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ABSTRACT Infection with herpes simplex viruses (HSVs)
resistant to treatment with acyclovir {9-[(2-hydroxyethoxy)-
methyljguanine, Zovirax} is a growing clinical problem in
patients with AIDS and other immunosuppressed states. Most
virus isolates resistant to acyclovir are deficient or defective in
virally coded thymidine kinase (TK), which converts acyclovir
to acyclovir monophosphate in virus-infected cells. To restore
acyclovir efficacy, we synthesized acyclovir diphosphate
dimyristoylglycerol, an analog of a naturally occurring phos-
pholipid, CDP-diacylglycerol. Its biological activity was tested
in WI38 human lung fibroblasts infected with the acyclovir-
resistant DM21 strain of HSV, which is TK negative due to an
816-base-pair deletion in the TK coding region. Acyclovir
diphosphate dimyristoylglycerol has substantial activity in
DM21-infected cells (ICsp = 0.25 uM), whereas acyclovir and
acyclovir monophosphate were ineffective (ICsp > 100 uM).
Similar results were obtained in TK-altered and TK-deficient
strains of HSV-1 and in acyclovir-resistant isolates of HSV-2
obtained from two AIDS patients. The phospholipid prodrug is
active by means of TK-independent metabolic pathways that
liberate acyclovir monophosphate inside the host cell. Acyclo-
vir phosphates were 56 times greater in WI38 human lung
fibroblasts incubated for 24 hr with [8-*H]acyclovir diphos-
phate dimyristoylglycerol relative to acyclovir. Acyclovir
monophosphate added to the culture medium (outside the cell)
did not circumvent the acyclovir resistance of the TK-negative
DM21 mutant, presumably due to its conversion to acyclovir by
phosphatases. Acyclovir diphosphate diacylglycerol prodrugs
may be useful in treating TK-deficient mutant and wild-type
strains of HSV.

Acyclovir {9-[(2-hydroxyethoxy)methyl]guanine, Zovirax
(ACV)} an acyclic analog of guanosine, is a selective antiviral
agent with activity against herpes group viruses (1, 2). In cells
infected with herpes simplex virus (HSV), the drug is con-
verted to acyclovir monophosphate (ACV-MP) by viral thy-
midine kinase (TK) (3) followed by anabolic phosphorylation
catalyzed by cellular enzymes to acyclovir triphosphate (4),
which inhibits viral DNA polymerase (5).

ACYV is effective orally for the treatment of first episodes
of genital herpes and as chronic suppressive therapy for
recurrent disease (6, 7). It is used for treating recurrent
herpes simplex infections in immunocompromised patients
(8), for prevention of cytomegalovirus infection after alloge-
neic bone marrow transplantation (9), and for infections
caused by varicella zoster virus (10).

In patients with normal immune status, ACV-resistant
HSYV has not been associated with progressive disease, but in
immunocompromised patients, ACV-resistant HSV may
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produce clinically significant disease (11-13). The vast ma-
jority of these isolates have mutations in the virally coded TK
(14), whereas mutations in the HSV DNA polymerase are
much rarer (12). TK mutations may result in TK-deficient,
TK low producer, or TK-altered phenotypes (11).

HSV is a common pathogen in AIDS patients and may
produce persistent ulcerative disease, which usually re-
sponds to ACV treatment. However, chronic ACV therapy in
AIDS patients may lead to recurrent infection with ACV-
resistant HSV mutants; this is generally perceived as a
growing clinical problem (15). In the past several years there
have been reports of HSV pneumonia (16), progressive
whitlow (17), meningoencephalitis (18), and mucocutaneous
dissemination (19) in AIDS patients infected with ACV-
resistant viruses (HSV-1 and HSV-2).

To restore ACV effectiveness against TK-deficient (defec-
tive) mutants of HSV, we designed and synthesized a lipid
prodrug of ACV that is an analog of CDP-diacylglycerol, a
naturally occurring phospholipid.

