
A

(
n
(
u
o
f
(
i
H
a
©

K

C

0
d

Antiviral Research 75 (2007) 1–13

Review

The acyclic nucleoside phosphonates from inception
to clinical use: Historical perspective

Erik De Clercq ∗
Rega Institute for Medical Research, K.U. Leuven, Minderbroedersstraat 10, B-3000 Leuven, Belgium

Received 6 September 2006; accepted 13 October 2006
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bstract

The collaboration between Antonı́n Holý [Institute of Organic Chemistry and Biochemistry (IOCB, Prague, Czech Republic)] and Erik De Clercq
Rega Institute for Medical Research, K.U. Leuven, Belgium) started exactly 30 years ago. It led to the discovery of a (rather small) series of acyclic
ucleoside analogues (prototype: DHPA), followed by the discovery of a large number of nucleotide analogues [acyclic nucleoside phosphonates
ANPs)] (prototype: HPMPA). From HPMPA originated three compounds, which have been approved by regulatory agencies worldwide for clinical
se: (i) HPMPC [cidofovir (Vistide®)] for the treatment of cytomegalovirus (CMV) retinitis in AIDS patients, and “off label” for the treatment
f polyoma-, papilloma-, adeno-, herpes- and poxvirus infections; (ii) PMEA [adefovir (in its oral prodrug form, adefovir dipivoxil (Hepsera®)]
or the treatment of chronic HBV (hepatitis B virus) infections, and (iii) PMPA [tenofovir (in its oral prodrug form, tenofovir disoproxil fumarate
Viread®)] for the treatment of HIV infections (AIDS). The latter has also been approved, in combination with emtricitabine (Truvada®), and
n combination with emtricitabine and efavirenz (Atripla®) for the treatment of HIV infections. Many other ANPs such as the DAP derivatives
PMPDAP, PMEDAP and PMPDAP, and the DAPy derivatives HPMPO-DAPy, PMEO-DAPy, and PMPO-DAPy, were found to exhibit an antiviral
ctivity spectrum and potency comparable to that of the parent compounds HPMPA (and HPMPC), PMEA and PMPA, respectively.
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. Introduction

The acyclic nucleoside phosphonates (ANPs) represent a
ew dimension for the treatment of DNA virus and retrovirus
nfections (De Clercq and Holý, 2005). These ANPs encom-
ass three compounds that have been formally licensed for the
reatment of (i) HCMV (human cytomegalovirus) infections
i.e. HCMV retinitis) in AIDS patients (cidofovir, Vistide®),
ii) chronic HBV (hepatitis B virus) infections (adefovir dip-
voxil, Hepsera®), and (iii) HIV (human immunodeficiency
irus) infections (AIDS) [tenofovir disoproxil fumarate (TDF),
iread®]. The first (cidofovir) can also be used “off label” in

he treatment of herpesvirus (other than HCMV) infections, as
ell as polyoma-, papilloma-, adeno- and poxvirus infections.
he third (TDF) is also available, in a fixed-dose combination

orm with either emtricitabine (Truvada®), or emtricitabine and
favirenz (Atripla®), for the treatment of AIDS.

The ANPs have thus proved to be a cornerstone in antivi-
al therapy. What is the significance of an acyclic nucleoside
phosphonate” and from where stems the designation “phos-
honate”? In regular nucleotides (or nucleoside phosphates), the

hosphate group is attached through an ester bound

o the nucleoside, as, for example, when a phosphate group has
een linked to acyclovir during the first phosphorylation step
f acyclovir (to acyclovir monophosphate) by the herpesvirus
HSV (herpes simplex virus)-encoded] thymidine kinase (TK).
n the ANPs, the phosphate group, in the form of a phosphonate
roup, has already been attached to the nucleoside analogue,
hus resulting in the formation of a phosphonomethyl ether

, which, unlike the phosphate ester linkage, should

esist any attack by esterases, or any catabolic enzymes at large.
The concept of the ANPs was born in 1986 with the

dentification of the ANP prototype, (S)-9-(3-hydroxyl-2-
hosphonylmethoxypropyl)adenine (HPMPA), as a broad-
pectrum anti-DNA virus agent (De Clercq et al., 1986). HPMPA
tself could be envisaged as a kind of construct resulting from
he replacement of the carboxylate group of phosphonoacetic
cid [PAA, the predecessor of the antiviral agent phosphono-

ormic acid (foscarnet, Foscavir®] by the acyclic nucleoside
nalogue DHPA [(S)-9-(2,3-dihydroxypropyl)adenine], which
as described in 1978 as an acyclic nucleoside analogue with
road-spectrum antiviral activity (De Clercq et al., 1978).
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Here I will describe the genealogy (Fig. 1) of the acyclic
ucleoside phosphonates (ANPs) starting from DHPA, via
PMPA as the prototype of the ANPs, leading to the three
NPs that are currently in clinical use (cidofovir, adefovir,

enofovir) and several others, i.e. 2,6-diaminopurine (DAP) and
,4-diaminopyrimidine (DAPy) derivatives, which show high
otential as therapeutic agents.

