/kg/d using the same treat-

ment regimen. Similar efficacy may have been achieved if mice
had been treated with the 60 mg/kg/d dose of 2'FdC, which is
closer to a molar equivalent of ribavirin used at 75 mg/kg/d.

These studies support our hypothesis that cytidine nucleoside
analogs, in particular, cytidine deoxyribonucleosides might repre-
sent good platforms from which to develop potent inhibitors of
RNA viruses, including influenza viruses. Thus, our study might
provide the basis for the development of additional potent and
clinically useful inhibitors for use as anti-influenza agents, includ-
ing highly pathogenic avian influenza A H5N1 viruses.
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