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Abstract

Background—Feline immunodeficiency virus (FIV) is a lentivirus that infects domestic and
wild felidae and the course of disease is similar to that of human immunodeficiency virus
infection. The thymidine nucleoside analog fozivudine (FZD) tidoxil is a lipid—zidovudine
(ZDV) conjugate and member of the family of nucleoside reverse transcriptase (RT) inhibitors
(NRTISs).

Hypothesis—FZD administration to cats during acute FIV infection produces antiviral activity
with fewer adverse effects than its parent compound ZDV (AZT).

Animals—Male, neutered cats approximately 7 months of age (n = 12).

Methods—FZD (45 mg/kg g12h, n = 6) or placebo (n = 6) was administered PO in a nonblinded
trial for 6 weeks to cats infected with the NCSU, isolate of FIV. Peripheral blood was collected
preinfection and at 2, 4, and 6 weeks postinfection for CBC, evaluation of CD4* and CD8" cell
counts by flow cytometry, and quantification of plasma and cell-associated viremia by real time
RT-PCR.

Results—Treatment of cats with FZD during the acute stage of FIV infection decreased plasma
and cell-associated viremia during the first 2 weeks of infection, but was not protective against
FIV, as all cats were infected by 6 weeks.

Conclusions—At the dosage used in this study, treatment with FZD results in a short-term
decrease in viral load with no adverse effects. Further investigation of FZD is warranted to assess
pharmacokinetics, optimal dosage, and to directly compare the antiviral activity of FZD to ZDV in
naturally infected cats.
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Feline immunodeficiency virus (FIV) is a natural infection of domestic cats and was first
described by Pedersen et al.1 FIV is most closely related to the lenti-viruses of small
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ruminants, but the course of disease is similar to that of human immunodeficiency virus
(HIV) infection.2 Although the natural route of transmission is by bite wounds, FIV can be
transmitted experimentally by IV and transmucosal routes.134 Peak plasma viremia occurs
2-6 weeks postinfection (PI) and is accompanied by profound lympholysis resulting in
generalized B and T lymphocyte depletion.#> During acute lentiviral infections, an early
rebound in the CD8* cell count is observed and the amount of CD8" antiviral activity
corresponds with a decline in plasma viremia.2:6-9

Although many drugs and immunomodulators have been reported anecdotally to be effective
against FIV, only 2 drugs, human interferon-a and zidovudine (ZDV, also known as AZT),
have demonstrated some benefit in controlled trials in naturally infected cats.19-12 The
nucleoside analog ZDV was one of the first drugs shown to be effective against HIV and
today is used worldwide for HIV therapy. ZDV also is effective against FIV, lowering viral
burden in both acute and chronic FIV infection, and has been shown to transiently improve
CD4 :CD8 ratios and clinical signs in chronically infected cats.23-1% The recommended
ZDV (AZT) dosage range for treatment of chronically infected FIV-positive cats is 5-10
mg/kg PO or SC g12h.11 Anemia is the most commonly observed adverse effect associated
with ZDV administration and resolves upon lowering the dosage or cessation of
administration,11:14.16.17 The development of severe anemia precludes with higher dosages
of ZDV, although higher dosages may be more effective against FIV and have been used
experimentally.13.14

Because of the potential need for more effective drugs with fewer adverse effects for FIV
treatment in naturally infected cats, the authors evaluated a compound related to ZDV in a
controlled experimental trial. Fozivudine (FZD) and ZDV are members of the nucleoside
reverse transcriptase (RT) inhibitor (NRTI) family of drugs, nucleoside analogs that
incorporate into a growing DNA strand and bind viral RT, thus halting reverse
transcription.18 FZD tidoxil is a thioether lipid—ZDV conjugate originally developed for
use against HIV. In vitro studies have demonstrated that FZD undergoes intracellular
cleavage to ZDV monophosphate and subsequent phosphorylation to the active form of the
drug.19:20 The formulation of FZD theoretically decreases the potential for hematologic
toxicity because mononuclear cells (lymphocytes and monocytes) exhibit higher
intracellular cleavage activity compared with red blood cells (RBCs) and bone marrow stem
cells.1® Because of its unique lipid formulation, FZD potentially may be a better option than
AZT for the treatment of FIV, enabling an increased dosage while minimizing the potential
for development of anemia. The purpose of this study was to determine FZD’s effectiveness
at decreasing the viral burden during experimental acute FIV infection and to record the
development of anemia or any other associated adverse effects.

Materials and Methods

Cats

FzD Tidoxil

Specific pathogen-free cats were obtained from a commercial vendor® at 6 months of age,
and housed in the Laboratory Animal Resource Facility at the College of Veterinary
Medicine, North Carolina State University. Protocols were approved by the North Carolina
State University Institutional Animal Care and Use Committee.