According to their activity spectrum, the ANPs can be classi-
ed in two categories: (i) the “HPMP” derivatives, represented
y HPMPC (cidofovir), which are active against a broad vari-
ty of DNA viruses (polyoma-, papilloma-, adeno-, herpes- and
oxviruses), and (ii) the “PME” and “PMP” derivatives, repre-
ented by, respectively, PMEA (adefovir) and PMPA (tenofovir),
hich are primarily active against hepadna- and retroviruses

Fig. 2). Their clinical indications, whether approved or potential
“off label”), are presented in Fig. 3. The (molecular) mechanism
f action of the ANPs is not the subject of the present review. This
spect has been addressed in previous reports (i.e. De Clercq,
003b; De Clercq and Holý, 2005).

. DHPA [(S)-9-(2,3-dihydroxypropyl)adenine]

From the beginning, it was quite clear that the antiviral activ-
ty spectrum and mode of action of DHPA was clearly distinct
rom that of the acyclic guanosine analogue acyclovir, which
ad been reported (Elion et al., 1977; Schaeffer et al., 1978) a
ew months before our paper appeared in Science (De Clercq et
l., 1978). While acyclovir was to become the “gold standard”
or the treatment of HSV-1 and -2 infections, DHPA only had a
imited appearance on the market (as Duvira® gel) in Czechoslo-
akia for the treatment of herpes labialis (cold sores). However,
HPA served as an experimental tool to identify and probe

or inhibitors of S-adenosyl-l-homocysteine (SAH) hydrolase
nhibitors (Votruba and Holý, 1980). It would later become
pparent that SAH hydrolase, because of its key role in methy-
ation reactions such as those involved in the maturation of viral

RNAs, is an attractive target for the design of antiviral agents.
Following DHPA, and several structurally related aliphatic

ucleoside analogues (De Clercq and Holý, 1979), which act
s reversible inhibitors of SAH hydrolase, d-eritadenine, the
2 E. De Clercq / Antiviral Research 75 (2007) 1–13

9. 1-Deaza-, 3-deaza and 8-aza HPMPA [(S)-9-(3-hydroxyl-2-phosphonylmethoxypropyl)adenine derivatives . . . . . . . . . . . . . . . . . . . . . . . . . 8
10. Prodrugs of HPMPC [(S)-1-(3-hydroxyl-2-phosphonylmethoxypropyl)cytosine] and HPMPA [(S)-9-(3-hydroxy-2-

phosphonylmethoxypropyl)-adenine] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
11. The 2,4-diaminopyrimidine (DAPy) derivatives: HPMPO-DAPy [(R)-6-(3-hydroxy-2-(phosphonylmethoxy)propoxy)-2,

4-diaminopyrimidine], PMEO-DAPy [6-(2-(phosphonylmethoxy)ethoxy)-2,4-diaminopyrimidine], and 5-X-substituted derivatives
thereof, and PMPO-DAPy [(R)-6-(2-(phosphonylmethoxy)propoxy)-2,4-diaminopyrimidine] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
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ctive component isolated from the edible Japanese mushroom
entinus edodes shiitake (Holý et al., 1982), and alkyl esters of 3-
denin-9-yl-2-hydroxypropanoic acid (AHPA) were described
s potent (irreversible) inhibitors of SAH hydrolase (De Clercq
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nd Holý, 1985), with an antiviral activity spectrum similar to
hat of DHPA. This antiviral activity spectrum extends, in con-

rast to that of acyclovir (which encompasses primarily HSV-1
nd HSV-2), to various other DNA viruses (i.e. poxviruses)
s well as RNA viruses, particularly (−)RNA viruses such as
rena-, rhabdo- and paramyxoviruses, which heavily depend

1

i
A

Fig. 1. Genealogy of acyclic nucleoside phosph
earch 75 (2007) 1–13 3

n methylations for virus replication (i.e. 5′-capping of their
RNA) (see, for example, De Clercq, 1987; Snoeck et al.,
993).
In fact, a close correlation has been established between the

nhibitory effects of the acyclic adenosine analogues (i.e. DHPA,
HPA) and carbocyclic adenosine analogues (i.e. neplanocin A,

onates (boxed in: marketed compounds).
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Fig. 1. (Continued ).
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Fig. 2. Antiviral activity spectrum

-deazaneplanocin A, carbocyclic 3-deazaadenosine) on SAH

ydrolase and their antiviral activity, i.e. against the rhabdovirus
esicular stomatitis virus (VSV) and the poxvirus vaccinia virus,
uggesting that inhibition of SAH hydrolase actually accounted
or the antiviral activity of the acyclic and carbocyclic adenosine

1
o
d
1

Fig. 3. Clinical application of acyc
cyclic nucleoside phosphonates.

nalogues (De Clercq and Cools, 1985; Cools and De Clercq,

989). Further studies have ascertained that the antiviral activity
f DHPA, AHPA and the carbocyclic adenosine analogues is
uly mediated by inhibition of SAH hydrolase (Cools et al.,
990; Cools and De Clercq, 1990).

