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Nucleoside and nucleotide analogs have served as the cornerstones of antiviral therapy for many viruses.
However, the requirement for intracellular activation and side-effects caused by distribution to off-target
sites of toxicity still limit the efficacy of the current generation of drugs. Kinase bypass strategies, where
phosphorylated nucleosides are delivered directly into cells, thereby, removing the requirement for
enzyme catalyzed phosphorylation steps, have already changed the face of antiviral therapy in the form
of the acyclic nucleoside phosphonates, cidofovir, adefovir (given orally as its dipivoxil prodrug) and ten-
ofovir (given orally as its disoproxil prodrug), currently used clinically. These strategies hold further
promise to advance the field of antiviral therapy with at least 10 kinase bypass and tissue targeted pro-
drugs, representing seven distinct prodrug classes, currently in clinical trials. This article reviews the his-
tory of kinase bypass strategies applied to nucleoside antivirals and the evolution of different tissue
targeted prodrug strategies, highlighting clinically relevant examples.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Nucleoside and nucleotide analogs have been a critical parts of
the treatment of the human immunodeficiency virus (HIV), herpes
viruses (including herpes simplex virus type-1 and -2 (HSV-1 and
HSV-2, respectively), varicella-zoster virus (VZV), and cytomegalo-
virus (CMV)) and the hepatitis B and C viruses (HBV and HCV,
respectively) with no less than 22 distinct agents approved by a
regulatory agency for clinical use (Ray and Hitchcock, 2009).
Nucleoside and nucleotide analogs have made a tremendous im-
pact in the treatment of HIV where the current standard of care in-
cludes two nucleoside or nucleotide analogs in combination with a
third agent from another class (the history of nucleoside and nucle-
otide analogs in HIV was recently reviewed in a special issue of
Antiviral Research commemorating the 25 year anniversary of
the approval of azidothymidine (AZT) (Broder, 2010; Cihlar and
Ray, 2010; Martin et al., 2010).

Therapy with nucleoside and nucleotide analogs can be limited
by the requirement for intracellular anabolism to their active
nucleoside triphosphate (NTP) metabolites. The first step in phos-
phorylation of nucleoside analogs, formation of the nucleoside
monophosphate (NMP), is catalyzed by a number of cytosolic and
mitochondrial nucleoside kinases and phosphotransferases
involved in nucleotide salvage pathways. Subsequent phosphoryla-
ll rights reserved.
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tion steps are catalyzed by NMP kinases (NMPKs; convert NMP to
nucleoside diphosphate (NDP)) and NDP kinases (NDPKs; convert
NDP to NTP). The first phosphorylation step is often slow or even
absent in some cases, particularly when the nucleoside structure
has been markedly altered. However, the location of the rate limit-
ing step in anabolic phosphorylation is nucleoside-dependent and
some nucleosides exhibit slow conversion at phosphorylation
steps distal to the first kinase step. The anabolism of nucleoside
and nucleotide analogs has been reviewed in great detail else-
where (Ray and Hitchcock, 2009; Van Rompay et al., 2000; Welin
and Nordlund, 2010).

Nucleoside and nucleotide therapy can be limited by unwanted
side effects caused by distribution to off-target cells and tissues.
For example, ribavirin is transported into erythrocytes by nucleo-
side transporters where its metabolites accumulate causing ane-
mia (Jarvis et al., 1998). Once activated, nucleotide analogs serve
as mimics of some of the fundamental building blocks of life and,
therefore, can cause toxicity. For example, many 20,30-dideoxynu-
cleotide analogs can inhibit the mitochondrial DNA polymerase
gamma causing a wide range of side-effects (reviewed by White
(2001)).

Seminal work in the area of kinase bypass, including the first re-
ports of the antiviral activity of acyclic nucleoside phosphonates
(ANP) (De Clercq et al., 1986), the ability to circumvent the first
phosphorylation step in thymidine kinase (TK) deficient cells or
to inhibit resistant herpes viruses with altered viral TK activity
in vitro (Balzarini et al., 1996; Hostetler et al., 1993, 1992;
McGuigan et al., 1996; Prisbe et al., 1986), the ability of kinase
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bypass strategies to impart cellular activity to inactive nucleosides
(for example, see papers on 20,30-dideoxyuridine (ddU) and 40-azi-
donucleosides (McGuigan et al., 1994; Perrone et al., 2007a,b)), in
vivo proof of concept illustrated by the anti-HBV activity of a lipid
prodrug of acyclovir-MP (ACV-MP) observed in woodchuck
(Hostetler et al., 2000) and the clear establishment of the intracel-
lular delivery of NMP analogs using stable isotope methods (Kim
et al., 2004), have provided the foundation for further progress in
the treatment of viral infections. While initial studies primarily
established the antiviral activity of kinase bypass strategies
in vitro, the clinical success of the ANPs has clearly validated the
clinical relevance of these strategies (Lee and Martin, 2006). With
at least 10 kinase bypass and cell targeted prodrugs currently in
clinical trials, the field has now progressed to possibly better
achieving the goal of site specific delivery (Stella and Himmelstein,
1980).

Kinase bypass strategies have been discussed in a number of
prior reviews (Bobeck et al., 2010; Cahard et al., 2004; Calogero-
poulou et al., 2003; De Clercq and Field, 2006; Gosselin et al.,
1996; Hecker and Erion, 2008; Hostetler, 2009; Jessen et al.,
2008; Jones and Bischofberger, 1995; Mehellou et al., 2009; Meier
and Balzarini, 2006; Schultz, 2003; Tan et al., 1999). While this re-
view is focused on strategies applied to antiviral nucleosides, a re-
lated body of primary literature also exists for anticancer agents.
Rather than provide a comprehensive review of kinase bypass
strategies, examples are used from different structural classes to
highlight key concepts and, where appropriate, reference to more
exhaustive reviews is given. While a historical overview of the evo-
lution of prodrugs for kinase bypass is provided, this review pri-
mary focuses on strategies that are of potential clinical relevance,
especially those where examples have recently advanced into clin-
ical trials.

2. Initial application of kinase bypass strategies

The two major barriers to bypassing the need for kinase activa-
tion of nucleotide analogs are the presence of a large amount of
extracellular phosphatase activity and poor cell membrane perme-
ability due to the presence of negative charges at physiologic pH.
Initial attempts at kinase bypass primarily focused on stabilizing
the NMP to phosphatase activity by forming 30,50-cyclic phosphates
Fig. 1. Examples of initial kinase bypass strategies and the clinically appr
(Section 2.1) and stable phosphonate linkages (Section 2.2; some
structures are shown in Fig. 1).

2.1. 30,50-cyclic phosphates

In 1972 Long et al. synthesized 30,50-cyclic ara-cytidine-MP (ara-
CMP) (Fig. 1) and found it to be active in vitro as an anti-HSV-1 and
-proliferative agent (Long et al., 1972). 30,50-Cyclic ara-CMP was
stable to phosphatase activity and, in addition to being more stable
than the MP, 30,50-cyclic ara-CMP appeared to cross cell mem-
branes more efficiently than ara-CMP. The in vitro antiproliferative
activity was verified in vivo in a mouse leukemia model. Similarly,
Roland Robins and coworkers synthesized 30,50-cyclic 3-deazagu-
anosine-MP in 1984 and reported anti HSV-1 and vaccinia virus
activity roughly equal to 3-deazaguanosine (Revankar et al.,
1984). While there was no evidence of improved antiviral activity,
30,50-cyclic 3-deazaguanosine-MP was about 1.5 logs more active
than 3-deazaguanosine as an inhibitor of the growth of L1210 leu-
kemia cells in vitro, providing some evidence of increased delivery
of the active metabolite into cells. Prisbe and coworkers synthe-
sized the cyclic phosphate of ganciclovir (GCV) in 1986 and found
that it had antiviral activity against TK deficient and GCV resistant
HSV-1, clearly establishing bypass of the first phosphorylation step
(Prisbe et al., 1986).

As opposed to the successful early reports of the application of
30,50-cyclic phosphates to nucleoside analogs described above, a
number of subsequent papers showed less compelling findings. A
series of papers by Beres et al. (1986a,b,c) described the synthesis
and antiviral evaluation of a series of 5-halo and 5-alkyl substi-
tuted 30,50-cyclic phosphates of C, U and 20-deoxyU (dU). 30,50-Cyc-
lic 5-fluoro-CMP (5-F-CMP) was 10- to 100-fold less active against
HSV-1 and vaccinia virus than its corresponding nucleoside. The
authors noted that the 30,50-cyclic analogs were not active in TK
deficient cells, suggesting a failure to bypass the first phosphoryla-
tion step (Beres et al., 1986a). The 30,50-cyclic 5-halo-UMP series
was inactive against HSV-1 (Beres et al., 1986b) while the 30,50-cyc-
lic 5-halo-20-dUMP series was found to be active (Beres et al.,
1986c). A 30,50-cyclic phosphate of cyclopropavir, (Z)-9-([2,2-
bis(hydroxymethyl)cyclopropylidene]-methyl)guanine, was syn-
thesized by Zemlicka and coworkers and found to have antiviral
activity against Epstein-Barr virus (EBV) in Daudi cells (Yan et al.,
oved prodrugs of the acyclic nucleoside phosphonates AFV and TFV.
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2005). Curiously, the MP of this compound was inactive in Daudi
cells but was substantially more active in H1 cells. The 30,50-cyclic
phosphate was significantly less active than the MP against two
CMV strains in vitro.
2.2. Phosphonates

Replacement of the labile 50–CH2O–P bond with a stable CH2–P
bond yields nucleotide analogs completely stable to phosphatase
activity. ANP were the first and currently are the only kinase by-
pass strategy to yield approved antiviral drugs. The history of
nucleoside phosphonates dating back to the 1960s and the clinical
development of the antiviral ANPs has been reviewed by Lee and
Martin (2006).

With the discovery of the therapeutic potential of the acyclic
nucleoside analog ACV (Schaeffer et al., 1978) it was also quickly
realized that the antiviral activity of nucleoside analogs were lim-
ited by an inefficient first phosphorylation step. In order to address
this limitation and bypass the first phosphorylation step, Prisbe,
Martin and coworkers described, in addition to the cyclic phos-
phate of GCV discussed in Section 2.1, a phosphonate analog of
GCV-MP containing 50-CH2CH2-P that displayed moderate to weak
anti-HSV-1 and CMV activity (Prisbe et al., 1986). De Clercq, Holy
and coworkers reported the potent broad spectrum activity of
HPMPA in a 1986 letter to Nature (De Clercq et al., 1986). Subse-
quent work led to the discovery of the antiviral activity of HPMPC
(cidofovir; CDV; Fig. 1), PMEA (adefovir; AFV) and, later, PMPA
(tenofovir; TFV) (Balzarini et al., 1993; De Clercq et al., 1987).
CDV would go onto be approved for the indication of CMV retinitis
in HIV patients in parent form administered via intravenous infu-
sion in 1996. While TFV was shown to have anti-HIV activity when
administered to patients intravenously (Deeks et al., 1998), the or-
ally administered bis-POM and bis-POC prodrugs of AFV (dipivoxil;
ADV) and TFV (disoproxil fumarate; TDF), respectively, were ulti-
mately pursued in the clinic for the treatment of HIV and HBV (pro-
drugs discussed further below, structures shown in Fig. 1).

While not subject to phosphatase cleavage, nucleoside phos-
phonates still carry two negative charges at physiologic pH result-
ing in poor oral bioavailability, inefficient cell entry and the
potential for renal toxicity due to accumulation in the kidney. Akin
to early attempts with NMPs, Bischofberger and coworkers at-
tempted to improve the distribution of CDV by synthesizing cyclic
CDV (Fig. 1) and found that the antiviral activity, cytotoxicity and
selectivity index was similar for cyclic CDV to that of CDV in
HSV-1 infected cells in vitro (Bischofberger et al., 1994). After
administration of cyclic CDV, decreased systemic exposure to
CDV was noted in patients, perhaps due to the clearance of cyclic
CDV by both non-renal mechanisms as well as renal filtration
and tubular secretion. Likely due to reduced systemic and renal
exposure to CDV, cyclic CDV showed reduced potential for renal
toxicity in three animal species (Hitchcock et al., 1995) and had
the potential to reduce nephrotoxicity in the clinic (Cundy et al.,
1999).
3. Evolution and structural diversity in prodrug strategies for
kinase bypass

While phosphonate and 30,50-cyclic phosphate strategies serve
to improve the extracellular stability of the phosphate linkage, nei-
ther strategy fully addresses the issue of cellular permeability.
While both 30,50-cyclic phosphates and cyclic phosphonates took
an intermediate step by removing one negative charge, further
prodrug strategies are required to fully mask negative charge and
optimize cellular permeability. In addition to simply masking
negative charges with bioreversible protecting group, addition of
prodrug moieties allows for attempts at achieving the more ambi-
tious goal of site specific delivery to cells and tissues affected by
viruses (general concept reviewed by Stella and Himmelstein
(1980)). Section 3.1 discusses a number of examples of biorevers-
ible protecting groups applied to nucleotide analogs and Tables
1–3, present the progression of kinase bypass strategies applied
to NMPs, nucleoside phosphonates, and NDPs and NTPs, respec-
tively. Structures of some early kinase bypass strategies are pre-
sented in Fig. 2 and clinically relevant NMPs and ANPs are
presented in Figs. 3 and 4, respectively.

3.1. Bioreversible protecting groups

In early studies, various esters of 30,50-cyclic AMP (cAMP) were
synthesized and some compounds such as the N6-monooctanoyl,
N6-monobutyryl and the N6-20-O-dibutyryl esters were found to
promote biological activity (Posternak et al., 1962). Another ap-
proach used by Farquhar et al. was to use bis-acyloxymethyl
groups such as bis-pivaloyloxymethyl (POM) as phosphate-
protective groups to mask the negative charges on NMPs in order
to increase the ability of these compounds to traverse biological
membranes (Farquhar et al., 1983). One of these NMPs was shown
to be active in vitro as an antiproliferative agent.

