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The rationale for a pronucleotide approach based on the use of phosphotriesters
which incorporale enzyme-mediated bio-labile protection is discussed in detail.
Among the studied bio-labile phosphate protecting groups, the 5-acyl-2-thioethyl
(SATE) groups appeared the most promising as exemplified in cell culture systems in
the case of the pronucleotides of 3-azido-3-deoxythymidine, 2',3-didehydro-
-3-deoxythymidine, 2"3-dideoxyadenosine and acyclovir. In vive implementations
of such bis(SATE) pronucleotides have been planned for future animal studies.

Currently, nucleoside analogues play an im-
portant role in antiviral chemotherapy [1], and
among the only sixteen compounds which
have beenapproved in the US.A. to be licensed
as antiviral drugs eleven have a nucleosidic
structure [2, 3]. Due to their structural analogy
with natural purine and pyrimidine nucleo-
sides, one can assume that the mode of action
of these analogues is based on a disruption of
the biosynthesis of viral nucleic acids. This im-
plies that viruses possess or encode some
enzymes (like DNA and RNA polymerases, or

reverse transcriptase) which are different from
those of the host cells. Thus, if one considers the
made of action of antiviral nucleoside anal-
ogues, it is noteworthy that these compounds
mainly exert their effects after intracellular con-
version to the corresponding triphosphory-
lated form (Scheme 1). The first metabolic step
involves the transformation to a nucleoside
monophosphate, which is then phosphory-
lated further to the di- and triphosphate by
cellular kinases. And the triphosphate, by inhi-
biting the viral polymerase or following its in-
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corporation into the nucleic acid of the virus is
the entity actually responsible for the biological
effect of the parent drug,

From the mode ot action of nucleoside anal-
ogues, two problems arise [4]. The first is Te-
lated to the usually observed more or less
detrimental concomitant toxicity, which is in-
versely proportional to the selectivity of the
interaction of the nucleoside analogue triphos-
phate with the viral polymerase versus the cel-
lular polymerases. The second problem
concerns the efficiency of the three phosphory-
lation steps. In this regard, ideally the ratio of
the intracellular concentration of the nucleo-
side analogue triphosphate and the corre-
sponding natural nucleoside triphosphate
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must be as high as possible. In most cases, it is
the first phosphorylation reaction whichis rate-
limiting,

Since the vital steps in the mode of action of
nucleoside analogues lie in their conversion
into the corresponding phosphorylated forms,
one question could be asked, “why is it that the
nucleoside, generally inactive by itself, is al-
ways administered as a drug”? In other words,
“why notad minister the phasphnw]ated forms
of the nucleoside analogue”? The answer is
simple: only nucleosides are able to enter cells
easily, either following a transporter-mediated
mechanism or by passive diffusion. On the
other hand, nucleotides owing to their negative
charges cannot penetrate cell membranes. The
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Scheme 1. Mode of action of antiviral analogues.
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phosphoric anhydride bonds are quickly hy-
drolyzed and the resulting monophosphate
derivative is re-converted to the parent nucleo-
side bv many non-specific serum phosphatases
{Scheme 1). These considerations explain whv
many attempts in several laboratories have
been undertaken in order to increase the de-
livery of nucleotide analogues into cells. Two
attempts seem to be promising: the use ot lipo-
somes [5] and the pronucleotide approach.

THE PRONUCLEQTIDE APPROACH

Since it is generally accepted that the intracel-
lular transport of intact nucleotides is hindered
by the negative charges on the phosphate
group, the design of most prodrugs involved a
reduction in the total charge through moditica-
tions of the phosphate. The resulting prodrugs
were expected to be sufficiently lipophilic to be
able to enter into the cells, wherein they would
undergo biotransformations to generate the
free nucleotides [6-8]. Since the aim of the pro-
nucleotide approach is the intracellular de-
livery of nucleoside analogue phosphorylated
forms, the consequences will be to bvpass the
often encountered problem of the inefficient
phosphorylation steps in the mode of action of
nucleoside analogues and to overcome some
resistance phenomena resulting from kinase
mutations. As regards other expected results,
we can suggest a possible increase of stability
towards some catabolic reactions, an improve-
ment of oral bioavailability, and a modulation
of some pharmacokinetic parameters and the
tissue distribution of the parent drug.

