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INTRODUCTION compound identified in the 1980s (9), is also a potent and

Research into antiviral chemotherapy was rudimentary prior
to the discovery of acyclovir in 1974. The first report detailing
the selective antiviral activity of acyclovir against herpesviruses
was published in 1978 (25), marking the start of an exciting
chapter in clinical medicine. Penciclovir, a structurally related
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selective inhibitor of many human herpesviruses (Fig. 1). Both
compounds are analogues of the natural nucleoside deoxy-
guanosine (Fig. 1). Oral prodrugs of penciclovir (famciclovir)
and acyclovir (valaciclovir) were subsequently developed to
improve their oral bioavailability (5, 97), although the oral
formulation of acyclovir continues to be used widely.
Antiviral treatment of herpes simplex virus (HSV) infections
with nucleoside analogues has been well established for over
two decades, but isolation of drug-resistant HSV from immu-
nocompetent patients remains infrequent (0.1 to 0.7% with a
mean of 0.3% [2, 8, 14, 17; M. J. Reyes, J. M. Graber, N.
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FIG. 1. Structures of antivirals. (a) Acyclovir. (b) Penciclovir. (c)
Deoxyguanosine.

Weatherall, C. Hodges-Savola, W. C. Reeves, and the Task
Force on Herpesvirus Resistance, Abstr. 11th Int. Conf. Anti-
viral Res., abstr. A44, 1998]) and, with very rare exceptions,
resistant HSV is cleared normally with no adverse clinical
outcome. The isolation of resistant HSV from immunocom-
promised patients is more common (4 to 7% [13, 14, 27, 98;
J. W. Gnann, M. G. Davis, E. A. Harden, E. R. Kern, and Task
Force on HSV Resistance, Abstr. 38th Int. Conf. Dis. Soc.
Am., abstr. 59, 2000]) and more likely to be clinically signifi-
cant. Nonetheless, even in this population there is no evidence
of any increase in resistance despite the progressive increase in
antiviral usage.

The aim of this article is to review data on antiviral resis-
tance in HSV and to explain why the level of resistant HSV has
remained stable. This outcome with nucleoside analogues con-
trasts sharply with the experience with many antibiotics, where
misuse and overuse have contributed to the emergence and
spread of antibiotic-resistant bacteria. Antiviral resistance of
other viruses has emerged very rapidly in certain settings, for
instance during zidovudine treatment of human immunodefi-
ciency virus (HIV) infection, leading to treatment failure and
transmission of resistant virus (51). Similarly, resistant mutants
can be recovered from up to 30% of children and adults
treated for acute influenza A with amantadine or rimantadine,
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and such mutants arise as early as 2 to 3 days after initiation of
therapy (35).

MODE OF ACTION

Acyclovir and penciclovir have a similar mechanism of an-
tiviral action against HSV (Fig. 2). Both compounds are selec-
tively phosphorylated only within virus-infected cells by viral
thymidine kinase (TK). Further phosphorylation by cellular
enzymes leads to the production of acyclovir or penciclovir
triphosphate, both of which compete with the natural nucleo-
tide, dGTP, resulting in the selective inhibition of viral DNA
polymerase (24, 95). Incorporation of the analogue triphos-
phate into the growing DNA chain prevents continued exten-
sion of the DNA chain. Several differences in the mode of
action of these compounds have been observed. (i) HSV TK is
expressed in productively infected cells. Penciclovir has a
higher affinity for HSV TK than acyclovir (20), and conse-
quently the levels of penciclovir triphosphate in infected cells
are much higher than the levels of acyclovir triphosphate (50,
95). (ii) Penciclovir triphosphate is more stable than acyclovir
triphosphate in HSV-infected cells (23, 96), resulting in an
intracellular half-life that is between 10- and 20-fold longer.
(iii) HSV DNA polymerases have a higher affinity for acyclovir
triphosphate than for penciclovir triphosphate (23). This dis-
tinction is counterbalanced by the difference in phosphory-
lation mentioned previously favoring penciclovir: the net
effect is that the two compounds have similar antiviral po-
tencies. (iv) Acyclovir triphosphate is an obligate DNA chain
terminator (61), whereas penciclovir triphosphate allows lim-
ited DNA chain elongation (short-chain terminator) (95) by
virtue of the 3" hydroxyl group on its acyclic side chain (Fig.
1). Nonetheless, penciclovir triphosphate is more effective
than acyclovir triphosphate in a DNA chain elongation assay
under conditions designed to simulate HSV-infected cells
(95).

Not only is phosphorylation of acyclovir or penciclovir min-
imal in uninfected cells, but cellular DNA polymerases have
much lower affinities for the antiviral triphosphates compared
with HSV DNA polymerases (23, 40, 50). The excellent clinical
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FIG. 2. Mode of action of acyclovir and penciclovir.
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TABLE 1. Characterization of acyclovir-resistant HSV mutants®

Pathogenicity in mice (% relative to wild-type virus)

Thymidine .
Type of mutant phosphorylation Cross—rgsmtqnt to : ot e :
penciclovir? Neurovirulence after Replication at Ability to reactivate
(%) intracerebral inoculation periphery from latency

Wild type 100 NA® 100 100 100
TK negative (TK) <1 Yes 0.01-3 10-100 No (rare exceptions)
TK partial (TKF) 1-15 Variable 3-100 20-100 10-100
TK altered (TK®) Variable® Variable 10 100 50-100
DNA polymerase 100 Variable 1-10 20-100 50-100

¢ Adapted from reference 15 with permission of the publisher.
® NA, not applicable.

¢ Ability to phosphorylate thymidine depends on the nature of the mutation in the TK gene.

safety record of acyclovir, penciclovir, and their prodrugs re-
flects the high selectivity of these antivirals for infected cells
and their negligible activity in uninfected cells.

Mechanisms of Resistance

The viral TK and DNA polymerase (Fig. 2) are both inti-
mately involved in mechanisms of resistance to acyclovir (16,
84) and penciclovir (10). Three distinct classes of acyclovir-
resistant TK mutants have been identified: TK-negative
(TKY), TK-partial (TK®), and TK-altered (TK®*) mutants.
TK™ mutants lack TK activity, whereas TK® mutants express
reduced levels of TK activity. TK” mutants are substrate spec-
ificity mutants, which phosphorylate thymidine but not acyclo-
vir and/or penciclovir.

Approximately 95 to 96% of acyclovir-resistant HSV isolates
are TK deficient (TK™ or TKF), and the remaining isolates are
usually TK* (59). Mutants with altered DNA polymerase have
also been identified (16, 66), although these are infrequently
reported.

Characteristics of Acyclovir-Resistant HSV

The pathogenicity of acyclovir-resistant HSV mutants has
been evaluated in animal models. Typically, TK™ mutants re-
veal the greatest reduction in virulence (15). With rare excep-
tions, TKY strains are unable to reactivate from latency fol-
lowing infection in mice. One TK™ mutant, for example, was
able to reactivate by using a cellular frameshifting mechanism
to permit limited TK expression (39).

It has been suggested that certain genetic variations may
compensate for the loss of TK (38). A TK™ mutant was re-
peatedly isolated from the same patient following acyclovir
treatment during two bone marrow transplantations separated
by 2 years. Since the two mutants were genetically indistin-
guishable, it was concluded that the virus had established la-
tency and subsequently reactivated. Another case has been
described in a bone marrow transplant recipient, from whom
an acyclovir-resistant, TK-deficient HSV-1 mutant was isolated
20 months after healing of the original HSV infection. This
isolate also was identical to the original isolate (52).

Although it is difficult to identify TK® mutants based on
biochemical assays alone, evaluation of pathogenicity in animal
models can be helpful since TK® strains show some reduction
in pathogenicity compared with wild-type virus but are gener-
ally able to reactivate from latency (15). Key characteristics of

the different types of acyclovir-resistant mutants are summa-
rized in Table 1.

