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The antiviral drug acyclovir is a guanosine nucleoside analog
that potently inhibits herpes simplex virus (HSV) replication. Acy-
clovir treatment in patients coinfected with HSV and human
immunodeficiency virus (HIV) has been observed to alter disease
course and decrease HIV viral load, a finding that has been attrib-
uted to indirect effects of HSV suppression on HIV replication.
Based on this hypothesis, several clinical studies have recently
investigated the use of acyclovir for treatment of patients coin-
fectedwithHSVandHIVor for prophylaxis againstHIV transmis-
sion. In this report, we use a single round HIV infectivity assay to
show that acyclovir directly inhibits HIV infection with an IC50 of
�5�M. The target of acyclovir inHIV-infected cells is validated as
HIV reverse transcriptase (RT) by the emergence of theRT variant
V75I under the selective pressure of acyclovir. The V75Imutation
is part of the multidrug resistance pathway that enhances viral
resistance tomanyof thebestRT inhibitors approved for the treat-
ment of HIV. Biochemical analyses demonstrate that acyclovir
triphosphate is a chain terminator substrate for HIV RT and can
competewithdGTPfor incorporation intoDNA.Althoughacyclo-
virmayproveauseful leadfordevelopmentofnewHIVtreatments,
theselectionof resistantmutants raisesacautionarynote to theuse
of acyclovir monotherapy in patients coinfected with HSV and
HIV.

Herpes simplex virus-2 (HSV-2)2 and HIV infection are two
of the most common sexually transmitted infections world-
wide, sharing the pathogenic attribute of lifelong infection.

Although the seroprevalence of HSV-2 ranges from more than
20% in the United States to as high as 60% in sub-Saharan
Africa, the likelihood of HSV-2 infection in HIV-infected indi-
viduals can reach as high as 80% (1).
In addressing these high coinfection rates, both epidemiologic

and biological studies have suggested an interaction between the
two viruses. InHIV-infected patients, HSV can presentwithmore
severe mucocutaneous lesions and more frequent and persistent
outbreaks (2, 3). HIV infection also increases the frequency of
acquisition ofHSV-2 (1). In turn, HSVhas been shown to acceler-
ate the natural course of HIV infection, with higher plasma and
genital levelsofHIVandmore rapidprogression toAIDS(4).Most
disconcerting, HSV infection has been shown to increase both the
frequency of HIV acquisition and the rate of transmission, dem-
onstrating that these epidemics fuel one another, resulting in sig-
nificant morbidity andmortality (5).
The association between these epidemics has been strength-

ened by evidence demonstrating a plausible biological connec-
tion between these viral infections. HSV-2 proteins are capable
of activating the HIV long terminal repeat, resulting in HIV
gene expression (6–8). Also, higher rates of HIV infection in
HSV-2-positive patients have been explained by HSV-induced
mucosal disruption and specific recruitment of CD4� cells to
these ulcers, providing a portal for HIV infection (9).
Currently, the guanosine analogue acyclovir provides one of

the most effective therapies for treatment of HSV-2 infection
during acute outbreaks or for long term prophylaxis against
recurrent outbreaks. Within herpes virus-infected cells, the
HSV thymidine kinase can phosphorylate the prodrug acyclovir
at rates above those of cellular nucleoside kinases (10). After
monophosphorylation, cellular kinases rapidly convert the
drug to acyclovir triphosphate (ACVTP), which is incorporated
into viral DNA by the HSV DNA polymerase but is not a sub-
strate for human DNA polymerases (11). Because monophos-
phorylation and ACVTP incorporation are sequential steps at
which selectivity is achieved and amplified, acyclovir is an effi-
cacious and well tolerated drug. Mechanistic studies with the
HSV DNA polymerase indicate that ACVTP competes with
dGTP and is a chain terminator that results in the formation of
a dead-end complex between the enzyme and DNA (11, 12).
The evidence for the interaction between the viruses has