A priori, the pronucleotide approach could
apply to dinucleoside monophosphates and to
mononucleoside tri-, di- or monophosphates.
In the latter case, phosphodiester, phosphonate
or phosphotriester derivatives could be envis-
aged. In fact, as previously reported [8], it ap-
pears that the mononucleoside phosphotriester
seems to be the most appropriate structure in
regard to the pronucleotide approach. Further-
more, to be effective such a mononucleoside
phosphotriester pronucleotide approach must
fulfill some prerequisites. Firstly, the phospho-
triester must be soluble and stable in the extra-
cellular medium, but also lipophilic enough to
be able to penetrate cell membranes by passive
diffusion. Secondly, it must be intracellularly

and selectively converted into its monophos-
phate. The first step of this conversion must be
sufficiently fast in order to avoid any escape of
the phosphotriester outside the cell. Removal
of the remaining masking group from the re-
sulting phosphodiester can be then carried out
either following a similar mechanism as in the
first step, or by phosphodiesterases. So, the
crucial question is to determine what kind of
phosphate protecting groups can be used. The
requirement that ideally the first step must be
effected more rapidly inside the cell than in the
extracellular medium precludes the use of
simple alkyl and aryl masking groups which
can only be chemically hydrolyzed since no
phosphotriesterase activity has been reported
asofyetin mammalian cells. On the other hand,
selective intracellular transformation of a phos-
photriester into a phosphodiester could be en-
visaged by using bifunctional bio-labile
protecting groups, as shown in Scheme 2. Such
bifunctional groups are susceptible to attack by
cellular enzymes, giving rise to a new phospho-
triester which is chemically unstable and which
decomposes spontaneously to attord the phos-
phodiester intermediate. This phosphodiester
will be then converted into the desired nucieo-
side monophosphate.

Bis(POM), bis(iDTE) AND bis(SATE)
PHOSPHOTRIESTERS

Among the few bio-labile phosphate protect-
ing groups which have been cited in the lit-
erature, the acyloxymethyl groups initially
introduced by Farquhar, and more particularly
the (pivaloyloxy)methyl group (POM), deserve
more attention [9]. These groups are cleaved by
carboxyesterases to give rise to a hydroxy-
methyl phosphotriester intermediate, which is
unstable and which spontaneously eliminates
formaldehyde to afford the phosphodiester.
Then, the phosphodiester will be converted
into the nucleoside monophosphate following
a similar mechanism as for the removal of the
first protecting group, or by action of phospho-
diesterases [10] (Scheme 3).

For our part, we conceived recently two other
kinds of bio-labile protecting groups, namely
the dithioethyl (DTE) and the S-acyl-2-thio-
ethvl (SATE) phosphate protecting groups [11].
These DTE and SATE groups are cleaved, re-
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spectively, by reductases and carboxvesterases
to give rise to a thioethyl phosphotriester inter-
mediate, which is also unstable and which
spontaneously eliminates episulfide to afford
the phosphodiester (Scheme 4). As in the case
ot the POM group, the phosphodiester is sub-
sequently converted into the monophosphate
derivative either by following a similar mech-
anism as for the removal of the first protecting
group or by action of phosphodiesterases.
Such a concept of pronucleotides with bio-
labile bis(POM), bis(DTE) and bis(SATE) pro-
tections was validated using three different
nucleoside models, namely: (i) 2'3'-dideo-
xyuridine (DDU), which is devoid of any anti-
viral activity, although its triphosphate is a
powerful inhibitor of the human immunodefi-
ciency virus (HIV) reverse transcriptase; (ii)
J-azido-3'-deoxythymidine (AZT), which is
fully inactive in thymidine kinase deficient
(TK") cells; and (iii) 9-(2-phosphonomethoxv-
ethylladenine (PMEA), anacyclic phosphonate
analogue which enters cells with difficulty.
Thus, it has been shown that such pronucleo-
tides (Scheme 5): in the case of DDU, induce an

celular enzyme

anti-HIV activity in various cell lines [11-14]; in
the case of AZT, induce some activity in TK”
cells [14, 15]; in the case of PMEA, increase the
anti-HIV and anti-herpes simplex virus activity
of the parent phosphonate in cell culture [14,
15-19] as well as its oral bioavailability in ani-
mals [19, 20].