lic nucleoside phosphonates.
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. HPMPA [(S)-9-(3-hydroxy-2-phosphonylmethoxy-
ropyl)adenine]

Linking DHPA with PAA (phosphonoacetic acid), while
emoving the carboxylate group of the latter, resulted in a drastic
hange in the antiviral activity spectrum of DHPA: the result-
ng construct, HPMPA, exhibited the activity spectrum of PAA,
ather than that of the larger component, DHPA, in that it proved
ainly active against DNA viruses (De Clercq et al., 1986).
PMPA, the prototype of the acyclic nucleoside phosphonates,

howed, from the very start, a truly broad-spectrum anti-DNA
irus activity, encompassing herpes-, adeno-, pox-, irido- and
apovaviruses, as well as those RNA viruses replicating through
proviral DNA intermediate (i.e. retroviruses). Numerous stud-

es have confirmed the in vitro antiviral activity of HPMPA, i.e.
gainst varicella-zoster virus (Baba et al., 1987a), adenovirus
Baba et al., 1987b), African swine fever virus (Gil-Fernandez
t al., 1987; Arzuza et al., 1988), Epstein-Barr virus (EBV) (Lin
t al., 1987), seal herpesvirus (phocid herpesvirus 1) (Osterhaus
t al., 1987), and vaccinia virus (De Clercq et al., 1987). The
nhibitory effects of HPMPA and its cyclic analogue (cHPMPA)
n vaccinia virus replication has also been demonstrated in pri-
ary human keratinocytes and organotypic “raft” cultures of

pithelial cells (Snoeck et al., 2002). In vivo, HPMPA was found
ighly efficacious in the treatment of various experimental her-
es simplex virus (HSV-1, HSV-2) and vaccinia virus infections
De Clercq et al., 1989), including intracutaneous and intracere-
ral TK− (thymidine kinase-deficient) HSV-1 infections, and
K− HSV-1 keratitis (Maudgal et al., 1987). This points to the
otential of HPMPA for the treatment of HSV infections that
ave become resistant to treatment with the conventional antiher-
es drugs (i.e. acyclovir). Of a large series of acyclic nucleoside
hosphonates evaluated for their inhibitory effects on the in vitro
rowth of Plasmodium falciparum HPMPA and its 3-deaza ana-
ogue (c3HPMPA) proved to be the most potent (Smeijsters et
l., 1999). The trypanocidal activity of HPMPA has also been
emonstrated in vivo (Kaminsky et al., 1996).

. HPMPC [(S)-1-(3-hydroxy-2-
hosphonylmethoxypropyl)cytosine]

HPMPC (cidofovir) and its cyclic analogue (cHPMPC),
xhibit an antiviral activity spectrum that is quite similar to that
f HPMPA (and cHPMPA). The antiviral properties of HPMPC
ere first reported by De Clercq et al. (1987). In 1996 it was

ormally licensed (Vistide®) for clinical use (by the intravenous
oute) in the treatment of CMV retinitis in patients with AIDS.
he key clinical data the approval of cidofovir was based upon
as the difference in progression of CMV retinitis following

mmediate treatment with cidofovir as compared to deferred
reatment (Lalezari et al., 1997).

Which were the principal observations that led HPMPC (cid-
fovir) during its initial development? HPMPC was found to

e a potent and selective inhibitor of CMV replication in vitro
Snoeck et al., 1988), with a prolonged antiviral response, last-
ng for several days after a short-pulse exposure (Neyts et al.,
991). Its selective anti-CMV activity is due to a preferential
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nhibition of CMV DNA synthesis (Neyts et al., 1990). The in
ivo efficacy of HPMPC was originally demonstrated in vari-
us models of HSV infection in mice, whether due to HSV-1,
SV-2 or TK- HSV (De Clercq and Holý, 1991). The most

emarkable feature of HPMPC was that a single administration
f the compound, even as late as 4 days after infection, conferred
ignificant protection against HSV infection. This pronounced
n vivo efficacy of HPMPC has further been demonstrated in
evere combined immune deficiency (SCID) mice infected with
urine cytomegalovirus (Neyts et al., 1992) or vaccinia virus

Neyts and De Clercq, 1993).
The great potential of cidofovir in the treatment of poxvirus

nfections, whether due to vaccinia, variola (smallpox), cowpox,
onkeypox, camelpox, molluscum contagiosum or orf (ecthyma

ontagiosum), has been reviewed (De Clercq, 2002). Cidofovir
hould be efficacious in the therapy and short-term prophylaxis
f smallpox and related poxvirus infections in humans. Based
n the efficacy seen with cidofovir in the treatment of dissem-
nated/progressive vaccinia in a murine model (Neyts et al.,
004), it may also be advocated in the treatment of the complica-
ions of vaccinia that may arise in immunocompromised patients
nadvertently inoculated with the smallpox vaccine (vaccinia)
De Clercq, 2002). In fact, antiviral treatment with, for example,
idofovir, was found to be more effective than (post-exposure)
mallpox vaccination after lethal (intratracheal) infection of
ynomolgus monkeys with monkeypox (Stittelaar et al., 2006).