stimulated interest in modulation of HIV disease through ther-
apy directed towardHSV. The guiding hypothesis behind these
studies has been that decreasing HSV activation or the fre-
quency of HSV lesions could indirectly modulate HIV progres-
sion or acquisition in coinfected patients. Most recently, two
approaches to investigate the benefits of acyclovir or its pro-
drug, valacyclovir, have been reported (13, 14). In the first
approach, coinfected patients not on highly active antiretrovi-
ral therapy (HAART) for HIV infection were given valacyclovir
to suppress HSV-2 (13, 14). These studies found a decrease in
the average plasma HIV viral load of 2–3-fold versus untreated
controls (13, 14). Since viral load is correlated with rate of dis-
ease progression (15), valacyclovir therapy was suggested as a
means to delay the initiation of HAART in coinfected patients.
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In principle, this approach has the benefit of avoiding cumula-
tive toxicities associated with HAART. Acyclovir could also be
beneficial for prophylaxis against acquisition of HIV in HSV-2-
infected patients. However, in trials designed to examine this
possibility, no significant protection against HIV acquisition
was noted (13, 16), although concerns have been raised that the
results may be the product of poor compliance (17).
Here we present findings that strongly indicate that the

effects of acyclovir on HIV viral load arise directly from the
inhibition of the HIV reverse transcriptase enzyme. Our find-
ings raise significant concerns about the potential of generating
cross-resistance to known HIV therapies by treatment of coin-
fected patients with acyclovir prior to a HAART regimen.

EXPERIMENTAL PROCEDURES

Infections and Phenotypic Analysis—Dose-response curves
for the anti-HIV activity of acyclovir (Sigma) were generated
from infection of phytohemagglutinin (PHA)-activated pri-
mary CD4� lymphoblasts with a recombinant CXCR4 tropic
HIV pseudovirus as described previously (18, 19). Pseudovirus
was generated from cotransfection of HEK293T cells with a
plasmid containing the HIV genome with part of the envelope
gene replacedwithGFP (pNL4-3-�E-eGFP) and a plasmid con-
taining a CXCR4 tropic envelope gene. CD4� T cells were iso-
lated from PHA-activated peripheral blood mononuclear cells
of healthy donors with selection using Miltenyi biotech mag-
netic beads. Experiments were repeated in three or more repli-
cates each, with cells derived separately from more than five
different healthy blood donors. Cells were preincubated with
acyclovir for 16–20 h prior to infection to allow for cellular
uptake. The V75I, T69N, and M184V mutant plasmids were
generated by site-directed mutagenesis (Stratagene) of pNL4-
3-�E-eGFP. Viruses were standardized using p24 enzyme-
linked immunoabsorbancy assay (PerkinElmer Life Sciences).
Real-timePCR—CXCR4tropicHIVpseudoviruseswereDNase

(Roche Applied Science)-treated and used to infect CD4� lym-
phoblasts in the absence or presence of 400 �M acyclovir. Total
DNAwas isolated fromcells (Qiagen) at 8 and 24 h after infection.
Early, intermediate, and late reverse transcript products were
quantified by real-time PCR using separate primer/probe sets as
described previously (18, 20). A standard curve of pNL4-3-�E-
eGFP was used to determine the copies of transcripts per cell.
In Vitro Selection—PHA-activated primary CD4� lympho-

blasts were infected with a replication-competent laboratory
reference strain of HIV (Ba-L) in the absence or presence of
acyclovir. Every 3–5 days, 4% of the culture supernatant was
used to infect freshly isolated CD4� lymphoblasts in the pres-
ence of three times the acyclovir concentration as the previous
infection. After 11 passages, cultures were maintained at 400
�M acyclovir. Total DNA was isolated from cells (Qiagen) after
every passage, and the proviral pol gene was amplified at mul-
tiple time points using limiting dilution digital PCR for
sequencing of single viral genomes adapted from a previously
described method (21, 22). A minimum of 25 isolated viral
genomes were sequenced under each condition at every evalu-
ated time point.
Reverse Transcriptase Assays—HIV RT produced in Esche-