Inorder to obtain comparative information on
the respective bis(POM), bis(DTE) and
bis(SATE) phosphate protecting groups, we re-
cently studied in detail, on the basis of the AZT
model, both the anti-HIV potency and some
pharmacokinetic parameters of the corre-
sponding phosphotriester derivatives [15]. The
comparison of the anti-HIV activities was car-
ried out on two CEM cell lines, one of which
was thymidine kinase deficient (Table 1). All
the evaluated pronucleotides showed signifi-
cant anti-viral activity in both cell lines. How-
ever, in thymidine kinase deficient CEM cells, the
bis{methylSATE) phosphotriester was the most
efficient compound, with the highest selectivity
index. As expected, the nucleoside parent AZT
was totally inactive in this TK cell line.

o
Eﬁ@—n—?f—o—m
o]

PHOSPHOTRIESTER
({chemically stable)

K

[]

i
@—a—rlﬂ—r:»m
C

e

MNEW PHOSPHOTRIESTER
(chemically unstable)

J1 spontaneous

2
7

L o
T
& O otow
o
phosphodiesierase /
NUCLEQSIDE &
MONOPHOSPHATE M
FHOSPHODIESTER
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The decomposition studies of the AZT pronu-
cleotides bearing bio-labile bis(POM), bis(DTE)
and bis(SATE) protections were carried out in
several biological media, including human
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serum, cell culture medium and CEM full cell
extracts (Table 2). The more relevant results
were those obtained in serum, where the
bis(DTE) and the bis(methylSATE) phospho-
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triesters were very unstable. On the other hand,
the bis(t-butylSATE) derivative was the most re-
sistant against hydrolysis in serum with a half-
life (ty /2 = 7.5 h) more than seven times longer
than that of the bis(POM) derivative ({5, =1 h).

Thus, the very promising results obtained
with the bis(methylSATE) and bis(t-bu-
tyISATE) phosphotriesters of AZT (cf. Tables i
and 2) led us to develop further such kind of
bis(SATE) pronucleotides, improving their

Table 1
Comparison of the antiviral activities of AZT and its bistPOM), bis(DTE) and bis(SATE) pronucleotides

in two CEM cell lines infected with HIV-1-LAI {15].
{51, selectivity index = CCsp /ECsp)

— —
1
|

CEM-TK™

|
| r CEMESS {thymidine kinase-deficient) .,;
1 | efficiency | toxicity selectivity = effidency = toxicity  selectivity
; : | ECso (uM) | CCso(uM) | SI ECso (uM) | CCsp(uM) Sl
ALT 1 0.006 >100  >17300 >100 | 100 ==}
| Bis(tPOM)AZTMP 0.077 67 . B0 | 026 | 66 | 254 j
| Bis(DTE)JAZTMP 0023 | >100, | >4300 ’ 055 | >100 :1 > 180 I
Bis(methyISATE)AZTMP 0022 ;. 93 . 4300 ; 005 { >100 | >2500 |
|BisG-propyISATE)IAZIMP 0086 10 | >200 | 052 1 >10 | >17 |
| Bis(-butyISATEAZTMP  0.015 > 10 >670 | 045 | >10  >22 |
Table 2
11,2 of the pronucleotides of AZT in three different media [15]

| | bis(POM)- | bis(DTE)-  bis(methylSATE)- ! bis(t-butyISATE)- |

i AZTMP | AZTMP ___AZTMP | AZTMP '
@E’l | 1h < 5 min <3 min | 75h -
i(_:ell culture medium !r 3h 31h 3 9h I 99h
{CEM cell full extract | 21 min 90 min 8 min 63 min
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synthesis and extending this concept to other
nucleoside analogue models.

CHEMICAL SYNTHESIS OF bis(SATE) PRO-
NUCLEOTIDES

The chemical synthesis of the bis(SATE) pro-
nucleotides (Scheme 6) involved three different
strategies, each of them requiring prior prep-
aration of a S-acyl-2-thioethanol or a phospho-
ramidite reagent which was stable enough to be
purified by silica gel flash column chromato-
graphy and could be stored in the freezer for
several months. The first strategy {(pathwav A)
we used was a P(V) approach, starting from an
already prepared nucleoside monophosphate
which was reacted with a S-acyl-2-thioethanol

reagent, in pyridine and in the presence of
mesitylene sulfonyl nitrotriazole. Note that this
strategy was also successful in the case of phos-
phonate analogues, like PMEA. Alternatively,
we also prepared some bis(SATE) pronucleo-
tides following a P(IIl) approach based on hy-
drogen-phosphonate derivatives (pathway B).
In this case, an already prepared H-phospho-
nate nucleoside was condensed with an S-acyl-
2-thioethanol reagent in the presence of
pivaloylchloride as catalyst to give a phosphite
intermediate which was subsequently ox-
idized.