(HDP 99.0002) FZD tidoxil (3'-azido-3'-deoxy-5'-thymidylic acid, mono[3-(dodecylthio)-2-
deoxy-decycloxypropyl] ester, sodium salt) is a ZDV-thioether lipid conjugate. It is a white

a_iberty Research Inc, Waverly, NY
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to off-white powder, which should be stored between 15 and 30°C. For these experiments,
FZD was prepared in either 170 or 187 mg gelatin capsules for administration PO at an
average dosage of 45 mg/kg twice daily (90 mg/kg/d). The dosage range was 42—-46 mg/kg
twice daily. Piedmont Pharmaceuticals had conducted previously a preliminary safety trial
in which FIV-negative cats were administered FZD at a dosage of 100 mg/kg/d for 28
days.2! Placebo consisted of an equal amount of sucrose Brepared in gelatin capsules. All
gelatin capsules were prepared at a compounding facility® and shipped to the NCSU-CVM.

Infection with FIV

The NCSUjq isolate of FIV originally was obtained from a naturally infected cat at the North
Carolina State University College of Veterinary Medicine and has been described in detail
elsewhere.22 Virus inoculum was grown as a single-tissue culture passage in an 1L-2-
dependent feline CD4* cell line (FCD4-E cells) as described previously.?3 The cats were
inoculated IV with 5x10° TCIDs of cell-free virus culture. The cats used for the study
reported here then were maintained and housed at the NCSU-CVM to be utilized later for
FIV chronic infection studies.

Sample Collection

Blood was collected on day 0, before infection, and 2, 4, and 6 weeks PI. Blood was
collected by jugular venipuncture into EDTA vacutainer tubes and 2 mL were retained for a
CBC and lymphocyte subset analysis by multicolored flow cytometry. Plasma was separated
from the remaining blood and frozen (-20°C) for subsequent analysis of viral load by real
time RT-PCR.

Lymphocyte Subset Analysis

The phenotype of lymphocytes from peripheral blood was determined by multicolored flow
cytometric analysis. Peripheral blood mononuclear cells (PBMCs) were stained with anti-
CD4-Strep-avidin/PerCp and anti-CD8-PE by an established whole blood lysis protocol.23
The murine monoclonal antifeline CD4 (mAb 30A) and CD8 (mAb 3.357) used to stain
PBMCs were produced in the authors’ laboratory.2* For flow cytometric analysis,
lymphocytes were gated based on forward versus side scatter, and approximately 20,000
gated events were acquired and stored list-mode fashion for analysis by CellQuest software.

Plasma and Cell-Associated Viremia

Monitoring

Evidence of infection was assessed on each plasma sample by a commercially available snap
test ELISAC to detect antibodies against FIV. Quantitative real-time PCR was used to
determine viral gag-mRNA loads in each plasma sample and was reported as copies/mL
plasma. PBMCs were isolated by Percoll density gradient centrifugation and 1x10% PBMCs
then were stored in RNA Protect.d The primer and probe sequences used for FIVV-gag have
been reported elsewhere.2%:26 All PCR testing was performed by an independent laboratory.®

Each cat’s attitude, appetite, activity level, and physical examination findings were recorded
on a daily basis. CBCs were performed every 2 weeks to detect any hematologic
abnormalities, including anemia. CBCs included manual WBC differential counts and visual
evaluation of RBC morphology.

bstillmeadow Inc, Sugarland, TX

CSNAP FIV/FeLV Combo Test, IDEXX Laboratories Inc, West-brook, ME
drNnA Protect, Qiagen, Valencia, CA

€Zoologix Inc, Chatsworth, CA
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Statistical Analysis

Results

Cats with undetectable plasma and cell-associated viremia were assigned a value of zero
(Tables 1-2). In the case of FZD-treated cats at week 2, a value of zero was assigned to 5/6
and 6/6 cats for plasma and cell-associated viremia, respectively. A Fisher exact test was
used to calculate the 2-tailed A-value with FZD or placebo cats categorized as either FIV-
positive or FIV-negative (by PCR analysis; Tables 1-2). A Student #test was used to
compare total lymphocyte counts from FZD-treated and placebo-treated cats with £< .05
considered significant (Fig 1).