richia coli andpurifiedby affinity chromatographywaskindlypro-

vided by Dr. Stuart Le Grice at the NCI, National Institutes of
Health, Drug Resistance Program. For all assays, 5�-fluorescein-
labeled DNA primer (Integrated DNA Technologies) and DNA
templates (Invitrogen) were mixed at a 1:2 molar ratio in 10 mM
Tris-Cl, pH 7.9, 50 mM NaCl, 10 mM MgCl2, 1 mM dithiothreitol
andannealedbyheating to95 °C, stepwise coolinguntil 5 °Cbelow
the calculated Tm followed by cooling to reaction temperature of
37 °C. Reactionswere initiated by the simultaneous additionofRT
and dNTPs or ACVTP (Moravek Biochemicals) and quenched by
the addition of an equal volume of gel loading buffer (95% form-
amide, 20mMEDTA).Samplesweredenaturedat95 °C, andprod-
ucts were resolved on a 20% polyacrylamide gel containing 7 M
urea run at 50 °C. Labeled DNA was visualized by the capture of
fluorescein emission on a Typhoon scanner (Amersham Bio-
sciences). Product was quantified using the ImageJ software.

RESULTS

Acyclovir Inhibits HIV Replication—To determine whether
acyclovir can inhibit HIV replication in vitro, we used a sensi-
tive single cell HIV infectivity assay that has previously been
used to confirm the anti-HIV activity of known antiviral drugs
(19, 23) and revealed the unanticipated anti-HIV activity of the
hepatitis B drug entecavir (18). The assay utilizes primary
CD4� lymphoblasts infected with a CXCR4 pseudotyped HIV
virus capable of only a single round of infection due to replace-
ment of part of the envelope gene with GFP. The infection was
carried out in the presence of increasing concentrations of acyclo-
vir, and productive infection was monitored by GFP expression
(18, 19, 23). With the wild-type HIV reference strain, acyclovir
inhibitedHIV infectionwitha50% inhibitory concentration (IC50)
of �5 �M (Fig. 1A). These results were reproduced with primary
CD4�T cells derived frommore than five donors, indicating that
these observations are generalizable.
We hypothesized that the observed inhibition of HIV repli-

cation in vitro was due to direct anti-HIV activity. To narrow
the range of potential molecular targets of acyclovir, we used a
real-time PCR assay for detection of early, intermediate, and
late reverse transcriptase products (18, 20). In this assay, drugs
that inhibit at or before the reverse transcription step lead to a
reduction in all transcription products. To perform this analy-
sis, we infected CD4� lymphoblasts in the absence or presence
of acyclovir.When total DNA extracts were analyzed, the early,
intermediate, and late reverse transcript products were all
reduced (Fig. 1B), suggesting that inhibition by acyclovir takes
place at or before reverse transcription.
Acyclovir Selects for Mutations in HIV Reverse Transcriptase—

To further validate the molecular target of acyclovir, we cul-
tured primary CD4� lymphoblasts with a replication-compe-
tent CCR5 tropic HIV isolate in the presence of increasing
concentrations of acyclovir. At various times during the selec-
tion process, we sequenced single proviral genomes amplified
using a limiting dilution PCR assay. As early as 5 days after the
initial infection, at an acyclovir concentration of only 0.01 �M,
we identified 1 out of 25 sequences (4%) containing theV75I RT
multidrug resistance mutation (Fig. 1C). This mutation
expanded rapidly between day 57 and 63 and came to dominate
sequences after 94 days in culture, constituting 92% of the total
viral population. Interestingly, two other known HIV drug
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resistance mutations, T69N and M184I (which typically pre-
cedes emergence of theM184V variant of RT), also appeared in
the presence of acyclovir (Fig. 1C). In our unbiased resistance
selectionprotocol,nootherknownHIVdrugresistancemutations
were observed, and the predominant mutations were localized to
theRTgene.Virus in control cultures, carried out in parallel in the
absence of acyclovir, remained wild type at these positions at all
time points, with the exception of 1 of 52 sequences at day 63 and
1of35 sequences atday94 that contained theT69Nvariant.These
findings provide strong support for the hypothesis that HIV RT is
the molecular target of acyclovir.
Having identified RTmutations under acyclovir selective pres-

