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Purposk. To evaluate the intraocular safety and pharmacokinet-
ics of hexadecyloxypropyl-cidofovir (HDP-CDV), the hydroly-
sis product of HDP-cyclic-CDV, a long-lasting intravitreal cido-
fovir prodrug for cytomegalovirus (CMV) retinitis.

MerHODS. HDP-cyclic-CDV was suspended in phosphate-buff-
ered saline (PBS) at 37°C and formation of HDP-CDV was
monitored by high-performance liquid chromatography
(HPLC) analysis for 30 weeks. The safety and pharmacokinetics
of HDP-CDV intravitreal injections were studied using New
Zealand Red rabbits and '“C labeled HDP-CDV. Ocular tissues
from five time points (1, 3, 7, 14, and 35 days) were analyzed
by scintillation counting and HPLC to characterize the pharma-
cokinetics.

ResuLts. During the hydrolysis study, approximately 35% of the
HDP-cyclic-CDV was converted to HDP-CDV. Evaluation of
safety found no toxicity after intravitreal injection of HDP-CDV
up to 28 pg/eye. Intravitreal pharmacokinetics of HDP-CDV in
the retina, choroid, and vitreous followed a two-phase elimi-
nation process and elimination half-lives of 8.4 days (retina),
6.9 days (choroid), and 6.2 days (vitreous). In the retina,
cidofovir and an unknown metabolite were detected in the first
2 weeks, and the maximum metabolite concentrations were
present 48 hours after the maximum HDP-CDV concentration.

Concrusions. HDP-cyclic CDV, under simulated physiologic condi-
tions, slowly converts to HDP-CDV, another potent anti-CMV prod-
rug that may be taken up by retinal cells and metabolized further to
the active antiviral metabolite, cidofovir diphosphate. Taken to-
gether, these observations help to explain the ability of a single
intravitreal dose of HDP-cyclic-CDV to prevent viral retinitis for up to
68 days in a rabbit model. (Invest Ophbthalmol Vis Sci. 2011;52:
9391-9396) DOIL:10.1167/iovs.11-8293

From the 'Jacobs Retina Center at the Shiley Eye Center, Univer-
sity of California San Diego (UCSD), La Jolla, California; the *Depart-
ment of Ophthalmology, Xijing Hospital, Xi’an, China; and the *De-
partment of Medicine, San Diego VA Healthcare System and UCSD, La
Jolla, California.

Supported National Institutes of Health Grants EY 018589, EY
007366, and EY 020617-01A1 and Unrestricted Research Funds to the
UCSD Jacobs Retina Center.

Submitted for publication July 25, 2011; revised October 24, 2011,
accepted October 28, 2011.

Disclosure: H. Wang, None; J. Chhablani, None; W.R. Free-
man, None; J.R. Beadle, None; K.Y. Hostetler, None; K. Hartmann,
None; L. Conner, None; K.A. Aldern, None; L. Pearson, None; L.
Cheng, None

Corresponding author: Lingyun Cheng, Department of Ophthal-
mology, Jacobs Retina Center at Shiley Eye Center, University of Cali-
fornia, San Diego, 9415 Campus Point Drive, La Jolla, CA 92093-0946;
cheng@eyecenter.ucsd.edu.

Investigative Ophthalmology & Visual Science, December 2011, Vol. 52, No. 13

Copyright 2011 The Association for Research in Vision and Ophthalmology, Inc.

Human cytomegalovirus (CMV) infection can cause sight-
threatening retinitis in patients with acquired immune
deficiency syndrome (AIDS). Even though highly active antiret-
roviral therapy (HAART) has lowered the incidence of CMV
retinitis, some patients have manifested poor response to
HAART, and some patients do not qualify for it."* Currently,
the clinical treatment of CMV retinitis includes systemic and
local administration of antiviral medications, such as ganciclo-
vir (GCV), foscarnet, and cidofovir (CDV), as well as surgical
GCV implants. With the lengthened exposure of patients to the
drugs in the systemic treatment modality, GCV and foscarnet-
resistant cytomegalovirus are becoming a concern.>* There-
fore, the development of CDV for intravitreal injection would
be a helpful therapeutic alternative in patients with GCV and
foscarnet-resistant CMV strains. Intravitreal injection of small
molecules often requires frequent repeated injections, which
increases the risk of devastating endophthalmitis. Frequent
injections also affect the quality of the patient’s life."? Surgical
intravitreal implants provide longer therapeutic duration but
the side effects associated with surgery, such as vitreous hem-
orrhage and retinal detachment, are often sight-threatening
complications.2 As a result, our efforts have been directed
toward developing long-lasting intravitreal injectable drugs to
circumvent these problems.”