In an analysis of 30 acyclovir-resistant HSV isolates from
immunocompromised patients, 17 were TK™ (the authors refer
to these as TK deficient), 12 had decreased TK activity or
expressed an altered TK, and 1 isolate was not defined (33).
Approximately half of the resistant isolates had an insertion or
a deletion of one or two nucleotides, usually within homopoly-
mer runs of G’s and C’s in the TK gene that were previously
identified as mutational hot spots (82), and a variety of other
mutations were described. The analysis was difficult because of
the heterogeneity of the isolates.

While all TK™ viruses tested to date are cross-resistant to
penciclovir and acyclovir, certain acyclovir-resistant TK*
strains and certain acyclovir-resistant DNA polymerase mu-
tants are sensitive or even hypersensitive to penciclovir (10).
The clinical significance of these unusual mutants is uncertain
(59).

In summary, clinical and laboratory experience has shown,
with very rare exceptions, that acyclovir-resistant mutants do
not appear to be capable of initiating a latent infection that can
subsequently be reactivated. Indeed, it may be the failure to
express functional TK, a characteristic that is typical of almost
all resistant HSV mutants, that accounts for their inability to
reactivate.

Characterization of Penciclovir-Resistant
HSYV in Cell Culture

Acyclovir-resistant mutants selected in cell culture or iso-
lated from patients have been well studied over the past two
decades. Famciclovir and penciclovir are relative newcomers to
the antiviral armamentarium, and few penciclovir-resistant
clinical isolates are available. For this reason, a series of
HSV-1 (n = 13) and HSV-2 (n = 11) isolates was selected for
resistance to penciclovir in cell culture (80). Acyclovir-resistant
isolates were selected in parallel under similar conditions
(HSV-1 [n = 15] and HSV-2 [n = 9]). A total of 21 HSV
isolates were confirmed to be resistant to penciclovir in the
plaque reduction assay following selection with penciclovir. All
were cross-resistant to acyclovir, but none was resistant to
foscarnet, indicating that these were likely to be TK deficient.
Of 22 confirmed acyclovir-resistant HSV isolates derived by
selection with acyclovir, all were cross-resistant to penciclovir
but 1 (HSV-2 2P10) was also resistant to foscarnet and other
DNA polymerase inhibitors. In plaque reduction assays with
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HSV-2 2P10, the 50% inhibitory concentrations (ICs,s) of
acyclovir, penciclovir, and foscarnet were >100, 61, and >400
pg/ml, although sensitivity to vidarabine and cidofovir was
retained. This isolate carries a single nucleotide deletion within
the TK gene that results in the expression of a truncated TK
polypeptide. There was partial restoration of sensitivity to pen-
ciclovir when HSV-2 2P10 was tested in D21 cells expressing
the HSV TK gene product constitutively. These data suggest
that HSV-2 2P10 may be a double mutant, although this would
need to be confirmed by sequence analysis of the DNA poly-
merase gene. In a functional TK assay, little or no TK activity
(0.3 to 7% relative to wild-type virus) was detected in TK-
negative human osteosarcoma cells infected with each of these
drug-resistant mutants, consistent with a TK™ phenotype; a
control TK” strain produced 13 to 20% TK activity in this
assay. However, as mentioned above, biochemical assays alone
are not always able to distinguish TK™ from TK" mutants.
Sequence analysis of the TK genes of the HSV-1 mutants
revealed that single or double point mutations leading to
amino acid substitution were typical for the penciclovir-se-
lected mutants. Frameshift mutations leading to formation of a
truncated gene product were typical for the acyclovir-selected
mutants of either type and also for penciclovir-selected HSV-2
mutants. As has been shown previously with clinical isolates,
two putative homopolymeric nucleotide runs within the TK
gene (G, and C;) were identified as potential hot spots for
frameshift mutations in the acyclovir-selected mutants (82). In
contrast, TK mutations in the penciclovir-selected HSV mu-
tants tended to be located upstream of the ATP-nucleoside
binding site (80).

The dominant phenotype of penciclovir-selected resistant
HSV mutants in this study was TKN (80), in accord with his-
torical studies of acyclovir-resistant mutants whether selected
in cell culture (31), animal models (30), or humans (12, 18).
Preliminary studies with mice suggest that penciclovir-selected
TK™ HSV mutants derived in vitro have markedly reduced
pathogenicity relative to wild-type virus (A. R. Awan, T. H.
Bacon, R. T. Sarisky, J. J. Leary, D. Sutton, and H. J. Field,
Abstr. 12th Int. Conf. Antiviral Res., abstr. A63, 1999), con-
sistent with findings for acyclovir-selected TK™ mutants.

SUSCEPTIBILITY ASSAYS

A variety of phenotypic methods have been used to deter-
mine the susceptibility of HSV isolates to antivirals, including
dye uptake assays, viral DNA inhibition assays, enzyme immu-
noassays, and the plaque reduction assay (36). Efforts have
been made to standardize these assays, since many variables
can influence the final result (37, 43, 78). The plaque reduction
assay is used most widely for routine susceptibility testing, in
part because a correlation has been established between in
vitro susceptibility to acyclovir measured by this assay and
clinical response based on data from 243 HSV isolates from
115 HIV-infected patients (Table 2) (69). The predictive value
of an ICs, of <2 pg/ml, measured by the plaque reduction
assay in Vero cells, for complete healing of lesions in this study
was 62%. Accordingly, an ICy, of =2 pg/ml is often used as a
breakpoint in in vitro assays.

The lack of a complete correlation between in vitro suscep-
tibility of viral isolates and clinical response implicates other
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TABLE 2. Association between in vitro susceptibility to acyclovir
and clinical response to therapy”

Response to acyclovir therapy
(no. of patients)

In vitro
susceptibility” Complete Partial Failure Total
healing healing to heal ota
Sensitive (IC5, <2 pg/ml) 24 8 7 39
Resistant (IC5, =2 pg/ml) 2 2 72 76
Total 26 10 79 115

¢ Adapted from reference 69.
® Plaque reduction assay in Vero cells.
¢ Highly significant association between clinical response and ICs;, (P < 0.001).

factors in the clinical outcome. These include the antiviral
medication (dose, dose frequency, route of administration,
compliance), absorption and metabolism of the antiviral, im-
munological response of the patient, and heterogeneity of the
virus population.

One drawback of the plaque reduction assay is that several
days are required for completion, particularly if a viral stock
has to be prepared and subjected to titer determination. For
this reason, it cannot be used in a clinical virology laboratory as
a rapid means of identifying resistant virus. A rapid assay for
detecting acyclovir-resistant HSV isolates has been developed
(93). This assay utilizes a genetically engineered CV19 cell line,
which expresses B-galactosidase only after infection with HSV.
To screen for resistant HSV, viruses are subjected to titer
determination with and without acyclovir at 2 pg/ml and
plaques are stained histochemically for 3-galactosidase 2 days
later. It seems likely that development of molecular probes for
the rapid detection of resistant virus, targeted against con-
served regions of the TK gene, would lead to more widespread
testing of viral isolates.

Breakpoint for Defining Resistance

The breakpoint used to define in vitro resistance is of key
importance, particularly for HSV isolates with borderline sus-
ceptibility to acyclovir or penciclovir. For acyclovir, a break-
point of =2 pg/ml in the plaque reduction assay is widely
accepted based on the report by Safrin et al (69). In addition,
there appears to be a bimodal distribution of ICs,s when the
susceptibilities of large collections of viral isolates are exam-
ined, separating resistant from sensitive strains at concentra-
tions in excess of approximately 1 to 3 wg/ml (14, 99). Other
breakpoints have also been used. One of the breakpoints ap-
plied to define penciclovir resistance in a survey of recurrent
herpes labialis isolates, for example, was an IC, that was
=3-fold higher than the mean ICs, for all isolates tested (8).
The mean ICs, of penciclovir against all isolates tested in this
survey was 0.64 pg/ml. Antiviral resistance to acyclovir or pen-
ciclovir has also been proposed based on the ICs, of an inter-
nal standard, whereby resistance is defined as being present
when the ICs, for the test virus is >10-fold higher than that for
the sensitive control strain (78).

