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Abstract Nucleoside or nucleotide analogue inhibitors of viral replication almost
act as chain terminators during DNA (DNA- and retroviruses) or RNA (RNA
viruses) synthesis. Following intracellular phosphorylation, by viral and/or cellular
kinases, the 5'-triphosphate metabolites (or 2'-diphosphate metabolites in the case
of acyclic nucleoside phosphonate analogues) compete with the natural substrate in
the DNA or RNA polymerization reaction. Obligatory chain terminators (e.g., acy-
clovir) do not offer the 3/-hydroxyl function at the riboside moiety of the molecule.
Nucleoside analogues that possess a hydroxyl function at a position equivalent of the
3’-hydroxyl position may act as chain terminators if this hydroxyl group is confor-
mationally constrained (e.g., ganciclovir) or sterically hindered to enter into a phos-
phodiester linkage with the incoming nucleotide. In case that the 3’-hydroxylgroup
is correctly positioned, chain elongation may be hampered through steric hindrance
from neighboring substituents (e.g., 2’-C-methyl or 4’-azido nucleoside inhibitors
of HCV replication). Here, we review the molecular mechanism of action and the
clinical applications of the nucleosides and nucleotides acting as chain terminators.
A further discussion of clinical applications in combination therapy can be found in
Chap. 12.
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Abbreviations

TACV  Triacyclic analogue of acyclovir

TGCV  Triacyclic analogue of ganciclovir

ANP Acyclic nucleoside phosphonate

TK Thymidine kinase

HPMPA (S)-9-(3-hydroxy-2-phosphonylmethoxypropyl)adenine
ACV  Acyclovir

GCV  Ganciclovir

TDF  Tenofovir disoproxil fumarate

HPMPC Cidofovir, (S)-1-[3-hydroxy-2-(phosphonomethoxy)propyl]cytosine
PMPA  Tenofovir, (R)-9-(2-phosphonylmethoxypropyl)adenine
PMEA  Adefovir, 9-(2-phosphonylmethoxyethyl)adenine

HDP  Hexadecyloxypropyl

ODP  Octadecyloxyethyl

ddN 2/, 3'-Dideoxynucleoside

NRTIs Nucleoside reverse transcriptase inhibitors

NtRTIs Nucleotide reverse transcriptase inhibitors

NNRTIs Nonnucleoside reverse transcriptase inhibitors

NRRIs Nucleoside RNA replicase inhibitors

NNRRIs Nonnucleoside RNA replicase inhibitors

1 Introduction

Most of the nucleoside (or nucleotide) analogues used as antiviral agents act by
terminating elongation of the nucleic acid chain during DNA (DNA viruses and
retroviruses) or RNA (RNA viruses) synthesis. To act as DNA or RNA chain termi-
nators, these compounds have to be converted to their 5'-triphosphate form before
they compete with the natural substrates (AINTPs for DNA synthesis and NTPs for
RNA synthesis) in the DNA or RNA polymerization reaction. When incorporated in
their 5’-monophosphate form, after removal of the pyrophosphate group, at the 3'-
end of the growing nucleic acid chain, they terminate chain elongation. In essence,
they do so if they do not offer the 3’-hydroxyl function at the (2’-deoxy)riboside
moiety, which is required for attachment of the incoming nucleotide. The nucleotide
analogues that act in this fashion can be termed obligatory chain terminators [typical
examples are acyclovir (triphosphate) and adefovir (diphosphate)].

However, nucleotide analogues possessing an hydroxyl function at a position
equivalent to the 3’-hydroxyl position may nevertheless act as chain terminator
if this hydroxyl group is conformationally constrained [as in ganciclovir (triphos-
phate) or cidofovir (diphosphate)] or sterically hindered to enter into a phosphodi-
ester linkage with the incoming nucleotide. But even if the 3’-hydroxyl group would
be correctly positioned, further chain elongation may still be hampered through
steric hindrance from neighboring substituents such as, for example, from the
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2'-C-methyl group or 4'-C-azido group in nucleoside analogues targeting the hep-
atitis C virus (HCV) RNA polymerase NS5B.

Depending on their activity spectrum and structural characteristics, chain ter-
minators can be divided into four categories: (1) acyclic (or carbocyclic) nu-
cleoside analogues (prototype: acyclovir), which are primarily active against
herpesviruses [HSV (herpes simplex virus), VZV (varicella-zoster virus), and
CMV (cytomegalovirus)] (Fig.1); (2) acyclic nucleoside phosphonates (proto-
types: cidofovir, adefovir, and tenofovir), which are targeted at DNA viruses
(cidofovir), hepadnaviruses (adefovir), and retroviruses (tenofovir) (Fig.2);
(3) 2/,3'-dideoxynucleoside analogues, which are active against retroviruses
[immunodeficiency virus (HIV)] as well as hepadnaviruses [hepatitis B virus
(HBV)] (Fig.3); and (4) the anti-HBV (Fig. 4a) and anti-HCV agents (Fig.4b).
These different categories of chain terminators will be reviewed, essentially from
two viewpoints: first, their clinical use, and second, their mechanism of action.