We previously identified lipid derivatized drugs that work
well against both viral infections and proliferative diseases of
the eye. For viral infections, these include hexadecyloxypro-
pyl-phospho-ganciclovir and hexadecyloxypropyl-cyclic ci-
dofovir (HDP-cCDV) and for proliferative vitreoretinopathy,
hexadecyloxypropyl 5-fluoro-2’'-deoxyuridine 3,5 cyclic
monophosphate.>° In particular, HDP-cCDV, a long-lasting
crystalline lipid prodrug of CDV that we have reported previ-
ously,’ shows a longer intraocular therapeutic effect than CDV
in the experimental HSV retinitis of rabbit eye. Subsequent
confirmatory evaluation of ocular toxicity in guinea pig eyes
demonstrated that a dose of 18 ug HDP-cCDV/eye (equivalent
to 100 pg/eye in the rabbit eye) is safe.” Although the exper-
imental treatment demonstrated efficacy, the ocular pharma-
cokinetics of this crystalline formulation has not been well
characterized because of its low water solubility and low free
drug concentration in the vitreous. Most recently, we per-
formed an intraocular pharmacokinetic study of octadecyloxy-
ethylcyclic—[Z—MC]cidofovir (ODE-cCDV), which is a crystalline
prodrug similar to HDP-cCDV, except that it has one more
carbon in the alkoxyalkyl moiety.® Monitor drug levels in var-
ious tissues with scintillation counting showed that drug was
detectable during the whole study period (9 weeks). Interest-
ingly, the drug in vitreous demonstrated a two-compartment
model with a very long vitreous elimination half-life of 25 days.
How these crystalline lipid prodrugs work in a living eye to
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inhibit viral replication is not completely clear. After intravit-
real injection, the drug forms a depot in the vitreous due to its
limited water solubility. It is possible that small quantities of
HDP-cCDV leave the drug depot and migrate into the retina
where HDP-cCDV is converted to CDV through phospholipase
C cleavage of HDP and hydrolysis of cCDV to CDV. Another
possibility is that, in the vitreous, HDP-cCDV is slowly hydro-
lyzed to HDP-CDV which can aggregate to form micelles,
which are then transported into retinal cells (Fig. 1). If the
latter is the case, study of ocular pharmacokinetics of HDP-
CDV would help to better understand the crystalline intravit-
real drug delivery system.

In this study, we used '“C-labeled HDP-CDV to study the
intraocular pharmacokinetics of this compound and attempted
to detect its metabolites such as CDV, CDV monophosphate,
and CDV diphosphate in retinal tissues.

METHODS

Hydrolysis Study

HDP-cCDV was synthesized as previously reported.” HDP-cCDV (1 mg)
was suspended in phosphate-buffered saline (PBS) (2 mL) and placed in
a conical tube. The tube was placed in a heated orbital shaker at 37°C
and 220 rpm. Samples of the suspension (100 nL) were withdrawn at
appropriate time intervals, placed into vials, and stored at —20°C until
further analysis was performed.

Analysis was performed by high-performance liquid chromatogra-
phy (HPLC) at the Department of Chemistry and Biochemistry, Univer-
sity of California San Diego (UCSD). Lyophilized samples were dis-
solved in 20% methanol and water. HPLC separation was performed on
a commercial system (HP 1100 LC system [Agilent, Palo Alto, CA] and
a Synergi Polar-RP column: 4.6 X 150 mm, 4 um, 80A [Phenomenex,
Torrance, CA)) at a flow rate of 1.0 mL/min. Mobile phase A was 95%
water/5% methanol, and mobile phase B was 95% methanol/5% water.
Gradient elution was as follows: 10% B (0-3 minutes), 10% to 95% B
(3-20 minutes), 95% B (20-25 minutes), and 95% to 10% B (25-34
minutes). Compounds were detected by ultraviolet light (UV) absorp-
tion at 274 nm. The percentage of remaining HDP-cCDV and the
percentage of HDP-CDV produced were plotted versus time.
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Animal Study