EXPERIMENTAL PROCEDURES

Synthesis of Acyclovir Diphosphate Dimyristoylglycerol
(ACVDP-DMG). ACVDP-DMG (acyclovir diphosphate-sn-
1,2-dimyristoylglycerol) was prepared by coupling sn-1,2-
dimyristoylglycerol-3-phosphomorpholidate to the ACV-MP
(tributylammonium salt) in dry pyridine, and the product was
purified by silica gel and anion-exchange chromatography as
described for 3'-azido-3'-deoxythymidine (AZT) diphosphate
dimyristoylglycerol (AZTDP-DMG) (20). Methodological de-
tails of the synthesis and properties of ACVDP-DMG have
been reported elsewhere (21). The structure of ACVDP-
DMG is shown in Fig. 1.

Viruses. Wild-type HSV-1 (strain F) and HSV-2 (Wolfe
strain) were propagated as described (22). The DM21 strain
of HSV-1, the TK low producer RSC-11, and the TK-altered
S1-C mutants of HSV-1 were the generous gifts of Graham
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FiG. 1. Structure of ACVDP-DMG. The structure has been
drawn to emphasize the amphipathic nature of the molecule. It
should be noted that the acyl chains are shown without hydrogens
and the structure does not reflect the stereochemistry of the glycerol
moiety. The compound was named by analogy to CDP-diacylglyc-
erol, but an alternative name by IUB-IUPAC nomenclature would be
sn-1,2-dimyristoylglycero-3-diphospho-acyclovir.

Darby and Peter Collins (Wellcome Foundation, Becken-
ham, Kent, U.K.).

Isolation of ACV-Resistant HSV from AIDS Patients. ACV-
resistant isolates of HSV-2 were obtained from perineal
swabs of two different adult men with AIDS. Both patients
had <20 CD4 lymphocytes per mm?> of blood and chronic
perineal ulceration despite therapy with oral ACV at 1 g daily.
Patient 1 (Q512) failed to respond to therapy with intravenous
ACV, 5 mg/kg every 8 hr for 14 days, but did have a clinical
response to intravenous foscarnet, as previously reported for
ACV-resistant HSV in patients with AIDS (23). Patient 2
(P729) declined parenteral therapy. Virus isolates were ob-
tained after isolation of these cultures in diploid human
fibroblasts (line 350Q) and incubation for 48 hr. The frozen-
thawed culture fluid clarified by centrifugation at 1000 X g
was used to prepare virus stocks.

Antiviral Assays. ACVDP-DMG was incorporated into
sonicated vesicles containing dioleoylphosphatidylcholine/
dioleoylphosphatidylglycerol/cholesterol/ ACVDP-DMG
(50:10:30:10 molar ratio). Liposomes are a convenient means
for preparing aqueous dispersions of liponucleotides for in
vitro antiviral assays (20). Blank liposomes at matched lipid
concentrations have no effect on human immunodeficiency
virus (HIV) replication (20) or HSV plaque formation up to
the equivalent of 100 uM liponucleotide, representing a total
lipid concentration of 1 mM. The ACVDP-DMG-containing
liposomes were applied at the indicated concentrations to
WI38 human lung fibroblasts infected with either HSV-1,
HSV-2 (wild-type), or the ACV-resistant HSV-1 mutant
DM21, which lacks TK activity due to an 816-base-pair
deletion in the TK coding region of HSV-1 (SC16) (24), or
other ACV-resistant isolates including RSC-11 (TK low pro-
ducer), S1-C (altered-specificity mutant TK), and two clinical
isolates of HSV-2, P729 and Q512.