Assay sensitivity varies between laboratories even when
identical viruses are tested by the same assay in the same cell
line. For example, when a set of standard virus strains (sensi-
tive and resistant) was tested by the plaque reduction assay in
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MRC-5 cells in two laboratories, the ICs,s differed by up to
approximately 20-fold (P. B. Crosson, Viridae Clinical Sci-
ences, Inc., and C. Hodges-Savola, ViroMed, Inc., personal
communication). For this reason, it may be misleading to rely
on a single antiviral concentration as the sole criterion for
defining resistance. Including an additional breakpoint based
on the ICy, of an internal standard as mentioned above has
been shown to help identify unusual isolates with borderline
susceptibility. For example, an HSV-1 isolate from a patient
with herpes keratitis showed an acyclovir ICs, of 0.89 wg/ml in
the plaque reduction assay in MRC-5 cells. In the same assay,
the ICs, for the sensitive control strain was 0.06 pwg/ml. The
isolate was concluded to be acyclovir resistant since the acy-
clovir ICy, was >10-fold higher than that for the control stan-
dard virus. Molecular characterization of this isolate confirmed
the resistant phenotype (77); furthermore, the patient did not
respond to acyclovir treatment (78). For the vast majority of
HSV isolates, the 2-pg/ml breakpoint is acceptable. However,
the plaque reduction assay can be made more rigorous by
including an additional breakpoint based on the susceptibility
of a sensitive control strain, which is run as an internal stan-
dard in each assay.

Viral Heterogeneity

It has long been recognized that laboratory strains and clin-
ical isolates of HSV contain mixtures of wild-type and acyclo-
vir-resistant virus (26, 58, 66, 86). In the plating efficiency assay,
the infectivity titer (plaque number) of a virus preparation in
the presence of a high concentration of an antiviral is com-
pared with the titer in the absence of the antiviral. The antiviral
concentration used must be sufficiently high to ensure that only
preexisting mutants form plaques; that is, the concentration
should be in the plateau portion of the dose-response curve.
Concentrations used have ranged from 3 to 10 pg/ml (34, 58,
79, 86). Cell line and other laboratory variables are likely to
affect the choice of concentration, as with the plaque reduction
assay. In the plaque reduction assay, the IC,, represents that
antiviral concentration which allows 10% of the infectious vi-
rus population to form plaques. Although this end point can
readily be calculated, it cannot be measured with the same
accuracy as an ICs because it occurs close to the asymptote for
the sigmoidal dose-response curve. Furthermore, virus able to
grow under these conditions may not necessarily be resistant to
the antiviral. In contrast, the plating efficiency assay measures
the actual proportion of resistant virus within an isolate.

It has been shown that the proportion of naturally occurring
acyclovir-resistant mutants contained within a virus prepara-
tion is very similar to that for penciclovir-resistant mutants, as
measured by a plating efficiency assay (79). The mean fre-
quency of resistant mutants for a series of HSV-1 strains was
approximately 3 X 10~* infectious virus particle (0.03%) with
either compound. Results for acyclovir and penciclovir were
again similar for HSV-2 strains, although the frequency of
resistant mutants was about 9 X 10~ infectious virus particle
(0.9%), suggesting that HSV-2 may have a greater propensity
to generate drug-resistant mutants than HSV-1 does. Similarly,
a 30-fold type-specific difference in the proportion of acyclovir-
resistant HSV was identified in another study (34). In a third
study, frequencies of acyclovir-resistant HSV strains were re-
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ported to be similar regardless of HSV type, with values re-
ported as 7.5 X 10~* (0.08%) and 15 X 10~* (0.15%) for
HSV-1 and HSV-2, respectively (86). Differences in the meth-
ods used, such as cell line, concentration of acyclovir, and
preparation of the virus prior to analysis, may account for this
apparent inconsistency.

The natural heterogeneity of virus populations has impor-
tant implications. (i) The plaque reduction assay, which is
considered to be the “gold standard”, measures the overall
sensitivity of the viral population. Thus, while an isolate may be
classified as sensitive based on the ICs, measured by this assay,
it may contain a significant proportion of resistant virus. In
vitro reconstruction experiments indicate that the proportion
of acyclovir-resistant virus in a mixture must exceed 20% in
order to shift the ICs, to >2 wg/ml (86). The plating efficiency
assay may be a useful tool to detect small shifts in the propor-
tion of resistant virus over time. However, the clinical signifi-
cance of such changes would need to be established. (ii) In an
immunocompromised host, antiviral therapy provides an ideal
scenario for the selection of resistant virus from a mixed viral
population. In the absence of an effective immune response,
HSV can replicate to a higher titer and cause a more pro-
longed infection (41, 87). Both of these features increase the
chance that a resistant mutant will be selected. Moreover, the
persistence of wild-type virus within a predominantly resistant
population may complement resistant virus to facilitate the
reactivation of TK-deficient virus from latency and increase
virulence (81).

CLINICAL USAGE

Clinical indications for oral acyclovir, valaciclovir, and fam-
ciclovir include treatment of first episodes of genital HSV
infection (11, 49), recurrent genital HSV infection (63, 65),
herpes zoster (6, 21), and suppressive therapy to prevent re-
currences of genital HSV (22, 91). Since mucocutaneous her-
pesvirus infections in immunocompromised patients can be
severe and prolonged, oral therapy with acyclovir, valaciclovir,
or famciclovir is usually indicated. An intravenous formulation
of acyclovir is used for severe HSV or varicella-zoster virus
(VZV) infections (including encephalitis and neonatal her-
pes), as well as for HSV or VZV infections in immunocom-
promised patients.

Topical formulations of penciclovir (90) and acyclovir (29,
88a) are effective in patients with recurrent herpes labialis. An
ocular formulation of acyclovir is also available. Acyclovir oint-
ment, approved over 15 years ago in the United States, is
indicated in the management of initial genital herpes and of
limited mucocutaneous HSV infections in immunocompro-
mised patients.

As the clinical utility of acyclovir became apparent, one of
the key features of the compound was its safety in clinical use
(19). Although clinical experience with famciclovir is shorter,
the safety profile is similar to that of placebo in clinical studies
(70). Acyclovir, penciclovir, and their respective prodrugs are
widely used because they are recognized as safe and effective
treatments for the management of herpesvirus infections in
immunocompetent and immunocompromised populations.
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FIG. 3. Worldwide antiviral use for HSV and VZV infections. Annual sales of acyclovir, famciclovir, penciclovir, and valaciclovir for HSV and
VZV infections (1990 to 2000). First launch dates for famciclovir, valaciclovir, and topical penciclovir are shown by the arrows. Data are from

Intercontinental Medical Statistics.

Extent of Use

Since increasing clinical use of acyclovir and penciclovir
might be expected to facilitate the emergence of resistance, an
assessment of the extent of use of these antivirals and their
prodrugs over the past 20 years is relevant. Acyclovir was first
approved in 1981, while famciclovir, valaciclovir, and penciclo-
vir were approved in the mid-1990s. Many millions of people
have been treated with these antivirals. Worldwide use of nu-
cleoside analogues for HSV and VZV infections has risen
rapidly over the past decade from 75,000 kg in 1990 to 332,000
kg in 2000 (Fig. 3); total cumulative sales exceed 2.3 X 10° kg.
Sales in the United States alone accounted for about 54% of
the total volume for 2000. The high prevalence of genital
herpes, medical advances in transplant medicine, and the mag-
nitude of the HIV epidemic have contributed to this marked
growth. Although not considered further in this review, acy-
clovir and valaciclovir are used at high dose to prevent cyto-
megalovirus infections, for example in bone marrow transplant
recipients (47); therefore, the total use of these antivirals is
even higher.