From a clinical viewpoint, the potential use of cidofovir
hould focus, in particular, on poxvirus infections and human
apilloma virus (HPV) infections. This recommendation is
ased upon the compelling results obtained with systemic or top-
cal administration of cidofovir in the treatment of, for example,
ypopharyngeal papilloma (Van Cutsem et al., 1995), laryngeal
apilloma (Snoeck et al., 1998), recurrent respiratory papillo-
atosis in children (Pransky et al., 1999), plantar warts (Davis et

l., 2000), molluscum contagiosum in AIDS patients (Meadows
t al., 1997) and orf (ecthyma contagiosum) in immunocompro-
ised patients (Geerinck et al., 2001).

. PMEA [9-(2-phosphonylmethoxyethyl)adenine]

The antiviral potential of PMEA (adefovir) was first men-
ioned by De Clercq et al. (1986). After it had been initially
ursued for clinical use in the treatment of HIV infections
AIDS), adefovir, in its oral prodrug form, adefovir dipivoxil
Hepsera®) was formally licensed in 2002 for the treatment of
hronic hepatitis B. The key clinical data that led to this approval
ere generated by the studies of Hadziyannis et al. (2003),
emonstrating the significant decrease in HBV DNA levels in
BeAg-negative HBV patients, as well as those of Marcellin et

l. (2003), demonstrating an equally impressive of HBV DNA
evels in HBeAg-positive HBV infections.

Which were the pivotal observations that led to the early
evelopment of PMEA (adefovir)? In 1988, PMEA and its con-

eners (including HPMPA) were announced as a new class of
ntiretroviral agents with potent and selective (in vitro) activ-
ty against HIV (Pauwels et al., 1988). Soon thereafter, PMEA
as shown to inhibit retrovirus infections in vivo, i.e. (Moloney)



l Res

m
(
(
P
c
1
i
e
a
Y
H
i
b
t
e

f
H
c
p
t
a
a

6
p

v
p
c
(
a
P
t
e
fi
u
o
a
(
f
h

7

P
c
M
w
p
m
o
e
r
H

H
e
b
v
c
e
t
(
t
(
r
s
i
n
e

(
O
(
p
a
t
t
e
o
m
(
o
n
b
m
g
e
t
1

v
p
h
V
(
w
c
a
I
t
r
a
d

o
h
s

E. De Clercq / Antivira

urine sarcoma virus (MSV)-induced tumor formation in mice
Balzarini et al., 1989) and simian immunodeficiency virus
SIV) infection in rhesus monkeys (Balzarini et al., 1991b).
MEA has also been shown to suppress feline immunodefi-
iency virus (FIV) infection in vivo, in cats (Egberink et al.,
990). Of note, the anti-retrovirus activity of PMEA in vivo
ncreased when it was less frequently administered (Balzarini
t al., 1990). The first indication that PMEA may be effective
gainst human hepatitis B stemmed from the observations of
okota et al. (1991) reporting a suppressive effect of PMEA on
BV DNA synthesis in vitro. Since PMEA has, as such, lim-

ted oral bioavailability, the bis(pivaloylmethyl) ester of PMEA,
is(POM)-PMEA (adefovir dipivoxil) was designed to ensure
he compound could be administered by the oral route (Naesens
t al., 1996).

Adefovir dipivoxil has evolved to an established therapy
or chronic HBV infections. A recent study conducted by
adziyannis et al. (2005) showed that in HBeAg-negative

hronic hepatitis B, adefovir dipivoxil continued to achieve sup-
ression of HBV DNA levels if treatment was extended from 48
o 96 weeks, whereas the benefits from the first 48 weeks of
defovir dipivoxil treatment were lost if treatment was stopped
fter 48 weeks.

. FPMPA [(S)-9-(3-fluoro-2-phosphonylmethoxy-
ropyl)adenine]

In 1991 we reported the in vitro and in vivo antiretro-
iral activity of (RS)-9-(3-fluoro-2-phosphonylmethoxypropyl)
urine derivatives (Balzarini et al., 1991a). Description of their
hemical synthesis followed in 1993 (Jindrich et al., 1993). The
S)-isomer of FPMPA has been further evaluated for its efficacy
gainst FIV in cats (Hartmann et al., 1998). Both FPMPA and
MEA had a pronounced beneficial effect on the clinical symp-

oms of FIV-infected field cats. FPMPA proved less antivirally
ffective, but also less toxic, than PMEA in cats. Although these
ndings argued for further investigations on the efficacy and
sefulness of acyclic nucleoside phosphonates in the treatment
f FIV infections in cats and related lentivirus infections in other
nimal species (Hartmann et al., 1998), with the advent of PMPA
tenofovir) (see next section), FPMPA was not further pursued
or its potential in the treatment of retrovirus infections in either
umans or animals.