All procedures adhered to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

Determining the HDP-CDV Dose for Pharmacokinetic
Study. According to our previous study, the CCs, of HDP-CDV for
WI-38 cells (CCL-75; ATCC, Manassas, VA) was 15.6 uM,'® which is
equivalent to a concentration of 8.7 ug/mL (MW 561.7). The concen-
tration half-log lower is 2.8 ug/mL and halflog higher is 28 ug/mL.
These were determined to be the three doses for safety testing to
further identify the dose for pharmacokinetic evaluation.

Nine New Zealand Red rabbits were used in the toxicity studies and
divided into three equal groups: high-dose, medium-dose, and low-
dose. Baseline intraocular pressure (IOP), anterior chamber, and fun-
dus examinations were documented with a handheld tonometer
(Tonopen; Medtronic, Jacksonville, FL), a slit lamp, and an indirect
ophthalmoscope. The rabbit eyes had a topical anesthetization with 1%
proparacaine-HCI 1 minute before IOP measurement. One eye of every
animal was intravitreally injected with HDP-CDV in 50 uL of 5%
dextrose, and the fellow eye was injected with 50 uL of 5% dextrose
alone as the control. For the intravitreal injection procedure, the
rabbits were anesthetized with intramuscular injections of 20 mg/kg
ketamine and 5 mg/kg xylazine. After eye preparations for sterilization
and topical anesthetization with 1% proparacaine-HCI, 50 uL of drug or
5% dextrose solution was injected into the midvitreous cavity under
direct view of a surgical microscope. A 1-mL syringe and a 27-gauge
needle were used. The needle entry site was 2 mm from the limbus.
After injection, eyes were monitored with the tonometer, slit lamp,
indirect ophthalmoscope, and fundus camera at days 3, 7, and 14 and
week 5. The electroretinograms (ERGs) of all animals were examined
at week 5. After enucleation, the eye globes were embedded in paraffin
and sectioned for light microscopy and TUNEL staining. Light micros-
copy helps to identify drug-related necrosis or inflammation in vitreous
and retina, and TUNEL staining reveals more subtle adverse changes,
such as apoptosis. Apoptosis has been reported in renal tubular cells in
a renal biopsy from an acute renal failure due to CDV."" In addition,
CDV induces apoptosis in primary cultures of human proximal tubular
cells in vitro.""

Intravitreal Pharmacokinetics Study. Hexadecyloxypropyl
Y¢-cidofovir ("*C-HDP-CDV) was synthesized by Moravek Biochemi-
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FIGURE 1. Proposed mechanism for
sustained release of HDP-CDV from a
crystalline depot of HDP-cCDV in the
vitreous.
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cals (Brea, CA) with initial specific activity of 55.1 mCi/mmol. 4C-HDP-
CDV (20 uCi) and unlabeled HDP-CDV (1.1 mg) were added to 2 mL
of 5% dextrose, and the mixture was homogenized to clarity with a
bath sonicator, resulting in the formulation 28 ug drug/0.5 wCi/50 uL.

For the pharmacokinetic study, we chose the highest nontoxic
dose (28 ug in 50 uL) of HDP-CDV for intravitreal injection based on
the results of the toxicity study. Twenty New Zealand Red rabbits were
used and divided into five groups. One eye of every rabbit was intra-
vitreally injected with a 28-ug compound in 50 pL of 5% dextrose, and
the fellow eye received 50 uL of 5% dextrose alone as the control. After
injection, four rabbits at each time point (days 1, 3, 7, and 14 and week
5) were euthanized and the aqueous humor, iris, ciliary body, vitreous,
retina, and choroid were sampled after eye globe enucleation, as we
previously described.®® For retina and ciliary body, the samples were
divided into two, one for total radioactivity counting with scintillation
and the other for metabolite study by HPLC/MS. The vials were kept at
—80°C until further analysis.