2 Acyclic (or Carbocyclic) Nucleoside Analogues

Of the acyclic nucleoside analogues (Fig. 1), acyclovir and its prodrug valaciclovir,
ganciclovir and its prodrug valganciclovir, penciclovir and its prodrug famciclovir
have been formally licensed for clinical use. Except for (val)ganciclovir, which can
lead to bone marrow suppression (i.e., neutropenia), the acyclic nucleoside ana-
logues are generally well tolerated with few, if any, side effects.

Acyclovir and valaciclovir (Fig. 1) are used in the treatment of mucosal, cuta-
neous and systemic HSV-1 and HSV-2 infections (including herpetic keratitis, her-
petic encephalitis, genital herpes, neonatal herpes, and herpes labialis), and VZV
infections (including varicella and herpes zoster). Acyclovir is administered orally
at doses of 1 g (5 x 200mg) per day for genital herpes, up to 4 g (5 x 800mg) per
day for herpes zoster; or topically as a 3% ophthalmic cream for herpetic keratitis or
5% cream for herpes labialis; or intravenously at 30 mg/kg (3 x 10mg/kg) per day
for herpetic encephalitis or other severe infections with herpesviruses. Valaciclovir
is administered orally at 1 g (2 x 500mg) per day for genital herpes and up to 3 g
(3 x 1 g) per day for herpes zoster.

Ganciclovir and valganciclovir (Fig. 1) are used in the treatment of CMV infec-
tions (e.g., CMV retinitis) in immunosuppressed (e.g., AIDS) patients. Ganciclovir
is administered intravenously at 10 mg/kg (2 x 5mg/kg) per day for induction
therapy. Valganciclovir is administered orally at 900 mg (2 x 450mg) per day for
maintenance therapy. Both valaciclovir and valganciclovir can also be used as
prophylaxis of CMV infections via the oral route in transplant recipients.

Penciclovir (Fig. 1) can be used topically (as a 1% cream) in the treatment of
superficial mucocutaneous HSV infections. Its prodrug famciclovir (Fig. 1) is ad-
ministered orally at 750 mg (3 x 250mg) or 1,500 mg (3 x 500mg) per day in the
treatment of HSV-1 or HSV-2 infections and VZV infections (i.e., herpes zoster).
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With acyclovir, valaciclovir, ganciclovir, valganciclovir, and famciclovir being
on the market (De Clercq 2004a), the only other acyclic guanosine analogue under
clinical development for the potential treatment of HSV and VZV infections is MIV-
606 (valomaciclovir stearate), the oral prodrug of H2G (Fig. 1) (De Clercq and Field
2006). This compound is being pursued primarily for the treatment of herpes zoster.

Carbocyclic guanosine analogues have been described to inhibit HSV-1, HSV-2,
VZV, CMYV, and/or other herpesviruses [viz. HHV-6 (human herpesvirus type 6)],
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including A-5021, cyclohexenylguanine, synguanol (De Clercq et al. 2001), and
cyclopropavir (Zhou et al. 2004; Kern et al. 2005) (Fig. 1). The latter compound,
cyclopropavir, has been reported to be very effective in reducing mortality in mice
infected with murine CMV (Kern et al. 2004).

The acyclic guanosine analogues acyclovir (ACV) and ganciclovir (GCV) have
been further modified by introduction of a 1,N?-ethene-1,2-diyl bridge to form their
tricyclic analogues TACV and TGCV (Fig. 1) (Golankiewicz et al. 1994, 2001;
Ostrowski et al. 2006). These tricyclic analogues exhibited marked activity against
HSV-1, HSV-2, and VZV, some of their six-substituted derivatives being intrinsi-
cally fluorescent.

All acyclic and carbocyclic guanosine analogues depicted in Fig. 1 follow the
same modus operandi as exemplified for acyclovir (ACV) in Fig.5, in that they
need three phosphorylations to be converted to their active metabolite, the triphos-
phate form, which then interacts with the target enzyme, the viral DNA poly-
merase, as a chain terminator (De Clercq 2002). In its DNA chain-terminating
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Fig. 5 Mechanism of antiviral action of acyclovir (De Clercq 2002)

action, acyclovir triphosphate (ACV-TP) directly competes with the natural sub-
strate (dGTP). To be converted to ACV-TP, ACV is successively phosphorylated by
the HSV- or VZV-encoded thymidine kinase, and two cell-derived kinases, guano-
sine 5’-monophosphate kinase (GMP kinase) and nucleoside 5'-diphosphate kinase
(NDP kinase).

