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Abstract
The acyloxyalkyl derivatives of a model anti-HBV dinucleotide were synthesized and evaluated as
orally bioavailable prodrugs. Our studies have led to the identification of the first orally bioavailable
dinucleotide prodrugs for further therapeutic development against the hepatitis B virus (HBV).

Acute and chronic liver infections caused by Hepatitis B virus (HBV) constitute a major
worldwide public health crisis affecting nearly 2 billion people including 1.7 million in the
US. There are an estimated 350 million chronic carriers of HBV worldwide of which, about
one million people die each year from chronic HBV.1 Cirrhotic and liver cancer patients, as
well as, significant numbers of liver transplant recipients have a continued need for effective
anti-HBV therapy. Although several anti-HBV drugs have been approved for clinical use,2,3
significant unmet medical need exists due to the emergence of antiviral resistance, as well as,
dose-limiting toxicities. Hence, there is a need to develop safer and more effective anti-HBV
drugs, with novel mechanisms of action that can be used alone, and in combination with other
drugs.

We have reported that phosphorothioate dinucleotides and trinucleotides are a new and novel
class of anti-HBV compounds with potent activity in vitro and in vivo.4 Our earlier studies,
using 35S-labeled compounds in rats had, however, revealed that these compounds have
negligible oral bioavailability. Presumably, the hydrophilic nature and negative charge(s) on
the internucleotidic backbone of the nucleotide structure hinders their oral absorption.
Recently, we had reported5 the design, synthesis, and in vitro evaluations of a few prodrug
analogs, including the acyloxyalkylester derivatives,6,7 of the model anti-HBV dinucleotide
[Rp,Sp]-3′-dA-ps-U2′OMe (1). In continuing investigations, we carried out additional preclinical
studies on two acyloxyalkyl prodrugs 2 and 3 derived from 1. The results are summarized
below.

The target prodrug analogs 2 and 3 were synthesized by chemoselective S-alkylation of 1 using
the corresponding iodomethyl intermediates (Scheme 1).8 In turn, the iodomethyl acylates were
prepared by halogen exchange reaction with the corresponding chloro-compounds.9 The
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requisite phosphorothioate dinucleotide 1, needed for the preparation of the prodrugs
[Rp,Sp]-2 and [Rp,Sp]-3, were synthesized in 8 to 10 mmol scale by solid-phase
phosphoramidite chemistry10 on controlled pore-glass (CPG) support using the LOTUS
reactor.11,12

We carried out detailed studies of the in vitro conversion of the prodrugs 2 and 3 to the
dinucleotide 1, wherein each prodrug (as Rp, Sp mixture) was exposed to mouse, rabbit,
woodchuck and human serum according to previously described procedures.5 In all cases, both
isomers of each of the prodrugs 2 and 3 underwent serum-mediated stereospecific
conversion13 to the active 1 with only minor amounts of desulfurized product (PO)
[corresponding to 1] being observed. It was also gratifying to find that, in each instance, there
were no significant rate differences between the individual Rp and Sp isomers of 2 and 3 in
their conversion to 1. It is conceivable that the formation of 1 occurs by nucleophilic attack of
the enzyme on the ester carbonyl to give 4 (Scheme 2), followed by the interception of the
resulting oxyanion by the juxtapositioned phosphoryl group to give the cyclic intermediate 5.
In turn, 5 could reorganize to give the trigonal bipyramidal intermediates 6 and 7, which could
interconvert by pseudorotation.14 Although in the presumed intermediate 7, the S-acyloxyalkyl
group is favorably predisposed to depart from an apical direction [that could have resulted in
the formation of desulfurized product of dinucleotide 1], its formation is fortuitously hampered
because of the need for considerable reorganization of the initially formed enzyme-substrate
complex 6. Consequently, the hydrolytic pathway is directed to occur via 6 to yield the desired
1 with minimal formation of a desulfurized product. Furthermore, it appears that the presence
of the 2′-OMe substituent in the dinucleotide structure facilitates hydrolysis of the ester group
in each of the isomers with almost equal ease. Presumably, the 2′-OMe substitution in a deoxy-
ribofuranose ring that favors a C3′-endo compared to C2′-endo sugar puckering conformation
might optimally juxtaposition the ester group in both isomers for enzyme-mediated
nucleophilic attack with equal ease. Indeed, in contrast to prodrug analogs 2 and 3,
bioreversibility studies of the corresponding derivatives 8-10 derived from the dinucleotides,
TpsT, and dA-ps-T (both of which lack the 2′-OMe substituent), revealed that there were
significant differences in the rates of hydrolysis of the individual Rp and Sp isomers13 of
8-10 implying thereby that subtle conformational effects are in play in enzyme-mediated
hydrolysis of nucleotide prodrugs. The bioconversion of 2 and 3 to 1 is also consistent with
broad substrate specificity associated with the ubiquitous esterase enzymes.