sure, we sought to confirm their resistance phenotypes using our
single cell HIV infectivity assay. Site-directed mutagenesis was
used to construct isogenic strains differing only at each of the
observedpointmutant locations discovered throughour selection
protocol. The IC50 values for virus containing either the T69N or
theM184Vpointmutations shifted�10-fold relative towild-type
virus (Fig. 1A). The V75I mutant virus, the dominant mutation
noted in our selection protocol, had an IC50 shifted to �300 �M,
approaching a nearly 2-log increase in resistance to acyclovir.
Acyclovir Triphosphate Is a Substrate of RT and Competes

with dGTP—Since acyclovir inhibited HIV infection at the sin-
gle cell level and resistance was associated with mutations in
RT, we next explored the mechanism by which acyclovir inhib-
ited RT. Because acyclovir lacks a 3�-OH to allow for DNA
extension, it might be expected to act as an obligate chain ter-
minator of HIV RT. We assayed for the ability of purified HIV
RT to incorporate ACVTP using an oligonucleotide DNA tem-
plate-primer. As suggested by the mutagenesis findings,
ACVTP could indeed be incorporated by RT (Fig. 2A).
Although each tested template could be extended to full-length
product in the presence of the cognate dNTP, ACVTPwas only
incorporated opposite to cytosine. As expected for a chain ter-
minator, only a single ACVTP was incorporated.
An important question is whether ACVTP is an effective

competitor in the presence of physiological concentrations of
dGTP. We sought to mimic potential physiological conditions
in a competition-based assay that depended on multiple dGTP
incorporations, as would be required of RT in copying the HIV
genome. Templates were constructed containing poly-C over-
hangs beyond the primer terminus. Competition was evaluated
at varying concentrations of ACVTP and using a fixed con-
centration of 5 �M dGTP, similar to the physiological concen-
tration found in activated T cells (24). It was observed that
shorter templates provided limited opportunity for competitive
chain termination, whereas full-length product formation was
significantly diminished for the longer templates (Fig. 2B).
Thus, ACVTP is an increasingly effective inhibitor for forma-

FIGURE 1. Effects of acyclovir on HIV replication and identification of
resistant variants. A, inhibition of HIV infectivity by acyclovir. HIV pseudovi-
ruses derived from the wild-type (WT) clone, NL4-3, and the isogenic clones
varying only at positions T69N, V75I, or M184V were used to infect primary
CD4� cells in the presence of varying amounts of acyclovir. GFP-expressing
cells were analyzed 72 h after infection. The results are expressed as a per-
centage of maximal infection, which is determined from (the number of GFP-
expressing cells in the presence of acyclovir divided by the GFP-expressing
cells in the absence of a drug effect) � 100. The horizontal dotted line repre-
sents 50% inhibition. The IC50 values were �5 �M for wild-type virus, �50 �M

for the T69N or M184V point mutants, and �300 �M for the V75I point
mutant. When shown, error bars represent the standard deviation from three
or more replicates from two or more normal blood donors. B, acyclovir pre-
vents the appearance of reverse transcription products. Primary CD4� T cells
were infected with wild-type NL4-3 pseudovirus in the absence or presence
of acyclovir. The amounts of early, intermediate, and late reverse transcripts
were quantified by real-time PCR from DNA isolated at defined times and a
standard curve generated from known concentrations of pNL4-3-�E-eGFP

with appropriate primer pairs. The negative control (�Cont) infection was
performed at 4 °C, and signal represents residual plasmid from the viral pro-
duction step. Shown are representative data from one of three experiments
with similar results. C, acyclovir selects for mutations in HIV RT. Replication-
competent HIV was cultured in the presence of increasing concentrations of
acyclovir. The graph presents quantification of proviral variants generated
under the selective pressure of acyclovir. The percentage of variants was
determined from a minimum of 25 independent sequences at the indicated
days in culture. The solid black line denotes the percentage of V75I variant
appearing as a function of time.
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tion of full-length chains as the number of potential incorpora-
tion events increases. Since the HIV genome is �10 kb in size,
�2500 opportunities exist for a chain terminator such as
ACVTP to incorporate in lieu of dGTP.