The first phosphorylation carried out by the virus-induced thymidine kinase (TK)
(Elion et al. 1977) is crucial for the specific (and selective) activity of acyclovir and
all the acyclic (and carbocyclic) analogues derived thereof (Fig. 1). Herpesviruses
which do not encode their own TK or which lost their capacity (e.g., TK-deficient
HSV-1, HSV-2, or VZV variants) no longer respond to the antiviral action of acy-
clovir or other acyclic guanosine analogues and vice versa; human tumor cells that
have been transduced by the HSV TK become exquisitely sensitive to the cytostatic
action of these acyclic guanosine analogues (i.e., ganciclovir) (Degreve et al. 1999;
De Clercq et al. 2001).

In this context, it should be noted that the specific antiviral activity of ganciclovir
against HSV (which is more potent than that of acyclovir) can be fully explained by
the compound being specifically recognized as substrate by the HSV-encoded TK.
For CMYV, however, which does not encode a virus-specified TK, the activity of gan-
ciclovir depends on the phosphorylation by a virus-encoded protein kinase, which
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specifically recognizes ganciclovir as substrate for conversion to its monophosphate
(Sullivan et al. 1992). The latter then follows the same pathway as illustrated for
acyclovir in Fig. 5.

3 Acyclic Nucleoside Phosphonates

The acyclic nucleoside phosphonates (ANPs) can be considered as nucleotide rather
than nucleoside analogues, in that, besides the purine or pyrimidine base, they con-
tain an (acyclic) sugar moiety to which a phosphonate is attached. In these nu-
cleotide analogues (Fig. 2), the phosphoric ester grouping (=P——-0——-C——) is
transformed to its isomeric phosphonomethyl ether (=P — —C — —O — —), which is
able to withstand attack by cytoplasmic enzymes (De Clercq and Holy 2005). This
phosphonate group contributes not only to the prolonged antiviral activity of this
class of compounds and their relative resilience to antiviral drug resistance develop-
ment, but is also associated with dose-limiting nephrotoxicity.

The prototype member of the ANPs is (S)-9-(3-hydroxy-2-phosphonyl-
methoxypropyl)adenine (HPMPA) (Fig. 2), first described for its broad-spectrum
anti-DNA virus activity in 1986 (De Clercq et al. 1986). Then followed by the
description of various other acyclic nucleoside phosphonates in 1987 (De Clercq
et al. 1987). At present three acyclic nucleoside phosphonates have been licensed
for clinical use: cidofovir, adefovir, and tenofovir (Fig. 2).

Cidofovir (Fig.2) has been formally approved for the treatment of CMV retini-
tis in AIDS patients, where it is administered intravenously at a dose not exceed-
ing 5mg/kg once weekly during the first two weeks (and every other week there-
after). Cidofovir is also used “off label” for the treatment of human papilloma virus
(HPV) infections (i.e., cutaneous warts, anogenital warts, laryngeal and pharyngeal
papilloma), polyomavirus [i.e., progressive (i.e., multifocal leukoencephalopathy
(PML)], adenovirus, herpesvirus, and poxvirus (i.e., molluscum contagiosum) in-
fections, where it can be administered intravenously (at a dose of < 5mg/kg once
weekly or every other week) or topically as a 1% gel or cream (De Clercq and Holy
2005). Especially in immunosuppressed patients (i.e., transplant recipients), local
treatment of HPV-associated lesions has often yielded spectacular results (Bonatti
et al. 2007).

Adefovir in its prodrug form, adefovir dipivoxil, is indicated in the treatment
of chronic HBV infections (chronic hepatitis B), where, if administered orally as a
single dose of 10 mg per day, HBV DNA load is reduced significantly (>31og;,)
over a 1- or 2-year period (Hadziyannis et al. 2005).

Tenofovir in its prodrug form tenofovir, disoproxil fumarate (TDF), is indicated
in the treatment of HIV infections (AIDS). It is administered as a single oral dose
of 300mg per day. When combined with emtricitabine and efavirenz, TDF has
proven to be more efficacious than the standard combination therapy of combivir
(azidothymidine plus lamivudine) and efavirenz (Gallant et al. 2006) and less prone
to cause adverse side effects (Pozniak et al. 2006; De Clercq 2007b).
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For the treatment of AIDS, TDF is now available in three commercial prepa-
rations, as such (Viread®), in combination with emtricitabine (Truvada®) and in
combination with emtricitabine and efavirenz (Atripla®). The latter represents a
three-drugs-in-once combination pill, which has become available for the treatment
of AIDS since July 2006. The different milestones that marked the development and
ultimate commercialization of Atripla® (in 2006) since the original identification
of adefovir as an antiretroviral agent (in 1986) have been previously reviewed (De
Clercq 2006, 2007a—c).