However, our preferred approach is now an-
other P(IiI) approach, which does not need any
prior derivatization of the nucleoside analogue
(pathway C). Thus, the nucleoside is directly
condensed with the phosphoramidite reagent

D
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in THF and in the presence of tetrazole. Sub-
sequent oxidation of the phosphite intermedi-
ate affords the desired bis(SATE) phospho-
triester in high yield.

BistmethylSATE) PRONUCLEOTIDE OF D4T

The bis(methyISATE) pronucleotide ap-
proach was implemented in the case of 2'3"-
didehvdro-3'-deoxythymidine (D4T), an anti-
viral drug which was licensed last year to treat
advanced HIV-infected patients intolerant to or
failing on other approved treatments [21]. The
mode of action of D4T is similar to that of most
nucleoside drugs (Scheme 1), namely suc-
cessive phosphorylations inside the cell vield
the triphosphate derivative. However, in con-
trast to AZT, the first phosphorylation step of
D4T by the cellular thymidine kinase is rate-
limiting. Thus, by direct intracellular delivery
of D4T monophosphate we hoped to increase
the efficiency of this compound in all cell lines.

For the synthesis of the bis(methyISATE)
phosphotriester of D4T, we used the phospho-
ramidite approach which allowed us to obtain
the desired pronucleotide in 87% vield after
purification by silica gel column chromato-
graphy (Scheme 7).

We then evaluated the anti-HIV activity of the
bis(methyISATE) phosphotriester of D4T, in
comparison with its nucleoside parent, in three
cell lines, namely human peripheral blood
mononuclear (PBM) cells, CEM-55 cells and
CEM thymidine kinase deficient cells [22]
(Table 3).

[t is noteworthy that in PBM and CEM cells,
the efficiency of the bisimethylSATE) phospho-
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Scheme 7. Chemical synthesis of the bis(methyl-
SATE) pronucleotide of D4T.

triester was about one order of magnitude
higher than that of D4T. Moreover, in CEM
thymidine kinase deficient cells, where D4T
showed very little activity, the phosphotries-
ter was also very efficient, with an ECsq ot
0.011 uM and a selectivity index higher than
5000.

Table 3
Comparison of the anti-HIV-1 activities of D4T and its bis(methylSATE) pronucleotide

m three cell lines [22],
(51, selectivity index = CCsg /ECsp}

= . . _ .
- PBM CEM-S5 | CEM-TK

| ! efficiency  toxicity | efficiency | toxicity  efficiency | toxicity
i R L ECso (uM) _ CCsp (uM) - ECso (uM) | CCsp (uM) | ECso (uM) | CCsp (uM)
-![mT | 0050 . 4 0059 =100 L 12 > 100
i'._ ! SI=840 81> 1685 Sl > 8.3

! 0.007 22 0.006 68 0.011 ' 60

| Bis(methyISATE)D4TMP —— ——
| ; ! _ S]=3143

SI=11333 S1=5156 |
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BisimethylSATE) PRONUCLEOTIDE OF
DDA

We also implemented the bis(SATE) pronucle-
otide approach on 2',3-dideoxyadenosine
{DDA), a well-established anti-HIV nucleo-
side [23], but which undergoes rapid transfor-
mation to 2'3-dideoxyinosine (DDI) by

adenosine deaminase. The mode of action of
DDI, currently approved for anti-HIV che-
motherapy [24], involves its intracellular
monophosphorylation into DDIMP, which is
subsequently aminated into DDAMP [25].
DDAMP then is further phosphorylated into
its triphosphate DDATP, which is the active
form of the drug (Scheme 8). Note that the
conversion of DDIMP into DDAMP is the
rate-limiting step.
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The synthesis of the mononucleoside
bis(methyISATE) phosphotriester of DDA was
carried out following the same approach as
described above in the case of D41. However,
the vield was slightly lower (about 70% versus
87% in the case of D4T) due to some transace-
tylation reactions on the exocyclic amine func-
tion, this side reaction complicating the last
step, purification by silica gel column chroma-
tography.

The anti-HIV activity of the bis(methyl-
SATEIDDAMP derivative was compared to
those of DDI, DDA and AZT in CEM-55 cells
and in macrophages [26, 27] (Table 4). The data
obtained underlined the superiority of the
bis(methylSATE) phosphotriester of DDA,
which was 10000 times more potent than DDI
or DDA and even 10 times more efficient than
AZT in both cell lines. Note that, although this
phosphotriester was a little bit more cytotoxic
than the nucleosides DDI, DDA and AZT, its
selectivity index remained very high.