3.1.1. Tri-esters
In an effort to target antiviral nucleotides to macrophages by

utilizing the mannose receptors, Gouyette et al. synthesized phos-
photriesters of AZT-MP, ddT-MP and 5-F-dUMP (F-dUMP) having a
hexadecyl moiety and mannose or (hydroxymethyl)mannose resi-
dues esterified to the NMP (Gouyette et al., 1989). Subsequently a
glucose analog was also synthesized (Henin et al., 1991). These tri-
esters were found to interact with unilamellar phospholipid vesi-
cles and were detected in the intravesicular space suggesting the
spontaneous occurrence of flip-flop of the molecules across the
phospholipid bilayer. The AZT-MP triesters were tested in CEM
and U937 cells infected with HIV and found to be less active, more
cytotoxic and less selective than unmodified AZT (Henin et al.,
1991).

Simple dialkyl substituted triesters of ara-AMP (di-propyl
shown in Fig. 2) showed less activity than ara-A in vitro (McGuigan
et al., 1989). However, these studies did not establish if prodrugs
successfully bypassed the first phosphorylation step, releasing
ara-AMP into cells. A more complex approach included preparation
of di-nucleoside phosphate salicylic acid esters of AZT and ddT
(Khamnei and Torrence, 1996). These prodrugs rapidly released
NMP in pig liver esterase and rat brain extract and were relatively
stabile in human plasma but no cell based activity was reported.

Simple mono-alkyl, 30,50-cyclic phosphate triesters, first applied
in an effort to release cAMP into cells (Cotton et al., 1975; Gohil
et al., 1974) and to increase the antiviral and antitumor activity
of analogs of dUMP (benzyl 30,50-cyclic 5-iodo-dUMP (IDU) shown
in Fig. 2) (Beres et al., 1986a,b,c), have recently been established as
a potentially clinically relevant class of prodrugs with the potent
anti-HCV activity observed for PSI-352938 (Fig. 3) (Reddy et al.,
2010). Many of the prodrug moieties further discussed below, in-
clude mono-amino acid ester, isopropyloxymethylcarbonyl (POC;
Section 3.1.4), POM (Section 3.1.4) and S-acetylthioethanol (SATE;
Section 3.1.5), have also been applied to mask the negative charge
on the 30-50-cyclic phosphates of nucleoside analogs with anti-HCV
activity (Gunic et al., 2007; Meppen et al., 2009). A mono-amino
acid ester prodrug of cyclic CDV has also been described (Keith
et al., 2003).

3.1.2. Phospholipids
Phospholipid prodrugs are attractive strategies for facilitating

kinase bypass due to the presence of cellular metabolic machinery



Table 1
Evolution of antiviral prodrug kinase bypass strategies for nucleoside phosphates.

Class Description Nucleoside References

30 ,50-Cyclic Mono-acid Ara-C Long et al. (1972)
GCV Prisbe et al. (1986)

Mono-alkyl 5-sub-dU Beres et al. (1986a,b,c)
Mono-POC/POM/SATE 20-C-MePurine Gunic et al. (2007)
Mono-amidate 20-C-MeC Meppen et al. (2009)

HSA Glycoprotein conjugate Ara-A Fiume et al. (1985)
Triesters Carbohydrate AZT Gouyette et al. (1989)

Bis-alkyl Ara-A McGuigan et al. (1989)
Salicyl phosphate ester AZT, ddT Khamnei and Torrence (1996)

Phospholipid Diacylglycerol AZT Calogeropoulou et al. (1995), Hostetler et al. (1990)
ACV Beadle et al. (2000), Hostetler et al. (2000, 1997)

Dialkylthioglycerol AZT, FLT Bogner et al. (1997a,b), Girard et al. (2000), Venhoff et al.
(2009)

Neo-glycoprotein Macromolecule AZT Molema et al. (1990)
Amidate Mono-ethanol, mono-amino acid ester AZT Devine et al. (1990)

Mono-ethanol, mono-alkyl amine AZT Curley et al. (1990)
Mono-trihaloethanol, mono-amino acid
ester

AZT McGuigan et al. (1991a)

Bis-amino acid ester AZT, FLT Jones et al. (1991), McGuigan et al. (1991b)
Mono-aryl, mono-amino acid ester
(‘‘protide’’)

ddU McGuigan et al. (1994)

AZT Wagner et al. (1995)
40-AzidoN Perrone et al. (2007a,b)
20-C-MeG McGuigan et al. (2010, 2009)
20-F-20-C-MeU Sofia et al. (2010)
N6-subsituted 20-F-20-
CMeG

Furman et al. (2011)

Mono-acid, mono-amino acid ester 20-C-MeC Gardelli et al. (2009)
Mono-aryl, mono-amino alcohol ester 20-C-MeC Donghi et al. (2009)

POM Bis-POM ddU Sastry et al. (1992)
SATE Bis-SATE ddU Perigaud et al. (1993)

Mono-SATE, mono-aryl AZT Schlienger et al. (1998), Schlienger et al., 2000)
Mono-SATE, mono-amidate AZT Egron et al. (2003, 2001), Zhou et al. (2011)

DTE Bis-DTE ddU, AZT Perigaud et al. (1993), Puech et al. (1993)
BAB Bis-AB AZT Routledge et al. (1995)
Cyclic phosphate CycloSAL d4T Meier et al. (1998)

Ester ‘‘lock-in’’ d4T Gisch et al. (2007), Vukadinovic et al. (2005)
2 Nucleotides d4T Gisch et al. (2009)

Cyclic 1,3-propanyl
esters

‘‘HepDirect’’ various Erion et al. (2004)

20-C-MeA Hecker et al. (2007)

Table 2
Evolution of antiviral prodrug kinase bypass strategies for nucleoside phosphonates.

Class Description Nucleotide analog References

Phosphonate 50-CH2CH2-P GCV analog Prisbe et al. (1986)
50-OCH2-P HPMPA De Clercq et al. (1986)

CDV, AFV, TFV Balzarini et al. (1993), De Clercq et al. (1987), Shaw et al. (1997a)
POM Bis-POM AFV Srinivas et al. (1993), Starrett et al. (1992)
POC Bis-POC TFV Robbins et al. (1998), Shaw et al. (1997b)
DTE Bis-DTE AFV Puech et al. (1993)
SATE Bis-SATE AFV Benzaria et al. (1996)
Cyclic Mono-acid CDV Bischofberger et al. (1994)

Mono-amino acid ester CDV Keith et al. (2003)
Amidate Mono-aryl, mono-amino acid ester TFV Eisenberg et al. (2001), Lee et al. (2005)

GS-9148 Cihlar et al. (2008), Ray et al. (2008)
Bis-amino acid ester 6-Substituted PMEG Wolfgang et al. (2009)

Phospholipid Hexadecyloxypropyl CDV Beadle et al. (2002)
TFV Painter et al. (2007)
HPMPA Wyles et al. (2009)

Cyclic 1,3-propanyl esters ‘‘HepDirect’’ AFV Erion et al. (2004)
Cyclic phosphate CycloSal AFV Meier et al. (2005)
Peptidomimetic Macromolecule CDV Eriksson et al. (2008)

280 A.S. Ray, K.Y. Hostetler / Antiviral Research 92 (2011) 277–291
capable of supporting intracellular activation, prolonged cellular
retention, plasma stability when applied to NMPs and the potential
for tissue targeting. These properties have led phospholipid strate-
gies to be broadly explored in the context of both nucleoside
phosphates and phosphonates. A stearyl ester of cytaribine-MP
(staracid) was approved for the treatment of leukemia in Japan in
1992 (prodrug strategies applied to cytaribine have recently been
reviewed (Chhikara and Parang, 2010)) and two lipid prodrugs of



Table 3
Strategies for delivery or di- and tri-phopshate nucleoside analogs.

Class Description Nucleotide analog References

Phospholipid Diacylglycerol AZT-DP Hostetler et al. (1990)
30dT-DP Hostetler et al. (1992)
ACV-DP Hostetler et al. (1993)

Phospholipid Distearoylglycerol AZT-TP van Wijk et al. (1994)
Tri-ester Acyl ester AZT and d4T nucleotides (-MP, -DP and -TP) Bonnaffe et al. (1996)
Triphosphate mimics ‘‘P3 M’’ AZT-TP Wang et al. (2004)
Alkyloxy-benzyl Bis-AB on b-phosphate AZT-DP and d4T-DP Meier et al. (2008)

Fig. 2. Examples of kinase bypass prodrug strategies applied to deliver of nucleoside analog monophosphates.

Fig. 3. Clinically relevant prodrugs of nucleoside analog monophosphates as liver targeted anti-HCV agents.
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Fig. 4. Prodrugs of nucleoside phosphonates studied clinically as antiviral agents.
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ANPs, CMX001 and CMX157, are currently in clinical development
as antiviral agents (discussed further below in Section 3.1.2.2 and
recently reviewed elsewhere (Hostetler, 2009)).

3.1.2.1. Applied to phosphates. An early approach to kinase bypass
was made by esterifying AZT, ddT or ddC with diacyl glycerol phos-
phate (phosphatidic acid) to obtain phosphatidyl-AZT, phosphati-
dyl-ddT and phosphatidyl-ddC, analogs of the naturally occurring
phospholipids like phosphatidylcholine and phosphatidylethanol-
amine. These compounds were active in HIV-infected CEM and
U937 cells. Phosphatidyl-ddT was significantly more active than
ddT itself and it was suggested that this could be due to direct con-
version of phosphatidyl-ddT to ddT-MP by cellular enzymes
(Hostetler et al., 1990). Further metabolic studies in CEM cells
showed kinase bypass and direct formation of NMPs (Hostetler
et al., 1991). No clinical evaluation of phosphatidyl-AZT or other
phosphatidyl-dideoxynucleosides has been completed. However,
a similar compound, fozivudine tidoxil, a thioether analog of
phosphatidyl-AZT was synthesized and evaluated in human clini-
cal trials (Bogner et al., 1997a,b; Girard et al., 2000). Proposed
advantages of this form of AZT were kinase bypass, increased levels
in lymphoid tissues and the potential for once daily dosing. In
Phase I/II clinical trial in AIDS patients, the highest dose (600 mg
twice daily) produced a 0.67 log10 drop in viral load after 28 days
(Girard et al., 2000). A prodrug applying the same prodrug moiety
to 30-deoxy-30-fluoro-thymidine (FLT), fosalvudine tidoxil, has also
progressed as far as Phase I/II clinical studies (Venhoff et al., 2009).
However, to date no further clinical studies with either prodrug
have been reported.

Both ACV and AZT are not effectively converted to their MPs in
liver (Hostetler et al., 1997) and are not active in patients with HBV
(Berk et al., 1992) in spite of the fact that AZT-TP and ACV-TP are
potent inhibitors of the HBV polymerase (Hantz et al., 1984).
However, their 1-O-octadecylglycerol-3-phosphate esters are
potent inhibitors of HBV replication in 2.2.15 cells in vitro suggest-
ing conversion to AZT-MP and ACV-MP (Hostetler et al., 1997).
1-O-Octadecylglycero-3-phosphate-ACV is orally active in
woodchuck hepatitis virus (WHV) infection; the compound
inhibited viral replication with a 95% reduction in serum WHV
DNA levels. In contrast, the maximal tolerated dose of ACV, a
5.3-fold-higher molar dosage, had no demonstrable activity. Oral
1-O-hexadecylpropanediol-3-phosphate-ACV appeared to be safe
and effective in chronic WHV. It is active because the prodrug
can be metabolized intracellularly in liver to ACV-MP, bypassing
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TK activation of ACV. ACV-MP is then converted to ACV-TP, the ac-
tive metabolite (Hostetler et al., 2000). Similarly, 1-O-hexadecyl-
propanediol-3-phosphate-ACV is orally active in experimental
HSV-1 infections in mice by a similar mechanism (Beadle et al.,
2000).

Piantadosi and coworkers synthesized a series of ether lipid
conjugates of AZT-MP and other dideoxynucleosides (Piantadosi
et al., 1991). The most active compound was the 3-octadecanami-
do-2-ethyloxypropyl conjugate of AZT-MP (AM 18-OEt) which had
an EC50 of 0.03 lM in CEM cells and a selectivity index of 1800. The
compound was less active than AZT itself but the selective index
was greater than that of AZT and the authors proposed that AM
18-OEt ester of AZT-MP might be less toxic and reach the macro-
phage reservoir more effectively. It was not possible to determine
if kinase bypass was achieved with this type of compound because
there were no studies in TK negative cells.

Tsotinis and coworkers synthesized a series of alkoxy and aryl-
oxy esters of AZT-MP (Tsotinis et al., 1996). Chiral octadecyloxy-
propyl and substituted phenyl or naphthyl esters of AZT-MP
were prepared and evaluated. All prodrugs were less active than
AZT itself against HIV-1 and HIV-2 and aromatic mono-esters were
more active than the octadecyloxypropyl compounds with EC50

values of 0.013–0.020 lM versus 0.2–2.2 lM, respectively. Inter-
estingly, none of the prodrugs were active in HIV-infected TK neg-
ative CEM cells indicating the absence of kinase bypass. This
suggests that the AZT-MP 50–O–P bond is more readily hydrolyzed
than the phosphoester with the octadecyloxypropyl or naphthyl
moieties.

3.1.2.2. Applied to phosphonates. ANPs such as CDV and TFV are
stable analogs of dAMP and, therefore, do not require nucleoside
kinases. However, compounds of this class are not orally bioavail-
able unless their negative charges are masked. One prodrug ap-
proach applied to ANPs has been to synthesize lysophospholipid
analogs allowing for oral bioavailability, increased cell uptake
and enhanced antiviral activity in vitro and reduced potential for
nephrotoxicity in vivo. The approach is broadly applicable to ANP
antivirals having a number of different structures including CDV,
AFV, TFV and others and was recently the subject of a review
(Hostetler, 2009). Some of the most interesting of these alkoxyalkyl
esters are discussed below.