. PMPA [(R)-9-(2-phosphonylmethoxypropyl)adenine]

The original publication on the anti-retrovirus activity of
MPA (tenofovir) dates from 1993 (Balzarini et al., 1993): the
ompound was shown to inhibit HIV replication in vitro and
SV-induced tumor formation in vivo (mice). In 2001 PMPA
ould be approved, in its oral prodrug form, tenofovir diso-
roxil fumarate (TDF) (Viread®), for clinical use in the treat-
ent of HIV infection (AIDS). Historical comparisons pointed
ut that the combination of TDF with lamivudine (3TC) and
favirenz was superior to any previously used drug combination
egime, based on the percentage of patients with undetectable
IV load at 48 weeks of treatment (reviewed by De Clercq and
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olý, 2005). A crucial 3-year randomized trial comparing the
fficacy and safety of TDF and stavudine (D4T), both in com-
ination with lamivudine and efavirenz, in HIV-infected indi-
iduals not previously exposed to antiretroviral drug treatment,
learly revealed the superiority of the TDF over the D4T arm,
specially from a safety viewpoint (Gallant et al., 2004). In a fur-
her comparative study, TDF, in combination with emtricitabine
(−)FTC) and efavirenz, proved superior through 48 weeks of
reatment to zidovudine (AZT), in combination with lamivudine
3TC) and efavirenz, in terms of viral load suppression, CD4
esponse and adverse events resulting in discontinuation of the
tudy drugs (Gallant et al., 2006). This study was of crucial
mportance for the formulation of the fixed-dose drug combi-
ation of TDF with emtricitabine (Truvada®, and of TDF with
mtricitabine and efavirenz (Atripla®).

Which were the milestone observations that guided PMPA
tenofovir) during its swift development to the clinical stage?
f paramount importance was the observation of Tsai et al.

1995) that parenteral SIV infection in macaques could be com-
letely prevented by PMPA, even if administered from 24 h
fter virus inoculation. Otten et al. (2002) showed that PMPA
reatment when started either 12 or 36 h after virus inocula-
ion prevented intravaginal HIV in macaques. Van Rompay
t al. (2001) found that PMPA, administered as a single dose
f 30 mg/kg at 1 h after virus inoculation prevented newborn
acaques against perinatal (oral) SIV infection. Since PMPA

tenofovir), like PMEA (adefovir), is poorly absorbed by the
ral route, an orally bioavailable prodrug has been desig-
ated, namely bis(isopropyloxycarbonyloxymethyl)PMPA, or
is(POC)-PMPA, or tenofovir disoproxil, which is then for-
ulated with fumarate as TDF. Tenofovir disoproxil, when

iven by the oral route, was found to achieve effective lev-
ls of the active metabolite, allowing infrequent administra-
ion of the parent drug (Naesens et al., 1998; Robbins et al.,
998).

Given the experimental observations that tenofovir can pre-
ent SIV/HIV infection by either the parenteral, intravaginal or
erinatal route, combined with the safety/efficacy profile that
as been established for tenofovir disoproxil fumarate (TDF,
iread®) in the treatment of AIDS over the past 5-year period

2001–2006) since TDF was approved for clinical use, TDF,
hether or not in combination with emtricitabine (Truvada®)

ould be strongly endorsed (as a single daily pill) for the pre-
nd post-exposure prophylaxis of HIV infections in humans.
n the abeyance of any effective vaccine to prevent HIV infec-
ion, Viread® and Truvada®, given once daily by the oral
oute, may confer the desired protection, and if applied, at

sufficiently wide scale, may prevent further spread of the
isease.

TDF (Viread®) may also be considered for the treatment
f chronic hepatitis B, especially for HBV infections which
ave developed resistance to lamivudine, since tenofovir retains
ensitivity to HBV mutants that have developed resistance to
amivudine and other anti-HBV agents such as entecavir, emtric-

tabine, clevudine and telbivudine (Yang et al., 2005). Tenofovir
ould even retain sensitivity towards some rare HBV variants
hich have developed resistance towards adefovir (Schildgen et
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l., 2006). Furthermore, much along the considerations given for
heir prophylactic use against HIV infections, Viread® and/or
ruvada® might also be envisaged for use in the prophylaxis
f HBV infections, i.e. in patients who have not been vacci-
ated (or did not respond to the hepatitis B vaccine). HBV is
ransmitted by the same routes (parenteral, sexual and perinatal)
s HIV, and may, therefore, be amenable to similar preventive
easures.

. The 2,6-diaminopurine (DAP) derivatives:
PMPDAP [(S)-9-(3-hydroxyl-2-phosphonylmethoxy-
ropyl)-2,6-diaminopurine], PMEDAP [9-(2-phospho-
ylmethoxyethyl)-2,6-diaminopurine] and PMPDAP
(R)-9-(2-phosphonylmethoxypropyl)-2,6-
iaminopurine]

The DAP (2,6-diaminopurine) derivatives show an antiviral
otency and activity spectrum comparable to that of their ade-
ine counterparts. Thus, HPMPDAP is equivalent to HPMPA,
.e. with regard to their activity against poxvirus infections, such
s vaccinia virus (De Clercq and Neyts, 2004) and orf virus (Dal
ozzo et al., 2005).