The cytotoxicity potential of the prodrugs 2 and 3 were evaluated using a panel of cell lines
including MDBK, Vero and HFF using the protocols reported earlier.5 As in the case of the
active 1, both prodrugs 2 and 3 had CC50 > 1000 μM thereby demonstrating excellent safety
profile.

The prodrug 3 was evaluated for anti-HBV activity in cell-based assays using the HepG2.2.15
cell lines with Lamivudine (3TC) and Adefovir Dipivoxil (ADV) as positive controls (Table
1) as per previously reported assay protocols.4a The compound 3 was evaluated against wild
type HBV, as well as, 3TC-, and ADV-resistant mutants - HBV-3TC-R1 to HBV-3TC-R4 and
HBV-ADV-R1 respectively (Table 1). As can be seen, 3 was quite active against wild type
HBV with potency similar to that of ADV and against all tested Lamivudine-, and ADV-
resistant HBV mutants. Similar studies with prodrug 2 are planned.

An important criterion for oral bioavailability is the requirement for adequate stability of the
compounds in gastric fluid before absorption can occur. Given the known susceptibility of
nucleosides and nucleotides to acid-catalyzed decomposition, it was not known whether the
prodrugs 2 and 3 would have adequate stability in the acidic environment of stomach.
Therefore, we evaluated the stability of prodrugs and the dinucleotide 1 in simulated gastric
fluid (SGF), as well as, in simulated intestinal fluid (SIF).15,16 It was found that the
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dinucleotide 1 decomposed rapidly in SGF (t1/2 < 15 min), but was relatively stable in SIF.
However, we were gratified to find that both of the S-alkyl prodrugs 2 and 3 displayed high
stability in SGF with t1/2 > 1 h, where as in SIF, both the analogs completely converted to 1
in ∼ one hour.17 Our stability data on prodrugs of 1 is consistent with that reported for SATE
pronucleotides.18 On the basis of the stability data, coupled with cytotoxicity, and
bioreversibility profile, the prodrug analogs 2 and 3 were selected for oral bioavailability
studies in vivo.

One of the primary objectives of the oral bioavailability studies was to determine the disposition
of the prodrugs and the active dinucleotide 1 in the liver - the target organ for HBV. The
disposition of the compounds in the liver was expected to provide a better assessment of the
pharmacological bioavailability of the compounds. The analogs 2 and 3 were administered by
oral gavage to male Swiss Webster mice. At different time points of 5, 15, 30, and 60 min, the
animals were euthanized and blood and tissues were collected. Samples of the blood and liver
were processed and subjected to analysis by TLC, HPLC, and MALDI-TOF mass spectrum.
19 Typically, in the case of 2, at early time points (5 and 15 min), the presence of the prodrug
was detected in plasma and at later time points, mostly the dinucleotide 1 in liver was observed.
In the case of 3, only the dinucleotide 1 could be detected in plasma (early time points) and in
liver. These in vivo results are consistent with the in vitro bioreversibility studies of the analogs
in serum. Independently, Absorption, Distribution, Metabolism and Elimination (ADME)
studies were conducted in male and female Sprague-Dawley rats by iv and po administration
of 35S-labeled 3. Significant radioactivity was noted in the liver and plasma at different time
points with the mean ratio of liver to plasma concentration of radioactivity being as high as
3.2 (iv route) and 3.5 (po route), 1 h after dose administration. Hence, it appears that in general,
following their absorption, the acyloxyalkyl prodrugs 2 and 3 are rapidly converted to the active
1 in the serum, which is then distributed into the liver, the target organ. Given that the prodrugs
had higher stability in SGF compared to SIF, it is possible that following the oral gavage, their
absorption occurs in the upper duodenal region facilitated either by carrier-mediated transport
mechanism20 or by passive diffusion. Furthermore, it is likely that esterases mediate the
hydrolytic conversion of the prodrugs to 1.