DISCUSSION

This report demonstrates that the antiviral drug acyclovir
inhibits HIV replication in primary CD4� lymphoblasts and
suggests that acyclovir is directly responsible for the decline in
HIV plasma levels in HSV/HIV-coinfected patients on acyclo-
vir monotherapy. Acyclic nucleoside or nucleotide analogs are
used for the treatment of a variety of DNA and RNA viruses
including the Herpes family of viruses (cidofovir and adefovir),
hepatitis B virus (adefovir and tenofovir), and HIV (tenofovir).
Based on these precedents, we evaluated the anti-HIV activity
of acyclovir using an infectivity assay that has previously been
used to evaluate currently approved anti-HIV drugs (19, 23).

Our assay relies on a single round of infection, thereby avoiding
complications of virus outgrowth in multiround infection assays
(25). Inaddition,wecanpreciselymeasure infectionevents in indi-
vidual cells by flow cytometry. Further, rather than using tissue
samples or a cultured cell line, the assay uses primary CD4� T
cells, the in vivo target cells of HIV. The cells were isolated from
multiple donors, demonstrating the reproducible and general
natureof the inhibitionbyacyclovir.Our conclusion that acyclovir
is adirect inhibitorofHIV infection is supportedbya recent report
that used an alternate approach to demonstrate the anti-HIV
activity of acyclovir in a tissue based assay (26). Our results in a
primary cell system are therefore almost certainly relevant to clin-
ical treatments of HIV andHSV infections.
Our finding that acyclovir selects for resistance mutations in

HIV-RTprovides strong evidence that RT is the in vivo target of
this agent and also raises concerns for the selection of cross-
resistance to approved RT inhibitors. Our assay identified and
confirmed the resistance of theV75I variant, a knownHIVdrug
resistance mutation, and one of several mutations that consti-
tute the Q151M multidrug resistance pathway that imparts
resistance to most currently approved anti-HIV nucleoside
analogs (27). Even in the absence of the Q151M complex, iso-
lated Val-75 mutations have been shown to have reduced sus-
ceptibility to several nucleoside analogs (28). In addition to
V75I, our selectionprotocol also identified theM184I (theM184V
precursor) and T69N variants, both with �10-fold increased
resistance to acyclovir. Although they appeared less fit than V75I
in our single round infectivity assay, thesemutations are of clinical
significance. M184V confers near complete resistance to 3TC
(lamivudine) or FTC (emtricitabine), drugs that form the founda-
tion of most HAART regimens (29–31). The T69N mutation
broadly reduces sensitivity to currently approved nucleoside ana-
logs either by itself or, more significantly, in the context of other
thymidine analogmutations (32, 33).
Although the full mechanism of RT inhibition by acyclovir

remains to be explored, the dominant V75I mutation offers
opportunity for speculation. Acyclovir inhibition of HSV DNA
polymerase is due to the formation of a dead-end ternary com-
plex involving the polymerase, the DNA substrate with acyclo-
vir incorporated, and an incoming dNTP that is complemen-
tary to the template �1 position (11, 12). V75I is known to
interact with the template �1 position (34). This correlation
suggests the possibility that dead-end ternary complex forma-
tion may be compromised in the V75I RT variant. A more
detailed study of this inhibitionmechanismwill likely provide a
deeper understanding of the resistance mutations.
The generally accepted mechanism for activation of acyclo-

vir requires action of the HSV thymidine kinase and thus raises
the question of whether acyclovir works only in cells that are
coinfected with herpes viruses. Supporting this notion, the
report by Lisco et al. (26) suggested that the anti-HIV activity of
acyclovir was dependent on herpes virus infection of the target
tissues, and in particular, coinfection with the ubiquitous virus
HHV-6. Our study used primary CD4� T cells derived from
normal donors, for which the herpes virus status is not known.
It is notable, however, that lowmeasurable levels of ACVTP are
known to be generated even in non-HSV-infected cells (35).
Although coinfection may increase the levels of ACVTP and

B.