To improve oral bioavailability, Hostetler and Beadle synthe-
sized hexadecyloxypropyl-CDV (HDP-CDV) and octadecyloxypro-
pyl-CDV (ODE-CDV) (Beadle et al., 2002). These compounds were
tested in vitro in cells infected with vaccinia virus and CMV and
found to have antiviral activity 40- to 55-times greater than that
observed with unmodified CDV (Beadle et al., 2002; Hostetler,
2009). The increased antiviral activity was due to greater cell up-
take mediated by the HDP and ODE portions of the molecules
which are cleaved by an intracellular phospholipase C, releasing
CDV which is actively converted to CDV-DP, the active metabolite
(Hostetler, 2009, 2010). HDP-CDV (CMX001; Fig. 4) has broad spec-
trum antiviral activity against double stranded DNA viruses includ-
ing orthopoxviruses such as variola, monkeypox and vaccinia,
herpes viruses including CMV, HSV-1, human herpes virus 8
(HHV-8), EBV, VZV, as well as adenoviruses, polyomaviruses and
ORF virus (Hostetler, 2009). Recently CMX001 has also been re-
ported to have in vitro activity against JC virus (Jiang et al.,
2010). CMX001 is being developed as a potential countermeasure
for biodefense against smallpox (Lanier et al., 2010) and is in Phase
II clinical trials directed at CMV, BK and adenovirus infections. It
has been especially useful in disseminated adenovirus infections
in immunosuppressed patients where eradication of an adenovirus
infection has been reported (Paolino et al., 2011).

HDP-TFV (CMX157; Fig. 4) is a second generation analog of TFV
which exhibited antiviral activity against HIV >250-fold greater
than unmodified TFV with EC50 values in the 1–3 nM range in hu-
man peripheral blood mononuclear cells (PBMCs). It was also
found to be 4.5-fold more active than TFV against HBV in vitro.
CMX157 was orally bioavailable in rats; in contrast to other types
of prodrugs, the HDP ester survives the oral absorption process and
is not a substrate for the renal proximal tubule organic anion trans-
porter. The compound showed no toxicity in short term toxicology
studies in rodents at doses up to 100 mg/kg/day for a week (Painter
et al., 2007). CMX157 was active against all major subtypes of HIV-
1 and HIV-2 in PBMCs and monocyte derived macrophages with
EC50s ranging from 0.2 to 7.2 nM. CMX157 retained low nanomolar
activity against a panel of 30 multidrug resistant nucleotide re-
verse transcriptase inhibitor mutants and did not demonstrate
antagonism when tested with marketed antiretroviral drugs (La-
nier et al., 2011). CMX157 is currently in Phase I clinical trials in
healthy volunteers.

9-(S)-[3-Hydroxy-2-(phosphono-methoxy)propyl]adenine ((S)-
HPMPA) was the first ANP described in 1986 (De Clercq et al.,
1986). HDP and ODE esters of (S)-HPMPA were recently found to
have antiviral activity in HBV infected transgenic mice. Oral treat-
ment of HBV transgenic mice with HDP-(S)-HPMPA, and ODE-(S)-
HPMPA for 14 days reduced liver HBV DNA levels by roughly 1.5
log, a response equivalent to that of ADV (Morrey et al., 2009).
As their alkoxyalkyl esters, ANPs have been reported to have
activity against DNA viruses and viruses which utilize reverse tran-
scription (HIV and HBV). Recently, however, alkoxyalkyl esters of
(S)-HPMPA were found to have antiviral activity against HCV, an
RNA virus (Wyles et al., 2009). ODE-(S)-HPMPA was the most ac-
tive compound; HDP and ODE esters of (R)-HPMPA were several
fold less active while unmodified (S)-HPMPA and (R)-HPMPA were
inactive. In genotype 1B and 2A replicons analyzed by HCV RNA
analysis, ODE-(S)-HPMPA was the most active compound, with
EC50s of 1.3 and 0.69 lM, respectively (Wyles et al., 2009).

A close analog of (S)-HPMPA is 9-(S)-[3-methoxy-2-(phospho-
nomethoxy)propyl]adenine ((S)-MPMPA) in which the 3-propyl
hydroxyl is blocked with a methyl residue. Recently, it was found
that the ODE ester of this compound, ODE-(S)-MPMPA, is also ac-
tive against HCV. Interestingly, the antiviral activity against HCV
was preserved, with EC50s of 1–2 lM in genotype 1B and 2A repli-
cons but it exhibits much lower cytotoxicity with a CC50 of
>150 lM (Valiaeva et al., 2011). Oral studies in mice show no ad-
verse effects after 7 days of treatment at 10 mg/kg, a dose which
would be toxic if using ODE-(S)-HPMPA. Preliminary studies show
a high barrier to development of resistance and prolonged antiviral
suppression after the drug has been removed from the replicon
culture medium (Wyles et al., 2011).

3.1.3. Amidate
Amidate prodrugs are perhaps the most extensively explored

class of kinase bypass prodrugs and have been applied to a large
number of antiviral NMP analogs. Only select examples are dis-
cussed here, for a more thorough review see Mehellou et al.
(2009). In 1990 two papers described mono-ethanol and mono-
amino acid ester or alkyl amine prodrugs of AZT-MP with potent
anti-HIV activity in vitro (Devine et al., 1990; Molema et al.,
1990). Further studies explored replacement of the mono-ethanol
with mono-trihaloethanol, -aryl and a second amino acid ester
(generating a bis-amino acid ester prodrug) (Jones et al., 1991;
McGuigan et al., 1994, 1991a,b). More recently, amino alcohols
have been explored as amino acid replacements (Donghi et al.,
2009). The ability of mono-aryl, mono-amino acid esters to impart
favorable anti-HIV activity to the otherwise inactive nucleoside
analog ddU (McGuigan et al., 1994) and to improve the properties
of AZT in vitro (Wagner et al., 1995) has been followed by these
prodrug moieties being applied successfully to a number of nucle-
oside analogs (for example, see references from Perrone et al.



Table 5
Structure activity relationship for mono-amino acid and mono-phenol prodrugs of the
cyclic nucleoside phosphonate analog GS-9148.
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R1 (amino acid) R2 (ester) c Log D HIV EC50

(nM)
MT-2
CC50

(nM)

GS-9148 (diacid) �5.70 10,600 >100,000
H (glycine) Iso-butyl 2.72 1120 22,000
CH3 (alanine) Ethyl 2.45 96 74,000

CH2-cyclo-
propyl

2.82 59 >100,000

n-Propyl 2.96 52 31,000
Iso-propyl 2.98 728 NR
Cyclo-butyl 3.05 36 57,000
Iso-butyl 3.25 58 >100,000
CH2-cyclo-
butyl

3.32 25 >100,000

n-Butyl 3.47 92 91,000
Cyclo-pentyl 3.55 63 >100,000
n-Pentyl 3.98 33 27,000
3-Pentyl 4.00 662 8350

CH2CH3 (amino-
butyric acid)

Iso-butyl 3.76 103 >100,000

n-Butyl 3.98 88 70,000
CH2(C6H5)

(phenylalanine)
Eth 4.05 33 25,000

CH2-cyclo-
propyl

4.42 7.5 >100,000

n-Propyl 4.56 4.9 >100,000
Iso-propyl 4.59 63 >100,000
Cyclo-butyl 4.65 20 >100,000
Iso-butyl 4.86 6.0 38,300
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regarding 40-azido containing nucleosides (Perrone et al.,
2007a,b)). As discussed below, amidate prodrugs have also been
explored as a prodrug strategy for nucleoside phosphonates lead-
ing to the discovery of the clinical candidates GS-7340 (Fig. 4),
GS-9131 and GS-9191.

While often questioned in the past for their lack of established
effectiveness in vivo, a number of phosphoramidate and phospho-
namidate prodrugs have recently shown promise in clinical trials.
As shown in Fig. 3, there are at least two mono-aryl, mono-amino
ester prodrugs of NMPs being pursued clinically as liver targeted
prodrugs for the treatment of HCV, PSI-7977 (the purified S-diaste-
reoisomer of PSI-7851) and INX-08189 (Lam et al., 2010; McGuigan
et al., 2010; Murakami et al., 2010). PSI-353661, an alternate pro-
drug strategy to that applied in the 30,50-cyclic prodrug PSI-352938,
is a third prodrug from this class that has been characterized
extensively in preclinical studies (Furman et al., 2011). Optimiza-
tion of prodrugs of 20-C-MeG-MP resulted in selection of a naph-
thyl moiety as the aryl group in INX-08189 in place of the
phenyl applied to most ProTides (McGuigan et al., 2009).

GS-7340 is the isopropylalaninyl monoamidate phenyl monoes-
ter prodrug of TFV (Fig. 4) currently in clinical development for the
treatment of HIV. GS-7340 is up to 1000-fold more potent than TFV
in vitro, is stable in plasma and distributes favorably to lymphoid
cells and tissues following oral administration to dogs (Eisenberg
et al., 2001; Lee et al., 2005). Monotherapy with GS-7340 in
HIV-1 infected patients at doses of 50 and 150 mg for 14 days
was associated with larger viral load drops and reduced TFV plas-
ma exposure relative to TDF at 300 mg (Markowitz et al., 2011).
The structure activity relationship for phosphonamidate prodrugs
of a related cyclic nucleoside phosphonate analog, GS-9148, is
presented in Table 5 and discussed further below in Section 4.3.
While technically an anti-proliferative agent, the bis-phenylala-
nine isobutyl prodrug of a 6-substituted version of 9-(2-phospho-
nylmethoxyethyl)guanine (PMEG), GS-9191, is being evaluated
clinically for the treatment of external genital warts caused by
infection with the human papillomavirus (Wolfgang et al., 2009).
CH2-cyclo-
Butyl

4.92 3.8 46,500

(R)-sec-butyl 5.10 141 >100,000
(S)-sec-butyl 5.10 199 >100,000

Results previously reported (Mackman et al., 2010).
3.1.4. POM and POC
As discussed above in Section 2.2, ANPs have poor oral bioavail-

ability and the first to be approved for clinical use, CDV, is
NR, not reported.

Table 4
Structure activity relationship of 3-substituted cycloSAL and 5-diacetoxymethyl(5-di-
AM)-cycloSAL-d4TMP prodrugs for HIV-2 activity in CEM and CEM thymidine kinase
deficient (TK�) cells and stability in phosphate buffered saline (PBS) and CEM cell
extract.
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NP
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O

NH

O

O

O

5
3

R1

R2
R1 R2 HIV-2 EC50 (lM) t1/2 (h)

CEM CEM TK� PBS Cell extract

D4T 0.63 47.5 NA NA
H H 0.13 0.90 4.4 4.0
H CH3 0.07 0.05 17.5 14.5
H tert-Butyl 0.65 0.33 73 ND
5-di-AM H 0.40 10.5 1.2 0.08
5-di-AM CH3 0.70 6.3 2.3 0.08
5-di-AM tert-Butyl 0.75 3.0 7.0 0.12

Results previously reported (Gisch et al., 2007).
NA, not applicable; ND, not determined.
administered via intravenous infusion. In order to simplify admin-
istration for the chronic treatment of HBV and HIV, prodrug
strategies were needed to allow for oral delivery. The addition of
bis-POM and -POC successfully increased the cell permeability
and oral bioavailability of AFV and TFV in nonclinical studies
(Robbins et al., 1998; Shaw et al., 1997b; Srinivas et al., 1993;
Starrett et al., 1992) and both are now approved drugs (Fig. 1). Un-
like POM, at higher doses the POC prodrug moiety does not deplete
carnitine due to the lack of pivalate (Brass, 2002). The bis-POM
prodrug of another ANP, LB-80380, is currently in clinical develop-
ment for the treatment of HBV (structure shown in Fig. 4) (Choi
et al., 2004). In addition to ANPs, bis-POM has also been applied
to NMPs, including ddU-MP, and shown to improve anti-HIV
activity in vitro (Sastry et al., 1992).

POM and POC prodrugs can be cleaved by many enzymes that
are present at high levels in plasma and tissues (Liederer and Borc-
hardt, 2006) and have, therefore, been generally thought of as oral
prodrugs, only meant to facilitate absorption of a parent molecule
across the intestinal wall followed by rapid degradation. However,
studies in dogs and cynomolgous monkeys have shown higher
lymphoid cell loading following oral TDF relative to subcutaneous
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TFV administration (Durand-Gasselin et al., 2009; Lee and Martin,
2006). Evidence for improved distribution to infected cells follow-
ing oral administration of TDF can also be found by a cross study
comparison of monotherapy studies of intravenous TFV (Deeks
et al., 1998) and oral TDF in HIV-1 infected patients (Barditch-Cro-
vo et al., 2001) where greater antiviral activity was observed at
lower TFV plasma exposure following oral TDF administration
(Lee and Martin, 2006). Combined, these results illustrate that even
a short duration of exposure to a cell permeable prodrug can result
in enhanced target tissue loading. Ongoing clinical trials with GS-
7340 and CMX157, prodrugs with enhanced stability and measur-
able systemic exposure, look to further enrich target cells and tis-
sues while minimizing plasma exposure to TFV (GS-7340 and
CMX157 were discussed above in Sections 3.1.3 and 3.1.2,
respectively).

3.1.5. DTE and SATE
The laboratory of Jean-Louis Imbach introduced SATE and

dithiodiethanol (DTE) as intracellular targeted prodrug moieties
in 1993 applying them to ddU-MP (bis-DTE ddUMP shown in
Fig. 2) (Perigaud et al., 1993). The bis-SATE and bis-DTE prodrug
moieties were later shown to be more generally applicable to other
NMPs and ANPs through studies with AZT and AFV (Benzaria et al.,
1996; Puech et al., 1993). Early applications of SATE prodrugs were
reviewed by Gosselin et al. (Gosselin et al., 1996). Optimization of
the rate of intracellular cleavage (discussed further below in Sec-
tion 4.2) led to the study of mixed phosphotriesters containing
mono-aryl (Schlienger et al., 1998, 2000) or mono-amidate (Egron
et al., 2003, 2001) moieties in combination with a mono-SATE. A
mono-SATE, mono-amidate prodrug of 20-C-Me-GMP, IDX-184
(Fig. 3), was ultimately chosen as a clinical candidate for the treat-
ment of chronic HCV (Zhou et al., 2011).