In addition to cidofovir, adefovir, and tenofovir, several new acyclic nucleoside
phosphonates have been recently accredited with marked antiviral effects: that is,
6-[2-phosphonomethoxyalkoxy)-2,4-diaminopyrimidines (HPMPO-DAPy, PMEO-
DAPy, and PMPA-DAPYy) (Fig.2) (De Clercq et al. 2005; Balzarini et al. 2007; De
Clercq 2007d) and triazine analogues of cidofovir (5-aza-HPMPC, 5-aza-cHPMPC
(Fig.2) (Kre¢merova et al. 2007a, b). Further studies are needed to establish
whether HPMPO-DAPy, PMEO-DAPy, PMPA-DAPy, 5-aza-cHPMPC, or alky-
loxyalkyl prodrugs thereof are advantageous in terms of activity spectrum, efficacy,
safety, or pharmacokinetics as compared to the first-generation ANPs cidofovir
(HPMPC), adefovir (PMEA), or tenofovir (PMPA).

To increase the oral bioavailability of adefovir and tenofovir, the prodrugs ade-
fovir dipivoxil and tenofovir disoproxil as well as alkoxyalkyl esters of cidofovir,
that is, hexadecyloxypropyl (HDP) and octadecyloxyethyl (ODE) of HPMPC and
HPMPA (Fig.2), have been developed. These lipid ANP esters show indeed mark-
edly increased oral bioavailability (Painter and Hostetler 2004) as well as enhanced
in vitro and in vivo antiviral activity against a wide range of viruses [i.e., adenovirus
(Hartline et al. 2005); polyoma-, herpes-, and poxviruses (Kern et al. 2002; Quenelle
et al. 2004; Buller et al. 2004; Beadle et al. 2006; Quenelle et al. 2007; Hostetler
et al. 2007; Dal Pozzo et al. 2007; Lebeau et al. 2007)]. Quite surprisingly,
alkoxyalkyl esters of acyclic nucleoside phosphonates, that is, HDP-HPMPA and
ODE-HPMPA, known for their well-established broad-spectrum activity against
various DNA viruses and retroviruses, have recently been associated with anti-HCV
replicon activity (Wyles et al. 2008), an observation that needs further scrutiny.

Appropriately designed prodrugs, for example, phosphonoamidates (Lee et al.
2005), may allow acyclic nucleoside phosphonates such as tenofovir to be specifi-
cally targeted at tissues, that is, lymphatic tissue, where the virus (i.e., HIV) repli-
cates. This principle has been recently extended to another nucleotide analogue,
GS-9148 (Cihlar et al. 2008) and its phosphonoamidate prodrug, GS-9131 (Ray
et al. 2008).

After the ANPs (i.e., cidofovir, adefovir, and tenofovir) have been released (intra-
or extracellularly) from their prodrugs through the intervention of intra- or extracel-
lular esterases, they need only two phosphorylation steps to be converted to their
active metabolites (i.e., HPMPCpp, PMEApp, and PMPApp), which will then com-
pete with the natural substrates (dACTP for HPMPCpp, and dATP for PMEApp and
PMPApp) for incorporation into the viral DNA (Fig. 6a).

If incorporated into the DNA chain, PMEApp and PMPApp obligatorily act as
chain terminators (Fig. 6bb), following incorporation of a single molecule (PMEA
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Fig. 6a Mechanism of antiviral action of cidofovir

or PMPA) at the 3’-end (De Clercq and Holy 2005). HPMPC requires two consec-
utive (“tandem”) incorporations to efficiently terminate DNA elongation (Fig. 6ba),
as has been demonstrated in the case of CMV DNA synthesis (Xiong et al. 1997).
In the case of the vaccinia viral DNA polymerase, HPMPC has been shown to ter-
minate DNA elongation after it is incorporated at the penultimate position, thus al-
lowing one more (regular) nucleotide to be incorporated at the 3’-end (Magee et al.
2005). Recent findings indicated, however, that both HPMPA and HPMPC can be
faithfully incorporated into the template strand, thereby inhibiting trans-lesion DNA
synthesis (Magee et al. 2008).