The antiviral activity of ACV, ACV-MP, and ACVDP-
DMG against wild-type HSV-1 and HSV-2 was evaluated in
vitro in a standard 96-well plaque reduction assay. ACV-MP
was the generous gift of Thomas Krenitsky (Burroughs
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Wellcome). WI38 human lung fibroblast cells were obtained
from the American Type Culture Collection and seeded in a
96-well flat-bottom tissue culture plate (Nunclon, Naperville,
IL) at 6 X 10* cells per well and grown to confluency at 37°C,
in a 5% CO; atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine se-
rum. The confluent monolayers were infected with 50 plaque-
forming units (pfu) of HSV-1 per well. After a 1-hr adsorption
period at 37°C, the drugs were added to the wells at the
indicated concentrations in overlay medium consisting of
DMEM supplemented with 2% fetal bovine serum and 0.5%
methylcellulose. The cells were incubated for an additional
18-24 hr followed by fixation with a solution of 2% crystal
violet in 20% methanol, and the plaque number per well was
determined. The data are represented as a function of drug
concentration as the percentage of plaques observed relative
to infected control without added drug.

The cellular toxicity of ACV, ACV-MP, and ACVDP-
DMG was determined by incubation with subconfluent un-
infected WI38 cells grown for 72 hr at 10, 31.6, 100, 316, and
1000 uM drug. The cells were removed from the culture well
after treatment with trypsin and cell number was determined
by manual counting in a hemocytometer. Cell viability was
determined by trypan blue exclusion or by fluorescence-
activated cell sorting using the fluorescent dye propidium
iodide, as reported by Dangl et al. (25).

Metabolism of [8->HJACVDP-DMG in Human Skin Fibro-
blasts. [8-*HJACVDP-DMG was prepared by catalytic label-
ing (Moravek Biochemicals, Brea, CA) of sonicated ACVDP-
DMG and purified by lipid extraction and preparative thin-
layer chromatography. Details will be reported elsewhere.
[8-*H]ACV-MP was purchased from Moravek Biochemicals.
Human lung fibroblasts (WI38) were cultured to near con-
fluence in modified Eagle’s medium (MEM) containing 10%
fetal bovine serum (Gemini Biological Products, Calabasas,
CA). The medium was replaced with either [8-*HJACVDP-
DMG or [8-*H]ACV in MEM containing 6.7 uM nucleoside
(30 uCi; 1 Ci = 37 GBq), 15% fetal bovine serum, and 0.2%
dimethy! sulfoxide (DMSQO). After 24 hr at 37°C, the medium
was removed and the cells were washed quickly with ice-cold
phosphate-buffered saline (PBS). The cells were frozen and
thawed twice in 3 ml of distilled water, scraped, and col-
lected, at which point trichloroacetic acid (TCA) was added
to a final concentration of 8 g %. The mixture was spun in a
Vortex for 30 sec followed by centrifugation for 10 min at 4°C
at 1000 x g, and the TCA supernatant was withdrawn and
extracted with 5 ml of triocytylamine/Freon-II, 3:1 (vol/vol),
as described (26) and reserved for high-pressure liquid chro-
matography (HPLC). The TCA pellet was extracted by the
method of Bligh and Dyer (27) and the lipid extract was
subjected to high-performance thin-layer chromatography
(HPTLC) and radioscanning as noted above. The TCA-free
water-soluble metabolites were analyzed by Partisil SAX
HPLC. After application of the sample, the following elution
scheme was used: 0-8 min, 25 mM KH,PO, (pH 3.5)
(isocratic); 8-40 min, 25-250 mM KH2P04 (pH 3.5)/0-500
mM KCI (linear gradient); 40-55 min, 250 mM KH,PO, (pH
3.5)/500 mM KCl (isocratic). One-milliliter fractions were
collected and analyzed by liquid scintillation spectroscopy.

RESULTS

ACVDP-DMG was compared with ACV and ACV-MP in a
plaque reduction assay in human lung fibroblasts (WI38)
infected with wild-type HSV-1 (Fig. 2). All three compounds
exhibited comparable antiviral activities (Table 1). Ninety
percent inhibition was observed at 0.7 uM for ACV and
1.0-1.3 uM for ACVDP-DMG and ACV-MP.

In WI38 cells infected with ACV-resistant DM21-HSV,
ACY had very little antiviral effect, ICsy > 100 uM (Fig. 3).
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F1G. 2. Effect of ACV, ACV-MP, and ACVDP-DMG on HSV-1
replication in WI38 cells. Data represent the average + SD of four
individual experiments. ®, ACV; 0, ACV-MP; a, ACVDP-DMG.