BistmethylSATE) AND bis(t-butylSATE) PRO-
NUCLEOTIDES OF ACYCLOVIR

Finally, the bis(SATE) pronucleotide ap-
proach was implemented on acyclovir (ACV),
a potent drug currently used to treat several
affections due to herpes viruses [28]. Regarding
the mechanism of action of this compound,
ACV is selectively monophosphorylated by
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herpes virus thymidine kinase before being
converted to its triphosphate by cellular nucle-
otide kinases. The triphosphate interacts with
the herpes virus DNA polymerase, giving rise
to the anti-herpes-virus activity. However, it is
noteworthy that the triphosphate of ACV can
also interact with other viral polymerases as the
DNA polymerases of cytomegalovirus (CMV)
and hepatitis B virus (HBV), or the HIV reverse
transcriptase [29]. So, we reasoned that intra-
cellular delivery of ACV monophosphate could
also result in inhibition of the replication of
viruses other than the herpes viruses. This was
the reason why we decided to synthesize and
to study the bis(methylSATE) and bis({-bu-
tyISATE) phosphotriesters of acyclovir.

In order to increase the solubility of acyclovir
in organic solvents and to prevent any side-re-
action on its exocyclic amine function, we first
prepared in three steps its NH monomethoxy-
trityl-protected derivative [30] (Scheme 9).
Then, this derivative was converted into the
fully protected bis(SATE) phosphotriesters
using the previously described phospho-
ramidite approach. Finally, removal of the trityi
group under acidic conditions afforded the
bis(methylSATE) and bis(t-butylSATE) phos-
photriesters in high yields (Scheme 9).

The anti-HBV activities of the bis(methyl-
SATE) and bis(t-butyISATE) pronucleotides of
acyclovir were evaluated against the HBV
transfected human liver Hep(G2 (2.2.15) cellson
day 9. It was found that the two pronucleotides

Table 4
Comparison of the anti-HIV-1 activity of the bis(methylSATE) pronucleotide of DDA with the nucleoside

analogues DDI, DDA and AZT in two cell lines {26, 27].
{51, selectivity index = CCsg /ECsg)
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| | (HIV-1 Lo :'-t};aim | ‘:{‘.ﬂ'é":’__“m‘;:;?’ 1 {Hlx?-f1h;:|n$-ainr i SYRIeLy
e | ECs(uM)_ AR EC30 (uM) . sl
L ) - S[>22 | _ S1>156
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Scheme 9. Chemical synthesis of the bis(methylSATE) and bis(+-butylSATE) pronucleotides of acyclovir.

inhibited the replication of this virus as as-
sessed by measurement of HBV replicative
intermediate forms and HBV virion levels
(Table 5).

The efficiency of the two pronucleotides of
ACV was in the same range as that of the refer-

ence compound 2',3'-dideoxyguanosine (DD-
G). However, the pronucleotides were not very
cytotoxic in mock-infected HepG2 cells, so their
selectivity indexes were more important. Note
that in these experiments, the nucleoside parent
ACV was fully inactive (Table 5).

Table 5
Comparison of the anti-HBV activity of the bis(methylSATE) and bis(1-butylSATE) pronucleotides of

ACV with 2',3"-dideoxyguanosine and acyclovir in uman liver HepG2 cells.
{Selectivity indexes, Sl = CCsq /ECay ; Slp = CCsg /ECsp)

! ' Anti-HBV efficiency Selectivity index
HBV Cyto- | HBV :
replicative | HBV virions | toxicity replicative HBV virions
|_intermediate | i intermediate | :
I ] Y T 1]
ECoo | ECso ECon = ECs0 | l. : ‘
: 5 |
: {.IJ‘I“} | {lﬂ""” 1 {#11'!:'[]' (uM) 1 C‘C;;ﬂ {I.l.h‘l} ! S]a Ir Sk [ Sla Slp
ACV '>100 [>100 {>100 | 111 | 631 | L 5.7 |
e : : ; ‘- 2 ' i
' Bis(methvISATE)ACVMP | 15 | 43 | 51 ' 07 987 66 | 230 | 194 ; 1410
'Bis(-butyISATE)ACVMP | 10 11 . 71| 02 1593 159 ¢ 1448 | 224 | 7965
f : ’ 1 ]
; 2',3"-Dideoxyguanosine ! ‘
i ren s s 18| 34 1 13| 219 12 [ 64 I 20 168 |

Unpublished data from Dr C. Tseng (National Institutes of Health, Bethesda. 11.5.A.)
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CONCLUSION

We have shown that in cell culture experi-
ments, the bis(SATE) phosphotriester deriva-
tives of AZT, D4T, DDA and ACV actually lead
to the delivery of the corresponding nucleoside
monophosphates inside the cells.