Acyclovir cream is available over the counter for the treat-
ment of recurrent herpes labialis in 28 countries including
Germany, France, the United Kingdom, and Australia. Topical
penciclovir cream was approved as a prescription product for
recurrent herpes labialis in the United States in 1996 and is
also available without prescription in many countries, for ex-
ample the Netherlands and Sweden.

PREVALENCE OF RESISTANT HERPES
SIMPLEX VIRUS

Thousands of HSV isolates collected from worldwide clini-
cal trials and surveillance programs for the last 20 years have
been tested for susceptibility to acyclovir or penciclovir. Two
consistent findings have emerged from this work. (i) The prev-
alence of acyclovir-resistant HSV is higher in severely immu-
nocompromised patients than in immunocompetent patients.
(ii) There is no evidence of any increase in the prevalence of

resistant HSV in either immunocompromised or immunocom-
petent populations during this period.

Surveillance in the Immunocompetent Population

A dye uptake assay was initially used to determine the prev-
alence of acyclovir-resistant HSV among isolates collected be-
tween 1979 and 1984 (4, 55). This assay, which is a modification
of the neutral red cell viability test, measures the ability of an
antiviral drug to block HSV replication and thereby protect
cells from virus-induced damage. Although amenable to rapid
throughput, the assay can have a high false-positive rate of
approximately 3% for isolates from immunocompetent pa-
tients (17). Nonetheless, results from this early work showed
that acyclovir treatment in immunocompetent patients was not
associated with the emergence of resistant virus.

The historical prevalence of acyclovir-resistant HSV isolates
from untreated, immunocompetent patients as detected by the
plaque reduction assay is 0.3% (71). Furthermore, there has
been no detectable change over time in this prevalence based
on data for isolates collected during clinical trials, from pa-
tients who had not responded well to acyclovir, and from pop-
ulation-based surveys (Table 3), (2, 8, 14, 17; Reyes et al,,
Abstr. 11th Int. Conf. Antiviral Res.). The prevalence of acy-
clovir-resistant HSV in these studies ranged from 0.1 to 0.7%,
with a mean of 0.3%; isolates were from patients with genital
herpes (14; Reyes et al., Abstr. 11th Int. Conf. Antiviral Res.),
untreated recurrent herpes labialis (2, 8), or unspecified HSV
infections (17).

Until recently, little attention had been paid to surveillance
for resistant HSV isolates in patients with recurrent herpes
labialis despite the widespread availability of antiviral treat-
ments for this indication in some markets. Isolates from the
two surveys of herpes labialis conducted in the United King-
dom and the United States were tested for susceptibility to
penciclovir in addition to acyclovir. HSV isolates from 924 and
1,004 subjects, respectively, were tested in these surveys (Table
3). One acyclovir-resistant isolate was identified in the 1998
United Kingdom survey which was cross-resistant to penciclo-
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TABLE 3. Surveillance for acyclovir-resistant HSV in the immunocompetent population

CLIN. MICROBIOL. REV.

Results in reference:
Variable tested

17 14 Abstract” 8 2
Prevalence of ACV-R HSV (%)" 0.7 0.3 0.1 0.1 0.2
No. of patients with ACV-R HSV/no. of patients tested” 2/287 5/1,775 1/861 1/9244 2/1,002¢
Period of surveillance 1980-1992 1991-1993 1996-1998 1998 1998-1999
Location of survey Europe United Kingdom  United States ~ United Kingdom  United States

“ Reyes et al., Abstr. 11th Int. Conf. Antiviral Res.

b Acyclovir-resistant HSV. Studies included untreated patients and patients who had been treated with the antiviral, except in reference 17, where the data are from

treated patients only.
¢ Viral susceptibility to acyclovir was measured by the plaque reduction assay.
@ Tsolates from 915 subjects were tested for susceptibility to penciclovir by the plaque reduction assay. One was resistant to penciclovir.
¢ Isolates from 1,004 subjects were tested for susceptibility to penciclovir by the plaque reduction assay. None was resistant to penciclovir.

vir; no other resistant isolates were identified (8). Two isolates
identified in the U.S. survey as acyclovir resistant had showed
acyclovir ICsys of 2.4 and 3.2 wg/ml, respectively, but were
classified as sensitive to penciclovir (penciclovir ICss, 0.34 and
0.38 pg/ml, respectively) (2). Further analysis of these isolates
has shown that they are sensitive to acyclovir (ICs,s in the
plaque reduction assay in Vero cells were 1.24 and 0.72 pg/ml,
respectively [M. Davis, personal communication, October
2001]). Based on these two surveys, it appears that widespread
availability of topical acyclovir in the United Kingdom (acyclo-
vir became available without prescription in 1993) has had no
measurable impact on the prevalence of resistant HSV to date.

There is no evidence from these studies that isolates from
patients who had received antiviral treatment were any less
susceptible to acyclovir than isolates from untreated patients
(2, 8, 14, 17; Reyes et al., Abstr. 11th Internat. Conf. Antiviral
Res.).

Analysis of serial HSV isolates. The data in the previous
section described isolates collected from a cross-section of the
population over a defined period. However, an alternative
approach to examine the prevalence of resistant virus entails
collecting serial isolates from a set of patients before, during,
and after antiviral treatment. The latter approach is a powerful
means of assessing whether exposure to antiviral treatment
alters the susceptibility of viral isolates, although it is not prac-
tical to survey large numbers of patients in this way.

A collection of 2,143 HSV isolates obtained during clinical
trials with famciclovir or penciclovir was tested for susceptibil-
ity to penciclovir (75; R. Sarisky, unpublished data [for prelim-
inary information, see R. Sarisky, K. Esser, R. Saltzman, L.
Locke, R. Boon, T. Bacon, and J. Leary, Program Abstr. 38th
Intersci. Conf. Antimicrob. Agents Chemother., abstr H-10,
1998]). One of the objectives of this program was to evaluate
whether antiviral treatment was associated with the develop-
ment of resistance by comparing the sensitivities of the first
and last isolates obtained from patients during the course of
their participation in the clinical trial. A total of 1,446 isolates
were obtained from 913 immunocompetent patients, and 697
were obtained from 272 immunocompromised patients (see
below). Depending on the study design, the isolates may have
been obtained from patients prior to treatment, during treat-
ment (with famciclovir, penciclovir, acyclovir, or placebo), or
after treatment. Trend analysis of the data for paired isolates
(first and last isolates) failed to show any change in ICs, over
time when isolates from antiviral treatment groups were com-
pared with those from the appropriate placebo group. Overall,

the prevalence of confirmed penciclovir-resistant HSV was
0.2% (2 of 913 immunocompetent patients), comparable to the
results for acyclovir-resistant HSV. This observation is as ex-
pected, given that the spontaneous mutation frequency for
penciclovir approximates to that for acyclovir (79).

Fife et al. concluded that 6 years of suppressive acyclovir
therapy in immunocompetent patients with recurrent genital
herpes did not lead to the selection of acyclovir-resistant virus
(32). Sequential isolates from 13 patients showed no evidence
of reduced antiviral susceptibility after cessation of suppressive
therapy.

HSV isolates were collected from recurrent mucocutaneous
lesions in a group of infants who had previously developed
neonatal HSV infection in the first few weeks of life and had
been treated systemically with acyclovir (n = 16) or vidarabine
(n = 6) (60). There was no increase in the drug ICss for the
recurrent isolates compared with the isolates collected during
primary infection prior to therapy.