3.1.6. Cyclic phosphates (CycloSAL and HepDirect)
Cyclosaligenyl (CycloSAL) and cyclic 1-aryl-1,3-propanyl ester

(HepDirect) prodrug strategies both mask the negative charges
on nucleotide analogs by incorporating the phosphate or phospho-
nate into substituted six membered heterocycles. In 1998 Meier
and colleagues reported lypophilic prodrugs of d4T-MP that
through a chemical activation process showed potent anti-HIV
activity in wild type and TK deficient T-cells (Meier et al., 1998).
The CycloSAL strategy has subsequently been applied to the ANP
AFV (Meier et al., 2005) and refined to favor intracellular delivery
by utilizing an enzymatically catalyzed initial cleavage step (dis-
cussed further in Section 4.1) (Gisch et al., 2007; Vukadinovic
et al., 2005). A CycloSAL di-nucleotide delivery system has also
been reported to be effective in vitro (Gisch et al., 2009). The Hep-
Direct prodrug strategy was developed as a broadly applicable way
of delivering NMPs, ANPs and phosphate containing drug mole-
cules to the liver (Erion et al., 2004). A HepDirect strategy was
shown to successfully stabilize the anti-HCV nucleoside 20-C-MeA
from adenosine deaminase mediated catabolism and to allow for
effective liver loading of the active TP following oral administration
to rats (Hecker et al., 2007). While structurally similar, the activa-
tion of CycloSAL and HepDirect prodrugs are quite distinct and are
discussed in Sections 4.1 and 4.4, respectively. CycloSAL and Hep-
Direct prodrug strategies have been reviewed in greater detail else-
where (Erion et al., 2006; Hecker and Erion, 2008; Meier and
Balzarini, 2006).

Two HepDirect prodrugs have entered into clinical development
for the respective treatment of HBV and HCV. Pradefovir is a liver
targeted prodrug of AFV explored as a therapy for HBV (Erion
et al., 2004) (Fig. 4). The HepDirect prodrug of a nucleoside analog,
RG7348 (structure has not been disclosed), has also recently been
reported to have entered clinical development for the treatment
of chronic HCV (Ligand Pharmaceuticals, Inc., press release, April
20, 2010; available at: http://phx.corporate-ir.net/phoenix.zhtml?
c=102955&p=irol-newsArticle&ID=1414925&highlight=).

3.1.7. Protein conjugates
Protein conjugates of the antiviral nucleotide ara-AMP were re-

ported in 1985 (Fiume et al., 1985). Fiume et al. reported making
glycoprotein conjugates with human serum albumin (HSA) in an
attempt to obtain specific liver loading and increase the therapeu-
tic index of ara-A for the treatment of HBV. In an effort to target T-
lymphocytes neoglycoprotein carriers were designed for AZT-MP
based on the presence of sugar-recognizing lectins on T-lympho-
cytes (Molema et al., 1990). The most active compounds in vitro
were the mannose-HSA-AZT-MP conjugates which exhibited
potencies per unit of AZT-MP which were 23- to 38-times greater
than that of HSA-AZT-MP. However, antiviral activities were simi-
lar to unmodified AZT and AZT-MP and, while the authors sug-
gested that it might occur, evidence for kinase bypass was not
provided.

3.1.8. Diphosphate and triphosphate prodrugs
While the first phosphorylation step is often rate limiting, some

nucleoside analogs’ activity is limited by subsequent phosphoryla-
tion steps. For example, AZT is a classic example of a nucleoside
analog that accumulates in cells as its MP due to a rate limiting sec-
ond phosphorylation (Furman et al., 1986). In this context, more
efficient delivery of AZT-MP may not be advantageous to antiviral
activity. In principle, kinase bypass strategies to deliver NDPs or
NTPs should be possible. However, this represents a more signifi-
cant challenge because of the increased negative charge, the higher
molecular weight of NDP or NTP analogs and the potential for add-
ing a great deal of chiral complexity. Nevertheless, a number of
prodrug strategies for NDP and NTP analogs have been reported
including the use of phospholipid analogs, a cycloSAL NDP ap-
proach and synthesis of NTP mimics. Kinase bypass strategies for
NDPs have been reviewed by Chris Meier and colleagues (Jessen
et al., 2008).

In normal mammalian cellular metabolism, naturally occurring
CDP diglyceride is involved in the synthesis of several important
classes of phospholipids including phosphatidylinositol, phosphat-
idylglycerol and cardiolipin, giving rise to the phospholipid and
CMP. For example, the following reaction scheme shows the bio-
synthesis of phosphatidylglycerol:

CDP-diglycerideþ sn-Glycerol-3-P!
! Phosphatidylglycerolþ CMP

The biosynthetic process for phosphatidylglycerol, cardiolipin
and phosphatidylinositol in all mammalian cells leads to CMP.
Interestingly, it was shown that several other synthetic NDP digly-
cerides, including UDP diglyceride, ADP diglyceride and GDP
diglyceride, have been shown to be able to substitute for CDP
diglyceride leading to the formation of the phospholipid product
generating UMP, AMP and GMP (Poorthuis and Hostetler, 1976).
However, very little of these alternative NDP diglycerides are gen-
erally formed in significant amounts in mammalian cells. Building
on this finding, Hostetler and coworkers synthesized ACV-DP
diglyceride and showed that it was highly active in vitro, even in
infections caused by TK deficient strains of HSV-1 and ACV-resis-
tant HSV-2 clinical isolates where ACV itself is completely ineffec-
tive (Hostetler et al., 1993). This study effectively demonstrated
kinase bypass by an antiviral NDP diglyceride. Another study
examined ddT-DP (ddT-DP) dimyristoylglycerol (Hostetler et al.,
1992). ddT-DP Dimyristoylglycerol had an EC50 of 1.6 lM against
HIV compared with 29 lM for unmodified ddT. In TK deficient
CEM cells, only ddT-DP dimyristoylglycerol was active against

http://phx.corporate-ir.net/phoenix.zhtml?c=102955&amp;p=irol-newsArticle&amp;ID=1414925&amp;highlight=
http://phx.corporate-ir.net/phoenix.zhtml?c=102955&amp;p=irol-newsArticle&amp;ID=1414925&amp;highlight=


286 A.S. Ray, K.Y. Hostetler / Antiviral Research 92 (2011) 277–291
HIV infection. Taken together these studies clearly demonstrated
kinase bypass by NDP diglyceride and dimyristoylglycerol. How-
ever, while applied to NDPs, these prodrug strategies likely only
deliver NMPs into cells.

An acylphospholipid nucleoside strategy was developed for
antiviral NMP, NDP and NTPs by Bonnaffe et al. (1996). Myristoyl
AZT nucleotides (AZT-MP-Myr; AZT-DP-Myr; AZT-TP-Myr), were
synthesized and tested against HIV-1 in vitro. All compounds had
EC50 values of 10–30 nM, similar to that observed for AZT. How-
ever, it was found that hydrolysis of the analogs in RPMI buffer
was very rapid and the fact that AZT-MP-Myr, AZT-DP-Myr and
AZT-TP-Myr all had antiviral activity similar to that of unmodified
AZT may suggest that these compounds did not gain their antiviral
activity by transmembrane diffusion of the intact nucleotide.

Van Wijk et al. synthesized AZT-TP distearoylglycerol, a
phospholipid conjugate of AZT. AZT-TP distearoylglycerol was ac-
tive against HIV-1 replication in CEM and HT4-C6 cells with EC50

values of 0.33 and 0.79 lM, respectively. When incubated with a
rat liver mitochondrial preparation, both AZT and AZT-MP were
liberated, demonstrating the ability to bypass TK by utilizing intra-
cellular phospholipid metabolism pathways (van Wijk et al., 1994).

Chris Meier and coworkers attempted to apply the CycloSAL
prodrug strategy to NDPs (Meier et al., 2008). However, the chem-
ical breakdown of the prodrugs was found to release the NMP in-
stead of the desired DP. Using an enzyme based prodrug strategy
previously reported for AZT-MP (Routledge et al., 1995), a set of
alkyloxybenzyl prodrugs of 20,30-dideoxy-2030-didehydro-T-DP
(d4T-DP) and AZT-DP were synthesized. In particular, the bis-(4-
benzoyloxybenzyl) prodrug of d4T-DP showed anti-HIV activity
comparable to that of d4T in wild type cells and maintained most
of it activity in TK minus cells suggesting successful kinase bypass
of at least the first phosphorylation step.

The group of Dan Cook synthesized a series of AZT-TP mimics
(AZT P3Ms) by making substitutions of S or CF2 for the pyrophos-
phate oxygens and replacing the a hydroxyl with boron (B) and
the b,c hydroxyls with NH2, NHMe, N3, F, OMe, Phenol and other
groups (Wang et al., 2004). The compounds were tested for their
ability to inhibit HIV-1 reverse transcriptase (RT) in vitro. The most
active AZT P3M was AZT 50-a-Rp-borano-b,c-(difluoromethyl-
ene)triphosphate (AZT 50-aB-bcCF2TP) which had similar activity
to AZT-TP in its inhibitory effect on RT. AZT 50- aB-bcCF2TP was
stable in serum for >48 h versus only 2 h for AZT-TP. Results with
these types of agents in cells infected with HIV have not been re-
ported to date. Given their high molecular weight and lack of a
transmembrane facilitator moiety, it seems unlikely that these
compounds would be taken up in sufficient amounts to inhibit vir-
al replication.
4. Prodrug activation pathways and key concepts

Reflecting the structural diversity of prodrug moieties applied
to facilitate the delivery of charged nucleotide analogs, different
enzymatic and chemical steps are involved in the activation of
prodrugs employed in kinase bypass strategies. The first clinically
Fig. 5. Generic pathway for activ
successful prodrug approaches of adding POM and POC moieties
to AFV and TFV, respectively, were applied with the primary goal
of enhancing oral bioavailability of the nucleotide analog into plas-
ma and, thus, utilized prodrug moieties that are unstable in plas-
ma. Second generation prodrug strategies attempt to not only
improve oral bioavailability but also target cell loading. For these
advanced prodrug strategies to work, selective activation path-
ways present in target tissues are required. Below in Sections 4.1
through 4.6 specific prodrug series are used to illustrate key con-
cepts in prodrug design.

4.1. CycloSAL and intracellular activation

The evolution of the cycloSAL series of prodrugs can be used to
illustrate the importance of selective intracellular activation in tar-
geted prodrug strategies. In their earliest form, cycloSAL prodrugs
successfully masked charge and increased membrane permeability
but their entirely chemical breakdown pathway did not offer selec-
tivity for intracellular versus extracellular activation. This made
cycloSAL prodrugs useful tools for in vitro studies but made them
unlikely to achieve the ultimate goal of target tissue enrichment
in vivo. To overcome this limitation, Meier and colleagues used a
‘‘Lock-In’’ strategy applying moieties that stabilize the chemical
degradation until after an initial carboxyesterase enzymatic cleav-
age step, favoring intracellular activation (Gisch et al., 2007). Re-
sults summarized in Table 4 show how modifications at the 3-
and 5-positions were used to tune chemical stability and obtain
more selective intracellular activation.

4.2. SATE and DTE and targeting specific intracellular pathways

Different intracellular enzymatic processes can be the targets of
prodrug strategies. For example, a paper from the laboratory of Im-
bach reported strategies for targeting intracellular esterase or
reductase cleavage using bis-SATE or bis-DTE prodrug moieties,
respectively (Perigaud et al., 1993). Similar to the activation path-
way of ‘‘Lock-In’’ cycloSAL prodrugs described above, the intracel-
lular activation of SATE prodrugs involves an initial esterase
cleavage step followed by rapid chemical degradation (Fig. 5).
While represented equivalently in Fig. 5, the cleavage of both SATE
moieties of the bis-SATE prodrug presumably occurs sequentially.
The observation that the intracellular cleavage of the mono-
SATE/mono-acid prodrug intermediate is rate limiting subse-
quently led to the development of mono-SATE prodrugs with
either a mono-aryl (Schlienger et al., 1998, 2000) or a mono-ami-
date (Egron et al., 2003, 2001) masking the other negative charge
of the NMP to enhance the rate of intracellular activation.

4.3. Mono-amino acid ester, mono-aryl and prodrug optimization

Sequential enzymatic and chemical steps have been shown to
be responsible for the activation of mono-amino acid ester,
mono-aryl NMP and phosphonate prodrugs (Fig. 6). While many
hydrolases appear to be able to cleave the ester promoiety (Birkus
et al., 2008; Murakami et al., 2010), highly efficient cleavage has
ation of bis-SATE prodrugs.



Fig. 6. Generic pathway for activation of mono-aryl, mono-amino acid ester prodrugs.
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been observed with the lysosomal carboxypeptidase cathepsin A
(CatA) and this enzyme was shown to play a critical role in the acti-
vation of the anti-HIV clinical candidate GS-7340 in fibroblasts
(Birkus et al., 2007). Following a chemical step resulting in elimina-
tion of the aryl functional group, a diacid metabolite is formed con-
sisting of the NMP analog and amino acid. While potentially
chemical labile under acidic conditions in the lysosome, an early
report found evidence for a phosphoramidase responsible for
cleaving the P–N linkage (Saboulard et al., 1999), and this activity
was later found to be the histidine triad nucleotide binding protein
1 (hINT1) (Chou et al., 2007). The presence of ester and amino acid
prodrug moieties cleaved by distinct enzymatic process allows for
the optimization of the biological activity. Table 5 shows the ef-
fects of different amino acids and esters on the activity of the
nucleoside phosphonate analog GS-9148 (Mackman et al., 2010).
Interestingly, the cleavage of the ester in the context of this partic-
ular nucleotide analog was sensitive to branching at the alpha po-
sition, with isopropyl and secbutyl performing relatively poorly,
while an isopropyl ester has been applied successful to monoami-
date prodrugs of TFV, 20-F-20-C-MeU-MP and 20-F-20-C-MeG-MP to
generate the clinical candidates GS-7340 (HIV), PSI-7977 and PSI-
353661 (HCV), respectively (Chang et al., 2011; Lee et al., 2005; So-
fia et al., 2010). Stereochemistry was also found to be important for
the efficiency of ester cleavage by the enzyme cathepsin A, in vitro
antiviral activity and in vivo cell loading leading to selection of the
S-diastereomer (at phosphorus) of the ethylalaninyl monoamidate
of GS-9148, GS-9131, to be chosen as the clinical candidate for the
treatment of HIV (Cihlar et al., 2008; Ray et al., 2008). Similarly,
GS-7340, PSI-7977 and PSI-353661 are also the S-diastereomer at
phosphorus (INX-08189 and IDX-184 are currently being devel-
oped as diastereomeric mixtures at phosphorus).