PMEDAP is more active as an anti-retrovirus agent than
MEA, but also more toxic, so that its therapeutic index, based
n its in vivo activity against MSV is equivalent to that of
MEA (Naesens et al., 1989). Single doses of either PMEA or
MEDAP afforded a marked antiviral protection when adminis-

ered one day before MSV infection in newborn mice (Naesens
t al., 1991). Oral PMEDAP has proven highly efficacious
n the treatment of retrovirus (i.e. Moloney murine sarcoma
irus and Friend leukemia virus) as well as murine CMV
nfections in mice (Naesens et al., 1993). PMEDAP retains
ts antiviral efficacy when dosed infrequently (i.e., once or
wice weekly), and achieves a higher efficacy (and thus ther-
peutic ratio) when given orally. These remarkable properties
ake PMEDAP an attractive candidate for the treatment of

oth retrovirus (i.e. HIV) and herpesvirus (i.e. CMV) infec-
ions. I recommend it should be further followed up from this
iewpoint.

In the original publication pertaining to the anti-retrovirus
ctivity of PMPA (tenofovir), PMPDAP was accredited with
ven higher anti-retrovirus potency than PMPA (Balzarini et
l., 1993). PMPDAP has also proved active against (both
ild-type and lamivudine-resistant) HBV at a potency com-
arable to that of PMPA (tenofovir) (Ying et al., 2000a,b).
he therapeutic potential of PMPDAP in the treatment of

in vivo) HIV and HBV infections remains to be further
xplored.

. 1-Deaza-, 3-deaza and 8-aza HPMPA
(S)-9-(3-hydroxyl-2-phosphonylmethoxypropyl)adenine
erivatives
Whereas the 1-deaza and 3-deaza derivatives of PMEA did
ot shown much antiviral activity, the corresponding 1-deaza-
PMPA and, particularly, 3-deaza-HPMPA showed pronounced

ctivity against VZV and CMV (Dvoráková et al., 1990). Of a

s
H
O
i

earch 75 (2007) 1–13

eries of ANPs that were evaluated for activity against HHV-6
n HSB-2 cells, 3-deaza-HPMPA showed the highest selectivity
ndex (Reymen et al., 1995). Also, more recent studies have
onfirmed that 3-deaza-HPMPA is remarkably active against
HV-6 (Naesens and De Clercq, 2006). There is, at present, no

nimal model for HHV-6. Nor has any compound been formally
pproved for the treatment of HHV-6 infections (De Bolle et al.,
005). It would seem mandatory, therefore, to further explore
-deaza-HPMPA for its potential in the treatment of HHV-6 and
ther herpesvirus infections.

The synthesis of acyclic nucleotide analogues derived from 8-
zapurine was first reported in 1993 by Dvoráková et al. (1993).
f these analogues, the 8-aza-HPMPA exhibited a marked activ-

ty against HSV-1, TK− HSV, HSV-2, VZV, TK− VZV and
accinia virus (Holý et al., 1996). HPMPA and 8-aza-HPMPA
roved more potent as inhibitors of poxvirus (i.e. vaccinia virus
eplication in vitro) than HPMPC (cidofovir) (De Clercq, 2001).
he antiviral potency of 8-aza-HPMPA was comparable to that
f HPMPA, which justifies it should be further examined for its
ntiviral potential.

0. Prodrugs of HPMPC [(S)-1-(3-hydroxyl-2-
hosphonylmethoxypropyl)cytosine] and HPMPA
(S)-9-(3-hydroxy-2-phosphonylmethoxypropyl)-
denine]

The cyclic analogue of HPMPC (cidofovir), cHPMPC, is
chemically stable prodrug of HPMPC, and is converted to
PMPC by an intracellular cyclic CMP phosphodiesterase

Mendel et al., 1997). However, both HPMPC and cHPMPC are
nly slowly taken up (by pinocytosis) by the cells, and also their
ral bioavailability is limited. To increase the cellular uptake
nd oral bioavailability of HPMPC (and cHPMPC), alkoxyalkyl
sters have been prepared, that is hexadecyloxypropyl (HDP)-
PMPC and -cHPMPC and octadecyloxyethyl (ODE)-HPMPC

nd -cHMPC (Painter and Hostetler, 2004). These alkoxyalkyl
sters of HPMPC (cidofovir) exhibited a 2.5- to 4.0-log increase
n antiviral activity against herpesvirus (i.e. CMV) replication
n vitro (Beadle et al., 2002). The HDP and ODE derivatives of
PMPC and cHPMPC were taken up more rapidly by human

ung fibroblasts than the parent compounds (Aldern et al., 2003).
onversion of HPMPC to HDP-HPMPC also increased oral
ioavailability and diminished drug accumulation in the kid-
eys (Ciesla et al., 2003). In vivo, oral HDP-HPMPC and/or
DE-HPMPC proved as effective as parenteral cidofovir in the