For metabolism experiments, rabbit eye tissues of retina and ciliary
body were weighed. Replicates at each time point were pooled and
homogenized with a polytron probe (Brinkmann Instruments, West-
bury, NY) for 15 seconds. These were dried and rehydrated in a small
volume of water. The samples were frozen and thawed two times and
bath sonicated on ice for 5 minutes. Cold trichloroacetic acid was
added to a final concentration of 8%, and the contents were vortexed
and centrifuged at 4°C for 10 minutes. The supernatant was removed,
counted to determine whether there was enough radioactivity, and
immediately analyzed by HPLC (Partisil 10 SAX column, 4.6 X 15 cm
with a SAX guard column; Whatman, Clifton, NJ). Metabolites were
eluted at a flow rate of 1 mL/min with a potassium phosphate- buffered
gradient of 20 to 700 mM (pH 5.8), beginning at 9 minutes for a
duration of 20 minutes and held for 5 minutes. Fractions (1 mL/min)
were collected, scintillation fluid (Ultima Flo; PerkinElmer Life and
Analytical Sciences, Waltham, MA) was added, and the samples were
analyzed by liquid scintillation counting.

The drug concentration in each type of ocular tissue was plotted
against time. For pharmacokinetic data analysis, the concentration-
time data were analyzed (Phoenix WinNonlin 6.0; Pharsight, St. Louis,
MO) by fitting the data to an extravascular input model, and the
noncompartmental parameters of the drug elimination were estimated
and reported.
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FIGURE 2.  Hydrolysis of HDP-cCDV in phosphate-buffered saline at

37°C. Data show HDP-cCDV and HDP-CDV as percentages of the total.
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FIGURE 3. Rabbit fundus at 5 weeks after high-dose HDP-CDV intra-
vitreal injection. The date show normal retina and clear vitreous with-
out the drug aggregate caused by micelle formulation. The whitish
rings in the center were the light reflections from the preposing lens,
which renders a wider view of vitreous and retina.

RESULTS

Hydrolysis Study

During the 30-week study, HDP-cCDV gradually decreased,
whereas HDP-CDV gradually increased (Fig. 2). After approxi-
mately 20 weeks, the rate of conversion slowed. After 30
weeks, approximately 35% of the HDP-cCDV had been con-
verted into HDP-CDV.

Intravitreal Safety Study to Determine the
PK Dose

After injection, no toxic reaction was shown in any animals
with all three doses during a 5-week observation. The vitreous
was completely clear, and the retina appeared normal in indi-
rect ophthalmoscopy (Fig. 3).

The IOP was measured with the handheld tonometer at
days 0, 3, 7, and 14 and week 5. There was no statistically
significant difference between the mean IOP of the drug-in-
jected eyes and that of the control eyes (P = 0.76; Fig. 4).

Dark-adapted, light-adapted, and flicker ERGs were per-
formed on both eyes of all animals at week 5. There was no
significant difference between the drug-injected and control
eyes with respect to amplitude and implicit time, although the
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FIGURE 4. Mean IOPs with three doses of HDP-CDV and control at

various time points after the injection.
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FIGURE 5. The b-wave amplitude with three doses of HDP-CDV and

control at week 5.

high-dose group trend was lower than that of the other groups
in the rod-dominated responses (Fig. 5).

No inflammation, cell infiltration, or cell necrosis was ob-
served in iris, ciliary body, vitreous, and retina and choroid in
the hematoxylin and eosin (HE)-stained, paraffin-embedded
sections. The normality of the study eyes was confirmed by
light microscopy and TUNEL staining (Fig. 6).

Intravitreal Pharmacokinetics Study

HDP-CDV kinetics in the anterior segment demonstrated an
accumulation phase from the injection to postinjection day 3 at
which the concentration reached the peak (Table 1, Fig. 7).
From day 3 onward, drug in aqueous, iris, and ciliary body
showed a steady elimination. In contrast, drug in vitreous,
retina, and choroid showed peak concentrations at the first
time point (day 1) and their elimination demonstrated a two-
phase process, with a faster phase in the first week and a
slower phase thereafter (Fig. 7). Retina had the maximum drug
exposure, followed by choroid and ciliary body. Drug expo-
sure was lowest in aqueous and then iris.