4.4. HepDirect and targeted tissue loading

For prodrugs targeting tissues loaded from the systemic circula-
tion, like the lymphoid cells and tissues targeted by GS-9131, the
Fig. 7. Generic pathway for activ
liver’s anatomical position (receiving all of portal blood flow) and
metabolic capacity make it a barrier to successful nucleotide deliv-
ery. However, these factors make the liver an amendable target for
the treatment of chronic viral infections with HBV and HCV with
nucleotide prodrugs. While orally administered prodrugs will often
unavoidably be taken up by the liver, targeted liver activation can
be applied to limit off target distribution and unwanted toxicity.
The HepDirect prodrug strategy was conceived of to use hepatic
cytochrome P450 enzymes to selectively activate prodrugs in the
liver (Erion et al., 2004). Initial cytochrome P450 mediated oxida-
tion of the benzylic carbon results in spontaneous ring opening
and release of an aryl vinyl ketone byproduct and the desired
NMP or phosphonate (Fig. 7). The dependence on cytochrome
P450 for activation makes in vitro characterization of the activity
of HepDirect prodrugs problematic because hepatic cell lines typi-
cally used for antiviral assays have minimal cytochrome P450
activity. HepDirect prodrugs have therefore often been applied to
nucleotides with well established pharmacologic activity and the
prodrugs optimized based on liver triphosphate levels in animal
studies.

4.5. Less well understood activation pathways

The mechanisms of activation for many prodrug strategies have
not been fully elucidated. Alternative pathways likely exist for the
activation of even the relatively well characterized prodrugs
discussed in Sections 4.1 through 4.4. The activation of one of the
oldest kinase bypass strategies of synthesizing 30,50-cyclic NMPs
and their alkyl triesters is not fully understood. Reddy et al. reports
that preliminary work on the activation pathway of PSI-352938
suggests cleavage of the isopropyl triester followed by hydrolysis
of the 30-phosphoester to form the desired 50-MPs (Reddy et al.,
2010). While the identity of the phosphotriesterase catalyzing
the proposed first step of hydrolysis has not been reported, the
cleavage of 30-phosphoester bond is likely catalyzed by a phospho-
diesterase (PDE). Indeed, cyclic CDV has been reported to be
ation of HepDirect prodrugs.
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converted to CDV by an intracellular 30,50-cyclic CMP PDE (Mendel
et al., 1997). There is a large family of PDEs primarily responsible
for the cleavage of the second messangers cAMP and 30,50-cyclic
GMP (cGMP; reviewed by Ke and Wang (Ke and Wang, 2007)).
Similarly, while a role for phospholipases is likely in the activation
of many phospholipid prodrugs, the activation and degradation of
these prodrugs may be catalyzed by diverse pathways. Phospholi-
pase C has been proposed as the enzyme catalyzing the activation
of lysophospholipid prodrugs like CMX001, while phospholipase D
may represent a catabolic pathway for lipid prodrugs of NMPs due
to its cleavage of the bond 50 to the phosphate, causing release of
the free nucleoside (lipid prodrug activation discussed further else-
where (Hostetler, 2009)).
4.6. Potential for toxic byproduct formation

The toxicity of released prodrug moieties, in addition to the po-
tential toxicity risks of the nucleotide analogs themselves, is an
important consideration when choosing a prodrug strategy. While
potentially compensated for by the reduction in dose made possi-
ble by efficient delivery, the kinase bypass prodrug strategies de-
scribed in this manuscript can release various aryl groups and
alcohols and some prodrugs have the potential to form reactive
species. For example, the first clinically validated kinase bypass
promoieties POM and POC both release formaldehyde. Many of
activation pathways of prodrugs described above in Section 4 also
release potentially toxic species. The putative activation pathways
for SATE and HepDirect prodrugs include formation of the
alkylating agents episulfide and aryl vinyl ketone, respectively.
Mono-amino acid ester, mono-aryl prodrugs release an aryl group
(typically phenol). Gardelli et al. was able to eliminate the poten-
tially toxic aryl moiety from ProTides, identifying mono-acid
mono-amino acid ester prodrugs of 20-C-MeC-MP that efficiently
generated high liver levels following subcutaneous administration
to rodents (Gardelli et al., 2009).
5. Conclusions

The application of kinase bypass strategies to antiviral nucleo-
sides has a long history dating back to the modulation of activity
in vitro by adding 30-50-cyclic phosphate to nucleoside analogs in
the 1970s to the clinical proof of concept provided by the ANPs
starting with the approval of CDV in 1996. The application of bio-
reversible protecting groups allows for the more efficient loading
of target tissues with the active TP metabolites with the goal of
limiting exposure to sites of toxicity. The tissue targeted prodrugs
of NMPs and ANPs currently in clinical trials hold the promise to
significantly improve response rates and reduce the duration of
therapy for HCV, to address safety concerns accompanying the life
long therapy currently required for HBV and HIV and to allow for
the broader application of nucleotide based therapies to other
viruses including a variety of double stranded DNA viruses.
Acknowledgements

We thank David Standring, Randall Lanier, Phillip Furman and
Jeff Hutchins for sharing their research at the mini-symposium
titled Prodrug Chemistry and Antiviral Drug Development at the
23rd International Conference on Antiviral Research held in San
Francisco, California on April 25–28, 2010.

K.H. work was supported in part by NIH Grants AI076558,
AI074057 and AI066499 from the National Institute for Allergy
and Infectious Disease.
References

Balzarini, J., Holy, A., Jindrich, J., Naesens, L., Snoeck, R., Schols, D., De Clercq, E.,
1993. Differential antiherpesvirus and antiretrovirus effects of the (S) and (R)
enantiomers of acyclic nucleoside phosphonates: potent and selective in vitro
and in vivo antiretrovirus activities of (R)-9-(2-phosphonomethoxypropyl)-2,6-
diaminopurine. Antimicrob. Agents Chemother. 37, 332–338.

Balzarini, J., Karlsson, A., Aquaro, S., Perno, C.F., Cahard, D., Naesens, L., De Clercq, E.,
McGuigan, C., 1996. Mechanism of anti-HIV action of masked alaninyl d4T-MP
derivatives. Proc. Natl. Acad. Sci. USA 93, 7295–7299.

Barditch-Crovo, P., Deeks, S.G., Collier, A., Safrin, S., Coakley, D.F., Miller, M., Kearney,
B.P., Coleman, R.L., Lamy, P.D., Kahn, J.O., McGowan, I., Lietman, P.S., 2001. Phase
i/ii trial of the pharmacokinetics, safety, and antiretroviral activity of tenofovir
disoproxil fumarate in human immunodeficiency virus-infected adults.
Antimicrob. Agents Chemother. 45, 2733–2739.

Beadle, J.R., Hartline, C., Aldern, K.A., Rodriguez, N., Harden, E., Kern, E.R., Hostetler,
K.Y., 2002. Alkoxyalkyl esters of cidofovir and cyclic cidofovir exhibit multiple-
log enhancement of antiviral activity against cytomegalovirus and herpesvirus
replication in vitro. Antimicrob. Agents Chemother. 46, 2381–2386.

Beadle, J.R., Kini, G.D., Aldern, K.A., Gardner, M.F., Wright, K.N., Rybak, R.J., Kern, E.R.,
Hostetler, K.Y., 2000. Synthesis and antiviral evaluation of 1-O-
hexadecylpropanediol-3-P-acyclovir: efficacy against HSV-1 infection in mice.
Nucleosides Nucleotides Nucleic Acids 19, 471–479.

Benzaria, S., Pelicano, H., Johnson, R., Maury, G., Imbach, J.L., Aubertin, A.M., Obert,
G., Gosselin, G., 1996. Synthesis, in vitro antiviral evaluation, and stability
studies of bis(S-acyl-2-thioethyl) ester derivatives of 9-[2-
(phosphonomethoxy)ethyl]adenine (PMEA) as potential PMEA prodrugs with
improved oral bioavailability. J. Med. Chem. 39, 4958–4965.

Beres, J., Bentrude, W.G., Balzarini, J., De Clercq, E., Otvos, L., 1986a. Synthesis and
antitumor and antiviral properties of 5-alkyl-20-deoxyuridines, 30 ,50-cyclic
monophosphates, and neutral cyclic triesters. J. Med. Chem. 29, 494–499.

Beres, J., Bentrude, W.G., Kalman, A., Parkanyi, L., Balzarini, J., De Clercq, E., 1986b.
Synthesis, structure, and antitumor and antiviral activities of a series of 5-
halouridine cyclic 30 ,50-monophosphates. J. Med. Chem. 29, 488–493.

Beres, J., Sagi, G., Bentrude, W.G., Balzarini, J., De Clercq, E., Otvos, L., 1986c.
Synthesis and antitumor and antiviral properties of 5-halo- and 5-
(trifluoromethyl)-20-deoxyuridine 30 ,50-cyclic monophosphates and neutral
triesters. J. Med. Chem. 29, 1243–1249.

Berk, L., Schalm, S.W., de Man, R.A., Heytink, R.A., Berthelot, P., Brechot, C., Boboc, B.,
Degos, F., Marcellin, P., Benhamou, J.P., et al., 1992. Failure of acyclovir to
enhance the antiviral effect of alpha lymphoblastoid interferon on HBe-
seroconversion in chronic hepatitis B. A multi-centre randomized controlled
trial. J. Hepatol. 14, 305–309.

Birkus, G., Kutty, N., He, G.X., Mulato, A., Lee, W., McDermott, M., Cihlar, T., 2008.
Activation of 9-[(R)-2-[[(S)-[[(S)-1-(isopropoxycarbonyl)ethyl]amino]
phenoxyphosphinyl]-methoxy]propyl]adenine (GS-7340) and other tenofovir
phosphonoamidate prodrugs by human proteases. Mol. Pharmacol. 74, 92–100.

Birkus, G., Wang, R., Liu, X., Kutty, N., MacArthur, H., Cihlar, T., Gibbs, C.,
Swaminathan, S., Lee, W., McDermott, M., 2007. Cathepsin A is the major
hydrolase catalyzing the intracellular hydrolysis of the antiretroviral nucleotide
phosphonoamidate prodrugs GS-7340 and GS-9131. Antimicrob. Agents
Chemother. 51, 543–550.

Bischofberger, N., Hitchcock, M.J., Chen, M.S., Barkhimer, D.B., Cundy, K.C., Kent,
K.M., Lacy, S.A., Lee, W.A., Li, Z.H., Mendel, D.B., et al., 1994. 1-[((S)-2-hydroxy-2-
oxo-1,4,2-dioxaphosphorinan-5-yl)methyl] cytosine, an intracellular prodrug
for (S)-1-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine with improved
therapeutic index in vivo. Antimicrob. Agents Chemother. 38, 2387–2391.

Bobeck, D.R., Schinazi, R.F., Coats, S.J., 2010. Advances in nucleoside monophosphate
prodrugs as anti-HCV agents. Antiviral Ther. 15, 935–950.

Bogner, J.R., Boerner, D., Muhlhofer, A., Thoma-Greber, E., Herrmann, D.B., Hoegl, L.,
Roecken, M., Jost, V., Goebel, F.D., 1997a. Single dose, dose-escalating trial with
fozivudine tidoxil (BM 21.1290). Antiviral Ther 2, 249–256.

Bogner, J.R., Roecken, M., Herrmann, D.B., Boerner, D., Kaufmann, B., Gurtler, L.,
Plewig, G., Goebel, F.D., 1997b. Phase I/II trial with fozivudine tidoxil (BM
21.1290): a 7 day randomized, placebo-controlled dose-escalating trial.
Antiviral Ther 2, 257–264.

Bonnaffe, D., Dupraz, B., Ughetto-Monfrin, J., Namane, A., Henin, Y., Huynh-Dinh, T.,
1996. Potential lipophilic nucleotide prodrugs: synthesis, hydrolysis, and
antiretroviral activity of AZT and d4T acyl nucleotides. J. Org. Chem. 61, 895–902.

Brass, E.P., 2002. Pivalate-generating prodrugs and carnitine homeostasis in man.
Pharmacol. Rev. 54, 589–598.

Broder, S., 2010. The development of antiretroviral therapy and its impact on the
HIV-1/AIDS pandemic. Antiviral Res. 85, 1–18.

Cahard, D., McGuigan, C., Balzarini, J., 2004. Aryloxy phosphoramidate triesters as
pro-tides. Mini Rev. Med. Chem. 4, 371–381.

Calogeropoulou, T., Detsi, A., Lekkas, E., Koufaki, M., 2003. Strategies in the design of
prodrugs of anti-HIV agents. Curr. Top. Med. Chem. 3, 1467–1495.

Calogeropoulou, T., Koufaki, M., Tsotinis, A., De Clercq, E., Makriyannis, A., 1995.
Synthesis and anti-HIV evaluation of alkyl and alkoxyethyl phosphodiester AZT
derivatives. Antiviral Chem. Chemother. 6, 43–49.

Chang, W., Bao, D., Chun, B.K., Naduthambi, D., Nagarathnam, D., Rachakonda, S.,
Reddy, P.G., Ross, B.S., Zhang, H.R., Bansal, S., Espiritu, C., Keilman, M., Lam, A.M.,
Niu, C., Steuer, H.M., Furman, P.A., Otto, M.J., Sofia, M.J., 2011. Discovery of PSI-
353661, a novel purine nucleotide prodrug for the treatment of HCV infection.
ACS Med. Chem. Lett. 2, 130–135.



A.S. Ray, K.Y. Hostetler / Antiviral Research 92 (2011) 277–291 289
Chhikara, B.S., Parang, K., 2010. Development of cytarabine prodrugs and delivery
systems for leukemia treatment. Expert Opin. Drug Deliv. 7, 1399–1414.

Choi, J.R., Cho, D.G., Roh, K.Y., Hwang, J.T., Ahn, S., Jang, H.S., Cho, W.Y., Kim, K.W.,
Cho, Y.G., Kim, J., Kim, Y.Z., 2004. A novel class of phosphonate nucleosides. 9-
[(1-phosphonomethoxycyclopropyl)methyl]guanine as a potent and selective
anti-HBV agent. J. Med. Chem. 47, 2864–2869.