ACV-MP also had little effect, presumably due to the lack of
penetration into the cell and to cleavage of the phosphate
moiety by phosphatases present in fetal bovine serum. How-
ever, the lipid prodrug, ACYDP-DMG, exhibited substantial
antiviral activity in DM21-infected cells, with an ICs; of 0.25
uM. Liposomes at matched lipid concentrations but without
ACVDP-DMG had no effect on HSV-1 or DM21 plaque
formation (data not shown). None of the agents decreased the
viable cell number below 50% of control when incubated with
subconfluent WI38 cells for 24 or 72 hr at concentrations up
to 1000 uM. The selectivity indexes (TCso/ICso, where TCsgo
indicates toxic concentration of drug required to reduce
viable cell number by 50%) were as follows: ACV, >16,600;
ACV-MP, >7140; and ACVDP-DMG, >14,300 (HSV:1) or
>4000 (DM21).

Similar results were obtained with two other TK mutants
of HSV-1: RSC-11, a TK low producer, and S1-C, a TK-
altered HSV-1 (Table 1). In HSV-2 clinical isolates obtained
from two AIDS patients on chronic ACV suppression,
ACVDP-DMG was effective (ICso = 0.22-0.27 uM), whereas
ACYV and ACV-MP were ineffective in vitro (ICsy values >
100 uM) (Table 1). The antiviral results with ACVDP-DMG
suggested that cells take up and metabolize the prodrug to
ACV-MP, bypassing phosphorylation by HSV TK, deliver-
ing- ACV-MP to the interior of the cell.

Proc. Natl. Acad. Sci. USA 90 (1993) 11837
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FiG. 3. Effect of ACV analogs on the replication of ACV-
resistant, TK-deficient DM21 strain of HSV. WI38 human lung
fibroblasts were infected with the DM21 strain of HSV-1 and
incubated in the presence of drugs as indicated. The presentation of
data and symbols is as indicated in Fig. 2.

To evaluate the cellular metabolism of ACVDP-DMG, we
incubated [8-*HJACVDP-DMG and [8-*HJACV with WI38
human lung fibroblasts for 24 hr at 37°C and analyzed the
TCA-soluble metabolites by Partisii SAX HPLC (Fig. 4).
After incubation of [8-*HJACVDP-DMG with human fibro-
blasts, the cellular TCA-soluble radioactive material was
analyzed by HPLC (Fig. 4 Lower) and substantial amounts of
ACV-MP and acyclovir diphosphate (ACV-DP) were mea-
sured. However, when the fibroblasts were incubated with
[8-*H]JACV, only a small ACV-MP peak was detected and
ACV-DP could not be identified (Fig. 4 Upper). HPTLC of
the lipid-soluble material extracted from the [8-*H]JACVDP-
DMG pellet revealed only intact ACVDP-DMG (data not
shown).

We calculated the total pmol of ACV and each metabolite
(Table 2). With [8-*H]ACV, only 15.4 pmol of ACV-MP was
detected versus 726 pmol with [8-HJACVDP-DMG; no
ACV-DP was detected in the ACV incubation versus 136
pmol with ACVDP-DMG. Thus, total phosphorylated me-
tabolites (ACV-MP plus ACV-DP) were increased 56-fold
with ACVDP-DMG versus ACV. Under these experimental
conditions we were unable to detect ACV triphosphate (data
not shown).