HPLC analysis of ciliary body revealed no metabolites at any
time point. In retina, CDV and an unknown metabolite were
detected in the first 2 weeks (Fig. 8). Unlike HDP-CDV, the
maximum metabolite concentrations were detected 72 hours
after injection, which was 48 hours after the peak concentra-
tion of HDP-CDV in retina. No CDV monophosphate or diphos-
phate was detected.

DI1SCUSSION

In previous studies, we showed that intravitreal injection of
crystalline lipid prodrugs of small molecules, such as antiviral
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and antiproliferative nucleosides can be an effective strategy
for the sustained delivery of drugs to the posterior segments of
the eye.>*® In a recent study, we found that hexadecyloxy-
propyl cytarabine cyclic 3’,5'-monophosphate can be hydro-
lyzed to its noncyclic form, hexadecyloxypropyl-phospho-
cytarabine, which is water soluble and forms micelles
(Cheng L, et al., unpublished data, 2011). We hypothesized
that the cyclic form of HDP-cCDV could also be hydrolyzed
in vitreous fluid, converting a significant portion of HDP-cCDV
into HDP-CDV before reaching the retina. Therefore, the pres-
ent study was an attempt to examine our hypothesis and study
the pharmacokinetics of the converted form of the drug using
HDP-CDV as a model drug to better understand our crystalline
ocular drug delivery system.

The present study revealed that the HDP-cCDV was slowly
converted into HDP-CDV in PBS and that the proportion of
HDP-CDV steadily increased until 20 weeks after the experi-
ment started. After 20 weeks, the conversion became minimal,
which may have been caused by the high HDP-CDV micelle
concentration in which the cyclic structure in HDP-cCDV was
somehow masked. This question needs further investigation,
but in a living eye, HDP-CDV micelle concentration will never
reach this level, because of the constant vitreous fluid turn-
over.

The in vivo pharmacokinetic study demonstrated that lipid
prodrug micelles in vitreous had a relatively long vitreous
halflife of 6.2 days and a good retina exposure (AUC =
317,971 day - ng/mL), whereas CDV or cyclic CDV had only 42
hours of halflife in the vitreous and 66 to 77 hours in the
retina.'? The peak concentration time (1 day) for the retina
was the same as that for the vitreous, which indicates good
penetration of HDP-CDV into the retina. Indeed, the drug
concentration was consistently higher in the retina, which is
the target for CMV treatment. Compared with ODE-cCDV, the
half-lives in the retina were similar (8.4 days for HDP-CDV and
10.1 days for ODE-cCDV), whereas the half-life in vitreous for
ODE-cCDV was much longer (25 days for ODE-cCDV and 6.2
days for HDP-CDV), due to the drug depot effect of ODE-cCDV.
This also indicates that the cyclic form had been largely hydro-
lyzed into the noncyclic form, which formed micelle concen-
tration in vitreous fluid, and the drug was transported in its
noncyclic form into the retina. Hence, the retina half-lives were
similar but not the vitreous halflives. At the end of this study
(week 5) after a single intravitreal injection of 28 ug per eye,
HDP-CDV was still detected in the vitreous and the retina at
concentrations of 28 ng/g (50 nM) and 848 ng/g (1.51 uM),
respectively, which remained far above the EC,,, (0.002-1 nM)
of HDP-CDV against HCMV.'>'% As we expected, HDP-CDV
accumulated in the retina due to its lipophilicity, as the drug
concentration in the retina was consistently higher than that in
the vitreous. We reasoned that the micelle formulation of

HDP-CDV itself may be an effective, long-lasting system for
CMV retinitis treatment.