A clinical study to investigate whether HSV-1 converts
from a “susceptible” to a “resistant” phenotype (acquired resis-
tance) has recently been completed (Y. K. Shin et al., personal
communication). Sequential isolates recovered from a group
of immunocompetent patients with frequent episodes of recur-
rent herpes labialis treated with topical penciclovir cream were
collected and monitored for susceptibility to penciclovir by the
plaque reduction assay. There was no significant change in ICs,,
when the first isolates, obtained before initiation of therapy,
were compared with the last isolates, obtained during treat-
ment. Fourteen patients had a pretreatment isolate from the
first recurrence and at least one on-therapy isolate from the
fourth treated episode. Mean ICs,s were 0.34 and 0.26 pg/ml
(P = 0.497). Furthermore, there was no evidence of a shift
toward higher ICs either within treated episodes or with each
treated episode. No resistant isolates were detected in the
study, which involved 110 patients and evaluation of a total of
360 isolates; therefore, the prevalence of resistant HSV was
<0.3%.

Clinical resistance. Although the acyclovir-resistant mutants
that exist naturally in any virus population probably account
for the very low background prevalence of resistant isolates in
the immunocompetent population, clinical resistance to acy-
clovir is exceptionally rare in this group. Isolated cases of
clinical resistance have been reported in patients with genital
herpes (26, 42, 53, 92) or herpes keratitis (54, 78; A. B. Kressel,
A. Wald, R. K. Hutchins, and A. H. Kaufman, Abstr. 38th Int.
Conf. Dis. Soc. Am., abstr. 187, 2000). In all instances, acyclo-
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TABLE 4. Surveillance for acyclovir-resistant HSV in the immunocompromised population

Variable tested

Results in reference:

98 27 14 13 Abstract”
Prevalence of resistant HSV (%)” 4.1 4.7 6.3 7.1 5.6
No. of patients with resistant 3/74° 7/148 6/95 14/196 12/216¢

HSV/no. of patients tested
Period of surveillance Not specified Not specified 1991-1993 1996-1999 1998-2000
Location of survey United States United States United Kingdom France North America
Reason for immunodeficiency BMT* BMT, HIV, organ BMT, HIV, organ BMT HIV
transplant, malignancy, transplant, malignancy
high-dose steroids, neonate

Assay method Dye uptake Viral DNA inhibition Plaque reduction assay =~ Dye uptake  Plaque reduction assay

“ Gnann et al., Abstr. 38th Int. Conf. Dis. Soc. Am.

b Acyclovir-resistant HSV. With the exception of reference 27 and Gnann et al., data are from acyclovir-treated patients only.
¢ Acyclovir-resistant HSV was recovered from 1 of 52 patients during the initial treatment course and from 2 of 22 patients during treatment for second recurrences.
4 Number of acyclovir-resistant HSV isolates/number of isolates tested. Multiple isolates from some patients were tested.

¢ BMT, bone marrow transplant recipient.

vir-resistant HSV was identified, thus providing an explanation
for the lack of clinical response to acyclovir.

(i) Genital herpes. All four HIV-negative patients described
below were receiving suppressive acyclovir therapy for genital
herpes. In one case, a homosexual man had increasingly fre-
quent episodes of recurrent genital herpes despite receiving
maximum doses of oral acyclovir (42). A TK* HSV-2 mutant
was obtained repeatedly during these outbreaks. The infection
may have been transmitted from a recent homosexual partner,
two of whom were HIV positive. A female patient with genital
herpes, who had been treated with oral acyclovir, developed
chronic and recurrent disease that failed to respond to acyclo-
vir, and a TK-deficient strain was isolated (92). No immuno-
logical abnormalities were detected, although the patient may
also have had lichen planus in the area of the poorly healing
HSV infection. Application of topical foscarnet cream (1%)
led to complete resolution of the disease, and no further re-
currence was noted during a 24-month follow-up. Apparent
clinical resistance to acyclovir also developed in an immuno-
competent male with recurrent genital herpes associated with
a TK™ HSV-2 strain (26) and a female with chronic recurrent
genital herpes (53).

(ii) Herpes keratitis. Three immunocompetent patients
have been described with herpes keratitis that became clini-
cally resistant to acyclovir. TK-deficient HSV-1 mutants were
isolated from two of these patients (54; Kressel et al., Abstr.
38th Int. Conf. Dis. Soc. Am.). The third case involved a
patient who responded to topical acyclovir during several ep-
isodes of keratitis but then became clinically resistant. HSV-1
isolated from this episode showed an acyclovir ICs, of 0.89
pg/ml in MRC-5 cells, below the standard breakpoint for de-
fining in vitro resistance to acyclovir (=2.0 pg/ml) (78). This
isolate was judged to be resistant because the acyclovir I1Cs,
was >10-fold higher than the ICs, for the control sensitive
strain. The isolate had a reduced ability to phosphorylate acy-
clovir compared with a standard, acyclovir-sensitive strain, and
it contained a mixture of wild-type virus and a TK® mutant
(77). It may be that difficulty in maintaining adequate concen-
trations of antiviral at the site of an ocular infection increases
the opportunity for ascent of resistant HSV.

In summary, clinical resistance to acyclovir is exceptionally
rare in immunocompetent patients even though resistant HSV
is detectable, albeit at a low frequency, in this population. This

is because the normal immune response leads to the rapid
resolution of the infection. Clinical resistance in an apparently
immunocompetent individual should raise suspicion of some
unappreciated immune deficit.

Surveillance in the Inmunocompromised Population

Surveys in North America and Europe of HSV isolates from
immunocompromised patients treated with acyclovir indicate
that the prevalence of resistant HSV is generally between 4
and 7% (Table 4) (13, 14, 27, 98; Gnann et al., Abstr. 38th Int.
Conf. Dis. Soc. Am.). Results from a continuing survey of
HIV-positive patients within the United States and Canada in
1998 to 2000 (Task Force on Herpes Simplex Virus Resis-
tance) are very similar (5.6%; Gnann et al., Abstr. 38th Int.
Conf. Dis. Soc. Am.). Thus, despite widespread and increasing
use of antivirals to treat HSV infections (Fig. 3), the frequency
of resistant HSV even in high-risk, immunocompromised pa-
tients has remained stable for almost 20 years.

Prevalence data obtained by the dye uptake assay for the
immunocompromised population are consistent with data gen-
erated by the plaque reduction and DNA inhibition assays
(Table 4). The relatively high false-positive rate for the dye
uptake assay noted during surveys of immunocompetent pop-
ulations becomes less significant when isolates from immuno-
compromised patients are surveyed, because the overall prev-
alence of resistant virus is higher.

In patients with defective T-cell-mediated immunity, the vi-
rus is cleared very slowly from the lesions (85, 100). Conse-
quently, the lesions tend to be more prolonged and more
severe than in immunocompetent individuals (27). Extensive
viral replication occurring in the setting of prolonged antiviral
therapy and immunosuppression provides an ideal scenario for
the selection of resistant virus, analogous to selection in cell
culture. Moreover, multiple courses of treatment may be re-
quired to manage recurrent episodes (18, 98). Consequently,
patients with profound immunosuppression are more likely to
carry acyclovir-resistant HSV than are patients with moderate
immunosuppression (27).

For comparison, the prevalence of penciclovir-resistant
HSV has been assessed in 697 HSV isolates obtained from 272
immunocompromised patients during the clinical trials with
penciclovir and famciclovir. Twelve resistant HSV isolates
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were obtained from six patients; therefore, as with acyclovir,
resistant HSV is more common in immunocompromised pa-
tients (2.2%; 6 of 272) than immunocompetent patients (0.2%)
(Sarisky, unpublished [for preliminary information, see Sarisky
et al., Program], Abstr. 38th Intersci. Conf. Antimicrob. Agents
Chemother).