Currently, we are thinking about an in vivo
implementation of the bis(SATE) pronucleo-
tide approach, particularly in the case of: i)
nucleoside analogues of which the first ana-
bolic phosphorylation step is rate-limiting
(D4T or DDA as anti-HIV agents, ACV as anti-
HBV agent) or decreases in the course of the
treatment, leading to the emergence of resist-
ance (for instance AZT [31]); i) nucleoside anal-
ogues which are rapidly degraded due to the
action of certain enzymes or under acidic con-
ditions. In this regard, we have found that the
bis(methyISATE) pronucleotide of DDA is fully
resistant to deaminases (in contrast to its nucle-
oside parent) and is significantly resistant to
glycosidic bond breakage in acidic conditions
(atpH 2, 1,2 =74 h, compared to f; /2 =28 min
for DDA and t;,2 = 8 min for DDI [27]); iii)
nucleoside phosphonates (like PMEA,
HPMPC, etc.) which cross with difficulty the
cell membranes due to their charges; and, iv) all
kinds of nucleoside and nucleotide analogues,
in order to modulate both their bicavailability
according to their mode of administration (oral,
subcutaneous, intramuscular, intraperitoneal,
ocular, etc.) and their biodistribution in tissues
and organs.

However, the first prerequisite for the in vivo
implementation of the bis(SATE) pronucleo-
tide approach is that no additional toxicity
should be evoked either by the bis(SATE) “pro-
moiety”, or by its degradation products (i.e.
acetic acid, pivaloic acid, episulfide and mer-
captoethanol). To answer the question: “does
the bis(SATE) “pro-moiety” induce additional
toxicity?”, we can already provide some
answers. For instance, it has been shown that
whenassessed ina CFU-GM bone marrow pro-
genitor clonogenic assay (a predictive model
for drug induced myelotoxicity) the bis(me-
thylSATE) pronucleotide of AZT (IC55 = 3.6
uM)} was not more toxic than AZT itself
(IC55 = 1.0 uM). Also, when assessed by PC-12
neurite regeneration and mitochondrial DNA

content in NGF-primed PC-12 cells assays (a
predictive model for drug induced peripheral
neuropathy), the bis(methylSATE) pronucleo-
tide of DDA was less than, or only as, toxic as
DDA, DDI and 2',3"-dideoxycytidine (ICsp in
the range of 1-10 pM) (unpublished data from
Prof. ].-P. Sommadossi, University of Alabama
at Birmingham, U.S.A.). Furthermore, it has
been shown that acetic acid, pivaloic acid, epi-
sulfide and mercaptoethanol do not affect the
proliferation of CFU-GM, PC-12, CEM-S5, MT-
4 and PBM cells at the highest concentrations
tested (usually 50 to 200 uM) (unpublished data
from Prof. ].-P. Sommadossi, University of Ala-
bama at Birmingham, US.A., and from Dr A .-
M. Aubertin, Medicine University, Strasbourg,
France}. Hence, all these data indicate that the
SATE protecting groups do not induce addi-
tional toxicity. Currently, we are starting to im-
plement the bis(SATE) pronucleotide approach
in animal models.

We are indebted to Dr R. Johnson for critical
reading of the manuscript.

REFERENCES

1. Périgaud, C., Gosselin, G. & Imbach, |.-L. (1992)
Nucleoside analogues as chemotherapeutic
agents: a review. Nucleosides & Nucleotides 11,
903-945.

2. Kinchington, D. & Golfdthorpe, 5. (1995)
Current antiviral agents. Part 1 — Herpes
viruses, hepatitis viruses and respiratory
viruses. fnt, Antiviral News 3, 57-61.

3. Goldthorpe, S., Kinchington, D. & Lovelidge, L.
(1995) Current antiviral agents. Part 2 — Human
immunodeficiency viruses. Int. Antiviral News 3,
92-98.