Chou, T.F., Baraniak, J., Kaczmarek, R., Zhou, X., Cheng, J., Ghosh, B., Wagner, C.R.,
2007. Phosphoramidate pronucleotides: a comparison of the phosphoramidase
substrate specificity of human and Escherichia coli histidine triad nucleotide
binding proteins. Mol. Pharm. 4, 208–217.

Cihlar, T., Ray, A.S., 2010. Nucleoside and nucleotide HIV reverse transcriptase
inhibitors: 25 years after zidovudine. Antiviral Res. 85, 39–58.

Cihlar, T., Ray, A.S., Boojamra, C.G., Zhang, L., Hui, H., Laflamme, G., Vela, J.E., Grant,
D., Chen, J., Myrick, F., White, K.L., Gao, Y., Lin, K.Y., Douglas, J.L., Parkin, N.T.,
Carey, A., Pakdaman, R., Mackman, R.L., 2008. Design and profiling of GS-9148, a
novel nucleotide analog active against nucleoside-resistant variants of human
immunodeficiency virus type 1, and its orally bioavailable phosphonoamidate
prodrug, GS-9131. Antimicrob. Agents Chemother. 52, 655–665.

Cotton, F.A., Gillen, R.G., Gohil, R.N., Hazen Jr., E.E., Kirchner, C.R., Nagyvary, J., Rouse,
J.P., Stanislowski, A.G., Stevens, J.D., Tucker, P.W., 1975. Tumor-inhibiting
properties of the neutral P-O-ethyl ester of adenosine 30:50-monophosphate in
correlation with its crystal and molecular structure. Proc. Natl. Acad. Sci. USA
72, 1335–1339.

Cundy, K.C., Barditch-Crovo, P., Petty, B.G., Ruby, A., Redpath, M., Jaffe, H.S., Lietman,
P.S., 1999. Clinical pharmacokinetics of 1-[((S)-2-hydroxy-2-oxo-1,4,2-
dioxaphosphorinan-5-yl)methyl]cytosine in human immunodeficiency virus-
infected patients. Antimicrob. Agents Chemother. 43, 271–277.

Curley, D., McGuigan, C., Devine, K.G., O’Connor, T.J., Jeffries, D.J., Kinchington, D.,
1990. Synthesis and anti-HIV evaluation of some phosphoramidate derivatives
of AZT: studies on the effect of chain elongation on biological activity. Antiviral
Res. 14, 345–356.

De Clercq, E., Field, H.J., 2006. Antiviral prodrugs – the development of successful
prodrug strategies for antiviral chemotherapy. Br. J. Pharmacol. 147, 1–11.

De Clercq, E., Holy, A., Rosenberg, I., Sakuma, T., Balzarini, J., Maudgal, P.C., 1986. A
novel selective broad-spectrum anti-DNA virus agent. Nature 323, 464–467.

De Clercq, E., Sakuma, T., Baba, M., Pauwels, R., Balzarini, J., Rosenberg, I., Holy, A.,
1987. Antiviral activity of phosphonylmethoxyalkyl derivatives of purine and
pyrimidines. Antiviral Res. 8, 261–272.

Deeks, S.G., Barditch-Crovo, P., Lietman, P.S., Hwang, F., Cundy, K.C., Rooney, J.F.,
Hellmann, N.S., Safrin, S., Kahn, J.O., 1998. Safety, pharmacokinetics, and
antiretroviral activity of intravenous 9-[2-(R)-
(phosphonomethoxy)propyl]adenine, a novel anti-human immunodeficiency
virus (HIV) therapy, in HIV-infected adults. Antimicrob. Agents Chemother. 42,
2380–2384.

Devine, K.G., McGuigan, C., O’Connor, T.J., Nicholls, S.R., Kinchington, D., 1990. Novel
phosphate derivatives of zidovudine as anti-HIV compounds. AIDS (London,
England) 4, 371–373.

Donghi, M., Attenni, B., Gardelli, C., Marco, A.D., Fiore, F., Giuliano, C., Laufer, R.,
Leone, J.F., Pucci, V., Rowley, M., Narjes, F., 2009. Synthesis and evaluation of
novel phosphoramidate prodrugs of 20-methyl cytidine as inhibitors of hepatitis
C virus NS5B polymerase. Bioorg. Med. Chem. Lett. 19, 1392–1395.

Durand-Gasselin, L., Van Rompay, K.K., Vela, J.E., Henne, I.N., Lee, W.A., Rhodes, G.R.,
Ray, A.S., 2009. Nucleotide analogue prodrug tenofovir disoproxil enhances
lymphoid cell loading following oral administration in monkeys. Mol. Pharm. 6,
1145–1151.

Egron, D., Imbach, J.L., Gosselin, G., Aubertin, A.M., Perigaud, C., 2003. S-Acyl-2-
thioethyl phosphoramidate diester derivatives as mononucleotide prodrugs. J.
Med. Chem. 46, 4564–4571.

Egron, D., Perigaud, C., Gosselin, G., Aubertin, A.M., Imbach, J.L., 2001. Synthesis and
study of a new series of phosphoramidate derivatives as mononucleotide
prodrugs. Nucleosides Nucleotides Nucleic Acids 20, 751–754.

Eisenberg, E.J., He, G.X., Lee, W.A., 2001. Metabolism of GS-7340, a novel phenyl
monophosphoramidate intracellular prodrug of PMPA, in blood. Nucleosides
Nucleotides Nucleic Acids 20, 1091–1098.

Eriksson, U., Peterson, L.W., Kashemirov, B.A., Hilfinger, J.M., Drach, J.C., Borysko,
K.Z., Breitenbach, J.M., Kim, J.S., Mitchell, S., Kijek, P., McKenna, C.E., 2008. Serine
peptide phosphoester prodrugs of cyclic cidofovir: synthesis, transport, and
antiviral activity. Mol. Pharm. 5, 598–609.

Erion, M.D., Bullough, D.A., Lin, C.C., Hong, Z., 2006. HepDirect prodrugs for targeting
nucleotide-based antiviral drugs to the liver. Curr. Opin. Investig. Drugs 7, 109–
117.

Erion, M.D., Reddy, K.R., Boyer, S.H., Matelich, M.C., Gomez-Galeno, J., Lemus, R.H.,
Ugarkar, B.G., Colby, T.J., Schanzer, J., Van Poelje, P.D., 2004. Design, synthesis,
and characterization of a series of cytochrome P(450) 3A-activated prodrugs
(HepDirect prodrugs) useful for targeting phosph(on)ate-based drugs to the
liver. J. Am. Chem. Soc. 126, 5154–5163.

Farquhar, D., Srivastva, D.N., Kattesch, N.J., Saunders, P.P., 1983. Biologically
reversible phosphate-protective groups. J. Pharm. Sci. 72, 324–325.

Fiume, L., Bassi, B., Busi, C., Mattioli, A., 1985. Preparation of a lactosaminated
albumin-ara-AMP conjugate which remains soluble after lyophilization. Pharm.
Acta. Helv. 60, 318–320.

Furman, P.A., Fyfe, J.A., St Clair, M.H., Weinhold, K., Rideout, J.L., Freeman, G.A.,
Lehrman, S.N., Bolognesi, D.P., Broder, S., Mitsuya, H., et al., 1986.
Phosphorylation of 30-azido-30-deoxythymidine and selective interaction of
the 50-triphosphate with human immunodeficiency virus reverse transcriptase.
Proc. Natl. Acad. Sci. USA 83, 8333–8337.
Furman, P.A., Murakami, E., Niu, C., Lam, A.M., Espiritu, C., Bansal, S., Bao, H.,
Tolstykh, T., Micolochick Steuer, H., Keilman, M., Zennou, V., Bourne, N.,
Veselenak, R.L., Chang, W., Ross, B.S., Du, J., Otto, M.J., Sofia, M.J., 2011. Activity
and the metabolic activation pathway of the potent and selective hepatitis C
virus pronucleotide inhibitor PSI-353661. Antiviral Res. 91, 120–132.

Gardelli, C., Attenni, B., Donghi, M., Meppen, M., Pacini, B., Harper, S., Di Marco, A.,
Fiore, F., Giuliano, C., Pucci, V., Laufer, R., Gennari, N., Marcucci, I., Leone, J.F.,
Olsen, D.B., MacCoss, M., Rowley, M., Narjes, F., 2009. Phosphoramidate
prodrugs of 20-C-methylcytidine for therapy of hepatitis C virus infection. J.
Med. Chem. 52, 5394–5407.

Girard, P.M., Pegram, P.S., Diquet, B., Anderson, R., Raffi, F., Tubiana, R., Sereni, D.,
Boerner, D., 2000. Phase II placebo-controlled trial of fozivudine tidoxil for HIV
infection: pharmacokinetics, tolerability, and efficacy. J. Acquir. Immune Defic.
Syndr. 23, 227–235.

Gisch, N., Balzarini, J., Meier, C., 2007. Enzymatically activated cycloSal-d4T-
monophosphates: the third generation of cycloSal-pronucleotides. J. Med.
Chem. 50, 1658–1667.

Gisch, N., Balzarini, J., Meier, C., 2009. Doubly loaded cycloSaligenyl-pronucleotides
– 5,50-Bis-(cycloSaligenyl-20 ,30-dideoxy-20 ,30-didehydrothymidine
monophosphates). J. Med. Chem. 52, 3464–3473.

Gohil, R.N., Gillen, R.G., Nagyvary, J., 1974. Synthesis and properties of some cyclic
AMP alkyl phosphotriesters. Nucleic Acids Res. 1, 1691–1701.

Gosselin, G., Girardet, J.L., Perigaud, C., Benzaria, S., Lefebvre, I., Schlienger, N.,
Pompon, A., Imbach, J.L., 1996. New insights regarding the potential of the
pronucleotide approach in antiviral chemotherapy. Acta. Biochim. Pol. 43, 196–
208.

Gouyette, C., Neumann, J.M., Fauve, R., Huynh-Dinh, T., 1989. 6- and 1-Substituted
mannosyl phosphotryiesters as lipophilic macrophage-targeted carriers of
aniviral nucleosides. Tetrahedron Lett. 30, 6019–6022.

Gunic, E., Girardet, J.L., Ramasamy, K., Stoisavljevic-Petkov, V., Chow, S., Yeh, L.T.,
Hamatake, R.K., Raney, A., Hong, Z., 2007. Cyclic monophosphate prodrugs of
base-modified 20-C-methyl ribonucleosides as potent inhibitors of hepatitis C
virus RNA replication. Bioorg. Med. Chem. Lett. 17, 2452–2455.

Hantz, O., Allaudeen, H.S., Ooka, T., De Clercq, E., Trepo, C., 1984. Inhibition of
human and woodchuck hepatitis virus DNA polymerase by the triphosphates of
acyclovir, 1-(20-deoxy-20-fluoro-beta-D-arabinofuranosyl)-5-iodocytosine and
E-5-(2-bromovinyl)-20-deoxyuridine. Antiviral Res. 4, 187–199.

Hecker, S.J., Erion, M.D., 2008. Prodrugs of phosphates and phosphonates. J. Med.
Chem. 51, 2328–2345.

Hecker, S.J., Reddy, K.R., van Poelje, P.D., Sun, Z., Huang, W., Varkhedkar, V., Reddy,
M.V., Fujitaki, J.M., Olsen, D.B., Koeplinger, K.A., Boyer, S.H., Linemeyer, D.L.,
MacCoss, M., Erion, M.D., 2007. Liver-targeted prodrugs of 20-C-
methyladenosine for therapy of hepatitis C virus infection. J. Med. Chem. 50,
3891–3896.

Henin, Y., Gouyette, C., Schwartz, O., Debouzy, J.C., Neumann, J.M., Huynh-Dinh, T.,
1991. Lipophilic glycosyl phosphotriester derivatives of AZT: synthesis, NMR
transmembrane transport study, and antiviral activity. J. Med. Chem. 34, 1830–
1837.

Hitchcock, M.J.M., Lacy, S.A., Lindsey, J.R., Kern, E.R., 1995. The cyclic congener of
cidofovir has reduced nephrotoxicity in three species. Antiviral Res. 26, A358.

Hostetler, K.Y., 2009. Alkoxyalkyl prodrugs of acyclic nucleoside phosphonates
enhance oral antiviral activity and reduce toxicity: current state of the art.
Antiviral Res. 82, A84–A98.

Hostetler, K.Y., 2010. Synthesis and early development of hexadecyloxypropyl-
cidofovir: an oral antipoxvirus nucleoside phosphonate. Viruses 2, 2213–
2225.

Hostetler, K.Y., Beadle, J.R., Hornbuckle, W.E., Bellezza, C.A., Tochkov, I.A., Cote, P.J.,
Gerin, J.L., Korba, B.E., Tennant, B.C., 2000. Antiviral activities of oral 1-O-
hexadecylpropanediol-3-phosphoacyclovir and acyclovir in woodchucks with
chronic woodchuck hepatitis virus infection. Antimicrob. Agents Chemother.
44, 1964–1969.

Hostetler, K.Y., Beadle, J.R., Kini, G.D., Gardner, M.F., Wright, K.N., Wu, T.H., Korba,
B.A., 1997. Enhanced oral absorption and antiviral activity of 1-O-octadecyl-sn-
glycero-3-phospho-acyclovir and related compounds in hepatitis B virus
infection, in vitro. Biochem. Pharmacol. 53, 1815–1822.

Hostetler, K.Y., Carson, D.A., Richman, D.D., 1991. Phosphatidylazidothymidine.
Mechanism of antiretroviral action in CEM cells. J. Biol. Chem. 266, 11714–
11717.

Hostetler, K.Y., Parker, S., Sridhar, C.N., Martin, M.J., Li, J.L., Stuhmiller, L.M., van
Wijk, G.M., van den Bosch, H., Gardner, M.F., Aldern, K.A., et al., 1993. Acyclovir
diphosphate dimyristoylglycerol: a phospholipid prodrug with activity against
acyclovir-resistant herpes simplex virus. Proc. Natl. Acad. Sci. USA 90, 11835–
11839.

Hostetler, K.Y., Richman, D.D., Carson, D.A., Stuhmiller, L.M., van Wijk, G.M., van den
Bosch, H., 1992. Greatly enhanced inhibition of human immunodeficiency virus
type 1 replication in CEM and HT4-6C cells by 30-deoxythymidine diphosphate
dimyristoylglycerol, a lipid prodrug of 30-deoxythymidine. Antimicrob. Agents
Chemother. 36, 2025–2029.