Table 1. Effects of ACV, ACV-MP, and ACVDP-DMG on plaque formation by HSV-1, HSV-2,
and various ACV-resistant mutants in WI38 human lung fibroblasts

ICSO’ ”’M
HSYV type ACVDP-DMG ACV ACV-MP

Wild-type virus

HSV-1 0.07 = 0.02 (5) 0.06 = 0.03 (5) 0.14 = 0.09 (5)

HSV-2 0.42 £ 0.43 (3) 0.09 = 0.06 (3) 0.23 = 0.19 (3)
HSV-1 TK mutant

DM21 0.25 = 0.09 (6) >100 (5) >100 (5)

RSC-11 0.98 + 0.94 (3) >100 (3) >100 (3)

S1-C 0.87 £ 0.9 (3) >100 (3) >100 (3)
HSV-2 ACV-resistant clinical isolate

P729 0.27 £ 0.21 (3) >100 (3) >100 3)

Q512 0.22 £ 0.16 (3) >100 (3) >100 (3)

ICso, inhibitory concentration of drug required to reduce viral replication by 50%. Data are expressed
as mean + SD. The number of replicate experiments is indicated in parentheses.
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FiG. 4. Metabolism of [8-*HJACV and [8-*HJACVDP-DMG by
WI38 human lung fibroblasts, in vitro. WI38 human lung fibroblasts
(150 cm?) were incubated for 24 hr with either 6.7 uM [8-3H]ACV (24
Ci/mmol) (Lower) or 6.7 uM [8-3HJACVDP-DMG (24 Ci/mmol)
(Upper), and aliquots (1 ml) of the 2.9-ml TCA-soluble supernatants
were subjected to Partisil SAX HPLC. Data represent total dpm per
fraction.

ACV-MP added externally was unable to restore antiviral
activity in DM21 mutant-infected cells (Fig. 3, Table 1),
suggesting that ACV-MP does not enter the cell. In addition,
preliminary experiments show that ACV-MP is rapidly con-
verted to ACV by phosphatases present in fetal bovine serum
in the tissue culture medium, accounting for the activity of
ACV-MP in wild-type HSV-1 (Fig. 2).

By what metabolic pathways did ACVDP-DMG gain its
unusual biological activity against mutant DM21, which lacks
TK? The prodrug can utilize several alternative metabolic
pathways to generate ACV-MP, whereas ACV can only be

Table 2. Quantification of the TCA-soluble metabolites of
[8-3H]JACYV and [8-*HJACVDP-DMG in cultured WI38
human lung fibroblasts, in vitro

ACV ACVDP-DMG
Total Total Fold
Compound Area% pmol Area% pmol increase*
ACV 98.0 751.0 84.2 4600 6.1
ACV-MP 2.0 15.4 13.3 726 47.1
ACV-DP 0 0 2.5 136 %

The total radioactivity represented by each peak in Fig. 4 was
determined and the results are expressed as the area %. The area %
values are multiplied by the total TCA-soluble dpm of ACV or
ACVDP-DMG and divided by the specific activity of {8->HJACV or
[8-*H]JACVDP-DMG to give total pmol of each metabolite per
confluent T75 flask of WI38 cells.

*Refers to the increase in each metabolite observed with [8-*H]-

ACVDP-DMG relative to that observed with [8-3H]JACV. Total
phosphorylated [8-*HJACV metabolites (ACV-MP plus ACV-DP)
with [8-3HJACVDP-DMG were increased 56-fold relative to
[8-*H]ACV.

Proc. Natl. Acad. Sci. USA 90 (1993)

phosphorylated by TK. ACVDP-diacylglycerol may substi-
tute for CDP-diacylglycerol in biosynthetic reactions that
form the acidic phospholipids, such as phosphatidylglycerol
and phosphatidylinositol, while giving rise to the nucleoside
monophosphate (28). We have shown previously that the
diphosphate diacylglycerols of AZT, dideoxycytidine (ddC)
and 3'-deoxythymidine (3dT), catalyze the formation of
acidic phospholipids in vitro with microsomes and mitochon-
dria as the enzyme source, although the rates were much
slower than with CDP-diacylglycerol, the natural substrate
(28). We repeated these studies with ACVDP-diacylglycerol
and found that this compound was relatively active as a
substrate for the biosynthesis of phosphatidylglycerol but did
not serve as a substrate for phosphatidylinositol formation.
ACVDP-DMG was more active as a substrate for phospha-
tidylglycerol synthesis than ddCDP-diacylglycerol, 3'-
deoxythymidine diphosphate dimyristoylglycerol (3dTDP-
DMG), and AZTDP-diacylglycerol, with an apparent Vpax of
2.6 pmol/min per mg versus 0.7, 0.1, and <0.05, respec-
tively, with the other liponucleotides (28). ACV-MP is the
other product liberated in phosphatidylglycerol formation
(28).