4. Sommadossi, |.-P. (1993} Nucleoside analogs:
similarities and differences. Clin., Infec. Dis, 16
(Supp! 1), 57-515.

5. Zelphati, O., Degols, G., Loughrey, H., Leser-
man, L., Pompon, A., Puech, F, Maggio, A.-F.,
Imbach, ].-L. & Gosselin, G. (1993) Inhibition of
HIV-1 replication in cultured cells with phos-
phorylated dideoxyuridine derivatives encap-
sulated in immunoliposomes. Antiviral Res. 21,
181-195.

6. Alexander, P. & Holy, A. (1994) Prodrugs of
analogs of nucleic acid components. Collect.
Czech, Chem. Commun. 59, 2127-2165.



Vol. 43

-
§

10

11.

12,

13.

14.

16.

__ Pronucleotides in antiviral chemotherapy

207

. Jones, R.J. & Bischofberger, N. {1995} Mini-

review: nucleotide prodrugs. Antiviral Res. 27,
1-17.

Périgaud, C., Girardet, J.-L., Gosselin, G. &
Imbach, ].-L. (1995) Comments on nucleotide
delivery forms; in Advances in Antiviral Drug
Design (De Clercq, E. ed.} vol. 2, pp. 142-172.

. Farquhar, D., Khan, S., Srivastva, D.N. & Saun-

ders, LI (1994) Synthesis and antitumor evalua-
tion of bis[(pivalovloxv)methyl] 2-deoxy-5-
fluorouridine 5-monophosphate (FAUMP): A
strategv to introduce nuclectides into cells. |.
Med. Chem. 37, 3902-3909, and references cited
therein,

Pompon, A., Lefebvre, 1., Imbach, ].-L., Kahn, S.
& Farquhar, D. (1994) Decomposition pathways
of the mono- and bis(pivaloyloxymethvl) esters
of azidothymidine 5-monophosphate in cell
extract and in tissue culture medium: an
application of the “on-line ISRP-cleaning”
HPLC technique. Antiviral Chem. Chemother. 5,
91-98,

Périgaud. C., Gosselin, G., Lefebvre, L., Girardet,
I.-L., Benzaria, 5., Barber, L. & Imbach, ].-L. (1993)
Rational design for cytosolic deliverv of
nucleoside monophosphates: “SATE” and
"DTE" as enzyme-labile transient phosphate
protecting groups. Bioorg. Med. Chem. Lett. 3,
2521-2526.

Sastry, K.J., Nehete, PN., Khan, 5., Plunkett, W.,
Arlinghaus, R.B. & Farquhar, D. (1992) A new
strategy for the chemotherapy of acquired im-
munodeficiency syndrome: membrane perme-
able dideoxyvuridine monophosphate analo-
gues as potent inhibitors of human immuno-
deficiency virus infection. Mol. Pharmacol. 41,
H1-445

Gosselin, G. & Imbach, J.-L. (1993) The ant-HIV
nucleoside phosphotriester approach:
controversial comments and complementary
data. Int. Antiviral News 1, 100-102.

Puech, E, Gosselin, G., Lefebvre, |, Pompon, A.,
Aubertin, A.-M., Kirn, A. & Imbach, ].-L.. (1993}
Intracellular delivery of nucleoside monophos-
phates through a reductase-mediated activation
process. Antiviral Res. 22, 155-174,

. Lefebvre, L, Périgaud, C., Pompon, A., Auber-

tin, A-M., Girardet, ].-L., Kirn, A., Gosselin, G.
& Imbach, J-L. (1995) Mononucleoside phos-
photriester derivatives with S-acyl-2-thicethy!
bioreversible phosphate-protecting groups:
intracellular delivery of 3-azido-2’,3'-dide-
oxvthymidine 5-monophosphate. |. Med. Chem.
38, 3941-3950.

Starrett, J.E., Jr.. Tortolani, D.R., Hitchcock,
MLIM., Martin, J.C. & Mansuri, MM, (1992)

17.

18.

19.

21.

Synthesis and in witro evaluation of a phos-
phonate prodrug: bis(pivaloyloxymethyl)
9-(2-phosphonylmethoxyethyl)adenine. Anii-
viral Res. 19, 267-273.

Srinivas, R.V.,, Robbins, B.L., Connelly, M.C.,
Gong, Y.-F, Bischofberger, N. & Friedland, A.
{(1993) Metabolism and in vitro antiretroviral
activities of bis(pivalovloxymethyl) prodrugs of
acyclic nucleoside phosphonates. Antimicrob.
Agents Chemother. 37, 2247-2350.