As has been demonstrated for tenofovir, when incorporated at the 3’-end of
reverse transcriptase (RT)-driven DNA chain allows the PMPA residue to adopt
multiple conformations [in contrast with the more rigid conformation of the 2’,3'-
dideoxynucleosides (see infra) (Tuske et al. 2004). This greater flexibility in confor-
mation may impede development of resistance to tenofovir.
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4 Dideoxynucleoside Analogues

The 2/,3’-dideoxynucleoside (ddN) analogues (Fig.3) encompass a vast group of
compounds that have been found active against HIV and HBV, although they have
been primarily pursued for the treatment of HIV infections (AIDS). They are tar-
geted at the HIV-associated reverse transcriptase (RT) and therefore also referred
to as nucleoside reverse transcriptase inhibitors (NRTIs). They have to be distin-
guished from the nucleotide reverse transcriptase inhibitors (NtRTIs) such as ade-
fovir (PMEA) and tenofovir (PMPA) (see above) which, like the NRTTIs, act as chain
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terminators, and the NNRTIs (nonnucleoside reverse transcriptase inhibitors), which
directly bind to, and thereby inactivate, the functioning of the HIV-1 RT.

At present there are seven NRTIs, which have been formally approved for
the treatment of AIDS: 3’-azido-2’,3’-dideoxythymidine (AZT, zidovudine),
2/ 3'-dideoxyinosine (ddI, didanosine), 2’,3’-dideoxycytidine (ddC, zalcitabine),
2’ 3'-didehydro-2’,3'-dideoxythymidine (d4T, stavudine), (—)-L-3'-thia-2’,3'-
dideoxycytidine (3TC, lamivudine), cyclopentenyl N®-cyclopropylaminopurine
(abacavir, ABC), and (—)-L-5-fluoro-3'-thia-2’,3’-dideoxycytidine ((—)FTC,
emtricitabine) (De Clercq 2004a) (Fig. 3).

Depending on the nature of the compound, the ddN analogues have been as-
sociated with varying toxic side effects such as bone marrow suppression (AZT),
pancreatitis (ddI), hypersensitivity reactions (ABC), and neurologic complications
consequently to mitochondrial toxicity (ddC), while others, such as 3TC and (-)FTC,
have few, if any, side effects.

These compounds are used in the treatment of HIV-1 and HIV-2 infections
(lamivudine is also used in the treatment of HBV infections). All the NRTIs are
administered orally; AZT at a dose of 600 mg (2 x 300mg) per day, ddI at a dose
of 400 mg (2 x 200mg) per day, ddC at a dose of 2.25mg (3 x 0.75mg) per day,
d4T at a dose of 80 mg (2 x 40mg) per day, 3TC at a dose of 300 mg (2 x 150mg)
per day (for the treatment of HBV infections at a daily dose of 100 mg), ABC at
a dose of 600 mg (2 x 300mg) per day, and (—)FTC at a dose of 200 mg per day.
Commercially available are also fixed dose combinations of AZT (300 mg) with
3TC (150 mg) (Combivir®, 2 pills daily) and of AZT (300 mg) with 3TC (150 mg)
and ABC (300 mg) (Trizivir®, 2 pills daily), and, as mentioned earlier, of (—)FTC
(200mg) with TDF (300 mg) (Truvada®, 1 pill daily), and of (—)FTC (200 mg)
with TDF (300 mg) and the NNRTT efavirenz (600 mg) (Atripla®, 1 pill daily).

All NRTIs, as exemplified for AZT (Fig.7), act in a similar fashion: fol-
lowing their uptake by the cells, they are phosphorylated successively to their
5’-monophosphate, 5'-diphosphate, and 5'-triphosphate form (De Clercq 2002).
Unlike the first phosphorylation step in the metabolic pathway of the acyclic
guanosine analogues (see above), which is carried out by a virus-encoded en-
zyme (thymidine kinase), the first as well as the subsequent phosphorylations of
the 2/,3’-dideoxynucleosides are carried out by cellular enzymes, that is, a 2'-
deoxynucleoside (e.g., dThd) kinase, a 2’-deoxynucleotide (e.g., dTMP) kinase, and
a (2/-deoxy)nucleoside 5'-diphosphate (NDP) kinase.

After the ddNs have been converted to their 5'-triphosphate form (ddN-TP),
they shut off RNA-dependent DNA synthesis as obligate chain terminators: AZT-
TP and d4T-TP in competition with dTTP; ddC-TP, 3TC-TP and (—)FTC-TP in
competition with dCTP; ddA-TP (originating from ddI via the following pathway:
ddI — ddIMP — succinyl — ddAMP — ddAMP — ddADP — ddATP) in competi-
tion with dATP; and carbovir-TP (formed from ABC upon its phosphorylation to
ABC-MP, deamination to carbovir-MP, and phosphorylation to carbovir-DP and -
TP) in competition with dGTP. Thus, for all natural substrates of DNA synthesis,
competing ddN analogues have been developed that eventually act as chain termi-
nators of the HIV RT-driven DNA polymerization (De Clercq 2004b).
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In addition to the seven ddNs (or NRTIs) that have been formally approved for
the treatment of HIV infection, several other NRTIs acting as chain terminators are
still (or have been) under (pre)clinical development: that is, amdoxovir, racivir, dex-
elvucitabine [previously called reverset (D-d4FC)], elvucitabine (L-d4FC), and D-
DOT (dioxolane thymine) (Fig. 3), and starting from D-d4FC and L-d4FC, D- and
L-2',3'-didehydro-2’,3’-dideoxy-3’-fluoro-carbocyclic nucleosides have been syn-
thesized (Wang et al. 2005, 2007).