Plasma and Cell-Associated Viremia

FZD or placebo was administered twice daily, starting 1 before FIV challenge, for 6 weeks.
Plasma viremia was assessed at 2, 4, and 6 weeks PI by real time RT-PCR for the placebo-
treated and FZD-treated cats. There was a reduction in plasma viremia (£ =.015) in the
FZD-treated cats at week 2 Pl and 1/6 (17%) FZD-treated cats had detectable virus by PCR,
whereas all 6 placebo-treated cats (100%) had detectable virus (Table 1). By week 4, 83% of
the FZD-treated cats had detectable plasma viremia, and although mean plasma viremia
(12,918 copies/mL) was approximately 33% that of the placebo group (35,390 copies/mL),
the difference between the 2 groups was not statistically significant. Peak plasma viremia
also occurred at week 4 in both groups (Table 1). By week 6, 100% of the cats from the FZD
and the placebo group had detectable virus by PCR and mean plasma viremia for the FZD
group (6,819 copies/mL) remained approximately 33% that of the placebo group (19,991
copies/mL).

Cell-associated viremia was assessed at 2, 4, and 6 weeks PI by real-time RT-PCR for the
placebo-treated and FZD-treated cats. At week 2, there was a significant difference in cell-
associated viremia (P = .015); none of the FZD-treated cats had detectable cell-associated
virus compared with 5/ (83%) placebo-treated cats (Table 2). By week 4, 50% of the FZD-
treated cats and all placebo-treated cats had detectable cell-associated viremia. By week 6,
100% of the cats from the FZD and placebo groups had detectable cell-associated viremia.

Clinical and Laboratory Findings

The lymphocyte nadir in the placebo-treated cats occurred at week 2 Pl whereas the
lymphocyte count in the FZD treatment group remained relatively stable for the duration of
the study (Fig 1). Also at 2 weeks P, the total lymphocyte count in the FZD-treated group
(mean, 3,515 cells/uL) was significantly higher than that of the placebo group (mean, 1,842
cells/uL; P=.020).

The mean hematocrit was approximately 34% for both the FZD and placebo-treated groups
and remained unchanged in both groups for the duration of the study (Fig 2). All other RBC
indices and RBC morphology (as determined by blood smear evaluation) remained normal.
There was no difference in the CD4 : CD8 ratio between the FZD and placebo-treated
groups. No abnormal physical examination findings were associated with FZD
administration and physical examination findings in the FZD treatment group paralleled
those of the placebo-treated group for the duration of the study.

Discussion

Several reports address the in vivo activity of different antiretroviral drugs for the treatment
of acute and chronic FIV infection, and these investigations suggest that many of the
nucleoside analogs originally developed for HIV therapy exhibit varying degrees of

J Vet Intern Med. Author manuscript; available in PMC 2013 September 27.
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effectiveness against FIV.12-14.27.28 Thjs study was a preliminary investigation to evaluate
the in vivo anti-FIV activity of FZD. Data from humans suggest that FZD is effective at
lowering virus burden, and administration is associated with fewer adverse effects compared
with ZDV.1929 During the chronic, asymptomatic stage of FIV infection, plasma and cell-
associated viremia can be quite low. One investigation by high-dose combination
antiretroviral therapy (ZDV/3TC) was unable to demonstrate effectiveness during
experimental, chronic FIV infection.1* Therefore, as a 1st step in demonstrating
effectiveness against FIV, the authors chose to evaluate FZD’s antiviral activity during the
early acute stage of infection, when plasma and cell-associated viremia are higher, making it
easier to discern differences between treatment groups.

In an acute infection study performed by Hayes et al?8 to assess the effectiveness of ZDV in
the FIV model, therapy was initiated 48 hours before acute FIV infection, continued for a
total of 4 weeks, and was effective at lowering acute antigenemia but did not prevent
infection. In a more recent report, Arai et al* demonstrated that combination AZT (ZDV)/
3TC (lamivudine) therapy at relatively high dosages (100-150 mg/kg/d) was effective
against acute FIV infection, but all cats exhibited anemia after 3—4 weeks of therapy. In the
study reported here, utilizing FZD as single-agent therapy, only 1/6 FZD-treated cats (17%)
had detectable plasma viremia by PCR 2 weeks Pl compared with 100% of cats in the
placebo-treated group. At 4 weeks Pl, 5/6 FZD-treated cats (83%) had detectable plasma
viremia. However, mean plasma viremia was approximately 3 times higher in the placebo-
treated group (35,390 copies/mL) compared with the FZD-treated group (12,918 copies/
mL).

Peak plasma viremia generally is noted during acute FIV infection 2—6 weeks Pl, depending
on the route and dose of virus, and is associated with concurrent lympholysis.>2> The initial
increase in plasma viral load is responsible for the dissemination of FIV, and early targets
for the virus include lymphatic tissue.>30:31 The data shown in Tables 1-2 and Figure 1
indicate that ZDV is effective at lowering viral load during the first 2 weeks of FIV infection
and that FZD may decrease early FIVV-associated lympholysis. It is unclear why FZD
exhibited the most benefit at week 2 PI, yet the viral load increased by week 4 PI. Although
not reaching statistical significance, plasma viremia and cell-associated viremia were lower,
and lymphocyte counts higher in the FZD-treated cats for the duration of treatment
suggesting that FZD therapy during acute FIV infection may lower the viral setpoint. A
single-agent antiviral therapy would not be expected to completely inhibit viral replication
because viral replication occurs rapidly during the first 4-6 weeks of infection and NRTIs
affect only one part of the viral replication cycle.