Srinivas, R.V., Robbins, B.L., Connelly, M.C,,
Gong, Y.-F.,, Bischofberger, N. & Friedland, A.
{1994) Pivaloyloxymethyl esters of acvclic
nucleoside phosphonates. Int. Anfiviral News 2,
33“ -:-x-.a

Starrett, .E., Jr., Tortolani, D.R., Russell, ].,
Hitchcock, M.J.M., Whiterock, V., Martin, ].C. &
Mansuri, M.M. (1994) Synthesis, oral bio-
availability determination, and in vitro
evaluation of prodrugs of the antiviral agent
9-[2-{phosphonylmethoxv)ethyvl]adenine
(PMEA). [. Med. Chem. 37, 1857-1864.

. Cundy, K.C., Fishback, J.A., Shaw, ].-P, Lee,

M.L., Soike, K.E, Visor, G.C. & Lee, W.A. (1994)
Oral bioavailability of the antiretroviral agent
9-(2-phosphonylmethoxyethyl)adenine
(PMEA) from three formulations of the prodrug
bis(pivaloyloxymethyl}-PMEA in fasted male
cynomolgus monkevs. Pharmacent. Res. 11, 839-
—-843.

Riddler, 5.A., Anderson, R.E. & Mellors, |.W.
(1995) Antiretroviral activity of stavudine
(2',3-didehydro-3-deoxythymidine, D4T). Anti-
viral Res. 27, 189-203.

22. Girardet, ].-L., Périgaud, C., Aubertin, A.-M.,

24,

26.

Gosselin, G., Kim, A. & Imbach, [.-L. (1995)
Increase of the anti-HIV activity of DMT in
human T-cell cultures by the use of the SATE
pronucleotide approach. Binorg, Med. Chem, Left,
5, 2981-2984.

. Johnson, M.A., Ahluwalia, G., Connelly, M.C.,

Cooney, D.A., Broder, 5., Johns, D.G. & Fridland,
A. (1988) Metabolic pathways for the activation
of the antiretroviral agent 2"3-dideoxy-
adenosine in human lymphoid cells. [. Biol.
Chem. 263, 15354-15357.

Faulds, D. & Brogden, R.N. (1992} Didanosine.
Drugs 44, 94-116.

. Nair, V. & Sells, T.B. (1992) Interpretation of the

roles of adenylosuccinate lyase and of AMP
deaminase in the anti-HIV activity of 2’,3"-dide-
oxyadenosine and 2',3'-dideoxyinosine. Bio-
chim. Biophys. Acta 1119, 201-204.

Benzaria, 5., Girardet, |.-L., Périgaud, C., Au-
bertin, A.-M., Pélicano, H., Maury, G., Gosselin,
G., Kirn, A. & Imbach, ].-L. (1994) The SATE



208 ) G. Gosselin and others 1996

pronucleotide derivative of ddA: a more potent
HIV inhibitor than AZT. Nucleic Acids Symp.
Series 31, 129-130.

27. Périgaud, C., Aubertin, A.-M., Benzaria, 5.,
Pélicano, H., Girardet, | -L., Maury, G., Gosselin,
G., Kirn, A. & Imbach, J.-L. (1994) Equal inhi-
bition of the replication of human immuno-
deficiency virus in human T-cell culture by ddA
bis(SATE)phosphotriester and 3-azido-2",3-
dideoxythymidine. Biochem. Pharmacol. 48, 11-
-14.

28. Baker, D.A. (ed.) (1990) Acyclovir for herpesvirus
infectious therapy. Dekker Publications, New
York.

29. Wagstaff, AJ., Faulds, D. & Goa, K.L. (1994)
Aciclovir. A reappraisal of its antiviral activity,
pharmacokinetic properties and therapeutic
efficacy. Drugs 47, 153-205.

30. Martin, |.C., McGee, D.P.C., Jeffrey, G.A., Hobbs,
D.W., Smee, D.E, Matthews, T.R. & Verheyden,
J.EH. (1986) Synthesis and anti-herpes-virus
activity of acyclic 2'-deoxyguanosine analogues
related to 9-[(1,3-dihydroxy-2-propoxy)me-
thyllguanine. |. Med. Chem. 29, 13841389,

31. Wu, 5., Liu, X., Solorzano, M.M., Kwock, R. &
Avramis, V.1 (1995) Development of zidovu-
dine (AZT) resistance in Jurkat T cells is asso-
ciated with decreased expression of the thymi-
dine kinase (TK) gene and hypermethylation of
the 5 end of human TK gene. |. Acquired
Immune-Defic. Syndromes Hum. Retrovirol. 8, 1-9.