Hostetler, K.Y., Stuhmiller, L.M., Lenting, H.B., van den Bosch, H., Richman, D.D.,
1990. Synthesis and antiretroviral activity of phospholipid analogs of
azidothymidine and other antiviral nucleosides. J. Biol. Chem. 265, 6112–6117.

Jarvis, S.M., Thorn, J.A., Glue, P., 1998. Ribavirin uptake by human erythrocytes and
the involvement of nitrobenzylthioinosine-sensitive (es)-nucleoside
transporters. Br. J. Pharmacol. 123, 1587–1592.

Jessen, H.J., Schulz, T., Balzarini, J., Meier, C., 2008. Bioreversible protection of
nucleoside diphosphates. Angew Chem. Int. Ed. Engl. 47, 8719–8722.



290 A.S. Ray, K.Y. Hostetler / Antiviral Research 92 (2011) 277–291
Jiang, Z.G., Cohen, J., Marshall, L.J., Major, E.O., 2010. Hexadecyloxypropyl-cidofovir
(CMX001) suppresses JC virus replication in human fetal brain SVG cell cultures.
Antimicrob. Agents Chemother. 54, 4723–4732.

Jones, B.C.N.M., McGuigan, C., O’Conner, T.J., Jeffries, D.J., Kinchington, D., 1991.
Synthesis and anti-HIV activity of some novel phosphorodiamidate derivatives
of 30-azido-30-deoxythymidine (AZT). Antiviral. Chem. Chemother. 2, 35–39.

Jones, R.J., Bischofberger, N., 1995. Minireview: nucleotide prodrugs. Antiviral Res.
27, 1–17.

Ke, H., Wang, H., 2007. Crystal structures of phosphodiesterases and
implications on substrate specificity and inhibitor selectivity. Curr. Top.
Med. Chem. 7, 391–403.

Keith, K.A., Hitchcock, M.J., Lee, W.A., Holy, A., Kern, E.R., 2003. Evaluation of
nucleoside phosphonates and their analogs and prodrugs for inhibition of
orthopoxvirus replication. Antimicrob. Agents Chemother. 47, 2193–2198.

Khamnei, S., Torrence, P.F., 1996. Neighboring group catalysis in the design of
nucleotide prodrugs. J. Med. Chem. 39, 4109–4115.

Kim, J., Chou, T.F., Griesgraber, G.W., Wagner, C.R., 2004. Direct measurement of
nucleoside monophosphate delivery from a phosphoramidate pronucleotide by
stable isotope labeling and LC–ESI(�)-MS/MS. Mol. Pharm. 1, 102–111.

Lam, A.M., Murakami, E., Espiritu, C., Steuer, H.M., Niu, C., Keilman, M., Bao, H.,
Zennou, V., Bourne, N., Julander, J.G., Morrey, J.D., Smee, D.F., Frick, D.N., Heck,
J.A., Wang, P., Nagarathnam, D., Ross, B.S., Sofia, M.J., Otto, M.J., Furman, P.A.,
2010. PSI-7851, a pronucleotide of beta-D-20-deoxy-20-fluoro-20-C-
methyluridine monophosphate, is a potent and pan-genotype inhibitor of
hepatitis C virus replication. Antimicrob. Agents Chemother. 54, 3187–3196.

Lanier, E.R., Ptak, R.G., Lampert, B.M., Keilholz, L., Hartman, T., Buckheit Jr., R.W.,
Mankowski, M.K., Osterling, M.C., Almond, M.R., Painter, G.R., 2011.
Development of hexadecyloxypropyl tenofovir (CMX157) for treatment of
infection caused by wild-type and nucleoside/nucleotide-resistant HIV.
Antimicrob. Agents Chemother. 54, 2901–2909.

Lanier, R., Trost, L., Tippin, T., Lampert, B., Robertson, A., Foster, S., Rose, M., Painter,
W., O’Mahony, R., Almond, M., Painter, G., 2010. Development of CMX001 for
the Treatment of Poxvirus Infections. Viruses 2, 2740–2762.

Lee, W.A., He, G.X., Eisenberg, E., Cihlar, T., Swaminathan, S., Mulato, A., Cundy, K.C.,
2005. Selective intracellular activation of a novel prodrug of the human
immunodeficiency virus reverse transcriptase inhibitor tenofovir leads to
preferential distribution and accumulation in lymphatic tissue. Antimicrob.
Agents Chemother. 49, 1898–1906.

Lee, W.A., Martin, J.C., 2006. Perspectives on the development of acyclic nucleotide
analogs as antiviral drugs. Antiviral Res. 71, 254–259.

Liederer, B.M., Borchardt, R.T., 2006. Enzymes involved in the bioconversion of
ester-based prodrugs. J. Pharm. Sci. 95, 1177–1195.

Long, R.A., Szekeres, G.L., Khwaja, T.A., Sidwell, R.W., Simon, L.N., Robins, R.K., 1972.
Synthesis and antitumor and antiviral activities of 1-b-D-
arabinofuranosylpyrimidine 30 ,50-cyclic phosphates. J. Med. Chem. 15, 1215–
1218.

Mackman, R.L., Ray, A.S., Hui, H.C., Zhang, L., Birkus, G., Boojamra, C.G., Desai, M.C.,
Douglas, J.L., Gao, Y., Grant, D., Laflamme, G., Lin, K.Y., Markevitch, D.Y., Mishra,
R., McDermott, M., Pakdaman, R., Petrakovsky, O.V., Vela, J.E., Cihlar, T., 2010.
Discovery of GS-9131: design, synthesis and optimization of amidate prodrugs
of the novel nucleoside phosphonate HIV reverse transcriptase (RT) inhibitor
GS-9148. Bioorg. Med. Chem. 18, 3606–3617.

Markowitz, M., Zolopa, A., Ruane, P., Squires, K., Zhong, L., Kearney, B.P., Lee, W.,
2011. GS-7340 demonstrates greater declines in HIV-1 RNA than TDF during 14
days of monotherapy in HIV-1-infected subjects, In: 18th Conference on
Retroviruses and Opportunistic Infections, Abstract 152LB, Boston, MA, USA.

Martin, J.C., Hitchcock, M.J., De Clercq, E., Prusoff, W.H., 2010. Early nucleoside
reverse transcriptase inhibitors for the treatment of HIV: a brief history of
stavudine (D4T) and its comparison with other dideoxynucleosides. Antiviral
Res. 85, 34–38.

McGuigan, C., Bellevergue, P., Sheeka, H., Mahmood, N., Hay, A.J., 1994. Certain
phosphoramidate derivatives of dideoxy uridine (ddU) are active against HIV
and successfully by-pass thymidine kinase. FEBS Lett. 351, 11–14.

McGuigan, C., Cahard, D., Sheeka, H.M., De Clercq, E., Balzarini, J., 1996. Aryl
phosphoramidate derivatives of d4T have improved anti-HIV efficacy in tissue
culture and may act by the generation of a novel intracellular metabolite. J.
Med. Chem. 39, 1748–1753.

McGuigan, C., Devine, K.G., O’Connor, T.J., Kinchington, D., 1991a. Synthesis and
anti-HIV activity of some haloalkyl phosphoramidate derivatives of 30-azido-30-
deoxythymidine (AZT): potent activity of the trichloroethyl methoxyalaninyl
compound. Antiviral Res. 15, 255–263.

McGuigan, C., Jones, B.C.N.M., Devine, K.G., Nicholls, S.R., O’Conner, T.J., Kinchington,
D., 1991b. Attempts to introduce chemotherapeutic nucleotides into cells:
studies on the anti-HIV agent FDT. Biorganic. Med. Chem. Lett. 1, 729–732.

McGuigan, C., Madela, K., Aljarah, M., Gilles, A., Brancale, A., Zonta, N., Chamberlain,
S., Vernachio, J., Hutchins, J., Hall, A., Ames, B., Gorovits, E., Ganguly, B.,
Kolykhalov, A., Wang, J., Muhammad, J., Patti, J.M., Henson, G., 2010. Design,
synthesis and evaluation of a novel double pro-drug: INX-08189. A new clinical
candidate for hepatitis C virus. Bioorg. Med. Chem. Lett. 20, 4850–4854.

McGuigan, C., Perrone, P., Madela, K., Neyts, J., 2009. The phosphoramidate ProTide
approach greatly enhances the activity of beta-20-C-methylguanosine against
hepatitis C virus. Bioorg. Med. Chem. Lett. 19, 4316–4320.

McGuigan, C., Tollerfield, S.M., Riley, P.A., 1989. Synthesis and biological evaluation
of some phosphate triester derivatives of the anti-viral drug AraA. Nucleic Acids
Res. 17, 6065–6075.
Mehellou, Y., Balzarini, J., McGuigan, C., 2009. Aryloxy phosphoramidate triesters: a
technology for delivering monophosphorylated nucleosides and sugars into
cells. ChemMedChem 4, 1779–1791.

Meier, C., Balzarini, J., 2006. Application of the cycloSal-prodrug approach for
improving the biological potential of phosphorylated biomolecules. Antiviral
Res. 71, 282–292.

Meier, C., Gorbig, U., Muller, C., Balzarini, J., 2005. CycloSal-PMEA and cycloAmb-
PMEA: potentially new phosphonate prodrugs based on the cycloSal-
pronucleotide approach. J. Med. Chem. 48, 8079–8086.

Meier, C., Jessen, H.J., Balzarini, J., 2008. Nucleoside diphosphate prodrugs. Nucleic
Acids Symp. Ser. (Oxf.), 83–84.

Meier, C., Lorey, M., De Clercq, E., Balzarini, J., 1998. CycloSal-20 ,30-dideoxy-20 ,30-
didehydrothymidine monophosphate (cycloSal-d4TMP): synthesis and antiviral
evaluation of a new d4TMP delivery system. J. Med. Chem. 41, 1417–1427.

Mendel, D.B., Cihlar, T., Moon, K., Chen, M.S., 1997. Conversion of 1-[((S)-2-hydroxy-
2-oxo-1, 4, 2-dioxaphosphorinan-5-yl)methyl]cytosine to cidofovir by an
intracellular cyclic CMP phosphodiesterase. Antimicrob. Agents Chemother.
41, 641–646.

Meppen, M., Pacini, B., Bazzo, R., Koch, U., Leone, J.F., Koeplinger, K.A., Rowley, M.,
Altamura, S., Di Marco, A., Fiore, F., Giuliano, C., Gonzalez-Paz, O., Laufer, R.,
Pucci, V., Narjes, F., Gardelli, C., 2009. Cyclic phosphoramidates as prodrugs of
20-C-methylcytidine. Eur. J. Med. Chem. 44, 3765–3770.

Molema, G., Jansen, R.W., Pauwels, R., de Clercq, E., Meijer, D.K., 1990. Targeting of
antiviral drugs to T4-lymphocytes. Anti-HIV activity of neoglycoprotein-AZTMP
conjugates in vitro. Biochem. Pharmacol. 40, 2603–2610.

Morrey, J.D., Korba, B.E., Beadle, J.R., Wyles, D.L., Hostetler, K.Y., 2009. Alkoxyalkyl
esters of 9-(s)-(3-hydroxy-2-phosphonomethoxypropyl) adenine are potent
and selective inhibitors of hepatitis B virus (HBV) replication in vitro and in HBV
transgenic mice in vivo. Antimicrob. Agents Chemother. 53, 2865–2870.

Murakami, E., Tolstykh, T., Bao, H., Niu, C., Steuer, H.M., Bao, D., Chang, W., Espiritu,
C., Bansal, S., Lam, A.M., Otto, M.J., Sofia, M.J., Furman, P.A., 2010. Mechanism of
activation of PSI-7851 and its diastereoisomer PSI-7977. J. Biol. Chem. 285,
34337–34347.

Painter, G.R., Almond, M.R., Trost, L.C., Lampert, B.M., Neyts, J., De Clercq, E., Korba,
B.E., Aldern, K.A., Beadle, J.R., Hostetler, K.Y., 2007. Evaluation of
hexadecyloxypropyl-9-R-[2-(Phosphonomethoxy)propyl]- adenine, CMX157,
as a potential treatment for human immunodeficiency virus type 1 and
hepatitis B virus infections. Antimicrob. Agents Chemother. 51, 3505–3509.

Paolino, K., Sande, J., Perez, E., Loechelt, B., Jantausch, B., Painter, W., Anderson, M.,
Tippin, T., Lanier, E.R., Fry, T., DeBiasi, R.L., 2011. Eradication of disseminated
adenovirus infection in a pediatric hematopoietic stem cell transplantation
recipient using the novel antiviral agent CMX001. J. Clin. Virol. 50, 167–170.

Perigaud, C., Gosselin, G., Lefebvre, I., Giradet, J.L., Benzaria, S., Barber, I., Imbach, J.L.,
1993. Rational design for cytosolic delivery of nucleoside monophopshates:
‘‘SATE’’ and ‘‘DTE’’ as enzyme-liabile transient phosphate protecting groups.
Bioorg. Med. Chem. Lett. 3, 2521–2526.

Perrone, P., Daverio, F., Valente, R., Rajyaguru, S., Martin, J.A., Leveque, V., Le Pogam,
S., Najera, I., Klumpp, K., Smith, D.B., McGuigan, C., 2007a. First example of
phosphoramidate approach applied to a 40-substituted purine nucleoside (40-
azidoadenosine): conversion of an inactive nucleoside to a submicromolar
compound versus hepatitis C virus. J. Med. Chem. 50, 5463–5470.

Perrone, P., Luoni, G.M., Kelleher, M.R., Daverio, F., Angell, A., Mulready, S., Congiatu,
C., Rajyaguru, S., Martin, J.A., Leveque, V., Le Pogam, S., Najera, I., Klumpp, K.,
Smith, D.B., McGuigan, C., 2007b. Application of the phosphoramidate ProTide
approach to 40-azidouridine confers sub-micromolar potency versus hepatitis C
virus on an inactive nucleoside. J. Med. Chem. 50, 1840–1849.