In principle, resistance to ddNs can be attributed to reduced binding affinity of
the ddN-TP to the HIV RT or increased excision velocity of the chain terminating
ddN-MP from the 3’-end (see chapter by Nijhuis et al, this volume, for a discus-
sion of resistance mechanisms). The new ddN analogues (i.e., D-d4FC and D-DOT)
were designed to circumvent the resistance problem. As compared to other ddN
analogues, D-DOT is more resilient to TAM (thymidine analogue-associated mu-
tations), and, also as compared to AZT-MP, DOT-MP is less efficiently removed
from the 3’ -end through ATP-mediated pyrophosphorolysis (Lennerstrand et al.
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2007). The potent activity of D-DOT against AZT- and 3TC-resistant HIV-1 strains
together with its excellent pharmacokinetic profile in rhesus monkeys suggest that
further development of D-DOT towards HIV-1 chemotherapy is warranted (Asif
et al. 2007).

5 Nucleoside analogues active against HBV or HCV

All the nucleoside (and nucleotide) analogues that have entered the clinic for the
treatment of HBV infections (i.e., nucleoside analogues: lamivudine, entecavir, tel-
bivudine; nucleotide analogues adefovir and tenofovir) are fairly well tolerated with-
out side effects that would preclude their long-term usage. The nucleoside analogues
in (pre)clinical development for the treatment of HCV infections are not yet suffi-
ciently advanced to assess their tolerability and/or safety.

5.1 Anti-HBYV Agents

In addition to the NRTI lamivudine (3TC) and the NtRTI adefovir dipivoxil and
tenofovir disoproxil fumarate (which has been recently licensed for the treatment of
chronic hepatitis B), two other nucleoside analogues, that is, entecavir and L-dT (tel-
bivudine) (Fig. 4aa), have been licensed for the treatment of HBV infections. Two
other compounds 3’-Val-L-dC (valtorcitabine) and L-FMAU (clevudine) (Fig. 4aa)
are in clinical development for the treatment of HBV infections, and yet two other
compounds, that is, racivir and elvucitabine (Fig. 3), yield potential for the treatment
of both HBV and HIV infections.

Thus, entecavir (Zoulim 2006) and telbivudine (Ruiz-Sancho et al. 2007) repre-
sent new treatment options for chronic hepatitis B, although, surprisingly (Hirsch
2007), entecavir led to the emergence of HIV-1 variants with the lamivudine-
resistant mutation M 184V in patients with HIV-1 and HBV coinfection (McMahon
et al. 2007). This argues against the use of entecavir in persons coinfected with
HIV-1 and HBV, who are not receiving fully suppressive anti-HIV drug regimens.

Entecavir, telbivudine, clevudine, and the other nucleoside analogues (Fig. 4aa)
need to be phosphorylated to their 5'-triphosphate form to be antivirally ac-
tive (Fig.8). This again implies three phosphorylation steps based successively
on a nucleoside kinase, nucleoside 5’-monophosphate kinase, and nucleoside
5'-diphosphate kinase. These reactions have been characterized only in a few
cases, that is, thymidylate kinase in the metabolism of clevudine (Hu et al. 2005).

The 5’'-triphosphate metabolite of entecavir has been shown to accumulate in-
tracellularly at concentrations that are inhibitory to 3TC-resistant HBV DNA poly-
merase (Levine et al. 2002). This would imply that entecavir should be active against
HBYV infections that have become resistant to treatment with lamivudine. Yet, it
should be taken into account that treatment with lamivudine leads to the same
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Fig. 8 HBV replication cycle and site of action of several anti-HBV agents

resistance mutations (M2041/V) that may also appear following entecavir treat-
ment (Locarnini et al. 2004). Adefovir resistance, however, is based on mutations
(A181V, N236T) that do not give cross-resistance with either lamivudine or ente-
cavir (Locarnini et al. 2004).