In previous studies we demonstrated that a mitochondrial
pyrophosphatase cleaved nucleoside diphosphate diglycer-
ides to nucleoside monophosphate and phosphatidic acid;
AZTDP, 3dTDP, and ddCDP diacylglycerols were converted
to the respective nucleoside monophosphates and phospha-
tidic acids (29). We incubated ACVDP-DMG with mitochon-
drial protein at pH 5 or 7.5 at 37°C and analyzed the reaction
products by HPLC at 0, 0.5, 1, 2, 4, and 8 hr as reported
previously (29). ACVDP-DMG was progressively converted
to ACV-MP (retention time, 18 min) and ACV (retention
time, 4.0 min) by liver mitochondria, in vitro (data not
shown). This provides evidence for pyrophosphatase cleav-
age as another mechanism for conversion of ACVDP-DMG
directly to ACV-MP by a cellular enzyme.

DISCUSSION

Previous attempts to restore ACV activity against ACV-
resistant HSV mutants using lipid prodrugs of ACV have not
been successful. Phosphatidyl-ACV (sn-1,2-dipalmitoylglyc-
ero-3-phosphoacyclovir) was synthesized by Welch et al. (30)
and shown to have only 10% of the antiviral activity of free
ACV against wild-type HSV-1 and HSV-2. Furthermore,
phosphatidyl-ACV was inactive against ACV-resistant TK-
negative mutants (30), in contrast to our present findings with
ACVDP-DMG. A pyrophosphate linkage is necessary in the
phospholipid prodrug to generate antiviral activity in cells
infected with mutant herpes viruses deficient for TK.

One would predict that ACVDP-DMG might be more toxic
than ACV because of intracellular conversion to ACV-MP
and to the di- and triphosphates. However, ACVDP-DMG
did not cause substantial decreases in cell number or viability
in WI38 cells incubated with 1 mM ACVDP-DMG. There-
fore, the in vitro selectivity index appeared adequate in this
cell line (>4000). The toxicity of the lipid prodrug in vivo has
not yet been examined.

The fact that ACVDP-DMG is effective in cells infected
with TK-deficient and TK-altered mutant HSV-1is especially
interesting in light of our recent finding that 3dTDP-DMG is
18-50 times more active in HIV-infected cells than its parent
nucleoside, 3dT (31). This also appears to be due to direct
cellular conversion of 3dTDP-DMG to 3dT monophosphate
because 3dTDP-DMG retained activity even in HIV-infected
mutant cells that lacked TK. 3dT appears to be poorly
phosphorylated, which accounts for its low antiviral activity
in HIV-infected normal cells. Similar results were obtained in
HIV-infected TK-negative CEM cells where AZTDP-DMG
exhibited antiviral activity; however, the free nucleosides
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3dT and AZT had no antiviral activity in the TK-negative
CEM cells because they cannot be phosphorylated (31).

In summary, ACVDP-DMG is effective in vitro against
three different ACV-resistant TK mutants of HSV-1 and two
ACV-resistant clinical isolates of HSV-2 obtained from AIDS
patients. Its activity appeared to be attributable to the unique
cellular metabolism of the lipid prodrug, which gives rise to
ACV-MP in the target cell. Prodrugs like ACVDP-DMG may
be useful in treating ACV-resistant HSV mutants that are
deficient or defective in TK activity.
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Richard Border of Vical Inc., who provided assistance in synthesis
and formulation of ACVDP-DMG. Jerry Wopschall and Judy Nord-
berg of the University of California, San Diego, provided excellent
technical assistance. This research was supported by Grants
GM24979, AlI-27670, AI-30457, and AI-29164 from the National
Institutes of Health and the Research Center for AIDS and HIV
infection of the San Diego Veterans Affairs Medical Center.
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