Piantadosi, C., Marasco Jr., C.J., Morris-Natschke, S.L., Meyer, K.L., Gumus, F., Surles,
J.R., Ishaq, K.S., Kucera, L.S., Iyer, N., Wallen, C.A., et al., 1991. Synthesis and
evaluation of novel ether lipid nucleoside conjugates for anti-HIV-1 activity. J.
Med. Chem. 34, 1408–1414.

Poorthuis, B.J., Hostetler, K.Y., 1976. Studies on nucleotide diphosphate
diacylglycerol specificity of acidic phospholipid biosynthesis in rat liver
subcellular fractions. Biochim. Biophys. Acta 431, 408–415.

Posternak, T., Sutherland, E.W., Henion, W.F., 1962. Derivatives of cyclic 30 ,50-
adenosine monophosphate. Biochim. Biophys. Acta 65, 558–560.

Prisbe, E.J., Martin, J.C., McGee, D.P., Barker, M.F., Smee, D.F., Duke, A.E., Matthews,
T.R., Verheyden, J.P., 1986. Synthesis and antiherpes virus activity of phosphate
and phosphonate derivatives of 9-[(1,3-dihydroxy-2-propoxy)methyl]guanine.
J. Med. Chem. 29, 671–675.

Puech, F., Gosselin, G., Lefebvre, I., Pompon, A., Aubertin, A.M., Kirn, A., Imbach, J.L.,
1993. Intracellular delivery of nucleoside monophosphates through a
reductase-mediated activation process. Antiviral Res. 22, 155–174.

Ray, A.S., Hitchcock, M.J.M., 2009. Metabolism of antiviral nucleosides and
nucleotides. In: Lafemina, R.L. (Ed.), Antiviral Research: Strategies in Antiviral
Drug Discovery. ASM Press, Washington, DC.

Ray, A.S., Vela, J.E., Boojamra, C.G., Zhang, L., Hui, H., Callebaut, C., Stray, K., Lin, K.Y.,
Gao, Y., Mackman, R.L., Cihlar, T., 2008. Intracellular metabolism of the
nucleotide prodrug GS-9131, a potent anti-human immunodeficiency virus
agent. Antimicrob. Agents Chemother. 52, 648–654.

Reddy, P.G., Bao, D., Chang, W., Chun, B.K., Du, J., Nagarathnam, D., Rachakonda, S.,
Ross, B.S., Zhang, H.R., Bansal, S., Espiritu, C.L., Keilman, M., Lam, A.M., Niu, C.,
Steuer, H.M., Furman, P.A., Otto, M.J., Sofia, M.J., 2010. 20-deoxy-20-alpha-fluoro-
20-beta-C-methyl 30 ,50-cyclic phosphate nucleotide prodrug analogs as
inhibitors of HCV NS5B polymerase: discovery of PSI-352938. Bioorg. Med.
Chem. Lett. 20, 7376–7380.



A.S. Ray, K.Y. Hostetler / Antiviral Research 92 (2011) 277–291 291
Revankar, G.R., Gupta, P.K., Adams, A.D., Dalley, N.K., McKernan, P.A., Cook, P.D.,
Canonico, P.G., Robins, R.K., 1984. Synthesis and antiviral/antitumor activities of
certain 3-deazaguanine nucleosides and nucleotides. J. Med. Chem. 27, 1389–
1396.

Robbins, B.L., Srinivas, R.V., Kim, C., Bischofberger, N., Fridland, A., 1998. Anti-
human immunodeficiency virus activity and cellular metabolism of a potential
prodrug of the acyclic nucleoside phosphonate 9-R-(2-phosphono-
methoxypropyl)adenine (PMPA), bis(isopropyloxymethylcarbonyl)PMPA.
Antimicrob. Agents Chemother. 42, 612–617.

Routledge, A., Walker, I., Freeman, S., Hay, A., Mahmood, N., 1995. Synthesis,
bioactivation and anti-HIV activity of 4-acyloxybenzyl bis(Nucleosid-50-yl)
phosphates. Nucleosides Nucleotides Nucleic Acids 14, 1545–1558.

Saboulard, D., Naesens, L., Cahard, D., Salgado, A., Pathirana, R., Velazquez, S.,
McGuigan, C., De Clercq, E., Balzarini, J., 1999. Characterization of the activation
pathway of phosphoramidate triester prodrugs of stavudine and zidovudine.
Mol. Pharmacol. 56, 693–704.

Sastry, J.K., Nehete, P.N., Khan, S., Nowak, B.J., Plunkett, W., Arlinghaus, R.B.,
Farquhar, D., 1992. Membrane-permeable dideoxyuridine 50-monophosphate
analogue inhibits human immunodeficiency virus infection. Mol. Pharmacol.
41, 441–445.

Schaeffer, H.J., Beauchamp, L., de Miranda, P., Elion, G.B., Bauer, D.J., Collins, P., 1978.
9-(2-hydroxyethoxymethyl) guanine activity against viruses of the herpes
group. Nature 272, 583–585.

Schlienger, N., Beltran, T., Perigaud, C., Lefebvre, I., Pompon, A., Aubertin, A.M.,
Gosselin, G., Imbach, J.L., 1998. Rational design of a new series of mixed anti-
HIV pronucleotides. Bioorg. Med. Chem. Lett. 8, 3003–3006.

Schlienger, N., Peyrottes, S., Kassem, T., Imbach, J.L., Gosselin, G., Aubertin, A.M.,
Perigaud, C., 2000. S-Acyl-2-thioethyl aryl phosphotriester derivatives as
mononucleotide prodrugs. J. Med. Chem. 43, 4570–4574.

Schultz, C., 2003. Prodrugs of biologically active phosphate esters. Bioorg. Med.
Chem. 11, 885–898.

Shaw, J.P., Louie, M.S., Krishnamurthy, V.V., Arimilli, M.N., Jones, R.J., Bidgood, A.M.,
Lee, W.A., Cundy, K.C., 1997a. Pharmacokinetics and metabolism of selected
prodrugs of PMEA in rats. Drug Metab. Dispos. 25, 362–366.

Shaw, J.P., Sueoko, C.M., Oliyai, R., Lee, W.A., Arimilli, M.N., Kim, C.U., Cundy, K.C.,
1997b. Metabolism and pharmacokinetics of novel oral prodrugs of 9-[(R)-2-
(phosphonomethoxy)propyl]adenine (PMPA) in dogs. Pharm. Res. 14, 1824–
1829.

Sofia, M.J., Bao, D., Chang, W., Du, J., Nagarathnam, D., Rachakonda, S., Reddy, P.G.,
Ross, B.S., Wang, P., Zhang, H.R., Bansal, S., Espiritu, C., Keilman, M., Lam, A.M.,
Steuer, H.M., Niu, C., Otto, M.J., Furman, P.A., 2010. Discovery of a beta-D-20-
deoxy-20-alpha-fluoro-20-beta-C-methyluridine nucleotide prodrug (PSI-7977)
for the treatment of hepatitis C virus. J. Med. Chem. 53, 7202–7218.

Srinivas, R.V., Robbins, B.L., Connelly, M.C., Gong, Y.F., Bischofberger, N., Fridland, A.,
1993. Metabolism and in vitro antiretroviral activities of
bis(pivaloyloxymethyl) prodrugs of acyclic nucleoside phosphonates.
Antimicrob. Agents Chemother. 37, 2247–2250.

Starrett Jr., J.E., Tortolani, D.R., Hitchcock, M.J., Martin, J.C., Mansuri, M.M., 1992.
Synthesis and in vitro evaluation of a phosphonate prodrug:
bis(pivaloyloxymethyl) 9-(2-phosphonylmethoxyethyl)adenine. Antiviral Res.
19, 267–273.

Stella, V.J., Himmelstein, K.J., 1980. Prodrugs and site-specific drug delivery. J. Med.
Chem. 23, 1275–1282.

Tan, X., Chu, C.K., Boudinot, F.D., 1999. Development and optimization of anti-HIV
nucleoside analogs and prodrugs: a review of their cellular pharmacology,
structure–activity relationships and pharmacokinetics. Adv. Drug Deliv. Rev. 39,
117–151.
Tsotinis, A., Calogeropoulou, T., Koufaki, M., Souli, C., Balzarini, J., De Clercq, E.,
Makriyannis, A., 1996. Synthesis and antiretroviral evaluation of new alkoxy
and aryloxy phosphate derivatives of 30-azido-30-deoxythymidine. J. Med.
Chem. 39, 3418–3422.

Valiaeva, N., Wyles, D.L., Schooley, R.T., Hwu, J.B., Beadle, J.R., Prichard, M.N.,
Hostetler, K.Y., 2011. Synthesis and antiviral evaluation of 9-(S)-[3-Alkoxy-2-
(phosphonomethoxy)propyl] nucleoside alkoxyalkyl esters: inhibitors of
hepatitis C virus and HIV-1 replication. Bioorg. Med. Chem. 19, 4616–4625.

Van Rompay, A.R., Johansson, M., Karlsson, A., 2000. Phosphorylation of nucleosides
and nucleoside analogs by mammalian nucleoside monophosphate kinases.
Pharmacol. Ther. 87, 189–198.

van Wijk, G.M., Hostetler, K.Y., Kroneman, E., Richman, D.D., Sridhar, C.N., Kumar, R.,
van den Bosch, H., 1994. Synthesis and antiviral activity of 30-azido-30-
deoxythymidine triphosphate distearoylglycerol: a novel phospholipid
conjugate of the anti-HIV agent AZT. Chem. Phys. Lipids 70, 213–222.

Venhoff, A.C., Lebrecht, D., Reuss, F.U., Heckl-Ostreicher, B., Wehr, R., Walker, U.A.,
Venhoff, N., 2009. Mitochondrial DNA depletion in rat liver induced by
fosalvudine tidoxil, a novel nucleoside reverse transcriptase inhibitor prodrug.
Antimicrob. Agents Chemother. 53, 2748–2751.

Vukadinovic, D., Boge, N.P., Balzarini, J., Meier, C., 2005. ‘‘Lock-in’’ modified cyclosal
nucleotides – the second generation of cyclosal prodrugs. Nucleosides,
Nucleotides Nucleic Acids 24, 939–942.

Wagner, C.R., McIntee, E.J., Schinazi, R.F., Abraham, T.W., 1995. Aromatic amino acid
phosphoramidate di- and triesters of 30-azido-30-deoxythymidine (AZT) are
non-toxic inhibitors of HIV-1 replication. Bioorg. Med. Chem. Lett. 5, 1809–
1824.

Wang, G., Boyle, N., Chen, F., Rajappan, V., Fagan, P., Brooks, J.L., Hurd, T., Leeds, J.M.,
Rajwanshi, V.K., Jin, Y., Prhavc, M., Bruice, T.W., Cook, P.D., 2004. Synthesis of
AZT 50-triphosphate mimics and their inhibitory effects on HIV-1 reverse
transcriptase. J. Med. Chem. 47, 6902–6913.

Welin, M., Nordlund, P., 2010. Understanding specificity in metabolic pathways –
structural biology of human nucleotide metabolism. Biochem. Biophys. Res.
Commun. 396, 157–163.

White, A.J., 2001. Mitochondrial toxicity and HIV therapy. Sex Transm. Infect. 77,
158–173.

Wolfgang, G.H., Shibata, R., Wang, J., Ray, A.S., Wu, S., Doerrfler, E., Reiser, H., Lee,
W.A., Birkus, G., Christensen, N.D., Andrei, G., Snoeck, R., 2009. GS-9191 is a
novel topical prodrug of the nucleotide analog 9-(2-phosphonylmethoxyethyl)-
guanine with antiproliferative activity and possible utility in the treatment of
human papillomavirus lesions. Antimicrob. Agents Chemother. 53, 2777–2784.

Wyles, D.L., Jones, K.A., Valiaeva, N., Beadle, J.R., Schooley, R.T., Hostetler, K.Y., 2011.
Enhanced cellular penetration of ODE-(S)-MPMPA accounts for its prolonged
post-exposure anti-HCV activity, In: 24th International Conference on Antiviral
Research, Sofia, Bulgaria.

Wyles, D.L., Kaihara, K.A., Korba, B.E., Schooley, R.T., Beadle, J.R., Hostetler, K.Y., 2009. The
octadecyloxyethyl ester of (S)-9-[3-hydroxy-2-(phosphonomethoxy) propyl]adenine
is a potent and selective inhibitor of hepatitis C virus replication in genotype 1A, 1B,
and 2A replicons. Antimicrob. Agents Chemother. 53, 2660–2662.

Yan, Z., Kern, E.R., Gullen, E., Cheng, Y.C., Drach, J.C., Zemlicka, J., 2005. Nucleotides
and pronucleotides of 2,2-bis(hydroxymethyl)methylenecyclopropane
analogues of purine nucleosides: synthesis and antiviral activity. J. Med.
Chem. 48, 91–99.

Zhou, X.J., Pietropaolo, K., Chen, J., Khan, S., Sullivan-Bolyai, J., Mayers, D., 2011.
Safety and pharmacokinetics of IDX184, a liver-targeted nucleotide polymerase
inhibitor of hepatitis C virus, in healthy subjects. Antimicrob. Agents
Chemother. 55, 76–81.


	Application of kinase bypass strategies to nucleoside antivirals
	1 Introduction
	2 Initial application of kinase bypass strategies
	2.1 3',5'-cyclic phosphates
	2.2 Phosphonates

	3 Evolution and structural diversity in prodrug strategies for kinase bypass
	3.1 Bioreversible protecting groups
	3.1.1 Tri-esters
	3.1.2 Phospholipids
	3.1.2.1 Applied to phosphates
	3.1.2.2 Applied to phosphonates

	3.1.3 Amidate
	3.1.4 POM and POC
	3.1.5 DTE and SATE
	3.1.6 Cyclic phosphates (CycloSAL and HepDirect)
	3.1.7 Protein conjugates
	3.1.8 Diphosphate and triphosphate prodrugs


	4 Prodrug activation pathways and key concepts
	4.1 CycloSAL and intracellular activation
	4.2 SATE and DTE and targeting specific intracellular pathways
	4.3 Mono-amino acid ester, mono-aryl and prodrug optimization
	4.4 HepDirect and targeted tissue loading
	4.5 Less well understood activation pathways
	4.6 Potential for toxic byproduct formation

	5 Conclusions
	Acknowledgements
	References