Analysis of serial HSV isolates. Acyclovir-resistant HSV can
emerge rapidly during the course of antiviral therapy in immu-
nocompromised patients (12, 18, 66, 98). For example, Crum-
packer et al. described a child with a congenital immune defi-
ciency who received three courses of intravenous acyclovir for
the treatment of recurrent mucocutanous HSV-1 infection
(18). An isolate obtained at the start of the third course was
sensitive to acyclovir, but within 9 days of starting the third
course, an acyclovir-resistant HSV isolate was collected.

Recurrent HSV lesions developing after resolution of a clin-
ically resistant lesion in immunocompromised patients often
respond to acyclovir therapy. In one study, 7 of 10 first recur-
rences at the site of a healed lesion previously associated with
acyclovir-resistant HSV were acyclovir sensitive (68). This ob-
servation is consistent with the view that HSV latent in sensory
ganglia represents virus that reaches the ganglion early during
primary infection (and thus is unlikely to have been influenced
by therapy). Reactivation of the latent virus leads to renewed
replication of sensitive HSV within the lesion, despite the
development of resistant virus at the periphery in a prior epi-
sode. However, in the same study, all eight second recurrences
were resistant to acyclovir therapy (68), suggesting that resis-
tant virus became latent and reactivated. Based on the re-
ported ICss, isolates from these eight patients appeared to be
sensitive to foscarnet but showed some resistance to acyclovir.
An alternate interpretation is that acyclovir-resistant HSV may
not have been completely cleared from the periphery during
the previous recurrence.

Clinical resistance. The immunocompromised host faces an
increased risk of developing severe HSV infections and the
emergence of acquired resistance compared with an individual
with a fully functional immune system. Indeed, the probability
of developing unresponsive lesions appears to be related to the
severity of immunosuppression. Of 184 cases of clinical resis-
tance reported between 1982 and 1994, 160 occurred in pa-
tients with AIDS and 24 occurred in patients who were other-
wise immunocompromised, usually because of bone marrow
transplantation (59). Typically, these patients present with
chronic, nonhealing lesions that are unresponsive to high-dose
acyclovir therapy. Rare cases of neonatal herpes associated
with clinical resistance have also occurred and are described in
the following section (45, 56, 57). It should be noted that there
has been no unequivocal evidence of transmission of resistant
HSV from these patients to other individuals.

HERPES SIMPLEX VIRUS INFECTION IN THE
IMMUNOCOMPROMISED HOST

Clinical Features

Information about the clinical presentation of HSV infec-
tions in patients with immunodeficiency is presented in this
section, together with guidance on therapeutic management
strategies.

CLIN. MICROBIOL. REV.

The failure to limit HSV replication in a timely fashion,
which is a feature of infection in the immunocompromised
host, can result in atypical lesions. These lesions are often
larger than normal with deeper and more extensive ulceration,
may have a heaped-up hyperkeratotic or verrucous appear-
ance, may develop in atypical areas (e.g., sacral genital herpes
confused with decubitus ulceration), and may persist for long
periods (41, 87, 88, 94, 100). Lesions also remain culture
positive for HSV for extended periods (85, 100), in contrast
to infections in immunocompetent patients, where HSV is
cleared within a few days (3, 89). The recurrence of severe
mucosal lesions (oral or genital) is also much more common in
immunocompromised patients, and unusual manifestations
such as glossitis and papillitis occur, affecting the tongue and
papillaec of the gums, respectively. For these reasons, it is
important to test any indolent mucocutaeous lesions in immu-
nocompromised patients for the presence of HSV. Extensive
cutaneous HSV infection can develop when local skin defenses
are compromised, as in eczema or burns. Similarly, severe
cutaneous herpes infections may complicate cases of mycosis
fungoides. HSV may spread to other target sites to cause
pneumonitis, esophagitis, hepatitis, retinal necrosis, and dis-
seminated infection when the infection becomes widespread.
Such visceral involvement is most often seen in patients with
iatrogenic and acquired immunosuppression, but neonates,
malnourished children, and pregnant women also have an in-
creased risk of disseminated infection.

In contrast, atypical healing of HSV, with or without ther-
apy, is very rare in the immunocompetent host. Its occurrence
should signal the possibility of a defect in T-cell-mediated
immunity, since normal immunity alone, without antiviral ther-
apy, can be relied upon to clear HSV rapidly from infected
tissues.

Neonatal herpes. Neonates have an increased risk of devel-
oping severe, disseminated herpes because some elements of
the immune response function less well than in adults (83).
Three cases of clinical resistance to acyclovir are described.

A 10 day-old-term infant with a laryngeal HSV-2 infection
was treated with intravenous acyclovir for 18 days without
resolution (56). Neither parent had had genital herpes or re-
cent herpes labialis or prior acyclovir therapy. Treatment with
foscarnet resulted in complete recovery. Isolates obtained dur-
ing antiviral therapy were resistant to acyclovir and susceptible
to foscarnet.

Two other case reports, both involving premature neonates,
have recently been published. An infant, born at 26 weeks
gestation to a mother without genital herpes or prior treatment
with acyclovir, developed neurocutaneous HSV-2 infection
and was treated with acyclovir for 21 days (57). Eight days
later, the infant developed disseminated disease. Although
acyclovir therapy was resumed, the infant died of neonatal
herpes 6 days later. HSV-2 from the primary infection was
sensitive to acyclovir, but virus isolated 2 days after initiation of
the second course of acyclovir therapy was resistant. The mu-
tant was TK™ and had reduced pathogenicity in mice. The
second case involved an infant of 27 weeks gestation born to a
mother subsequently diagnosed with disseminated HSV-2 in-
fection (45). The infant received hydrocortisone for 6 days to
treat blood pressure instability. Acyclovir was added on day 4
of life after the maternal HSV infection was detected. Cere-
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brospinal fluid collected on day 4 was HSV DNA positive, and
HSV was isolated on day 11 from ascites. An isolate was
recovered at autopsy 2 days later. DNA analysis of samples
from the mother and the infant showed that the viruses were
closely related since all carried an uncommon G420T mutation
in the TK gene. This marker is not associated with acyclovir
resistance. A new mutation in the TK gene was detected in the
day 11 ascites sample that correlated with phenotypic resis-
tance. The authors concluded that resistant HSV was selected
de novo during the first 7 days of acyclovir treatment and
suggested that in addition to the immaturity of the immune
system in preterm infants, steroid treatment may have contrib-
uted to the rapid emergence of resistance.

Management Strategies

Prophylaxis. Prophylactic antiviral therapy is highly effective
in lowering the risk of HSV infection in patients with severe
immunosuppression, e.g., following bone marrow transplanta-
tion or intensive chemotherapy (1, 72, 73, 74). Typically, the
incidence of symptomatic HSV infection is reduced from about
70% to between 5 and 20% (102). Consequently prophylactic
antiviral therapy lowers the potential for the development of
resistance compared with acute therapy. A history of HSV
infection or pretreatment serologic evidence of prior infection
should lead to antiviral prophylaxis during the period of im-
munosuppression. For severely ill patients unable to take oral
medication, intravenous acyclovir is effective (72, 73) and is
administered at 5 mg/kg every 12 h. The risk of HSV infection
is also reduced very well by administration of oral acyclovir (1,
74). For oral antivirals, appropriate doses are as follows: acy-
clovir, 400 mg administered three times a day; valaciclovir, 500
mg administered twice a day; famciclovir, 500 mg administered
twice or three times a day. (No prophylactic therapy is ap-
proved by the Food and Drug Administration for immunocom-
promised patients.) This prophylaxis should not be necessary
in patients receiving ganciclovir or valaciclovir to prevent cy-
tomegalovirus infection.