FZD and ZDV are members of the NRTI family of drugs (nucleoside analogs) which
incorporate into a growing DNA strand and bind viral RT, thus halting reverse
transcription.18 FZD undergoes intracellular cleavage to ZDV monophosphate and
subsequent phosphorylation to the active form of the drug.18-20 In experimental FIV
infection, higher doses of ZDV (AZT) have been effective at decreasing plasma viremia, but
higher dosages or long-term therapy in cats is associated with adverse effects such as
anemia, neutropenia, and vomiting.1417:32 High plasma concentrations of ZDV are thought
to be responsible for many of ZDV’s adverse effects.1 Studies in humans and animals
suggest that despite high plasma concentrations of FZD, there is a very low plasma
concentration of its primary metabolite ZDV, which is the active form of the drug.19:33:34 |n
a previous safety study, no adverse effects were noted with an FZD dosage of 100 mg/kg/d
for 28 days in FIV-negative cats.?? Adverse effects associated with ZDV administration in
cats, including anemia, were not evident in any of the cats treated with FZD at a dosage of
45 mg/kg g12h for 6 weeks.

J Vet Intern Med. Author manuscript; available in PMC 2013 September 27.
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The aim of this study was to demonstrate that FZD exhibits antiviral activity against FIV
and the results suggest the drug does exhibit antiviral activity. Based on studies in humans,
there is the potential that utilizing FZD instead of ZDV (AZT) for the treatment of FIVV may
allow higher dosages to be administered while avoiding many of the adverse effects
associated with high dosages of ZDV in cats. Although these preliminary results are
promising, further investigation is needed to assess pharmacokinetics, optimal dosages, and
to directly compare the antiviral activity of FZD to ZDV in naturally infected cats. Through
continued investigation of novel NRTIs such as FZD, it may be possible to develop new
antiviral therapies for the treatment of FIV in a clinical setting.
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Fig 1.

The total lymphocyte count remains unchanged in fozivudine (FZD)-treated cats but is
decreased in placebo-treated cats. The box and whisker plots represent 5th and 95th
percentiles (whisker), 25th and 75th percentiles (box), and mean (line) lymphocyte count. *P
=.020.
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Fig 2.
Administration of fozivudine (FZD) has no effect on hematocrit values. The box and

whisker plots represent 5th and 95th percentiles (whisker), 25th and 75th percentiles (box),
and mean (line) hematocrit.
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Table 1

FZD administration during acute FIV infection temporarily reduces plasma viremia.

(FIV-gag-mRNA [copiesymL plasma])
Week Postinfection (PI)

2 4 6

FzD

Positive (%) 17 83 100

Mean 167 12,918 6,891

Median 0 4,767 8,691

Range 0-1,000 0-53,271 0-9,604
Placebo

Positive (%) 100 100 100

Mean 17,385 35,390 19,991

Median 1,574 20,361 12,752

Range 1,000-73,809 7,766-98,786 1,000-62,529
P-value .015* NS NS

The percentage of positive cats by PCR analysis is shown in the first row for FZD- and placebo-treated groups. The mean, median, and range of the
number of virus copies/mL are listed for each cat at 2, 4, and 6 weeks PI. < .05.

FIV, feline immunodeficiency virus; FZD, fozivudine; NS, not significant.
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FZD administration during acute FIV infection temporarily reduces cell-associated viremia.

Table 2

(FIV-gag-mRNA [copies/10% PMBC])
Week Postinfection (PI)

2 4 6
FZD
Positive (%) 0 50 100
Mean 0 500 1,553
Median 0 500 1,311
Range 0 0-1,000 1,009-3,011
Placebo
Positive (%) 83 100 100
Mean 1,039 1,038 2,133
Median 1,013 1,000 1,141
Range 0-1,854 1,000-1,227 1,000-6,722
P-value 015~ NS NS

Page 12

The percentage of positive cats by PCR analysis is shown in the first row for FZD and placebo groups. The mean, median, and range of the number
of virus copies/million PBMCs are listed for each cat at 2, 4, and 6 weeks PI.

*
P<.05

FIV, feline immunodeficiency virus; FZD, fozivudine; NS, not significant; PBMC, peripheral blood mononuclear cell.
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