Pharmacodynamic evaluations21 of 2 and 3 were carried out initially at high doses to assess
both efficacy, as well as, potential toxicity in the HBV transgenic mouse model. In the initial
dose-finding study, the compounds 2 and 3 were administered by oral gavage at a high dose
of 300 to 400 mg/kg once daily for 14 days. Analysis of the liver HBV DNA by Southern blot
hybridization and PCR revealed that the prodrug analogs 2 and 3 had strong anti-HBV activity
(Figure 1, Panel A). The prodrug 3 was slightly more potent than 2. There was no apparent
evidence of any toxicity. Subsequently, dose-ranging studies were carried out in the HBV
transgenic mouse model using the prodrug 3 at doses of 1, 5, 10, and 100-mg/kg once daily po
for 14 days. As shown, dose-dependent reduction of the liver HBV DNA was observed in mice
that received the prodrug compared to placebo as evaluated by Southern Blot analysis of the
liver of treated animals (Figure 1, Panel B). In all cases, ADV was used as a positive control.

In conclusion, we report here the successful development of orally bioavailable prodrugs of a
model anti-HBV dinucleotide. The dinucleotide prodrugs reported herein represent a first-in-
class antiviral agent for the treatment of HBV infections. Evaluations of other prodrugs of 1
and toxicology studies are in progress and the results will be published in due course.

Novel acyloxyalkyl dinucleotide prodrugs have been developed as orally bioavailable anti-
HBV agents.
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Structure Compd R R1 X B1 B2 Rp:Sp
t = 0

Rp:Sp
t = 3 h

2 -OCH3 - dA U 47:52 -*

3 -OCH3 O dA U 49:50 41:58

8 H - dA T 36:63 1:98

9 H O dA T 47:52 10:89

10 H O T T 60:39 1:98

*
Complete hydrolysis occurred of both isomers
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plasmid (gift of Dr. Luca Guidotti, The Scripps Institute, LaJolla, CA) overnight at 60°C in a solution
of 10% PEG-8000, 0.05 M NaPO4, 0.21 mg/ml salmon sperm DNA, and 7% SDS. The radioactive
signals were measured using the phosphorimaging method (Optiquant). An image of the radioactive
filter was exposed to a Cyclone™ Storage Phosphor Screen (Perkin Elmer Multisensitive Medium,
Type MS PPN 7001723). The exposed screen was transferred to the Cyclone™ drum and read using
the 600 dpi setting. The data was stored on a computer, and the density of the bands was measured.
The ratio of the viral DNA bands to the transgene band was used to determine the concentration of
viral DNA per host DNA. This calculation was based upon the knowledge that there were 1.3 copies
of the transgene present per host cell with this line of transgenic mice (personal communication to
JDM from F. Chisari). The transgene was used as an internal indicator to calculate the pg of HBV
DNA per μg of cellular host DNA. The pg HBV DNA/μg host DNA was calculated.
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Fig 1.
Panel A. Southern blot analysis of HBV DNA of HBV transgenic mice treated with 300 mg/
kg of compound 3 daily po for 14 days. Panel B. Plot of liver HBV DNA of HBV transgenic
mice treated with 1, 5, 10, and 100 mg/kg of compound 3 for 14 days.
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Scheme 1.
Synthesis of the dinucleotide prodrugs 2 and 3.
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Scheme 2.
Proposed mechanism of bioreversibility of the prodrug 3 to the active dinucleotide 1.
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