The mechanism of action of entecavir, L-dT, L-dC, and L-FMAU at the HBV
DNA polymerase level remains to be established. Since these compounds contain
a 3/-hydroxyl group, they should, theoretically, be able to permit DNA chain elon-
gation. If, nevertheless, they act as chain terminators, they may do so through an
altered conformation of the sugar ring, resulting in an inadequate positioning of the
3’-hydroxyl group prohibiting DNA chain elongation.

5.2 Anti-HCV Agents

In analogy with the designation of NRTIs and NNRTIs for the “nucleoside” and
“nonnucleoside” type of reverse transcriptase (RT) inhibitors to target HIV, the cor-
responding inhibitors to target HCV may be termed NRRIs (for nucleoside RNA
replicase inhibitors) and NNRRIs (for nonnucleoside RNA replicase inhibitors).
The NRRI 2’-C-methylcytidine (Fig. 4ab) has in its oral prodrug form (NM 283,
valopicitabine) acceded into phase II clinical trials in chronic HCV-infected patients.
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Preclinical data suggest antiviral synergy for the combination of NM 283 with inter-
feron (IFN) (Afdhal et al. 2004). In vitro ribavirin [a nucleoside analogue that acts
as an IMP dehydrogenase inhibitor (not a chain terminator)] was shown to antago-
nize the anti-HCV activity of 2-C-methylcytidine (Coelmont et al. 2006). Treatment
with NM 283 at optimal dosing produced consistent HCV RNA reduction aver-
aging >1.2 log, in a difficult-to-treat cohort, that is, patients that had previously
failed pegylated IFN and ribavirin combination therapy (Toniutto et al. 2007). Val-
opicitabine combined with standard therapy of pegylated interferon and ribavirin
was shown to clear HCV in 72% of patients who completed 12 weeks of treatment
(www.idenix.com).

Following 2'-C-methylcytidine, various other nucleoside analogues targeting
the HCV NS5B polymerase have been reported to inhibit HCV replication in
vitro (HCV replicon system): 2’-O-methylcytidine (Carroll et al. 2003), 2'-C-
methyladenosine (Carroll et al. 2003; Tomassini et al. 2005), 2’-C-methylguanosine
(Migliaccio et al. 2003; Eldrup et al. 2004), 7-deaza-2'-C-methyladenosine (Olsen
et al. 2004), 7-deaza-7-fluoro-2'-C-methyladenosine (Carroll et al. 2007), 2'-deoxy-
2'-fluoro-2'-C-methylcytidine (PSI-6130) (Stuyver et al. 2006), 4'-azidocytidine
(R1479) (Klumpp et al. 2006) (and an oral prodrug thereof, termed R1626) (Klumpp
et al. 2007) (Fig. 4ab).

How do these NRRIs interact with their final target, the HCV RNA replicase?
They are phosphorylated to their 5'-triphosphate form, and then inhibit the HCV
replicase. As they possess a 3’-hydroxyl function, they may not be considered as
obligate chain terminators, but they may act as virtual chain terminators, viz. by
steric hindrance exerted by the neighboring 2'-C-methyl and/or 4'-C-azido groups.
Similar to their NRTI and NNRTI counterparts in the case of HIV reverse transcrip-
tase, the NRRIs (2'-C-methylnucleosides) interact, upon their phosphorylation to
the corresponding 5'-triphosphates, with a region of the HCV RNA replicase (or
NS5B RNA-dependent RNA polymerase) that is clearly distinct from the site(s) of
interaction of the NNRRIs (Tomei et al. 2005).

For the 2’-C-methyladenosine triphosphate, significantly higher concentrations
were detected than that for 2/-O-methylcytidine triphosphate, which is consis-
tent with the greater potency of 2/-C-methyladenosine over 2’-O-methylcytidine
in the HCV replicon assay (Carroll et al. 2003). The relative inactivity of
2’-O-methylcytidine in inhibiting HCV replication could be ascribed to its poor
intracellular conversion to the 5'-triphosphate; its activity could be restored when
using a monophosphate prodrug (Tomassini et al. 2005). The 2'-C-methyl ri-
bonucleosides 2’-C-methyladenosine and 2'-C-methylguanosine were identified as
potent inhibitors of HCV RNA replication and the corresponding triphosphates
were found to be potent inhibitors of the HCV NS5B-mediated RNA synthesis
(Eldrup et al. 2004). The 2'-C-methyl ribonucleosides were shown to be efficient
chain-terminating inhibitors of HCV genome replication (Migliaccio et al. 2003).
Characterization of drug-resistant HCV replicons defined a single S282T mutation
within the active site of the viral RNA polymerase that conferred loss of sen-
sitivity to 2/-C-methyl ribonucleosides in both replicon and isolated polymerase
assays (Migliaccio et al. 2003). It has been suggested that the 2'-C-methyl entity
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is able to sterically block the next incoming ribonucleotide 5’-triphosphate (NTP)
(Migliaccio et al. 2003). Additional modifications, as, for example, the 7-deaza
modification, may further disrupt the alignment of the 3’-OH for nucleophilic attack
on the a-phosphate of this incoming NTP, so as to more efficiently terminate chain
elongation (Olsen et al. 2004).