Acute treatment. Intravenous acyclovir (5 [or 10] mg/kg [or
250 mg/m?] three times a day) is indicated for patients with
extensive disease, including all systemic infections (74), and
treatment should be continued until there is good evidence
that the infection is resolving. Additonal oral therapy may be
considered until complete healing occurs. For patients with
less severe HSV infections, oral antiviral therapy is effective
(74, 85). The prodrugs valaciclovir and famciclovir have the
advantage of improved pharmacokinetic properties compared
with the parent drugs, although acyclovir may be the cheapest
option. The mucositis that accompanies chemotherapy is often
associated with HSV infection (62). Patients not receiving pro-
phylaxis who develop significant mucositis should be tested for
HSYV infection and treated accordingly. The presence of resis-
tant HSV in this setting has not been studied.

The healing period may be prolonged even when the infect-
ing HSV strain is sensitive to the administered antiviral, re-
flecting delayed clearance of virus by residual host defenses
and delayed tissue healing in severely ill patients.
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Treatment Failure

The possibility of resistant HSV should be considered when-
ever lesions persist for more than 1 week without appreciable
decrease in size; when they develop an atypical appearance
(see above); or when new satellite lesions develop after 3 to 4
days of therapy. The history of prior antiviral therapy or prior
resistance will help with this determination, although resistant
HSV can occur after many prior episodes associated with sen-
sitive HSV. If resistant HSV is suspected, virus should be
isolated for susceptibility testing; analysis of serial isolates will
facilitate the early identification of the emergence of resistant
virus. Decisions about altering therapy without laboratory con-
firmation of resistance should be based on the clinical urgency.

In general, increasing the dose of antiviral administered is of
little benefit in cases of clinical resistance, even when the route
of treatment is changed from oral to intravenous. A possible
exception is when the patient has not been compliant with oral
treatment. Similarly, it is very unlikely that a patient failing to
respond to therapy with acyclovir or valaciclovir will respond to
famciclovir, since resistance to acyclovir and penciclovir almost
always maps to mutations in the HSV TK gene with almost
inevitable cross-resistance between acyclovir and penciclovir
(10). In this setting, it is necessary to use a drug whose mech-
anism does not depend on activation by HSV TK such as
foscarnet, which is a pyrophosphate analog that inhibits HSV
DNA polymerase. Foscarnet is administered intravenously (40
mg/kg over 1 h every 8 to 12 h, with careful monitoring of renal
function and adjustment for decreased renal function). Since
foscarnet is effective against most acyclovir-resistant HSV mu-
tants, it is the substitute of choice (13, 28, 67). Topical foscar-
net is effective in treating cutaneous lesions but is not com-
mercially available. Cidofovir, a monophosphate of an acyclic
nucleoside analog and therefore a TK-independent inhibitor of
HSV, may be used to treat cases of combined resistance to
acyclovir and foscarnet (13) and is a possible alternative to
foscarnet, although it is more toxic. It is administered intrave-
nously at 5 mg/kg over 1 h once weekly for 2 weeks and then
biweekly. Cidofovir is approved only for patients with normal
renal function (probenicid and pretreatment hydration are in-
dicated in the package insert). In the unlikely situation that
HSV is resistant because of a mutation in the HSV DNA
polymerase gene, with or without a coexisting mutation in the
TK gene, either of these drugs may be ineffective.

Prophylaxis of severely immunocompromised patients with
acyclovir, valaciclovir, or famciclovir should be considered af-
ter resolution of an acute lesion which was clinically resistant.
This is a reasonable strategy because the virus that is latent in
these patients is often acyclovir sensitive, even after recovery
from an acyclovir-resistant outbreak, as mentioned above.
Moreover, suppressing virus replication reduces the opportu-
nity for antiviral resistant strains to reemerge.

POSSIBLE LIMITATIONS OF CURRENT
SURVEILLANCE ACTIVITIES

While it is important to continue to monitor at-risk commu-
nities for resistant HSV, e.g., bone marrow transplant recipi-
ents (48) and HIV-infected patients (Gnann et al., Abstr. 38th
Int. Conf. Dis. Soc. Am.) by using the plaque reduction assay,
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additional approaches to surveillance for resistance should also
be considered in order to enhance information on antiviral
resistance.

Historical Isolates

It could be argued that the prevalence of resistant HSV has
remained stable because isolates surveyed to date have gener-
ally been obtained from recurrent infections occurring in adult
patients. The virus initiating these episodes may have estab-
lished latency at the time of a primary infection many years
before the advent of antiviral therapy and may not have been
exposed to antiviral selection. Hence, virus isolated at the
periphery during recurrences could be considered “historical.”
This may be an especially valid concern for surveys of adults
with recurrent herpes labialis, since primary HSV-1 infections
tend to be acquired in childhood (101). However, these reac-
tivated viruses may also cause new primary infections in chil-
dren and therefore should be representative of future isolates
from adults. In contrast, primary genital herpes is typically
observed in the adult population. Thus, unlike herpes labialis,
these infections are more likely to have been acquired recently
and to have been transmitted from a host undergoing antiviral
therapy.

Acquired Resistance

As described above, a study to investigate the emergence of
acquired resistance has been conducted with immunocompe-
tent patients repeatedly treated with topical penciclovir cream
for frequent episodes of recurrent herpes labialis. If cases of
acquired resistance were detected, this would raise the possi-
bility that resistant virus could be transmitted from patients
receiving topical treatment to susceptible contacts. However,
analyses of ICs, data failed to reveal any trend indicative of
reduced susceptibility to penciclovir after multiple episodes of
topical treatment and no resistant isolates were found in the
entire study (Shin et al., personal communication). This sug-
gests that the risk of acquired resistance in the immunocom-
petent host treated for HSV infection is low.

Proportion of Resistant Virus Within Mixed Populations

The plaque reduction assay is able to identify an HSV isolate
as acyclovir resistant provided that a substantial proportion of
the virus population (>20%) is resistant. While the proportion
of resistant virus detected may vary between clinical isolates
and over time as an infection progresses, the clinical implica-
tions of such changes are unknown. Regardless of this variabil-
ity, the prevalence of resistant HSV as measured by the plaque
reduction assay appears to be stable even in the immunocom-
promised population.

The effect of serial passage of HSV in immunocompetent
mice treated with suboptimal doses of oral famciclovir or val-
aciclovir has been studied by using the plaque reduction and
plating efficiency assays in parallel to monitor the emergence
of resistance (76). Mice were infected in the ear pinnae with
10° PFU of HSV-1 or HSV-2 and treated with the antivirals for
4 days via the drinking water (0.2 mg/ml, providing an esti-
mated daily dose of 15 mg/kg). Only one virus isolate of 140
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isolated from mice treated with the antivirals was drug resis-
tant by the plaque reduction assay during the seven sequential
passes of either HSV-1 or HSV-2. The resistant isolate was
obtained after four serial passages of HSV-1 in mice treated
with valaciclovir. It showed mean acyclovir and penciclovir
ICs0s of 9.5 and 8.3 pg/ml, respectively, and contained a rela-
tively large proportion of resistant virus (47 and 44%, respec-
tively). Molecular analysis of clones derived from the original
isolate revealed a frameshift mutation in the TK gene, leading
to the expression of a truncated TK polypeptide. Although the
preceding isolate in the series was susceptible to acyclovir and
penciclovir (ICsys, 0.2 and 0.5 wg/ml, respectively, as deter-
mined by the plaque reduction assay), the proportion of re-
sistant virus in the preparation was elevated (approximately
2% resistant to penciclovir or to acyclovir compared with
0.006 to 0.007% for the parental virus). Curiously, the resistant
phenotype was lost on further passage in mice despite contin-
ued treatment with valaciclovir. These results suggest that en-
richment of resistant HSV occurred rapidly under conditions
favoring the selection of resistance. Equally, there was a rapid
loss of the resistant mutant during the next sequential passage,
as judged by both in vitro assays, suggesting that there was a
fitness advantage for wild-type virus despite suboptimal anti-
viral therapy.