reatment of human CMV, and pox (i.e. vaccinia) virus infec-
ions in a variety of murine models (Bidanset et al., 2004;
uller et al., 2004; Kern et al., 2004; Smee et al., 2004) (as

eviewed by De Clercq and Field, 2006). The HDP and ODE
rodrugs of HPMPC and HPMPA should also be further evalu-
ted for their potential to treat adenovirus infections, as they
ave been found to inhibit adenovirus replication in vitro at
ignificantly lower concentrations and with significantly higher

electivity indices than those noted for the parent compounds
PMPC and HPMPA (Hartline et al., 2005). The HDP and
DE prodrugs of HPMPA have also been reported to be potent

nhibitors of HIV replication in vitro under conditions where



l Res

t
2

1
H
t
[
i
P
2

t
p
(
2
b
e
D
a
(
p
(

c
n
(
T
p
l
D
t
P
e

p
c
e
H
a
o
H
t
m
f
v
N
e
m
p

m
f
p
t
t
i

1
p

c
a
t
t
t
c
a
r
d
e
x
e
n
g
o
g
n
(
(
t
h
a

i
i
t
a
2
a
c
t
p
p
f
i
w
m
i
p
(
a
v
(

1

a
c

E. De Clercq / Antivira

he parent compound (HPMPA) was inactive (Hostetler et al.,
006).

1. The 2,4-diaminopyrimidine (DAPy) derivatives:
PMPO-DAPy [(R)-6-(3-hydroxy-2-(phosphonylme-

hoxy)propoxy)-2,4-diaminopyrimidine], PMEO-DAPy
6-(2-(phosphonylmethoxy)ethoxy)-2,4-diaminopyrim-
dine], and 5-X-substituted derivatives thereof, and
MPO-DAPy [(R)-6-(2-(phosphonylmethoxy)propoxy)-
,4-diaminopyrimidine]

“Second generation” ANPs have been recently described,
he “open ring” or “O-linked” ANP analogues or 6-[2-
hosphonylmethoxyalkoxy]-2,4-diaminopyrimidines (DAPys)
Holý et al., 2002; Balzarini et al., 2002; Hocková et al., 2003,
004), which show substantial potential for the treatment of a
road range of DNA virus and retrovirus infections (De Clercq
t al., 2005). Like HPMPA and HPMPC (cidofovir), HPMPO-
APy holds potential for the treatment of polyoma-, papilloma-,
deno-, herpes- and poxvirus infections, whereas PMEO-DAPy
and 5-X-substituted derivatives thereof) and PMPO-DAPy hold
otential for the treatment of retrovirus (HIV) and hepadnavirus
HBV) infections.

Specifically, the 5-methyl, 5-chloro-, 5-bromo-, 5-iodo-, 5-
yano- and 5-formyl derivatives of PMEO-DAPy showed pro-
ounced antiretroviral activity, comparable to that of PMEA
adefovir) and PMPA (tenofovir) (Hocková et al., 2003, 2004).
he 5-cyano derivative of PMEO-DAPy also exhibited high
otency in vitro against the replication of both wild type and
amivudine-resistant HBV (Ying et al., 2005). 5-Methyl PMEO-
APy has proved markedly more inhibitory to MSV-induced

umor cell formation and associated animal death than either
MEO-DAPy or PMEA, at the dosage of 5 mg/kg day (Balzarini
t al., 2006).

Akin to HPMPA and HPMPC (cidofovir), HPMPO-DAPy
roved to be a potent and selective inhibitor of adenovirus repli-
ation in vitro [as monitored by a number of parameters (Naesens
t al., 2005)], and again akin to HPMPC and HPMPC (cidofovir),
PMPO-DAPy was found to exhibit selective and potent activity

gainst orf virus in both human and ovine cell monolayers and
rganotypic ovine raft cultures (Dal Pozzo et al., 2005). In vivo,
PMPO-DAPy, similarly to HPMPC (cidofovir), was shown

o cause healing of cutaneous vaccinia lesions in athymic-nude
ice (which corresponds to an experimental model infection

or disseminated vaccinia in immunosuppressed patients inad-
ertently vaccinated with live smallpox vaccine (De Clercq and
eyts, 2004). Like cidofovir, HPMPO-DAPy also proved more

ffective than smallpox vaccination when used in cynomolgus
onkeys 24 h after they had been infected with lethal monkey

ox virus challenge (Stittelaar et al., 2006).
It is at present unpredictable whether the DAPy derivatives

ay surpass the established nucleotide analogues cidofovir, ade-
ovir or tenofovir in terms of potency and/or safety, or any other

roperties. Therefore, their activity spectrum, in vivo efficacy,
olerability, safety, bioavailability, pharmacokinetics, tissue dis-
ribution and resistance development should be further exam-
ned.
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2. Antitumor potential of the acyclic nucleoside
hosphonates