The 2'-C-methyl-substituted ribonucleosides 2’-C-methyladenosine and
-guanosine were also found to inhibit the replication of flaviviruses other than
HCYV, such as bovine viral diarrhea virus (BVDV), yellow fever virus, and West
Nile virus (Migliaccio et al. 2003). Other 2’-C-methylribonucleosides such as
B-D-2'-deoxy-2’'-fluoro-2'-C-methylcytidine (PSI-6130), however, showed little if
any activity against BVDV, West Nile virus, or yellow fever virus (Stuyver et al.
2006).

PSI-6130, upon phosphorylation to its 5’-triphosphate, is incorporated (as PSI-
6130-MP) as a nonobligate chain terminator (Murakami et al. 2008) into RNA
catalyzed by purified RNA-dependent RNA polymerase (NS5B). PSI-6130 is
metabolized intracellularly to the 5'-triphosphate of -D-2’-deoxy-2’-fluoro-2'-C-
methyluridine (PSI-6206) (Ma et al. 2007), but, as compared to the 5'-triphosphate
of PSI-6130, the 5'-triphosphate of PSI-6206 is less efficient an inhibitor of HCV
RNA-dependent RNA polymerase than PSI-6130 5'-triphosphate (Murakami et al.
2007).

R1479 (4'-azidocytidine) inhibits HCV replication in the replicon system with
similar potency compared with 2’-C-methylcytidine (Klumpp et al. 2006). R1479 5'-
triphosphate elicits similar potency compared with 3’-dCTP in inhibiting the NS5B-
dependent RNA synthesis. R1479-TP was incorporated into nascent RNA by the
HCV polymerase and reduced further elongation with similar efficiency compared
with 3’-dCTP, an obligate chain terminator. The S282T mutation in the NS5B poly-
merase, which has been shown to confer resistance to 2’-C-methylnucleosides (see
above), did not confer cross-resistance to R1479 (Klumpp et al. 2006). In vitro stud-
ies mapped resistance to R1479 to amino acid substitutions S96T and S96T/N142T
of NS5B. These mutations, in turn, did not confer resistance to 2'-C-methylcytidine
(Le Pogam et al. 2006). These findings would argue for combination therapy of
R1479 with 2'-C-methylribonucleosides.

HCV polymerase that carried the S282T mutation did no longer incorporate 2'-C-
methyl-CTP during the initiation step of RNA synthesis (Dutartre et al. 2006). The
presence of the S282T mutation induces a general reduction (5-20-fold) in terms of
polymerase efficiency (Dutartre et al. 2006), which may translate to decreased viral
fitness (Ludmerer et al. 2005).

Nonobligate chain terminators, such as 2'-C-methylated nucleosides, following
incorporation in their 5’-monophosphate (nucleotide) form, can be excised again
through pyrophosphorolytic excision in the presence of pyrophosphate (PPi) (Deval
et al. 2007). Previous studies have suggested mechanisms of action of removal
of (obligate) chain terminators by both BVDV RNA-dependent RNA polymerase
(D’ Abramo et al. 2004) and HIV-1 reverse transcriptase (Gotte 2006).
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6 Perspective

Chain terminators acting at the DNA level such as the acyclic guanosine analogues
(following phosphorylation to their triphosphate form) have gained wide accep-
tance as antiviral drugs, that is, (val)acyclovir in the treatment of HSV infections
and (val)ganciclovir in the treatment of CMYV infections (in immunosuppressed pa-
tients). The acyclic nucleoside phosphonates (or nucleotide analogues), also act-
ing at the DNA level (following phosphorylation to their diphosphate form), have
proven to be key antiviral drugs for the treatment of HIV infections (tenofovir) and
HBYV infections (adefovir and tenofovir). The 2’,3’-dideoxynucleoside analogues,
which following their phosphorylation to the 5'-triphosphate form, act as chain ter-
minators of the HIV reverse transcription reaction, are inherent part of various an-
tiviral drug cocktails used in the treatment of AIDS. Whether RNA chain termina-
tors may ultimately evolve to useful drugs in the treatment of HCV infections is
anticipated, but not yet demonstrated. An additional, albeit yet to be ascertained,
application for the RNA chain terminators is their potential use for the treatment of
flavivirus infections (other than HCV) and RNA virus infections other than flavi-,
such as a picornavirus infections.
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