Further work is needed to establish whether the plating
efficiency assay can provide a useful adjunct to the plaque
reduction assay for monitoring the antiviral susceptibility of
clinical isolates. The plaque reduction assay has proved to be
an accurate and reliable method for determining antiviral re-
sistance, even though up to 20% of virus within a “sensitive”
(ICsp, <2 pg/ml) HSV strain may be resistant (79). However,
information to date suggests that the proportion of resistant
virus present within sensitive HSV strains is in almost all cases
far lower than 20% (34, 58, 79, 86). Additionally, the correla-
tion between IC, and clinical response to acyclovir therapy
(69) provides important validation of the plaque reduction
assay.

FACTORS INFLUENCING THE EMERGENCE
AND SPREAD OF RESISTANCE

Resistant HSV can develop spontaneously, reflecting the
natural variability of the HSV population, as evidenced by the
detection of acyclovir-resistant HSV in patients who had not
been treated with acyclovir (14, 71). Nonetheless, acquired
resistance to acyclovir is extremely unusual in the immunocom-
petent population and almost all cases have occurred in se-
verely immunocompromised patients. Cases of primary infec-
tion with resistant HSV appear to be very rare since there has
been only one report to date of possible transmission of acy-
clovir-resistant HSV (42).

The extensive use of acyclovir over the past two decades and
the introduction of penciclovir, valaciclovir, and famciclovir
have had minimal impact on the overall prevalence of resistant
HSV in the population. Properties of the virus, host, and these
antivirals may explain the apparent rarity of acquired and pri-
mary resistance to acyclovir or penciclovir.
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HSV-Related Factors

(i) Acyclovir-resistant HSV mutants are generally less fit
than wild-type virus in terms of virulence and ability to reac-
tivate from latency and replicate at the periphery (15), all of
which will reduce the likelihood of transmission. (ii) HSV
infections, particularly HSV-1 infections, have a relatively long
generation time (time between initiation of infection in a per-
son and subsequent transmission to another person); there-
fore, the dynamics of phenotypic change for HSV within the
population are slower than for viruses which are more readily
transmissible, e.g., influenza virus. (iii) HSV infection is life-
long, and infection with multiple strains of either HSV-1 or
HSV-2 appears to be unusual (101). Accordingly, the likeli-
hood of superinfection with an exogenous resistant strain in a
host previously infected with a sensitive HSV strain appears to
be low, at least in immunocompetent hosts. Likewise, if resis-
tant virus does emerge during a recurrence, this virus is un-
likely to become latent. Thus, it is the historical virus that
caused the primary infection and established latency and will
typically reactivate to cause a recurrence. Latency thus pre-
sents a formidable barrier to the accumulation of resistant
HSV in the population. (iv) HSV has much lower chance than
RNA viruses for errors to occur and accumulate during viral
replication.

Host-Related Factors

The integrity of the host immune response has a critical
effect on the severity of infection and the risk of clinical resis-
tance. (i) Primary infection or recurrences of genital herpes or
herpes labialis in the immunocompetent host typically last for
only a few days and remain localized (102). Because HSV is
cleared rapidly by the immune system, there is a limited time
when selection of resistant virus can occur in the treated host.
In patients with recurrent herpes labialis, for example, virus
was cleared from the lesions within 4 or 5 days (3, 89). (ii) The
immune system would clear resistant virus just as efficiently as
it would clear sensitive virus, ensuring that resistant HSV is
typically transient in immunocompetent patients (26, 55).

Drug-Related Factors

(i) The majority of mutants selected for resistance to acy-
clovir or penciclovir have reduced pathogenicity due to TK
deficiency. Mutants selected in response to treatment with a
compound with a different mode of action could be as patho-
genic as wild-type virus. (ii) The selective pressure resulting
from treatment with acyclovir or penciclovir (or their pro-
drugs) is another important consideration. In the absence of
antiviral treatment, selection for resistant virus does not occur,
but when antiviral activity is completely effective, such that
there is no viral replication, there can be no selection for
antiviral resistance (64). Selection for resistant virus can there-
fore occur only when there is sufficient viral replication despite
the presence of the antiviral. Treatment with acyclovir or pen-
ciclovir reduces but does not completely prevent virus shed-
ding in patients with acute genital or oral HSV infection (44,
90), as is also the case with suppressive therapy (44). Reasons
for this may include poor absorption of antiviral, lack of com-
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pliance with therapy, and the occurrence of suboptimal antivi-
ral concentrations between doses. The selective pressure for
resistance arising from the use of these antivirals does not
appear to be high since their effects on virus replication in vivo
are relatively modest.

MATHEMATICAL MODELING

While surveillance provides information about the current
prevalence of resistant virus, mathematical models are being
used to make predictions about the future. A model has been
developed to evaluate the effect that an increase in the pro-
portion of immunocompetent patients treated episodically will
have on the epidemiology of genital herpes and the risk of
emergence of acyclovir-resistant HSV-2 (7). The model as-
sumes a low probability that resistance will emerge, that resis-
tant strains have low transmissibility, and that increased use of
oral acyclovir will have a beneficial effect on the spread of
HSV-2 by reducing the occurrence of infection with sensitive
virus at the cost of generating a low prevalence of drug resis-
tance. The model concludes that as a consequence of control-
ling the HSV-2 epidemic with treatment, genital herpes infec-
tions in immunocompromised patients would be expected to
be less common and therefore the prevalence of resistant virus
in this community would be lower than is the case today.

Another model was developed to predict the effect of topical
antiviral use by individuals with recurrent herpes labialis on the
transmission and prevalence of resistant HSV-1 (46). Even a
substantial increase in the antiviral treatment of recurrent her-
pes labialis (episodic), such that 30% of all recurrences were
treated with penciclovir, was calculated to have a minimal
effect on the prevalence of HSV-1 infection in the community.
The probability of acquired resistance becoming permanent
was identified as the most important factor in influencing the
predicted prevalence of resistance in the population; this was
also the most uncertain parameter in the model, underlining
the need for further investigation. Assuming that the proba-
bility of acquired resistance is low (optimistic scenario: prob-
ability of acquired resistance is less than 1 case per 2,500
treated episodes), the prevalence of resistant HSV-1 is pre-
dicted to remain below 0.5% for >50 years. Assuming that this
probability is high (pessimistic scenario: probability of ac-
quired resistance is 1 case per 625 treated episodes), the prev-
alence of resistant HSV-1 could increase from about 0.2% to
between 1.5 and 3% within 50 years. Current evidence indi-
cates that acquired resistance to acyclovir is rare for HSV,
suggesting that the optimistic scenario is realistic.

CONCLUSION

There has been a dramatic increase in the use of acyclovir,
penciclovir, and their prodrugs over the past two decades, but
this has not been accompanied by a detectable increase in the
prevalence of antiviral resistant HSV in immunocompetent or
immunocompromised populations. The ability of HSV to es-
tablish a lifelong latent infection, together with the finding that
the vast majority of resistant HSV isolates studied to date have
reduced pathogenicity relative to wild-type virus, help to ex-
plain this observation, which is contrary to experience gained
with many other anti-infective agents. While there is a need for
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continued surveillance for resistant HSV in the immunocom-
promised population, the significance of viral heterogeneity
warrants further investigation by techniques such as the plating
efficiency assay. Additional insights into antiviral resistance
may also be gained by studying sequential isolates from pa-
tients receiving episodic or suppressive antiviral therapy.
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