Although cidofovir, adefovir and tenofovir have been clini-
ally pursued primarily for their antiviral activity, their antitumor
ctivity should be further explored so as to assess their poten-
ial in anticancer therapy. PMEA (adefovir) has been found
o induce tumor cell differentiation of several tumor (i.e. ery-
hroleukemia, myeloid neuroblastoma, and choriocarcinoma)
ell lines (Balzarini et al., 1995; Hatse et al., 1998a). In vivo,
defovir was found to inhibit choriocarcinoma growth in the
at (Hatse et al., 1998b). Likewise, HPMPC (cidofovir) has
emonstrated remarkable activity as an antitumor agent in sev-
ral animal models such as human nasopharyngeal carcinoma
enografts in athymic-nude mice (Neyts et al., 1998; Murono
t al., 2001), human cervical carcinoma xenografts in athymic-
ude mice (Andrei et al., 1998), polyomavirus-induced heman-
iomas in rats (Liekens et al., 1998), hemangiosarcoma devel-
pment in athymic-nude mice (Liekens et al., 2001b), fibroblast
rowth factor-2-induced vascular tumor formation in athymic-
ude mice and severe combined immunodeficient (SCID) mice
Liekens et al., 2001a), and murine melanoma B16 in mice
Redondo et al., 2000). The inhibitory effects of cidofovir on
he growth of these tumors (i.e. nasopharyngeal carcinoma,
emangiosarcoma and endothelium-derived tumors) could be
ttributed to the induction of apoptosis.

Similarly, cidofovir was shown to cause cell death of HPV-
nfected, but not uninfected, human keratinocytes, due to the
nduction of apoptosis (Andrei et al., 2001). Induction of apop-
osis in HPV-positive cells by cidofovir was associated with the
ccumulation of the tumor suppressor protein p53 (Andrei et al.,
001). Cidofovir was shown to restore the function of p53 and
nother tumor-suppressor protein pRb which in HPV-infected
ells are neutralized by the oncoproteins E6 and E7, respec-
ively (Abdulkarim et al., 2002). Numerous clinical observations
oint to the efficacy of cidofovir in achieving complete and
ermanent remissions of HPV-associated papillomatous lesions
ollowing either topical gel application or direct intralesional
njections of the drug (for a review, see De Clercq, 2003a). It
ould now seem mandatory to examine whether this antitu-
or potential of cidofovir extends to tumors other than those

nduced by viruses (HPV, EBV, . . .) and acyclic nucleoside
hosphonates other than cidofovir. In this sense PMEG [9-
2-phosphonylmethoxyethyl)guanine] may hold promise as an
ntitumor agent (Rose et al., 1990). It could be generated in
ivo from PMEDAP (see above: Section 8) and prodrugs thereof
such as the N6-cyclopropyl derivative of PMEDAP).

3. Conclusion

The era of the acyclic nucleoside phosphonates (ANPs)
s effective antiviral drugs (and potentially effective anti-
ancer drugs) started now 20 years ago with the discovery

f HPMPA as a broad-spectrum anti-DNA virus agent (De
lercq et al., 1986). The predecessor of HPMPA was the acyclic
ucleoside analogue DHPA, which we had discovered as a
road-spectrum antiviral agent with albeit relatively weak activ-
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ty against both (−)RNA and DNA viruses in 1976 [per-
onal communication from E. De Clercq to A. Holý), later
ublished by De Clercq et al. (1978)]. From HPMPA then
riginated a large progeny of new ANPs, three of which,
PMPC (cidofovir), PMEA (adefovir) and PMPA (tenofovir)
ere eventually approved and marketed for the treatment of,

espectively, CMV retinitis (in AIDS patients), chronic HBV
nfections and HIV infections (AIDS). Additional indications
nclude various polyoma-, papilloma-, adeno-, herpes-, and
oxvirus infections for cidofovir, and HBV infections for
enofovir. Also from HPMPA originated the 3-deaza-HPMPA
nd 8-aza-HPMPA, the DAP (2,6-diaminopurine) derivatives
PMPDAP, PMEDAP and PMPDAP, and the DAPy (2,4-
iaminopyrimidine) derivatives HPMPO-DAPy, PMEO-DAPy
and 5-substituted derivatives thereof) and PMPO-DAPy. To
he extent that they have been explored, these “newer” ANPs
isplay an antiviral activity spectrum and potency compara-
le to that of the “established” ANPs, but, in some cases
hey proved more potent and/or showed an extended activ-
ty spectrum. The newer ANPs, and, in particular, the DAPy
erivatives should also be further explored for their in vivo
fficacy, pharmacokinetics, safety and other properties, and
n addition to their antiviral efficacy, the antitumor potential
f the ANPs, whether old or new, should be further evalu-
ted in the appropriate experimental (and, eventually,) clinical
ettings.
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e Clercq, E., Holý, A., Rosenberg, I., 1989. Efficacy of phosphonyl-
methoxyalkyl derivatives of adenine in experimental herpes simplex virus
and vaccinia virus infections in vivo. Antimicrob. Agents Chemother. 33,
185–191.

H

earch 75 (2007) 1–13 11

e Clercq, E., Andrei, G., Balzarini, J., Leyssen, P., Naesens, L., Neyts,
J., Pannecouque, C., Snoeck, R., Ying, C., Hocková, D., Holý, A.,
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