FIGURE 6. Histology micrographs
with TUNEL staining as well as coun-
terstaining with hematoxylin. Left: a
retina from the eye injected with 28
ug of HDP-CDV; middle: a retina
used as negative control without pri-
mary antibody incubation; and right:
a retina that was treated with DNase
and used as positive control.
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TaBLE 1. Pharmacokinetic Parameters of HDP-CDV in Ocular Tissues

Intraocular Antiviral Drug Delivery System 9395

Parameters Aqueous Iris Ciliary Body Vitreous Retina Choroid
R?, adjusted 0.99 0.99 0.98 0.99 0.98 0.97
Points used 3 3 3 3 3 3
K, day ! 0.053 0.093 0.064 0.11 0.082 0.1
Half-life, d 13.1 7.4 10.8 6.2 8.4 6.9
Tonax> d 3 3 3 1 1 1
Cinax: Ng/mML 163 1,493 4,666 3,812 80,377 12,330
Thase d 35 35 35 35 35 35
AUC,,,, day - ng/mL 2,550 12,082 65,703 17,789 317,971 90,585
MRT,np, pred, d 18.3 9.1 14.6 6.9 7.6 7.8

K, first-order rate constant of the drug clearance; C,

max>

maximum concentration; 7T,

the time at which the concentration was maximum;

max>

MRT,\; pred, extrapolated and predicted mean residence time; AUC, area under curve.

It is known that CDV is metabolized into CDV monophos-
phate and CDV diphosphate through intracellular phosphory-
lation by host enzymes.'>'® Other metabolites have also been
reported, such as CDV-phosphocholine.'” In our study, we
found that the maximum metabolite concentration was de-
tected at postinjection day 3, which was 2 days after the peak
concentration of HDP-CDV. CDV was detected along with an
unknown metabolite that could have been CDV-phosphocho-
line."” The failure of detecting CDV monophosphate and
diphosphate may be related to the detection limit and the low
concentration of metabolites. Indeed, at day 3 the level of
HDP-CDV in the retina was approximately 20,000 ng/g versus
less than 400 ng/g of CDV. The other metabolites, such as CDV
monophosphate, CDV diphosphate, and CDV-phosphocholine
may be concurrently present. For example, a relatively high
concentration of CDV-phosphocholine was detected. In our
previous in vitro study, CDV-diphosphate was detected in
cultured cells after application of HDP-CDV."'>

It is noteworthy that HDP-CDV had a low concentration in
the aqueous but a high one in the iris, which had a drug
concentration similar to that of the vitreous. This finding may
indicate that HDP-CDV binds to pigment as a storage site.
Although the precise nature of binding of drugs to melanin has
not been fully elucidated, hydrophobic and lipophilic drugs
that bind to pigment have been reported,'® ' and HDP-CDV is
a hydrophobic/lipophilic compound that forms micelles in
water. The pigmented ocular tissues including iris, ciliary body,
and choroid, all had relatively high concentrations of HDP-
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HDP-cCDV concentration-time profiles for tissues in rab-

CDV. This pigment drug combination may serve a secondary
drug depot to further extend the drug residence time. On the
other hand, the data suggest that HDP-CDV was also cleared
from the eye via the anterior route in addition to the route
through the retina.

In conclusion, we previously found that a single intravitreal
dose of HDP-cCDV (100 ug/eye) has the ability to prevent HSV
retinitis for up to 68 days in a rabbit model.’ In an effort to
explain the long-lasting antiviral effect, we showed herein that,
under simulated physiologic conditions, suspended crystalline
HDP-cCDV slowly converts to HDP-CDV, another potent anti-
HSV/ CMV prodrug of CDV.'* HDP-CDV, a more soluble com-
pound, may then be dispersed in the vitreous, taken up by
retinal cells, and metabolized further to the active antiviral
CDV diphosphate, consistent with its known metabolic fate in
other types of cells.'® In addition, our pharmacokinetic studies
suggest that HDP-CDV itself has a relatively long half-life after
intravitreal injection and may be beneficial if used directly as an
intravitreal therapeutic for CMV retinitis. We acknowledge that
pharmacokinetic data from this study cannot be equally trans-
lated into human eyes, because the rabbit eye has a larger lens,
smaller vitreous body, less vascularized retina, and more pig-
mented uveal tract. However, preclinical pharmacokinetic
studies have been performed in rabbit eyes*>*> and the pre-
dicted drug half-life seems to be very close to the data obtained
from a nonhuman primate eye study.?* A well-designed inter-
species scaling study may shed more light on this topic.
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