FIGURE 2. ACVTP is a substrate and chain terminator of RT and competes
with dGTP for incorporation. A, HIV RT can incorporate ACVTP. The primer (1
�M) was annealed to indicated template (2 �M) and incubated with 100 nM RT
alone, RT and 100 �M cognate dNTP, or RT and 100 �M ACVTP for 5 min. For
each primer/template pair, RT achieves extension with the cognate dNTP,
yielding a �3 band representing consecutive nucleotide additions. Acyclovir
is only incorporated opposite a cytosine-containing template and generates
a �1 band suggesting single addition. B, ACVTP competes with dGTP for
incorporation onto poly-C templates. The template names, Cn, denote the
number of cytosine nucleotides repeated at the 5�-end of the template. The
control lane lacks dGTP. For all other lanes, 100 nM indicated primer/template
was incubated with 100 nM RT, 5 �M dGTP, and the indicated concentrations
of ACVTP for 5 min at 37 °C. For reactions with C12-containing template, full-
length product was taken as primer extended from 11 to 13 bases with dGTP,
as alternate length results from the untemplated addition or sliding of the
template relative to primer. Signal intensity was quantified for the full-length
product relative to the total signal. The percentage of product formation was
determined relative to the full-length product in the absence of ACVTP. With
increasing ACVTP concentrations, product formation decreases and trun-
cated products accumulate. XXX represents G-, C-, T-, or A- containing tem-
plates represented in panel A, respectively. P is primer.
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result in efficient RT inhibition in such cells, it is feasible that
low levels of ACVTP generated by host enzymes in non-HSV-
infected cells could effectively compete with dGTP given that a
chain terminator of HIV replication has numerous opportuni-
ties for incorporation during HIV replication.
Acyclovir is not as potent of an inhibitor of HIV infection as

many nucleoside analogs. By comparison in our phenotypic
assay, it is 50 times less potent than AZT (zidovudine) (IC50
�100 nM) and 500 times less potent than 3TC (lamivudine)
(IC50 �10 nM) (18, 23). Pharmacokinetic studies suggest that
themaximal clinically achieved plasma concentration (Cmax) of
acyclovir can be greater than 20 �M (36). Although the weak
inhibition we see in vitro would not likely make acyclovir an
effective suppressive HIV drug, the IC50 of 5 �M is well within
concentrations achieved clinically and may be responsible for
the observed�0.5 log10 decline in plasmaHIV RNA levels seen
in coinfected patients on suppressive acyclovir therapy (13, 14).
In this light, acyclovir could prove to be a useful scaffold for
future drug development. At the same time, the use of acyclovir
at subinhibitory concentrations againstHIV, aswell as the often
episodic nature of treatment for HSV exacerbations, create
prime conditions for development of resistance mutations.
Since we have established that the RT variants selected by acy-
clovir in vitro are also knownHIV drug resistance mutations, it
will be important to obtain baseline genotypes for coinfected
patients that have been maintained on suppressive acyclovir or
patients who acquire HIV while taking acyclovir. Episodic anti-
viral use also raises the concern that a wild-type clinical geno-
type may not reflect drug resistant variants that could be
archived in the latent reservoir generated during prior acyclovir
therapy (37). Our studies suggest the need for caution in the use
of acyclovir in HSV/HIV-coinfected patients not on a suppres-
sive HAART regimen and should prompt reinterpretation of
the observed effects of antiviral compounds on the interplay of
these two epidemic viruses.
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